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Editorial on the Research Topic 


Neuropeptide GPCRs in neuroendocrinology, volume II


Neuropeptides are the largest and most diverse class of neuromediators in the central and peripheral nervous systems. They play multiple roles in the control of various biological functions including feeding, reproduction, development, growth, learning, nociception, stress coping, thermoregulation, osmoregulation, and a vast array of behaviors. Most neuropeptides exert their activities through G protein-coupled receptors (GPCRs), which represent the largest family of cell membrane receptors. Neuropeptide signaling is phylogenetically conserved throughout the animal kingdom from cnidarians to mammals. Not surprisingly, neuropeptides and their GPCRs are implicated in a number of pathologies such as obesity, infertility, stunting, pain, narcolepsy, diabetes insipidus, gastrointestinal diseases and mood disorders. Therefore, drugs targeting neuropeptide GPCRs have strong potential for the development of novel therapeutic agents.

To celebrate the 10th anniversary of the Nobel Prize awarded to Robert J. Lefkowitz and Brian K. Kobilka for their seminal discoveries of the inner working of GPCRs, this Research Topic is aimed at gathering a bouquet of 27 review papers and original articles, written by prominent scientists in this fast-evolving field, that illustrate the crucial role of neuropeptide GPCRs in neuroendocrinology.

Ghrelin is a 28-amino acid acylated peptide, initially isolated from the rat stomach, that stimulates growth hormone (GH) release from pituitary cells through activation of a GPCR, the GH secretagogue receptor (GHSR) (1). Central and peripheral administration of ghrelin stimulates food intake and increases body weight (2). Hassouna et al. now show that, in adult female, but not in male mice, preproghrelin gene deletion markedly attenuates pulsatile GH secretion. Surprisingly, however, in Ghrl-/- mice, food consumption and body weight are unaltered. The lateral parabrachial nucleus (lPBN) includes a population of anorexic neurons (3) and abundantly expresses GHSR mRNA (4). Le May et al. report that selective silencing of GHSR-positive cells of the lPBN inhibits food intake and reduces fat weight, indicating that these GHSR-expressing cells are involved in hyperphagia and weight gain. It has recently been reported that a peptide called liver-expressed antimicrobial peptide 2 (LEAP-2) acts as a natural antagonist of GHSR1a (5). The review by Lu et al. discusses the mechanism of action of LEAP-2 both as an inverse agonist and antagonist of GHSR1a, and the potential applications of this novel peptide in various pathologies including obesity.

Vasoactive intestinal peptide (VIP) and pituitary adenylate cyclase activating polypeptide (PACAP) are two related peptides that act via three GPCRs i.e. the PACAP-specific receptor PAC1 and the VIP/PACAP mutual receptors VPAC1 and VPAC2 (6). Consistent with the widespread distribution of these receptors in the central nervous system (CNS) and in peripheral organs, VIP and PACAP exert a large array of biological activities (7). Ago et al. review the evidence linking VIP2 microduplication to schizophrenia and other psychiatric disorders. They propose that excessive VPAC2 signaling disrupts maturation of certain brain structures including the prefrontal cortex. It has been previously reported that PACAP knock-out (Pacap-/-) mice exhibit behavioral abnormalities including hyperlocomotor activity and deficit in prepulse inhibition (8) that are reversed by 5-HT2A receptor antagonists (9). Here, Hayata-Takano et al. show that PACAP-PAC1 signaling induces internalization of 5-HT2A receptors in transfected cells and that Pacap-/- mice exhibit an increase of 5HT2A levels on cell membranes in the frontal cortex, suggesting that the PAC1 receptor could be a target for the treatment of some psychiatric disorders. VIP/VPAC2 signaling plays a crucial role in the control of the circadian clock in the suprachiasmatic nucleus (SCN) (10). Since thyroid cells possess a circadian clock (11), Georg et al. have investigated the possible impact of VIP/VPAC2 signaling in the expression of thyroid clock genes. The data indicate that the thyroid clock is largely independent from the master SCN clock. The neurotrophic and neuroprotective effects of VIP and PACAP are partly mediated by a glial protein termed activity-dependent neuroprotective protein (ADNP) (12). In an Opinion paper, Gozes and Shazman discuss the possible involvement of ADNP gene mutations at protease cleavage sites in autism and Alzheimer’s disease.

Gonadotropin inhibitory hormone (GnIH) is a C-terminally amidated dodecapeptide initially isolated from the quail brain on the basis of its ability to inhibit gonadotropin release (13). The mammalian orthologue of GnIH is generally called RFRP-3. The effects of GnIH and its orthologues are mediated via activation of GPR147, also named GnIH-R (14). The review by Bédécarrats et al. summarizes the multiple actions of the GnIH/GnIH-R signaling system not only on reproductive functions but also on the regulation of energy homeostasis, stress response and thyroid hormone secretion. A sister review by Teo et al. focuses on the involvement of GnIH on biological rhythms, stress response and social behaviors. Taken together, these review articles illustrate the numerous activities of this fascinating peptide.

Melanocortin receptors (MCRs) constitute a family of five GPCRs with multiple physiological functions (15). The activity of MCRs is regulated by two melanocortin receptor accessory proteins, MRAP1 and MRAP2 that form heterodimers with MC2R (16) and possibly with MC3R and MC4R (17). In a hypothesis and theory article, Dores and Chapa describe the phylogenetic evolution of MC2R and its essential accessory player MRAP1. Since MRAPs function as antiparalelled homodimers, Wang et al. have investigated the internal symmetry of the MRAP2 homodimer. Their study reveals the importance of the orientation of the various domains of MRAP2 in the activity of MC4R.

The oxytocin (OT) and vasotocin (VT) genes derive from a common ancestral gene that existed before the emergence of vertebrates (18). The actions of OT and VT are mediated through a series of GPCRs (OTR and VTR) whose genes also arose from a common ancestor (19). Ocampo Daza et al. have conducted synteny analyses to elucidate the phylogenetic history of OTR and VTR in jawed vertebrates. Their data led them to recommend a rational nomenclature for OTR and VTR genes that differs from that recently proposed by Theofanopoulou et al. (20).

Apelin is a 36-amino acid peptide that counteracts the antidiuretic action of vasopressin (21). The apelin receptor APJ and the angiotensin receptor AT1 are two GPCRs which display 31% sequence identify (22). The review by Girault-Sotias et al. analyses the opposite actions of apelin and vasopressin in the control of diuresis and discusses the therapeutic potential of apelin agonists for the treatment of the syndrome of inappropriate antidiuresis.

Motilin (MLN) is a 22-amino acid peptide, isolated half a century ago from the porcine gastro-intestinal tract (23), that acts via activation of a GPCR called MLN-R. In a comparative perspective, Kitazawa and Kaiya review the current knowledge regarding the structure, distribution and biological activities of MLN and MLN-R in various vertebrate species from fish to mammals.

Bombesin (Bn) is a member of a family of bioactive peptides that also includes neuromedin B (NMB) and gastrin-releasing peptide (GRP) (24). These peptides act though three types of GPCRs i.e. the NMB receptor (NMBR), the GRP receptor (GRPR) and the Bn-receptor subtype 3 (BRS-3) now renamed by NC-IUPHAR BB1, BB2 and BB3, respectively (25). Moody et al. recapitulate the evidence that Bn-related peptides and their receptors are frequently overexpressed in a number of tumor cells, suggesting their potential for imaging and/or targeted therapy of neural tumors.

Corticotropin-releasing hormone (CRH) was initially characterized in the hypothalamus based on its ability to stimulate the release of adrenocorticotropin from pituitary corticotrope cells (26). It was later reported that CRH and/or CRH-related peptides are also present in peripheral organs, notably in the skin, immune system and reproductive organs (27). In their mini-review, Kassotaki et al. make a focus on the role of placenta CRH on fetal neurodevelopment and the control of the length of pregnancy.

Neuromedin U (NMU) and neuromedin S (NMS) are two structurally related peptides whose actions are mediated by two mutual GPCRs, i.e. NMUR1 and NMUR2 (28). Malendowicz and Rucinski provide a comprehensive review on the anatomical distribution of NMU, NMS and their receptors, and the biological and pharmacological activities of these peptidergic systems.

Orphanin FQ/nociceptin is a 17-amino acid peptide identified, via a reverse pharmacology approach, as the ligand of a GPCR that displays sequence similarity to opioid receptors (29, 30). This GPCR, now named NOP receptor, mediates pain transmission and is involved in various physiological and behavioral effects notably on locomotor activity (31). In order to develop novel analgesic compounds, Azevedo Neto et al. investigated the differential effects of NOP biased agonists on nociception vs locomotion. In normal mice, none of the NOP agonists tested exhibit functional selectivity on antinociception vs motor impairment.

Nesfatin-1, an 82-amino acid polypeptide derived from the processing of nucleobindin-2, was initially characterized for its anorexigenic activity (32). Since then, nesfatin-1 has been found to exert pleiotropic effects in the CNS and in peripheral organs (33). Here, Rupp et al. provide a comprehensive review of the multiple neuroendocrine systems and signaling pathways recruited by nesfatin-1. They point out the urgent necessity of identifying the nesfatin-1 receptor which, so far, remained elusive.

Pulsatile release of gonadotropin-releasing hormone (GnRH) is essential for normal reproductive functions (34). Uenoyama et al. describe the pivotal role of a set of neurons expressing kisspeptin, neurokinin B and dynorphin (KNDy neurons), located in the arcuate nucleus of the hypothalamus, in the control of episodic and surge secretion of GnRH. They also call attention to species and sex differences in the functioning of this GnRH pulse generator.

Processing of the neurotensin (NTS) precursor can generate a mature form of 13 amino acids and an extended form of 163 amino acids called long form NTS (LF NTS) (35). Elevated levels of LF NTS in plasma predict the incidence of diabetes and cardiovascular disease in the elderly population (36). Wu et al. have thus developed a monoclonal antibody against LF NTS. Their results show that, in mice subjected to high-fat diet, this antibody has the potential to reduce body weight and adipocyte volume.

Prokineticins (PKs) are two secreted polypeptides involved in the control of several neuroendocrine functions including reproduction, feeding behavior and circadian rhythms. The effects of PKs are mediated through activation of two GPCRs designated PKR1 and PKR2 (37). Verdinez and Sebag have identified two N-linked glycosylation positions within the N-terminal domain of PKR2 which are essential for its plasma membrane targeting and Gαs signaling.

The hypothalamo-pituitary-thyroid axis (HPT) plays a pivotal role in the control of energy homeostasis. The activity of the HPT is primarily regulated by the neuropeptide thyrotropin-releasing hormone (TRH) and its cognate GPCR expressed by pituitary thyrotrope cells (38). In their review article, Parra-Mones de Oca et al. focus on sex dimorphism in the control of the HPT activity not only resulting from sex steroids but also from differences in diet, physical activity and differential response to stress.

It is now widely accepted that many neuropeptide GPCRs have an ancient evolutionary origin and that several vertebrate GPCRs have orthologs in protostomian phyla, such as arthropods, nematodes, mollusks and annelids, among others (39). The evolutionary investigation of Li et al. shows the presence of galanin receptor (GALR)-like genes in a cephalopod mollusk and challenges the widely accepted paradigm that allatostatin-A (AST-A)/buccalin receptors are the orthologues of vertebrate GALRs in protostomes. The data further reveal that the three allatostatin peptide-receptor systems have a broad tissue distribution in bivalves and that the allatostatin-C neuropeptide system might be involved in the animal’s immune response.

Alexander et al. investigated pigment dispersing neuropeptide hormones (PDH) in the crustacean model Carcinus maenas, and found that 4 PDH isoforms preferentially activate two distinct PDH receptors. In addition, the study unveils a previously undescribed neurohaemal area in one of the eyestalk retractor muscles of the crab, likely to be involved in photic adaptation. The anatomical distribution of each of the four PDH neuropeptides and their GPCRs suggests distinct functions as secreted hormones and/or neuromodulators.

In insects, various hormones act upon the Malpighian tubules via a variety of GPCRs linked to second messenger systems that influence ion transporters and aquaporins; thereby regulating fluid secretion. The study of Orchard et al. reviews the current knowledge on the neuroendocrine control of diuresis and provides the reader with new insights from an in-depth transcriptome analysis of the Malpighian tubules of fed and unfed Rhodnius prolixus (kissing bug). Of particular interest is the presence of GPCR transcripts for which the role in Malpighian tubule physiology is currently unknown. As such, this study illustrates that Malpighian tubules are much more than transporting epithelia, hereby paving the way for future GPCR research.

Since about half of the most sold drugs for humans act on GPCRs, neuropeptide GPCRs have been accepted as highly druggable targets and this drug discovery potential is being extended to alternative insect pest and nematode-control strategies (40). Parasitic nematodes cause substantial morbidity and mortality in animals and people and major losses to food production. Atkinson et al. thus made use of elegant in silico approaches to develop a nematode drug target prioritization pipeline that highlights the most promising nematode neuropeptide GPCRs as candidate targets for parasitic control.
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Pigment dispersing factors (PDFs, or PDHs in crustaceans) form a structurally related group of neuropeptides found throughout the Ecdysozoa and were first discovered as pigmentary effector hormones in crustaceans. In insects PDFs fulfill crucial neuromodulatory roles, most notably as output regulators of the circadian system, underscoring their central position in physiological and behavioral organization of arthropods. Intriguingly, decapod crustaceans express multiple isoforms of PDH originating from separate genes, yet their differential functions are still to be determined. Here, we functionally define two PDH receptors in the crab Carcinus maenas and show them to be selectively activated by four PDH isoforms: PDHR 43673 was activated by PDH-1 and PDH-2 at low nanomolar doses whilst PDHR 41189 was activated by PDH-3 and an extended 20 residue e-PDH. Detailed examination of the anatomical distribution of all four peptides and their cognate receptors indicate that they likely perform different functions as secreted hormones and/or neuromodulators, with PDH-1 and its receptor 43,673 implicated in an authentic hormonal axis. PDH-2, PDH-3, and e-PDH were limited to non-neurohemal interneuronal sites in the CNS; PDHR 41189 was largely restricted to the nervous system suggesting a neuromodulatory function. Notably PDH-3 and e-PDH were without chromatophore dispersing activity. This is the first report which functionally defines a PDHR in an endocrine system in a crustacean and to indicate this and other putative roles of this physiologically pivotal peptide group in these organisms. Thus, our findings present opportunities to further examine the endocrine and circadian machinery in this important arthropod phylum.

Keywords: pigment dispersing hormone, G protein-coupled receptor deorphaning, neuroanatomy, gene expression, functions


INTRODUCTION

Pigment dispersing factors (PDFs) form a group of conserved, structurally related neuropeptides in ecdysozoans. They were first described as color-change hormones in crustaceans in view of their (neurohormonal) functions in chromatic adaptation by dispersing epidermal chromatophores (Kleinholz, 1975) and distal retinal pigments (Fernlund, 1976) [reviews; (Rao, 2001; Rao and Riehm, 2001)], hence the appellation pigment dispersing hormones (PDHs). In crustaceans, PDH mediated circadian rhythms of pigment dispersion in the compound eye and chromatophores have long been established [review; (Strauss and Dircksen, 2010)]. Electroretinograms (ERG) of crayfish, which show clear circadian rhythms (Aréchiga et al., 1993; Aréchiga and Rodríguez-Soza, 1998) can be phase-set by PDH injection (Verde et al., 2007). Interestingly, some PDH immunoreactive interneurons in the water flea Daphnia magna, undergo circadian variation in immunolabelling intensity and appear to be homologs of well-established neurons exhibiting circadian rhythmicity in Drosophila melanogaster (Strauss et al., 2011). Thus, it seems likely that this peptide is a key component of the circadian clockwork in crustaceans.

A PDH-like peptide was identified from an insect, Romalea microptera on the basis of a chromatophore dispersion bioassay in a crustacean (Rao et al., 1987), and a very large number of PDH/PDF peptides and pre-processed precursors have now been conceptually identified from transcriptomes and genomes of arthropods [see (Mayer et al., 2015) for a comprehensive list]. It is well established that these peptides fulfill a wide variety of functions as neuromodulators/transmitters in insects, but notably, are of fundamental importance as circadian clock output factors, controlling daily rhythms in locomotor activity [e.g., (Renn et al., 1999; Helfrich-Förster et al., 2000; Helfrich-Förster, 2009)]. Further diverse functions in controlling geotactic behavior, ureter contractions, arousal, and reproduction have also been identified in several insect species [review: (Meelkop et al., 2011)].

PDF-related peptides that bear significant N-terminus identity with arthropod PDFs have been found in nematodes; in Caenorhabditis elegans two pdf genes encode three different peptides, two of which (PDF1a,b) have sufficient sequence identity to display functional cross reactivity in a crustacean chromatophore bioassay (Meelkop et al., 2012). PDF-1 mutants mimic the behavioral phenotype of Drosophila pdf-null mutants, i.e., disruption of free-running locomotor rhythms (Janssen et al., 2009). Since pdf homologs have been mined from the transcriptomes of several species of onychophorans and tardigrades (Christie et al., 2011; Mayer et al., 2015), and PDH-immunopositive neurons have been mapped in pulmonate gastropods (Elekes and Nässel, 1999), an attractive hypothesis is that PDF-like molecules have a wide distribution in invertebrates. Indeed, there is a limited identity of these molecules to “cerebrin-type” peptides in Aplysia californica (Li et al., 2011), several lophotrochozoans (Veenstra, 2010, 2011), deuterostomes such as starfish, sea urchins, (Semmens et al., 2016) and a hemichordate (Mirabeau and Joly, 2013). These, and many other studies, have reinforced the emerging scenario by which orthologous neuropeptide families can be traced back to the common ancestor of the Bilateria (Jekely, 2013; Elphick et al., 2018).

The cognate receptor for PDF has been deorphaned, using a reverse pharmacology approach, and functionally characterized in Drosophila (Hyun et al., 2005; Lear et al., 2005; Mertens et al., 2005). This approach also identified three different splice PDFR isoforms in C. elegans that can be activated by all three PDFs in the heterologous assay used (Janssen et al., 2008). These studies showed that PDFRs are class B (secretin) G-protein coupled receptors (GPCRs) that signal via cAMP and are related to the mammalian vasoactive intestinal peptide receptor (VPAC2) and calcitonin receptors. This is noteworthy, since these are expressed by the mammalian circadian clock. In Drosophila pdfr mutant’s phenocopy pdf null mutants in terms of aberrant behavioral rhythmicity and have a severe negative geotaxis phenotype (Mertens et al., 2005).

PDH receptors have not yet been functionally characterized in any crustacean despite tentative annotation by sequence homology to the Drosophila PDFR and a number of other insect putative PDFRs. Annotations include those for crabs: Scylla paramamosain (Bao et al., 2018), Gecarcinus lateralis (Tran et al., 2019) lobster: Homarus americanus (Christie et al., 2015), shrimp: Marsupenaeus japonicus (Asazuma-Mabashi et al., unpublished) and water flea: Daphnia pulex (Colbourne et al., 2011). Furthermore, in crustaceans, multiple isoforms (2–3) of PDH in a single species have been documented (Klein et al., 1994; Rao, 2001; Hsu et al., 2008; Mayer et al., 2015), and it has long been known that crustaceans, as alluded to earlier, use PDH to regulate several physiological functions via neurohormonal and/or neurotransmitter modalities. This situation is in contrast to insects where a single PDH isoform has been reported.

Our initial screen of neurotranscriptomes from the green shore crab, Carcinus maenas (Oliphant et al., 2018) revealed three candidate PDHRs, and four PDH peptides. This led us to develop a working hypothesis involving the diversification of systemic neurohormonal PDH signaling and that involving neuromodulatory functions via a neurotransmitter-type role. Thus, we set out to answer the fundamental question–which ligand receptor pairings are associated with a distinct function? For the first time in crustacean endocrinology, we have used a combined approach to identify ligand/receptor pairing, receptor and ligand expression, and bioassay to identify two functional PDHRs that are selectively activated by PDHs which have either neurohormonal and/or neurotransmitter function associated with chromatic adaptation and likely circadian rhythmicity.



MATERIALS AND METHODS


Animals and Tissue Collection

Specimens of mature green shore crab, C. maenas were collected using baited traps from the Menai Strait, United Kingdom. Crabs were maintained in a recirculating seawater system at ambient temperature and photoperiod and fed with fish. Nervous system tissues from intermolt crabs were dissected, following anesthesia on ice, and processed either for immunohistochemistry (IHC), with Stefanini’s fixative (Stefanini et al., 1967), (overnight, 4oC), or for in situ hybridization (ISH), 4% paraformaldehyde (PFA) in phosphate buffered saline (PBS), overnight at 4oC. For RNA extractions, tissues were dissected, immediately frozen in liquid nitrogen, and stored at −80oC.



Transcriptome Data Mining

Transcriptome sequencing of neural tissue and data mining was performed as described elsewhere (Oliphant et al., 2018). Contigs mined as putative neuropeptide receptor sequences were translated using ExPASy translate (Artimo et al., 2012), submitted to tBLASTn searches against the NCBI database, and transmembrane domains predicted using TMHMM server v2.0 (Sonnhammer et al., 1988). Phylograms of putative PDFRs were assembled using Geneious V8 Tree builder, (Jukes-Cantor model, default setting for neighbor joining).



Quantitative and RT-PCR, Cloning, and Sequencing

Tissue specific transcript expression of the PDH receptors (PDHR) was performed using Taqman MGB hydrolysis probes as previously described (Hoelters et al., 2016). The production of standard RNAs and reverse transcription of standards and unknowns were performed as described previously (Alexander J. L. et al., 2018). Duplex qPCR reactions (10 μl) which simultaneously amplified target and reference genes were performed in triplicate using Sensifast Probe II reagents (Bioline, United Kingdom) and run on an Applied Biosystems QuantStudio 12-Flex machine. Expression values were calculated according to the 2–Δ Δ CT method (Livak and Schmittgen, 2001), normalized to the geometric mean of the stably expressed elongation factor-1 and ubiquitin-conjugating enzyme E2 L3 (Oliphant et al., 2018). Cerebral ganglia samples were used as the calibrator. Primer sequences are shown in Supplementary Table 1.

Standard RT-PCR was used to determine the expression of PDH transcripts in the CNS (eyestalk, cerebral ganglion, connective ganglion, ventral ganglion) and chela muscle control. Total RNA was extracted with TRIzol (Ambion, Carlsbad CA, United Kingdom), gDNA removed with Turbo DNA-free (Ambion), and 5 μg quantities of RNA purified for mRNA selection using Dynabeads (Dynal AS, Oslo, Norway). The resulting mRNA was reverse transcribed using a Tetro cDNA synthesis kit (Bioline, United Kingdom), with a 1:1 mixture of random/oligo dT primers. cDNA was diluted 10-fold and standard PCR performed using Platinum II hot start enzyme mix (Invitrogen, Thermo Fisher Scientific Vilnius, Lithuania). Conditions: denature/activation 94oC 30 s, 32 cycles 63oC 30 s, 72oC 30 s, extension 72oC 5 min. Primer sequences are shown in Supplementary Table 1.

To confirm the correct sequence identity of the 4 PDH’s identified in the neurotranscriptomes (PDH-1-3, e-PDH) and obtain the UTR sequences, 3′ and 5′ RLM RACE (GeneRacer, Invitrogen) was performed using eyestalk (PDH-1-3) and cerebral ganglion (e-PDH) cDNA followed by cloning and sequencing as previously detailed (Wilcockson et al., 2011).



PDH Receptor Assays


Isolation and Cloning of PDH Receptors

Neural tissue transcriptome mining revealed three candidates encoding putative PDHRs (annotated: 35701, 41189, and 43673), based on sequence similarity with several insect PDFRs. PCR of these transcripts was performed as described previously (Alexander J. et al., 2018; Alexander J. L. et al., 2018). Primer sequences for directional cloning and expression are shown in Supplementary Table 1. Correctly sized PCR products were directionally cloned into pcDNA 3.1 D/V5-His-TOPO plasmids (Invitrogen) and the recombinant vector transformed into TOP 10 competent cells (Invitrogen). Positive clones were cultured overnight in selective LB medium with 100 μg ml–1 ampicillin, plasmids extracted (FastPlasmid Mini Kit, 5Prime, Hamburg, Germany), resequenced to confirm insert orientation and verification (MWG Eurofins, Ebersberg, Germany), and analyzed using Geneious V 9.1.8.



Receptor Assays

A heterologous cell–based assay using Chinese hamster ovary cells (CHO-K1) expressing apoaequorin (Perkin Elmer, Boston, MA, United Kingdom) and either the Gα16 or Gq subunit (control cells) was used to report intracellular Ca2+ fluxes after exposure to ligand, as previously detailed (Alexander J. et al., 2018; Alexander J. L. et al., 2018).

Peptides used in the luminescence assay were synthetic C. maenas PDH-1-3 and e-PDH, DH-31 (Genecust Dudelange, Luxembourg). Peptides were reconstituted in 30% acetonitrile, aliquoted and dried by vacuum centrifugation and subsequently re-dissolved in BSA medium (DMEM/F, 50 mM HEPES, 0.1% BSA) immediately prior to assay, and dispensed into quadruplicate wells of white 96 well plates (OptiPlate, Perkin Elmer). Cell suspensions (5 × 106 cells/ml) were stirred gently and 50 μl amounts were injected into each well using a Mithras LB940 microplate reader (Berthold Technologies, Bad-Wildbad, Germany). Ca2+ evoked luminescence was recorded for 40 s, followed by cell lysis (injection of 0.3% Triton-X 100 in BSA medium), and light emission recorded for a further 10 s. BSA medium was used for blank measurements (6 replicates per plate), and mock transfections with empty vectors for negative controls. Data reduction and analysis was done using MikroWin v5.18 (Mikrotek Laborsysteme, GmBH, Overath, Germany) and SigmaPlot v.13 (Systat Software Inc., San José CA, United States). Receptor responses were normalized against total Ca2+ luminescence.



PDH Bioassays

The pigmentary effector activity of all PDHs was measured in vivo using small (15–20 mm carapace width) C. maenas, which were light adapted against a white background (300 lux for 1 h). Pigment dispersion of the red and black chromatophores in the dactyl of the last walking leg was observed microscopically and indices of dispersion scored (Hogben and Slome, 1931). Peptides were reconstituted in physiological saline (Saver et al., 1999) immediately prior to assay, to minimize Met oxidation (storage of reconstituted peptides in frozen saline for extended periods completely abolished biological activity) and injected (10 μl) using hand-drawn, calibrated microcapillaries at 50–0.05 pmol per crab, with saline controls. Chromatophore dispersion indices were scored at 20 min intervals for 1 h.



Immunohistochemistry and in situ Hybridization

Fixed nervous systems were processed for whole mount IHC as previously described (Webster et al., 2013). In some, whole eyestalks, including cuticle were taken from postmolt crabs, and routinely fixed (Bouin’s) and processed for paraffin wax embedding; thick serial sections (25–30 μm) were then prepared and processed for IHC. Primary antiserum concentrations [anti-PDH code R171, raised to a thyroglobulin conjugate of PDH-1 as described (Dircksen et al., 1987) and characterized (Wilcockson et al., 2011)] was 1:2000. Secondary antiserum dilution (Alexa Fluor 488 goat anti-rabbit, Invitrogen, Thermo Fisher Scientific) was 1:750. Preparations were mounted on cavity slides using Vectashield (VectorLabs, United Kingdom), cover slipped, sealed with nail varnish, and images collected and Z-stacked at 5 μm intervals on a Zeiss 710 confocal microscope equipped with Zen Black edition software (Carl Zeiss, Jena, Germany).

Whole mount in situ hybridizations were performed using digoxygenin (DIG)-labeled riboprobes produced for each PDH, as previously described (Webster et al., 2013). DIG-labeled antisense run-off probes were synthesized using primers detailed in Supplementary Table 1 (NB: specificity tests using sense constructs did not give any hybridization signals). Preparations were mounted on cavity slides in 50% glycerol/PBS and sealed. Images were cropped, resized and adjusted for brightness and contrast using Adobe Photoshop CC2017 and CorelDraw 2014.



HPLC, Immunoassay and Mass Spectrometry

To identify the neurohormonal PDH inventory, 50 sinus glands (SG) were extracted in 2 M acetic acid and separated by HPLC. Conditions: 4.6 mm × 300 mm Jupiter C18 300 Å column (Phenomenex, Macclesfield, United Kingdom) 40–80% solvent B over 30 min, 1 ml/min, detection at 210 nm, solvent A, 0.11% trifluoroacetic acid (TFA); solvent B 60% acetonitrile, 0.1% TFA. Fractions (1 ml) were dried by vacuum centrifugation and reconstituted in 0.1 M bicarbonate buffer, pH 9.3 immediately prior to immunoassay. Standard PDHs (800 pmol) were subsequently chromatographed to establish SG fractions for further MS analysis. PDH immunoreactive fractions were identified by enzyme immunoassay (EIA). Reconstituted fractions (100 μl) were coated onto high protein binding microplates (Costar 3590, Corning, VWR International, United Kingdom), overnight at 4oC, followed by washing (3 times with 0.1 M bicarbonate buffer), blocking (0.1% BSA, 1 h RT) and incubation in 100 μl/well 1:2000 anti-PDH in containing 0.1% Tween 20 (PBST), overnight 4oC. After washing (5 times with PBST), plates were incubated in 1:5000 goat anti-rabbit peroxidase labeled IgG (Vector laboratories, United Kingdom), for 6 h, RT. After washing (5 times with PBST), peroxidase activity was visualized (0.04% ABTS, 0.01% H2O2 (30%), 0.1 M phosphate/citrate buffer, pH 4.0). PDH-1 2500-2.5 fmol per well was used to generate standard curves for quantification. Absorbance at 405 nm was measured on a microplate reader (Mithras LB 940) with data analysis (MikroWin v5.18).

Fractions (25 SG equivalents) corresponding to each PDH were mass analyzed by LC MS/MS on an Orbitrap Fusion Tribrid mass spectrometer (Thermo Fisher Scientific, United Kingdom) delivered by an UltiMate 3000 UHPLC liquid chromatography platform (Dionex, Thermo Fisher Scientific, United Kingdom). Samples and standards were reconstituted in 20 μl 0.1% formic acid and 10 μl separated on a Zorbax Eclipse Plus (Agilent, Santa Clara, CA, United Kingdom) reverse phase C18 column (50 mm × 2.1 mm; particle size 1.8 μm), 30°C. Gradient elution conditions were: ultra-pure water (18.2Ω) containing 0.1% formic acid, (Solvent A) and 95:5 acetonitrile: water with 0.1% formic acid (solvent B) from 3–40% B over 9 min followed by an increase to 100% B over 2 min before holding for 1 min at 100% B. Flow rate 0.1 ml/min.

Ions were generated in an H-ESI source with a source voltage of 3500 in positive mode, sheath gas: 25, aux gas: 5, a vaporizer temperature of 75°C and an ion transfer temperature of 275°C. Standard peptide analysis parameters for a data dependent MS/MS experiment were used. Parent ions were detected in profile mode in the range 375–1500 in the Orbitrap at a resolution of 1,20,000 and a maximum injection time of 50 ms in positive mode. MS/MS data were recorded in data dependent mode including charge states of 2–7. Dynamic exclusion of masses for 20 s after initial selection for MS/MS was conducted. Ions were generated via fragmentation by collision-induced dissociation with a collision energy of 35% and detected in the Ion Trap in centroid mode. Peak lists were exported as Mascot Generic Files and used to search against the C. maenas CNS transcriptome (Oliphant et al., 2018) using the MASCOT program (Matrix Science Ltd., United Kingdom, version 2.1) with a default peptide score of 50 used to determine significance. Search parameters allowed a maximum of one missed cleavage. Variable modifications tested for matches with 0, 1, 2, or 3 oxidized methionine residues. A peptide mass tolerance of 20 Da and MS/MS tolerance of 0.6 Da were defined.



RESULTS


PDHR Identification, Functional Analysis, and Expression

Complete cDNA sequences encoding GPCRs were identified from tBLASTn searches of our Carcinus transcriptomes. The individual sequence read archive (SRA) codes are: SRX3280798-805, SRX3280810-814, and SRX3280830-846 and are deposited in the NCBI SRA archive as BioProject PRJNA400568. The transcriptome shotgun assembly project has been deposited at DDB/EMBL/GenBank under the accessions: GFX00000000 (Carma_CNS-transcriptome). Three full length transcripts encoding putative PDHRs were identified in our neurotranscriptomes (Transcript Nos: 35701, 41189 43673) based on identity to the Drosophila PDFR A and those of putative insect and crustacean PDF(H)Rs, respectively. Annotations of nucleotide and amino acid sequences of these are also available in (Oliphant et al., 2018). To avoid confusion, we have named the crustacean receptors and peptides as PDHRs and PDHs, since the peptides were originally described as circulating peptides, and are named as such in the literature, whilst those of insect and nematodes members retain their current names (PDFRs and PDFs). Of these, two (41189 and 43673) could be functionally deorphaned on the basis of their activation by C. maenas PDHs in the heterologous aequorin-based receptor assay, as detailed below, whilst 35701 was inactive in this respect, and thus remains an orphan. The amino acid sequences of the conceptually translated receptors are shown on Figure 1. Sequence comparison shows that both receptors have high similarity in not only the transmembrane domains, but also the (extracellular) N-termini, whilst the C-termini show very limited similarity. The 35701 sequences together with comparisons to 41189 and 43673 are shown on Supplementary Figures 1A,B. Two variants were identified from Sanger sequencing. One included a 42bp insert and both show a very high similarity to a putative PDFR from the penaeid shrimp, Marsupenaeus japonicus, but as alluded to earlier, these were not activated by any PDH in the receptor assay. Accession Nos are: PDHR 41189, MN629919; PDHR 43673, MN629920; PDHR-like 35701, and MN629921. Both PDHRs (ORF 1365 bp, 455 amino acids) had typical characteristics of secretin-like (Class B1) GPCRs (Prosite): Seven transmembrane domains were predicted (TMHMM 2.0 server) and likewise pfam analysis predicted a seven transmembrane interval, and 6 conserved cysteine residues in the N-terminal extracellular domain. Potential N-glycosylation sites were predicted for the N-terminal extracellular domain (NetNGlyc 1.0 server). Transient expression of both constructs into CHO-K1-Aeq cells expressing the Gα-16 subunit showed strong luminescence signals when exposed to PDHs. Control cells expressing the Gq protein showed no response. Transfections with empty vectors showed no response. Neither receptor was activated by DH-31. The PDHRs showed striking differences in activation by the four PDHs applied as shown on Figure 2: PDHR 43673 showed much more sensitive and larger luminescence responses to PDH-1 and -2, being activated by low nanomolar concentrations of these peptides (EC50: PDH-1, 40 nM; PDH-2, 20 nM), whilst micromolar concentrations of PDH-3 and e-PDH were necessary to activate this receptor (EC50: PDH-3, 10 μM; e-PDH > 100 μM). In contrast, PDHR 41189 was activated by PDH-3 and e-PDH at low nanomolar concentrations (EC50: 25 nM), whereas 10 to 20-fold higher (sub-micromolar) concentrations of PDH-1 and -2 were needed to activate this receptor (EC50 PDH-1, 400 nM; PDH-2, 200 nM). A phylogram of selected putative and functionally deorphaned PDH and PDF receptors constructed using only the trimmed predicted 7-transmembrane domain sequences is shown on Figure 3. Inclusion of the N-terminal (extracellular) and C-terminal (intracellular) domains in this analysis had little effect on the phylogram branching.
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FIGURE 1. (A) PDHR 41189 and (B) PDHR 43673. Amino acid sequences of two functionally deorphaned PDH receptors. Annotations as referenced in (Oliphant et al., 2018). The six cysteine residues in the N-terminal extracellular domain are marked by asterisks, the seven predicted transmembrane regions are shaded in blue. Putative N-glycosylation sites on the extracellular N-terminal domain are indicated by red lines. Lower panel shows sequence comparisons of both receptors, highlighting identical/similar amino acids as boxed black/gray residues. Gaps added to maximize sequence identity.
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FIGURE 2. Functional confirmation of PDHR’s 43673 and 41189. Dose-response curves showing luminescence response following the addition of C. maenas PDH’s to CHO-K1-Aeq-Gα16 cells transiently expressing these receptor constructs. For PDHR 43673, approximate EC50 values were: PDH-1, 40 nM; PDH-2, 20 nM; PDH-3 >10 μM; e-PDH, >100 μM. For PDHR 41189, approximate EC50 values were: PDH-1, 400 nM; PDH-2, 200 nM; PDH-3, and e-PDH, 25 nM. Values are means of N = 4 ± 1 SD, which were normalized against the maximum luminescence responses for PDH-1.
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FIGURE 3. Phylogram of putative and functionally deorphaned (yellow shaded) PDHR homologs. Carcinus maenas PDHR 41189, 43673, and 35701 (Acc Nos: MN629919, MN629920, and MN629921, respectively); Caenorhabditis elegans PDFR 1a (Acc. No: EF141316), (Janssen et al., 2008); Marsupenaeus japonicus PDHR (Acc. No: AB478163); Gecarcinus lateralis B28, (Tran et al., 2019); Daphnia pulex PDFR v2 (Acc. No EFX90264.1) (Colbourne et al., 2011); Homarus americanus PDHR 14445 (Christie et al., 2015); Scylla paramamosain Sp-GPCR-B1, (Bao et al., 2018); Aedes aegypti PDFR X1 (Acc. No: XP_021711367.1) Drosophila melanogaster PDFR A (NP_570007.2) Bombyx mori BMGR-B2 (Acc. No: NP001127733.1), (Ou et al., 2014); Nilaparvata lugens PDFR (XP_022204430). Sequences were trimmed to include only the predicted 7-TM domains. Phylograms were assembled using Geneious V.8 Tree Builder, using a Jukes-Cantor model with the neighbor joining default setting.


The qRT-PCR analysis of tissue distribution of both PDHRs is shown on Figure 4. Whilst both receptors were expressed at quite low levels, they showed the highest level of mRNA expression in eyestalk neural tissue, but much lower in the brain and thoracic ganglion, and for PDHR 43673 it was notable that tissues within the dactyl of the 5th walking leg (tissues from crabs of similar size to those used in bioassays), which contains large numbers of chromatophores, expressed this receptor. Epidermal tissues from areas without chromatophores (the branchiostegal region) showed a very low expression of PDHR 41189, but no detectable expression of PDHR 43673.
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FIGURE 4. qRT-PCR showing tissue distribution and abundance of mRNA encoding PDHR 43673 (gray) and 41189 (black). *Epidermis: samples from branchiostegal region (no chromatophores), ** Dactylus: samples from muscle and epidermis chromatophores. Other tissues sampled (gill, hindgut, midgut gland, ovary, and testis) did not express detectable levels of either receptor. Values are means of n = 5 ± 1 SEM.




PDH Sequences and Tissue Specific Expression

The conceptually translated sequences of four PDH-like peptides were obtained from our neurotranscriptomes; cDNAs for PDH-2,-3, ePDH, [PDH-1 has previously been fully sequenced (Klein et al., 1992)] were fully verified by 3′ and 5′ RACE, cloning and resequencing, which in addition, gave the UTR sequences. Accession Nos are: [PDH-1: L08635.1 (Klein et al., 1992)], PDH-2: MN602308, PDH-3: MN602309, e-PDH: 602310. The amino acid sequences of conceptually translated PDHs are depicted in Figure 5. The mature peptides show extensive identities in residues 1-10, i.e., some isobaric L-I substitutions (Ile8 vs. Leu8), and a Thr7 substitution from Ser7 in e-PDH. However, e-PDH contains 20 residues, compared to 18 in PDH-1-3, and there is limited sequence identity in the C-termini, excepting the C-terminal Ala-amide. The precursor-related peptides show little similarity, and for e-PDH, this is 10 residues longer (44 amino acids) than those of PDH-1-3. PCR expression of PDH in CNS tissues is shown on Figure 6. PDH-1 was expressed in all tissues (expression was very low in the ventral ganglion (VG), whilst PDH-2,-3 were only expressed in the eyestalk (ES). Expression of e-PDH was restricted to the cerebral ganglion (CG) and commissural ganglion (COG). Muscle tissue showed extremely faint PDH-1 expression, faint bands were seen for PDH-2 in the CG and COG, and e-PDH in the VG – this was perhaps due to very low levels of gDNA that remained in these preparations, since these were seen in no RT controls. Expression of PDH peptides as secretable neurohormones was determined by HPLC-EIA of SG, which showed a single immunoreactive fraction corresponding to PDH-1 (450 fmol per SG equivalent) as shown in Figure 7. However, the antiserum used showed a rather marked specificity to PDH-1 (which was originally used as immunogen), Figure 7 (insert). Immunoassay at higher concentrations (2.5 SG equivalent per well) did not reveal any immunoreactive fractions co-eluting with retention times shown for PDH-2, 3, e-PDH. LC-MS/MS of the previously HPLC separated fractions corresponding to each PDH showed fragment ions associated with PDH-1, and much weaker signals corresponding to PDH-3 which matched those annotated in the transcriptome (PDH-1: TR25293| c3_g3_il, PDH-3:TR48026| c0_g1_il). Signals corresponding to PDH-2 or e-PDH were not observed.
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FIGURE 5. Conceptually translated amino acid sequences of C. maenas prepro-PDHs (excluding signal peptides), highlighting identical (black)/similar (gray) boxed amino acid residues. Gaps added to maximize sequence identity. Mature peptides are shown in blue outlined box.
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FIGURE 6. PCR showing distribution of PDH 1–3 and e-PDH transcripts in the CNS. Abbreviations: M, muscle (claw); ES, eyestalk; CG, cerebral ganglia; COG, commissural ganglia, VG ventral ganglia. DNA ladder: 2000, 1000, 500, 250, and 100 bp
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FIGURE 7. HPLC-EIA of C. maenas SG extracts and standard PDHs. Chromatographic conditions and EIA as described in the text. Red chromatogram shows separation of 50 SG on a Phenomenex C18 column. 1 min. fractions were assayed in duplicate for PDH immunoreactivity, shown as pink bars (PDH-1, 0.5 SG eq. per well, other PDH’s, 2.5 SG eq. per well showed no immunoreactivity). Blue chromatogram shows elution profiles of 875 pmol of each PDH, chromatographed immediately after the SG separation. Cross-reactivities of PDH’s to the PDH antiserum used (R171) are shown in the insert.




PDH Expression: ISH and IHC

Whole mount IHC preparations using the PDH antiserum were compared to ISH preparations, where DIG – labeled antisense probes, specific for each PDH transcript were used (Figure 8) in an attempt to describe individual PDH isoform expression patterns. For eyestalk preparations, large numbers (ca. 45) of perikarya strongly immunoreactive (IR) to PDH were observed in the region between the terminal medulla (Tm) and lobula (Lo) (Figure 8A), and in the lamina (La). Perikarya in the former regions gave intense, positive signals for PDH-1 mRNA (Figure 8B), as well as large numbers in the lamina (Figure 8I). A smaller number of neurons (ca. 13) gave somewhat weaker hybridization signals to PDH-2 close to the SG, together with two weakly hybridizing cells in the anterior-ventral margin of the Tm. Four large (40–60 μm) perikarya, between the Lo and Tm, nearby the prominently labeled dorsal cell group adjacent to the SG showed very intense hybridization with the PDH-3 antisense probe (Figure 8D). These were also seen as rather faintly labeled perikarya in IHC preparations (Figure 8A, large arrows). A small number (ca. 7) of weakly hybridizing neurons were sometimes seen ventral to the intensely hybridizing large neurons (Figure 8D, small arrow), but were not observed in most preparations. Several small rather weakly IR cells, in the same location were also seen in IHC preparations (Figure 8A small arrow). Occasionally a single neuron was observed by IHC in the terminal medulla X-organ, but hybridization signals were never observed here. In the cerebral ganglion (CG), large (ca 40 μm), intensely labeled ventral – median and ventral – lateral perikarya were seen. Each of the lateral perikarya were associated with two small (ca. 15 μm), weakly PDH-1-IR perikarya. The two large, median perikarya were associated with a pair of small weakly labeled cells by ISH (Figure 8F). This congruence demonstrated that these cells were expressing only PDH-1. For e-PDH ISH, only a single pair of ventral – median neurons was seen in the CG, but no IR signals were detected in equivalent locations. The commissural ganglia invariably exhibited intense IR in a single neuron, but despite many attempts, ISH signals were not detected using any of the PDH probes. Five prominent descending axons entered the ventral ganglionic mass and formed very extensive branching processes (Figures 8K–M) particularly in the abdominal ganglion (Figure 8L) and even in the roots of the thoracic nerves (Figure 8K). Immunoreactive perikarya or hybridization signals were never seen in the ventral ganglionic mass, and hybridization signals were never observed using any of the PDH probes. A notable feature of the eyestalk PDH neuroanatomy was the very intensely labeling axon bundle, which exits the SG, and leaves the eyestalk neuropils mass dorsally via the protocerebral tract toward the brain proper (Figures 8A,N). This nerve contained three thick axons (shown with asterisks in Figures 8A,N,R), and in some whole mount preparations, sufficient nerve remained after dissection to show many dendrites and presumed secretory boutons (Figures 8N,R arrowheads). Thick (30 μm) paraffin wax sections were immunolabeled and images Z-stacked. These suggest that many of the presumed secretory boutons were adjacent to the prominent ophthalmic artery closely juxtaposed to a small eyestalk retractor muscle [muscle 21 according to (Burrows and Horridge, 1968)], which was also infiltrated by many small branching fibers, visible in whole mounts (Figure 8O) and sections (Figure 8Q).
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FIGURE 8. Distribution of PDHs in the central nervous system of C. maenas, detected by confocal ICC (A, E, H, J–R) or mRNA by ISH (B–D, F, G, I). (A) Whole mount image of region between the lobula (lo) and terminal medulla (tm) of eyestalk showing intense labeling of many (ca. 45) PDH IR neurones and fibers. Large arrows highlight four large (40–60 μm) weakly labeled perikarya in a dorsal position adjacent to the sinus gland, and ventrally four small (ca. 25 μm) weakly labeled perikarya. Small arrow highlights a number of faintly labeled cells. Asterisk shows position of three prominent axon profiles that exit the eyestalk adjacent to the optic nerve. These profiles are also shown in (N, R). (B) Whole mount ISH showing hybridization of PDH-1 antisense RNA to many of the profiles shown in (A). (C) Hybridization of PDH-2 antisense probe to thirteen perikarya adjacent to the sinus gland, and two perikarya on the ventral margin of the terminal medulla (arrows). (D) Hybridization of PDH-3 antisense probe to four perikarya (large arrows), corresponding to the weakly labeled cells seen in (A). Several (ca. 7) small cell bodies (small arrows) exhibit very weak hybridization signals. (E) Whole mount ICC image of the cerebral ganglion. Two pairs of intensely labeled median and lateral perikarya (ca. 40 μm) and weakly labeled small (ca. 15 μm) perikarya (arrows) are shown. (F) PDH-1 ISH of cerebral ganglion shows correspondence of mRNA labeling with ICC. Arrows indicate small, generally weakly hybridizing perikarya. (G) e-PDH ISH of cerebral ganglion showing a single pair of median perikarya. (H) Whole mount of lamina showing numerous small (ca. 10–12 μm) perikarya and fibers. (I) PDH-1 ISH showing hybridization signals corresponding to neuronal profiles seen in (H). (J) Whole mount ICC image of commissural ganglion. Only one neuron was labeled (arrow). Asterisk indicates five descending axon profiles also indicated in (K, M). (K). Wholemount tiled array (5 × 4) confocal image of PDH immunopositive structures in the ventral ganglion. (L–M) Images of abdominal and subesophageal ganglion taken from (K) showing complex patterns of dendrites in both ganglia arising from thick descending axons of interneurons [asterisks in (K, M)] from within circum-esophageal connectives. (N) Composite confocal images showing a prominent nerve containing three stout axon profiles [asterisk, also indicated in (A, R)], which leaves the eyestalk nervous system (exit position indicated by small arrow). Distally a complex branching plexus (pl) is seen. Dashed ellipse refers to axon bundle seen in (P). (O) Whole mount confocal image showing branching PDH-immunopositive axons on the surface and within a small eyestalk retractor muscle (21: nomenclature according to (Burrows and Horridge, 1968). (P) Stacked confocal image of a 30 μm section of paraffin-embedded eyestalk showing axon profiles [dashed ellipse, as the equivalent position shown in (N)]. Intensely labeled putative secretory boutons are adjacent to, and within a hemolymph space (arrows). (Q) Confocal image of a section nearby that shown in (P) showing axon profiles and branching fibers throughout or alongside muscle 21. (R) Confocal image of a whole mount preparation similar to that shown in (N). The three stout axon profiles are indicated with an asterisk. Structures containing putative secretory boutons are indicated by arrows. Abbreviations: la, lamina; lo lobula; me, medulla; m21, eyestalk retractor muscle 21; sg, sinus gland; tm, terminal medulla. Scale bars: (K) 500 μm; (A, E–G) 200 μm; (B–D, H–, L–O, R) 100 μm; (P, Q) 50 μm.




PDH Bioassay

Chromatophore dispersion assays as shown in Figure 9 demonstrated that both PDH-1 and -2 were effective in dispersing red chromatophores (erythrophores), with significant (p < 0.05, Wilcoxon-Mann Whitney rank sum test) responses to doses of around 0.5 pmol per crab 40 min after injection. For PDH-2, some pigment dispersion was observed at the lowest dose (50 fmol per crab) although this was transient and statistically not significant. These peptides also dispersed black chromatophores (melanophores), but to a lesser extent, since these were invariably partially dispersed in all crabs. PDH-3 and e-PDH were entirely without chromatophore-dispersing activity, even at the highest dose used (50 pmol per crab).
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FIGURE 9. The effect of PDHs on pigment migration in epidermal chromatophores of the 5th walking leg dactylus of C. maenas. Left panel: erythrophores, right panel: melanophores. Peptides were injected at 0.05–5 pmol per crab for PDH-1, -2, 5–50 pmol per crab for PDH-3, e-PDH, in 10 μl volumes. Mean (n = 6 crabs) chromatophore indices (Hogben-Slome) are indicated. Asterisks indicate significant differences in chromatophore stage (p < 0.05, Wilcoxon sign-rank test) 40 min after injection of peptide, compared to 0 min.




DISCUSSION

By using a reverse pharmacology approach, we have identified two PDH receptor isoforms (PDHR41189, 43673) in the green shore crab, C. maenas which can be activated by a surprisingly large inventory (4 isoforms) of crustacean PDHs in this species. These are the first PDH receptors to be deorphaned in any crustacean; indeed, to date whilst a large variety of neuropeptide/receptor pairings have been tentatively identified in crustaceans from de novo transcriptome assembly mining, or genome annotations, [for example (Christie et al., 2013, 2017; Bao et al., 2018; Tran et al., 2019)] to our knowledge, only a few receptor/ligand pairings have been functionally deorphaned, using cell-based heterologous reporter assays. These include the red pigment concentrating hormone receptor (RPCHR) in Daphnia pulex (Marco et al., 2017), RPCHR, corazonin receptor (CRZR) and diuretic hormone 31 receptor (DH31R) in C. maenas (Alexander J. et al., 2018; Alexander J. L. et al., 2018) and crustacean cardioactive peptide receptor (CCAPR) in Scylla paramamosain (Bao et al., 2018). With regard to PDF/PDHs and their receptors, we were particularly intrigued by the diversity of diversity of peptides and receptors in C. maenas, since insects seem to have only single PDF peptides and putative PDFRs annotated in databases, yet other non-insect ecdysozoans such as nematodes, viz. Caenorhabditis elegans have multiple isoforms of both PDFs and PDFRs (Janssen et al., 2008, 2009). An emerging scenario in decapod crustaceans is that they possess multiple PDHs, with two or three PDHs commonly found [e.g., (Klein et al., 1994; Ohira et al., 2002; Bulau et al., 2004; Hsu et al., 2008; Huang et al., 2014)]. Our finding that C. maenas possesses three isoforms of the conventional 18 amino acid β-PDH and a 20 residue C-terminally extended peptide (e-PDH) reinforces this view, and it seems likely that the extended PDH isoform is common to all decapod crustaceans (Veenstra, 2016).


PDHRs: Structures Activities and Specificities

The PDHRs (43673 and 41189) that were activated by PDH showed very marked selectivity with regard to dose; PDH-1 and -2 activated the 43673 receptor in the low nanomolar range, whereas even micromolar concentrations of PDH-3 and e-PDH were needed to produce rather weak luminescence responses. This situation was reversed for the 41189 receptor, where low nanomolar concentrations of PDH-3 and e-PDH activated this receptor, but high nanomolar concentrations of PDH-1, -2 were needed to result in a luminescent signal. Whilst it is likely that the biological activity of the PDHs in the cell-based assay are rather different to those in vivo, if an assumption is made that they may be in the same order of magnitude, or at least related, the highest doses of PDH 1-2 would (assuming a hemolymph volume of 100 μl for a 15–20 mm carapace width crab) give an instantaneous hormone concentration of around 50 nM – e.g., well within the concentration range needed to activate the 43673 receptor and evoke a biological response – i.e., chromatophore dispersion in vivo. For PDH-3 and e-PDH this concentration would be insufficient to activate the receptor or to result in pigment dispersion in vivo. However, for receptor 41189, the converse could be true. This implicates the 43673 receptor in chromatophore dispersion. In Drosophila, DH31 activates the PDF receptor to some extent (Mertens et al., 2005), and it has recently been established that PDF and DH31 hierarchically regulate free-running rhythmicity in male flies, and that dh31 and pdf double mutants exhibit a severely disrupted arrhythmic phenotype compared to pdf null mutants alone (Goda et al., 2019). In our heterologous assay, we could not activate any of the PDH receptor with DH31 even at μM concentrations. Nevertheless, it would be interesting to speculate, and investigate whether DH31, or its cognate receptor are expressed in PDH neurones, or vice versa, which might shed light on commonalities of clock mechanisms between crustaceans and insects.

A phylogram of selected PDF receptors for insects, compared with crustaceans, and a deorphaned PDFR from C. elegans, which forms the outgroup, as expected, clearly showed that 43673 groups with the crab Scylla paramamosain, and lobster Homarus americanus, and forms an outgroup to the insect PDFRs, yet the other functionally deorphaned PDH receptor, 41189, was more closely related to that of the land crab, Gecarcinus lateralis. This situation is interesting, since the G. lateralis receptor was annotated from Y-organ transcriptomes (Tran et al., 2019). It has been reported that insect PDF regulates (stimulates) ecdysone biosynthesis in the prothoracic glands (PGs) of the silkworm Bombyx mori and that this occurs via the neuropeptide GPCR-B2, which is annotated as a PDFR (Iga et al., 2014). This stimulation, which is only found in post gut-purged larvae and pupae, was distinct from that of prothoracicotropic hormone (PTTH) and involved both cAMP and Ca2+ mediated pathways. Surprisingly, we have also found the PDH receptor 41189 (but not that of 43673) in our YO transcriptomes [transcript 34919, (Oliphant et al., 2018)]. However, it should be noted that this transcript, although identical in sequence, was a little incomplete and N-terminally truncated (8 amino acids). However, this transcript could not be detected by PCR of carefully dissected YO, thus we assume that this may reflect tissue contamination, possibly due to epidermal remnants.

The qRT-PCR of RNA from a wide variety of tissues showed quite low levels of expression of both PDHRs, primarily in eyestalk tissues. However, it was notable that PDHR 43673 expression was found in tissue from the dactyl of the fifth walking leg of juvenile crabs, which contains large numbers of chromatophores in the epidermal tissues. Epidermis samples that did not contain chromatophores, taken from the branchiostegal region expressed low levels of PDHR 41189. This result suggests that PDHR 43673 is likely the authentic PDH neurohormone receptor, which is in accordance with its pronounced selectivity for PDH-1, -2, as these PDH-isoforms exhibit biological activity in the chromatophore dispersion assay, making this hypothesis clearly a very an attractive one. The third putative PDHR (35701) (Oliphant et al., 2018) could not be activated by any of the four PDHs and showed rather limited similarity to the other PDHRs (43673,41189) but had a very high sequence identity to a GPCR annotated as a PDHR in the penaeid shrimp Marsupenaeus japonicus (Acc. No. AB478163). This highlights the issue of functional deorphaning being a necessary prerequisite before annotations become entrenched in the literature (Caers et al., 2012).



Differential Localizations of PDHs and Their PDHRs

With regard to involvement of PDH (receptor-mediated) signaling in crustacean circadian clockwork, the finding that a homolog of PDHR 43673 is expressed in brain and eyestalk transcriptomes of the lobster Homarus americanus (Christie et al., 2017) is interesting. Both PDHRs (41189 and 43673) were expressed in the eyestalk, cerebral and thoracic ganglia of C. maenas and could be candidates for components of the circadian clockwork. Whilst many reports suggest that cardiac output shows features of endogenous rhythmicity in vivo and in vitro [references in (Christie et al., 2018)], transcriptomic analysis of cardiac ganglion tissues of Homarus americanus (which contain pacemaker centers) did not show expression of a PDHR, whilst expressing a wide variety of canonical clock genes which could form the basis of a peripheral circadian oscillator (Christie et al., 2018).

Our findings on the selectivity and distributions of the two PDHRs clearly suggest distinct functions for the various PDHs. Thus, we attempted to identify the expression of the various PDH isoforms in the CNS. PCR showed that PDH-1 mRNA had ubiquitous expression throughout the CNS, whilst the distribution of the others was somewhat limited; PDH-2 and -3 were only found in eyestalk tissues, whilst e-PDH was strongly expressed in the cerebral ganglion and to a lesser extent the commissural ganglion. ISH confirmed this expression profile (although hybridizing perikarya were not seen in the COG or VG). For PDH-1, large numbers of hybridizing neurons were seen in the eyestalk, near the lobula – medulla boundary and in the lamina. These mapped to peptide expression patterns using an antiserum raised against C. maenas PDH-1, which showed a marked selectivity for this peptide. The neuronal architecture (positions of neurons, tracts etc.) obtained in this study are in broad agreement (but not identical) with immunoreactive structures in the CNS of C. maenas previously described in detail using another anti-PDH serum raised against an identical PDH-1 (Mangerich et al., 1987; Mangerich and Keller, 1988) and also for the CNS of Cancer productus (Hsu et al., 2008), excepting the absence of IR and hybridizing perikarya in the ventral ganglion. In the latter study, double ISH experiments and matrix-assisted laser desorption/ionization Fourier transform mass spectrometry (FT-MS) showed most neurons in the region between the lobula and medulla expressed both a PDH-1 that was identical in sequence to C. maenas PDH-1 and a second PDH structurally similar, but not identical, to the one identified in this study (PDH-2). However, a few expressed only the PDH-2 isoform, and the amacrine neurons in the lamina only expressed PDH-1. In the present study, only a small set of neurons (13) adjacent to the SG, and two anterior-ventral ones in the terminal medulla expressed PDH-2. As alluded to above, the anti-PDH serum used was raised to PDH-1, and showed marked selectivity (doses required to give an absorbance of 1.0 in the EIA were: PDH-1 150 fmol; PDH-2 ≫10,000 fmol, PDH-3 600 fmol; e-PDH 8000 fmol, see Figure 7 inset), therefore it seems unlikely that the PDH-2 peptide could be detected, but it is clear that the IR neurons in the lamina only express PDH-1 as also observed for C. productus (Hsu et al., 2008) and implicates a similar existence of PDH-1 in lamina amacrine neurons of C. maenas has already been shown much earlier (Mangerich et al., 1987). PDH-3 mRNA expression was restricted to four large (ca. 50 μm), intensely hybridizing large perikarya and several very weakly hybridizing ones (that were not seen in most preparations). Since the PDH antiserum showed reasonable cross reactivity (about 25%) to this PDH isoform it is tempting to suggest that these four large, weakly immunoreactive cells in the prominent group of neurons adjacent to the SG, and the smaller ones nearby, represent PDH-3 expressing neurons.

For the cerebral ganglion the ventral – median and ventral – lateral neurons seen in IHC, mapped precisely with the ISH signals for the PDH-1 probe. Thus, we can be certain that these neurons only express PDH-1. Such PDH-neurons of the CG would merit investigation for their contributions to long-known activities in circadian rhythmicity control driven by histaminergic brain photoreceptors that contact PDH-neurons in the CG of other decapods (Sullivan et al., 2009; Strauss and Dircksen, 2010). A further pair of ventral – median cells expressing e-PDH was observed in the cerebral ganglion. These neurons invariably gave quite weak hybridization signals, as opposed to the robust amplification of e-PDH in PCR. These were visible in all preparations, but due to the selectivity of the antiserum, these perikarya were not seen in any IHC preparations. Whilst both PDH-1 and e-PDH gave clear amplification signals in PCR of the commissural ganglia (Figure 6) hybridizing neurons were never observed, despite the presence of intense immunoreactivity in one neuron, which was likely that of PDH-1. Given the undeniably complex anatomy of PDH neurons, together with our observations on the variety of PDHs and their corresponding neuronal mRNA expression, it is now timely to describe the detailed neuroanatomy for each peptide. This is eminently feasible, since the four PDH-related peptide sequences of C. maenas are probably sufficiently individually distinctive to raise precursor-specific antisera, whereas it is likely that the sequence similarity of the mature PDH peptides would probably preclude this.

A pertinent question now arises: how can we differentiate between PDHs with neurohormonal vs. those with neurotransmitter/modulator roles? Clearly, PDH-1 has a neurohormonal role, since it is long known as being released from a principle secretory tissue, the sinus gland, as evidenced by HPLC-EIA and MS, yet it also has transmitter/modulatory roles, as shown by the presence of IR interneurons and arborizing dendrites in the lamina, cerebral ganglia and very complex processes throughout the ventral ganglion, as previously noted (Mangerich et al., 1987; Mangerich and Keller, 1988). However, in C. productus only PDH-2 was found in the sinus gland (Hsu et al., 2008), leading these authors to suggest a purely neurohormonal role for this peptide. In C. maenas, as alluded to earlier, PDH-2 bears significant sequence similarities, and is undoubtedly a homolog to the C. productus peptide, and also that of C. sapidus (Klein et al., 1994) and S. paramamosain (Huang et al., 2014), whilst PDH-1 is identical in all these species. Characterization of the C. maenas neuropeptide inventory by MALDI-TOF MS and FT-MS has previously shown that only PDH-1 is found in the SG (Ma et al., 2009), but in that study the occurrence of PDH isoforms in other tissues of the CNS was not performed. Our previous identification of PDH-1 in C. maenas (Löhr et al., 1993) by immunoaffinity purification of eyestalks (including SG), followed by HPLC showed several PDH immunoreactive fractions, but a prominent peak corresponding to PDH-1 by retention time was sequence-confirmed by FAB-MS. Our MS studies reported here showed that PDH-2 is not found in the SG, so this clearly does not point to a neurohormonal role, unless other release phenomena could come into play, as have been proposed by electron microscopic demonstration of putative intra-neuropilar release sites for peptides in a crayfish central body (Schürmann et al., 1991). Nevertheless, PDH-2 was very potent in the chromatophore dispersion assay. However, in C. sapidus, PDH-2 is at least 400-fold less active than PDH-1, in dispersing chromatophores (Klein et al., 1994), which is at odds with our findings for C. maenas. However, since PDH-2 does not appear to have a neurohormonal role in the latter crab, on the basis of absence in the SG in this study and (Ma et al., 2009), its pigment dispersing activity in vivo must be due to promiscuous binding and activation of the PDH (43673) receptor. Since PDH-3 was found in HPLC separated SG by LC-MS (but not HPLC EIA), it is tempting to suggest that this peptide might have a neurohormonal role, but this must be unrelated to pigment dispersion, since it is entirely without pigment dispersing activity in the chromatophore bioassay. A likely explanation for the possible localization of PDH-3 in the SG could be that during dissection, the PDH-3 expressing cells and terminals adjacent to but outside the SG were inadvertently included as contaminants.

Carcinus maenas juveniles exhibit a robust endogenous circadian rhythm of red and black chromatophore dispersion during times of expected photophase, and concentration at times of expected scotophase, which persists under constant darkness for over 35 days, but without a circatidal (12.4 h) component (Powell, 1962). Thus, release of PDH-1 from the sinus gland (and the newly described putative neurohemal tissue associated with the eyestalk retractor muscle 21 described here) certainly reflect their roles as key neurohormonal outputs of the circadian clock, apart from any neurotransmitter/modulator functions.

Since PDH-1 profiles were quite sparse in the SG, and PDH IR axons leave the eyestalk neural tissues adjacent to the optic nerve in C. maenas, Orconectes limosus, (Dircksen et al., 1987; Mangerich et al., 1987; Mangerich and Keller, 1988; Dircksen, 1992) and C. productus (Hsu et al., 2008), we were interested in tracing this nerve, which contained three very thick, intensely labeled axons. In a few whole mount preparations of eyestalk neural tissues, 1–1.5 mm sections of this nerve, external to the eyestalk neural mass were coincidentally dissected (Figures 8N,R), and arborizations reminiscent of neurosecretory structures were seen. Sections of complete eyestalks, including muscles showed these arborizations were not only directly adjacent to an artery on an eyestalk muscle, but that many fine fibers were also present within this muscle (Figure 8Q), as also seen in coincidentally dissected eyestalk muscles in whole mount preparations (Figure 8O). This muscle was identified as muscle 21 of the eyecup of C. maenas, one of the nine involved in optokinetic movements, and eyestalk retraction (Burrows and Horridge, 1968). Although, ultrastructural investigation of the presumed neurosecretory nature of the boutons adjacent to the (ophthalmic) artery has yet to be done, it is obvious that this region contains much more PDH than that in the SG. Since the originally described function of PDH was in distal retinal pigment migration, where ommatidia are protected from bright daylight conditions, it is tempting to speculate that the PDH fibers in muscle 21 may be involved in eyestalk retraction into the eyecup to further protect the photoreceptors. In this context, it is interesting to note that in barnacles, the somatic extensor muscles (the attrahens muscle) are innervated via the great splanchnic nerve and finely branching PDH IR fibers and secretory boutons are extensively distributed over these muscles (Webster, 1998), in a manner reminiscent of that seen for eyestalk retractor muscle 21. Thus, it seems possible that PDH has a relevant function in modulation of muscle contractility, possibly in response to bright light conditions. It would be interesting to test this hypothesis by quantifying behaviors, for example optokinetic movements, in light and dark conditions, and after PDH-1 injection.



CONCLUSION

This study details the characterization of PDH signaling in a crustacean for the first time. We demonstrate that four pigment dispersing-type hormones preferentially activate two distinct receptors. The signaling system associated with PDHR 43673 that involves PDH-1 is likely to represent that of the neurohormonal pathway leading to chromactivation, notwithstanding other functions in neuromodulation. Additionally, neuroanatomical studies revealed a previously undescribed neurohemal area and secretory boutons in one of the eyestalk retractor muscles, which is likely to be involved in photic adaptation. The signaling system involving the receptor PDHR 41189 is preferentially activated by PDH-3 and e-PDH; these peptides are expressed by interneurons with functions in neuromodulation. To further define the roles of these peptides and receptors in fundamental processes in regulation of rhythmic locomotor and chromatic adaptation behavior, it is now timely to further define the roles of specific PDH ligands and receptors, by developing knockdown experiments, together with phenotypic observations associated with these functions.
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ABBREVIATIONS

 ABTS, 2,2 ′ -Azino-bis(3-ethylbenz-thiazoline-6-sulfonic acid) diammonium salt; BSA, bovine serum albumen; cAMP, cyclic adenosine monophosphate; CCAPR, crustacean cardioactive peptide receptor; cDNA, complementary DNA; CG, cerebral ganglion; CHO, chinese hamster ovary; CNS, central nervous system; COG, commissural ganglion; CRZR, corazonin receptor; DH-31, diuretic hormone-31; DH31R, diuretic hormone-31 receptor; DIG, digoxygenin; DMEM/F, Dulbecco’s Modified Eagle Medium F-12; EIA, enzyme immunoassay; ERG, electroretinogram; ES, eyestalk; FAB-MS, fast atom bombardment-mass spectrometry; FT-MS, fourier transform-mass spectrometry; gDNA, genomic DNA; GPCR, G protein-coupled receptor; HEPES, N-(2-Hydroxyethyl)piperazine-N’-(2-ethanesulfonic acid); H-ESI, heated electrospray ionization; HPLC, high performance liquid chromatography; IHC, immunohistochemistry; IR, immunoreactive; ISH, In situ hybridization; La, Lamina; LC MS/MS, liquid chromatography tandem mass spectrometry; Lo, lobula; MALDI-TOF MS, matrix-assisted laser desorption/ionization-time of flight mass spectrometry; Me, medulla; mRNA, messenger RNA; Mt, terminal medulla; ORF, open reading frame; PCR, polymerase chain reaction; PDF, pigment dispersing factor; PDH, pigment dispersing hormone; PDFR, pigment dispersing factor receptor; PDHR, pigment dispersing hormone receptor; PBS, phosphate buffered saline; PBST, PBS, 0.1% Tween 20; PFA, paraformaldehyde; PTTH, prothoracicotropic hormone; qRT-PCR, quantitative reverse transcriptase polymerase chain reaction; RLM RACE, RNA ligase-mediated rapid amplification of cDNA ends; RPCHR, red pigment concentrating hormone receptor; SRA, sequence read archive; SG, sinus gland; TFA, trifluoroacetic acid; UHPLC, Ultra-HPLC; UTR, untranslated region; VG, ventral ganglion; VPAC2, mammalian vasoactive intestinal peptide receptor.
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The lateral parabrachial nucleus (lPBN), located in the pons, is a well-recognized anorexigenic center harboring, amongst others, the calcitonin gene-related peptide (CGRP)-expressing neurons that play a key role. The receptor for the orexigenic hormone ghrelin (the growth hormone secretagogue receptor, GHSR) is also abundantly expressed in the lPBN and ghrelin delivery to this site has recently been shown to increase food intake and alter food choice. Here we sought to explore whether GHSR-expressing cells in the lPBN (GHSRlPBN cells) contribute to feeding control, food choice and body weight gain in mice offered an obesogenic diet, involving studies in which GHSRlPBN cells were silenced. We also explored the neurochemical identity of GHSRlPBN cells. To silence GHSRlPBN cells, Ghsr-IRES-Cre male mice were bilaterally injected intra-lPBN with a Cre-dependent viral vector expressing tetanus toxin-light chain. Unlike control wild-type littermates that significantly increased in body weight on the obesogenic diet (i.e., high-fat high-sugar free choice diet comprising chow, lard and 9% sucrose solution), the heterozygous mice with silenced GHSRlPBN cells were resistant to diet-induced weight gain with significantly lower food intake and fat weight. The lean phenotype appeared to result from a decreased food intake compared to controls and caloric efficiency was unaltered. Additionally, silencing the GHSRlPBN cells altered food choice, significantly reducing palatable food consumption. RNAscope and immunohistochemical studies of the lPBN revealed considerable co-expression of GHSR with glutamate and pituitary adenylate cyclase-activating peptide (PACAP), and much less with neurotensin, substance P and CGRP. Thus, the GHSRlPBN cells are important for diet-induced weight gain and adiposity, as well as in the regulation of food intake and food choice. Most GHSRlPBN cells were found to be glutamatergic and the majority (76%) do not belong to the well-characterized anorexigenic CGRP cell population.
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INTRODUCTION

The parabrachial nucleus (PBN), located in the pons, is known to relay a broad range of sensory information to forebrain regions (Saper and Loewy, 1980; Fulwiler and Saper, 1984; Bernard et al., 1993; Krout and Loewy, 2000), including information about taste (Norgren and Leonard, 1971; Geran and Travers, 2009; Tokita and Boughter, 2016), as well as aversive information such as visceral malaise (Bernard et al., 1994; Yamamoto et al., 1995; Thiele et al., 1996; Sakai and Yamamoto, 1997) and pain (Gauriau and Bernard, 2002). Part of this neurocircuitry includes an anorexigenic cell group in the lateral parabrachial nucleus (lPBN), that receives GABAergic signaling from the arcuate nucleus (ARC) agouti-related peptide (AgRP)/neuropeptide Y (NPY)/gamma-aminobutyric acid (GABA) neurons, a pathway crucial for feeding to occur (Wu et al., 2009). Diphtheria toxin-mediated ablation of AgRP neurons induced starvation and feeding was restored by chronic stimulation of GABAergic signaling at the level of the lPBN. Calcitonin gene-related peptide (CGRP) neurons in the lPBN that project to the central nucleus of the amygdala (CeA) were then identified as the profoundly anorexigenic pathway inhibited by AgRP/NPY/GABA neurons to drive feeding, as revealed by chemogenetic and optogenetic studies in Calca-Cre mice injected with Cre-dependent viral vectors into the lPBN (Carter et al., 2013). The lPBN CGRP cells were subsequently found to mediate conditioned taste aversion (Carter et al., 2015) and to control meal termination (Campos et al., 2016). These findings highlight the key role of lPBN CGRP neurons in the regulation of feeding behaviors.

There are indications that the lPBN forms part of the neurocircuitry engaged by (circulating) appetite-regulating hormones. Receptors for anorexigenic peptides such as leptin and glucagon-like peptide 1 (GLP-1) are expressed in the lPBN (Merchenthaler et al., 1999; Scott et al., 2009) and local microinjection of these peptides into this area in rats has been shown to reduce food intake (Alhadeff et al., 2014a,b; Richard et al., 2014). Peptides of the YY family (PYY) have been shown to signal here (likely via Y1 receptors) to increase food intake (Alhadeff et al., 2015).

Interestingly, the receptor for the appetite-stimulating hormone ghrelin (the growth hormone secretagogue receptor, GHSR) is abundantly expressed in the lPBN, revealed by in situ hybridization studies (Zigman et al., 2006). More recently, this distribution was faithfully reproduced in studies utilizing a novel Cre-driver line of mice (Ghsr-IRES-Cre mice) crossed onto two different reporter strains (Mani et al., 2017). The GHSR-expressing cells were located in more dorsal parts of the lPBN, which corresponds to the location of glutamate (Niu et al., 2010) as well as other peptides such as pituitary adenylate cyclase-activating peptide (PACAP), neurotensin and substance P as described in the Allen Brain Atlas1 (Ng et al., 2009), but less so for CGRP which is distributed more ventro-laterally in this nucleus (Carter et al., 2013).

Ghrelin is a stomach-derived hormone known to engage the orexigenic AgRP/NPY neurons of the ARC and the dopaminergic cells of the ventral tegmental area, two key hubs in the feeding circuitry (Skibicka and Dickson, 2011; Perello and Dickson, 2015). Ghrelin has been shown to increase food intake (Wren et al., 2000) and alter food choice (Schéle et al., 2016). Recently, we provided evidence that ghrelin signaling in the lPBN may contribute to these effects since lPBN injection of ghrelin increased food intake and altered food choice in rats (Bake et al., 2020). Orexigenic and pro-obesity effects of intra-lPBN delivery of ghrelin have since been reported in mice and shown to require endogenous GHSR signaling, since they were absent in GHSR knockout mice (Zhang et al., 2020).

In the present study, we first sought to explore the impact of loss of GHSR signaling selectively in the lPBN on body weight progression, food intake and food choice. Based on ghrelin injection studies (Bake et al., 2020; Zhang et al., 2020), silencing GHSRlPBN cells could be expected to have the opposite effect to ghrelin injection (i.e., reduce food intake and body weight gain). There is, however, considerable overlap and redundancy in systems ensuring sufficient food intake to sustain energy balance and it is therefore unclear whether selective silencing of GHSRlPBN cells would be sufficient to reduce food intake and limit body weight gain. Arguably, food choice may be less critical than food intake for survival, at least in the short term, and there may be less need for overlap and redundancy in the pathways regulating it. Therefore, our main hypothesis was that GHSRlPBN cells may play an important role in food choice. To silence GHSRlPBN cells, we used Ghsr-IRES-Cre mice (Mani et al., 2017) which we injected intra-lPBN with a Cre-dependent viral vector expressing the tetanus toxin-light chain (AAV1-CBA-DIO-eGFP-Tetox-WPRE-pA) (Carter et al., 2015) to block synaptic transmission (Yamamoto et al., 2003) of the GHSRlPBN cells and hence, silence their communication and function. We also explored the neurochemical identity of the GHSRlPBN cells (using RNAscope and immunohistochemistry) and hypothesized that they likely include one or more of the aforementioned lPBN cell groups.



MATERIALS AND METHODS


Animals

All studies were carried out on adult male Ghsr-IRES-Cre heterozygous mice crossed (or not) with ROSA26-ZsGreen reporter mice B6.Cg-Gt(ROSA)26Sortm6(CAG-ZsGreen1)Hze/J (The Jackson Laboratory; stock number 007906) as previously described (Mani et al., 2017). The original heterozygous colony was produced by Prof Jeffrey M. Zigman (UT Southwestern Medical Center, Dallas, United States) and the breeding pairs were kindly provided by Prof Zane B. Andrews (Monash University, Melbourne, Australia). The mice used in this study were bred in-house at Gothenburg University (Sweden).

Mice were housed in a 12-h light/dark cycle (lights on a 7:00) at 20 ± 2°C and 50% humidity and had ad libitum access to standard maintenance chow (Teklad diet 2016; Envigo, Cambridgeshire, United Kingdom) and water unless otherwise stated. All procedures were approved by the local Ethics Committee for Animal Care and Use at the University of Gothenburg (permit number: 27-2015 and 132-2016) and conducted in accordance with legal requirements of the European Community (Decree 86/609/EEC).



Experimental Design

Thirteen heterozygous Ghsr-IRES-Cre (Ghsr-Cre Het) male mice and 8 wild-type male littermates (WT) were injected bilaterally into the lPBN with a viral vector (AAV1-CBA-DIO-eGFP-Tetox-WPRE-pA) (Carter et al., 2015). The expression of tetanus toxin light chain (Tetox), which stops synaptic transmission (Carter et al., 2015), is Cre-dependent and will only be expressed therefore in the Ghsr-Cre Het mice and not in the control WT mice. As a result, this strategy aims to prevent signaling of GHSR-expressing cells in the lPBN in the Ghsr-Cre Het mice (that we now refer to as the GHSR-silenced group) but not in WT controls.

At 1 week after surgery, the individually housed mice were introduced to a high-fat, high-sugar (HFHS) free choice diet consisting of standard chow pellets, lard (saturated animal fat; Dragsbæk, Thisted, Denmark), 9% sucrose solution (Peris-Sampedro et al., 2019) and water, as described previously (Schéle et al., 2016). Body weight and intake from each dietary component were measured daily, at the same time of the day (approximately at 12:00) for 23 days. Caloric efficiency was calculated on Day 23 of exposure to the HFHS free choice diet as follows: caloric efficiency = [body weight gain (g) / food intake (kcal)] × 100 (Rabasa et al., 2019). On days 24, 25, and 26 after viral injections, the mice were subjected to saccharin preference tests (see related section below) to explore the effect of silencing GHSRlPBN cells on sweet taste sensitivity.

At the end of the study, mice were perfused to verify the viral vector injection sites. Bilateral epididymal fat pads were collected and weighed prior to transcardial perfusion when mice were anesthetized.

Two GHSR-silenced mice were excluded because post-mortem evaluation revealed that the injection site was off-target. Three GHSR-silenced mice were sacrificed 3 weeks post-surgery to monitor the viral vector expression and their data were included in the analysis of body weight. Another GHSR-silenced mouse showed a very strong body weight phenotype in response to Tetox and began to look weak and unhealthy 5 days before the end of the experiment. This mouse was therefore sacrificed at that time point and included in the analysis of body weight, food choice and saccharin preference. In addition, one control mouse died just after surgery. Thus, the final analysis included: (i) 8 GHSR-silenced mice and 7 control mice for the study of caloric intake, food choice and saccharin preference, (ii) 7–11 GHSR-silenced mice (11 for the first 2 weeks, then 8 and finally 7 for the 5 last days) and 7 control mice for the study of body weight development and caloric efficiency on the HFHS diet, and (iii) 7 GHSR-silenced mice and 7 control mice for the fat pad analysis.

In an additional cohort of mice (6 GHSR-silenced and 9 controls) we performed a parallel study, measuring food intake and body weight progression in mice fed regular chow (Supplementary Material 1).

In addition, four Ghsr-IRES-Cre wild-type male mice and five Ghsr-IRES-Cre heterozygous male mice on the ZsGreen reporter background (i.e., in which GHSR-positive cells express ZsGreen) were perfused to determine the neurochemical identity of the GHSRlPBN cells using fluorescent in situ hybridization (RNAscope) and immunohistochemistry, respectively (see sections below).



Stereotaxic Surgeries

All mice (26–41 g body weight) received a subcutaneous (s.c.) injection of the analgesic Rimadyl® (5 mg/kg; Orion Pharma Animal Health, Sollentuna, Sweden) and were deeply anesthetized by intraperitoneal (i.p.) injection of a combination of Sedastart vet®. (1 mg/kg; Produlab Pharma B.V., Raamsdonksveer, The Netherlands) and Ketalar® (75 mg/kg; Pfizer AB, New York City, United States) and placed in a stereotaxic frame. After exposure of the skull and application of a local anesthetic (Xylocaine 10%, AstraZeneca, Cambridge, United Kingdom), two holes were drilled and the viral vector expressing Tetox was injected (0.4 μl, 1.8 × 1012 particles/mL, 0.1 μl/min) into each side using a 31 gage stainless steel needle (Coopers Needle Works Ltd., Birmingham, United Kingdom) connected via vinyl tubing to a Hamilton syringe placed in an infusion pump. The injection volume was optimized prior to the study in order to minimize spreading of the viral vector outside the lPBN. For injection of Tetox-expressing viral vector in the lPBN, the following coordinates were used: 5.34 mm posterior to bregma; 1.3 mm lateral to the midline; 3.7 mm ventral of the skull surface at bregma. After injection, the injection needle was kept in place for an additional 7 min and then slowly retracted to ensure full diffusion from the needle tip. After surgery, mice were injected with the sedation-reversing Sedastop vet®. (2.5 mg/kg s.c.; Produlab Pharma B.V., Raamsdonksveer, The Netherlands), individually housed and allowed to recover for at least a week. Correct placement of the needle tip from the viral injections was confirmed post-mortem in all mice.



Saccharin Preference Test

The mice had ad libitum access to a saccharin solution (0.1% w/v; Sigma-Aldrich, St. Louis, MO, United States) in addition to water for 3 h/day on two consecutive days (the first day can be considered a habituation day) (Rabasa et al., 2016) and 1 h/day on the third day. The aim of having only 1 h exposure instead of 3 h on the third day was to increase the sensitivity of the test, as explained previously (Rabasa et al., 2016). The saccharin and water bottles were checked for leakage before the test and side-switched each day to control for potential side preference. Saccharin and water bottles were weighed before and after each access session. Preference for the saccharin solution over water was calculated as follows: [ml of saccharin / (ml of saccharin + ml of water)] × 100.



Tissue Processing

The mice were deeply anaesthetized with the mixture of Sedastart vet®. and Ketalar® mentioned above and perfused transcardially with heparinized 0.9% saline followed by 4% paraformaldehyde (PFA) in 0.1 M PB. The brains were dissected, post-fixed overnight at 4 °C in 4% PFA solution (brains used for immunohistochemistry were post-fixed in 4% PFA containing 15% sucrose, those for RNAscope in simple 4% PFA for maximum 20 h) and cryoprotected in 0.1 M PB containing 30% sucrose (25% sucrose for RNAscope) at 4°C until cryosection. Coronal sections containing the lPBN (30 μm-thick for immunohistochemistry or 14 μm-thick for RNAscope) were then cut using a cryostat and stored in tissue storage solution (25% glycerin, 25% ethylene glycol, 50% 0.1 M PB, autoclaved for RNAscope) at −20°C until further processing.



Neurochemical Identification of GHSRlPBN Cells

Glutamate, pituitary adenylate cyclase-activating peptide (PACAP), substance P and neurotensin emerged as appropriate candidates as a result of literature search (Palmiter, 2018), and comparison of the location in the lPBN of the cells expressing the different neurotransmitters with that of the GHSR cells in the Allen Brain Atlas2 (Ng et al., 2009).

Fluorescent in situ hybridization using RNAscope® was performed to study the potential co-expression of GHSR with glutamate (Slc17a6 probed), PACAP (Adcyap1 probed), substance P (Tac1 probed) and neurotensin in the lPBN of Ghsr-IRES-Cre wild-type male mice (n = 4). All reagents were purchased from Advanced Cell Diagnostics (ACD, Hayward, CA, United States) if not stated otherwise.

The Ghsr probe (Cat. No. 426141-C3) contained 20 oligo pairs and targeted region 438–1385 (Acc. No. NM_177330.4) of the Ghsr transcript. The Slc17a6 (glutamate transporter) probe (Cat. No. 319171-C2) contained 20 oligo pairs and targeted region 1,986–2,998 (Acc. No. NM_080853.3) of the Slc17a6 transcript. The Adcyap1 (PACAP-coding gene) probe (Cat. No. 405911) contained 20 oligo pairs and targeted region 676–1,859 (Acc. No. NM_009625.2) of the Adcyap1 transcript. The Tac1 (substance P-coding gene) probe (Cat. No. 410351-C2) contained 15 oligo pairs and targeted region 20–1,034 (Acc. No. NM_009311.2) of the Tac1 transcript. The neurotensin probe (Cat. No. 420441) contained 20 oligo pairs and targeted region 2–1,188 (Acc. No. NM_024435.2) of the neurotensin transcript. Three-plex negative and three-plex positive control probes recognizing bacterial dihydrodipicolinate reductase, DapB (Cat. No. 320871) and PolR2A, cyclophilin and Ubiquitin (Cat. No. 320881), respectively, were processed in parallel with the target probes to ensure tissue RNA integrity and optimal assay performance.

All incubation steps were performed at 40°C using the ACD HybEz II hybridization system (Cat. No. 321462). On the day before the assay, every 6th section throughout the lPBN was mounted on SuperFrost Plus slides (631–9,483; VWR, Radnor, PA, United States), dried at room temperature, briefly rinsed in autoclaved Milli-Q purified water, air-dried and baked at 60°C overnight. From one of the animals, sections from the same region of the brain were also mounted for use with the positive and negative control probes. On the day of the assay, slides were first incubated for 7 min in hydrogen peroxide (Cat. No. 322335), submerged in Target Retrieval (Cat. No. 322001) at a temperature of 98.5–99.5°C for 7 min, followed by two brief rinses in autoclaved Milli-Q purified water. The slides were quickly dehydrated in 100% ethanol and allowed to air-dry for 5 min. A hydrophobic barrier was then created around the sections using an ImmEdge hydrophobic barrier pen (Cat. No. 310018) and the sections were incubated with Protease Plus (Cat. No. 322331) for 30 min. The subsequent steps, i.e., hybridization of the probes and the amplification and detection steps, were performed according to the manufacturer’s protocol for the tyramide-based RNAscope® Multiplex Fluorescent v2 Assay (Cat. No. 323100). The Adcyap1 and neurotensin probes were labeled with Opal 520 (1:500; FP1487A; PerkinElmer, Waltham, MA, United States), the Ghsr probe with Opal 570 (1:2000; FP1488A, PerkinElmer), and the Slc17a6 and Tac1 probes with Cy5 (1:2000; Akoya Biosciences, Menlo Park, CA, United States).

Sections were counterstained with DAPI and coverslipped with Prolong Diamond Antifade mounting medium (P36970; Thermo Fisher, Waltham, MA, United States) and stored in the dark at 4 °C until image acquisition.

To determine whether the GHSRlPBN cells overlap with the CGRP-expressing population, immunohistochemistry was performed on every 6th lPBN-containing sections from Ghsr-IRES-Cre heterozygous male mice on the ZsGreen reporter background (n = 5). The sections were incubated with goat anti-CGRP antibody (1:40; Ab36001; Abcam, Cambridge, United Kingdom) overnight at 4 °C followed by Alexa Fluor 594 chicken anti-goat secondary antibody (1:200; A21468; Invitrogen, Carlsbad, CA, United States) for 1 hr at room temperature before being mounted onto glass slides and coverslipped with ProLong Diamond Antifade mounting medium. The slides were stored at 4 °C until image acquisition.



Imaging and Image Analysis

Images of the immunohistochemical staining for CGRP and the RNAscope for GHSR, glutamate, PACAP, substance P and neurotensin were acquired using a laser scanning confocal microscope (LSM 700 inverted, Zeiss, Oberkochen, Germany) at the Centre for Cellular Imaging at Gothenburg University. A Plan-Apochromat 20x/0.8 (WD = 0.55 mm) objective was used with 3 × 2 tiling settings to image the immunohistochemical staining, while a Plan-Apochromat 40x/1.3 Oil DIC objective was used with 6 × 4 tiling and z-stack settings to image the RNAscope. We used the same image acquisition settings for all images in each study and ensured that these settings did not detect any signal in the negative control sections (sections incubated with the secondary antibody but not with the primary for immunohistochemistry and sections incubated with the negative control probe for RNAscope). The z-stack images were processed using the maximum intensity projection function in the Zen Black software (Zeiss). The final images were then stitched and the cells counted in ImageJ/Fiji (NIH, Bethesda, MD, United States). The cell counter plug-in was used to count positive cells and co-localization in the lPBN. DAPI was used to make sure any positive signal counted was indeed a cell, although we did not simultaneously check for neuronal/glial markers. Two and 4–5 lPBN sections from bregma −5.07 to −5.33 mm were used for the quantification of the immunohistochemical and the RNAscope images, respectively.



Statistical Analysis

Data were analyzed using IBM SPSS Statistics 25 (IBM Corp., Armonk, NY, United States). All data were tested for normal distribution using a Shapiro-Wilk test and for homogeneity of variances using a Levene’s test. Throughout the 23 days of HFHS free choice diet exposure, % body weight change and total energy intake were analyzed by one-way repeated measures ANOVA (group) with the days as the within-subject factor. Bonferroni post hoc test was used to adjust for multiple comparisons. The body weights at the start of exposure to the HFHS diet and after 23 days for each group separately were compared using a paired sample Student’s t-test. Total caloric intake and food choice data on HFHS free choice diet were analyzed using a one-way ANOVA (group). A Student’s t-test was used to examine data from the saccharin preference test as well as the fat pads weights. The results are reported as mean ± SEM and statistical significance was set at p < 0.05.



RESULTS


Silencing GHSRlPBN Cells Protects Against HFHS Diet-Induced Weight Gain in Mice

Control mice increased their body weight over the period of HFHS exposure [HFHS Start: 31.2 ± 1.5 g and Day 23: 35.2 ± 2.6 g; t(6) = −3.20, p = 0.019] (Figure 1A). In contrast, the body weight of the GHSR-silenced mice did not increase during this period and, if anything, tended to decrease (HFHS Start: 28.2 ± 0.8 g and Day 23: 26.9 ± 1.5 g; not significant) (Figure 1A). The percentage body weight gain (with individual body weight at start of HFHS diet = 100%) was significantly reduced in the GHSR-silenced mice compared to the control mice [overall group effect on percentage body weight: F(1, 12) = 6.06, p = 0.030] (Figure 1D). Specifically, the GHSR-silenced mice had a percentage body weight significantly lower than controls on day 9 (p = 0.043) and on days 14–23 (Day 14 p = 0.045; Day 15 p = 0.044; Day 16 p = 0.026; Day 17 p = 0.018; Day 18 p = 0.019; Day 19 p = 0.014; Day 20 p = 0.008; Day 21 p = 0.009; Day 22 p = 0.007; Day 23 p = 0.010) (Figure 1D).
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FIGURE 1. Effect of GHSRlPBN cells Tetox-silencing on body weight, epididymal fat pads and caloric efficiency. (A) Body weight at the start and on day 23 (D23) of access to high-fat, high-sugar (HFHS) free choice diet for both the control group (lighter grey) and the GHSR-silenced group (darker grey). (B) Weight of bilateral epididymal fat pads at the end of the experiment for both groups. (C) Caloric efficiency of both groups on day 23 of HFHS free choice diet. (D) Evolution of % body weight gain of both groups on HFHS free choice diet over time (body weight at start of HFHS diet = 100%). Data shown as mean ± SEM. ∗p < 0.05 and ∗∗p ≤ 0.01.


In accordance with the reduction in body weight seen in the GHSR-silenced group, these mice also had a significantly lower amount of dissected epididymal fat (0.9 ± 0.2 g) compared to controls (1.7 ± 0.3 g) [F(1, 12) = 5.91, p = 0.032] (Figure 1B).

The effects of silencing GHSRlPBN cells to suppress food intake and decrease body weight gain could only be observed in mice fed a HFHS diet (Figure 1) and not in mice fed regular chow (Supplementary Figure 1).



Caloric Intake Is Reduced and Caloric Efficiency Unchanged by Silencing GHSRlPBN Cells

Total caloric intake of the GHSR-silenced group was significantly decreased compared to the control group (9.2 ± 0.6 kcal compared to 14.0 ± 0.8 kcal; F(1, 13) = 22.0, p < 0.001) (Figure 2A). Total energy intake over time was significantly decreased in the GHSR-silenced group relative to controls (overall group effect on total energy intake: F(1, 11) = 15.0, p = 0.003) and the difference was significant at each time point from day 5 of the HFHS free choice diet until the last day of the study (Figure 2B). The caloric efficiency, however, was similar between the two groups on Day 23 of access to HFHS free choice diet (GHSR-silenced: 0.0 ± 1.1 g/kcal/day; control: −0.9 ± 2.2 g/kcal/day) (Figure 1C).
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FIGURE 2. Effect of GHSRlPBN cells Tetox-silencing on food choice and energy intake. (A) Average daily energy intake from chow, lard, 9% sucrose solution, lard and 9% sucrose solution together, total energy intake (kcal) and water intake (in ml) calculated over 1 week. (B) Evolution of total energy intake of both groups on HFHS free choice diet over time. Data shown as mean ± SEM. ∗p < 0.05, ∗∗p ≤ 0.01, ∗∗∗p ≤ 0.001.


Any trends toward a lowering in body weight data in the cohort fed regular chow are unlikely to be due to an increase in energy expenditure, since we did not detect any difference in caloric efficiency (Supplementary Figure 1A).



Silencing GHSRlPBN Cells Alters Food Choice

Of the available foods in the free choice diet, the intake of sucrose solution was significantly lower in GHSR-silenced mice (1.2 ± 0.5 kcal) compared to controls (2.7 ± 0.5 kcal) [F(1, 13) = 4.74, p = 0.049] while that of chow and water did not differ between groups (Figure 2A). Lard intake was reduced in GHSR-silenced mice (4.7 ± 1.4 kcal) compared to controls (7.3 ± 1.0 kcal), although not reaching significance, potentially due to high variability between animals [F(1, 13) = 2.16, p = 0.166] (Figure 2A). In line with this trend, when adding data from sucrose solution and lard together (which enhances statistical power), the difference in kcal intake between the two groups was more significant than for sucrose solution alone [F(1, 13) = 8.99, p = 0.010] (Figure 2A).

GHSR-silenced and control mice had similar saccharin preference during the habituation day (Day 1) (GHSR-silenced: 61.1 ± 7.4%; control: 63.0 ± 9.3%) and the two test days (Day 2 GHSR-silenced: 86.5 ± 1.8%; control: 91.0 ± 1.7% and Day 3 GHSR-silenced: 88.2 ± 1.9%; control: 90.6 ± 2.4%).



Co-expression of GHSR With Glutamate, PACAP, Substance P and Neurotensin in the lPBN, Revealed by RNAScope

The RNAscope study shows that, in the lPBN of mice, the majority of the GHSR-expressing cells (82.2 ± 2.1%, Figure 3) are glutamatergic (i.e., express Slc17a6 mRNA, a glutamate transporter). As many as 42.3 ± 4.2% of GHSR-expressing cells co-express Adcyap1 mRNA (i.e., PACAP; Figure 3) while 25.1 ± 3.4% co-express Tac1 mRNA (i.e., substance P; Figure 4) and 9.2 ± 2.3% neurotensin mRNA (Figure 4). Interestingly, the proportions of glutamate-, PACAP-, substance P- and neurotensin-positive cells that also express GHSR are very similar (15.1 ± 1.4, 14.4 ± 1.2, 15.2 ± 3.1 and 15.3 ± 4.1%, respectively, Figures 3, 4).
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FIGURE 3. Co-expression of glutamate and pituitary adenylate cyclase-activating peptide (PACAP) with GHSR in the lPBN of mice. (A,B) Representative images of the lPBN with RNAscope for glutamate transporter (Slc17a6) and Ghsr mRNAs (with DAPI) and for the PACAP-coding gene (Adcyap1) and Ghsr mRNAs (with DAPI), respectively. (C–E) Magnifications of the indicated part of A with the signals from Slc17a6 and Ghsr mRNAs separated and merged. (G–I) Magnifications of the indicated part of B with the signals from Adcyap1 and Ghsr mRNAs separated and merged. (F,J) Quantification of co-expression of Ghsr mRNA with Slc17a6 mRNA (F) and with Adcyap1 mRNA (J) in the lPBN of 4 mice (5 lPBN sections per mouse). [image: image] indicates the percentage of MoleculeY-expressing cells co-expressing MoleculeX. Scale bar = 50 μm. scp: superior cerebellar peduncle.
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FIGURE 4. Co-expression of neurotensin and substance P with GHSR in the lPBN of mice. (A,B) Representative images of the lPBN with RNAscope for neurotensin (Nts) and Ghsr mRNAs (with DAPI) and for the substance P-coding gene (Tac1) and Ghsr mRNAs (with DAPI), respectively. (C–E) Magnifications of the indicated part of A with the signals from neurotensin and Ghsr mRNAs separated and merged. (G–I) Magnifications of the indicated part of B with the signals from Tac1 and Ghsr mRNAs separated and merged. (F,J) Quantification of co-expression of Ghsr mRNA with neurotensin mRNA (Nts, F) and with Tac1 mRNA (J) in the lPBN of 4 mice (4–5 lPBN sections per mouse). [image: image] indicates the percentage of MoleculeY-expressing cells co-expressing MoleculeX. Scale bar = 50 μm. scp: superior cerebellar peduncle.




Co-expression of GHSR and CGRP in the lPBN, Revealed by Immunohistochemistry

The image analysis revealed that, in the lPBN of mice, 24.1 ± 3.2% of the GHSR-positive cells co-express CGRP and that only 5.2 ± 0.7% of CGRP-positive neurons co-express GHSR (Figure 5). Thus, the GHSR- and CGRP-expressing cells of the lPBN appear to be largely two distinct populations of cells with less than a quarter of the GHSR-positive cells also expressing CGRP.


[image: image]

FIGURE 5. Co-expression of calcitonin gene-related peptide (CGRP) with GHSR in the lPBN of mice. (A) Representative image of the lPBN with immunohistochemical staining for CGRP and endogenous expression of ZsGreen in GHSR-expressing cells of Ghsr-IRES-Cre heterozygous mice on a ZsGreen background (with DAPI). (B) Quantification of co-expression of GHSR (visualized as ZsGreen) and CGRP in the lPBN of 5 mice (2 lPBN sections per mouse). [image: image] indicates the percentage of MoleculeY-expressing cells co-expressing MoleculeX. (C–E) Magnifications of the indicated part of A with the signals from CGRP and ZsGreen separated and merged. Filled arrow heads: ZsGreen-expressing cells, hollow arrow heads: CGRP-positive cells, filled arrow: cell expressing both ZsGreen and CGRP. Scale bar = 50 μm. scp: superior cerebellar peduncle.




DISCUSSION

Recent studies using Ghsr-IRES-Cre mice (Mani et al., 2017) identify the lPBN as an area with high GHSR expression in mice. Despite this, almost nothing is known about this prominent population of cells, including whether they contribute to energy homeostasis and, indeed, what their neurochemical identity might be. In the present study, using a viral approach that stops cells from signaling, we found that functional silencing of GHSRlPBN cells protected mice from body weight gain and fat accumulation during exposure to an obesogenic HFHS choice diet. The lack of weight gain could be explained by a reduced energy intake compared to wild-type controls and did not appear to involve an increase in energy expenditure since caloric efficiency was unaltered. Colocalization studies (using immunohistochemistry and RNAscope) revealed that the majority of GHSRlPBN cells are glutamatergic (over 80%), just over 40% express PACAP, a quarter express substance P, just under a quarter express CGRP, while just under 10% express neurotensin.

Previous studies found global Ghsr-null mice to be resistant to diet-induced obesity when introduced to a high fat diet from an early age (Zigman et al., 2005), an effect that was later reproduced by neuronal ablation of GHSR (Lee et al., 2016) and partly by ablation of GHSR specifically in the ARC AgRP neurons (by crossing AgRP-Cre and Ghsrf/f mice) (Wu et al., 2017). Given the well-documented role of AgRP neurons in promoting food intake (Krashes et al., 2011; Essner et al., 2017), the expectation would be that deletion of GHSR in the AgRP neurons would reduce body weight and adiposity by decreasing food intake. This turned out not to be the case, however, since food intake was unaltered in these mice and their body weight phenotype was explained by an increase in energy expenditure relative to Ghsrf/f controls, an effect believed to be mediated by an increase in non-shivering thermogenesis (Wu et al., 2017). By contrast, in the present study, the lower body weight and body fat (relative to controls) induced by silencing GHSRlPBN cells is clearly caused by a reduced food intake. Indeed, although we did not measure energy expenditure directly, we found that caloric efficiency was unaltered. Collectively these data suggest that GHSRlPBN cells might be more relevant for diet-induced hyperphagia than for energy expenditure.

Since our mice were fed a HFHS free choice diet, it was possible to explore their dietary preference. We found that mice with silenced GHSRlPBN cells consumed significantly less sucrose solution relative to control mice. We did not detect any significant reduction in lard intake, likely due to high variability between the mice and also the small number of animals studied. However, when we explored caloric intake of sucrose plus lard together, the difference of intake of these combined palatable foods reached a higher significance level than for sucrose alone, comparing mice with silenced GHSRlPBN cells and controls. Chow intake was not altered by silencing of GHSRlPBN cells, when offered in the choice diet or as a single food (Supplementary Material 1). Thus, GHSRlPBN silencing appears to suppress palatable food intake and may not be selective for sucrose or lard.

It would appear that the impact of silencing the GHSRlPBN cells on food choice in mice (i.e., decreased palatable food intake) is not diametrically opposite to that of central ghrelin injection in rats (i.e., increased intake, especially of chow) (Schéle et al., 2016; Bake et al., 2020). This is perhaps not surprising since these GHSRlPBN cells are unlikely to be the only cells engaged by ghrelin to alter food choice and may include, for example, direct effects of ghrelin at the level of the VTA (Schéle et al., 2016). Ghrelin injection and GHSRlPBN silencing are also very different techniques and there may be different levels of recruitment of neighboring GHSR populations controlled in Tetox-silencing (this study) versus a ghrelin injection (Schéle et al., 2016; Bake et al., 2020). Tentatively, these collective data would lend support to the hypothesis that in situations of energy defect (when ghrelin receptor signaling is high), ghrelin recruits pathways (including lPBN) to promote intake of regular chow but when fed (and ghrelin receptor signaling is low), it promotes intake of palatable foods that escape energy needs.

Although the effects on food choice appeared to be linked to decreased intake of palatable food, we could not detect a change in preference for a non-caloric sweet taste (saccharin), tested using a single saccharin concentration (Rabasa et al., 2016). Further tests exploring, for example, threshold saccharin preference and the expression of sweet taste receptors, would be required in order to make firm conclusions regarding this result. Tentatively, these data could suggest that the decrease of sucrose intake induced by silencing GHSRlPBN cells is not due to an impairment of sweet taste sensation. The role of the PBN as a relay for taste/gustatory information was established many decades ago (Norgren and Leonard, 1971, 1973; Norgren and Pfaffmann, 1975). Yet, the lPBN is also involved in the hedonic valuation of food (Hajnal and Norgren, 2005; Scott and Small, 2009) and in the regulation of palatable food intake (De Oliveira et al., 2011; Rodriguez et al., 2019). The GHSRlPBN cells studied here, therefore, are likely part of the neurocircuit regulating consumption of palatable food and food choice but we did not yet find evidence for involvement in the sensing or relaying of information related to sweet taste.

The technique used here to silence lPBN cells involves viral vector-mediated delivery of tetanus toxin light chain specifically to GHSR-expressing cells in this area. Neighboring areas are unlikely to have been targeted by this viral vector, in part due to the rather isolated location of the lPBN, but also because GHSR is not expressed in neighboring areas with the possible exception of the medial PBN (mPBN) (Mani et al., 2017), that is implicated in taste-related behaviors (Chiang et al., 2019). The fact that silencing the GHSRlPBN cells in this way caused a phenotype identifies these cells as having a role in this phenotype. Arguably, we do not know if GHSR is the key signal in these cells for the effects observed, since the cells will no longer respond to any afferent signal. Activation by PYY of the Y1 receptor expressed in the lPBN was shown to also increase food intake, for example (Alhadeff et al., 2015). Yet, evidence that GHSR may be the critical signal here is supported by our previous data demonstrating an orexigenic role for ghrelin at the level of the lPBN; we found that ghrelin delivery to the lPBN of rats caused an increase in food intake and an altered food choice (Bake et al., 2020). Additionally, a very recent study showed that the orexigenic effects of intra-PBN ghrelin does not occur in GHSR KO mice (Zhang et al., 2020). Other potential candidate neuronal populations, shown to induce a feeding response upon activation in this area, include those expressing benzodiazepine receptors (Higgs and Cooper, 1996; Söderpalm and Berridge, 2000), μ-opioid receptors (Wilson et al., 2003) and cannabinoid 1 receptors (Dipatrizio and Simansky, 2008). It would be of interest to determine whether the GHSRlPBN cells co-express these receptors or indeed receptors for other appetite-regulating hormones, such as GLP-1, PYY and leptin (Merchenthaler et al., 1999; Scott et al., 2009; Alhadeff et al., 2015). Of these, it could be especially interesting to explore co-expression between GLP-1 receptor and GHSR, since there is some overlap in distribution, at least in the dorsal part of the lPBN (Merchenthaler et al., 1999; Zigman et al., 2006).

We further demonstrate here using the RNAscope technique (to simultaneously probe multiple mRNAs) that the GHSRlPBN cells are a heterogeneous population within which the majority of the cells are glutamatergic, slightly less than half co-express PACAP and small proportions are substance P- and neurotensin-positive. Moreover, a surprising and interesting fact is that, GHSR is expressed on approximately 15% of the cells from each neuropeptide/neurotransmitter-expressing population studied (namely expressing glutamate, PACAP, substance P or neurotensin). This might point toward an important role of GHSR in modulating different circuits in the lPBN. Regarding the potential circuitry of the GHSRlPBN cells, Niu and colleagues identified glutamatergic lPBN neurons that project to orexin-expressing hypothalamic neurons in rats (Niu et al., 2010) that are orexigenic (Sakurai et al., 1998). In addition, PACAP neurons in the lPBN, which are also glutamatergic, were shown to project to the bed nucleus of the stria terminalis (BNST) and the CeA and to be of importance in the mediation of pain (Missig et al., 2014, 2017). The ghrelin system, on the other hand, has been suggested to have pain-reducing functions, inhibiting inflammatory and neuropathic pain (Sibilia et al., 2006; Vergnano et al., 2008; Kyoraku et al., 2009; Guneli et al., 2010). The presence of GHSR expression in PACAPlPBN cells might, thus, point toward the fact that GHSR signaling in these cells modulate pain transmission.

Finally, given the fact that CGRP neurons in the lPBN have such a prominent role in feeding control (Carter et al., 2013; Campos et al., 2016), we sought to determine, by immunohistochemistry, whether there is colocalization between CGRP and GHSR in the lPBN of Ghsr-IRES-Cre mice. We found that the GHSR- and CGRP-expressing cells of the lPBN are mostly separate populations, but that a quarter of the GHSR-expressing cells also express CGRP. Thus, the orexigenic GHSRlPBN cells and the well-known anorexigenic circuit in the lPBN are mainly distinct, but a few cells seem to be common to both. Interestingly, CGRP has been shown to be expressed on at least some of the PACAPlPBN neurons projecting to the CeA and BNST (Missig et al., 2014), and similarly to CGRP signaling in the CeA, PACAP signaling in the BNST was found to produce anorexia and body weight loss in rats (Kocho-Schellenberg et al., 2014). It is possible, therefore, that GHSR is expressed by lPBN cells that are both CGRP- and PACAP-positive and that GHSR signaling serves to modulate the transmission of these anorexigenic signals in the lPBN.

In summary, our study shows that GHSRlPBN cells have a role in HFHS diet-induced hyperphagia and body weight gain and also influence food choice. Indeed, given that there is much redundancy and overlap in the neurocircuitry controlling feeding behaviors, the fact that we observed these effects merely by silencing this GHSRlPBN cell population, suggests they may have a rather important role in feeding behavior and energy balance control. Our work also provides the first evidence that the GHSRlPBN cells form a heterogeneous cell population with a great proportion of them co-expressing glutamate and PACAP, and only a small proportion containing substance P, neurotensin and CGRP - the CGRP cells being a well-studied anorexigenic population in this region (Carter et al., 2013; Campos et al., 2016). Taken together with other recent publications (Bake et al., 2020; Zhang et al., 2020), it now seems clear that the brain pathways engaged by ghrelin for its effects on feeding control and energy balance include the lPBN, and it will be important to explore the contribution of the lPBN relative to other key targets that express GHSR, such as the arcuate nucleus and the ventral tegmental area, (Skibicka and Dickson, 2011) for these effects.
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Nociceptin/orphanin FQ controls several functions, including pain transmission, via stimulation of the N/OFQ peptide (NOP) receptor. Here we tested the hypothesis that NOP biased agonism may be instrumental for identifying innovative analgesics. In vitro experiments were performed with the dynamic mass redistribution label free assay and the NOP non-peptide agonists Ro 65-6570, AT-403 and MCOPPB. In vivo studies were performed in wild type and β-arrestin 2 knockout mice using the formalin, rotarod and locomotor activity tests. In vitro all compounds mimicked the effects of N/OFQ behaving as potent NOP full agonists. In vivo Ro 65-6570 demonstrated a slightly higher therapeutic index (antinociceptive vs. motor impairment effects) in knockout mice. However, all NOP agonists displayed very similar therapeutic index in normal mice despite significant differences in G protein biased agonism. In conclusion the different ability of inducing G protein vs. β-arrestin 2 recruitment of a NOP agonist cannot be applied to predict its antinociceptive vs. motor impairment properties.
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INTRODUCTION

The peptide nociceptin/orphanin FQ (N/OFQ) is the endogenous ligand of the N/OFQ peptide (NOP) receptor (Meunier et al., 1995; Reinscheid et al., 1995). The N/OFQ-NOP receptor system regulates several biological functions, including pain transmission, locomotor activity, memory, emotional states, food intake, drug abuse, micturition, cough reflexes, cardiovascular, respiratory, and immune functions (Lambert, 2008; Toll et al., 2016). The NOP receptor represents an innovative pharmacological target for the treatment of several conditions, including pain (Schröder et al., 2014; Calo and Lambert, 2018), depression (Gavioli and Calo’, 2013), drug addiction (Ciccocioppo et al., 2019), Parkinson’s disease (Mercatelli et al., 2020), and incontinence due to overactive bladder (Angelico et al., 2019). However, the pleiotropic effects exerted by N/OFQ and NOP ligands may limit their drug development. For instance, the sedative effects associated with high doses of NOP agonists hampered their development as antitussives

(Woodcock et al., 2010) or analgesics (Byford et al., 2007). We hypothesized that one way to trigger some of the NOP mediated effects instead of others, might be the so-called functional selectivity of NOP agonists.

Functional selectivity, or biased agonism, is the ability of a ligand to stabilize different active conformations of the same receptor and selectively activate different downstream signaling pathways (i.e., promoting the interaction of the receptor with G protein over arrestin recruitment or vice versa). Biased agonists have been proposed as “smarter drugs,” with the potential of specifically targeting therapeutic signaling pathways while avoiding others that could lead to side effects (Kenakin, 2019). In recent years biased ligands have been identified and characterized for several different G protein coupled receptors (Tan et al., 2018); however, despite the high potential of the biased agonism strategy in drug discovery, we still need to substantially increase our knowledge regarding translation of in vitro bias to in vivo drug effects (Michel and Charlton, 2018; Kenakin, 2019). With the NOP receptor, in vitro studies have been performed to investigate the ability of NOP ligands to differently recruit G protein and β-arrestin (Chang et al., 2015; Malfacini et al., 2015; Ferrari et al., 2016, 2017; Pacifico et al., 2020). Additionally, there is in vitro and in vivo evidence that NOP agonists are able to differently activate G protein-dependent events and receptor phosphorylation/and internalization (Mann et al., 2019). As far as in vivo impact of NOP functional selectivity is concerned, the only information available suggests that NOP ligands producing similar effects on NOP/G protein interaction but showing different effects on β-arrestin 2 recruitment, elicited different actions on anxiety and mood (Asth et al., 2016).

The aim of the present study was to investigate the in vivo impact of NOP receptor functional selectivity; in particular we tested the hypothesis that NOP biased agonism may be instrumental for identifying effective analgesics devoid of the locomotor impairing effects associated with NOP activation. To this aim we integrated the results of in vitro, and genetic and pharmacological in vivo studies: (i) NOP selective agonists (Ro 65-6570, AT-403, and MCOPPB) characterized by different degree of biased agonism toward G protein (Ferrari et al., 2017) were studied and compared in the dynamic mass redistribution (DMR) test, a label-free assay recently validated for the NOP receptor in our laboratories (Malfacini et al., 2018), (ii) the antinociceptive and motor effects of Ro 65-6570 were evaluated in wild type and in mice knockout for the β-arrestin2 gene [βarr2(−/−)], and iii) dose response curves for antinociceptive and motor effects were performed in normal mice using Ro 65-6570, AT-403, and MCOPPB in order to estimate their therapeutic index. The formalin assay was used as analgesiometric test while locomotor activity and rotarod assays were used to determine locomotor and coordination impairment. The chemical structure of Ro 65-6570, AT-403, and MCOPPB is shown in Figure 1. These NOP agonists have been selected based on their different degree of biased agonism; in fact, a previous study performed in our laboratories demonstrated that AT-403 behaves as an unbiased NOP agonist while Ro 65-6570 and MCOPPB are biased toward G protein with bias factors of 1.64 and 0.97, respectively (Ferrari et al., 2017).
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FIGURE 1. Chemical structure of the NOP agonists used in this study.




MATERIALS AND METHODS


Drugs

The following drugs were used to perform this study: the NOP agonists N/OFQ and Ro 65-6570 (synthesized and purified in house at the Department of Chemistry and Pharmaceutical Sciences, University of Ferrara, Italy), AT-403 (synthesized at Astraea Therapeutics, Mountain view, CA), MCOPPB trihydrochloride hydrate (Sigma Aldrich, St. Louis, MO, United States), and pertussis toxin (PTX, Tocris Bioscence, Bristol, United Kingdom). N/OFQ was solubilized in 0.9% NaCl water solution. PTX was solubilized in water, stock solution 100 μg/ml. Other compounds were solubilized in water containing 1% DMSO and 0.3% cyclodextrin. NOP ligands were injected intraperitoneally (i.p.), in a volume of 10 ml/kg, 30 min before the test.



Dynamic Mass Redistribution Assay

DMR experiments were conducted as previously described (Malfacini et al., 2018). Chinese Hamster Ovary (CHO) cells stably expressing the human NOP receptor (CHONOP) were kindly provided by D.G. Lambert (University of Leicester, United Kingdom). Confluent cells were sub-cultured using trypsin/EDTA and used for experiments. CHO cells were used as control. Cells were cultured in Dulbecco’s Modified Eagle Medium: Nutrient Mixture F-12 (DMEM/F12) supplemented with 10% (v/v) Fetal Calf Serum (FCS), 100 U/ml penicillin, 100 μg/ml streptomycin, 2 mM L-glutamine, 15 mM HEPES. The medium was supplemented with 400 μg/ml G418 to maintain expression. Cells were seeded at a density of 45,000 cells/well in 120 μl into fibronectin-coated EnspireTM-LC 96-wells plates and cultured 20 h to form a confluent monolayer. The day of the experiment cells were manually washed twice and maintained with assay buffer [Hank’s Balanced Salt Solution (HBSS) with 20 mM HEPES, 0.01% Bovine Serum Albumin (BSA) fraction V] for 90 min before DMR experiments. DMR was monitored in real time with a temporal resolution of 44 s throughout the assay. Experiments were performed at 37°C, using an EnSight Multimode Plate Reader (PerkinElmer). A 5 min baseline was first established, followed by adding compounds manually in a volume of 40 μl and recording compound-triggered DMR signal for 60 min. PTX (200 ng/ml) was added 20 h before NOP agonists. Maximum picometers (pm) modification (peak) were used to determine agonist response after baseline normalization.



Animals

All experimental procedures adopted for in vivo studies were as humane as possible, complied with the European Communities Council directives (2010/63/E) and Italian regulations (D.Lgs, 26/2014). The study was approved by the Animal Welfare Body of the University of Ferrara and by the Italian Ministry of Health (License N° 302/2017). In vivo studies have been reported according to ARRIVE guidelines (Kilkenny et al., 2010). Male CD-1 mice (ENVIGO, Udine, Italy) were used in this study together with mice knockout for the NOP receptor gene [NOP(−/−)] and βarr2(+/+) and βarr2(−/−) mice. Details about the generation of NOP(−/−) mice have been published previously (Nishi et al., 1997; Bertorelli et al., 2002), moreover NOP(+/+) and NOP(−/−) mice have been backcrossed on CD-1 strain in our laboratories. βarr2(−/−) mice were from The Jackson Laboratory [JAX stock #011130; (Bohn et al., 1999)] and C57BL/6J mice were used as controls. All animals were housed and bred in the Animal Facility of the University of Ferrara LARP, in specific pathogen free conditions, and genotyped by PCR as described in details by Holanda et al. (2019) for NOP(−/−) mice and in The Jackson Laboratory protocol 23872, version 1.2. for βarr2(−/−) mice. Mice were housed in 425 × 266 × 155 mm cages (Tecniplast, MN, Italy), under standard conditions (22°C, 55% humidity, 12 h light–dark cycle, lights on 7.00 am) with food (4RF, Mucedola, Italy) and water ad libitum. A mouse red house (Tecniplast, VA, Italy) and nesting materials were present in each cage. Mice 8–12 weeks old were used (body weight of 25–30 g for C57BL/6J mice, body weight of 30–35 g for CD-1 mice). Each animal was used only once and killed with CO2 overdose at the end of the experiment.



Rotarod Test

To investigate potential effects on motor coordination we performed a rotarod test using a constant speed device (Ugo Basile, Varese, Italy), as previously described (Rizzi et al., 2016). Mice were trained at 15 rpm for 120 s 1 day before the experiment. Motor performance was calculated as time (sec) spent on the rod. A cut-off time of 120 s was chosen. Ro 65-6570 was injected i.p. 30 min before starting the test. Rotarod experiments have been performed to test the effects of Ro 65-6570 in βarr2(+/+) and βarr2(−/−) C57BL/6J mice.



Locomotor Activity Test

For locomotor activity experiments the ANY-maze video tracking system was used (Ugo Basile, application version 4.52c Beta), as previously described (Guerrini et al., 2009). Mice were positioned in square plastic cages (40 × 40 cm), one mouse per cage. Four mice were monitored in parallel. Mouse horizontal activity was monitored by a camera while vertical activity was measured by an infrared beam array. The parameters measured were cumulative distance traveled (total distance in m traveled during the test), total time immobile (seconds the animal stays immobile during the test; the animal is considered immobile when 90% of his image remains in the same place for at least 2.5 s), and the number of animal rearings (number of beam breaks due to vertical movements). The test lasts 60 min. NOP agonists were injected i.p. 30 min before starting the test. Locomotor activity test experiments have been performed to test the effects of Ro 65-6570, AT-403, and MCOPPB in CD-1 mice and to test the effects of Ro 65-6570 and AT-403 in NOP(+/+) and NOP(−/−) CD-1 mice.



Formalin Test

The procedure from Hunskaar and Hole (1987) was established in our laboratories (Rizzi et al., 2006, 2016). Approximately 30 min before testing, mice were individually placed in transparent observations chambers (32 cm high, 24 cm diameter) for adaptation. Then the animal was taken out of the chamber, and 30 μl of a 1.5% formalin solution were injected into the dorsal surface of the right hind paw. Immediately after formalin injection, each mouse was returned to the observation chamber, and time (s) spent by the animal displaying pain-related behaviors was measured with a handheld stopwatch for each 5 min block for 45 min after formalin injection. The nociceptive behaviors consisted of licking, biting and lifting of the injected paw. Time spent by the animal showing all these pain-related behaviors was cumulatively measured and expressed as seconds of nociceptive behavior/min. The cumulative response times during 0–10 min and during 15–45 min were regarded as first and second phase, respectively. NOP agonists were injected i.p. 30 min before formalin injection. Formalin test experiments have been performed to test the effects of Ro 65-6570 in βarr2(+/+) and βarr2(−/−) C57BL/6J mice and to test the effects of AT-403 and MCOPPB in CD-1 mice.



Data Analysis

The pharmacological terminology adopted in this paper is consistent with IUPHAR recommendations (Neubig et al., 2003). All data were analyzed using Graph Pad Prism 6.0 (La Jolla, CA, United States). In vitro studies: concentration-response curves were fitted using the four parameters non-linear regression model.
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Data are expressed as mean ± SEM of n experiments performed in duplicate. Agonist potency was expressed as pEC50, which is the negative logarithm to base 10 of the agonist molar concentration that produces 50% of the maximal possible effect of that agonist. In vivo studies: data are expressed as mean ± S.E.M. of n animals. Data were analyzed using one-way or two-way analysis of variance (ANOVA) followed by Dunnett’s or Bonferroni’s post hoc test, as specified in figure legends. Differences were considered statistically significant when p < 0.05. For therapeutic index calculation in vivo data from formalin (second phase) and locomotor activity (total distance traveled) tests have been expressed as % of control, where control corresponds to vehicle treated animals. Dose-response curves to agonists were fitted to the classical four-parameter logistic non-linear regression model. Bottom and top were constrained to 0 and 100%, respectively. ED50 is the dose of the agonist that produces 50% of the maximal effect of that agonist. For each agonist therapeutic index was calculated as the ratio ED50 in the locomotor activity test/ED50 in the formalin test.



RESULTS


Dynamic Mass Redistribution Effects of MCOPPB, Ro 65-6570, and AT-403

As shown in Figure 2A N/OFQ evoked a concentration dependent DMR response in CHO cells expressing the human recombinant NOP receptor showing high potency (pEC50 9.99, CL95% 9.50–10.48) and maximal effects (464 ± 4 pm). MCOPPB, Ro 65-6570, and AT-403 mimicked the stimulatory effects of N/OFQ showing similar traces and maximal effects (464 ± 31, 434 ± 25, and 418 ± 14 pm, respectively, Figures 2B–D). As far as potency is concerned MCOPPB and AT-403 were slightly more potent than N/OFQ (pEC50 10.55, CL95% 10.03–11.07; pEC50 10.31, CL95% 10.11–10.51, respectively) while Ro 65-6570 was slightly less potent (pEC50 9.63, CL95% 9.54–9.72) (Figure 2E). Importantly 100 nM N/OFQ did not elicit any effect in CHO wild type cells and similar results were obtained for MCOPPB, Ro 65-6570, and AT-403 tested at the same concentration (data not shown). Finally, the DMR response to 1–100 nM N/OFQ in CHONOP cells was nearly abolished by pre-treatment with 200 ng/ml of PTX. Superimposable results were obtained with MCOPPB, Ro 65-6570, and AT-403 (Figure 2F).
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FIGURE 2. DMR traces in response to N/OFQ (A), Ro 65-6570 (B), AT-403 (C), and MCOPPB (D). Concentration response curves to NOP receptor agonists are displayed in (E). The effects of high concentrations of NOP agonists in the absence and presence of 200 ng/ml PTX are shown in (F). Data are mean ± SEM of 5 experiments performed in duplicate and of 3 experiments performed in duplicate (F). Two-way ANOVA (agonist × PTX) revealed an effect of PTX F(1, 47) = 352. *p < 0.05 vs. control, Tukey’s test.




Effects of Ro 65-6570 in βarr2(+/+) and βarr2(−/−) Mice

The rotarod test was used to assess motor impairment induced by Ro 65-6570, injected i.p., in βarr2(+/+) and βarr2(−/−) C57BL/6J mice. As shown in Figure 3A, no differences were detected between βarr2(+/+) and βarr2(−/−) mice treated with vehicle on the rotarod. Ro 65-6570 evoked a significant impairment of motor performance of βarr2(+/+) at the doses of 3 and 10 mg/kg. On the other hand, in βarr2(−/−) mice, Ro 65-6570 significantly reduced the time spent on the rod only at the highest dose.
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FIGURE 3. Rotarod and formalin tests in C57BL/6J βarr2(+/+) and βarr2(−/−) mice, effect of Ro 65-6570. (A) Time spent on the rotarod, each point represents the mean ± sem of 8 mice/group. Ro 65-6570 0.1–10 mg/kg, injected i.p. Two-way ANOVA treatment x genotype revealed an effect of treatment, genotype, and their interaction [F(4, 70) = 78.77, F(1, 70) = 13.68, F(4, 70) = 5.30]. (B) time course of formalin−induced pain behavior. (C) cumulative formalin−induced pain behavior during the I° and II° phases. Each point represents the mean ± sem of 10 mice/group. Ro 65-6570 1 mg/kg, injected i.p. Two-way ANOVA (treatment × genotype) revealed an effect of Ro 65-6570 in the second phase F(1, 35) = 10.72. ∗p < 0.05 vs. vehicle, # vs. βarr2(−/−), Tukey’s test.


In the formalin test in C57BL/6J mice, an intraplantar injection of 20 μl of 1.5% formalin solution into the dorsal surface of the right hind paw produced a biphasic nociceptive response: the I° phase started immediately after formalin injection and lasted for 10 min, while the II° phase was prolonged, starting approximately 15–20 min after the injection and lasting for about 40 min. No differences were detected in βarr2(+/+) and βarr2(−/−) mice treated with vehicle. Ro 65-6570, 1 mg/kg, i.p., did not modify the I° phase of the test in both genotypes. In the II° phase of the assay, Ro 65-6570 significantly reduced nociceptive behavior of βarr2(−/−) but not βarr2(+/+) mice (Figures 3B,C). Higher doses of Ro 65-6570 were not tested in the formalin assay because of their motor effects on the rotarod.



Antinociceptive and Locomotor Impairing Effects of MCOPPB, Ro-656570, and AT-403

In the locomotor activity test, CD-1 mice treated i.p. with vehicle traveled ∼ 120 m, spent ∼ 600 s immobile, and performed ∼ 500 rearings over the time-course of the experiment. AT-403 and Ro-656570 given i.p. fully inhibited mouse locomotor activity at the dose of 1 and 10 mg/kg, respectively, being inactive at lower doses. On the contrary, MCOPPB given i.p. did not significantly change animal locomotion in the range of doses examined (Figure 4). To investigate the receptor mechanism involved in the locomotor impairing action of AT-403 and Ro 65-6570, the drugs were reassessed in CD-1 NOP(−/−) mice. As shown in Figure 5, 1 mg/kg AT-403 and 10 mg/kg Ro 65-6570 fully inhibited locomotion in NOP(+/+) mice but were completely inactive in NOP(−/−) animals.


[image: image]

FIGURE 4. Locomotor activity test in CD-1 mice, dose response curves to AT-403, MCOPPB, and Ro 65-6570 injected i.p. (A) cumulative distanced traveled in 60 min, (B) total time spent immobile in 60 min, (C) cumulative number of rearings performed in 60 min. Each point represents the mean ± sem of 6 mice/group. One-way ANOVA revealed an effect of NOP agonists in the total distance traveled F(11, 63) = 8.00, immobility time F(11, 63) = 13.53, and number of rearings F(11, 63) = 3.76. *p < 0.05 vs. vehicle, Dunnett’s test.
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FIGURE 5. Locomotor activity test in CD-1 NOP(+/+) and NOP(–/–) mice, effects of AT-403 and Ro-656570 injected i.p. (A) cumulative distanced traveled in 60 min, (B) total time spent immobile in 60 min, (C) cumulative number of rearings performed in 60 min. Each point represents the mean ± SEM of 5 mice/group. Two-way ANOVA treatment × genotype revealed an effect of treatment, genotype, and their interaction in the total distance traveled [F(2, 19) = 5.83, F(1, 19) = 55.83, F(2, 19) = 5.08], immobility time [F(2, 19) = 5.36, F(1, 19) = 22.55, F(2, 19) = 4.29], and of number of treatment and genotype in the number of rearings [F(2, 19) = 8.75, F(1, 19) = 17.99]. *p < 0.05 vs. vehicle, #p < 0.05 vs. NOP(+/+), Tukey’s test.


In CD-1 mice, the intraplantar injection of formalin solution produced effects similar to those described for C57BL/6J mice. MCOPPB produced dose−dependent antinociceptive effects, being active at 1 and 10 mg/kg i.p., for the I° and the II° phase, respectively (Figure 6). AT-403 inhibited both the I° and the II° phase of the assay at 0.1 mg/kg i.p. A complete dose response curve to this compound could not be obtained due to its effects on locomotor performance at higher doses. The dose response curve to Ro 65-6570, injected intravenously (i.v.) in CD-1 mice has been previously performed in our laboratory (Rizzi et al., 2016).
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FIGURE 6. Formalin test in CD-1 mice, dose response curves to MCOPPB and AT-403 injected i.p. (A,C) time course of formalin–induced pain behavior. (B,D) Cumulative formalin–induced pain behavior during the I° and II° phases. Each point represents the mean ± SEM of 8 mice/group. One-way ANOVA revealed an effect of MCOPPB in the first F(3, 28) = 4.05 and second F(3, 28) = 13.98 phase, and an effect of AT-403 in the first F(3, 28) = 4.71 and second phase F(3, 28) = 3.65. *p < 0.05 vs. vehicle, Dunnett’s test.


The dose response curves of MCOPPB, AT-403, and Ro 65-6570 in the formalin and locomotor activity assays are shown in Figure 7. To calculate the therapeutic index (antinociceptive vs. locomotor inhibiting effects) of the three NOP agonists, the ED50s estimated from these curves were used. Data for Ro-656570, in CD-1 mice, in the formalin assay have been published previously (Rizzi et al., 2016). For the calculation of ED50s the bottom and the top of the curves have been constrained to 0 and 100%, respectively. Therapeutic indices of 10, 13, and 9 were calculated for MCOPPB, AT-403, and Ro 65-6570, respectively. No correlation between these values and the bias factors previously reported (Ferrari et al., 2017) were detected (Table 1).
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FIGURE 7. Dose response curves to AT-403 i.p. injected, (A), MCOPPB i.p. injected, (B), and Ro 65-6570 i.p. injected for the LA test and i.v. injected for the formalin assay, (C) in the formalin and locomotor activity tests. Data are expressed as% of control, where baseline corresponds to vehicle treated animals. For the LA assay data referred to the total distance traveled, while for the formalin assay data referred to the second phase. These curves (bottom and top constrained to 0 and 100%, respectively) have been used for ED50 extrapolation and therapeutic index calculation.



TABLE 1. ED50, therapeutic index and bias factor for AT-403, MCOPPB, and Ro-656570.
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DISCUSSION

This study investigated the possible impact of NOP receptor functional selectivity on antinociceptive vs. motor impairing effects of NOP agonists in vivo. βarr2(−/−) mice displayed slightly increased antinociceptive effects associated with reduced motor impairment in response to the NOP agonist Ro 65-6570. The hypothesis that NOP agonists biased toward G protein might display a larger therapeutic index was tested by comparing the antinociceptive and motor impairing potencies of Ro 65-6570, AT-403, and MCOPPB in wild type mice. Despite 30-fold differences in their bias factor values, NOP agonists displayed a similar therapeutic index (approximately 10) between their antinociceptive vs. hypolocomotor effects.

To investigate the role of βarr2 in the antinociceptive and locomotor inhibiting effects of NOP agonists, experiments were performed with βarr2(−/−) mice and the NOP selective agonist Ro 65-6570. This compound, identified in Roche laboratories (Wichmann et al., 1999), has been used in several in vitro and in vivo pharmacological studies (Toll et al., 2016). Importantly the NOP selectivity of Ro 65-6570 in vivo has been previously demonstrated both in NOP antagonism and knockout mice studies (Byford et al., 2007; Rutten et al., 2010; Asth et al., 2016; Schiene et al., 2018).

No phenotype differences were detected between βarr2(+/+) and βarr2(−/−) mice with respect to their sensitivity to formalin and motor performance on the rotarod. This confirms previous studies showing no differences in terms of nociception between βarr2(+/+) and βarr2(−/−) mice (Bohn et al., 1999; Mittal et al., 2012). Additionally, no differences were reported in the literature between the basal locomotor activity of βarr2(+/+) and βarr2(−/−) mice (Beaulieu et al., 2005; Urs et al., 2011; Del’Guidice and Beaulieu, 2015; Toth et al., 2018). βarr2(-/-) mice showed different sensitivity to the antinociceptive and motor impairing effects of Ro 65-6570. Specifically, Ro 65-6570 1 mg/kg failed to produce antinociceptive effects in βarr2(+/+) but was effective in βarr2(−/−) mice. The lack of effect of Ro 65-6570 1 mg/kg in wild-type mice can be ascribed to the fact that C57BL/6J mice are less sensitive to the antinociceptive effects of NOP agonists than CD-1 mice used in our previous studies (Rizzi et al., 2016). Higher doses of Ro 65-6570 could not be tested in the formalin assay because of their motor inhibiting effects. Mice lacking the βarr2 protein were sensitive to the antinociceptive effects of 1 mg/kg Ro 65-6570. This result parallels findings obtained with morphine whose antinociceptive action is potentiated in βarr2(−/−) mice (Bohn et al., 1999; Azevedo Neto et al., 2020) as well as in phosphorylation-deficient mu knock-in mice (Kliewer et al., 2019). Collectively these results can be interpreted assuming that βarr2 acts [as demonstrated for several GPCRs (Gurevich and Gurevich, 2019)] as a desensitizing element of the antinociceptive response to mu opioid as well as NOP receptor agonists. Of note, NOP receptor phosphorylation and internalization have already been described by different research groups (Spampinato et al., 2001; Corbani et al., 2004; Zhang et al., 2012; Bird et al., 2018; Mann et al., 2019). βarr2(−/−) mice were slightly less sensitive than βarr2(+/+) mice to the effects of Ro 65-6570 in the rotarod, with the 3 mg/kg dose being active in wild-type animals but not in mice lacking the βarr2 gene. Thus, the βarr2 protein seems to contribute, at least in part, to mediating the inhibitory effect of NOP agonists on locomotion; however, to the best of our knowledge no direct evidence in support of this suggestion is available in the literature. It is worthy of mention that βarr2(−/−) mice are reported to be less sensitive to the effects of drugs altering locomotion. This has been demonstrated both for stimulants [i.e., amphetamine, apomorphine (Beaulieu et al., 2005), and morphine (Urs et al., 2011)] and for drugs reducing locomotor activity [i.e., lithium (Beaulieu et al., 2008; Del’Guidice and Beaulieu, 2015), lamotrigine and valproate (Del’Guidice and Beaulieu, 2015), and the growth hormone secretagogue receptor 1a antagonist YIL781 (Toth et al., 2018)]. The authors of these studies ascribed this finding to the involvement of βarr2 in the intracellular events that follow dopamine receptor activation.

The experiment with βarr2(−/−) mice prompted us to hypothesize that NOP agonist biased toward G protein may display a larger therapeutic window in terms of analgesia vs. motor impairment side effects. To test this attractive hypothesis we used three chemically different NOP agonists Ro 65-6570, AT-403, and MCOPPB. DMR experiments performed under the experimental conditions previously described by Malfacini et al. (2018) demonstrated that these compounds act as NOP full agonists with the following rank order of potency MCOPPB > AT-403 > Ro 65-6570. These results are perfectly in line with findings previously obtained in different pharmacological assays including stimulation of [35S]GTPγS [binding, calcium mobilization, BRET assay measuring NOP interaction with G protein and βarr2, and the electrically stimulated mouse vas deferens bioassay (Ferrari et al., 2017). Importantly, BRET studies demonstrated that these NOP agonists displayed different G protein vs. βarr2 bias factors; in particular AT-403 (0.16) behaved as an unbiased agonist while MCOPPB (0.97) and Ro 65-6570 (1.64) were biased toward G protein (Ferrari et al., 2017). Similar values of bias factor have been previously reported for the latter compounds (Chang et al., 2015; Malfacini et al., 2015).

In mice MCOPPB and AT-403 produced antinociceptive effects in the formalin assay, being active at 1 and 0.1 mg/kg, respectively. A similar antinociceptive effect was recorded for Ro 65-6570 in the formalin assay at the dose of 1 mg/kg (Rizzi et al., 2016). Of note, the second phase of the assay seems more sensitive to the effect of NOP agonists, suggesting an involvement of the NOP receptor mainly in regulating the inflammatory phase of the test. This hypothesis is corroborated by the fact that NOP antagonists produced pro-nociceptive effects only in the second phase of the formalin test (Rizzi et al., 2006). However, the naturally occurring NOP agonist N/OFQ, after intrathecal administration, was able to reduce both the first and the second phase of the rat formalin assay (Yamamoto et al., 1997, 2000). All the NOP agonists tested produced antinociceptive effects, with the following rank order of potency: AT-403 > MCOPPB = Ro 65-6570. Of note the in vivo potency of MCOPPB is relatively low; this is, however, in line with previous studies that investigated its actions on anxiety (Hirao et al., 2008) and mood (Holanda et al., 2019). The low potency of MCOPPB in vivo can be possibly ascribed to pharmacokinetic issues. As far as the reduction of locomotor activity is concerned, both AT-403 and Ro 65-6570 significantly reduced mouse locomotion at 1 and 10 mg/kg doses, respectively. This effect is due to the selective activation of the NOP receptor, since it completely disappeared in NOP(−/−) mice. Differently, MCOPPB failed to produce significant effects on locomotor activity up to 10 mg/kg, in line with previous findings (Hirao et al., 2008). The reason for this lack of effect of MCOPPB on locomotion is not known. We can speculate that, despite the NOP occupancy higher than 50% measured in the whole mouse brain (Hayashi et al., 2009), at 10 mg/kg i.p. this compound is not able to reach, at least in sufficient concentrations, those brain areas important for the hypolocomotor effects of NOP agonists (Marti et al., 2004, 2009; Narayanan et al., 2004; Byford et al., 2007).

What is clear from the present experiments is that NOP agonists displayed the same therapeutic index with hypolocomotor doses being approximately 10-fold higher than antinociceptive doses. In particular, no differences were detected between the unbiased agonist AT-403 and the G protein biased agonist Ro 65-6570, suggesting that the different ability of inducing G protein vs. βarr2 recruitment of a NOP agonist cannot be applied to predict the antinociceptive vs. hypolocomotor properties. These pharmacological findings fail to support the hypothesis that NOP receptor functional selectivity (i.e., G protein vs. βarr2 coupling) can be a useful strategy to obtain better tolerated analgesics, however some caution should be adopted in the interpretation of these results. In fact, the ligands used in this study display bias factor values of 0.94 (MCOPPB) and 1.64 (Ro 65-6570), meaning that the difference in the recruitment of G protein vs. βarr2 is of 10 and 40-fold, respectively. Therefore, it is possible that these values of bias factor are too low to have significant impact in vivo. For instance, it has been reported that MCOPPB and the Ro 65-6570 analog Ro 64-6198, are able to induce NOP receptor phosphorylation and internalization similar to the endogenous NOP agonist N/OFQ, both in vitro and in vivo (Mann et al., 2019), demonstrating that βarr2 dependent biological events can occur after the treatment with these NOP ligands. It is possibly worthy of mention that the NOP agonist cebranopadol displays a very large bias toward G protein in vitro and acts in vivo as a potent antinociceptive drug devoid of inhibitory actions on mouse motor performance (Rizzi et al., 2016). However, the in vivo pharmacological actions of cebranopadol cannot be exclusively attributed to its NOP agonist activity since this molecule is able to simultaneously activate NOP and classical opioid receptors (Calo and Lambert, 2018; Tzschentke et al., 2019). Unfortunately, nothing is known about the functional selectivity of these compounds for the different types of inhibitory G proteins that can be activated by the NOP receptor, this notion could help to explain a possible significance of biased agonism for the NOP receptor.

Finally we would like to underline some limitations of the present study. First, the estimate of the NOP agonist therapeutic indexes is far from being optimal since some ED50 values could be only roughly estimated. Second, some comparisons between set of data have to be looked at with caution because different strains (C57BL/6J vs. CD-1) of mice and drug route of administration (i.p. vs. i.v.) have been used. Third, no information is available on the pharmacokinetic properties of the drugs used in this study; such information could significantly contribute to correctly interpret in vivo findings. However, at least in our opinion, the above mentioned limitations do not substantially compromise the major finding of the study that is lack of correlation between in vitro biased agonism and in vivo therapeutic index of NOP agonists.



CONCLUSION

In conclusion, this study investigated the possible impact of functional selectivity (G protein vs. βarr2) on the ability of NOP agonists to promote analgesic vs. motor impairing effects. Studies with βarr2(−/−) mice suggested that bias toward G protein might be associated with a wider therapeutic index, however, this hypothesis was not corroborated by pharmacological studies that demonstrated how unbiased and G protein biased NOP agonists display similar antinociceptive vs. motor impairing properties.
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More than 35 years have passed since the identification of neuromedin U (NMU). Dozens of publications have been devoted to its physiological role in the organism, which have provided insight into its occurrence in the body, its synthesis and mechanism of action at the cellular level. Two G protein-coupled receptors (GPCRs) have been identified, with NMUR1 distributed mainly peripherally and NMUR2 predominantly centrally. Recognition of the role of NMU in the control of energy homeostasis of the body has greatly increased interest in this neuromedin. In 2005 a second, structurally related peptide, neuromedin S (NMS) was identified. The expression of NMS is more restricted, it is predominantly found in the central nervous system. In recent years, further peptides related to NMU and NMS have been identified. These are neuromedin U precursor related peptide (NURP) and neuromedin S precursor related peptide (NSRP), which also exert biological effects without acting via NMUR1, or NMUR2. This observation suggests the presence of another, as yet unrecognized receptor. Another unresolved issue within the NMU/NMS system is the differences in the effects of various NMU isoforms on diverse cell lines. It seems that development of highly specific NMUR1 and NMUR2 receptor antagonists would allow for a more detailed understanding of the mechanisms of action of NMU/NMS and related peptides in the body. They could form the basis for attempts to use such compounds in the treatment of disorders, for example, metabolic disorders, circadian rhythm, stress, etc.
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Introduction

It has been 35 years since the isolation from pig spinal cord by Minamino et al. of numerous small neuropeptides whose common feature was the stimulation of smooth muscle contraction (1). These were named neuromedins, and neuromedin U (NMU) is one of them. NMU exerts a potent contractile effect on the muscles of the rat uterus, hence the derivation of its name (U - uterus).

In the 1990s, the structure of NMUs in various species was recognized and their synthesis was elucidated. NMU is a highly conserved neuropeptide present in many species, existing as multiple isoforms. Moreover, specific binding of the neuropeptide to various organs was demonstrated. The presence of NMU-like immunoreactivity was also reported (RIA and immunohistochemistry) in a number of human organs and various animal species. Major physiological effects in which NMU is involved have also been identified. These include smooth muscle contraction, increased blood pressure, gastric emptying and modification of intestinal ion transport and motility (2).

With the introduction of modern molecular biology techniques, at the turn of the 20th and 21st century, specific NMU receptors (NMUR1 and NMUR2) were identified and characterized. Their distribution in the body and intracellular signaling pathways regulated by these receptors has been recognized. In parallel, NMU was shown to be involved in the regulation of body metabolism, exhibiting anorexigenic effects. This last observation has greatly increased the interest of numerous research centers in the physiological role of this neuromedin.

Another significant discovery related to NMU was the isolation of neuromedin S (NMS) from rat brain. Both NMU and NMS are endogenous ligands for NMUR1 and NMUR2 receptors (3, 4). Since then, many studies have focused on comparing the physiological effects of both neuropeptides in different cells and organisms. The precursors of NMU and NMS (preproNMU - ppNMU and preproNMS - ppNMS) share high structural similarity, and as shown by Mori et al. (5) and Ensho et al. (6), other peptides may also originate from them, which they named “neuromedin U precursor related peptide” (NURP) and “neuromedin S precursor related peptide” (NSRP) (7). In this context, it should be noted that already in 2009 Bechtold et al. showed that mice proNMU104-136, actually named NURP33, is involved in the regulation of energy homeostasis (8). Currently, several groups are undertaking research on the role of these peptides in the regulation of various biological processes.

Several review papers have been published in the literature on NMU, NMS and their receptors as well as their physiological role. In this context, the contributions by Brighton et al. (2), Budhiraja and Chugh (9), Mori et al. (4), Mitchell et al. (10), Malendowicz et al. (11), Martinez and O’Driscoll (12), and Alhosaini et al. (13) deserve to be mentioned. On the other hand, the aim of the current review is to provide readers with the recent data on the physiological role of NMU and NMS action, with a particular focus on the differences in the action of these neuromedins, at both cellular and organ levels. In this review, our attention will focus mainly on the human, rat and mouse data.



Synthesis of preproNMU and preproNMS and Structure of Related Peptides


Genes Encoding ppNMU and ppNMS and Their Transcripts

In humans both ppNMU and ppNMS are composed of 10 exons and 9 introns (Figure 1A). According to the ENSEMBL genome database, the primary mRNA for ppNMU undergoes alternative splicing, leading to the six alternative splice variants of mature ppNMU mRNA, including: ppNMU var.1 - 816 nt, (174 aa - primary ppNMU form encoding mature NMU25 peptide an NURP - Figure 1B), ppNMU var.2 - 693 nt, (147 aa, encoding mature NMU25 and NURP fragment), ppNMU var.3 - 658 nt, (149 aa, encoding 21 amino acids of NMU and NURP fragment), ppNMU var.4 - 283 nt (transcript variant does not contain translated open reading frame), ppNMU var.5 - 756 nt (158 aa - encoding mature NMU25 peptide an NURP), ppNMU var.6 - 616 nt. (transcript variant does not contain translated open reading frame). It should be emphasized that ppNMU and ppNMS genes are located on different chromosomes (ppNMU on 4q12 and ppNMS on 2q11.2) (ENSEMBL) (Figure 1C).




Figure 1 | Structure of human genes encoding ppNMU (A) and ppNMS (C) according to ENSEMBL database. The structure of individual genes or alternative splice variants and their positions on the chromosomes was visualized using “GenomicFeatures” and “Gviz” packages of the programming R language. Exons of protein-coding splice variants are marked in orange whilst grey color corresponds to exons of non-protein-coding splice variants. Colored squares mark the coding gene regions for NMU25, NMS, NURP and NSRP. Aminoacid sequence fragment of individual ppNMU variants encoding NMU25 or NURP were also visualized (B).



In the rat, the ppNmu gene comprises 10 exons positioned on chromosome 14. There are discrepancies between the number of alternative splice variants reported in the ENSEMBL and NCBI databases. According to NCBI database there are four alternative splice variants of rat ppNmu described as: “neuromedin U (Nmu), mRNA” (708 nt, 174 aa- primary rat ppNmu form), “transcript variant X1” (1107 nt, non-protein coding), “transcript variant X2 “ (966 nt, 164 aa),”transcript variant X3” (1077 nt, non-protein coding). In ENSEMBL database only one splice variant is presented that correspond to “neuromedin U (Nmu), mRNA” - primary rat ppNmu form (NCBI). As in humans, the ppNms gene contains 10 exons and has a single transcript whose length is 496 nt and 152 aa. This gene is localized on chromosome 9.

In the mouse, the ppNmu gene also contains 10 exons, but is located on chromosome 5. This gene has a single splice variant whose length is 828 nt and 174 aa. In the mouse, the NMS gene is also composed of 10 exons. As reported in the NCBI database this gene has 2 alternative splice variants: “transcript variant 1” - 1019 nt, 153 aa; “transcript variant 2” - 995 nt and 145 aa. These two transcript variants are also found in the ENSEMBL database.

The information given above about the structure of genes encoding ppNMU and ppNMS and their transcripts indicates significant species differences in ppNMU and ppNMS gene structure. This is reflected in the large number of NMU isoforms described in various animal species. In contrast to NMU, the structure of the NMS gene and the number of its transcripts are less variable across species.



ppNMU and ppNMS Derived Peptides

In human ppNMU is cleaved into the following 3 chains: neuromedin U25 (NMU25), neuromedin U precursor-related peptide 36 (NURP36) or neuromedin U precursor-related peptide 33 (NURP33) (Figure 2) (ENSEMBL). On the other hand ppNMS is cleaved into: neuromedin S33 (NMS33), neuromedin S precursor related peptide 37(NSRP37) and neuromedin S precursor related peptide 34 (NSRP34). In the rat, the NMU is composed of 23 amino acid residues and the NMS of 36. In the mouse, the corresponding numbers are 20 and 36 amino acid residues.




Figure 2 | Schematic structure of preproNMU and preproNMS in humans and preproNMU and preproNMS derived peptides. Data from Protein Knowledgebase (UniProtKB) P48645 and Q5H8A3, respectively. Schematic structure of preproNMU is modified from Austin et al. (14). Numbers refer to residues and cleavage sites are given in blue. Authors of the first description of NURP and/or NSRP are shown (5, 8).



In the mammalian NMUs a common C-terminal sequence – Phe-Leu-Phe-Arg-Pro-Arg-Asn-NH2 –contains the active site of the neuropeptide, which is formed by the amino acid residues between positions 2 and 8 (15, 16). Available data indicate that in most species studied, the five amino acids at the C-terminus of the NMUs are totally conserved, suggesting that this region is of major importance for biological activity (2, 10, 12, 17–19). NMU and NMS are structurally related neuropeptides. They share the same amidated C-terminal heptapeptide and bind to the same receptors NMUR1 and NMUR2 (3, 4).

Other peptides derived from ppNMU and ppNMS, namely NURP36, NURP33, NSRP37 and NSRP34 exert some biological effects, however, they do not act through either NMUR1 or NMUR2 (7). Their biological effects will be presented in more detail in subsequent sections.




NMU and NMS Receptors

The first report of the presence of a highly specific 125I-NMU binding site in cell membranes obtained from rat uterus suggested that it was a single class of binding site with a Kd of 0.35 nM (20). Soon, two NMU receptors were identified using modern molecular biology techniques (21). Through the efforts of many research groups, the two genes were quickly characterized and their expression in different species and different tissues and organs was identified (22–29). After several years, these receptors were named NMUR1 and NMUR2. NMUR1 expression is mainly observed in peripheral tissues and organs, while the highest expression of NMUR2 occurs in the central nervous system (CNS) [for review see (2, 10, 13)]. Both receptors are typical GPCRs, with characteristic seven transmembrane domains.

In humans NMUR1 gene consists of 3 exons and 2 introns, the size of encoded mRNA is 3274 bp and the receptor is composed of 426 aa residues. Current data from NCBI contain information on the presence of a total of six alternative splice variants of this gene (neuromedin U receptor 1 and transcript variants X1-X5 - encoding 403, 376, 370, 333, 313 aa length, respectively) while the Ensembl database contains information on one isoform. NMUR2 gene, on the other hand, consists of 4 exons and 3 introns. The size of its mRNA is 2067 bp and the receptor is composed of 415 aa residues. In the NCBI there are only 2 splice variants for this gene (neuromedin U receptor 2 and transcript variant X1 encoding 321 aa). NMUR1 gene is located on human chromosome 2 - position q37.1 and NMUR2 gene on chromosome 5 - position q33.1 (10). There are two splice variants of the NMUR1 gene and single transcript of the NMUR2 gene in the rat and mouse.

The high number of NMUR1 and NMUR2 alternative splice variants may suggest that they may be involved in some, as yet unexplained, way in exerting biological effects by NMU, or NMS. The organ specificity regarding the expression of different receptor isoforms is also not elucidated.

Regarding the isoforms of the aforementioned receptors, very interesting are the results of a study on the expression of NMUR1 and NMUR2 in ovarian cancer in women (30). The group identified a truncated NMUR2 in this cancer, which they named NMUR2S. This receptor is a protein with six trans-membrane domains, and it does not bind NMU, but it does modify NMU activity.

NMU shows very high affinity for both receptors (NMUR1 and NMUR2). The biological effects induced by the endogenous ligand (NMU) are being observed already at nanomolar (nM) concentrations [for review see (2, 10, 13)]. NMS also shows high affinity for both receptors. The binding of labeled NMS to human NMUR1 is similar for NMU and NMS. However, for NMUR2, the binding of NMS is significantly higher than that of NMU (3).

In the current literature, several publications indicate the possibility of another receptor(s), in addition to NMUR1 and NMUR2, through which NMU can exert biological effects (7, 8, 12). These are mainly based on studies on the role of NMU in the immune system. Such an example is the arthritis model (31), or the occurrence of NMU-mediated inflammation in NMUR1 and NMUR2 gene knockout mice (32).

Another so far unexplained phenomenon is the mechanism of NURP/NSRP action. Due to their structure, NURP and NSRP cannot activate either NMUR1 or NMUR2, but they exert multiple effects (including stimulation of prolactin release, thermoregulation) (7). These data suggest the presence in cells of receptors other than NMUR1/NMUR2, or alternative signaling pathways through which NURP/NSRP act.



NMU and NMS Evoked Intracellular Signaling

As mentioned above, NMUR1 and NMUR2 receptors belong to a broad group of GPCRs. Upon ligand binding, the receptors change their conformation and transduce the signal into the cell by acting on heterotrimeric G-proteins, which consist of α-, β-, and γ-subunits. The major determinant of GPCR specificity is Gα, in which four classes of proteins are distinguished, namely Gαs, Gαq, Gα12/13, and Gαi/o (33, 34).

In the case of NMUR1 and NMUR2 receptors, it was demonstrated early on that their stimulation with endogenous ligands leads to increased intracellular Ca++ concentration, inositol phosphate generation, inhibition of forskolin-stimulated cAMP generation and ERK (MAPK/ERK pathway) activation (2, 18, 22–29, 35, 36). These data were obtained mainly from experiments on HEK-293, COS-7 and CHO cell lines transfected with NMUR1 or NMUR2 genes. Multiple experiments using inhibitors of specific signaling pathways were performed on these models, which allowed specifying the intracellular changes induced by ligand binding to receptors. However, the results obtained often depend on the experimental conditions applied.

In HEK-293 cells transfected with the NMUR1 gene, receptor activation induced by the addition of NMU does not alter cAMP levels, suggesting that in the cells tested, the Gαi and Gαs subunits are not involved in NMUR1 signaling (23). On the other hand, in CHO cells transfected with the NMUR2 gene, NMU partially inhibits forskolin-induced cAMP synthesis. However, subsequent studies in NMUR1 or NMUR2 gene-transfected HEK-293 cells provided further evidence for the inhibitory effect of NMU-stimulated receptors on forskolin-induced cAMP synthesis (18, 36). It should be noted that this inhibition is stronger when NMUR2 is stimulated.

Along with the identification of NMS as an endogenous ligand of NMUR1 and NMUR2, Mori’s group showed that compared to NMU, NMUR2 has a higher affinity for NMS (3). Further studies using Gαs chimeras showed that in recombinant 293T cells NMUR1 stimulation is mainly transmitted through Gαq, whereas NMUR2 stimulation is preferentially transmitted via Gαi (37).

There is evidence that the signaling pathways induced by NMUR1 and NMUR2 stimulation can be modified by the rate of receptor recirculation in the cells tested. Studies performed on HEK-293 cells transfected with the human NMUR2 gene showed that NMU and NMS exhibit very similar acute stimulatory effects on intracellular Ca++ concentration (38). Resensitization of this receptor involves its internalization and subsequent acidification in endosomes. Comparing with NMS, the rate of resensitization of NMUR2 is shorter after exposure to NMU. Also, the acute activation of ERK by NMU and NMS is similar; however, it persists longer after NMS stimulation.

Another mechanism for NMU-induced modification of signaling pathways was described by Lin et al. (30). It is related to the NMUR2S receptor they described in ovarian cancer in women. This truncated receptor does not bind NMU but down regulates its action by forming heterodimers with NMUR1 or NMUR2.

The vast majority of studies of signal transduction and intracellular signaling pathways induced by NMU, or NMS, are based on studies of cell lines, mainly transfected with NMUR1 and NMUR2 receptors. However, there are now a growing number of publications about the occurrence of the same/similar phenomena in unaltered human, rat, or mouse cells and tissues (for example various smooth muscle preparations, vascular rings or isolated cells and organs) (19, 39, 40).



Organ and Tissue Distribution of NMU, NMS, and Their Receptors

Soon after the identification of NMU, its distribution was described in various species, including human, rat, and mouse. The first studies were based on the determination of peptide concentrations in tissue extracts by RIA (41–43). This was later joined by descriptions of NMU distribution based on immunohistochemical methods, in situ hybridization (ISH) and Northern blot analysis, or finally QPCR (22, 29). These results concordantly described the highest concentrations of NMU protein and its mRNA in the gastrointestinal tract, spinal cord and central nervous system (CNS) (19).

The distribution of NMUR1 and NMUR2 receptors, which were described in 2000, was already based almost exclusively on studies of mRNA expression levels by QPCR. These have been described in human (24, 25, 27–29) and rat (22, 23, 44). The results obtained consistently report the presence of NMUR1 in the periphery and NMUR2 in the CNS. It should be noted that this localization parallels the distribution of NMU.

Compared to NMU, NMS mRNA expression has a more restricted distribution. In the rat, NMS mRNA expression is mainly observed in the brain, especially in the hypothalamus (here immunoreactive NMS protein is also present), also in the testes and spleen (3, 45).

The introduction of new research methods such as microarrays or NGS (next-generation sequencing) largely confirms the previously reported distribution of NMU, NMS and their receptors NMUR1 and NMUR2 in various human tissues and organs. In this aspect, we performed gene expression analysis of NMU, NMS, NMUR1 and NMUR2 from the GeneCards database. As shown in Figure 3, the expression of these genes overlaps significantly with earlier data.




Figure 3 | The expression of NMU, NMS, NMUR1 and NMUR2 genes in normal human tissues as assessed by RNAseq and microarray (MARR) methods. Data obtained from gene card analyses. GeneCards identifiers: NMU - GC04M055595; NMS - GC02P100453, NMUR1 - GC02M231572; NMUR2 - GC05M152391.



This analysis also shows that the RNA-seq method identifies more organs with NMU gene expression when compared with microarray analyses. But the data obtained from RNA-seq indicate a wider expression of the NMS gene in humans than previously described. Expression of this gene was identified in whole blood, leukocytes, uterus, tibial nerve, testes, stomach, spleen, spinal cord, small intestine, skeletal muscle, prostate, pituitary gland, lung, liver, heart, esophagus, cortex, breast, brain, bone marrow, bladder, adrenal gland, adipocyte, among others. As is well known, NMUR2 is described as a central receptor. However, the results of RNA-seq analyses presented in the mentioned database indicate a much wider mRNA expression of this gene in humans. Of the 37 organs and tissues examined, expression was not observed in leukocytes, spleen, thymus, smooth muscle, retina, placenta, lymph node, and bone marrow only.

Much less data based on the RNA-seq method is available for the rat. In this aspect, the data of Yu et al. are worth mentioning (46). In both sexes of Fischer 344 strain rats, this group developed a “transcriptomic BodyMap” covering 11 organs of juvenile, adolescent, adult and aged animals. From the data available in the Gene Expression Omnibus we analyzed the expression of NMU, NMS, NMUR1 and NMUR2 genes in adrenal, brain, muscle, testes and uterus (Figure 4). The presented data show that in the adrenal glands of the studied rats there is an expression of NMU and NMUR1 genes, while this expression is absent in relation to NMS and NMUR2. These authors observed a high expression of NMU, NMUR1 and NMUR2 genes in the brain of the studied rats, while a relatively low expression of the NMS gene. In muscles, a very low expression of the NMS gene is noteworthy. In the testes of the studied rats, the authors showed expression of all the studied genes, while in the uterus they did not show NMS transcripts.




Figure 4 | Expression levels (RPKM—reads per kilobase million) of NMU, NMS, NMUR1 and NMUR2 genes in adrenal, brain, muscle, testes and uterus of male and female rats of the Fischer strain in four developmental stages: juvenile (2 weeks), adolescence (6 weeks), adult (21 weeks) and aged (104 weeks) as demonstrated by RNA-seq. Color of the circle corresponds to the appropriate development stage. The analysis of data published by Yu et al. (46). Data was obtained from Gene Expression Omnibus database, accession number: GSE53960 (available at https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE53960) (accessed date: 4 April 2021).



Data resulting from RNA-seq analyses of human and rat, as well as data obtained by QPCR, indicate organ-specific expression of the identified transcripts. This expression is also sex and age dependent.



Functions of ppNMU and ppNMS Derived Peptides


Central Energy Homeostasis

The identification of the NMU receptors was linked to a significant discovery of the peptide’s action, which to this day remains a subject of interest to many research centers. It appeared that administered intracerebroventrical (icv) NMU, in different species reduces food intake and body weight, a similar phenomenon occurs when NMU is injected into the paraventricular nucleus (PVN). This effect is observed in rats (25, 26, 47–51). In mice, on the other hand, silencing of the NMU gene increases food intake and leads to obesity (52), while the opposite effect is observed in animals with overexpression of this gene (53). The effects of icv administered NMU do not occur in NMUR2 gene knockout mice (54).

In humans, two NMU variants have been identified that suggest the altered structure of the peptide may lead to metabolic changes manifested by the onset of obesity (55). One mutation occurs in the ppNMU signal peptide (NMUAla19Glu), while the other occurs within the active peptide (NMUArg165Trp).

In the search for a mechanism of action of NMU on energy homeostasis of the organism, the earliest interest was focused on corticotropin releasing hormone (CRH). It has been known for years that CRH, whose expression is high in PVN, inhibits food intake in the rat (56). Subsequent studies demonstrated direct NMU effects on CRH and arginine vasopressin (AVP) release by rat hypothalamic explants in vitro (50). On the other hand, results of whole cell patch-clamp recordings revealed that NMU directly depolarizes the subpopulation of PVN parvocellular, but not magnocellular neurons via hyperpolarization-activated inward current enhancement (57). Moreover, NMU-sensitive neurons expressed NMUR2 mRNA (58). Direct effects of both neuromedins on PVN was also suggested by in vitro electrophysiological studies which showed that NMU and NMS increased the neuronal firing rates in both arcuate (ARC) and PVN nuclei slices (59). Likewise, studies in wild-type mice and in CRH gene-silenced mice suggest that NMU-induced food intake is mediated through CRH (51, 60).

Leptin is another peptide that has received considerable attention in the aspect of inhibitory effects of NMU on food intake and associated weight loss. Leptin, acting at the hypothalamic level, exerts anorexigenic effects, also modifies the function of the neuroendocrine or immune systems (61–63). Furthermore, it should be noted that leptin stimulates NMU release from rat hypothalamic explants (50). This observation suggests that “NMU acts downstream of leptin” (64). However, icv administration of leptin to mice with a silenced NMU gene reduces their body weight (52). This latter observation suggests that the anorexigenic effect of NMU, at least in mice, is not related to the action of leptin.

As described by Mori et al. (3), the highest level of NMS mRNA expression occurs in the hypothalamus, and as shown by studies using ISH, this neuropeptide has a specific localization in the suprachiasmatic nuclei. It is interesting to note that in the rat hypothalamus expression of NMS gene is nearly 3-fold higher than that of NMU gene (65). The group that identified NMS described anorexigenic effects of NMS in mice the same year (66). They found that NMU decreased food intake when administered via the icv route, an effect accompanied by increased levels of POMC mRNA expression in the ARC and CRH mRNA expression in the PVN. Anorexigenic effects of NMS were also observed in Japanese quail (67). As suggested by studies in mice, the anorexigenic effects of icv administered NMU and NMS are mediated primarily through NMUR2 (8, 68). The inhibitory effect of NMS on food intake in mice is accompanied by a decrease in gastroduodenal motility (69).

Detailed comparisons of NMU and NMS effects on food intake in rodents indicate that their anorexigenic effects are very similar (59). In their study, the authors evaluated the effects of the tested peptides administered icv on CRH mRNA expression level in NPV and POMC mRNA in ARC. In addition, both peptides stimulated the secretion of α-melanocyte-stimulating hormone in the ARC tissue culture.

NURP and NSRP also exert effects on energy homeostasis and food intake in rats and mice. In mice, icv administration of NURP33 leads to a transient (∼4 h) increase in food intake followed by a decrease (8). This peptide also increased the metabolic rate of the examined animals. Further studies have shown that icv administration of NURP33, like NMU and NURP36, leads to an increase in locomotor activity and energy expenditure in rats, but NURP33 does not reduce food intake (6). As is known, both NURP33 and NURP36 do not activate NMU receptors, hence the authors suggest that both peptides “might exert NMU-like sympathetic nerve action in the brain”. Subsequent studies have shown that NSRP administration has no effect on food intake, although examined rats’ body temperature and locomotor activity increased under these conditions (7). The authors also point out that compared to NURP, the NSRP-induced effects were much weaker. The mechanism of action of both peptides (NURP and NSRP) is not elucidated, their biological effects may occur through as yet unidentified receptors or through their interference with non-identified intracellular signaling pathways.



Thermoregulation

As defined by Szekely et al. (70) “thermoregulation means a fast energetic adjustment to secure a relative thermal stability of the body”. The aforementioned authors emphasize that in the CNS, anabolic (orexigenic) neuropeptides increase food intake and have a general tendency to induce hypothermia, whereas catabolic (anorexigenic) neuropeptides reduce food intake and enhance energy expenditure with a tendency to induce hyperthermia. In this aspect, it should be noted that early on in the study of the physiological role of NMUs, it was repeatedly described in both the rat and mouse that NMU-induced reductions in food intake are accompanied by increases in body temperature. For example, in the rat, icv administration of NMU exerts such effects (47, 60, 71). Subsequent studies of the mechanism of the hyperthermic effect of NMU in the rat have identified mediators of this effect. Upon icv administration, NMU increased colon temperature, and this effect was blocked by a variety of inhibitors (72). Analysis of the action of these inhibitors suggests that the hyperthermic effect of the neuromedin studied is mediated by CRHR1 and CRHR2, dopamine and muscarinic cholinergic receptors, and finally prostaglandins.

Although an earlier publication did not reveal this, NMS is also involved in the regulation of thermogenesis (73). However, subsequent detailed studies have shown that in the rat, both NMU and NMS administered icv increase the back surface temperature (74). Furthermore, based on similar measurements in mice with silenced NMU and/or NMS genes exposed to low temperature, the authors suggest that not NMU but endogenous NMS plays a dominant role in regulating thermogenesis. They also found that the mediators of these phenomena are factors previously described by Telegdy and Adamik (72).

Recent studies have shown that NURP and NSRP are also involved in the regulation of thermogenesis (6, 7). These authors demonstrated that NURP and NSRP act in different regions of the rat brain than NMU and NMS. Furthermore, both peptides (NURP and NSRP) administered icv increased the back surface temperature, with the effects induced by NSPR being weaker.



Control of Circadian Rhythms

The circadian oscillator system in animals that forms the autonomic biological clock is formed by the hypothalamic suprachiasmatic nucleus (SCN) and clock genes present in all cells (75–77). The SCN times these peripheral clock genes. It is important to note that even in culture, SCN neurons retain the properties of a biological oscillator (78).

The first observations on the involvement of the NMU - NMU receptors system in the regulation of SCN function were carried out by Nakahara et al. (79). These authors demonstrated the expression of NMU, NMUR1, and NMUR2 mRNAs in the rat SCN, and the expression levels of NMU and NMUR1 mRNAs fluctuated with circadian rhythm. The results of these studies suggested that NMU, through an autocrine or paracrine pathway, may regulate SCN function. Also using the ISH method, it was shown in C3H strain mice that the level of NMU mRNA expression in the SCN varies with circadian rhythm (80). In terms of circadian rhythm control, the observations by the team of Mori et al. (3) related to NMS identification were pioneering. This team demonstrated high levels of NMS mRNA expression in the SCN of the rat, with the level of this expression altering in circadian rhythm, but not changing in darkness.

Many interesting insights into the role of NMUs and NMS in regulating circadian rhythms were provided by the research of the team of Lee et al. (81). In a study on C57BL/6J mice, using genetic engineering methods and genetic crossbreedings, this team showed that NMS neurons “are capable of dictating behavioral circadian period”. However, silencing the Bmal1 gene in SCN neurons, which is a major transcription factor that regulates the mammalian biological clock, abolishes behavioral circadian rhythms. Interestingly, silencing of NMU or NMS genes does not result in loss of circadian rhythms. It remains an open question whether similar phenomena occur in rats.



Stress Response

Independently of mode of administration (icv, iPVN, or sc) NMU activates CRH containing neurons and stimulates CRH secretion, which in turn triggers pituitary ACTH and adrenal corticosterone/cortisol secretion. In this regard it is not astonishing that NMU and NMS are involved in central and peripheral control of the stress response. These studies were initiated by Hanada et al. (60) who observed stress-related behavior (gross locomotor activity, face washing and grooming) in icv NMU administered rats. This response was attenuated by pretreatment with alpha-helical CRH (antagonist of CRH) or anti-CRH IgG. Furthermore, NMU-induced increases in oxygen consumption and body temperature were attenuated in CRH KO mice. Subsequent studies demonstrated that blood corticosterone levels were significantly increased after 10 min of immobilization stress in wild-type mice, but not in NMU KO mice (79). Excessive grooming induced by icv NMU administration were abolished in the NMUR2 KO mice, an observation suggesting that NMUR2 plays a decisive role in stress/anxiety induction (54).

It was only after a long gap that another publication was published presenting results of studies on the role of NMU8 in stress (82). The study was conducted in male C57BL/6J mice that were administered the neuropeptide icv. The obtained results indicate that in mice, NMU8 regulates the response to forced swim stress, whereby the effect induced by NMU8 was dependent on previous exposure to stress.



Endocrine System

The role of NMU and NMS in regulating endocrine function has been described by us previously (11, 83). These issues have also been widely discussed in other review publications (2, 4, 9, 10, 12, 13). Therefore, in the current review, we focus on recent reports related to the role of pNMU- and pNMS-derived peptides in endocrine function.

As can be seen from the data presented above, at the hypothalamic level, both NMU and NMS exert significant effects on CRH synthesis and release, and this effect is mediated by NMUR2. Therefore, in this section of the review, we omit the hypothalamic data and focus on the pituitary and peripheral endocrine glands. However, it should be noted that NMU directly stimulates CRH release from rat hypothalamic explants (50).


Pituitary Gland

The earliest studies demonstrated high levels of NMU-like immunoreactivity in the rat pituitary gland, and high expression of NMU and NMUR2 genes is also observed in this gland (65, 84). Electron microscopy studies revealed NMU-like immunoreactivity in some thyrotropes and most corticotropes of the rat pituitary gland. NMU is colocalized with galanin and ACTH in the same secretory granules (85) [for review see (86)]. NMU mRNA is expressed in pituitary gland of WT mice, but in contrast, NMU mRNA could not be detected in NMU KO mice (87).

Along with the identification of NMS, the description of the distribution of this neuromedin includes data indicating expression of the NMS gene in the rat pituitary gland (3). However, in this gland, the expression level of the NMS gene was notably lower than that of NMU gene (65).

Conflicting data were reported on expression of NMUR1 and NMUR2 in pituitary gland. By means of QPCR low expression of both receptors in human pituitary gland was reported by Raddatz et al. (27). These data were confirmed by other groups (28, 88). The earliest studies did not reveal NMUR1 gene expression in the rat pituitary gland while that of NMUR2 was very low (22, 88). On the other hand, in rat adenohypophysis expression of NMUR1 gene, but not of NMUR2 was observed by our group (65). Expression of both NMUR1 and NMUR2 genes was observed in mouse pituitary gland of both WT and NMU KO mice (87)

All publications describing the central action of NMU on the hypothalamo-pituitary-adrenal (HPA) axis, both in the rat and mouse, indicate a stimulatory effect of neuromedin on CRH secretion in the hypothalamus, leading to an increase in ACTH and consequently corticosteroid secretion. In the rat, a similar effect is exerted by NMS, which acts through the CRHR1 receptor (73).

Only a few reports have addressed the direct effects of NMU on pituitary hormone secretion. Among others, Fukue et al. (87) demonstrated that NMU inhibits LH secretion from rat anterior pituitary primary cell cultures of female Sprague-Dawley rats. In the same study, FSH secretion showed a decreasing trend.

Also, NURP is involved in the regulation of pituitary function (5, 89). Using the RIA method, this group demonstrated very high levels of immunoreactive NURP in the rat pituitary gland, while much lower levels of this substance are found in the small intestine and brain. When administered icv, NURP increased blood levels of prolactin without altering the levels of other hormones of the anterior lobe of the pituitary gland. However, NURP had no effect on prolactin release from dispersed anterior pituitary cells. These observations suggest that in the rat, NURP stimulates prolactin secretion via an indirect pathway, probably via dopamine. In contrast to NURP, icv administered NMU significantly decreased prolactin secretion in rats with different types of hyperprolactinemia. These observations suggest that the reciprocal relationship between NMU and NURP may be involved in the physiological regulation of prolactin secretion.



Thyroid Gland

Only a few publications deal with the presence and role of the NMU/NMS system and their receptors in the thyroid. The immunoreactive NMU content in the rat thyroid is very low; thyroxine administration does not alter it, but administration of antithyroid agents decreases it (90). NMU-immunopositive substances are found in a small group (∼5%) of parafollicular C-cells, while no staining was observed in nerve fibers. NMU and NMUR1 mRNA expression is detected in the rat thyroid, whereas NMUR2 mRNA expression is very low (65, 88). In the rat thyroid gland, expression of NMU gene is almost 1000-fold higher when compared with the expression of NMS gene. The functional relevance of NMU and NMS in the thyroid gland remains completely unknown. To our knowledge, only two publications have examined the effects of NMU on thyroid, or thyrotropin (TSH) levels. In the first of these Gartlon et al. (88) reported that in the rat icv NMU administration did not affect plasma thyrotropin (TSH) levels. In the second, Helfer et al. (91) have demonstrated that NMU increases the expression level of type II deiodinase, an enzyme responsible for converting inactive thyroid hormone into its active form, in the rat thyroid gland.



Adrenal Gland

Following the identification of NMU, it was shown very early on that this neuromedin at the level of the hypothalamus stimulates CRH secretion, which in turn leads to stimulation of ACTH and subsequently corticosteroid secretion. Recognition of the role of NMU/NMS in stress has greatly increased interest in this peptide, resulting in a number of publications explaining various aspects of their action at the level of the adrenal gland as an anatomical unit as well as at the cellular level.

Potent stimulating effects of exogenous NMU on adrenocortical steroid secretion in the rat have been described as early asin 1993. A single sc injection of NMU resulted in a transient increase in ACTH blood concentration (between 3 and 12 h) and a sustained (24h) elevation of plasma corticosterone concentration (92, 93). These data demonstrated stimulating effect of neuropeptide on adrenal cortex, possibly partially due to the direct effect of NMU on the gland.

In the adrenal glands, both human and rat, expression of the NMU gene is found, whereas by QPCR no or very low expression of the NMS gene is demonstrated. In the adrenal glands, expression of the NMUR2 gene mainly occurs, while expression of the NMUR1 gene is negligible (22, 23, 27, 28, 65). NMUR1 mRNA was detected in all adrenocortical zones and in medulla of the gland (94). Moreover, the presence of NMUR1 mRNA in isolated zona glomerulosa and fasciculata/reticularis cells rules out the possibility that the expression was due to the presence in the specimens assayed of the non-parenchymal components of the gland. It should be noted that in the human adrenal gland, the highest density of 125I-NMU25 binding sites is observed in the zona glomerulosa and reticularis, and slightly lower in the zona fasciculata and medulla (19). Expression of NMUR1 as mRNA and protein was demonstrated in adrenal gland of intact rat, in enucleation-induced regenerating gland, in hemiadrenalectomized animals (compensatory adrenal growth) as well as in ACTH-stimulated one (95–97). Furthermore, NMU had no effect on basal and ACTH-stimulated corticosterone secretion by freshly isolated or cultured inner zone adrenocortical cells, nor did it change their cytosolic Ca++ concentration (93, 94). However, this neuropeptide stimulated corticosterone output by adrenal slices, but not by fragments of adrenocortical autotransplants lacking medullary chromaffin cells (98).

The results of subsequent studies on the mechanism of action of NMU on steroidogenesis in the rat adrenal gland led to the hypothesis that stimulation of corticosteroid secretion by NMU in the rat adrenal gland is mediated through the medulla of the gland (98). These studies suggested that NMU stimulates adrenaline secretion from medullary chromaffin cells, a hormone that can modulate corticosteroid secretion [for review see (99–101)]. In this regard, it should be noted that it has been repeatedly reported that centrally administered NMU stimulates adrenal medullary secretion of adrenaline [for example (102)].

Neuromedin U also directly regulates adrenocortical growth; it stimulates the proliferative activity of immature rat inner adrenocortical cells in primary culture (94). NMU is also involved in the regulation of adrenal growth in vivo, however, its effect is dependent on the type of growth (103). In enucleation-induced adrenal regeneration NMU notably enhanced proliferative activity of adrenocortical cells (95). A similar stimulating effect of sc administered NMU on proliferative activity (metaphase index) was seen in ACTH treated rats (97). In contrast, in hemiadrenalectomized rats NMU notably inhibited adrenocortical cell proliferation in both zona glomerulosa and zona fasciculata, as assessed by the metaphase index (96).

NMS, like NMU also stimulates corticosteroid secretion. In rats icv NMS administration resulted in nearly 5-fold increase in plasma corticosterone concentrations and the effect was dependent on neuropeptide dose (73). This effect is consistent with the action of NMU because both neuromedins act through the same receptors.



Pancreatic Islets

In recent years, there is an increasing interest in the role of NMU in the regulation of insulin secretion by pancreatic islands. The first report on the expression of NMU/NMS system elements and their receptors in the rat pancreas revealed NMUR1 mRNA expression in the gland (22). In subsequent studies performed on isolated rat pancreatic islets using RT-PCR and Western blotting our group demonstrated expression of NMUR1 but not NMUR2 (104). Furthermore, we have demonstrated that NMU dose-dependently decreased insulin output by isolated pancreatic islets. In subsequent studies on isolated rat pancreatic islets, we also revealed that NMU and NMUR1 genes are expressed at the mRNA level, whereas the expression of NMS and NMUR2 was negligible (65). The inhibitory effect of NMU on insulin secretion in the rat is also observed in an in situ pancreatic perfusion model (105). Since NMU stimulates somatostatin secretion in pancreatic islets, we also tried to clarify whether the inhibitory effect of NMU on insulin secretion is mediated through somatostatin. Our results suggest that somatostatin mediates the inhibitory action of NMU on insulin secretion. The inhibitory effect of NMU on glucose stimulated insulin secretion is also observed in human pancreatic islets in both static batch culture and islet perifusion models (106).

Interesting information regarding the effect of NMU on insulin secretion was provided by the study of Zhang et al. (107). These studies were performed on mice and clonal pancreatic β-cell lines (MIN6-K) (108). The authors found expression of NMU and NMUR1 in both pancreatic islets and the MIN6-K8 cell line. Both in vivo and in vitro, NMU inhibited glucose-induced insulin secretion. In contrast, insulin secretion was elevated in siNMU-transfected MIN6-K8 cells. These results suggest that NMU can act directly on β cells through NMUR1 in an autocrine or paracrine manner.

In regard to the data presented above on the stimulatory effect of NMU on insulin secretion, the results of Kuhre et al. (109) are somewhat surprising. These authors found no changes in blood insulin levels after intravenous injection of NMU into rats. Also, they did not observe NMU-induced effects on insulin secretion by perfused rat pancreas. Furthermore, in both human and rat pancreas, the authors did not detect the expression of either NMUR1 or NMUR2 (QPCR method and ICH).

A new perspective on the insulinostatic role of NMU is presented by the group of Zhang et al. (40, 110). These authors highlight the colocalization of NMU and insulin in pancreatic β-cells. They also showed that NMU induces mitochondrial dysfunction by impairing mitochondrial biogenesis, respiration, and mitochondrial Ca++ uptake in β-cell-derived MIN6-K8 cells, causing endoplasmic reticulum stress. In their study, it is noteworthy that 24 h exposure of MIN6-K8 cells to NMU increases their rates of apoptosis. Based on further research, this group suggests that “NMUR1 coupled to pertussis toxin-sensitive Gαi2 and Gαo proteins in β cells reduced intracellular Ca++ influx and cAMP level, thereby causing β-cell dysfunction and impairment”.



Testis

The expression of the NMU/NMS and their receptors in the testis is the subject of only a few publications. Apart from early reports, which presented the expression of individual elements of this system in various organs, there are practically no reports on their role in the male gonad.

Fuji et al. (22) showed that there is moderate expression of the NMU gene in the rat testis, but negligible expression of the NMUR1 gene. In our study, we observed much higher expression of the NMS gene than the NMU gene at the mRNA level in rat testes, and we also identified the NMS protein (Western blotting) (65). There is moderate expression of NMUR1 gene in rat testes, while the expression level of NMUR2 was negligible. The data on NMS mRNA expression in rat testes is also supported by the study of Miyazato et al. (111),. It should be noted that using a highly specific RIA, Mori et al. (45) showed high levels of NMS protein only in the hypothalamus, while in the testes “it was hardly detected”.



Ovary

Similar to the testis, information on the expression and role of the NMU/NMS and their receptor system in the ovary is very scarce. In the rat, Fuji et al. (22) demonstrated a moderate level of NMU mRNA expression in the ovary, whereas NMUR1 mRNA expression was negligible. In our study, we observed a low level of NMU gene expression in rat ovaries, while we did not show NMS gene expression. In the rat ovary, the expression of NMUR1 gene is mainly present, and the expression of NMUR2 gene is very low (65).

NMU gene expression was demonstrated in cell lines IOSE80 and IOSE144, which are derived from human ovarian surface epithelial cells (112). In the search for ovarian cancer-associated antigens, the authors used the expression of the NMU gene in these cells as the basal expression, which was compared with gene expression in various ovarian cancers. They showed that this expression is about 5-fold higher in ovarian cancers.




Cardiovascular System

Along with the identification of NMU, it has been shown that in the rat this peptide administered intravenously induces an increase in blood pressure (1). This observation has been repeatedly confirmed, with these effects being rather brief and observed after administration of the peptide both centrally and peripherally. Early studies also demonstrated that this peptide is primarily involved in the regional regulation of intestinal blood flow (113).

Following the identification of NMS, research into the role of the NMU/NMS system and their receptors in regulating cardiovascular function has taken on new aspects. The first report indicated that NMS administered icv does not alter heart rate in rats (73).

In the aspect of research on the role of NMU and NMS, the results of human organ studies deserve special mention (19). The authors studied the effects of these peptides on heart, aorta, and coronary artery, mammary and radial artery and saphenous vein, among others. They demonstrated the expression of both NMU and NMS and their receptors NMUR1 and, much lower NMUR2 in the human cardiovascular system. They further demonstrated that the vasoconstrictor effect of NMU is endothelium-independent. A similar effect is produced by NMS. The team demonstrated for the first time the expression of NMU and NMS in the myocardium and its vessels, where NMUR1 receptor expression also occurs. The authors suggest that this system may be involved in the control of hemodynamics.

The above observations indicate a direct action of NMU and NMS in the myocardium and vasculature. In this context, there are relatively numerous reports also of indirect - via the sympathetic nervous system - effects of these peptides on cardiovascular function in the rat (114–116).

The direct effect of NMS on rat cardiomyocytes is also evidenced by the direct stimulatory effect of this peptide on L-type Ca++ channel currents (117).

A recent report shows that in the H9 cell line (human embryonic stem cell derived cardiomyocytes), in a model simulating cardiac ischemia reperfusion injury NMUR1 is directly involved in protecting the studied cells from damage (118). In the experimental model used, miR-1275 expression is significantly increased. The authors showed that miR-1275 directly targets the 3ʹUTR of NMUR1 and negatively regulates NMUR1 expression. Silence of NMUR1 abolished the protecting effect of the miR-1275 antagomir on myocardial injury.



Bone

With regard to bone, the first publication on the role of the NMU/NMS and its receptors system was by Sato et al. (119). In mice with a silenced NMU gene, this team demonstrated higher bone mass compared to WT animals. Based on physiological experiments in vivo and on cultured osteoblasts, the authors suggest that the changes in bone depend on the action of NMU in the CNS rather than on a direct action of the neuromedin on osteoblasts. The last suggestion comes from studies performed on cultured mouse calvarial osteoblast-like cells exposed to NMU. Under these conditions, alkaline phosphatase activity, mineralization, and expression of osteoblast marker genes were not altered. Moreover, both osteoblasts cultured from NMU-silenced and WT mice proliferated normally in the presence of NMU. Also, osteoclastic differentiation from bone marrow macrophages was unchanged by NMU treatment.

In the aspect of the above results, our group performed a study on the role of the NMU/NMS system and their receptors in regulating functions of cultured rat calvarial osteoblast-like (ROB) cells (120). By using QPCR, high expression of NMU mRNA was found in freshly isolated ROB cells while after 7, 14, and 21 days of culture, expression of the studied gene was very low. In contrast, NMUR2 mRNA expression in freshly isolated ROB cells was negligible and very high in cultured cells. The highest NMUR2 mRNA expression was observed at day 7, and was followed by lower levels at days 14 and 21 of culture. Neither NMS nor NMUR1 mRNA was found in studied cells. Exposure of cultured ROB cells to NMU8 had no effect on expression levels of the genes. During the entire culture period, NMU8 did not affect osteocalcin production, but stimulated proliferative activity of ROB cells at days 14 and 21 of culture.The stimulatory effect of NMU8 on ROB proliferation was not observed on day 7 of culture (proliferative stage of culture).

Of interest are the current findings on the role of NMU in regulating osteoblast differentiation and activity (121). These studies were performed on MC3T3-E1 (osteoblast precursor cell line derived from newborn mouse calvaria, cultured for 9 days) and W-20-17 cells (cell line derived from mouse bone marrow stromal cells, cultured for 17 days). These cells were cultured in the presence of NMU8 and NMU25. In W-20-17 cells NMU expression increased as cells underwent osteoblastic differentiation. Exposure to NMU25 during differentiation led to a reduction in the expression of osteoblast markers, including osteocalcin, whereas this effect was not observed with exposure to NMU8. In cultured MC3T3-E1 cells, both NMU8 and NMU25 increased the expression of osteoblast markers but had no effect on osteocalcin expression levels. In these cells, NMU8 resulted in increased proliferation, whereas NMU25 had no effect on the division of these cells. It appeared that intracellular signaling pathways induced by NMU8 and NMU25 in the tested cells differed. In the W-20-17 lineage, NMU25 stimulates activation-related phosphorylation of multiple effectors, whereas no such effect was exerted by NMU8. In contrast, in MC3T3-E1 cells NMU8 as well as NMU25 evoked very similar effects.

As can be seen from the above data, the effect of NMU on osteoblast function differs significantly, depending on the cells studied, the duration of culture as well as the isoform of NMU used in the study (25 vs. 8 aa). The different effects of NMU8 and NMU25 on osteoblasts may also suggest the presence in osteoblasts of another, not yet identified receptor, as we mentioned earlier. This possibility is also suggested by the results of phospho-profiling arrays (121).




Addendum: NMU in Pathophysiology

In recent years, an increasing number of publications have addressed the role of NMU in pathophysiology, including the role of this neuromedin in immunology and inflammation, as well as in the biology of various cancers. These issues have been presented in several current review papers. Therefore, these topics are not addressed in the present article. Interested readers are encouraged to refer to relevant papers on immunology and inflammation (122–124) and cancers (125).



Conclusion

The system of NMU/NMS and their receptors occurs practically in the entire body and is associated with the functioning of various organs. Modern techniques of molecular biology have led to the identification of new biologically active peptides of this system, which are NURP and NSRP, whose mechanism of action may be mediated by a yet to be discovered receptor (except NMUR1 and NMUR2). Recent advances in understanding the role of this system are based primarily on genetically modified mice, as well as studies on a variety of cell lines. However, it should be emphasized that the results of these studies often cannot be generalized because they are dependent on experimental conditions. It seems that development of highly specific NMUR1 and NMUR2 antagonists would allow even more precise understanding of the role of NMU and NMS in regulation of physiological processes at the organ and cellular level.
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Pituitary adenylate cyclase-activating polypeptide (PACAP, gene name ADCYAP1) is a multifunctional neuropeptide involved in brain development and synaptic plasticity. With respect to PACAP function, most attention has been given to that mediated by its specific receptor PAC1 (ADCYAP1R1). However, PACAP also binds tightly to the high affinity receptors for vasoactive intestinal peptide (VIP, VIP), called VPAC1 and VPAC2 (VIPR1 and VIPR2, respectively). Depending on innervation patterns, PACAP can thus interact physiologically with any of these receptors. VPAC2 receptors, the focus of this review, are known to have a pivotal role in regulating circadian rhythms and to affect multiple other processes in the brain, including those involved in fear cognition. Accumulating evidence in human genetics indicates that microduplications at 7q36.3, containing VIPR2 gene, are linked to schizophrenia and possibly autism spectrum disorder. Although detailed molecular mechanisms have not been fully elucidated, recent studies in animal models suggest that overactivation of the VPAC2 receptor disrupts cortical circuit maturation. The VIPR2 linkage can thus be potentially explained by inappropriate control of receptor signaling at a time when neural circuits involved in cognition and social behavior are being established. Alternatively, or in addition, VPAC2 receptor overactivity may disrupt ongoing synaptic plasticity during processes of learning and memory. Finally, in vitro data indicate that PACAP and VIP have differential activities on the maturation of neurons via their distinct signaling pathways. Thus perturbations in the balance of VPAC2, VPAC1, and PAC1 receptors and their ligands may have important consequences in brain development and plasticity.
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INTRODUCTION

Pituitary adenylate cyclase-activating polypeptide (PACAP) and the closely related neuropeptide vasoactive intestinal peptide (VIP), exhibit widespread expression in the central and peripheral nervous systems. Their receptors (PAC1, VPAC1, and VPAC2) are widely expressed in the brain but are also present in a multitude of peripheral target organs, including those of cardiovascular, renal, digestive, immune, endocrine, and reproductive systems. Due to cell-specific localization patterns, differing (VIP-ergic vs. PACAP-ergic) innervation configurations, and the existence of multiple alternate signaling pathways, the ligand/receptor interactions modulate physiological activities in highly specific manners (Vaudry et al., 2009). Importantly, these ligand receptor interactions, especially, PACAP/PAC1, are also known to modulate nervous system development, regeneration, and synaptic plasticity (Waschek, 1996, 2002, 2013; Otto et al., 2001; Hashimoto et al., 2006, 2011; Vaudry et al., 2009; Harmar et al., 2012; Rajbhandari et al., 2021). Moreover, we and others have investigated the involvement of PACAP in multiple behaviors in animals and in human disease by performing phenotype analyses of PACAP-deficient mice and genetic linkage analyses in humans. For example, PACAP-knockout mice exhibit increased locomotor activity, anxiety/anxolytic phenotypes, depression-like behavior, deficits in learning and memory, cognitive impairment (Hashimoto et al., 2001, 2009; Tanaka et al., 2006; Ishihama et al., 2010; Hattori et al., 2012; for reviews see: Hammack and May, 2015; Mustafa et al., 2015; Shibasaki et al., 2015; Farkas et al., 2017; Missig et al., 2017; Reglodi et al., 2018b; Johnson et al., 2020). Of note, the behavioral phenotype of PACAP-knockout mice varies under different environmental conditions and different genetic backgrounds (mouse strain), and with the specific gene sequences that were deleted in the different PACAP gene knockout models. In humans, the dysregulation of PACAP and the PAC1 receptor has been associated with schizophrenia, depression, and post-traumatic stress disorder (PTSD) (Hashimoto et al., 2007, 2010; Ressler et al., 2011; Mercer et al., 2016; Ross et al., 2020).

Recently, genetic studies aimed at the discovery of copy number variants (CNVs) have revealed that microduplications of VIPR2 gene were strongly associated with schizophrenia (see below and Levinson et al., 2011; Vacic et al., 2011; Yuan et al., 2014; Li et al., 2016; Marshall et al., 2017). While both ligands (VIP and PACAP) appear to play roles in neural cell proliferation, maturation, synaptogenesis, protection and regeneration (see below and Falluel-Morel et al., 2007; Hill, 2007; Passemard et al., 2011), the pathological roles of PACAP and VIP and their mechanistic links to mental health disorders remain largely unknown. In the present review, we aimed to summarize physiological functions of the VPAC2 receptor, recent genetic research linking VIPR2 duplications to schizophrenia, and relevant actions of VPAC2 receptors in animal and cell culture models.



LOCALIZATION AND PHYSIOLOGICAL FUNCTIONS OF THE VPAC2 RECEPTOR

The VPAC2 receptor is a 7-transmembrane G-protein-coupled receptor (GPCR). Like PAC1 and VPAC1 receptors, VPAC2 couples with Gs-type trimeric G-proteins and activates adenylate cyclase, thereby producing cAMP and triggering the activation of protein kinase A (PKA). Additionally, the VPAC2 receptor activates phospholipase C (PLC) through both the pertussis toxin-sensitive (Gi/o) and -insensitive (Gq/11) pathways (Kim et al., 2000; MacKenzie et al., 2001). The VPAC2 receptor is widely distributed throughout the body in humans and is highly expressed in peripheral tissues such as the heart, stomach, pancreas, small intestine, thymus, prostate, testicle, ovary, and placenta. Activation of the VPAC2 receptor induces vasodilation, smooth muscle relaxation, and increases insulin secretion. In the brain, the VPAC2 receptor is highly expressed in neurons in the thalamus and hypothalamus, especially in the suprachiasmatic nuclei, as well as the cerebral cortex (Sheward et al., 1995; An et al., 2012). Its role regarding circadian rhythms has been studied extensively using VPAC2-deficient mice and VPAC2-overexpressing mice, demonstrating that the VPAC2 receptor is critically involved in the synchronization of neural activity and the regulation of firing frequency (Shen et al., 2000; Harmar et al., 2002; Cutler et al., 2003). Interestingly, we found that VPAC2-deficient mice exhibited normal fear learning, but a selective deficit in fear extinction (Ago et al., 2017). Notably, impaired extinction is a primary symptom of PTSD (Milad et al., 2009), a disease genetically linked to PACAP signaling (Ressler et al., 2011). Consistent with deficit in fear behavior in VPAC2 receptor knockout mice, altered synaptic structure in the prefrontal cortex was observed, with a decrease in numbers, lengths, and complexities of both apical and basal dendrites (Ago et al., 2017).

In addition to their presence in neurons, VPAC2 receptors are also expressed in astrocytes (Nishimoto et al., 2011) and oligodendrocytes (Lelievre et al., 2006), but not at detectable levels in microglia (Delgado et al., 2002). Only a few studies have addressed its regulation and physiological functions in glia. In a rat cortical cold injury model, VPAC2 receptors were found to be upregulated in cortical neurons and astrocytes in the penumbra (lesion border area), suggesting that VPAC2 receptors have an important function in brain trauma (Nishimoto et al., 2011). Furthermore, VIP immunoreactivity was detected in microglia within these lesions, a potential non-neuronal source of ligand. In vitro experiments utilizing cultured astrocytes showed that Ro 25-1553, a specific VPAC2 receptor agonist, induced in astrocytes morphological changes thought to mirror gliosis in vivo. Moreover, Ro 25-1553 up-regulated the glutamate transporters GLAST and GLT-1. These findings, along with, the unique spatiotemporal expression pattern of VPAC2 receptors in reactive astrocytes and VIP in nearby microglia, suggest that VIP–VPAC2 signaling may be involved in the induction of reactive astrogliosis and play an important role in neuroprotection against glutamate excitotoxicity. In another brain injury model, VIP and Ro 25-1553 were found to attenuate the ibotenic acid-induced cerebral white matter lesions in neonatal mice (Rangon et al., 2005). Moreover, the protective effect of VIP was absent in VPAC2-deficient mice. In other work, a VPAC2 receptor-specific agonist LBT-3627 exhibited neuroprotection against 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-induced loss of dopaminergic neurons in a mouse model of Parkinson’s disease (Olson et al., 2015). LBT-3627 may have acted primarily via VPAC2 receptor on peripheral immune cells in this study because peripheral regulatory T cell function was enhanced in treated mice. Increased regulatory T cell activity may thus have dampened the inflammatory response in the brain, as evidenced by a reduction in microglia activation. Alternatively, or in addition, the VPAC2 agonist may have acted more directly within the brain, via receptors on neurons or astrocytes.



RECENT GENETIC STUDIES ON SCHIZOPHRENIA

Schizophrenia is a severe mental health disorder, with a prevalence of about five cases per 1,000 individuals. The onset of this disease in men typically occurs in late teens to early twenties, and in women presents in the late twenties to early thirties. By the early 1990’s, concordance and heritability studies had already provided strong evidence that risk to the development of schizophrenia involves, and likely requires, multiple genetic alterations in concert with environmental factors (McGue and Gottesman, 1991). More recent molecular genetic approaches, including large-scale genome-wide association studies (GWAS) have led to the discovery of specific gene mutations and molecular pathways that confer risk to developing this disease. For example, a GWAS on schizophrenia that included approximately 37,000 patients and 113,000 healthy subjects revealed 108 genomic regions with a statistically significant association with schizophrenia (Schizophrenia Working Group of the Psychiatric Genomics Consortium, 2014). Additionally, recent large-scale studies employing deep RNA sequencing have successfully identified associated splicing quantitative trait loci (sQTL or splice QTL) (Battle et al., 2014; GTEx Consortium, 2015). Appling mRNA sequencing in the human pre-frontal cortex, a significant enrichment of sQTLs in schizophrenia risk loci was found (Takata et al., 2017). In particular, single nucleotide polymorphisms (SNPs) of sQTL that regulate the alternative splicing of genes such as FXR1 and SNAP91 were strongly associated with schizophrenia. FXR1 encodes a homolog of fragile-X mental retardation protein (FMRP) that is responsible for fragile X syndrome. The encoded protein of FXR1 is known to interact with FMRP (Zhang et al., 1995). Targets of FMRP are known to be involved in the genetic architectures of schizophrenia (Purcell et al., 2014). SNAP91, on the other hand, encodes the clathrin-associated protein AP180. AP180 is enriched in the presynaptic terminal of neurons and plays an essential role in synaptic neurotransmission (Koo et al., 2015). These findings suggest potential new genetic mechanisms by which brain sQTL SNPs regulate genes in which altered function results in enhance risk for schizophrenia.

Analysis of copy number variation (CNV) has become an important tool in the identification of novel and important mutations associated with disease and phenotypic traits. While CNVs typically explain only a small proportion of trait heritability, they may have large effects and functional consequences. Therefore, analyses of CNVs has a strong potential to lead to the elucidation of processes involved in pathogenesis of mental health disorders. For instance, it is well-known that 22q11.2 deletion presents a high risk for developmental neuropsychiatric disorders (odds ratio 20.3 and frequency 0.31% for schizophrenia) (Sullivan et al., 2012). Among other potentially relevant genes altered in this large multi-gene loci, a single nucleotide mutation of RTN4R, encoding the Nogo receptor 1, at 22q11.2 was significantly associated with schizophrenia. The RTN4R mutation results in decreased Nogo receptor binding with LINGO1, and thereby affects the formation of neuronal growth cones (Kimura et al., 2017).

These examples are meant to simply highlight the immense progress in the field of schizophrenia genetics that has occurred in the last decade. Readers are referred to excellent reviews in the literature that cover genetic advances in schizophrenia (for example, Avramopoulos, 2018; Dennison et al., 2020). With multiple technological advances, many types of genetic variants that increase the risk have been now recognized. While the type and contribution to the risk vary among genetic variants, there might be concordance in the functions of genes they implicate.



VPAC2 RECEPTOR MICRODUPLICATION LINKAGE TO SCHIZOPHRENIA AND OTHER PSYCHIATRIC DISEASE

In 2011, it was first reported that microduplications at 7q36.3 were strongly associated with schizophrenia (odds ratio 16.4 and frequency 0.24%) (Levinson et al., 2011; Vacic et al., 2011). All duplications overlapped with the VIPR2 gene or were located within 89 kb upstream of the transcription start site. Increased VIPR2 mRNA expression and cAMP accumulation in response to VIP and a VPAC2 receptor agonist BAY 55-9837 were observed in cultured lymphocytes of patients, demonstrating the functional significance of the microduplications (Vacic et al., 2011). These findings suggest the possible involvement of excessive signaling via the VPAC2 receptor in the pathophysiology of schizophrenia. Inheritances of the duplications at 7q36.3 were evaluated in three families and were shown to be de novo in one family, in which the duplication was observed in the proband but not in his/her unaffected parents. Subsequently, the association between the VIPR2 CNV and schizophrenia were reported in a large scale study of the Han Chinese population (Yuan et al., 2014; Li et al., 2016). In another report, a novel smaller (35 kb) duplication upstream of the VIPR2 promoter was discovered within a smaller cohort of about 300 schizophrenic patients in the Japanese population. This novel variant was relatively common (2%) in the Japanese population, but found not to be associated with increased schizophrenia risk (Aleksic et al., 2013). It can be concluded that this 35 kb variant does not capture the effects of the various gene segments identified by Vacic and colleagues, which together span a larger area of the VIPR2 gene (Vacic et al., 2011).

Vacic et al. (2011) also showed that VIPR2 CNVs exhibited higher frequencies in autism spectrum disorder (ASD) compared to control individuals. This requires confirmation because the number of autism-affected individuals was comparatively small. In other papers, the presence of a VIPR2 CNV was reportedly present in an ASD patient and his ASD-afflicted father (Firouzabadi et al., 2017). In another type of work, neonatal blood concentrations of VIP, but not PACAP, were found to be higher in children later diagnosed with ASD compared to control subjects that did not (Nelson et al., 2001). In another genetic analysis, VIPR2 SNPs were found to be significantly associated with depression (including bipolar disorder) (Soria et al., 2010) and hypomethylation at CpG sites of VIPR2 was observed in DNA samples derived from the saliva of children with attention-deficit/hyperactivity disorder (Wilmot et al., 2016).



ROLE OF THE VPAC2 RECEPTOR IN SYNAPTOGENESIS

Impairments of dendritic and synaptic density in pyramidal neurons across multiple brain regions, such as changes in dendritic arborization, dendritic spine number/type, and morphology, have been observed in schizophrenia (Moyer et al., 2015), indicating that altered synaptogenesis and/or plasticity may be an important factor underlying this mental health disorder. We determined more than two decades ago that VPAC2 gene expression in the postnatal mouse brain displays a pronounced peak at postnatal day 12, a time of active synaptogenesis, pruning and myelination, and then declines as animals reach adulthood (Waschek et al., 1996). In agreement with those findings, the Allen Mouse Brain Atlas reports a peak of VPAC2 gene expression at postnatal day 14, with highest levels in prosomeres 2 and 3 (putatively corresponding to the developing hypothalamus and thalamus), as well as scattered signals in the cortex, including the prefrontal cortex. These observations suggest that VPAC2 receptors might play an important role in postnatal maturation of the nervous system, and that increased, improperly timed, or ectopic activation might impair the establishment of circuits involved in cognition.

We thus used pharmacological approaches to determine anatomical and behavioral changes that might occur due to overactive VPAC2 signaling during the early postnatal period (Ago et al., 2015). We subcutaneously administered Ro 25-1553 once daily over the first 2 weeks of life. Analysis of synaptic proteins levels by Western blot at postnatal day 21 revealed significant reductions of synaptophysin and postsynaptic density protein 95 (PSD-95) in the prefrontal cortex, but not in the hippocampus (Ago et al., 2015). The same postnatally restricted treatment resulted in a long-term disruption of prepulse inhibition of the acoustic startle in adult (3–4 month old) mice. On the other hand, no effects were observed in locomotor activity in the open-field test, sociability in the three-chambered social interaction test, or memory function in the fear conditioning or extinction (Ago et al., 2015). In another study, we found that VPAC2 receptor-deficient mice exhibited abnormal dendritic morphology of the prefrontal cortex neurons, but not basolateral amygdala neurons (Ago et al., 2017).

Recently, Tian et al. (2019) developed a conditional human VIPR2 CNV bacterial artificial chromosome (BAC) transgenic (hVIPR2-BAC tg) mouse model of VIPR2 CNV. They reported that hVIPR2-BAC tg mice showed cognitive, sensorimotor gating, and social behavioral deficits and decrease in the complexity of dendritic arborization of the striatal spiny projection neurons. These findings suggest that the VPAC2 receptor plays an important role in the regulation of the dendritic morphology and that the VIPR2-linkage to mental health disorders may be due in part to overactive VPAC2 receptor signaling during a critical time of synaptic maturation in the prefrontal cortex and striatum circuitry. A limitation of these mouse genetic models, however, is that gene function is impaired during development as well as in the adult. Because VPAC2 expression is altered in both time periods, effects on behavior cannot necessarily be attributed to alterations occurring development. Furthermore, compensatory mechanism might come into play with long term alterations in gene expression. Thus pharmacological approaches have been used to study specific roles of VPAC2 receptors in brain development.



EFFECTS OF VPAC2 RECEPTOR ACTIVATION ON AXON AND DENDRITE GROWTH IN CULTURED CELLS

Given that altered dendritic arborizations were observed in the medial prefrontal cortex of VPAC2 receptor knockout and VPAC2 receptor agonist-treated mice, we have studied the ability of native PACAP and VIP and Ro 25-1553 to regulate the formation of axons and dendrites in vitro using cultured neurons from wild-type embryonic day 16 mouse cortices. VIP and Ro 25-1553 were found to dose-dependently inhibit the growth of both axons and dendrites in these cultures, effects that were fully blocked by H89, a PKA inhibitor and a VPAC2 receptor antagonist PG 99-465 (Takeuchi et al., 2020). Interestingly, PACAP had no detectable effect on axons or dendrites at lower doses, but stimulated growth at relatively high doses, an effect which was blocked by a MAPK/ERK kinase (MEK) inhibitor U0126 (and not H89). Our interpretation of this data is that VPAC2 and PAC1 receptor activation have opposing effects on developing axons and dendrites, where VPAC2 inhibits and PAC1 stimulates growth. The stimulatory effects on PAC1 by lower concentrations of PACAP in this cell culture model are canceled by PACAP’s inhibitory action on VPAC2 receptors. VIP, on the other hand, only inhibits growth because it does not significantly activate PAC1 receptors. In physiological settings, the ultimate effects depend on the balance of both ligands and receptors (Figure 1). Notably, PAC1 receptors are expressed as early as embryonic day 9.5 and remain expressed thereafter (Shioda et al., 1997; Waschek et al., 1998), whereas VPAC2 receptors do not become strongly expressed until about postnatal day 6 to day 12. Thus, during early development the presence of PAC1 receptors positively drives axon and dendrite growth. The later onset of VPAC2 receptor expression may then provide a regulatory mechanism to control this process. Collectively, we propose that miss-timed, ectopic, or lack of VPAC2 receptor during critical times of postnatal development will result in a failure to fine tune synapse formation, resulting in synaptic aberrations and the failure to properly develop circuits that are critical to cognition. Moreover, we propose that similar processes are affected in adult mice in the context of synaptic plasticity.


[image: image]

FIGURE 1. Proposed mechanism for the roles of VIP and PACAP system in neural development and mental health disorders. Mouse primary embryonic cortical neurons extend axons and dendrites in vitro in the absence of added peptide. Addition of VIP results in a reduction in total numbers and lengths of neuronal dendrites via the VPAC2 receptor, whereas PACAP selectively facilitates the elongation of dendrites via the PAC1 receptor (Takeuchi et al., 2020). To explain these differential effects, it is proposed that VPAC2 and PAC1 signaling undergoes differential timed activations in brain development under normal (physiological) conditions. When the VPAC2 receptor activity is enhanced by VIPR2 duplications or by pharmacological activation, or if PACAP–PAC1 signaling is reduced by PACAP deficiency, the VPAC2 signaling would be expected to become relatively amplified. This might cause the delay of neural maturation and thus impaired synaptic function, leading to brain dysfunction.




CONCLUSION

In this review, we present an overview of human genetic studies implicating VIPR2 CNVs as a risk factor for developing schizophrenia, along basic research findings in mice and cell culture models that provide potential mechanisms to explain the linkage. Our studies suggest that excessive activation of VPAC2 signaling during development influences the formation and maturation of neural structures in the brain such as the prefrontal cortex, thereby impairing sensory information processing and cognitive function. Reported VIPR2 duplications directly lead to excessive signaling via the VPAC2 receptor owing to increased VPAC2 expression. In addition, considering that the PAC1 receptor is selectively activated by PACAP, VIP–VPAC2 signaling may become amplified under certain conditions of PACAP deficiency such as aging (Reglodi et al., 2018a). A detailed analysis for abnormalities in development, maturation and tuning of neurons due to VPAC2 receptor activation may help to uncover the molecular mechanisms underlying the etiology of mental health disorders such as schizophrenia and ASD.
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Early life is a period of considerable plasticity and vulnerability and insults during that period can disrupt the homeostatic equilibrium of the developing organism, resulting in adverse developmental programming and enhanced susceptibility to disease. Fetal exposure to prenatal stress can impede optimum brain development and deranged mother’s hypothalamic–pituitary–adrenal axis (HPA axis) stress responses can alter the neurodevelopmental trajectories of the offspring. Corticotropin-releasing hormone (CRH) and glucocorticoids, regulate fetal neurogenesis and while CRH exerts neuroprotective actions, increased levels of stress hormones have been associated with fetal brain structural alterations such as reduced cortical volume, impoverishment of neuronal density in the limbic brain areas and alterations in neuronal circuitry, synaptic plasticity, neurotransmission and G-protein coupled receptor (GPCR) signalling. Emerging evidence highlight the role of epigenetic changes in fetal brain programming, as stress-induced methylation of genes encoding molecules that are implicated in HPA axis and major neurodevelopmental processes. These serve as molecular memories and have been associated with long term modifications of the offspring’s stress regulatory system and increased susceptibility to psychosomatic disorders later in life. This review summarises our current understanding on the roles of CRH and other mediators of stress responses on fetal neurodevelopment.
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Introduction

Early life, especially the first 1000 days from conception to age 2, is considered as one of the most critical periods of development (1), where the foundations of optimum health, growth, and neurodevelopment across the lifespan are established. During pregnancy, the mother must activate and coordinate multiple and diverse homeostatic mechanisms to support the growing fetus, especially neurodevelopment and achieve a favourable outcome. Optimal function of this adaptation process (2), involving mediators of the neuroendocrine stress response, promotes brain plasticity and resilience. In cases of excessive prenatal adversity, optimal homeostatic equilibrium might be severely impaired (3) and (mal)adaptive responses might contribute to development of prolonged pathogenic mechanisms. Pathological signals arising from the mother can be transmitted to the developing fetus leading to adverse programming of the offspring (2, 4).

Altered developmental trajectories of the fetus, can lead to acute consequences or long-term outcomes such as enhanced susceptibility to adult disease (the fetal origin of adult disease) (5). A plethora of studies identified correlations between disrupted fetomaternal symbiosis and fetal programming sometimes leading to pathological birth phenotypes including abnormal immune function (6, 7) and increased metabolic risk of the offspring (8–10). Prenatal stress has also been associated with disrupted brain programming and function, since the perinatal period is a critical period of neurogenesis where the fetal brain can be remodelled or re-programmed (11). Such exposures to adverse early life experiences that disrupt fetal neurodevelopment are associated with offspring’s increased risk for various psychopathologies (12–15).

In this review we describe current knowledge and emerging evidence about the key players involved in maternal stress responses on fetal neurodevelopment, focusing on the two distinct but interacting mediators of hypothalamic–pituitary–adrenal axis (HPA axis) responses: corticotropin-releasing hormone (CRH) and its G-protein coupled receptors (GPCRs), and adrenal glucocorticoids (GCs).



Adaptation to Maternal Stress, Resilience, and Neurodevelopment

In human, the period between 20 and 32 weeks after conception is characterized by rapid brain development in particular neural migration and synaptogenesis and a high rate of fetal neuronal proliferation (16); this is associated with development of the fundamental anatomical structures for the initial functioning of early neural circuits in utero (17). Brain neurogenesis is remarkably complex and the fetal brain tissue can be particularly plastic and vulnerable to a hostile intrauterine environment. During pregnancy, coordinated actions of hormones produced by the mother, placenta and fetus, regulate fetal neurodevelopmental processes and fine-tune brain formation (18). Members from at least three families of GPCRs, (rhodopsin, secretin and adhesion) have been identified as crucial for mediating these actions (18–20) (Table 1).


Table 1 | GPCRs involved in CNS development.



Fetal exposure to maternal stressors and enhanced allostatic load, can disrupt optimum brain development. Mapping pathologic pathways implicated as central mediators of the effects of early life stress in brain function, identified altered HPA axis responses and perturbed glucocorticoid signalling as well as various modifications in the fetal brain function, including impaired GPCR signalling, alterations in neurotransmission and disturbed functionality of neuronal circuits (21–26). Thus, as the phenotype responds to the intrauterine environment, these adaptations can sometimes result in long term consequences and increased risk for disease in later life (27). See Howland et al. (28) for a recent review.


HPA Axis Activation and Pathological Offspring Phenotypes

The HPA responses during pregnancy are characterized by another major source of neuropeptide secretion, the placenta, which synthesises placental CRH (pCRH) as early as 7 weeks of gestation. Placental CRH exhibits distinct responses to glucocorticoids and during gestation there is a bi-directional release of pCRH into the maternal and fetal compartments (29, 30). Acting via type 1 (CRH-R1) and type 2 (CRH-R2) receptors, CRH coordinating homeostatic challenges (31) that might be crucial in fetal maturation and providing nutritional signals that ultimately control pace of fetal development. It is thus reasonable to assume, that hormonal imbalances associated with severe or prolonged stress response, could potentially affect optimal outcomes (18). For example, it has been suggested that prenatal maternal stress signals associated with elevated levels of CRH, influence fetal growth in directions that determine gestation outcomes and alter birth phenotypes (32). Results from the ELGAN (Extremely Low Gestational Age Newborns) study suggest that extremes of pCRH expression identify risk for adverse fetal developmental outcomes: low CRH mRNA concentrations are associated with placenta inflammation and predict ventriculomegaly whereas high CRH mRNA concentrations predict motor dysfunctions (33). In addition, pCRH through cortisol stimulation might induce a state of insulin resistance and increased glucose in maternal circulation available to the fetus.



CRH as a Neuroprotective Signal and Molecular Mechanisms

A potential neuroprotector role has been suggested for CRH by promoting neurogenesis, differentiation and survival of neuronal cells (34, 35), however, abnormal intrauterine exposure to excess CRH, can affect fetal neurodevelopment and result in brain alterations resulting in cognitive and emotional deficits that persist in later life (16, 36–39). Studies on early human embryos suggest that CRH can promote survival of the neural progenitor cells (NPCs) and serve as an endogenous neuroprotector. These actions involve CRH-R1 and downstream activation of multiple kinases including PKA and CREB activation (40) as well as MAPK and PI3K signalling pathways. The latter control apoptosis of NPCs, through inactivation of proapoptotic signals such as Glycogen Synthase Kinase (GSK-3β) that prevents degradation of β-catenin, augmenting neurogenesis (41). CRH direct neuroprotective actions can oppose the neurotoxic effects of excess glucocorticoids on neuronal progenitors (34). Additionally, CRH serves as a key modulator in adult neurogenesis and genetic disruption of CRH/CRH-R impairs hippocampal neurogenesis. Exposure of hippocampal neural stem cells (NSCs) to CRH increases proliferation, survival, and differentiation via transcriptional processes involving upregulation of Notch3, a crucial regulator of adult tissue NSC quiescence and maintenance (35).

CRH control of neurogenesis involves regulators of neuronal connectivity and synaptic plasticity such as brain derived neurotrophic factor (BDNF). Hypothalamic CRH is positively regulated by BDNF via a mechanism that involves the cAMP response-element binding protein (CREB) coactivator CRTC2. This transcriptional regulator serves as a bidirectional switch for BDNF and glucocorticoids to control expression of CRH (42). Studies in CRH-overexpressing mice also identified a positive feedback loop between CRH and BDNF that enhances BDNF release. This leads to improved neuroprotective outcomes under acute excitotoxic stress, with reduced neurodegeneration and neuroinflammation of the hippocampus (43). Stress-induced epigenetic modifications, resulting in BDNF methylation and decreased expression in prefrontal cortex, amygdala and hippocampus of prenatally stressed rats (44, 45), disrupt the optimum neurodevelopmental processes, with similar effects also reported in humans (46).



Fetal Neurodevelopment in States of Maternal Stress and Excess CRH

Placental CRH can cross the immature fetal blood-brain barrier where it may alter the rate of maturation of developing neuronal structures. Differentiated cortical neurons in the fetal brain express CRH-R as early as 13 weeks’ gestation. Studies in humans and animals linking pCRH with early life behavioural outcomes, show a positive correlation between maternal stress and aberrant neurodevelopmental function likely related to stunting of normal neuronal growth. See Lautarescu et al. (47) for a recent review. Reduced cortical volume in the frontal and temporal lobe, in the face of elevated levels of pCRH during gestation, have been associated with both cognitive and emotional deficits in pre-adolescent children (36). Moreover, in rodents models of disease, stress-induced dendritic remodelling has been linked with increased anxiety and depressive like behaviours and with memory impairment (48). In human studies, fetal exposure to accelerated pCRH trajectories during mid-gestation was associated with child internalizing symptoms at 5 years of age (16) and prenatal exposure to high pCRH can affect infant temperament. Full term infants of mothers with lower CRH levels at 25weeks of gestation showed lower levels of distress in infancy compared with infants exposed to elevated levels of the stress hormone (49).

Placental CRH levels have been positively correlated with thinning of selective brain regions during gestation. The impact of such developmental effects on maturation of neurons and brain circuits is long-lasting as it is evident into early life: children exposed to elevated levels of pCRH prenatally exhibit significant thinning in the whole cortical mantle at age 7. The timing of the exposure to altered pCRH levels also determines region specific changes; prefrontal thinning is associated with elevated pCRH levels at early gestation whereas temporal thinning is associated with pCRH levels later in gestation (36). Experimental animal models demonstrated CRH-induced alterations in dendritic brunching, specifically, decreased branching of cortical neurons (37); altered synaptic plasticity, impaired myelin formation and decreased dendritic spine density in the hippocampal region of the offspring (50, 51). Some evidence link maternal anxiety to reduced fetal amygdala volume during the late second and third trimester of pregnancy and alterations in fetal cortical gyrification of the frontal and temporal lobes in brains of human fetuses of stressed mothers (52).

The hippocampus and the HPA axis are functionally interconnected, therefore stress alterations to the HPA axis could mediate changes in the developing hippocampus (4). Recent studies demonstrated that maternal adversity involves brain CRH-R1 activation and regulation of neuronal connectivity and developmental trajectories of the immature hippocampus (38); this leads to structural remodelling of hippocampal CA3 neurons with significant reduction of complexity of apical dendrites and spine density (53–56).



CRH-Glucocorticoid Interplay

In addition to CRH, glucocorticoids (GC), the end-product of HPA axis, control a distinct HPA-driven regulatory pathway in fetal brain neurogenesis and neural cell proliferation (57, 58). GCs rise over the course of pregnancy to further enhance pCRH release in a distinct pCRH-adrenal GC positive feedback loop (59, 60). This loop also involves placental inflammatory pathways such as RelB and NF-kB2, molecules of the noncanonical NF-kB pathway (61–63). While GCs are key mediators of regulation of fetal growth and maturation of fetal tissues and organs (64, 65), excessive GCs during pregnancy has been associated with adverse fetal outcomes including intrauterine growth restriction (IUGR), cardiovascular disease, metabolic disorders and altered HPA set point of the neonate (18, 66).

Recent studies investigating impact of natural disasters as prenatal stressors associated with abnormal offspring HPA function and development (67), identified raised cortisol as a mediator of an angiogenic phenotype and a crucial role for GCs in altering placental transcriptome, especially reduced expression of GR-regulated endocrine genes expressed in syncytiotrophoblast. Fetal glucocorticoid exposure is partially regulated by the enzyme 11β-hydroxysteroid dehydrogenase type 2 (11β-HSD2), which is abundantly expressed in the placenta and other GC -target tissues catalysing the unidirectional conversion of cortisol to its inactive metabolite cortisone (68), thereby controlling fetal exposure to maternal cortisol. Placental activity and expression levels of 11β-HSD2 have been linked with fetal programming, and down-regulation or deficiency of placental 11β-HSD2 have been associated with unfavourable birth outcomes such as significant restriction in fetal growth and low-birth weight (69, 70). Fetal brain development and limbic brain areas (e.g., amygdala, hippocampus, hypothalamus) are particularly vulnerable to overexposure to high GCs levels. Maternal cortisol levels during pregnancy can predict amygdala volume in childhood and have been associated with temperament of the offspring (71, 72). Moreover, repeated antenatal corticosteroid administration has been linked with lower density of hippocampal neurons of neonates (73), cortical thinning (74) and reduced brain maturation (75) findings that are consistent with animal studies (76–80).

Moreover, a significant rise in GCs levels in response to disease or severe or prolonged stress can impair beneficial effects of CRH on neuronal brain tissue. As numerous studies have linked CRH to neuro-damaging effects in neuronal tissue of prenatally stressed offspring, a key question remains whether CRH is causally linked to structural brain alterations or whether it is an indirect indicator of raised GCs and neurodevelopmental negative outcomes.




Placental Stress Signals and Fetal Brain Neurotransmitters and GPCRS

In addition to its traditional roles, placenta is recognised as a functional organ supporting fetal central nervous system (CNS) development through adaptive responses to the maternal environment. Recent gene expression and network analysis in murine studies demonstrated that the placenta transcriptome is tightly interconnected with the fetal brain and inhibition of neurotrophin signalling has been identified as a potential mediator of this crosstalk. A pattern of coordinated regulation suggests an extensive network of genes encoding specific receptors and ligands predicted to regulate functional interactions between the placenta and brain (81, 82). Prenatal adverse conditions that activate placenta responses also induce changes in fetal brain neurotransmitter circuits. For example, placental inflammation and raised proinflammatory cytokines (IL6 and IL1β) has been shown to alter the neural expression of dopamine D1 and D2 receptors in brain (83). Other studies have shown that maternal inflammation in midpregnancy results in an upregulation of tryptophan conversion to serotonin (5-HT) within the placenta, leading to exposure of the fetal forebrain to increased concentrations of this biogenic amine and to specific alterations of 5-HT-dependent neurogenic processes (25, 84). 5-HT receptors in the brain are expressed in neurons and glial cells and are involved in many neurodevelopmental events (e.g., neuronal formation, connectivity and synaptic formation) identifying a possible link between the neurodevelopmental complications of the offspring upon changes in the serotonergic system. Altered 5-HT levels can disrupt the expected thalamocortical and intracortical microcircuitry and modify CRH activation via the hypothalamic 5-HT1A and 5-HT2A receptors and via the 5-HT2C receptors at the hypothalamic paraventricular nucleus (PVN), resulting in HPA axis dysregulation and altered basal activity (21). The γ aminobutyric acid (GABA) system is also sensitive in prenatal environmental insults and the latter can lead to changes in GABAergic gene expression of presynaptic GABAergic genes and GABA receptor. The function of GABA receptors also appears sensitive to such insults: while in the adult brain GABA neurotransmission serves as an inhibitory network, in the fetal and early postnatal brain, GABA signalling is primarily excitatory. Studies revealed that offspring born to immune-challenged mothers, exhibit altered gene expression of genes encoding the two cotransporters involved in the excitatory-to-inhibitory GABA switch, leading to an increased NKCC1:KCC2 ratio and thus experience a delay in the developmental switch of GABA signalling. This might represent a link between early life environmental hits and behavioural changes in adult life (22–24, 50).



Inflammation and Activation of the HPA Axis

The HPA axis responds to a wide variety of maternal signals that disrupt fetomaternal equilibrium. In particular, maternal immune activation (MIA) during pregnancy by pathogen-derived stimuli, autoinflammatory conditions or environmental irritants (85) might be an important contributor to fetal or early life neurodevelopmental disorders such as spectrum autism disorders and schizophrenia (86–88). For a latest review see Depino A., 2018 (89). The pathophysiological processes implicated in the association between MIA and adverse fetal brain programming, involve not only the hyperactivation of the maternal stress system but also inflammatory processes, elevations in mother’s circulating cytokine levels (e.g. IL-6) and oxidative stress in the maternal and fetal tissues as well as, sometimes, disruption of placental optimal functions due to inflammatory conditions (90, 91). Some prenatal factors that can potentially support fetal resilience to effects of MIA, include high maternal levels of vitamin D, iron and zinc, availability of omega-3 fatty acids and efficient anti-inflammatory and antioxidant response systems. On the other hand, maternal hypoferremia and anaemia, gestational diabetes mellitus, maternal stress during pregnancy, dysbiosis of the maternal gut microbiota and maternal history of cannabinoid exposure (90) can increase the susceptibility of the offspring response to MIA. As inflammatory mediators can pass through fetal blood-brain barrier they can cause neuroinflammation leading to neuronal loss, white matter abnormalities and impaired synaptic development and neurotransmission (92). In addition, studies in rodents suggest that MIA during pregnancy can also result in profound changes in protein synthesis of the fetal brain (involving translation initiation factors and other regulators of protein synthesis) disrupting the neurodevelopment of the fetus (85). MIA due to environmental insults by endocrine disrupting chemicals (EDCS) can also affect the developing embryo by altering synaptic connectivity, neurotransmitter or neuropeptide expression, and neuronal differentiation (93).

MIA appears to induce dysregulation of the bi-directional gut-brain axis (GBA) in particular the gut microbiome and HPA axis. Pro-inflammatory cytokines can modulate the offspring’s HPA axis activity, in particular CRH-R1 expression shown in rodent environmental ‘two-hit’ insult models (94), or modify its neuroimmune function and gut microbial colonization (95). Many studies highlight the role of gut microbiome in health (96) and disease (97). An increasing body of research indicates an association between intestinal microbes and brain function, as intestinal microbes can modulate anxiety-like behaviour and cause endocrine abnormalities in the HPA axis (98). See Morais et al. (99) for a recent review. During pregnancy, maternal microbiome composition, influenced by prenatal conditions (such as MIA), can dynamically affect the offspring and potentially program susceptibility to psychiatric disorders later in life (86, 100, 101). The latter finding is of crucial importance for fetal neurodevelopment as maternal gut microbiome promotes fetal thalamocortical axonogenesis, probably via signalling by microbially modulated metabolites to neurons in the developing brain (102). Recent findings suggest a novel interplay between maternal gut microbes and CCL2 in mediating fetal brain inflammation via raised IL-6 and placental serotonin metabolism in mediating the programming effects of prenatal stress leading to aberrant sociability and anxiety-like behaviour in adult offspring (25). Moreover, murine studies suggest that early prenatal stress disrupts maternal-to-offspring microbiota transmission and has lasting effects on metabolism, physiology, cognition, and behaviour in male offspring. Maternal vaginal microbiota appears to contribute to the long-lasting effects of prenatal stress on offspring gut and reprogramming of the developing hypothalamus associated with neurodevelopmental disorders (103).



Epigenetic Mechanisms Linking Stress and Neurodevelopment

Fetal neurodevelopment is associated with considerable epigenetic changes targeting a wide range of genes and molecules with diverse biological roles (104). Recent studies exploring activity of HPA axis in maternal prenatal adversity, demonstrated enhanced methylation of the promoter region of NR3C1, leading to transcription silencing (105, 106). This results in decreased GCs negative feedback and a concomitant increase in both basal and stress-activated (107) HPA activity and elevated CRH and cortisol levels in response to stressors (108, 109). Disruption of key epigenetic processes during critical periods of brain development and the modifications observed in the stress regulatory mechanism, can increase an individual’s vulnerability to psychopathology later in life (110). For example, human post-mortem hippocampal tissue of suicide victims showed reduced GC receptor expression in the hippocampus of those with a history of childhood abuse (111). In previous studies, NR3C1 methylation has also been associated with internalizing psychopathology in children and adolescents (112, 113). Other perceived stressors, such as socioeconomic status, health conditions, and lifestyle can also influence NR3C1 gene regulation, revealing the complexity of environmental impacts on epigenetic modifications (114). During human hippocampal neurogenesis, exposure to GCs can lead to lasting DNA methylation changes and subsequent alterations in gene transcription (115). Similar findings have been described in guinea pigs with the intriguing finding that hippocampal changes in gene transcription and DNA methylation persist across three generations of the juvenile female offspring (116).

The impact of stress-induced methylation on CRH gene expression is not well understood. Recent studies identified positive association between prenatal maternal stress and methylation of the transcription factor binding site of CRH gene in the neonatal cord blood, maternal and placenta blood samples. Methylation in several NR3C1 and CRH CpG sites, predicted a negative correlation with birth weight (117). Maternal pCRH concentration correlates with cord blood cells DNA methylation, especially methylation of the leptin (LEP) gene promoter, and these epigenetic alterations are present into mid-childhood. As higher LEP methylation has been associated with lower BMI in childhood, these results might suggest an underlying link between pCRH and metabolic fetal programming (118). Studies on rodents reveal that chronic stress can induce epigenetic alterations that can mould the central stress response and ultimately affect gene expression and CRH transcriptional and translational activities in many brain areas, in a sex specific manner (119). Although maternal interaction is a major determinant of hypothalamic CRH expression in early life (28), data from in utero epigenetic studies are not available but required to explore the impact of prenatal interaction on later-life stress responsiveness. DNA methylation is not the only epigenetic alteration that can be detected; early life stress can also lead to histone modifications, that can modify chromatin architecture, alter transcription, and ultimately affect gene expression of candidate genes during early brain development (120–122). Chronic maternal stress can also generate major alterations in the antioxidant levels, and in the cellular pathways implicated in neurodevelopmental processes and DNA damage; a recent study demonstrated that maternal chronic stress downregulates levels of β-catenin and BDNF and upregulates GSK-3β, resulting in compromised neurogenesis in the prenatally stressed offspring (41, 123). Long-term alterations on signalling pathways interfering with the inflammatory/immune response and metabolism in the prenatally stressed offspring, have been reported especially with the neuroinflammation signalling pathway, the NF-kB and p38 MAPK signalling (124). Epigenetic changes may also interfere with GPCR signalling and changes in the methylation status of genes encoding G proteins or GPCRs may result in inability of G protein signalling initiation or even in abruption of the GPCR signalling transduction. For example, in male neonates, there is a positive correlation between pregnancy anxiety and fetal methylation of the GABBR1 gene, that encodes the G protein coupled receptor subunit GABA-B1 (26). Likewise, maternal emotional stress and cortisol levels during pregnancy are associated with fetal DNA methylation of GNASXL, the extra large isoform of Gas protein involved in networks that control fetal growth and development (125). For a recent review see Cao-Lei et al. (126).



Conclusions

The placenta is pivotal in the development of the fetal brain and extensive molecular networks and pathways functionally link the two tissues. Placental adaptive inflammation and epigenetic responses to the maternal environment under the influence of prenatal stress, activate mechanisms that exert adverse roles in fetal neurodevelopment (Figure 1). The underlying biological mechanisms only recently began to unravel, especially the roles of altered HPA responses involving placental CRH and glucocorticoids. However, the precise mechanisms employed by the fetus to protect itself from an unfavourable intrauterine environment have not yet been fully elucidated. The fetus plays an active role in its own development and efforts to establish successful pregnancy outcomes, and via developmental programming, alters the birth phenotype to adjust better to the postnatal life. This “fight response”, is controlled by the HPA at multiple levels with pCRH exerting a major influence by integrating the homeostatic mechanisms that will ultimately promote adaptation to maternal adversity. Nonetheless, in cases of extremely unfavourable intrauterine conditions, the fetus can also choose to ‘escape’ from a hostile maternal environment, triggering the “flight response” via HPA axis activation, that will ultimately initiate parturition and lead to preterm birth. This hypothesis places pCRH in a central role in controlling the placental “clock” determining the length of pregnancy and the onset of labour (32, 39, 127–129) but at extreme situations at the expense of optimal fetal development. The impact of HPA and pCRH activation on neurodevelopment is crucial and dissecting these actions could provide novel mechanistic (and potentially actionable) insights especially for understanding susceptibility to psychosomatic disorders later in life.




Figure 1 | Possible pathophysiological mechanisms linking prenatal maternal adversity to disrupted fetal brain programming. Maternal stress could activate adrenal production of glucocorticoids (GCs) that can cross the placenta and regulate fetal brain neurogenesis. GCs also enhance production and release of placental CRH (pCRH) into the fetal compartments, a neuropeptide that can exert either neuroprotective or neuro-impairment effects. Excess levels of GCs and pCRH have been associated with structural fetal brain modifications, impaired neurotransmission and disrupted programming of the HPA axis of the fetus that involves epigenetic modifications of the glucocorticoid receptor (GR) gene and is linked with increased HPA axis reactivity of the neonate and adverse behavioral and emotional outcomes later in life. Additionally, maternal stress or inflammatory conditions can enhance placental output of serotonin (5-HT) to the fetal brain leading to serotonergic dysfunction. Excess maternal stress, can influence signals arising from gut microbiota to affect placental CCL signaling. The interplay between placental 5-HT, CCL-2 and other inflammatory mediators ultimately drives fetal neuroinflammation and IL-6 elevation in the fetal brain.
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Prokineticin receptors are GPCRs involved in several physiological processes including the regulation of energy homeostasis, nociception, and reproductive function. PKRs are inhibited by the endogenous accessory protein MRAP2 which prevents them from trafficking to the plasma membrane. Very little is known about the importance of post-translational modification of PKRs and their role in receptor trafficking and signaling. Here we identify 2 N-linked glycosylation sites within the N-terminal region of PKR2 and demonstrate that glycosylation of PKR2 at position 27 is important for its plasma membrane localization and signaling. Additionally, we show that glycosylation at position 7 results in a decrease in PKR2 signaling through Gαs without impairing Gαq/11 signaling.
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INTRODUCTION

Prokineticin receptors (PKRs) are GPCRs expressed both centrally and peripherally (Cheng et al., 2006; Maldonado-Perez et al., 2007; Mohsen et al., 2017). The two members of the family (PKR1 and PKR2) couple both to Gαq/11 and Gαs (Chaly et al., 2016; Rouault et al., 2017a). In the periphery, PKRs agonists are known to modulate nociception through regulation of TRPV1 (Hu et al., 2006; Negri et al., 2006; Negri and Lattanzi, 2011; Qiu et al., 2012; Maftei et al., 2020). In the brain, the PKR agonist prokineticin-2 (PK2) acts to decrease food intake in a melanocortin independent manner (Gardiner et al., 2010; Beale et al., 2013; Chaly et al., 2016), however, the mechanism involved is still unclear. Both PKR1 and PKR2 are inhibited by the Melanocortin Receptor Accessory Protein 2 (MRAP2) (Chaly et al., 2016; Rouault et al., 2017a), a single transmembrane protein forming anti-parallel homodimers which has been shown to regulate several GPCRs involved in the control of energy homeostasis (Asai et al., 2013; Sebag et al., 2013; Chaly et al., 2016; Rouault et al., 2017a,b, 2020; Srisai et al., 2017; Bruschetta et al., 2018; Yin et al., 2020; da Fonseca et al., 2021). MRAP2 traps PKRs in intracellular compartments and inhibits their signaling (Chaly et al., 2016; Rouault et al., 2017a). The potent suppression of feeding by PK2 represents a promising novel approach to regulate appetite and possibly a new target for the treatment of obesity, for this reason, it is important to understand how the trafficking and signaling of PKRs are regulated. GPCR trafficking is regulated by numerous factors including homo- and hetero-dimerization, accessory proteins and post-translational modifications. One such post-translational modification is N-linked glycosylation which has been shown to be important for proper targeting of several GPCRs to the plasma membrane (Duvernay et al., 2005; Patwardhan et al., 2021). While PKR2 possesses two putative N-linked glycosylation sites at positions N7 and N27, their role and importance has not yet been established. In this study, we assessed the role of PKR2 glycosylation at both putative sites for receptor localization and signaling and the effect of MRAP2 on PKR2 glycosylation.



MATERIALS AND METHODS


Cell Culture and Transfection

CHO-K1 were cultured in Dulbecco’s modified Eagle’s medium (DMEM)/F-12 (Thermo Fisher Scientific) supplemented with 5% (v/v) of a 1:1 mix of calf bovine serum and fetal bovine serum and 1% penicillin-streptomycin. Cells were incubated at 37°C in a humidified atmosphere consisting of 5% CO2. Cells were transfected with LipoD293 DNA transfection reagent (SignaGen Laboratories #SL100668) following manufacturer’s instructions or with PEI transfection reagent (Polysciences Inc.).



Plasmids

PKR2 plasmid was obtained from the Missouri S&T cDNA Resource Center. The N-terminal 2HA-tag was added by PCR amplification as previously described (Chaly et al., 2016). The PKR2-GFP plasmid was generated by amplifying PKR2 and GFP sequences separately and assembling them into a pcDNA3.1 + vector using the HiFi DNA assembly kit (NEB). N7Q and N27Q mutations in 2HA-PKR2 and PKR2-GFP were generated by site directed mutagenesis using the Q5-site directed mutagenesis kit (NEB). Cloning and mutations were verified by sequencing. Generation of hMRAP2-3XFlag was previously described (Sebag and Hinkle, 2010). pGloSensorTM-22F plasmid was obtained from Promega.



Co-immunoprecipitation

CHO-K1 cells were seeded in 6 well plates were transfected with indicated plasmids using LipoD293 transfection reagent. Cells were lysed in 0.1% n-dodecyl-β-maltoside and protease inhibitor cocktail (Sigma catalog no. P8340) in PBS at 4°C. Lysates were centrifuged 10 min at 10000 rpm 4°C and supernatants were incubated with either 20 μl GFP-nanobody agarose resin or a 1:5000 dilution of M2 Anti-Flag mouse monoclonal antibody overnight at 4°C. Immune complexes bound to anti-Flag antibody were precipitated with Dynabeads Protein G (Life Technologies #10003D) at 4°C for 1 h. Beads were washed 3 times with ice cold lysis buffer. Samples were resuspended in LDS loading buffer with 5% β-mercaptoethanol and boiled for 5 min.



Immunoprecipitation

CHO-K1 cells were seeded in 60 mm dishes and transfected with the indicated plasmids. Cells were lysed in RIPA buffer supplemented with protease inhibitor cocktail. Lysates were centrifuged and supernatants were incubated with GFP-nanobody agarose resin for 1 h at 4°C. Nanobody complexes were washed three times with lysis buffer and resuspended in LDS loading buffer containing 5% β-mercaptoethanol and boiled for 5 min.



Western Blot

Proteins were resolved by SDS/PAGE and transferred to PVDF membrane. Membranes were blocked for 1 h in 5% non-fat dry milk in PBST, incubated with either mouse anti-flag at 1:5000 or rabbit anti-GFP (Cell Signaling Technologies #29565) at 1:2000 in blocking buffer o/n 4°C, washed three times 5 min in PBST, incubated with either anti-mouse or anti-rabbit-HRP secondary antibody in blocking buffer for 1 h RT, washed three times and imaged using ECL substrate and iBright imager. Densitometry analysis was conducted using photoshop.



Glycosidase Treatments

CHO-K1 cells were seeded in 60 mm dishes and transfected with PKR2-GFP with or without MRAP2 using LipoD293 transfection reagent. Cells were lysed in RIPA bufer supplemented with protease inhibitor cocktail. Lysates were centrifuged 10 min at 10000 rpm 4°C and supernatants were incubated with GFP nanobody coated beads for 1 h at 4°C. Beads were washed three times in lysis buffer. For PNGase F treatment, samples were resuspended in 10 μl glycoprotein denaturing buffer (NEB PNGase F P0708S) and heated at 60°C for 10 min. PNGase F reaction mixture was prepared and added to reaction using 2 μl of GlycoBuffer 2, 2 μl of 10% NP-40, 1 μl PNGase F, and 5 μl water. Samples were incubated at 37°C for 1 h. Following incubation, 30 μl of 2 × LDS loading buffer with 5% β-mercaptoethanol was added to each sample. For Endo H treatment, samples were resuspended in 10 μl glycoprotein denaturing buffer (NEB Endo H P0702S) and heated at 60°C for 10 min. Endo H reaction mixture containing 2 μl of Glycobuffer 3, 1 μl Endo H and 7 μl milliq water was added to samples and incubated at 37°C for 1 h. Following incubation, 30 μl 2 × LDS loading buffer with 5% β-mercaptoethanol was added to each sample.



Fixed Cell ELISA

CHO-K1 cells were plated in 24 well plates, and triplicate wells were transfected with empty vector, 2HA-PKR2, 2HA PKR2 N7Q, 2HA-PKR2 N27Q, and 2HA-PKR2 N7/27Q. 24 h following transfection, cells were rinsed with PBS and fixed for 10 min in 4% paraformaldehyde (PFA) in PBS. PFA was washed three times with PBS, and cells were blocked with 5% non-fat dry milk in PBS or RIPA for 30 min at room temperature on a shaker. Cells were incubated with anti-HA antibody at 1:5000 in blocking buffer for 2 h at room temperature on a shaker. Cells were washed three times with PBS for 5 min at room temperature on a shaker and then incubated with anti-mouse HRP at 1:5000 in blocking buffer for 1 h at room temperature on a shaker. Cells were washed three times for 5 min with PBS. 200 μl 3,3′,5,5′-tetramethylbenzidine (Sigma-Aldrich) was then added until blue color was visible and the reaction was stopped with 200 μl 10% sulfuric acid. 300 μl of each sample was transferred to a 96 well plate, and absorbance was measured at 450 nm using a Spectramax i3 plate reader (Molecular Devices, Sunnyvale, CA). Each condition was run in triplicate, and experiments were repeated independently at least three times.



Inositol Phosphate Assay

CHO-K1 cells were seeded in six-well plates and transfected with the indicated plasmids. Cells were then lifted using TrypLE Express (Thermo Fisher Scientific) and resuspended in 400 μl DMEM/F12. Cell suspension (7 μl/well) was transferred to a white opaque 384-well plate before adding agonist in stimulation buffer (included in kit). Cells were incubated for 1 h at 37°C, lysed and accumulated IP1 was measured using the IP-One kit (Cisbio) following the manufacturer’s instructions. Readings were measured with a SpectraMax i3 plate reader (Molecular Devices, Sunnyvale, CA). Each condition was run in triplicate, and experiments were repeated independently at least three times.



cAMP Assay

CHO-K1 cells were seeded in 6 well plates and transfected with indicated plasmids and pGloSensor-22F. Cells were then lifted using TrypLE Express (Thermo Fisher Scientific) and resuspended in 1 ml DMEM/F12. 10 μl of cell suspension was transferred to wells of a white clear-bottom 384 well plate and left to adhere overnight. The next day, 10 μl of 1.2 mg/ml D-luciferin (GoldBio, CAS 115144-35) in CO2 Independent Medium was added to each well and allowed to incubate for a minimum of 2 h. A separate 384 well plate with peptide agonist, PK2, in CO2 Independent Medium at varying concentrations was prepared and placed in the FLIPR Tetra automated kinetic plate reader (Molecular Devices) together with the plate containing the cells. Luminescence was measured in every well at a sampling rate of 4 s. After 2 min of basal luminescence recording, agonist was injected and luminescence was measured for an additional 13 min. Each condition was run in triplicate, and experiments were repeated independently at least three times.



Immunofluorescence Microscopy

CHO-K1 cells were seeded in six-well plates on glass coverslips and transfected with 2HA-PKR2 or mutant and either empty vector or MRAP2. The next day, coverslips were rinsed with PBS and fixed with 4% PFA in PBS for 10 min. Coverslips were rinsed three times, permeabilized cells were blocked with 5% non-fat dry milk in RIPA, non-permeabilized cells with 5% non-fat dry milk in PBS for 30 min at room temperature. Cells were then incubated with both mouse anti-HA at 1:5000 and polyclonal rabbit anti-MRAP2 at 1:5000 in 5% non-fat dry milk in PBS overnight at 4°C. Coverslips were rinsed three times with PBS and incubated with goat-anti rabbit Plus 555 (Invitrogen) and Alexa Fluor 488 goat-anti mouse (Invitrogen) in blocking buffer at 1:5000 dilution. Coverslips were rinsed three times and mounted on glass slides with SlowFadeTM Diamond Antifade Mountant with DAPI (ThermoFisher Scientific #S36963). Images were obtained with an inverted epifluorescence microscope (Olympus IX83). Experiments were acquired three times independently.



RESULTS


PKR2 Is Glycosylated at N7 and N27

Based on the amino acid sequence, PKR2 has 2 N-linked glycosylation sites in the N-terminal region of the receptor at positions 7 and 27 (Figure 1A). To determine if those sites are in fact glycosylated, we transfected CHO cells with PKR2-GFP. Cells were lysed and PKR2 was immunoprecipitated using a GFP nanobody. Samples were then treated with either PNGase F or Endo H to remove mature or core glycosylation, respectively, before resolving proteins by SDS-PAGE and detecting PKR2 by western blot using anti-GFP antibody. Untreated PKR2 ran as a smear typical of glycosylated GPCRs at around 80–90 kD (Figure 1B). PNGase F treatment resulted in increased mobility of PKR2 consistent with deglycosylation (Figure 1B). The high molecular weight smear was, however, not affected by Endo H treatment, thus identifying this band as the mature glycosylated form of the receptor (Figure 1B). We had previously shown that PKR2 trafficking to the plasma membrane and signaling is inhibited by the accessory protein MRAP2. To test whether the interaction of MRAP2 with PKR2 results in a decrease in receptor glycosylation, cells were transfected with PKR2-GFP and MRAP2-3XFlag. Samples were incubated with either anti-GFP nanobody coated beads or with anti-Flag antibody to immunoprecipitate PKR2 or MRAP2, respectively. Samples were resolved by SDS-PAGE and proteins were detected by western blot using either anti-GFP or anti-Flag antibodies. In samples immunoprecipitated with the GFP nanobodies, the receptor separated in two bands (glycosylated and immature receptor), however, in samples immunoprecipitated with anti-flag antibody, the immature form of the receptor was enriched (Figure 1C), thus suggesting that interaction of MRAP2 preferentially interacts with the non-glycosylated form of PKR2 and possibly prevents its glycosylation. Co-immunoprecipitation of PKR2 and MRAP2 was also confirmed by detection of MRAP2 in samples immunoprecipitated with anti-GFP nanobodies (Figure 1D). To determine if both N7 and N27 can be glycosylated, we generated PRK2 constructs with substitution of N7 and/or N27 with a glutamine (N7Q, N27Q, and N7/27Q mutants). Mutants were transfected in CHO cells with or without MRAP2. Unmodified PKR2-GFP ran as two bands as described earlier (Figure 1E). The higher band representing the mature receptor and the lower band the core glycosylated receptor. Substitution of either N7 or N27 to Q resulted in increased mobility of both bands thus demonstrating that both sites can be glycosylated (Figure 1E). Substitution of both N7 and N27 to Q resulted in the complete loss of mature and core glycosylated receptor and only the immature non-glycosylated receptor was detected (Figure 1E). In the presence of MRAP2, the same profile is observed, however, in every case the relative amount of mature receptor compared to the immature form is greatly decreased (Figure 1E). Densitometric analysis shows a significant decreased ratio of glycosylated over non-glycosylated PKR2 in the presence of MRAP2 for WT PKR2 (Figure 1F), N7Q mutant (Figure 1G), and N27Q mutant (Figure 1H), thus further demonstrating that the presence of MRAP2 prevents PKR2 glycosylation at both N7 and N27 sites.
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FIGURE 1. Role of N-linked glycosylation in PKR2 trafficking. (A) Schematic depiction of human PKR2 glycosylation sites. (B) Western blot detection of untreated PKR2-GFP or PKR2-GFP treated with PNGase F or EndoH. (C,D) Western blot detection of PKR2 (C) or MRAP2 (D) following co-immunoprecipitation of PKR2-GFP and MRAP2-3XFLAG from transfected CHO cells. Immunoprecipitation was performed using beads coated with GFP nanobodies “G” or anti-Flag antibody “F.” “X” indicates that no antibody was used for the IP (beads only). (E) Western blot detection of PKR2-GFP alone or with MRAP2 treated or not with PNGase F or Endo H. (F–H) Densitometry analysis measuring the ration of glycosylated to non-glycosylated PKR2 in the presence and absence of MRAP2 for WT (F), N7Q mutant (G), and N27Q mutant (H). (I) Immunofluorescence detection of 2HA-PKR2, 2HA-PKR2-N7Q, 2HA-PKR2-N27Q, and 2HA-PKR2-N7/27 in non-permeabilized and permeabilized cells. (J,K) Cell ELISA detection of 2HA-tagged PKR2 and PKR2 mutants in non-permeabilized (J) and permeabilized (K) cells. Errors are mean ± SEM. ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001.




Glycosylation at N27 Is Essential for PKR2 Trafficking

To assess the importance of glycosylation at N7 and N27 of PKR2 for receptor trafficking, PKR2, PKR2-N7Q, PKR2-N27Q, and PKR2-N7/27Q N-terminally fused to 2-HA tags were transfected in CHO cells. Localization of WT and mutant receptors was then determined by immunofluorescence microscopy in non-permeabilized and permeabilized cells using anti-HA antibody. Whereas PKR2 and PKR2-N7Q were readily detectable at the surface of non-permeabilized cells, PKR2-N27Q and PKR2-N7/27Q were not (Figure 1I). WT and all mutants were detected in permeabilized cells, thus confirming expression (Figure 1I). Results from this experiment suggest that glycosylation of N27 is essential for PKR2 trafficking to the plasma membrane. To quantitatively verify this finding, PKR2 and mutated PKR2 were transfected in CHO cells before measuring surface and total expression of receptor in non-permeabilized and permeabilized cells, respectively, by in-cell ELISA using anti-HA antibody. In agreement with the microscopy results, the N7Q mutant was readily detectable at the cell surface, albeit at a lower density compared to the non-mutated receptor (Figure 1J). In contrast, the surface density of N27Q and N7/27Q mutants were drastically reduced (∼90% decrease) compared to control receptor (Figure 1J). The total expression of mutated PKR2 measured in permeabilized cells was only reduced by 20–40% (Figure 1K), thus, the decrease in expression is not sufficient to explain the drastic loss of surface expression for PKR2-N27Q and N7/27Q. These results suggest that glycosylation at N27 is essential for receptor trafficking to the cell surface and may play a role in receptor stability.



MRAP2 Prevents PKR2 From Trafficking to the Plasma Membrane Regardless of Glycosylation State

We had previously shown that surface density of PKR2 was reduced in the presence of MRAP2. Here we tested if receptor glycosylation alters the effect of MRAP2 on PKR2 localization. To this end, we performed immunofluorescence microscopy in CHO cells transfected with PKR2, PKR2-N7Q, PKR2-N27Q, or PKR2-N7/27Q in the presence of MRAP2. Whereas in the absence of MRAP2, PKR2, and PKR2-N7Q were detectable on the surface of non-permeabilized cells (Figure 1F), detection of those proteins was drastically reduced by MRAP2 expression (Figures 2A,B). For PKR2-N27Q and PKR2-N7/27Q, no receptor was detected at the plasma membrane regardless of MRAP2 expression (Figures 1F, 2C,D). Images of permeabilized cells show that MRAP2 causes a retention of PKR2 and PKR2-N7Q in intracellular compartments (Figures 2A,B). Additionally, MRAP2 staining displayed extensive co-localization with PKR2 and PKR2 mutants (Figures 2A–D).
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FIGURE 2. Localization of PKR2 and glycosylation mutants PKR2 expressed with MRAP2. (A–D) Immunofluorescence detection of MRAP2 and 2HA-PK2 (A), 2HA-PKR2-N7Q (B), 2HA-PKR2-N27Q (C), and 2HA-PKR2-N7/27Q (D) in non-permeabilized or permeabilized cells. PKR2 is shown in green, MRAP2 is shown in red and yellow depicts co-localization. Nuclei are shown in blue (DAPI).


To quantitatively measure the effect of MRAP2 on the trafficking of PKR2 and glycosylation mutants of PKR2, 2HA-PKR2, 2HA-PKR2-N7Q, 2HA-PKR2-N27Q, and 2HA-PKR2-N7/27Q were transfected alone or with MRAP2 before measuring surface density and total expression by cell ELISA. Both WT and PKR2-N7Q were highly expressed at the cell surface and surface density was drastically reduced by MRAP2 for both (Figure 3A). Surface expression of PKR2-N27Q and PKR2-N7/27Q was very low regardless of MRAP2 expression (Figure 3A). Total expression of all receptor forms was readily detectable, however, expression of PKR2-N27Q and PKR2-N7/27Q were about half of the unmodified receptor (Figure 3B). MRAP2 expression caused a small decrease in total expression of PKR2 and PKR2-N7Q but did not alter the total expression of PKR2-N27Q and N-7/27Q (Figure 3B).


[image: image]

FIGURE 3. Surface and total quantitation of PKR2 and PKR2 mutants with and without MRAP2. (A) Cell ELISA detection of 2HA-PKR2 and 2HA-PKR2 mutants expressed alone or with MRAP2 in non-permeabilized cells. (B) Cell ELISA detection of 2HA-PKR2 and 2HA-PKR2 mutants expressed alone or with MRAP2 in permeabilized cells. Errors are mean ± SEM. *⁣*⁣**p < 0.0001.




Glycosylation Is Important for PKR2 Signaling

Prokineticin receptors can signal through both Gαq/11 and Gαs. To determine the importance of glycosylation for PKR2 signaling through Gαq/11, we measured PK2-mediated IP3 production in CHO cells expressing either PKR2, PKR2-N7Q, PKR2-N27Q, or PKR2-N7/27Q in the presence or absence of MRAP2. PK2 caused a concentration dependent increase in IP3 production in cells expressing PKR2 (Figure 4A). As previously shown, MRAP2 drastically inhibited PKR2 signaling (Figure 4A). Remarkably, mutation of asparagine 7 did not alter PKR2 signaling through Gαq/11 or the inhibition caused by MRAP2 (Figure 4B). In contrast, mutation of N27 (Figure 4C) or both N7 and N27 (Figure 4D) resulted in a significant decrease in PK2 efficacy and IP3 production, thus demonstrating that glycosylation at N27 is important for PKR2 function. The decrease in PK2 efficacy is likely due to the decrease in surface receptor density when N27 is not glycosylated. We then tested the effect of removing the N7 and/or N27 glycosylation sites on PKR2 signaling through Gαs by measuring PK2-stimulated cAMP production. Here again, PK2 caused a concentration-dependent increase in cAMP production in cells expressing PKR2 and cAMP production was drastically inhibited by MRAP2 (Figure 4E). Interestingly, whereas the N7Q mutation had no adverse effect on PKR2-mediated IP3 production (Figure 4B), loss of glycosylation at N7 resulted in a significant decrease in PK2-stimulated cAMP production (Figure 4F), thus suggesting that glycosylation at N7 is not essential for signaling through Gαq/11 but is important for Gαs activation. MRAP2 further inhibited signaling of PKR2-N7Q. Gαs signaling of both N27Q and N7/27Q mutants were greatly reduced (Figures 4G,H), in agreement with the large decrease in surface density of those mutants.
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FIGURE 4. Role of N-glycosylation in PKR2 signaling. (A–D) Inositol phosphate detection in cells expressing PKR2 (A), PKR2-N7Q (B), PKR2-N27Q (C), or PKR2-N7/27Q (D) with or without MRAP2 and stimulated with the indicated concentration of PK2. (E–H) cAMP measurement in cells expressing PKR2 (E), PKR2-N7Q (F), PKR2-N27Q (G), or PKR2-N7/27Q (H) with or without MRAP2 and stimulated with the indicated concentration of PK2. Errors are mean ± SEM. **p < 0.01, ***p < 0.001.




DISCUSSION

Prokineticin receptors play numerous important physiological roles like regulating feeding, pain or reproduction. Deletion of PKR2 in rodents results in multiple severe developmental phenotypes including underdeveloped olfactory bulbs, sterility, altered thermogenesis, and circadian rhythm reminiscent of Kallmann syndrome (Matsumoto et al., 2006). Like most GPCRs, PKR2 can be glycosylated at the N-terminus, however, the importance of this post-translational modification for PKR2 trafficking and signaling was not established. In many cases, N-linked glycosylation of GPCRs was shown to be important for receptor folding and trafficking to the plasma membrane (Karpa et al., 1999; Lanctot et al., 1999; Compton et al., 2002; Michineau et al., 2004; Wang et al., 2020; Patwardhan et al., 2021) whereas in others glycosylation appears non-essential (van Koppen and Nathanson, 1990; Fukushima et al., 1995; Karpa et al., 1999; Kozielewicz et al., 2017; Patwardhan et al., 2021). We identified two glycosylation sites on the N-terminal region of PKR2 and found that while glycosylation at position 27 is essential for PKR2 trafficking to the plasma membrane, glycosylation at position 7 is not. We had previously identified MRAP2 as an interacting protein of PKR2 and showed that MRAP2 sequesters PKR2 in intracellular compartments (Chaly et al., 2016; Rouault et al., 2017b). Here we show that in the presence of MRAP2, PKR2 glycosylation is largely prevented, which is consistent with the receptor being retained in the endoplasmic reticulum (ER). The lack of glycosylation of PKR2 in the presence of MRAP2 suggests that PKR2 is retained in the ER rather than trafficked to the membrane and rapidly internalized. MRAP2 prevented trafficking of both the unmodified and N7Q PKR2 mutants, thus suggesting that N7 is not important for MRAP2-mediated inhibition of PKR2. Mutation of N27 resulted in a decrease in both Gαs and Gαq/11 signaling, consistent with the decrease in surface receptor density. Surprisingly, however, mutation of N7 resulted in normal Gαq/11 signaling but drastically reduced Gαs coupling even though surface receptor density was only slightly reduced. This is particularly interesting because, whereas the importance of N-linked glycosylation for receptor trafficking has been reported for numerous GPCR, signaling bias as a result of a change in receptor glycosylation has only been identified for a few receptors (Marada et al., 2015; Soto et al., 2015; Patwardhan et al., 2021). Futures studies will need to be conducted to determine how glycosylation at position 7 modifies G-protein selectivity for PKR2 and the mechanism through which MRAP2 prevents PKR2 from exiting the ER.
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Motilin, produced in endocrine cells in the mucosa of the upper intestine, is an important regulator of gastrointestinal (GI) motility and mediates the phase III of interdigestive migrating motor complex (MMC) in the stomach of humans, dogs and house musk shrews through the specific motilin receptor (MLN-R). Motilin-induced MMC contributes to the maintenance of normal GI functions and transmits a hunger signal from the stomach to the brain. Motilin has been identified in various mammals, but the physiological roles of motilin in regulating GI motility in these mammals are well not understood due to inconsistencies between studies conducted on different species using a range of experimental conditions. Motilin orthologs have been identified in non-mammalian vertebrates, and the sequence of avian motilin is relatively close to that of mammals, but reptile, amphibian and fish motilins show distinctive different sequences. The MLN-R has also been identified in mammals and non-mammalian vertebrates, and can be divided into two main groups: mammal/bird/reptile/amphibian clade and fish clade. Almost 50 years have passed since discovery of motilin, here we reviewed the structure, distribution, receptor and the GI motility regulatory function of motilin in vertebrates from fish to mammals.
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Introduction

Motilin was identified in the 1970s from the mucosa of the porcine upper intestine as a stimulant of gastric motility (1–3). Brown and colleagues examined the effects of duodenal alkalinization on pressure of the gastric pouch and found that alkalinization caused an increase in pressure of the pouch. Since the pouch was isolated from the autonomic nerves, it was thought that alkalinization induced the release of substances from the duodenal mucosa that stimulate motility. Duodenal extracts of pigs were examined for their gastric motor-stimulating activity, and motilin was separated as a distinct polypeptide. Porcine motilin was found to be a 22-amino acid peptide with a primary sequence of FVPIFTYGEL QRMQEKERNKGQ (1–3). Later, the presence of motilin was shown, and its sequence was determined in rabbits (Leporinae Trouessart), humans (Homo sapiens), dogs (Canis lupus familiaris), cats (Felis silvestris catus), cows (Bos taurus) and sheep (Ovis aries). Although there are some differences in amino acid sequence, the N-terminal sequences are highly conserved among mammals (4–7) (Table 1). Curiously, in an early study, motilin did not cause contractions of rat and guinea-pig GI tract (9), and later molecular studies indicated the lack of motilin and/or its receptor in rodents including mice (10–12). Inability of the rodents for motilin study is one of the obstacles for performing extensive physiological studies on the functions of motilin.


Table 1 | Representative information on motilin in various vertebrates.



GI motility patterns of the interdigestive and digestive periods are quite different for each mammal. A cyclic increase of GI motility called migrating motor complex (MMC) occurs in the interdigestive state with three phases: phase I (motor quiescent period), phase II (irregular and low-amplitude contraction period) and phase III (regular and high-amplitude contraction period) (6, 13–16). The function of MMCs is thought to include flushing out of the GI lumen mechanically and chemically for preventing bacterial overgrowth and receiving next meals (6, 17). After feeding, the cyclic motility pattern is suddenly disrupted and changed into irregular phasic digestive contractions, the amplitudes of which are close to those in the phase II. The duration of digestive contractions is more than 16 h and at the end, phase III-like contractions occur to completely remove the intraluminal contents, and GI motility changes into the interdigestive pattern (18). The well-known function of motilin is the GI motility activation of the stomach, small intestine and colon, and a typical example is the mediation of phase III of the gastric MMC in a fasting state in humans, dogs, and house musk shrews (Suncus murinus called Suncus) (6, 13–16, 19, 20). However, actions of motilin on motility of other digestive organs, such as the lower esophageal sphincter, gallbladder have been reported. In addition, other physiological effects of motilin on stimulation of gastric acid, pepsinogen, insulin and growth hormone release, and on food intake have also been reported (see another Section).

Motilin-induced actions are mediated by a G protein-coupled receptor (GPCR), GPR 38, called the motilin receptor (MLN-R), and which is mainly located on enteric neurons and smooth muscle cells of the GI tract in addition to its expression in the GI mucosa (21, 22). The presence of MLN-Rs in the central nervous system (CNS) has been also indicated (5, 23, 24).

The existence of motilin and its receptors in non-mammalian vertebrates such as birds, reptiles, amphibians, and fish has been demonstrated by identification of those mRNAs (Figure 1, Table 1), and comparative biological studies have been performed to clarify the functions of motilin in GI motility of these animals.




Figure 1 | Molecular phylogenetic analysis of motilin receptor in vertebrates. The evolutionary history was inferred by using the Maximum Likelihood method based on the JTT matrix-based model. The tree with the highest log likelihood (-7475.17) is shown. The percentage of trees in which the associated taxa clustered together is shown next to the branches. Initial tree(s) for the heuristic search were obtained automatically by applying Neighbor-Join and BioNJ algorithms to a matrix of pairwise distances estimated using a JTT model, and then selecting the topology with superior log likelihood value. The tree is drawn to scale, with branch lengths measured in the number of substitutions per site. The analysis involved 33 amino acid sequences. All positions containing gaps and missing data were eliminated. There were a total of 264 positions in the final dataset. Evolutionary analyses were conducted in MEGA7.



In this review, we focus on the results of biochemical, immunohistochemical and functional studies regarding motilin and MLN-Rs, and the roles of motilin in regulation of GI motility in mammals and non-mammalian vertebrates.



Distribution of Motilin


Peptide Distribution

Immunohistochemical approaches with human motilin-specific antiserum indicated that motilin-immunopositive (ip) cells are scattered in the mucosa of the upper intestine as open-type in humans (25), dogs (26), rabbits (Leporinae Trouessart, 27), sheep (Ovis aries, 28) and cattle (Bos taurus, 29). An open-type cell means that the endocrine cell is exposed to intestinal lumen and is activated by luminal chemicals including pH, whereas a close-type cell is a cell that is surrounded by other mucosal cells. In rabbits, motilin-ip cells are also found in the mucosa from the gastric antrum to distal colon, and the number of positive cells is the highest in the duodenum, moderate in the jejunum and low in other regions (27). In rodents, motilin-ip cells in the rat (Rattus norvegicus) intestine has been controversial: Smith et al. (30) failed to detect the motilin-ip cells for the human motilin antibody, whereas Vogel and Brown (31) and Sakai et al. (32) demonstrated the motilin-ip cells in the rat GI tract using anti-human and anti-chicken motilin antibodies, respectively. Recent genome-wide analyses have revealed that motilin and its receptor genes are pseudogenized in rodents including rats (10, 12). This discrepancy suggests that there are some systemic issues with immunohistochemical studies.

Immunohistochemical studies for non-mammalian vertebrates have shown by using anti-human motilin serum, and motilin-ip cells were detected in the duodenum but not in the proventriculus and gizzard of chickens (Gallus gallus domesticus, 33) and quails (Coturnix japonica, 34). Motilin-like immunoreactivity was detected in some reptiles (Caiman latirostris, Caiman crocodilus, Egernia kingii) but not in other reptiles (Testudo graeca, Mauremys capsica, Lacetra lepida, Alligator mississippiensis) or fish (Tinca tinca, Ctenopharyngodon idellus) (35–40). Because antibodies against human motilin were used in these studies, the sequence similarity with human motilin in these animals was suggested.



Transcript Distribution

The highest expression of motilin precursor mRNA is seen in the duodenum of mammals, such as humans (41), monkeys (Macaca mulatta) (42), cats (Felis catus) (43), Suncus (44). Motilin precursor mRNA expression has not been investigated in the GI tract of birds, reptiles and amphibians. In fish, motilin precursor mRNA expression has been detected in the GI tract (8, 45). Brain such as the hypothalamus, hippocampus and cerebellum is an extra-intestinal expression of motilin precursor mRNA in some mammals (5, 42, 43).




Characterizations of Motilin Sequence on Vertebrates


Mammals

After the discovery of porcine motilin, motilin was isolated and its sequence was determined in humans (5, 46), rabbits (47), dogs (48), cats (49), monkeys (42), sheep (4) and Suncus (44). Table 1 shows a comparison of the amino acid sequences in various vertebrates. Mammalian motilin is composed of 22-amino-acid residues. Structure-function relationship studies examined contraction and binding affinities of motilin fragments indicated the presence of three distinct regions in the motilin sequence, and these regions were suggested to have different functions. An in vitro study on rabbit duodenum contractile activity and displacement of [125I]-motilin binding in the rabbit antral membrane indicated that the N-terminal [1-7] is the minimum basic structure for binding and biological activity, the transit region [8-9] connects the N-terminal and C-terminal regions, and the C-terminal [10-22] forms an α-helix to stabilize the binding of the N-terminal and MLN-Rs (50, 51). On the other hand, an in vivo study in which GI motility was measured in conscious dogs indicated that the N-terminal is important for eliciting biological activities and that the middle and C-terminal portions are essential for preventing from the enzyme degradation (51). Although there are some differences in the sequence among mammals, the N-terminal region, which corresponds to the position at 1-7 (FV(M)PIFTY(H)) and the C-terminal region corresponding to the position at 14-18 (Q(R)EK(R)ER(Q) are highly conserved (Table 1).

It has been reported in rodents such as rats and mice that the motilin gene is pseudogenized (it used to code and generate motilin, but now it has lost the ability to produce motilin) (10). However, the motilin gene was deposited in the guinea-pig (Cavia porcellus), and its sequence has been estimated (FVPIFTYSEL RRTQEREQNKRL, 52). We attempted to re-examine the existence of the motilin gene (11). In our search of the Ensembl genome data, a guinea-pig motilin mRNA sequence encoding a 121-amino-acid precursor (ENSCPOT00000008024) was found, and a deduced mature sequence was estimated to be FIPIFTYSEL RRTQEREQNKGL (11, Table 1), in which two amino acids were different from that of Xu et al. (52). We tried to detect those transcripts using several primers sets, however, it could never be amplified (11), concluding pseudogenization of the motilin gene in guinea-pigs.



Non-Mammals

Motilin has been identified in several avian species. Motilins of chicken, turkey (Meleagris gallopavo) and pheasant (Phasianus colchicus versicolor) and kiwi (Apteryx rowl) consist of 22 amino acids as in mammals, whereas the Bengalese finch (Lonchura striata domestica) and Golden eagle (Aquila chrysaetos chrysaetos) have 23 amino acids, and Rock pigeon (Columba livia) has 25 amino acids (Table 1). Motilins in Galliformes including chickens, pheasants, turkeys, and quails show a high homology with chicken motilin with a difference in only one amino acid. Three amino acids in finch and kiwi motilins are different from those in chicken motilin (Table 1). Therefore motilin sequences in avian species are highly conserved compared with those in mammals with diversified motilin sequences. When the motilin sequence of birds is compared with that of humans with focus on the N-terminal [1-10] and C-terminal [11-22], the homology of the C-terminal is high (from 83% to 92%) compared with the homology of the N-terminal (from 40 to 50%), suggesting a functional significance of conserved C-terminal sequence (Table 1).

Motilin in reptiles is also composed of 22 amino acids but it has a different amino acid at position 1 of the N-terminal (Table 1). Reptiles are divided into four orders: Testudines (turtles), Sphenodontia and Squamata (lizards and snakes) and Crocodilia (alligators). In mammalian and avian motilins, the amino acid at the N-terminal end begins with phenylalanine(F), but this depends on species in reptiles, i.e., alligator has F, but turtle, snake and lizard have tyrosine(Y). Homology between alligator/crocodile and human motilins is relatively high (73%), but those between turtle and human motilins, and between snake and human motilins are only 50% and 36%, respectively, suggesting that the motilin genes would have diverged dramatically in reptiles. Alligators are reptiles that are closely related to avian species (53) and that may be a reason for the high similarity of motilin sequence among mammals, birds and alligators. As seen in avian motilins, also in reptile motilin, the homology of the C-terminal region is high (from 58% to 92%) compared with the homology of the N-terminal region (snake, 0%; lizard, 10%; turtle, 20%; alligator, 50%). This high similarity of the C-terminal region of motilin, what does it mean? Because the N-terminal region is considered to be essential for motilin biological activities in dogs and rabbits (50, 54), low homology of the N-terminal region in reptiles might affect the biological activity in the mammalian GI tract. In fact, we found that turtle and alligator motilins cause contraction of the rabbit duodenum, but the affinity and amplitude of turtle motilin are considerably low compared with those of alligator, chicken, and human motilins (Figure 2A). This indicates the significance of the N-terminal sequence for GI-stimulating activity of motilin in mammals.




Figure 2 | Comparison of contractile efficacy of different vertebrate motilins in isolated muscle strips from rabbit duodenum, chicken ileum and Japanese fire belly newt stomach. Isolated GI muscle strips from each animal were incubated in an organ bath containing bubbled physiological salt solution. Motilins were applied in the organ bath and evoked muscle contractions were measured by a force-transducer. Using this equipment, GI muscle-contracting actions of human, chicken, alligator, turtle, newt and zebrafish motilins were compared in the isolated rabbit duodenum (A), chicken ileum (B) and Japanese fire belly newt stomach (C). The symbols indicate concentration-response curves for the six motilins (human, chicken, alligator, turtle, newt and zebrafish). The Y axis indicates the relative amplitude of contraction normalized by the response of 10-4 M acetylcholine. Each symbol indicates the means ± SEM of results of at least five experiments. Homologous motilin showed the strongest response in respective GI strips (rabbit duodenum vs. human motilin; chicken ileum vs. chicken motilin; newt stomach vs. newt motilin).



Amphibians consist of anura, urodela and dermophiidae orders. There has been no reports for identification of motilin, but we recently found urodelan newt motilin sequence by a BLAST search of a database in the Japanese fire belly newt (fire belly newt, Cynops pyrrhogaster) (http://antler.is.utsunomiya-u.ac.jp/imori/) and Iberia newt (Pleurodeles waltl, http://www.nibb.ac.jp/imori/main/) (Table 1). The motilin sequences of the fire belly newt and Iberia newt consist of 22 amino acids and are the same at the N-terminal [1-14]. The N-terminal sequence (FLPIF) is identical to that of alligators and is close to that of humans (FVPIF). We also searched axolotl database (Ambystoma mexicanum, http://ambystoma.uky.edu:4567), and found that the homology of fire belly newt and axolotl motilins to human motilin was 59% (13 of 22 amino acids being same). On the other hand, Gaboon caecilian (Geotrypetes seraphini), a species of amphibian (dermophiidae) has a different sequence from those of axolotl and newt, and the amino acid at the N-terminal end begins with tyrosine(Y) as seen in turtle, snake, and lizard (Table 1). Homology of amphibian motilin to human motilin is higher in the C-terminal [11-22] sequence (42-57%) than that of N-terminal [1-10] sequence (0-50%) as with avian and reptile motilins. We tried to examine the contractile activity of newt motilin in isolated rabbit duodenum and chicken ileum and found that newt motilin induced a small contraction in the rabbit duodenum but no response in the chicken ileum (Figure 2), while newt motilin showed a high responsiveness in the newt stomach (Figure 2). These results suggest that binding affinity of amphibian motilin to mammalian and avian MLN-Rs is very low due to the critical sequence differences, and amphibian motilin has an ability to bind MLN-R and to cause GI contraction of amphibians itself.

Motilin peptides have been identified in various fish, and their amino acid sequences are quite different from those of other vertebrates (Table 1). The N-terminal end of motilin in most fish begins with histidine (H), and the amino acid sequence varies from 17 to 21 residues depending on the species. The N-terminal [1-10] of fish motilin is well conserved. When the sequence was compared with human motilin, the homology of the N-terminal [1-10] region is 20% and that of the total sequence is only 24% (4 of 17 amino acids). Intriguingly, motilin sequence of the coelacanth (Latimeria chalumnae), relative of tetrapod, is different from other fish motilins: the coelacanth motilin consists of 22 amino acids as in most vertebrates and starts with phenylalanine (F) as birds and mammals (Table 1). It may be that the molecules retain vestiges of the process of evolving into land animals.



Summary of Structural Characterizations of Motilin

A highly conserved N-terminal sequence starts with phenylalanine (F) is thought to be essential for biological activity in mammalian/avian motilins. Reptile motilin is just in the transition stage to mammalian/avian type. In alligators, lineage of reptile motilin may have evolved under different evolutionary pressures to modify sequence of motilin close to the mammalian/avian type. On the other hand, sequences of fish and amphibian motilins quite differ from those of mammalian/avian motilins. In the molecular evolution of motilin, there may have been a major event at the time the reptiles emerged.

Comparison of sequence of vertebrate motilin indicates that C-terminal sequence is more markedly conserved than that of the N-terminal sequence. It suggests that the C-terminal might have a function other than stimulation of GI motility mediated by the N-terminal. C-terminal portion is thought to form α-helix and to stabilize the binding of motilin molecule with MLN-R and to prevent its degradation by enzymes (50, 51), and it has been reported to contribute enhancement of desensitization, phosphorylation, and internalization of MLN-R (55), probably due to formation of stable binding to MLN-R. Possibility of other unknown functions of the C-terminal conservation of motilin cannot be ruled out.




Motilin Receptor


Agonists and Antagonists

At the beginning of motilin study, radioligand binding studies showed the presence of high affinity binding sites saturated by motilin in membrane preparations from human, rabbit, cat and canine GI tracts and this binding site was proposed as the MLN-R (56–60). In the GI tract, MLN-Rs were thought to be present on both muscle cells and enteric neurons (56, 57, 60).

Erythromycin, a commonly used macrolide antibiotic, has been known to have GI side effects (vomiting and diarrhea) (61). Itoh et al. (62) and Inatomi et al. (63) reported that erythromycin and its derivative caused GI contraction of the conscious dogs similar with motilin. In vitro studies also indicated that erythromycin contracted the rabbit duodenum as did motilin (64, 65). Binding studies clearly indicated that erythromycin bound to MLN-R and displaced a labelled motilin binding (64, 66, 67). Therefore, it was thought that macrolide antibiotics including erythromycin could bind to MLN-Rs and acted as motilin agonists causing GI contractions. These compounds are termed motilide from the two words “motilin” and “macrolide”.

In early physiological studies, anti-motilin serum or motilin-induced MLN-R desensitization was used to confirm involvement of motilin, but those approaches also caused non-specific actions. Therefore, the need for specific antagonists for the MLN-R has increased to perform detailed physiological studies. In 1995, two MLN-R antagonists, [Phe3, Leu13] porcine motilin and GM109, were reported (68, 69). Later, MA2029, a 10-times potent and selective MLN-R antagonist was also reported (70). Using these MLN-R antagonists, involvement of endogenous motilin in the phase III of gastric MMC initiated in fasted dogs or Suncus was confirmed (71, 72).



Structural Characteristics of MLN-R In Vertebrates

The molecular structure of MLN-R was first identified in the human stomach as an orphan GPCR (GPR38) (66, 73). GPR38 is highly expressed in the human duodenum and colon. A study using mutants of MLN-R indicated that motilin and erythromycin share a common binding site in the third transmembrane (TM3) region (74). A photoaffinity labeling study also indicated that the first and second extracellular loop domains located close to TM3 are important for binding of motilin (75).

Because many studies have been performed using dog and rabbit GI tracts, MLN-R cloning has firstly been conducted in these animals. The homologies of the deduced dog and rabbit MLN-Rs to the human MLN-R are 84% and 71%, respectively (76, 77). Later, Suzuki et al. (78) reported the Suncus MLN-R, and showed high homology (76%) to the human MLN-R, and the affinity of the Suncus MLN-R for MLN-R agonists was comparable to that of the human MLN-R.

The amino acid sequence of the human MLN-R showed a relatively high homology with that of growth hormone secretagogue receptor 1a (ghrelin receptor) of humans (52%) and Suncus (42%) (66, 78). When the amino acid sequences of seven transmembrane domains were compared, the homology between human MLN-R and ghrelin receptor further increases (86%). Therefore, MLN-R is considered to be a sister receptor with ghrelin receptor (79).

However, ghrelin cannot activate MLN-R of the rabbit stomach (80), canine or human MLN-Rs expressed on CHO cells (77). In an in vivo study with dogs, it was found that the ghrelin decreased the phase III of gastric MMC different from the action of motilin (14). Inconsistent of actions induced by ghrelin and motilin suggests that motilin cannot stimulate the ghrelin receptor, although there is some amino acid sequence similarity in the two receptors. Similarly ghrelin also cannot act on MLN-Rs.

In research for non-mammalian MLN-Rs, Yamamoto et al. (81) firstly characterized the chicken MLN-R identified in the duodenum. The chicken MLN-R consists of 349 amino acids and showed 59% sequence identity to the human MLN-R. The chicken MLN-R expressed on HEK293 cells responded to human and chicken motilins, but chicken motilin has higher affinity than human motilin as was shown in an in vitro contraction study (82). The low homology of the chicken MLN-R to the human MLN-R might explain the low contractile affinity of human motilin (Figure 2), and the ineffectiveness of erythromycin or MLN-R antagonists (GM109 and MA2029) (82, 83). In amphibians, human motilin causes a contraction of the upper intestine of the bullfrog and tropical clawed frog (Xenopus tropicalis) and of the stomach of the black spotted pond frog (Pelophylax nigromaculatus) (84, 85), suggesting the presence of MLN-Rs in GI tract at least in these frogs. Erythromycin and GM109 were ineffective in the bullfrog intestine, suggesting a different structure of amphibian MLN-R from the human MLN-R (85). In the Ensembl database search, we found a candidate MLN-R for the tropical clawed frog (ENSXET00000013318), but its ligand, endogenous motilin, could not be found (Table 1). This indicates that anuran amphibians have lost only motilin for some reason during their evolution without losing the MLN-R. The retained MLN-R is thought to function for exogenous motilin. Another endogenous agonist may be acting on this MLN-R.

The zebrafish and spotted sea bass MLN-Rs have been reported (8, 45). Zebrafish MLN-R consists of 345 amino acids and shares 47% identity to the human MLN-R. The zebrafish MLN-R expressed on HEK293 cells was activated by homologous zebrafish motilin with an increased intracellular Ca2+ concentration, whereas human motilin did not activate at least at a concentration of 100 nM (86). This indicates a strong species-specific relationship of the ligand-receptor interaction in the fish motilin system, and this can be expected from the sequence of motilin, which is unique to fish.



Phylogenetic Tree of MLN-R in Vertebrates

The phylogenic tree created by amino acid sequence of MLN-Rs indicates two main branches have evolved: one group (group A) is composed of tetrapods including mammalian, avian, reptile and amphibian MLN-Rs and the other group (group B) contains fish MLN-Rs (Figure 1). Group A can be divided into two clades: terrestrial (mammals, birds and reptiles) type and semi-aquatic (amphibian) type. The clade of the avian/reptile MLN-Rs can be further divided into three, and alligator/crocodile MLN-Rs is included in the same umbrella with the avian clade, as in the case of motilin structure. Group B may have characteristics that match the aquatic inhabiting nature of fish.




Regulation of Motilin Release

The effects of bioactive substances and nutrients on the release of motilin are summarized in Table 2. Cyclic increases of plasma motilin with 100-min intervals have been reported in fasting periods in humans, dogs, and opossums (6, 16, 104). This cyclic increase is inhibited by feeding, and motilin stays low level during the digestive state. Infusions of nutritional factors such as glucose and amino acids in the duodenum decrease motilin release (90), indicating that feeding-related decrease in motilin release might be caused by sensing digestive nutrients in the duodenum. However, the effects of fat are controversial: no effect (90, 96) and stimulatory (95) (Table 2). In humans, feeding caused a transient increase in plasma motilin concentration, and both cerebral excitation by feeding and gastric distension by meals were thought to participate in this motilin increase (103).


Table 2 | Regulatory stimulants for endogenous motilin release in mammals.



Pharmacologically, the cyclic increases of motilin are inhibited by atropine or hexamethonium, and a vagus nerve stimulation causes an atropine- or hexamethonium-sensitive increase in motilin release (105–108). Injection of a muscarinic agonist, carbachol into the duodenal artery of anesthetized dogs increased motilin release, and the increase was inhibited by atropine but not by tetrodotoxin or hexamethonium (106). Therefore, a neural network involving ganglionic nicotinic receptors and muscarinic receptors on non-neural tissues could mediate the motilin release. The muscarinic receptor-mediated motilin release has been demonstrated in intestinal mucosal motilin-producing cells of dogs (87).

Stimulation of vagus nerves increased plasma motilin concentration, but chronic vagotomy and blockade of vagus nerves by cooling had no effects on motilin release in dogs (93, 95, 109), suggesting that motilin release is regulated by both vagal and non-vagal cholinergic pathways.

Motilin and erythromycin induce motilin release through activation of positive feedback mechanism mediated by the 5-hydroxytryptamine3 (5-HT3) receptor and nicotinic and muscarinic receptors. Motilin stimulates the release of 5-hydroxytryptamine (5-HT) and acetylcholine (ACh), and 5-HT induces ACh release from enteric cholinergic neurons. Finally, ACh activates muscarinic receptor on the motilin-producing cells in the duodenum (87, 91, 110).

In dogs, ghrelin decreases motilin release, and cyclic changes in plasma ghrelin are reversal to cyclic changes in plasma motilin (A peak of ghrelin is corresponding to bottom of motilin and the bottom of ghrelin is a peak of motilin). At least in dogs, ghrelin regulates the release of motilin although the mechanisms of cyclic changes in ghrelin were not clarified (14). In humans, however, plasma ghrelin does not fluctuate and does not affect motilin release (111, 112), suggesting a dog-specific regulation of motilin release by ghrelin.

Bombesin, prostaglandin E2 (PGE2) and 5-HT stimulate the release of motilin, but somatostatin, insulin, and noradrenaline (α-adrenoceptor) decrease (Table 2). Investigation in dispersed motilin-producing cells in dogs indicated that there are excitatory muscarinic and bombesin receptors and inhibitory somatostatin and α-adrenoceptor receptors on the motilin-producing cells (87, 88). Therefore, PGE2 and 5-HT are thought to stimulate ACh release from the cholinergic neurons and to act on the motilin-producing cells indirectly (87, 88, 94).

Duodenal pH influences gastric motility and motilin release. Dryburgh and Brown (97) reported that duodenal alkalization increased gastric motor activity in association with increased motilin concentrations in dogs. Three phasic changes in duodenal pH (a weak acid period, strong acid period and alkaline period) observed in dogs were associated with three types of gastric contractions (the digestive, intermediate, and interdigestive MMC) (113). An association between duodenal pH and gastric motility has also been reported in humans. Woodtli and Owyang (114) found that duodenal pH changed from 2 to 7.5 during the onset of phase I to phase III, and that pH was maintained at alkaline from late phase II to phase III of the gastric MMC. Acidification-induced motilin release was also observed in the isolated perfused pig duodenum (101). These studies have indicated that both duodenal acidification and alkalinization stimulate motilin release and induce GI contraction like phase III (Table 2). The mechanisms by which opposite pH stimulations cause almost the same gastric contractions through motilin release have been investigated in Suncus. Mondal et al. (99) examined the association of duodenal pH and gastric phase III contractions by motilin and reported the mechanisms for motilin release by a change in duodenal luminal pH as follows: acidification of the duodenal lumen by gastric acid stimulates the synthesis of PGE2, which decreases the release of gastric acid and simultaneously increases 5-HT release from enteric 5-HT neurons and mucosal enterochromaffin cells; 5-HT activates the release of bicarbonate from mucosal cells by activation of the 5-HT4 receptor and the released bicarbonate increases the luminal pH; finally, alkalinization of the lumen stimulates the release of motilin to cause the gastric contraction, although the mechanisms of motilin release by luminal alkalinization have not been clarified. The interval of appearance of gastric phase III of the MMC is a required time that duodenal acidification finally causes alkalinization in the duodenum through the pathway including PGE2, 5-HT/5-HT4 receptor and bicarbonate. The increase in the 5-HT concentration in the duodenal lumen by PGE2 is also thought to contribute to the initiation of duodenal MMC (99).

Takahashi (17) reported another idea of periodic release of motilin using dogs as model animals. At first, in phase I, gastric, pancreatic and biliary juices increase luminal pressure of the duodenum and the increase in pressure stimulates the release of 5-HT from the enterochromaffin cells by mechanoreceptor. There is a positive circuit between 5-HT release and increase in luminal pressure. 5-HT stimulates the duodenal pressure and the pressure increases the release of 5-HT. Duodenal 5-HT increases duodenal pressure corresponding to intestinal phase II and III contractions, and the increased duodenal pressure stimulates the release of motilin. The released motilin further increases the release of 5-HT, and the increased 5-HT finally stimulates vagal afferent neurons to cause gastric phase III through the 5-HT3 receptor on the afferent terminals (115). Activation of enteric cholinergic neurons by neural MLN-R also contributes to initiation of the gastric phase III contraction. Therefore, after appearance of the gastric phase III contraction, 5-HT in enterochromaffin cells is exhausted and it takes times to refill with 5-HT. This “time” is considered to be the interval of periodic release of motilin and the motilin-induced gastric phase III of the MMC. Augmentation of duodenal motility causing an increase in luminal pressure might be a stimulant for motilin release (17).

The regulation of motilin release and the corresponding GI motility have been performed in the dogs, humans and Suncus (Table 2). Species-related differences including non-mammalian vertebrates on the regulation of motilin release should be examined in future.



GI Motility-Stimulating Actions in Mammals

The effect of motilin is different depending on animal species, GI regions and experimental conditions (in vivo and in vitro). In in vivo experiments, changes in intraluminal pressure, muscle contractility or muscle myoelectric activity were measured using conscious or anesthetized animals. Measurements of gastric emptying and intestinal transit are other ways to evaluate GI motility. Under these experimental conditions, extrinsic and intrinsic neural networks of the GI tract are intact, and the afferent-to-efferent autonomic nervous reflex pathways are also intact. On the other hand, isolated GI smooth muscle preparations used in in vitro study are cut off from extrinsic innervation from brain and sensory innervation connecting to brain. However, enteric neurons in the myenteric and submucosal plexuses are intact and functional. These enteric neurons are able to stimulate electrically. In in vitro experiments, on the other hand, the local actions of motilin on smooth muscle cells and enteric neurons can be examined. Based on the results of functional studies mainly used dogs, rabbits and Suncus, the mechanisms of GI motility-stimulating actions by motilin are divided into three pathways (6, 7, 71, 99, 116, 117) (Figure 3): (i) the action on MLN-Rs located on smooth muscle cells; (ii) the action on MLN-Rs located on enteric neurons although detailed neural networks have not been proven, as a result, ACh released from cholinergic neurons causes contraction through the muscarinic receptor; and (iii) the activation of the vago-vagal reflex pathways followed by stimulating vagal efferent neurons connecting to the enteric neurons. The presence of 5-HT3 receptors has been demonstrated in the terminals of vagus afferent neurons (115), and motilin-induced contraction in the vagus-intact stomach, but not in the vagotomized stomach, was decreased by a 5-HT3 receptor antagonist (94). Thus, motilin is thought to stimulate the release of 5-HT from enteric neurons and enterochromaffin cells, and the released 5-HT activates the 5-HT3 receptors on the terminals of vagal afferent neurons. Contribution of three mechanisms to the motilin-induced GI contraction is different from animal species and GI regions. Although expression of MLN-Rs in the CNS has been reported (5, 23, 118), contribution of motilin and MLN-Rs in the CNS to the GI motility-stimulating actions might be excluded because intrathecal or intracerebroventricular injection of motilin failed to cause GI contraction in dogs (119), and motilin is a hydrophilic peptide and not able to penetrate the blood-brain-barrier.




Figure 3 | Potential mechanisms of motilin-induced GI motor-stimulating actions. Motilin is synthesized in the M cells of the upper GI tract and is released by various stimuli, including mechanical, chemical, and biological. The released motilin causes GI motility-stimulating actions through motilin receptors (MLN-Rs) located on enteric neurons and smooth muscle cells. Neural pathways in the enteric nervous system are complex. Motilin stimulates neural pathways including cholinergic nicotinic receptors (black), adrenergic receptors, serotonin (5-HT) receptors and NO neurons, and finally acetylcholine (ACh, blue triangle) released from cholinergic neurons (blue) acts on muscarinic receptors (Mus-R) on smooth muscle cells to cause contraction of stomach and upper intestine. Results of experiments in conscious animals (dogs, humans and Suncus) indicate that motilin stimulates the release of 5-HT from enteric serotonergic neurons (green) and 5-HT (green triangle) activates both enteric cholinergic neurons and the vago-vagal reflex pathway through activation of the 5-HT3 receptors on enteric neurons and afferent vagal terminals. The stimulation of vagus efferent neurons activates neurons in the myenteric plexus to cause contraction of stomach. Since MLN-R is also present in the intestinal mucosa, it is possible that motilin acts on enterochromaffin cells (EC cells) to release 5-HT. The 5-HT originating from EC cells could also act on enteric neurons and the vagus afferent terminals. The contribution of these mechanisms might be different depending on the species, regions, and experimental conditions. The vago-vagal reflex pathway has been demonstrated mainly in the stomach but not in the small intestine. The MLN-R is also expressed in the CNS, but its functional roles in stimulating GI motility is unknown.



Motilin and erythromycin cause successive phasic phase III-like contractions of the GI tract and accelerate gastric emptying and intestinal transit (6, 13, 62, 120). The mechanisms for eliciting rhythmic contractions consisting of contraction and relaxation are estimated as follows. At the smooth muscle cell level, MLN-R is coupled with Gq/11 linked to phospholipase C that synthetizes IP3 and diacylglycerol. IP3 stimulates the release of Ca2+ from intracellular store and the influx of extracellular Ca2+. Then increase in intracellular Ca2+ evokes both muscle contraction (121, 122), and muscle relaxation through activation of Ca2+-activated K+-channels (123). On the enteric neuron levels, it is known that motilin acts on both excitatory cholinergic and inhibitory nitrergic neurons in the rabbit (124), Suncus (71) and chicken GI tracts (125). At the vago-vagal reflex level, vagal efferent neurons innervate both excitatory and inhibitory neurons in the myenteric plexus.

In the following sections, the effects of motilin on GI motility in each animal are described in detail.


Dogs

Dogs have been used since the early days of motilin research because the size is suitable for surgical operations and for drawing blood samples several times.

Itoh et al. (13) reported that the GI motility patterns of dogs in the digestive and interdigestive periods are quite different. In the interdigestive period, i.e., a cyclic increase of GI motility consisting of phase I, phase II and phase III occurs in the stomach with an interval of 80-100 min and it propagates to the caudal direction. Therefore, the cyclic GI motility is called interdigestive MMC. Motilin caused a contraction similar to that of MMC in the canine stomach, and this contraction migrated in the direction toward the small intestine. On the other hand, there is no MMC in the digestive state, and motilin does not cause any motility changes in this state (13). In addition, Itoh et al. (19) demonstrated that the peak of plasma motilin concentration was associated with the occurrence of phase III activity. Phase III contraction has been demonstrated to be disrupted by anti-motilin serum, or a motilin receptor antagonist (72, 126). Therefore, motilin has been thought to be an endogenous regulator of phase III activity of the MMC in the fasting state. Although Lee et al. (126) showed interruption of the gastric MMC by treatment with anti-motilin serum, the MMCs in the distal intestine were resistant, suggesting that the mechanisms of gastric and intestinal MMCs are different and that motilin is not a meditator of intestinal MMC.

The mechanisms of motilin-induced contractions in dogs have been analyzed by autonomic drugs and denervation of vagus nerves. The motilin-induced gastric contractions were sensitive to atropine and hexamethonium, indicating the involvement of a neural pathway including nicotinic and muscarinic receptors. The involvement of vagus nerves in motilin-induced contractions has been also reported. A low dose of motilin stimulated GI motility through activation of the 5-HT3 receptors on the vagus nerves and vagal reflex pathway, but a high dose caused an atropine-sensitive GI contraction through activation of enteric cholinergic nerves independent of the vagus innervation (127, 128). Therefore, a physiological concentration of motilin stimulates enteric neurons both by direct and indirect actions through vagal afferents to vagal efferents pathway. Tanaka et al. (129) reported that the vagal nerves were not necessary for the initiation or coordination of fasting gastric MMC patterns but were involved in the modulation of the contraction pattern during gastric MMC. Taken together, the results indicate that motilin causes the phase III of gastric MMC and simultaneously modulates the frequency and amplitude of the MMC pattern through actions on the vago-vagal reflex pathway.

In vitro studies using the isolated canine antrum and duodenum indicated that canine motilin caused contraction at a very high concentration (130) and that porcine motilin was ineffective. An approximately 10,000-times higher concentration of canine motilin was necessary for contraction of the canine duodenum compared with the concentration for contraction of the rabbit duodenum (131, 132). A receptor binding study failed to detect specific motilin binding sites (60). Therefore, the isolated canine duodenum is insensitive to motilin due to the lack of MLN-Rs.

However, another in vitro study using the isolated vascularly perfused canine small intestine showed that intra-arterially injected motilin increased luminal pressure and that it was antagonized by tetrodotoxin, atropine and hexamethonium, indicating that motilin acts on the enteric preganglionic and postganglionic cholinergic nerves (133). Kellum et al. (134) showed cholinergically mediated release of 5-HT from enteric neurons and that the 5-HT3 receptor mediated the contractile actions of motilin in the canine jejunum. Similar involvement of 5-HT in the motilin-induced contraction was also demonstrated in the isolated perfused canine stomach. It has been shown that the neural pathway including α-adrenoceptors is involved in motilin-induced gastric actions (135). In addition, motilin had no effect on spontaneous contraction but increased the amplitude of electrically induced cholinergic contraction in isolated canine small intestine (136). These observations indicate that motilin can cause GI contractions via activation of enteric neurons in in vitro. Immunohistochemical and molecular biological studies indicated the presence of the MLN-Rs in the enteric plexus (21).

Taken together, the results in dogs suggest that motilin stimulates (i) vagal afferent neurons connecting to the vagal efferent neurons that synapse to enteric neurons through 5-HT/5-HT3 receptor and (ii) enteric neurons of myenteric plexus including adrenergic (α-adrenergic receptors), serotonergic (5-HT3 receptors) and cholinergic interneurons (nicotinic receptor), and that motilin finally releases ACh from cholinergic neurons, which causes contraction of the stomach, that is phase III of the MMC, although the arrangement of neural networks in the myenteric plexus has not been determined (17) (Figure 3).

Sanger et al. (12) suggested that the motilin system is related to the ability of vomiting. Application of motilin or erythromycin frequently caused vomiting in dogs (63, 128). Motilin might be mimic the vomit-related GI motility (retroperistalsis) in addition to the regulation of phase III of the MMC in interdigestive periods. Similar to motilin-induced contraction, 5-HT, the 5-HT3 receptor and afferent terminals of the vagus nerves have been shown to be involved in the vomiting caused by the anti-cancer drug cisplatin (137). Therefore, the neural pathway involved in motilin-induced gastric contraction is partially involved in anti-cancer drug induced vomiting mechanisms.



Rabbits

Strunz et al. (9, 138) found that the rabbit GI tract was sensitive to motilin. Considerable GI region-dependent different responsiveness was found: the upper GI tract including gastric antrum, duodenum and jejunum was sensitive to motilin, but the ileum was insensitive (139, 140). In the duodenum, the contraction induced by motilin was not decreased by atropine and tetrodotoxin (9, 139, 140) and the responses evoked by neural stimulation were not modified by motilin (139). These results suggest a direct action of motilin on smooth muscle. In a study using a dispersed rabbit antral smooth muscle cells, motilin caused the shortening of the isolated cells (141). Motilin binding sites were demonstrated in dispersed muscle cells (142) and in smooth muscle membrane fractions (143). These results indicate that MLN-Rs are located on the smooth muscle cell membrane as myogenic receptors. However, other studies showed enhancement of neural contractions and stimulation of the release of [3H]-ACh by motilin, indicating that motilin also acts on enteric neural MLN-Rs (117, 144). GI region-dependent distributions of myogenic and neural MLN-Rs have been demonstrated. Poitras et al. (145), Van Assche et al. (143) and Miller et al. (59) reported the results of [125I]-motilin binding studies using neural synaptosomes and smooth muscle membranes obtained from the antrum, duodenum, and colon. Although both smooth muscle and neural MLN-Rs exist in each region, MLN-Rs are predominantly distributed in the neural fraction in the gastric antrum while those are abundant in the smooth muscle fraction in the duodenum and colon. Although the binding affinities for labelled motilin on smooth muscle and neural binding sites are comparable, the affinities of some synthetic MLN-R antagonists for neural motilin binding sites are higher than those for smooth muscle motilin binding sites (59). Poitras et al. (145) reported that the affinities of motilin and erythromycin were significantly different in the antral neural receptor fraction and the duodenal smooth muscle receptor fraction. However, the details of these differences, i.e., subtypes of MLN-R, have not been clarified, and only one MLN-R has so far been cloned in rabbits (76).

There have not been many in vivo studies on GI motility in rabbits since rabbits eat small meals frequently and their stomachs will never be empty, i.e., “fasted until death”, suggesting that rabbits do not have fasting period and interdigestive GI motility. An in vivo study in which myoelectric activity of the GI tract was recorded in conscious rabbits indicated that the migrating myoelectric activity consisting of three phases originated from the proximal jejunum, not the stomach and duodenum, being different from that in dogs, and that the myoelectric activity appears in both feeding and fasted rabbits at almost the same intervals (146). The plasma motilin concentration has not been measured in rabbits, but Guerrero-Lindner et al. (147) examined the effect of motilin on the GI electric activity. They found that motilin did not affect the antral electric activity but increased duodenal and jejunum activities. However, the motilin-induced activity did not propagate downward and was not followed by a quiescent period like phase I, being different from the pattern of spontaneous myoelectric activity, suggesting that motilin is not likely to be a physiological regulator of the migrating myoelectric activity in rabbits. Atropine, hexamethonium and ondansetron did not change the motilin-induced myoelectric activity in rabbits in contrast to the results in dogs (147), indicating that motilin acts directly on the smooth muscle MLN-Rs (Figure 3). However, in ex vivo intestinal preparations (stomach and upper intestine were isolated together and incubated in an organ bath), motilin caused migrating motor activity in the duodenum and these activities were decreased by atropine, indicating that the motilin-induced actions are of cholinergic neural origin (148). One of the discrepancies between in vivo and ex vivo studies can be explained by the concentration of motilin applied intravenously. In conscious dogs and Suncus, motilin (0.1 µg/kg, i.v.) was used to initiate phase III-like activity, which was a neural origin (13, 15), while high concentrations of motilin (0.6 µg/kg-1.5 µg/kg, 147) used in the rabbits were possible to act on smooth muscle MLN-Rs and myogenic actions masked the neural actions. Concerning rabbit myoelectric activity, Marzio et al. (148) reported the occurrence of a spontaneous myoelectric complexes originating from the duodenum in an ex vivo rabbit intestinal preparation, in agreement with the results of in vivo studies (146, 147). In the ex vivo study, motilin induced MMCs in both the gastric antrum and duodenum, but spontaneous myoelectric activities were only elicited in the duodenum regardless of the absence or presence of motilin in the organ bath (148). Therefore, although the possibility of contribution of endogenous motilin to the spontaneous migrating myoelectric activity in the ex vivo study cannot be completely excluded, it is suggested that motilin does not initiate the physiological migrating myoelectric activity in the rabbit duodenum but possibly regulates the appearance of this activity.

Motilin-induced GI motor-stimulating actions in rabbits have been also examined under an anesthetized condition. It was found that motilin caused contractions of the stomach and colon but not the ileum (140). The high responsiveness of the isolated colon to motilin (140) and high density of motilin binding sites (149) found in in vitro studies may reflect the results of the in vivo study. Mitemcinal, an MLN-R agonist was reported to increase the defecation in the conscious rabbits (150). Rabbits belong to the order Lagomorpha, not Rodentia, and are coprophagous grass-eating animals with a property of hindgut fermentation. The regulation of colonic motility is important for rabbits and motilin might be regulator of the colonic motility.

Although rabbits have been widely used in studies for GI motility-stimulating actions of motilin, the physiological roles are still not well understood. To determine the roles of motilin in rabbit GI motility, a study in which measurement of plasma motilin concentration and an in vivo contraction study using a physiological dose of motilin are necessary. Since rabbits do not have an interdigestive GI motility state like that in dogs due to their eating behavior, motilin might have different roles in regulation of GI functions including motility, absorption and secretion. Motilin has been shown to regulate amino acid absorption in the rabbit intestine (151).



Rodents

It has been known for a long time that motilin does not cause contraction in non-stimulated and stimulated GI strips of rats and mice (Mus musculus) in vitro (9, 152) and gastric emptying in vivo (153).

Recent genome-wide analysis revealed that these mice and rats are species lacking genes for motilin and its receptor (10, 12). However, functional studies of recording GI motility indicated that MMC-like motility occurred at 15 min intervals in the stomach of fasting rats and mice, and that it was initiated by ghrelin and inhibited by a ghrelin receptor antagonist, suggesting that ghrelin, a family of motilin mediated the MMC-like motility in the rodents (154–156).

In the guinea-pig, however, the possible presence of motilin mRNA has been reported (52), and other studies indicated that motilin caused contraction of dispersed GI smooth muscle cells (157, 158), but isolated GI smooth muscle strips were insensitive to motilin (9, 11, 159). The discrepancy between the results in muscle strips and isolated cells might be explained as follows: motilin simulates both excitatory and inhibitory pathways in GI strips, and these opposite responses are cancelled and result in no responses (157). However, the recent re-examination demonstrated that motilin mRNA was not present and that the motilin deduced from mRNA (52) did not cause contraction and did not modify the neural responses in the guinea-pig GI tract (11). We also found that an MLN-R-like structure in the guinea-pig gene database but its homology with human MLN-R was very low (42.5%), suggesting that functional MLN-R might not exist in the guinea-pig (11). In the guinea-pig, if the motilin gene could be expressed and motilin is present in the duodenal mucosa, the MLN-R gene would be degenerated as in other rodents (10). Therefore, motilin may not have a GI regulatory function in the guinea-pigs.

Recording myoelectric activity in conscious guinea-pigs has indicated that the MMC-like myoelectric activity was elicited in the duodenum but not in the stomach, and it propagated toward the jejunum and ileum. These MMCs were not disrupted by feeding, but the frequency of the complex activity decreased by feeding (160). The characteristics of the myoelectric complex and the effects of motilin and ghrelin have not been examined.



Humans

Similar to the GI motility pattern in dogs, GI motility in humans can be divided into distinct interdigestive and digestive contractions. Most of the spontaneous active front of the MMC in the interdigestive state originates in the stomach (16, 20, 161). Human motilin and the receptor have been identified (Figure 1 and Table 1). As in dogs, motilin is thought to be the initiator of phase III of the gastric MMC because exogenous motilin causes MMC and because the plasma motilin concentration fluctuates in a cyclic manner in association with phase III of the MMC originating from the antrum (16, 161, 162). Janssens et al. (20) found that the active fronts of the MMC originating in the stomach were preceded by a motilin peak and that pancreatic polypeptide decreased the motilin levels and active fronts of the gastric MMC without affecting those of the intestinal MMC. Ondansetron, a 5-HT3 receptor antagonist, also decreased the cyclic increase of motilin and gastric phase III of MMC in the stomach, but it did not affect the MMC in the small intestine (163). Different inhibitory actions of atropine on the motilin-induced phase III activities in the antral and duodenum regions also suggest the different mechanisms of motilin-induced MMC in the stomach and small intestine: phase III activity of gastric MMC is dependent on muscarinic cholinergic mediation and the 5-HT3 receptors located on the vagus afferent neurons but that the contractile action of motilin in the duodenum involves a non-cholinergic mechanism (164). In addition, vagotomy abolished the MMC pattern in the stomach but had a minimal effect on the small intestinal MMC pattern (165). Therefore, the underlying mechanisms of the gastric MMC and intestinal MMC in humans are different, and motilin initiates only the phase III of the gastric MMC through activation of the 5-HT3 receptors and linked vago-vagal reflex pathway connecting enteric cholinergic neurons (Figure 3). Unlike in dogs, ghrelin causes an active front of phase III of the gastric MMC without changing the plasma motilin concentration in humans. However, the plasma ghrelin does not fluctuate like motilin in accordance with the gastric MMC and the role of ghrelin in regulation of the MMC has not been determined (111, 112). Recently, it was proposed that the MMC signals hunger sensation from the periphery to the brain in humans (111, 166). Therefore, motilin is a hunger hormone transporting a hunger signal through activation of vagus afferent neurons which also stimulate the vagus efferent neurons causing gastric phase III.

The in vivo GI motility-stimulating actions of motilin are similar in humans and dogs, but motilin stimulates contractility of human GI tract in vitro, in contrast to the isolated canine GI tract. 13-Nle-motilin caused contraction of the stomach and small intestine but not large intestine of humans, and atropine did not decrease the responses (9). Ludtke et al. (167) reported that the circular muscle strips are more sensitive to motilin than are longitudinal muscle strips in various regions of the stomach (pylorus, corpus, fundus, and antrum), and these contractions were resistant to tetrodotoxin and atropine, but duodenal strips were insensitive to motilin. These pharmacological studies indicated the presence of MLN-Rs on smooth muscle cells in a region-dependent manner. However, the results of a [125I]-labeled-motilin binding study in the human stomach showed the presence of MLN-Rs in both neural synaptosomes and smooth muscle membranes, and the binding in neural synaptosomes was dominant (58). As in the rabbit GI tract, different dissociation constants of MLN-R agonists suggest the presence of receptor subtypes located on smooth muscle and enteric neurons (58). However, the presence of MLN-R subtypes has not been clear at present. Such neural MLN-Rs have been also demonstrated by an immunohistochemical study, and 50-60% of cholinergic neurons were shown to have MLN-R immunoreactivities (168). A functional study using electrical field stimulation (EFS) showed enhancement of EFS-induced cholinergic contraction and increase in smooth muscle tonus by motilin or MLN-R agonists in the antrum with low activity in the fundus and small intestine. A high concentration of motilin is needed to increase smooth muscle tonus through activation of muscle MLN-Rs (168). Therefore, the results of the in vitro study clearly indicate the physiological importance of neural MLN-Rs on gastric cholinergic neurons as suggested by the results of the in vivo study (164). The neural MLN-Rs on gastric cholinergic neurons and the 5-HT3 receptors on afferent terminals of the vagus nerves are responsible for inducing atropine-sensitive phase III contraction of the MMC in the human stomach in vivo, whereas the role of myogenic MLN-Rs is not crucial because of their low affinity and/or low expression level compared to those of neural MLN-Rs (Figure 3).



Rhesus Monkey

Rhesus monkeys (Macaca mulatta) have been used in in vivo and in vitro GI contraction studies to examine the effects of motilin-induced responses in comparison with those in humans.

When GI motility was recorded using force transducers, both interdigestive and digestive contraction patterns were observed (169). As in humans and dogs, interdigestive MMCs were observed in both the gastric antrum and duodenum at intervals of 120-150 min, and exogenous motilin caused the phase III-like actions of the gastric MMC, and which was decreased by hexamethonium but not by atropine. Therefore, motilin activates the neural pathway consisting of intrinsic cholinergic nerves, but ACh/muscarinic receptor is not a final mediator of phase III of the MMC, being different from human and canine gastric MMCs. An increase in gastric emptying by motilin was thought to be due to the gastric motility-stimulating action of motilin (169, 170). An in vitro study indicated that motilin preferentially caused contraction of the upper GI tract depending on the region-dependent distribution of MLN-Rs (169). Motilin function in rhesus monkeys is thought to be similar to those in humans, and rhesus monkey would be a useful animal model for investigating the physiological functions of motilin in humans.



House Musk Shrew

In earlier motilin research, dogs (in vivo) and rabbits (in vitro) have been mainly used. However, these animals are hard to use for laboratory experiments because of their body sizes and different responses to motilin from those in humans. From these points of view, the house musk shrew (Suncus) is very useful. Suncus belongs to the order of insectivore, and its body size is similar to that of rats, making it easy to handle in experiments. Interestingly, Suncus has been used for the development of anti-emetic drugs because it can vomit differently from the rodents (171). Sanger et al. (12) reported that the motilin system is correlated with the ability to vomit with some species exceptions. Suncus motilin and ghrelin (44, 172) and their receptors (78) have been identified, and functions of motilin in regulation of GI motility have been investigated in both in vivo and in vitro (15, 71, 99, 173).

Motilin caused contraction of Suncus gastric strips in an in vitro study, and the contraction was abolished by atropine and tetrodotoxin and was significantly decreased by hexamethonium, phentolamine, ondansetron and naloxone. These results indicate that the motilin-induced contraction in vitro is mediated by a pure enteric neural pathway including cholinergic (nicotinic and muscarinic receptors), adrenergic (α-adrenergic receptor), serotonergic (5-HT3 receptor) and opiatenergic neurons (opiate receptor) (71).

The actions of motilin on gastric motility were also observed in an in vivo study using conscious free-moving Suncus. As in dogs and humans, the GI motility patterns could be divided into interdigestive and digestive patterns. During the interdigestive periods, the stomach and duodenum showed MMCs consisting of three different phases at intervals of 80-150 min, and the gastric MMCs propagated to the duodenum. Motilin and erythromycin caused phase III activity of the gastric MMC (15). The appearance of phase III activity was inhibited by an MLN-R antagonist, MA2029 (71).

The contribution of ghrelin to the regulation of the gastric MMC with motilin has been reported (173). Ghrelin enhances phase II activity of the MMC in a vagus nerve-dependent manner, and the duration and amplitude of phase II are attenuated by vagotomy. Motilin initiated phase III-like activity in the stomach in a vagus nerve-independent manner, and a ghrelin receptor antagonist or an MLN-R antagonist decreased the phase III activity of the gastric MMC. These results indicate that motilin is involved in the induction of phase III of gastric MMC as in humans, dogs and that ghrelin is involved in initiation of phase II and subsequently enhances motilin-mediated phase III contractions (173). Motilin mainly activates the enteric nervous system independently of its actions on vagus afferent neurons and smooth muscles, while ghrelin indirectly regulates phase III activity through its actions on vagus afferent neurons. Enhancement of phase III activity by ghrelin indicates a synergistic interaction of motilin and ghrelin in contraction of the Suncus stomach. Ghrelin decreased the GABAergic nerve-mediated inhibition in the myenteric plexus that caused enhancement of motilin-induced gastric phase III contraction (174).

A functional role of the vagus nerves in regulation of the motilin-induced response and synergistic action of ghrelin have also been demonstrated in a digestive state. In the vagotomized Suncus, postprandial irregular contractions were not observed, indicating the involvement of vagus nerves in the digestive contractions. In vagus nerve-intact animals, motilin does not cause contraction in the digestive state but causes contraction in vagotomized animals, indicating that the vagus nerves play a suppressive role to the action of motilin (173). However, the mechanisms have not been clarified yet.

The complicated regulation mechanisms of the gastric MMC by motilin and ghrelin were indicated for the first time by using Suncus. Measurements of plasma motilin and ghrelin concentrations during the gastric MMC might provide more information about the roles of motilin and involvement of both peptides in GI motility regulation.



Opossum

The opossum (Didelphis virginiana) is a small animal with a body size similar to that of domestic cats, and it belongs to the order of Didelphidae. As shown in Figure 1 and Table 1, opossum motilin and MLN-R have been identified.

GI electric activity has been measured in conscious opossums and was found to be different in the interdigestive and digestive periods. In fasted periods, cyclic myoelectric activity complexes migrating toward the jejunum were observed in the gastric antrum at 90-min intervals, and it was consisted of three phases as dogs and humans. They were disrupted by feeding and changed into irregular small continuous electrical activity (digestive contraction) (175).

The involvement of motilin in the regulation of migrating myoelectric activity in the opossum was examined. Plasma motilin concentration changed in a cyclic manner and the duration between two peaks was about 90 min, and the peak corresponded to phase III of myoelectric activity in the duodenum (104). Infusion of motilin (0.3-0.9 µg/kg/h) initiated phase III activity in the stomach and duodenum, and the activity propagated toward the jejunum like spontaneous phase III. Therefore, motilin is proposed to be a mediator of the phase III of MMC in the stomach or duodenum in the opossum (104).



Pigs

Motilin was firstly identified in pigs (Sus scrofa domesticus) and motilin-immunopositive cells were localized in endocrine cells of the small intestine (1–3, 176).

It was reported that MMC was observed in the duodenum, not in the stomach, unlike those in dogs and humans (102, 177–180). However, the myoelectric complexes were not completely disrupted by feeding (179). An association between plasma motilin concentration and MMCs was not observed, and plasma motilin concentration was almost stable during MMCs (177). In addition, motilin infusion did not induce phase III-like activity and affected the interval of phase III activity (178). Infusion of acid into the duodenum increased motilin release, but the increased motilin did not produce the phase III-like activity (102). Immunoneutralization of motilin had no effects on appearance of the MMCs (181). Thus, in pigs, motilin is thought not to be a mediator of the MMCs.

An in vitro study indicated that motilin did not cause contraction of muscle strips and did not modify neural responses in the stomach and intestine (182). Little is actually known about the physiological roles of motilin in porcine GI function, although motilin was first discovered in pigs.



Ruminants

MMCs have been reported in gastric antrum-duodenal regions of conscious sheep, and the interval between phase III of the myoelectric complex is approximately 120 min (183). Unlike in dogs and humans, the myoelectric activity is not changed by feeding (184). Plasma motilin concentration does not fluctuate and stays at almost the same level during an appearance of phase III (185). Infusion of motilin and its receptor agonist, erythromycin did not cause any changes in myoelectrical activity of antrum-duodenal regions, although a bolus application of them increased the myoelectric activity (183). These findings suggest that motilin is not a mediator of migrating myoelectric activity in sheep.



Summary of Motilin Action in Mammals

The presence of the motilin system and characteristics of MMC/migrating myoelectrical activity in the stomach and small intestine, the effects of motilin on GI contractility in in vivo and in vitro experiments, and changes in the plasma motilin concentration during the MMC were summarized in Table 3.


Table 3 | Summary of effects of motilin on gastrointestinal contraction in mammals and birds.



Motilin is thought to be a physiological mediator of the phase III of gastric MMC in humans, dogs, monkeys, Suncus and opossums, since they eat large meals with a low frequency, and they have clear fasting and digestive periods. In mammals with different feeding behaviors (small meals with a high frequency) such as rabbits, pigs and sheep, physiological roles of motilin in regulation of the GI motility have not been clearly understood. It is possible that motilin affects GI motility in the digestive state because MLN-R agonists, such as ABT-229, EM574 and GM116 increase the gastric emptying in humans, dogs and monkeys (170, 186–188). However, plasma motilin concentration is thought to be low in the digestive state and functional roles of endogenous motilin have not been examined. Motilin transmits a hunger signal from the periphery to brain in humans (166), and there might be a relationship among eating style, hunger signals and functions of motilin in the GI tract of mammals.




GI Motility-Stimulating Action in Non-Mammals


Birds

Isolated GI strips of chickens, quails and pheasants were used in in vitro contraction studies for motilin (33, 34, 82, 83, 189). Chicken or human motilin caused contraction of the small intestine (duodenum, jejunum and ileum) in the three avian species by activation of MLN-Rs on smooth muscles because tetrodotoxin or atropine failed to decrease the contraction. Rabbit duodenum and chicken intestine showed different contractile activities by human motilin and chicken motilin (Figure 2), and an MLN-R agonist, erythromycin did not cause contraction of avian intestine and an MLN-R antagonist, GM109 also failed to decrease the response of motilin in the chickens and pheasants, which is strongly suggestive of structural differences in avian MLN-Rs from mammalian MLN-Rs (33, 34, 82, 83). In fact, the chicken MLN-R has a quite different structure from those of human and rabbit MLN-Rs (81).

In chickens, quails and pheasants, motilin causes the strongest contraction in the small intestine followed by the proventriculus, but does not in the crop, gizzard, and colon (34, 82, 83, 189). This pattern of different ranking of responsiveness is common in three avian species. Contraction in the proventriculus was decreased by tetrodotoxin or atropine, being different from the response in the small intestine, suggesting that motilin acts on MLN-Rs located on enteric cholinergic nerves, which is consistent with the results in humans and rabbits (58, 145). These region-related different contraction mechanisms (ileum vs. proventriculus) are also common in the three avian species (34, 82, 83).

In in vivo studies, MMC is observed in the chicken GI tract (190–192) as in mammals. The chicken MMC is consisted of three phases, basic pattern of quiescence (phase I) and irregular spike activity (phase II) followed by intense regular spike activity (phase III). The frequency and duration of chicken MMC are similar with those in mammals, but the migrating velocity is slow. In addition, the avian migrating myoelectric activity originates from the duodenum, not the stomach, and it is not disrupted in the digestive states (190–193). The detail regulation of the MMCs in chickens has not been examined, but it is known that the appearance of myoelectric complex is modulated by some gut hormones including cholecystokinin and gastrin (191, 192). Rodriguez-Sinovas et al. (193) reported that motilin was not a mediator of phase III activity of MMCs in chicken because motilin did not induce phase III activity.

Rather than MMCs, a new pattern of electric activity called rhythmic oscillating complexes (ROCs) has been reported in the chicken small intestine (191, 194). ROCs are highly organized myoelectric events consisting of several intestinal spike bursts migrating downward (from the duodenum to ileocecorectal junction), followed by groups of upward spike bursts from the end of the small intestine to the gastric pylorus to mix intestinal luminal contents. It appears only in a fasted condition regardless of the phase of the myoelectric complex, and they drive the intestinal contents to the upper part of the GI tract including the stomach and duodenum (191, 194). ROCs have not been reported in mammals, but ROC-like contractions and retrograde giant contractions have been observed in mammals before vomiting (195). Rodriguez-Sinovas et al. (193) reported that plasma motilin concentration was high during spontaneous ROCs occurred in the chicken small intestine, and that exogenous motilin triggered the ROCs activities. This was the first indication of the involvement of motilin in the regulation of small intestinal ROCs in birds in the fasting periods.

In in vitro experiments, the responsiveness to motilin was high in the small intestine including the jejunum and ileum in all avian species examined (34, 82, 83), and the expression level of the MLN-R mRNAs was high in the ileum of adult chickens (196). These observations suggest that the small intestine is the major target of motilin in birds, and that motilin regulates the small intestinal contractility in a fasting state.



Reptiles

Although motility of isolated GI strips of reptiles (Burmese python) has been measured (197), the effects of motilin on reptile GI contractility have not been examined yet despite the molecular evidence for the presence of motilin and MLN-Rs (Figure 1 and Table 1). In our study, turtle and alligator motilins caused contraction of the rabbit duodenum and chicken ileum with low affinity compared with human motilin or chicken motilin (Figures 2A, B), indicating that reptile motilins can be agonists for mammalian and avian MLN-Rs. However, contraction studies using the GI tract of some reptiles themselves are necessary to determine that motilin is a regulator of GI contractility in reptiles.



Amphibians

Our recent database searches have indicated the presence of a motilin-like peptide in newts and axolotl but not in frogs (Table 1), even though MLN-R is thought to be present both in newts and frogs (Figure 1).

In in vitro studies using isolated GI tract of frogs, human motilin caused contraction of stomach of the black-spotted pond frog (Pelophylax nigromaculatus) and the upper small intestine of the bullfrog (Lithobates catesbeiana) and tropical clawed frog (Xenopus tropicalis). However, other GI regions including the middle and lower intestines were insensitive (84, 85). Therefore, motilin sensitivity in frogs seems to be dependent on the GI region, as has been seen in other animals, and the motilin action in the frogs suggests the possible presence of MLN-R-like receptor. However, erythromycin or GM109 did not cause contraction or inhibition of motilin responses in the frog GI tract (85), suggesting that the structure of MLN-R-like receptor is different from that of mammals. In a database, an MLN-R candidate was found in the tropical clawed frog (XM 002935747), and homology of the Xenopus MLN-R with human MLN-R was relatively low (50%). Phylogenetic tree analysis of MLN-R clearly showed the different clade of the Xenopus MLN-R from mammalian MLN-R (Figure 1). The presence of MLN-R-like receptor might be responsible for human motilin causing a contraction, but endogenous motilin has not found in the Xenopus, suggesting that only the motilin gene, but not the MLN-R gene may have been lost during evolution of anuran amphibians. In contrast to the results of functional studies in the frogs, human motilin was ineffective in the upper small intestine of the Japanese fire belly newt (84). However, our recent study using the isolated stomach of the fire belly newt indicated that newt motilin caused a contraction of the gastric strips with high affinity compared with other motilin peptides (Figure 2C). Furthermore, small intestinal preparations (upper, middle, and lower intestines) were insensitive to newt motilin. These results indicate the presence of the motilin system in the newt which regulates GI motility in a region-dependent manner as seen in birds and mammals.



Teleost Fish

Molecular studies demonstrated the presence of motilin and its receptor in teleost fish including zebrafish (Danio rerio) (45, 198), ballan wrasse (Labrus Bergylta) (199), spotted sea bass (Lateolabrax Maculatus) (8) and other species (Figure 1 and Table 1).

In the intestinal bulb and middle or distal intestinal preparations of the zebrafish GI tract, human motilin caused a contraction (198). On the other hand, our study showed that zebrafish motilin caused only a very small contraction even at high concentrations (over 1 µM), though this peptide activated the zebrafish MLN-R expressed in HEK293 cells at much lower concentrations (3-100 nM) (86). The small contraction by zebrafish motilin in vitro would be responsible for the low expression level of the MLN-Rs, and it is thought that the motilin system is not a key regulator of intestinal motility in zebrafish (86). Considerable expression of both motilin and MLN-R have been demonstrated in the stomach of the ballan wrasse (199) and the intestine of the spotted sea bass (8), but a GI contraction study for motilin has not been performed in those fish. In the spotted sea bass, starvation regulated the expression level of the motilin gene, and motilin enhanced the mRNA expression of ghrelin, gastrin, and cholecystokinin (8). These results suggest that motilin affects the expression of the other gut hormones related to digestion and energy homeostasis in fish instead of the regulation of GI motility.



Summary of Motilin Actions in Non-Mammals

Both motilin and/or MLN-R are present in almost all non-mammalian vertebrates except anuran amphibians (frogs). Motilin is less effective in causing GI contraction in fish, but it appears to cause contraction from the amphibian and avian GI tracts in a region-related manner: the stomach and upper intestine are sensitive to motilin in amphibian, but the entire small intestine is highly responsive to motilin in avian species. Through studies in non-mammals, it can be seen for the first time that the GI motility-stimulating action of motilin is not common in vertebrates since motilin stimulates GI contraction in birds and amphibians but not in fish.




Functions of Motilin in Peripheral Organs Other Than GI Tract and Brain

Although the number of studies has been limited, other biological actions in digestive function and in other organs including the blood vessels and brain have been reported (Table 4).


Table 4 | Effects of motilin in mammals other than its gastrointestinal motlity-stimulating actions.



Motilin regulates the exocrine and endocrine functions, and stimulates the release of gastric acid, pepsinogen, insulin, somatostatin and pancreatic bicarbonate/protein (213–215, 218, 219). Motilin controls the cyclic release of insulin in fasted dogs. A comparison of the action of motilin in isolated islet β-cells and in conscious dogs suggests that motilin stimulates 5-HT release, and 5-HT activates the vago-vagal reflex through activation of the 5-HT3 receptors on vagal afferent terminals, and the vagal efferent stimulates ACh release, and which activates the muscarinic receptors on islet β-cells (216, 217). On the other hand, insulin that is released by glucose after feeding decreases motilin release (93), suggesting the presence of glucose- and insulin-related negative feedback for motilin release. In addition, motilin decreases the release of ghrelin in the dog stomach (14).

In the cardiovascular system, motilin shows increase in blood flow in dogs (209, 211). MLN-R is dominantly expressed on the endothelium of gastric artery and the motilin-induced increase in blood flow is selective for gastric artery. Therefore motilin regulates both gastric blood flow and motility simultaneously (211). The endothelial cells-dependent relaxation by motilin was also reported in the porcine aortic valvular strips (210).

Motilin is thought to act in the CNS because motilin-immunoreactive cells were present in the brains of dogs, pigs and monkeys (26, 42, 224, 225), and because MLN-R was also detected in the brains of humans and rabbits (23, 24, 118). But there are only a few functional studies: Chan-Palay et al. (208) reported a decrease in neural activity of the lateral vestibular nucleus by motilin in rabbits; the central actions of motilin have been discussed in zebrafish because of high expression of MLN-R mRNA in the brain (45).

Rats and mice lack motilin system but central and peripheral actions of motilin have been reported (Table 4). Motilin stimulates the growth hormone release (203) and feeding (200, 201). Chen et al. (205) reported that motilin caused depolarization of rat cerebellum Purkinje cells. Increased neural activity in the amygdala (207) and c-fos expression of supraoptic nuclei and paraventricular nuclei in the hypothalamus have been reported (206). Motilin applied to the CNS decreased bladder contraction (204) and increased gastric motility in rats (207). In peripheral organs, motilin caused the vasodilation without changing heart rate in rats (212) and inhibited proline absorption in the rat jejunum (220). These motilin responses in rats and mice could be actions on a non-MLN-R that recognizes the sequence of motilin, but the non-MLN-R and its endogenous ligand have not been identified.



Conclusion

This review summarized the distribution, structure, receptor expression and function of motilin, with a focus on the GI motility-stimulatory action of motilin in a range of species including fish to mammals.

Motilin and MLN-R are present in almost all vertebrates, and their structures have diversified during evolution. A highly conserved N-terminal commencing the amino acid indicated by phenylalanine is thought to be essential for biological activity in mammalian/avian motilin lineage. Reptile motilin is considered to be in the transition stage to mammalian/avian type, whereas the sequences of fish and amphibian motilins differ significantly. In the molecular evolution of motilin, there may have been a major event at the time the reptiles emerged. The differences in motilin sequences are due to mutations in protein coding domains during species evolution which were probably motivated by adaption. The C-terminal sequence is more conserved than that of the N-terminal, suggesting that the C-terminal may exert an as yet unknown function in addition to stimulation of GI motility as mediated via the N-terminal.

GI motility stimulation in a region-specific manner is the main action of motilin, and motilin is the predominant mediator of the phase III interdigestive MMC at least in humans, dogs, monkeys, opossum and Suncus. MLN-Rs mediating GI contraction located on both smooth muscle cells and on enteric neurons, and 5-HT released by motilin activates the vago-vagal reflex pathways. Contribution of these pathways diversified from species to species, even in mammals, and it is thought to reflect the evolution of animals and their feeding behavior. Motilin doesn’t seem to regulate GI motility in fish, but has acquired a GI motility regulatory function in urodele amphibians, and that function would have been passed down to birds and mammals.

It is interesting to anticipate the changes of motilin actions with consideration of vertebrate evolution. There are three questions. One is what is the preliminary action of motilin in fish if it is not GI motility? The distribution of the receptors may hold the answer to this question. Secondly, if the primary function was not related to GI motility, why did it come to regulate GI motility? Finally, why is expression of the motilin gene lost in anuran amphibians whereas expression of the receptor remains?　This brings the question as to whether this receptor retains some biological function in vivo. By cross-species comparisons, it is envisaged that further understanding and answers to these queries may be addressed.
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Liver-expressed antimicrobial peptide 2 (LEAP-2), originally described as an antimicrobial peptide, has recently been recognized as an endogenous blocker of growth hormone secretagogue receptor 1a (GHS-R1a). GHS-R1a, also known as ghrelin receptor, is a G protein-coupled receptor (GPCR) widely distributed on the hypothalamus and pituitary gland where it exerts its major functions of regulating appetite and growth hormone (GH) secretion. The activity of GHS-R1a is controlled by two counter-regulatory endogenous ligands: Ghrelin (activation) and LEAP-2 (inhibition). Ghrelin activates GHS-R1a on the neuropeptide Y/Agouti-related protein (NPY/AgRP) neurons at the arcuate nucleus (ARC) to promote appetite, and on the pituitary somatotrophs to stimulate GH release. On the flip side, LEAP-2, acts both as an endogenous competitive antagonist of ghrelin and an inverse agonist of constitutive GHS-R1a activity. Such a biological property of LEAP-2 vigorously blocks ghrelin’s effects on food intake and hormonal secretion. In circulation, LEAP-2 displays an inverse pattern as to ghrelin; it increases with food intake and obesity (positive energy balance), whereas decreases upon fasting and weight loss (negative energy balance). Thus, the LEAP-2/ghrelin molar ratio fluctuates in response to energy status and modulation of this ratio conversely influences energy intake. Inhibiting ghrelin’s activity has shown beneficial effects on obesity in preclinical experiments, which sheds light on LEAP-2’s anti-obesity potential. In this review, we will analyze LEAP-2’s effects from a metabolic point of view with a focus on metabolic hormones (e.g., ghrelin, GH, and insulin), and discuss LEAP-2’s potential as a promising therapeutic target for obesity.
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Introduction

In 1996, growth hormone secretagogue receptor 1a (GHS-R1a) was first identified as the receptor of growth hormone secretagogues (GHS) (1). GHSs are small synthetic molecules that amplify pulsatile growth hormone (GH) secretion. The authors defined that GHS-R1a was a G protein-coupled receptor (GPCR) highly expressed in the hypothalamus and anterior pituitary gland (1). Three years later, in 1999, the endogenous ligand of GHS-R1a was isolated from rat stomach by Kojima et al. (2). Kojima and colleagues named this peptide ghrelin after the Proto-Indo-European root “ghre” which stands for “grow” (2). Ghrelin is a 28-residue peptide that is acylated at serine residue at position 3 to generate its active form acyl-ghrelin (2). Kojima verified that ghrelin injection induced GH release from the pituitary gland (2). After that, the orexigenic function of ghrelin was uncovered and identified to act through GHS-R1a on the neuropeptide Y/Agouti-related protein (NPY/AgRP) neurons (3, 4). In a word, ghrelin is an endogenous GHS-R1a agonist that stimulates pulsatile GH secretion and appetite.

Intriguingly, ghrelin had been known as the only endogenous ligand of GHS-R1a for nearly 20 years until 2018 when Ge and colleagues firstly reported liver-expressed antimicrobial peptide 2 (LEAP-2) as an endogenous blocker of GHS-R1a by screening this peptide against a panel of 168 engineered stable GPCR-expressing cell lines (5). Although LEAP-2 was isolated in 2003, it was initially characterized as an antimicrobial peptide expressed in liver (6). After the 2018 report of LEAP-2 action on GHS-R1a, it took an entire year to understand the true mechanism of LEAP-2-GHS-R1a interaction. Initially, a study by Ge et al. identified that LEAP-2 was a non-competitive antagonist of GHS-R1a (5). Subsequent studies revealed that LEAP-2 actually competed for binding sites with ghrelin and also reduced the constitutive activity of GHS-R1a in the absence of ghrelin (7, 8). In 2020, through alanine-scanning mutagenesis, the binding residues and key interactions between LEAP-2 and GHS-R1a were identified, which facilitates the design of novel GHS-R1a antagonists (9).

In terms of the biological actions, in 2019, Mani and colleagues revealed that plasma level of LEAP-2 fluctuated in opposite to that of ghrelin according to metabolic status, and was positively correlated with body mass index (BMI) and many metabolic parameters of obesity (10). Since then, LEAP-2 has been considered as a signal for energy surplus and an efficient regulator of energy balance, therefore has fostered emerging research on LEAP-2’s anti-obesity potent.

However, as a newly recognized GHS-R1a blocker, little is known about its pharmacological actions against obesity. Treating obesity with LEAP-2 may encounter some obstacles, such as its instability and potential side effects on inhibiting GH (5). In this review, we summarize recent findings in the properties of LEAP-2, analyze its association with obesity, and discuss the potential application and limits in anti-obesity. The coverage of interrelationship of ghrelin and GHS-R1a has been limited in this review as they have been thoroughly reviewed earlier (11, 12).



Biological Maturation and Molecular Structure of LEAP-2

The biosynthesis of LEAP-2 involves multiple steps. As shown in Figure 1, leap2 mRNA codes for preproLEAP2, a 77- or 76-residue precursor in human or mouse respectively (6). PreproLEAP2 is then processed by a signal peptidase into proLEAP2 (LEAP223-77 of human or LEAP222-76 of mouse). Subsequently, proLEAP2 is cleaved, probably by a furin-like endoprotease, into the 40-residue mature form LEAP238-77 (human) or LEAP237-76 (mouse) (6, 13). The sequence of mature LEAP-2 is highly conserved among mammals, all containing a N-terminal hydrophobic domain, a core region (cationic domain), and a C-terminal domain (10, 13).




Figure 1 | Biological maturation of LEAP-2. PreproLEAP2 is processed into proLEAP2 and then the 40-residue mature LEAP-2 by signal peptidase and furin-like endoprotease. Mature LEAP-2 subsequently degrades into small metabolites through proteolytic processing. The LEAP-2 sequences of human and mouse are labelled in black and orange, respectively.



The N-terminal of LEAP-2 is essential for both receptor binding and microbial membrane affinity (8, 13). By assessing receptor binding affinity and biological activity of different length of artificial LEAP-2 fragments, M’Kadmi and colleagues demonstrated that the binding determinant of LEAP-2 resided at the 1−8 N-terminal sequence but a longer segment containing at least the 1−12 N-terminal residues had increased binding potency and efficacy (7). Thereafter, a study based on alanine-scanning mutagenesis confirmed that the key residues for LEAP-2 binding were Thr2, Phe4, Trp5, and Arg6 (9). On the contrary, the C-terminal end seems to be irrelevant to both antibacterial activity and GHS-R1a binding, but may play a role in stabilizing LEAP-2 in the plasma through the formation of two disulfide bonds (Cys54-Cys65 and Cys60-Cys70) (6, 7, 13).

LEAP-2 as a peptide is not stable and is rapidly degraded into fragmental peptides by proteolytic processing with a half-life of approximately 15 min (5, 6, 14). An 18-residue peptide, LEAP244–61, is found in the urine of healthy donors as a biological degraded fragment (6). Additionally, a 10-residue fragment, LEAP238–47, is detectable in human plasma at a very low concentration (7.6~11.5 pM) and present in intestinal epithelium of human and mouse. Some fragmental peptides of LEAP-2 are functional, presumably because they retain the N-terminal bioactive sequence, for example, LEAP238–47 has the ability to inhibit GHS-R1a and augment glucose-stimulated insulin secretion (GSIS) from isolated human islets. However, exogenous LEAP238–47 infusion to healthy human subjects did not show any clear physiological effect due to its instability and lower potency (14).



The Antimicrobial Effect of LEAP-2

LEAP-2 was originally identified as an antimicrobial peptide serving as a part of innate immune system. In response to bacterial infection, LEAP-2 is induced in the liver, small intestine, immune tissues (e.g., bone marrow and tonsil) (15–17), as well as cerebrospinal fluid (CSF) of patients with bacterial meningitis (18). As indicated by its name, LEAP-2 is predominantly expressed in hepatocytes of the liver. The second highest expression level of LEAP-2 is found in the small intestine (highest in jejunum, followed by duodenum and ileum), where LEAP-2 is specifically found in the enterocytes along the epithelial layer (5, 14). In addition, pancreas, pituitary, lung, and kidney also show LEAP-2 expression as detected by qPCR in rats (19). The central nervous system (CNS) also produces LEAP-2, despite relatively lower expression levels, including cerebellum, olfactory bulb, hippocampus, cortex, hypothalamus, midbrain, and medulla oblongata (19).

In vitro, LEAP-2 can make holes in the membrane of some Gram-positive bacteria due to its strong basicity and two disulfide bonds (6, 13). In patients with seasonal allergic rhinitis, LEAP-2 expression in the tonsils is reduced, leading to diminished antimicrobial defense. This might explain why allergic rhinitis individuals tend to be more susceptible to upper respiratory tract infection (20). However, the antimicrobial effect of LEAP-2 seems to be predominantly assigned to bacterial infection given that enterocytes expressed less LEAP-2 in response to virus infections by human immunodeficiency virus (HIV) and hepatitis C virus (HCV) (21).

Moreover, LEAP-2 is associated with inflammation. In patients with rheumatoid arthritis, an autoimmune disease, LEAP-2 levels were elevated and positively correlated with C-reactive protein (CRP) and inflammatory cytokines rather than BMI (22). Similarly, CSF LEAP-2 level also had a positive correlation with inflammatory parameters in patients with bacterial meningitis (18). As a result, inflammation may upregulate LEAP-2. Chronic inflammation causes sustained high LEAP-2 level, which subsequently reduces appetite by antagonizing ghrelin action and contributes to cachexia (23).



LEAP-2 is Both Inverse Agonist and Antagonist of GHS-R1a

Apart from the antibacterial effect, the function of LEAP-2 has been unmasked as both an inverse agonist (reduces constitutive receptor activity) and competitive antagonist (competes for ghrelin binding site) of GHS-R1a (7, 8).

The downstream function of GHS-R1a is mediated through the activation of G protein (Gαq, Gαs, Gαi, or Gα12/13) and β-arrestin recruitment (Figure 2). The orexigenic effect of ghrelin is mainly mediated through Gαs - cyclic adenosine monophosphate (cAMP) - protein kinase A (PKA) signaling pathway on the NPY/AgRP neurons, whereas Gαq - phospholipase C (PLC) - inositol (1, 4, 5) triphosphate (IP3) cascade on pituitary is the dominant pathway regulating GH release (12, 24).




Figure 2 | GHS-R1a signaling under LEAP-2 suppression or ghrelin stimulation. Gαq – PLC – IP3 cascade on pituitary gland is responsible for GH secretion. Gαs – cAMP – PKA pathway on the NPY/AgRP neurons regulates appetite. Gαi on islet β cells inhibits cAMP – PKA signaling and subsequently prohibits GSIS. Ghrelin initiates GHS-R1a endocytosis through the activity of β-arrestin, which facilitates intracellular signaling, whereas LEAP-2 binding does not lead to receptor internalization. -, inhibit; +, activate; ↑, increase; PIP2, phosphatidylinositol 4,5-bishosphate; PLC, phospholipase C; IP3, inositol (1,4,5) triphosphate; DAG, diacylgycerol; ER, endoplasmic reticulum; [Ca2+], Ca2+ concentration; GH, growth hormone; PKC, protein kinase C; AC, adenylyl cyclase; ATP, adenosine triphosphate; cAMP, cyclic adenosine monophosphate; PKA, protein kinase A; GSIS, glucose-stimulated insulin secretion; NPY/AgRP, neuropeptide Y/agouti-related protein.



In the absence of ghrelin, GHS-R1a still maintains a high constitutive activity at about 50% of its maximum capacity (25). The high basal signaling enables GHS-R1a to maintain GH secretion and feeding without ghrelin stimulation (26, 27). Thus, inverse agonists can better block GHS-R1a function compared to competitive antagonists (28). As an inverse agonist of GHS-R1a, LEAP-2 inhibits the constitutive activity of GHS-R1a by stabilizing the receptor to a specific inactive conformation (7). Such an effect of LEAP-2 highlights its premier potential in treating obesity over other synthesized GHS-R1a antagonists. In addition, an electrophysiological study also showed that LEAP-2 could hyperpolarize NPY neurons. Hence, ghrelin-stimulated NPY depolarization was prevented or reversed (10), which also indicated LEAP-2 was a GHS-R1a inverse agonist to modulate appetite centrally.

As an antagonist of ghrelin, LEAP-2 was initially reported as a non-competitive antagonist by Ge et al. (5). This was challenged by Wang’s study which showed that LEAP-2 actually competitively bound to the receptor with ghrelin (8). The difference might be attributed to the different methods used for ligands applications. For example, LEAP-2 was added prior to ghrelin in the experiment of Ge et al. (5). Since LEAP-2 dissociates from the receptor much slower than ghrelin (~15 min vs ~1 min) (8), the preincubation of LEAP-2 occupied the binding sites to prohibit ghrelin binding and masked the competitive binding activity between the ligands. In contrast, Wang et al. unmasked the real binding properties by performing both LEAP-2 pre-treatment and ligands co-treatment, followed by a serial of binding assays and activation assays.

As a competitive antagonist, LEAP-2 shares a common ligand-binding pocket on the receptor with ghrelin and the binding affinities of two ligands are almost equivalent (binding Ki = ~1nM) (7, 8). Mutational analysis indicated that Phe279 of GHS-R1a was the common binding site of both LEAP-2 and ghrelin (9). GHS-R1a’s Phe279 and Phe312 residues form hydrophobic interactions with Phe4 of LEAP-2, meanwhile, another hydrophobic interaction and an electrostatic interaction are formed between Phe119 and Asp99 of GHS-R1a and Trp5 and Arg6 of LEAP-2, respectively (9). These critical residues of GHS-R1a (i.e., Phe279, Phe312, Phe119, and Asp99) are deeply buried inside the receptor to form a LEAP-2 binding patch which is located on one side of the ligand-binding pocket, whereas on the other side resides the ghrelin binding patch (consisting of Phe279 and Phe286) which links to Phe4 and Leu5 of ghrelin respectively (9).

Unlike ghrelin, which causes GHS-R1a endocytosis upon binding, LEAP-2 binding does not cause receptor internalization (Figure 2). This was evidenced using a fluorescent labelled study where LEAP-2 was specifically distributed on the cell membrane of GHSR-expressing cells whereas fluorescent ghrelin was predominantly observed in the cytoplasm (29). It awaits further investigation whether such endocytosis difference for LEAP-2 limits the intracellular signaling of GHS-R1a.

In conclusion, LEAP-2 inhibits the function of GHS-R1a by reducing constitutive activity, displacing ghrelin from binding sites, and minimizing intracellular signaling activated through receptor internalization, and therefore is a specific and potent endogenous GHS-R1a blocker.



The Counter-Regulatory Effects of LEAP-2 and Ghrelin

The counter-regulatory effects between LEAP-2 and ghrelin are not only reflected by competing with the receptor, but also by downregulating the counterpart’s expression and function (Figure 3). There have been pieces of evidence demonstrating that LEAP-2 may reverse ghrelin’s effects on promoting appetite, releasing GH, maintaining fasting glucose level, suppressing GSIS, as well as regulating body temperature (5, 19).




Figure 3 | The counter-regulatory effects of LEAP-2 and ghrelin. (A) LEAP-2 blocks whereas ghrelin activates the GHS-R1a on target cells (e.g., somatotroph, NPY/AgRP neurons, and islet β cells) to exert biological functions on regulating GH secretion, appetite and GSIS, respectively. Ghrelin inhibits hepatic LEAP-2 mRNA expression, while LEAP-2’s effect on ghrelin expression is still unknown. (B) The LEAP-2/ghrelin molar ratio. This ratio changes accordingly to energy status and correlates positively with BMI and some metabolic parameters. ↑, increase; ↓, decrease; -, inhibit; +, activate; ?, unknown; GH, growth hormone; GSIS, glucose-stimulated insulin secretion; NPY/AgRP, neuropeptide Y/agouti-related protein; BMI, body mass index; HOMA-IR, homeostatic model assessment for insulin resistance.




Ghrelin Suppresses LEAP-2 Expression in the Liver Through a GHS-R1a - AMPK - Dependent Pathway

Intravenous ghrelin treatment to fasted mice reduced liver-expressed and circulating level of LEAP-2 (19). However, LEAP-2 expression in the ARC or pituitary was not affected by intravenous ghrelin administration (19), suggesting peripheral ghrelin had little influence on central LEAP-2 expression. Nonetheless, the question whether central ghrelin treatment inhibits local LEAP-2 expression awaits further investigation.

In the liver, ghrelin inhibits LEAP-2 expression through a GHS-R1a - adenosine monophosphate-activated protein kinase (AMPK) - dependent pathway (19). To determine whether the inhibition of LEAP-2 expression by ghrelin was dependent on GHS-R1a, Islam and colleagues delivered ghrelin to GHSR-null mice, which failed to suppress LEAP-2 expression in the liver both in vivo and ex vivo (19). Also, the authors identified that AMPK played an essential role in regulation of LEAP-2 expression in a hepatocarcinoma cell line (Hepa1-6 cell) (19). As one of the key signaling molecules downstream of GHS-R1a cascade, AMPK is a fuel-sensing enzyme that mediates many of ghrelin’s metabolic effects such as promoting catabolism and inhibiting anabolism (11, 30). When activated by GHS-R1a signaling, AMPK is phosphorylated to suppress the activity of sterol regulatory element-binding protein 1 (SREBP1) (31). SREBP1 is a transcription factor regulating lipogenesis, whose binding consensus sequence is also present at the promoter region of LEAP-2 (19). Thus, SREBP1 may be a regulator downstream of AMPK to modulate hepatic LEAP-2 expression, but it remains to be proved by further investigation. In addition, future studies are needed to confirm whether peripheral ghrelin suppresses LEAP-2 expression in other tissues outside of liver (e.g., intestine) through the same pathway.

In terms of LEAP-2’s regulatory action on the circulating level and expression of ghrelin, there is little information to-date. To the best of our knowledge, LEAP-2 overexpression reduced ghrelin levels of the mice under chronic food restriction, but not in the mice under ad libitum feeding, indicating LEAP-2 may play a critical role in long-term energy deficiency (5). However, ghrelin expression in the stomach was not detected in this study. Future studies may verify ghrelin expression in response to LEAP-2 treatment.

In summary, although there is evidence for the downregulating effects of the ligands on the counterpart’s expression, the detailed mechanisms remain largely unknown and await further investigation.



LEAP-2 Suppresses the Orexigenic Effect of Ghrelin

By binding to GHS-R1a on the NPY/AgRP neurons, ghrelin activates downstream Gαs-cAMP-PKA signaling which initiates Ca2+ influx and causes the depolarization of NPY neurons (32). By contrast, LEAP-2 hyperpolarizes NPY neurons to inhibit the activation of the neurons, thereby blunts the orexigenic effect of ghrelin (Figure 2) (10).

Since LEAP-2 primarily derives from peripheral organs such as liver and small intestine, it requires to be transported to the NPY/AgRP neurons to exert its central effect on appetite. Although mRNA expression of ghrelin and LEAP-2 are found in the CNS, levels of expression are relatively low (19). How does peripheral LEAP-2 reach central neurons? Whether it is via crossing the blood-brain barrier (BBB) or whether it is centrally produced remains unknown.

Although the source of central LEAP-2 remains unclear, effects of LEAP-2 in regulation of food intake centrally have been studied via both intracerebroventricular (i.c.v.) delivery and peripheral administration. These reports have been summarized in Table 1. Among them, all the experiments involving i.c.v. delivery of LEAP-2 suppressed the orexigenic effect of ghrelin (19, 33). Peripheral LEAP-2 administration blunted ghrelin-induced food intake only when the dose was 3-fold (19), 10-fold (7), and 20-fold (5) higher than peripheral ghrelin dose, and failed to inhibit the orexigenic effect of ghrelin when given equivalent doses (5). Given that the LEAP-2/ghrelin molar ratio is approximately 10~20 during satiated condition (5, 10), one may anticipate that LEAP-2 might only inhibit food intake in a much higher concentration than ghrelin level, perhaps due to the necessity to block the high constitutive activity of GHS-R1a. In addition, the 40-residue LEAP-2 might be harder to cross the BBB compared to the 28-residue ghrelin. As such, it is not surprising that peripheral LEAP-2 treatment failed to block the effect of i.c.v. ghrelin administration, although the dose was 150-fold higher than ghrelin (19). Thus, a high dose of LEAP-2 may be required to reduce food intake during the treatment of obesity, which increases the risk of adverse effects such as suppressing GH. Future studies should carefully monitor the potential side effects when applying LEAP-2 as an anti-obese drug.


Table 1 | The effect of LEAP-2 on food intake based on experiments carried out from 2018 to 2021.





LEAP-2 Suppresses the GH-Releasing Effect of Ghrelin

In addition to appetite regulation, LEAP-2 also contributes to the modulation of a key anabolic hormone, growth hormone (GH).

Upon binding to GHS-R1a on the pituitary, ghrelin activates the PLC-IP3 pathway to initiate GH secretion (Figure 2) (1, 34). GH is secreted in a pulsatile profile characterized by a low level of spontaneous secretion accompanied by periodic pulses (35). The GH profile is displayed by the amplitude and rhythms (i.e., pulse frequency and regularity of GH release)  (36). Ghrelin only releases GH stored in pituitary rather than fostering its synthesis (37), thus ghrelin and its synthetic analogs may amplify GH pulses without affecting GH rhythms (38–40). To date, the detection of GH-suppressing effect of LEAP-2 has only been carried out in two sets of experiments (summarized in Table 2) (5, 19). LEAP-2 treatments suppressed ghrelin-induced GH secretion in a dose-dependent manner (5, 19), whereas blocking LEAP-2 by monoclonal antibodies caused a rise in GH level (5). It is still unknown whether LEAP-2 would affect the spontaneous secretion and rhythms of GH, which could be directions for further studies.


Table 2 | The effect of LEAP-2 on GH release based on experiments.



Under physiological condition, the metabolic function of GH on glucose metabolism is to increase blood glucose levels by enhancing hepatic gluconeogenesis and glycogenolysis (41). LEAP-2 can blunt the effect of GH on maintaining fasting blood glucose, especially during chronic calorie restriction (5). Mice overexpressed LEAP-2 by adeno-associated virus (AAV) had reduced ghrelin and GH levels. These mice failed to sustain stable blood glucose during the chronic 40% food restriction challenge, thus were found to be moribund and lethargic. GH infusion rescued them by stabilizing their blood glucose levels, which indicated LEAP-2’s regulatory effect on fasting blood glucose was GH-dependent (5). In terms of lipid metabolism, GH promotes lipid catabolism (lipolysis and lipid oxidation) and prevents lipid anabolism (lipogenesis) (41). Although there has been no study investigating the effect of LEAP-2 on GH’s fat-burning action yet, reduced GH level following LEAP-2 treatment may cause reduced fat usage and increased fat storage, hence fosters adiposity. As such, when developing LEAP-2 as an anti-obese drug candidate, researchers should maintain the balance between LEAP-2’s anti-hunger and anti-GH effects.

Following the progress of obesity (pathophysiological condition), the secretion of GH is severely suppressed (42, 43). Previous studies attributed GH suppression to elevated circulating levels of insulin, leptin, and free fatty acids (FFA) (42–46). Given LEAP-2 is dramatically upregulated under obesity (10), it is highly likely to play a prominent role in reducing GH levels. Interestingly, following weight loss, LEAP-2 level drops and GH level rises towards their non-obese physiological levels, which also suggests the recovery of GH secretion without excessive LEAP-2 (10, 47). Nevertheless, the correlations between GH and LEAP-2 await future verification under both physiological and pathophysiological conditions.



LEAP-2 Antagonizes the Insulinostatic Effect of Ghrelin

In addition to the effect on hypothalamus and pituitary, ghrelin attenuates GSIS by activating GHS-R1a coupled to Gαi2 on islet β-cells. Gαi2 decreases cAMP and then activates voltage-gated Kv channels (Kv2.1 subtype), causing repolarization of cell membrane potential after glucose stimulation. Consequently, Ca2+ influx is suppressed and GSIS is inhibited (Figure 2) (48, 49).

LEAP-2 could abolish ghrelin’s insulinostatic effect when co-treatment of two peptides on islets (7). Another research on the 10-residue N-terminal LEAP-2 fragment (LEAP238-47) also demonstrated vigorous insulinotropic action in vitro (14). However, LEAP238-47 neither facilitated insulin secretion nor affected glucose metabolism in healthy human, probably due to its lower potent and instability without the protection of C-terminal disulfide bonds (14). In addition, given that islet ε-cells per se can produce ghrelin, exogenous LEAP-2 might not be able to reach a high local concentration around the islet to overwhelm ghrelin’s effect (50, 51). Hence, the insulinotropic effect of full-length LEAP-2, probably with a relatively higher dose, may need to be tested in vivo in the future.




Bio-Manifestation of LEAP-2 Relative to Energy Balance and its Implication to Metabolic Disorders

As endogenous ligands of GHS-R1a, LEAP-2 and ghrelin work coordinately to fine-tune GHS-R1a activity according to changes in energy metabolic states. The regulation of ghrelin during different energy states has been well-illustrated: ghrelin level is elevated during weight loss, calorie restriction, and insulin-induced hypoglycemia, whereas calorie intake and chronic positive energy balance would suppress ghrelin (52). The fluctuation of LEAP-2 is opposite to that of ghrelin: it rises during positive energy balance (postprandial and weight gain) but drops during negative energy balance (fasting and weight loss) (5, 10). As such, an increase in LEAP-2 level often accompanies a decrease in ghrelin in most conditions, and vice versa. The LEAP-2/ghrelin molar ratio is hence an indicator of GHS-R1a activity as well as energy states (Figure 3).

Here, we summarized LEAP-2 levels in positive or negative energy balance states in Table 3. The units present as nanograms per milliliter (ng/mL) in the literature are all converted to nanomolar (nM) according to the molecular weight of LEAP-2 (4.58 kDa) and ghrelin (3.37 kDa for human and 3.31 kDa for rodents). Then, we analyzed the potential links between LEAP-2 and obesity to facilitate future research on the treatment of obesity based on LEAP-2.


Table 3 | LEAP-2 and ghrelin levels in positive or negative energy balance.




Circulating Levels of LEAP-2 Elevate Upon Feeding and Decline During Fasting

LEAP-2 level increases while ghrelin level decreases following meal consumption, shifting the LEAP-2/ghrelin molar ratio towards 10~20 (Table 3) (5, 10). Given that the receptor binding affinity of LEAP-2 and ghrelin is equivalent (7), GHS-R1a signaling bias to an “off” status to prevent postprandial overeating. Under fasting state, ghrelin level ascents whereas LEAP-2 level declines, shifting the LEAP-2/ghrelin ratio close to 1. This switches on GHS-R1a activity to facilitate food-seeking behavior and GH release in order to prevent hypoglycemia (5). The decline in LEAP-2 level after fasting is mainly derived from reduced hepatic LEAP-2 expression since fasted rats showed decreased LEAP-2 expression only in the liver but not in the small intestine (19). Interestingly, the molar ratio of LEAP-2/ghrelin does not change much in humans undergoing overnight fasting compared with fed condition (10), probably because overnight fasting is not a harsh enough challenge for humans. Future experiments should investigate the LEAP-2/ghrelin ratio in humans under a longer fasting period. When mice were refed after fasting, the LEAP-2/ghrelin ratio restored to ~ 4 but did not reach the ratio under fed conditions (10~20), enabling the mouse to consume more energy to fight against energy deficiency (5).

In conclusion, the LEAP-2/ghrelin molar ratio is a sensitive indicator of energy status. Modulation of this ratio may affect food consumption, therefore may be a target to treat obesity caused by hyperphagia.


Expression Levels of LEAP-2 Are Differentially Regulated by Different Types of Nutrients

Apart from modifying the amount of food consumption, LEAP-2 may be differentially regulated by different types of nutrients. LEAP-2 expression in a human hepatoma cell line was induced and reduced by high-cholesterol sera and polyunsaturated fatty acids (PUFAs) treatments, respectively (53). Cholesterol induces inflammation and is the risk factor for obesity, heart disease, and stroke (54). In contrast, PUFAs are a family of healthy fat with anti-inflammatory effects (55). Given that the antimicrobial peptide LEAP-2 is positively relevant to inflammatory factors (22), cholesterol and PUFAs may affect hepatic LEAP-2 expression by regulating inflammation. Therefore, LEAP-2 level drops or rises to maximize the consumption of essential nutrients or minimize the intake of unhealthy diet, respectively. Future studies may investigate the alterations of LEAP-2 in response to different nutrients in vivo.




LEAP-2 Increases During Obesity

Obese mice and human have a higher LEAP-2 level and a lower ghrelin level than their normal-weight counterparts. Thus, obesity dramatically amplifies the LEAP-2/ghrelin molar ratio. High concentration of circulating LEAP-2 during obesity prevents ghrelin binding to GHS-R1a and contributes to the so called ghrelin resistant phenomenon observed in diet-induced obese (DIO) mice (56).

Adult DIO mice had approximately 2-fold higher LEAP-2 level and about 1.65-fold lower ghrelin level than lean mice control, causing the molar ratio of LEAP-2/ghrelin about 3.3-fold increase in obesity (10). Similar to obesity in mice, human beings with body mass index (BMI) > 40 had significantly higher fasting LEAP-2 level compared with cohorts with BMI < 40. However, LEAP-2 levels showed no significant difference between cohorts with BMI between 25 ~ 40 and BMI < 25 (10). Indeed, LEAP-2 level positively correlated with BMI, and various other metabolic parameters of obesity, including body fat percentage, waist-to-hip ratio, blood glucose and triglycerides, visceral adipose tissue volume, liver lipid content, fasting insulin, and homeostatic model assessment for insulin resistance (HOMA-IR) (10, 57).

Consequently, LEAP-2 may serve as a metabolic signal for energy surplus during chronic and morbid obesity. Hyperphagia obese patients may benefit from switching off GHS-R1a activity by increasing LEAP-2/ghrelin ratio.



LEAP-2 Levels During Weight Loss

During diet-induced weight loss in mice, there is a reduction in LEAP-2 level and LEAP-2/ghrelin ratio (10). However, controversial results were showed in weight loss following bariatric surgery including Roux-en-Y gastric bypass (RYGB) and vertical sleeve gastrectomy (VSG) surgery (Table 4).


Table 4 | Changes in circulating and expression levels of LEAP-2 and ghrelin post bariatric surgeries.



RYGB divides the stomach into a small upper pouch and a larger lower pouch, and then both pouches are connected to rearranged small intestine bypassing the duodenum and a portion of the jejunum. RYGB showed significant effects in reducing body weight and improving metabolic profiles (14). Within 3 months after obese patients receiving RYGB surgery, fasting and postprandial LEAP-2 levels remained unaltered compared to pre-surgery, despite there being an increase in LEAP-2 expression in small intestinal biopsies (14). 3~24 months following RYGB, fasting and postprandial LEAP-2 levels decreased (10), indicating that LEAP-2 might be regulated by a longer term metabolic change following RYGB. Those findings are consistent with the fluctuation of ghrelin levels after RYGB, where fasting total ghrelin dropped in the short term (≤ 3 months) followed by a rise in the long term (> 3 months) after RYGB (58).

Another efficient bariatric surgery, VSG, removes a large portion (~85%) of the stomach along the greater curvature. One month following VSG surgery of DIO mice, LEAP-2 expression was 52-fold amplified in the stomach while declined by 94% in the duodenum, accompanied by decreased ghrelin expression in stomach, as compared with sham surgery controls (5). However, plasma LEAP-2 and ghrelin levels were not tested in this experiment. A clinical study on obese patients undergoing VSG surgery demonstrated a decrease in LEAP-2 level about 12~18 months post-surgery as compared with pre-surgery levels, which might attribute to success in weight loss. As a large portion of the stomach is removed in VSG, it was not surprising to see a reduction in acyl-ghrelin level following VSG, leading to an unaltered LEAP-2/acyl-ghrelin molar ratio (10).

Given that bariatric surgeries rearrange or remove part of the gastrointestinal tract where a large amount of ghrelin and LEAP-2 is produced, the surgery per se may disrupt the impact of weight loss on these two peptides. Thus, diet-induced weight loss may be a better model to study the relation between LEAP-2/ghrelin and weight loss.




Association Between LEAP-2 and Obese-Related Diseases

LEAP-2 is reported to be associated with two obese-related diseases, including non-alcoholic fatty liver disease (NAFLD) and polycystic ovary syndrome (PCOS). Other diseases, including diabetes, cardiovascular diseases, and cancer, are highly related to obesity, therefore are likely to interact with LEAP-2 although has not been investigated yet. This may be a direction for future pathophysiological studies of LEAP-2.


Non-Alcoholic Fatty Liver Disease

NAFLD is defined as the accumulation of excessive fat (>5%) in the liver of people who drink little or no alcohol. It is a very common disease that relates to numerous metabolic disorders such as insulin resistance, obesity, and type 2 diabetes (59).

In mice with diet-induced NAFLD, hepatic expression and plasma level of LEAP-2 were increased (57). Circulating LEAP-2 is also elevated in patients with NAFLD (57). In consistent with this, an in vitro study revealed that LEAP-2 expression was induced by high-cholesterol sera treatment in a human hepatoma cell line (53). To confirm the role LEAP-2 playing in the development of NAFLD, the authors knocked down LEAP-2 using short hairpin RNA (shRNA) in the NAFLD mouse model. The result showed that hepatic steatosis was relieved following the reduction in LEAP-2 level, which resulted from alterations in lipolytic and lipogenic gene expression as well as improved insulin sensitivity (57). The enhanced lipid catabolism may derive from the effect of GH. Although GH level was not tested in this study, it was predicted to be elevated as another experiment blocking LEAP-2 with a monoclonal antibody significantly increased circulating GH level (5). Elevated GH level following LEAP-2 knockdown promotes lipolysis and inhibits lipogenesis, thereby alleviates hepatic steatosis (35). In terms of improved insulin sensitivity following LEAP-2 knockdown, the mechanism is unclear. It is speculated that knockdown of LEAP-2 increases the expression of ghrelin, which subsequently suppresses insulin secretion through GHS-R1a on islets (7, 14). Since hyperinsulinemia occurring in obesity significantly deteriorates insulin resistant states (60), LEAP-2 knockdown may pull down the excessive insulin secretion, thereby improve insulin sensitivity. However, whether upregulation of LEAP-2 affects insulin sensitivity remains to be studied.



Polycystic Ovary Syndrome

PCOS is a common endocrine disorder in women and is characterized by menstrual dysfunction, ovarian cysts, hyperandrogenism, and obesity. In PCOS patients, obesity rate varies from 50% to 80% (61).

Unlike the reports in other studies, both LEAP-2 and ghrelin levels were reduced in women with PCOS. Surprisingly, LEAP-2 showed an inverse association with BMI, insulin resistance, and free-androgen index of PCOS patients. Furthermore, a lower LEAP-2 level was associated with a higher possibility of developing PCOS (62).

The unusual correlations of LEAP-2 - ghrelin and LEAP-2 - BMI in PCOS women suggest unknown regulators in modulating LEAP-2 levels. Androgen was proven to suppress ghrelin since anti-androgen treatment increased ghrelin levels in obese PCOS patients (63). As hyperandrogenism is the major endocrine disorder of PCOS patients, it is reasonable to suspect that androgen may suppress LEAP-2 independent of ghrelin. A cross-sectional study of 150 children between 3- and 17-year-old revealed that girls showed a higher LEAP-2 level than boys, here LEAP-2 level was independent of BMI, whereas ghrelin did not show this gender dimorphism (64). In addition, LEAP-2 was significantly higher in pubertal than prepubertal girls, while ghrelin level was higher in prepubertal children than pubescents regardless of gender (64). Thus, sex hormones are likely to play a role in regulating LEAP-2. However, another study on 3~12-year-old children failed to confirm this sexual dimorphism in LEAP-2 levels (65). This is probably because girls younger than 12-years-old are most likely in prepubertal age with low LEAP-2 levels, which thereby narrows the gender difference of LEAP-2 levels between boys and girls.

In conclusion, the study of LEAP-2 in PCOS patients and children revealed the potential regulatory effect of sex hormones on LEAP-2. Indeed, children and adult may have distinct LEAP-2 and ghrelin regulatory systems and we discuss below in the following section.




Controversial Bio-Measures of LEAP-2 in Childhood Obesity

According to available literature data, the regulatory mechanism of LEAP-2 and ghrelin in obesity during childhood may be inconsistent with that in adults. To date, only two detailed studies detected LEAP-2 levels in children (64, 65).

The first cross-sectional study involving a cohort of 82 children between 3 and 12 years old demonstrated that LEAP-2 level was negatively (while positively in adults as discussed above) correlated with BMI z-score (relative weight adjusted for child age and sex), meanwhile, the ratio of acyl-ghrelin/desacyl-ghrelin was upregulated in childhood obesity (65).

The second study with a larger cohort of 150 children between 3~17 years old, however, did not find a significant difference in LEAP-2 level between lean (4.06 ± 1.80 ng/mL) and obese (4.44 ± 1.97 ng/mL) children. Ghrelin level tended to rise in obese children (763.83 ± 33.54 pg/mL in lean VS 875.82 ± 55.46 pg/mL in obesity) without statistical significance, which was somewhat consistent with the result of the first study (65). Indeed, numerous controversial results reported decreased ghrelin levels in obese children (66–69), which might derive from deviation in selected age ranges among different experiments.

To conclude, in childhood obesity, LEAP-2 level is decreased or remains unchanged, which enables children to sustain a higher metabolic rate. LEAP-2 may have diverse roles in the development of obesity at different ages, which should be a direction for further studies.



Discussion

In this review, we summarized the properties of LEAP-2 as a potent endogenous GHS-R1a blocker and discussed its counter-regulatory effects versus ghrelin on cellular signaling, feeding, and hormonal secretion. We further analyzed the secretion data of LEAP-2 relative to energy balance and examined its implication to metabolic disorders, especially obesity. It is anticipated that increasing the LEAP-2/ghrelin ratio may be a promising target to treat obesity. Suppressing ghrelin’s activity has shown beneficial effects on reducing adiposity in obese rodents in previous studies (70, 71). However, there has been no research investigating the anti-obese effect of LEAP-2 yet. Although LEAP-2 level is upregulated during obesity, this increase seems to be unsatisfactory to suppress appetite and adiposity because it does not stop people from gaining weight. It remains unclear whether an exogenous supplementary of LEAP-2 would meet the satisfaction to reduce appetite and body weight gain. Nevertheless, LEAP-2 may have beneficial effects on preventing weight rebound during weight loss when ghrelin signal is recovered. Moreover, future studies should also investigate whether obese status would be exacerbated without LEAP-2 using a LEAP-2-null mouse model or by neutralizing endogenous LEAP-2.

As natural LEAP-2 is easily and rapidly degraded in the circulation (5), it requires modification for enhanced stability and half-life before being applied as a drug candidate. Researchers may consider masking the potential cleavage sites or replacing the non-binding C-terminal fragment with a structurally more stable segment.

It should not be ignored that LEAP-2 reduced GH secretion (5, 19). In parallel with the fluctuation of LEAP-2, GH secretion is severely suppressed during the progress of obesity but can be recovered after weight loss (42, 44, 47). As a critical metabolic hormone, the reduction in GH level further exacerbates obese states (43, 72). Thus, treating obesity by LEAP-2 may lead to adverse effects related to GH. Pulsatile GH level should be monitored when investigating the anti-obese activity of LEAP-2 in the future. Alternatively, since GHS-R1a couples to different G proteins in NPY/AgRP neurons (Gαs) and pituitary gland (Gαq), NPY/AgRP selective GHS-R1a antagonist can be developed to minimize adverse effects on suppressing GH (12, 24). Furthermore, correlation analysis between GH and LEAP-2 levels should be carried out to identify whether GH suppression is dependent on LEAP-2 levels.

In conclusion, LEAP-2 is a potent endogenous antagonist of GHS-R1a which displays an inverse secretory pattern with ghrelin according to energy changes. Due to its effect on suppressing appetite, LEAP-2 has potential to be developed as an anti-obesity drug. To date, the information on LEAP-2 is still somewhat limited. As an “old” peptide with “novel” property, future studies should fully investigate its physiological and pathophysiological roles.
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Rhodnius prolixus (the kissing bug and a major vector of Chagas disease) is an obligate blood feeder that in the case of the fifth instar consumes up to 10 times its unfed body weight in a single 20-minute feed. A post-prandial diuresis is initiated, within minutes of the start of gorging, in order to lower the mass and concentrate the nutrients of the meal. Thus, R. prolixus rapidly excretes a fluid that is high in NaCl content and hypo-osmotic to the hemolymph, thereby eliminating 50% of the volume of the blood meal within 3 hours of gorging. In R. prolixus, as with other insects, the Malpighian tubules play a critical role in diuresis. Malpighian tubules are not innervated, and their fine control comes under the influence of the neuroendocrine system that releases amines and neuropeptides as diuretic or antidiuretic hormones. These hormones act upon the Malpighian tubules via a variety of G protein-coupled receptors linked to second messenger systems that influence ion transporters and aquaporins; thereby regulating fluid secretion. Much has been discovered about the control of diuresis in R. prolixus, and other model insects, using classical endocrinological studies. The post-genomic era, however, has brought new insights, identifying novel diuretic and antidiuretic hormone-signaling pathways whilst also validating many of the classical discoveries. This paper will focus on recent discoveries into the neuroendocrine control of the rapid post-prandial diuresis in R. prolixus, in order to emphasize new insights from a transcriptome analysis of Malpighian tubules taken from unfed and fed bugs.
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Introduction

Insects have overcome the problems associated with a large surface area to volume ratio by evolving a variety of adaptations to maintain an appropriate state of hydration. Thus, insects balance the water lost during evaporation, respiration, and excretion, with water gained during feeding and metabolism, or in extreme cases, from the atmosphere (1, 2). Water loss in particular is tightly controlled and regulated, since terrestrial insects typically need to conserve water. However, the availability of water does vary greatly throughout the life of an insect and there are times when insects need to eliminate fluid rather than conserve it; for example, following feeding (especially in hematophagous insects consuming large blood meals), during eclosion/ecdysis when hemolymph volume is increased for wing expansion, and during flight to eliminate metabolically-generated water (1, 3).

The excretory system in insects is naturally involved in the elimination of excess fluid and waste, and typically includes the Malpighian tubules and hindgut. However, in some blood feeding insects, before the Malpighian tubules can excrete parts of the blood meal, the midgut epithelium must absorb the fluid to be excreted, and so in these cases the midgut is considered part of the excretory system. Excretory water loss and the salt composition of the fluid (incorporating diuresis) is ultimately determined by the rate at which any fluid is absorbed into the hemolymph from the midgut, the rate at which fluid is then secreted by the Malpighian tubules from the hemolymph into the lumen, the rate at which Malpighian tubules may reabsorb ions from lumen to hemolymph prior to delivery into the hindgut, the rate at which digestive fluid enters the hindgut from the midgut, and then the rate of reabsorption of fluid across the hindgut, prior to excretion. The balance between these processes determines final volume and composition of the urine and will vary between insect species.

The Malpighian tubules represent one of the most important tissues involved in diuresis and can transport fluid at very high rates. It is worth noting that unlike the hydrostatic filtration used by the vertebrate nephron, the secretion process in the Malpighian tubules is driven by an apical V-ATPase that establishes an electrochemical gradient, coupled with active transport of Na+ and K+ with water following passively through aquaporins (4–6).

It is now well understood that diuresis is under either neuroendocrine or direct neural control; the fine control allowing for the maintenance of hemolymph volume, osmotic, and ionic composition, whilst eliminating excess water and ions, nitrogenous waste, and toxic substances from the insect (1). With respect to neuroendocrine control, diuretic and antidiuretic hormones commonly act in concert on the Malpighian tubules and hindgut via G protein-coupled receptors (GPCRs), with diuretic hormones acting primarily on Malpighian tubules to increase urine secretion and antidiuretic hormones acting primarily on the hindgut to stimulate fluid reabsorption (1). In the case of Rhodnius prolixus, the diuretic hormones that act upon the Malpighian tubules to stimulate fluid secretion (7), simultaneously also act on the midgut to stimulate absorption of fluid from the blood meal into the hemolymph. In addition, the antidiuretic hormone in R. prolixus acts upon the anterior midgut and Malpighian tubules to reduce urine production (8).

The post-genomic era has brought forth great advances in our understanding of the diuretic processes in insects, enabling the identification and quantification of thousands of target genes in a single experiment, as well as enabling comparative genomic studies. Microarray and transcriptome analyses of Malpighian tubules have also reinforced the major roles that Malpighian tubules play in detoxification and immunity, and in tolerance to stress and desiccation (2, 4, 9–13). The R. prolixus genome has been sequenced and reported (14), bringing the post-genomic era to bear on this historic model insect.

Much has been discovered about Malpighian tubules using these advanced molecular technologies, including identification of diuretic/antidiuretic hormones, their potential GPCRs, the second messenger systems utilized, mode of action at the molecular and cellular level, and potential biological relevance. The goal of the present study is to conduct a transcriptome analysis of Malpighian tubules taken from unfed and fed kissing bugs, R. prolixus. The remainder of this Introduction provides a comprehensive review of short-term physiological events, with an emphasis on GPCRs associated with diuresis, in order to better understand the new insights gained from the transcriptome analysis.


Rhodnius prolixus

Rhodnius prolixus, a.k.a. the kissing bug, for its penchant of taking a blood meal from the faces of humans, has played a vital and pivotal role in insect comparative physiology and endocrinology for almost 100 years (15, 16). Davey (17), a student of Wigglesworth and who himself has had a profound influence on the discipline of insect endocrinology, emphasizes that “it is one of the model insects on which the foundations of insect physiology were built”. The kissing bug is also medically important, since it is a principal vector of Trypanosoma cruzi, the causative agent of Chagas disease, a neglected disease endemic to Central and South America. Rhodnius prolixus may ingest human blood infected with T. cruzi, with the parasite eventually residing in the insect’s hindgut. From here, the parasite is passed on to the next human in the urine/feces that are eliminated after gorging. Hence the control of diuresis is an important link in the transmission of Chagas disease.

The five instars and adults of both sexes of R. prolixus are obligate blood feeders and require a single blood meal to trigger endocrinological events associated with development, growth, and reproduction. In the case of the penultimate instar, gorging takes between 15-20 minutes and can increase the insect’s body weight up to 8-10 fold. To accommodate this blood meal within the anterior midgut, the cuticle undergoes plasticization, and the insect is stretched in all planes, like a balloon (Figure 1). These insects are more vulnerable to predation and exposure to potential toxic blood components, and so they must rapidly eliminate excess water and salts to reduce their own volume and eliminate waste products. Thus, the considerable stress imposed by this blood gorging is alleviated by rapid physiological and endocrinological changes that lower the mass of the blood meal and concentrate the nutrients in the anterior midgut, whilst preserving the volume, ionic, and osmotic balance of the hemolymph see (7, 18, 19)]. This process begins within minutes of the start of gorging and involves the transport of NaCl and water (isosmotic with the blood meal) across the anterior midgut epithelium into the hemolymph (Figure 2). At the same time, the 4 Malpighian tubules become involved. The distal (secretory) portion of the Malpighian tubule secretes a fluid that is isosmotic with the hemolymph but containing high NaCl and KCl content. The most proximal (reabsorbing) portion of the Malpighian tubules modifies the fluid by reabsorbing KCl with very little water into the hemolymph. The primary urine entering the hindgut is similar in ionic and osmotic composition to the plasma of the blood meal, and this urine is voided without any compositional modifications by contractions of the hindgut (Figure 2). Thus, R. prolixus rapidly excretes a fluid of high NaCl content that is hypo-osmotic to the hemolymph (for details see 7, 19, 20). Diuresis occurs at such a very rapid rate, that within 3 h of gorging, the insect can eliminate up to 50% of the volume of the blood meal; equivalent to 10 times the insect’s hemolymph volume. Thus, R. prolixus Malpighian tubules represent an excellent model for studying the control of fluid and ion secretion in view of the impressive fluid movement achieved in such a rapid way. As with other insect Malpighian tubules, R. prolixus tubules are also useful models for studying epithelial transport and much is known about the various transporters and co-transporters involved in diuresis (for reviews see 1, 3–5). Importantly, insect Malpighian tubules are not innervated, but are under neurohormonal control, and in three cases, possibly from hormones produced by the tubules themselves (21–23). They therefore also provide models for studying hormone-signaling pathways regulating epithelial transport.




Figure 1 | Drawing depicts the change in body shape of fifth instar Rhodnius prolixus during blood gorging. Note that as the insect transitions from an unfed, through 1 minute (1 m) and 20 minutes (20 m) of blood gorging, body shape expands in all directions, including anterior to posterior, to accommodate a blood meal that can be up to 10 times the insect’s initial body mass.






Figure 2 | The digestive system of Rhodnius prolixus, including the tissues involved in diuresis. The ionic composition of the blood meal and hemolymph are shown, and arrows indicate movement of water and ions during post-prandial diuresis. Primary urine is eliminated via the hindgut (data taken from 18).





Diuretic and Antidiuretic Hormones and Their GPCRs in R. prolixus – A Current Model

In the pre-genomic era, diuretic and antidiuretic factors were discovered using high performance liquid chromatography and sequencing via Edman degradation, later matrix assisted laser desorption ionization-time of flight mass spectrometry, coupled to sensitive biological assays (for discussion see 1, 3). Bioassays were established (24) whereby factors could be tested for their ability to increase or decrease fluid secretion in vivo, or Malpighian tubule secretion in vitro, or elevate second messengers [often cyclic AMP (cAMP)] in vitro. Alternative assays have also been developed, including electrophysiology and monitoring the influence of these factors on ionic currents or transepithelial potentials (25). The post-genomic era has enabled a complementary approach of reverse engineering; that is, reverse genetic and endocrinological approaches enabling identification of candidate genes/transcripts and subsequently deriving their biological function and relevance. While the reverse approach is proving successful, especially for the GPCRs and their ligands (26), bioassays are still vital tools to be used alongside these modern technologies.

Diuretic and antidiuretic hormones in insects are mainly neuropeptides belonging to several peptide families, although the biogenic amines, serotonin, and tyramine, have been shown to be diuretic hormones in R. prolixus and Drosophila melanogaster respectively. Diuretic hormones act directly on the Malpighian tubules, whereas antidiuretic hormones can act on midgut, Malpighian tubules, or hindgut, depending upon the species (3, 7). A relatively large number of peptide families have been shown to possess diuretic or antidiuretic activity in a wide range of insect species, and further support for their true biological relevance comes from the presence of their cognate GPCRs in tissues associated with these processes. These studies also reinforce the notion that these hormones have multiple functions in each insect and appear to control quite disparate activities associated with a common behavior, such as feeding, and with stress tolerance [see (7)].

A model for the actions of diuretic/antidiuretic hormones in R. prolixus is shown in Figure 3 and is discussed below.




Figure 3 | Model depicting the neuroendocrine control of post-prandial diuresis and its termination by antidiuretic hormones in Rhodnius prolixus. Diuresis is controlled by serotonin and Rhopr-CRF/DH (corticotropin-releasing factor-related diuretic hormone) acting upon the anterior midgut (to stimulate absorption), and simultaneously on the distal (upper) portion of the Malpighian tubules (to stimulate secretion). Serotonin alone acts upon the proximal (lower) portion of Malpighian tubules to stimulate reabsorption of KCl. Rhopr-CT/DH (calcitonin-related diuretic hormone), which is co-released from the same neurosecretory cells that release serotonin, stimulates only a small increase in secretion by Malpighian tubules. Rhopr-K (Kinin) which is co-released from the same neurosecretory cells that release Rhop-CRF/DH decreases resistance and transepithelial voltage of the anterior midgut but does not stimulate absorption, and also does not stimulate secretion by Malpighian tubules. CCHa2 enhances serotonin-stimulated secretion by Malpighian tubules. Serotonin, Rhopr-CRF/DH, Rhopr-CT/DH and Rhopr-K all stimulate contractions of anterior midgut and contractions of hindgut. Diuresis is terminated by the release of Rhopr-CAPA2 (CAPA) which inhibits serotonin-stimulated absorption by anterior midgut, serotonin stimulated secretion by Malpighian tubules, and also eliminates the synergism between serotonin and Rhopr-CRF/DH. CCHa2 inhibits serotonin-stimulated absorption across the anterior midgut. References in text.




Diuretic Hormones


Serotonin (5-Hydroxtryptamine, 5HT) and Its Receptor

Serotonin was shown to be a potent diuretic factor in R. prolixus, mimicking the effects of a putative diuretic neuropeptide (27). Later, serotonin was shown to be a true diuretic hormone (28, 29), which is released into the hemolymph from the abdominal neurohemal sites of 5 dorsal unpaired median (DUM) neurons in the mesothoracic ganglionic mass (MTGM) of the central nervous system (CNS). Serotonin stimulates absorption of fluid across the anterior midgut, and secretion by distal Malpighian tubules via a cAMP-dependent mechanism, and stimulates proximal tubules to reabsorb KCl (7, 29).

The titer of serotonin in the hemolymph of R. prolixus increases from a level of about 7 nM in unfed insects to a peak of 115 nM 5 minutes after the onset of gorging (28). The titer drops to 40 nM by the time gorging is completed, 10 - 15 minutes later, drops again to 22 nM by 20 min, and then remains elevated at 15 nM for at least 24 h. The peak titer of serotonin in the hemolymph is sufficient to activate the R. prolixus serotonin GPCR (Rhopr5HTR2b), induce cAMP elevation, and stimulate maximum fluid transport in Malpighian tubules and anterior midgut in vitro (7, 29, 30). In addition, serotonin stimulates contractions of the hindgut, thereby aiding in the voiding of the urine/feces (29).

Regarding the anterior midgut, Farmer et al. (31) used in vitro preparations of this tissue to demonstrate transport of a NaCl-based fluid which is isosmotic to the blood meal. Serotonin elevates cAMP and stimulates absorption of fluid across the anterior midgut, transporting a NaCl rich fluid from the lumen (containing the blood meal) into the hemolymph. Na+ and Cl- move passively from the lumen into the epithelial cells, with active transport of Na+ into the hemolymph using a Na+/K+-ATPase. Water and Cl- are believed to move passively (31, 32). The peak of hemolymph titer of serotonin is capable of increasing absorption at the anterior midgut by about 4-fold.

For Malpighian tubules, electrophysiological measurements indicate that serotonin, and its second messenger cAMP, can maximally stimulate fluid secretion by driving the active transport of K+ and/or Na+ into the distal tubule lumen accompanied by Cl-, with water following osmotically (33, 34). A V-ATPase generates a proton gradient in the apical membrane that drives K+/Na+ transport into the lumen through alkali cation/proton antiporters. K+/Na+ are taken up across the basolateral membrane via ion channels and by cation/Cl- co-transporters and/or K+/Na+-ATPase active transport.

The most proximal portion of the Malpighian tubules (the lowermost 30% of the proximal tubule) in R. prolixus is stimulated by serotonin and this portion reabsorbs KCl (but not water), and it is suggested that K+ is pumped from the lumen into the epithelial cells by an H+/K+-ATPase, with K+ leaking from the cells into the hemolymph via Ba2+-sensitive K+ channels. Cl-moves from lumen to epithelial cells through a   exchanger, then exits into the hemolymph through basolateral Cl- channels (3, 35, 36).

Although 5 serotonin receptors have been described in insects (37), so far only one R. prolixus serotonin GPCR has been cloned and characterized (Rhopr5HTR2b). Rhopr5HTR2b transcript is most highly expressed in Malpighian tubules, but also highly expressed in foregut, hindgut, salivary glands, and CNS, although interestingly is present, but not highly abundant, in anterior midgut (30). This receptor is a rhodopsin-like family A member and was verified as a bona fide target of serotonergic signaling using a heterologous cell assay based upon recombinant Chinese Hamster Ovary (CHO)K1-aeq cells stably expressing the jellyfish photoprotein apoaequorin (Figure 4). CHOK1-aeq cells transiently expressing Rhopr5HTR2b yielded dose-dependent luminescence responses to serotonin with threshold activity in the low nanomolar range. The vertebrate serotonin receptor type-2 agonist, alpha-methyl serotonin, yielded a similar dose-dependent luminescence response, albeit with lower potency.




Figure 4 | Heterologous functional assay and properties (Table insert) of GPCRs for the diuretic hormones associated with Malpighian tubules of Rhodnus prolixus. (A) Rhopr-CRF/DH-R2B transiently expressed in CHO/G16 cells is dose-dependently activated by Rhopr-CRF/DH. Inset illustrates the kinetics of response to 10− 5 M Rhopr-CRF/DH in 5 s intervals over a period of 15 s. Note the fast response. (B) Functional assay of Rhopr-CRF/DH-R2B transiently expressed in HEK293/CNG cells. Dose-response curves showing the effect of Rhopr-CRF/DH on Rhopr-CRF/DH-R2B activation in the presence or absence of 10 μM U73122. The response is still evident in the presence of U73122 illustrating that the PLC/IP3 pathway is not the natural second messenger pathway. (C) Dose-response curves showing the effect of Rhopr-CRF/DH on Rhopr-CRF/DH-R2B activation in the presence or absence of extracellular calcium. Note the response is completely eliminated in the absence of extracellular calcium, illustrating that Rhopr-CRF/DH is naturally elevating cAMP, which in this modified cell line opens up the cyclic nucleotide-gated (CNG) channel allowing extracellular calcium to enter the cell and be observed through luminescence. (D) Heterologous functional assay of the R. prolixus serotonin type 2b receptor (Rhopr5HTR2b) in CHOK1-aeq cells. Dose-response curve demonstrating activity of serotonin on the expressed Rhopr5HTR2b receptor. (E) Heterologous functional assay of R. prolixus CT/DH receptor isoforms (Rhopr-CT/DH-R1-B and Rhopr-CT/DH-R2-B transiently expressed in HEK293/CNG cell lines. Dose-dependent effect on the bioluminescence response after addition of Rhopr-CT/DH to HEK293/CNG cells illustrates a much greater response from Rhopr-CT/DH-R1-B. Graphs redrawn from references (30, 38, 39) in the Table insert.





Corticotropin-Releasing Factor-Related Diuretic Hormone and Its Receptor

Evidence for a neuropeptidergic diuretic hormone in insects was first presented by Maddrell (40) in R. prolixus. Such a neuropeptide was finally isolated and sequenced in Manduca sexta (41) and found to have sequence similarity to the vertebrate corticotropin-releasing factor (hormone), and so this family in insects is referred to as the corticotropin-releasing factor-related diuretic hormone (CRF/DH). Corticotropin-releasing factor, urotensin-1, urocortin, and sauvagine form a family of neuropeptides now known to be present in nematodes, arthropods, mollusks, tunicates, and the chordates (42). The list of homologous peptides in a wide range of insect species has now grown (de novo sequenced or predicted through bioinformatics/molecular techniques). Interestingly, the insect CRF/DH family is quite structurally diverse whereas the vertebrate CRF family has high sequence conservation (1, 3).

Rhopr-CRF/DH in R. prolixus is a true diuretic hormone, released into the hemolymph from abdominal neurohemal sites of lateral neurosecretory cells in the MTGM at gorging with titers reaching 5 nM at 1 h following gorging (38). Rhopr-CRF/DH elevates cAMP, induces similar electrophysiological changes as serotonin, and stimulates maximum fluid secretion from R. prolixus distal Malpighian tubules with an EC50 of 3 nM (43–45). However, Rhopr-CRF/DH does not stimulate KCl reabsorption from the proximal Malpighian tubules (46), although any modulating effects of Rhopr-CRF/DH on serotonin’s action have not been examined.

Rhopr-CRF/DH significantly increases cAMP content, and the rate of absorption across the anterior midgut, indicating that like the distal Malpighian tubules, the anterior midgut is under the control of both serotonin and Rhopr-CRF/DH, each acting via cAMP (43, 47). In addition, as with serotonin, Rhopr-CRF/DH also increases the frequency of contractions of the hindgut and so may be involved in voiding of the feces/urine (19).

The sequencing of the first CRF/DH in insects from M. sexta was followed by cloning the M. sexta CRF/DH receptor (48), and subsequently the receptors in Acheta domesticus (49), D. melanogaster (50) and later many other insect species, including R. prolixus (38). The Rhopr-CRF/DH receptor (Rhopr-CRF/DH-R2B) transcript is expressed more highly in the distal Malpighian tubules than in the proximal Malpighian tubules of R. prolixus and is also expressed in the anterior midgut, hindgut, and many other tissues (38). These GPCRs belong to the secretin family B1 that primarily uses cAMP as their second messenger. This link to cAMP was confirmed in R. prolixus (Figure 4) for one of the two Rhopr-CRF/DH receptors (Rhopr-CRF/DH-R2B) using a heterologous cell system (38). Human embryonic kidney (HEK)-293 cells stably expressing a modified cyclic-nucleotide-gated (CNG) channel (HEK293/CNG) were used to test if Rhopr-CRF/DH-R2B naturally works through the phospholipase C/inositol trisphosphate (PLC/IP3) pathway or through the adenylate cyclase (cAMP) pathway. The results indicate that cAMP is the second messenger. This receptor has also been transiently expressed in CHO/G16 cells and ligand-receptor interaction monitored using a Ca2+ mobilization assay. EC50 values for Rhopr-CRF/DH in this cell assay were approximately 36nM (Figure 4).



Synergism Between Serotonin and Rhopr-CRF/DH on Malpighian Tubule Secretion

Even though fluid crosses the anterior midgut of R. prolixus into the hemolymph rapidly, at about 400 nl/min, there are only small changes in the composition of the hemolymph. This is due to the distal Malpighian tubules secreting fluid at an equal rate from the hemolymph into the lumen (20). The distal Malpighian tubules secrete a fluid containing 2:1 Na+:K+ with ion transport stimulated 1000-fold after a blood meal is imbibed. The epithelial cells of the Malpighian tubules are stimulated within minutes of the onset of gorging by the diuretic hormones released from the abdominal nerve neurohemal sites of the MTGM (51). This stimulation and diuresis persist for about 3 h. The hemolymph titers of these two diuretic hormones after gorging are certainly high enough to act upon distal Malpighian tubules to stimulate secretion.

But why does R. prolixus use two diuretic hormones for rapid post-prandial diuresis? One answer lies in the synergism between the two neurohormones. Synergism is defined as an interaction or cooperation of two hormones resulting in a combined effect greater than the sum of their individual effects, a definition that matches the need for rapid post-prandial diuresis. Synergism steepens the dose-response curve and shifts it towards lower concentrations, providing a functionality for having multiple diuretic hormones. The result is that the Malpighian tubules can be stimulated more quickly and at lower concentrations of each of the diuretic hormones. Rhopr-CRF/DH, serotonin and dibutyryl cAMP are each capable of eliciting maximum secretion rates in Malpighian tubules in vitro but low doses of Rhopr-CRF/DH and serotonin applied together act synergistically to increase secretion rates via the cAMP-signaling pathway (7, 52–54). There is much evidence for Rhopr-CRF/DH and serotonin both working through cAMP, and synergism of adenylate cyclase activity is also seen when a tissue homogenate containing the peptide and serotonin are applied together (54). Synergistic activation of adenylate cyclase has been shown to occur from signals that are received coincidentally from GPCRs and via pathways that increase intracellular calcium concentration [see (38)]. With that in mind, Gioino et al. (55) found that intracellular calcium waves were triggered in Malpighian tubules treated with serotonin (and with 8-bromoadenosine 3’,5’-cyclic adenosine monophosphate, 8-Br-cAMP) and these waves were blocked using a cell permeable calcium chelator, 1,2-bis(o-aminophenoxy)ethane-N,N,N′,N′-tetraacetic acid (BAPTA-AM), in calcium-free saline. Serotonin, via its receptor, was not directly releasing intracellular Ca2+ but serotonin-induced increases in cAMP trigger Ca2+ waves mediated through a protein kinase A (PKA) signaling pathway. Hence, 8-Br-cAMP also triggers Ca2+ waves and maximum secretion. When the Ca2+ waves are blocked, fluid secretion is reduced by 75% with the fluid containing more K+ and reduced Na+. Interestingly the Ca2+ waves are suggested to be initiated in a small number of principal cells, referred to as pioneer cells, and these waves are then propagated to neighboring cells. This suggests that principal cells are not homogeneous, and it is of course possible that serotonin and Rhopr-CRF/DH act upon different cells in the Malpighian tubules. Rhopr-CRF/DH is yet to be tested in these Ca2+ assays, although Paluzzi et al. (45) found that both serotonin and Rhopr-CRF/DH activate pathways that are dependent upon intracellular Ca2+ and cAMP.

One model for this synergism is the synergistic stimulation of adenylate cyclase activity induced by serotonin and Rhopr-CRF/DH (54). Subsequent calcium waves may contribute to this synergism. The elevated levels of cAMP may activate the PKA-signaling pathway to trigger an increase in IP3 that in turn increases the amplitude and/or frequency of calcium waves released intracellularly from storage sites within the cell (55). The elevated calcium levels could then modulate the various transporters to drive increases in diuresis that are larger than the sum of activity produced by low concentrations of the diuretic hormones working independently.

Serotonin is released rapidly into the hemolymph immediately after the onset of gorging and initiates diuresis (28). The titer peaks at 5 minutes and thereafter declines to levels which are below those that stimulate fluid absorption from the anterior midgut or secretion by the distal Malpighian tubules but remain high enough to stimulate reabsorption of KCl across the proximal Malpighian tubules (20 nM serotonin stimulates approximately 70% maximal KCl reabsorption). Release of Rhopr-CRF/DH into the hemolymph occurs later than the release of serotonin and is needed to continue secretion from the distal Malpighian tubules. With haemolymph titers of Rhopr-CRF/DH in the nM range, these would be enough to synergize with the low titers of serotonin present over the 3 h period of rapid post-prandial diuresis.



Calcitonin-Related Diuretic Hormone and Its Receptor

The insect calcitonin-related diuretic hormone family (CT/DH) is related to the mammalian calcitonin and calcitonin gene-related peptide hormone system. This family of CT/DHs stimulate, at nM concentrations, Malpighian tubule secretion in a variety of insects and increases cAMP content in the principal cells of D. melanogaster tubules. Rhopr-CT/DH, which interestingly is co-localized with serotonin in the 5 DUM cells of the MTGM, increases the rate of secretion to only 1.5% of the maximum rate induced by serotonin or by Rhopr-CRF/DH. For R. prolixus, during rapid post-prandial diuresis, this may be considered a small increase relative to serotonin, but it is still a 17-fold increase over the non-stimulated rate, which is naturally, very low (56). The biological significance of this small increase is not known, since in addition, Rhopr-CT/DH does not significantly increase water absorption or short-circuit current across the anterior midgut (47). Any modulatory effects of Rhopr-CT/DH on the other diuretic/antidiuretic hormones have not been investigated.

CT/DH receptors are members of the secretin family B1 GPCRs. R. prolixus has two receptor paralogues (Rhopr-CT/DH-R1 and R2). Rhopr-CT/DH-R1 is orthologous to the D. melanogaster CT/DH receptor (CG17415) while Rhopr-CT/DH-R2 is orthologous to the D. melanogaster receptor (CG4395), an orphan receptor whose ligand had previously been unknown (39). Splice variants are also present, producing Rhopr-CT/DH-R1 (A, B and C) and Rhopr-CT/DH-R2 (A and B). Rhopr-CT/DH-R2B is more sensitive to Rhopr-CT/DH (EC50 = 15 nM) than is Rhopr-CT/DH-R1B/C and also yields a much greater amplitude response in a heterologous cell assay [Figure 4; (39)]. The “A” splice variants are truncated and non-functional. Interestingly, and in contrast to the study on the D. melanogaster receptor, accessory proteins (RAMPs or RCP) are not required for effective signaling. The Rhopr-CT/DH-R2B transcript is expressed in a variety of tissues including Malpighian tubules, but Rhopr-CT/DH-R1 is not (39). In addition, Rhopr-CT/DH-R2 is not expressed in the anterior midgut, explaining the absence of effect of Rhopr-CT/DH on fluid absorption.



Rhopr-Kinin and Its Receptor

Insect kinins are found throughout Arthropoda and possess a conserved C-terminal pentapeptide motif of FX1X2WGamide [see (57)]. A single transcript encoding multiple isoforms has been characterized in many insect species including 12 in R. prolixus (58). Kinins are potent diuretic factors in a variety of species (3), but kinins, which are co-localized with the Rhopr-CRF/DH in the posterior lateral neurosecretory cells of the MTGM in R. prolixus, have no effect on secretion by Malpighian tubules in R. prolixus (59). They do however act as potent stimulators of contraction of hindgut and anterior midgut, and significantly decrease the resistance and transepithelial voltage of the anterior midgut epithelium (47). Thus, kinins may participate in some aspects of diuresis.

The Rhopr-kinin receptor (Rhopr-KR) has been cloned and belongs to the rhodopsin-like family A group of GPCRs (60). High expression of the Rhopr-KR transcript is observed in the CNS and hindgut, with lower transcript expression levels in the remainder of the digestive system, including the anterior midgut, and low expression observed in the Malpighian tubules, explaining the physiological results.




Antidiuretic Hormones and the Termination of Diuresis


CAPA and Its Receptor

The M. sexta cardoacceleratory peptide 2b, Manse-CAP2b (61), was shown to stimulate fluid secretion from Malpighian tubules of D. melanogaster (62). The gene/transcript has been discovered in a number of insect species, and in D. melanogaster the gene was named capability (CG15520) since it was “capable” of encoding CAP2b. Typically, three mature peptides are derived from the CAPA transcript. The first two (CAPA1 and 2) normally contain the CAP2b consensus C-terminal sequence of PRVamide, while the third (CAPA3) does not. CAPA1 and 2 are strong diuretic factors in dipterans [see (3)] and have been extensively studied in D. melanogaster and shown to act through a Ca2+-nitric oxide (NO)-cGMP signaling pathway. This pathway increases V-ATPase activity in the principal cells. However, much lower doses of CAPA have been shown to be antidiuretic in D. melanogaster and in Aedes aegypti indicating that CAPAs can have dose-dependent opposing effects on diuresis in some dipterans (63–66). CAPAs are also antidiuretic in some other insects, including R. prolixus (3, 67).

Diuresis rapidly declines at about 3 h after gorging in R. prolixus when enough hypo-osmotic fluid has been excreted. This termination of diuresis avoids excessive loss of water and salts, thereby maintaining volume, ionic and osmotic composition of the hemolymph. Rhopr-CAPA-2 is an antidiuretic hormone allowing finer control over diuresis (67). The diuretic hormones in R. prolixus act via cAMP, but cGMP content of Malpighian tubules is elevated in vivo at a time when diuresis is ceasing. Rhopr-CAPA-2 dose-dependently inhibits serotonin-induced secretion from R. prolixus Malpighian tubules but not secretion induced by Rhopr-CRF/DH (67). It also stimulates an elevation in cGMP content in serotonin-stimulated Malpighian tubules, but not in unstimulated Malpighian tubules. Serotonin alone decreases cGMP content of Malpighian tubules and Rhopr-CAPA-2 returns these levels to those of resting tubules (45). Furthermore, Rhopr-CAPA-2 inhibits serotonin-stimulated absorption across the anterior midgut, but in a cGMP and Ca2+-independent manner (8). It seems evident that Rhopr-CAPA-2 is an antidiuretic hormone in R. prolixus, acting on anterior midgut and Malpighian tubules to rapidly inhibit the post-prandial diuresis.

As discussed, serotonin and Rhopr-CRF/DH act synergistically on R. prolixus Malpighian tubules to stimulate diuresis. Rhopr-CAPA-2 inhibits serotonin-stimulated secretion but not Rhopr-CRF/DH-stimulated secretion. It does, however, reduce natriuresis elicited by either of the diuretic hormones (44). Of some importance, Rhopr-CAPA-2 eliminates the synergism produced by these two diuretic hormones. These effects may be particularly important since following termination of the rapid post-prandial diuresis, low secretion rates may be needed. Thus, once the bulk of the Na+-rich plasma component of the blood meal has been ejected, the insect will need to eliminate a more K+-rich urine following digestion of the nutrient component, including the red blood cells (44), and so Rhopr-CRF/DH may be involved in this later, slower, diuresis.

The rhodopsin-like family A GPCR for CAPA has been characterized in D. melanogaster (CG14575), A. gambiae, R. prolixus, B. mori, and predicted in several other species (68). The GPCRs are evolutionarily related to vertebrate neuromedin receptors.

The Rhopr-CAPA-R gene encodes two mRNA variants, CAPAR-1 (GU734127) and CAPAR-2 (GU734128). Sequence analysis of CAPAR-1 receptor reveals features characteristic of the rhodopsin-like family A GPCRs. Transcript expression is predominantly in the distal Malpighian tubules (60-fold higher levels than in the proximal Malpighian tubules) compared with the anterior midgut, but expression also appears in the foregut, posterior midgut, and hindgut, with the latter demonstrating lowest levels. Other tissues, such as the CNS, salivary glands, reproductive tissues, trachea, fat body, dorsal vessel, or abdominal nerves, do not exhibit any detectable levels of the receptor transcript (69).




Dual Diuretic/Antidiuretic Hormones


CCHamide2 as a Modulator of Diuresis

An intriguing recent discovery concerns the peptide CCHamide (named for its two conserved cysteines and C-terminal amidated histidine), whose receptors were previously identified in Malpighian tubules of D. melanogaster (26). CCHamide occurs as two paralogs, CCHa1 and CCHa2, both of which are present in the R. prolixus genome (14). In addition, the R. prolixus genome also encodes two family A GPCRs for CCHa. CCHa1 and 2 are associated with feeding behavior in D. melanogaster (although no studies looked at Malpighian tubule physiology), and recently Capriotti et al. (23, 32) examined the effects of CCHa2 on diuresis in R. prolixus. These studies revealed that the CCHa2 transcript was expressed in the CNS, but also in the anterior midgut and Malpighian tubules. Furthermore, the transcripts for the two receptors (RPRC007766 and RPRC000608) were found in the CNS and posterior midgut, with RPRC000608 also appearing in the Malpighian tubules. While CCHa2 has no effect on its own on either anterior midgut absorption or Malpighian tubule secretion, CCHa2 does have a dual effect on diuresis, blocking the effect of serotonin on absorption across the anterior midgut whilst enhancing the effect of serotonin on secretion from Malpighian tubules. This is the first example in an insect of a hormone having opposite actions (inhibition and stimulation) on different tissues involved in salt and water balance. The mode of action of CCHa2 on anterior midgut appears to be that of inhibiting the serotonin-stimulated transcellular Na+ transport across the anterior midgut. The authors suggest that CCHa2 modulates post-prandial diuresis and fine tunes the system, which would be necessary to respond to differences in Na+ content of blood meals from different host species. The effects of CCHa2 on Rhopr-CRF/DH stimulated secretion or on the synergism between serotonin and Rhopr-CRF/DH have not been examined.





New Insights From Transcriptome Analyses

Transcriptomes and microarrays have provided molecular insights into the functional contributions of the Malpighian tubules, confirming the general model of these ion and water transport mechanisms (4, 5, 9, 10, 70). The power of these studies also lies in the unexpected, the unknown. Thus, the number and diversity of these diuretic and antidiuretic hormones and their GPCRs is ever increasing, spurred on by genetic/molecular tools that supports previous research on identified diuretic factors, along with pointing to some novel ones [see (2, 4, 5, 70)]. For example, insect tachykinins have not been tested on Malpighian tubule function in mosquitoes, but the tachykinin GPCR appears to be the most abundant of at least 17 GPCRs identified through a Malpighian tubule transcriptome of Aedes albopictus (4). Similarly, along with receptors for known diuretic hormones in D. melanogaster, are receptor transcripts for neuropeptide F, CCHamide, acetylcholine, and gamma-aminobutyric acid (GABA), along with genes associated with termination of cell signals [see (5, 26)] for which there is little understanding of their biological significance (but see above for CCHamide in R. prolixus). And in Ae. albopictus, for example, the most abundant transcript for an ion transporter is a K+-dependent Na+/Ca2+ exchanger (3 times more abundant than the V-type H+-ATPase which is considered the driver of diuresis). There is also a second K+-dependent Na+/Ca2+ exchanger and two Na+/Ca2+ exchangers, suggesting Ca2+ as a second messenger (4).

To gain further insight into the functioning of R. prolixus Malpighian tubules, we performed a transcriptome analysis.




Materials and Methods


Insects

Rhodnius prolixus were obtained from a long-established colony at the University of Toronto Mississauga. Insects were reared in incubators at 25°C under high humidity (~50%). The insects are fed through a latex-based feeding membrane on sterile defibrinated rabbit blood (Cedarlane Laboratories Inc., Burlington, ON, Canada) once in each instar. Non-lubricated condoms (Trojan TM, ENZ, Church and Dwight co., NJ, USA) are used as the feeding membranes. Briefly, after washing and rinsing, condoms are cut open longitudinally and stretched over the top of a 20 ml circular dish and tied in place. Afterward, the dish is filled with 20 ml of defibrinated rabbit blood using a sterile syringe connected via a needle through the side of the dish. Once filled, the opening is sealed, and the dish is placed on a heating plate set at 37°C for 20 minutes. The feeding jar containing the R. prolixus is inverted onto the membrane of the dish for insects to feed through the metal mesh lid. Fifth instars R. prolixus [15 days post-ecdysis (PE)] with similar feeding and body weight history were used. A group of insects was separated and allowed to take a blood meal for 20 minutes by which time the insects typically gorge at least nine times their own initial body weight. Malpighian tubules were sampled from insects at 15 d PE (unfed condition) and 3 h and 24 h post blood meal (fed condition).



Illumina Sequencing

The Malpighian tubule RNA samples were obtained from unfed fifth instar R. prolixus and from insects at 3 and 24 h post blood meal. Tissues were dissected in cold, previously autoclaved, phosphate buffered saline (PBS, 6.6 mM, Na2HPO4/KH2PO4, 150 mM NaCl, pH 7.4). Three independent experiments were performed (n = 3) for each condition with each n composed of a pool of Malpighian tubules from 10 insects. RNA extraction was performed with TRIzol reagent (Invitrogen by Thermo Fisher Scientific, MA, USA), followed by DNase treatment (Millipore-Sigma, WI, USA) and then re-purified with PureLink RNA Mini Kit (Ambion by Thermo Fisher Scientific, MA, USA), as previously described (71, 72). A total amount of 1 µg RNA per sample was used as input material for the RNA sample preparations. Libraries for sequencing were generated using NEBNext Ultra RNA Library Prep Kit for Illumina (New England Biolabs, MA, USA) following the manufacturer’s recommendations. The libraries were sequenced on Illumina platforms (Illumina NovaSeq 6000) at the Novogene sequencing facility (California, USA). All the downstream analyses were performed as previously described (71, 72). RNA-seq metrics from R. prolixus transcriptomes for Malpighian tubules under the different feeding conditions are summarized in the first tab of Supplementary Worksheets 1, 2. The data quality control showed indices expected to advance towards a high-quality transcriptome analysis. The data obtained were analyzed using gene annotation from the RproC1.3 gene set (14), and R. prolixus alternative annotation gene set (73). Briefly, clean reads were aligned to the reference genome using HISAT2 software, and then, HTSeq v0.6.1 was utilized to count the number of reads mapped to each gene. FPKM (expected number of Fragments Per Kilobase of transcript sequence per Millions base pairs sequenced) of each gene were calculated based on the length of the gene and number of reads mapped to the gene. The raw sequence dataset of this project is registered with the National Center for Biotechnology Information (NCBI) under PRJNA729781 BioProjects. A detailed description of our bioinformatic pipeline can be found in Leyria et al. (71). Briefly, differential expression analysis of unfed, 3 h post blood meal and 24h post blood meal was performed using the DESeq R package (1.18.0) as reported (71, 72). The resulting P values were adjusted using the Benjamini and Hochberg’s approach for controlling the False Discovery Rate (FDR). Genes with an adjusted P value < 0.05 found by DESeq2 were assigned as differentially expressed. We performed heatmap analysis to compare mRNA expression levels under the different feeding states presented by means of a color scale, showing the readcount values obtained by gene expression analysis after normalization. All the numeric information of the heatmap charts is shown in several worksheet tabs of Supplementary Worksheet 1 (unfed vs. 3 h PBM) and Supplementary Worksheet 2 (unfed vs. 24 h PBM).



Validation of RNA-Seq Data

To validate differentially expressed genes obtained by Illumina sequencing, fifteen receptors were chosen, and their transcript expressions analyzed by reverse transcription quantitative real-time polymerase chain reaction (RT-qPCR) on Malpighian tubules from unfed and fed insects. Briefly, total RNA was extracted as described above and the concentration and A260/280 ratio of purified RNA measured using a spectrophotometer DS-11+ (DeNovix Inc., Wilmington, DE, USA). RNA integrity was evaluated by electrophoresis in a 1% agarose gel (FroggaBio Inc., Concord, ON, Canada). cDNAs were synthesized from 1 µg of total RNA by reverse transcription reaction using random primers and 50 U of MultiScribe™ MuLV reverse transcriptase (High-Capacity cDNA Reverse Transcription Kit, Applied-Biosystems, by Fisher Scientific, ON, Canada). The conditions of the thermal cycler were: 10 minutes at 25°C, 120 minutes at 37°C, and 5 minutes at 85°C. The cDNAs obtained were diluted 10-fold for the experiments. qPCRs were performed using an advanced master mix with super green low ROX reagent (Wisent Bioproducts Inc, QC, Canada), according to the manufacturer’s recommendations, using 4 pmol of sense and antisense primers in a final volume of 10 μl. The qPCR temperature-cycling profile was: initial denaturation 3 minutes at 95°C, followed by 39 cycles of 30 s at 94°C, 30 s at 58–60°C (depending on the pair of primers used), and 1 minute at 72°C, followed by a final extension at 72°C for 10 minutes. Each reaction contained 3 technical replicates as well as a no template and a no reverse transcriptase control. qPCR was performed using a CFX384 Touch Real-Time PCR Detection System (BioRad Laboratories Ltd., Mississauga, ON, Canada). The sequences of the primers used for amplification are shown in Supplementary Table 1. The primer efficiencies lay between 90-110%. For each pair of primers, a dissociation curve with a single peak was seen, indicating a single cDNA product was amplified. Quantitative validation was analyzed by the 2−ΔCt method (74), using the geometric average expression of two reference genes, namely rp49 and β-actin, which were previously validated for transcript expression in Malpighian tubules of fifth instar R. prolixus at different nutritional conditions (30).




Results and Discussion


Transcriptome Analysis of R. prolixus Malpighian Tubules

Here, we have performed an in-depth exploration analyzing transcriptomes of the complete set of RNA transcripts that are produced by Malpighian tubules and examined changes related to feeding. It should be emphasized that the transcriptome was generated from whole Malpighian tubules and so transcripts associated with the distal and proximal portions are present. This research confirms previous findings and generates new insights about the presence/absence and changes in transcript expression in Malpighian tubules of fifth instar R. prolixus at key time points of the diuretic process (3 h and 24 h post blood feeding).


Receptors

Hormonal signaling is amplified via second messengers, and lower receptor expression may be expected relative to transcripts involved in other cellular activities. Therefore, since the neuroendocrine control of the insect excretory system is mainly transduced via GPCRs, the expression of these receptors is relatively low when compared, for example, to other kinds of receptors or epithelial transporters (Supplementary Worksheets 1, 2). The GPCR transcripts encoding the R. prolixus receptors Rhopr5HTR2b, Rhopr-CRF/DH-R2B, and Rhopr-CAPA-R1, which have previously been shown to be expressed in the Malpighian tubules by qPCR, are all highly abundant in the transcriptome (Figures 5, 6 and Supplementary Worksheets 1, 2). Of these, Rhopr5HTR2b is the most highly expressed receptor, and interestingly, of the five serotonin receptor sub-types present, is also 100-400 fold more abundant. Furthermore, the transcript for Rhopr-CT/DH-R2B is of very low abundance, and that of Rhopr-CCHa2R even lower and not evident in Malpighian tubules from an unfed insect in the transcriptome or by qPCR (Figure 7). Interestingly, none of the receptors for serotonin, Rhopr-CRF/DH or Rhopr-CAPA are within the most abundant receptors expressed in the transcriptome.




Figure 5 | Heat map comparing the mRNA expression levels of (A) biogenic amine G protein- coupled receptors family A, and (B) the enzymes involved in biogenic amine synthesis in Malpighian tubules from insects unfed (UFC), 3 h and 24 h post blood meal (PBM). The input data is the readcount value from gene expression level analysis after normalization and is presented using a color scale, in which light blue/red represent lowest/highest expression. DESeq was used to perform the analysis. Details of transcript expression are shown in Supplementary Worksheets 1, 2.






Figure 6 | Heat map comparing the mRNA expression levels of (A) Neuropeptide receptors family A, (B) Acetylcholine receptors family A, (C) Neuropeptide receptors family B, (D) Tyrosine kinase and guanylyl cyclase type receptors, and (E) GABA-gated channel selective receptor-like in Malpighian tubule from insects unfed (UFC), 3 h and 24 h post blood meal (PBM). The input data is the readcount value from gene expression level analysis after normalization and is presented using a color scale, in which light blue/red represent lowest/highest expression. DESeq was used to perform the analysis. Details of transcript expression are shown in Supplementary Worksheets 1, 2.






Figure 7 | Verification of transcriptome analysis by RT-qPCR for G protein-coupled receptors (GPCRs) and receptor tyrosine kinases (RTK) in Malpighian tubules of unfed and fed insects. Fifth instar insects were dissected at 15 days post-ecdysis as representative days of the unfed condition (unfed). One group of insects was allowed to gorge, and mRNA expression assayed at 3 and 24 h post blood meal (h PBM). The expression of transcripts to thirteen GPCRs (A–M) and two RTKs (N, O) was quantified using RT-qPCR and the ΔCt method. The y axis represents the relative expression by 1000 copies of reference genes, obtained via geometric averaging using Rp49 and β-actin. The results are shown as mean ± SEM (n=4-5). Statistical analysis was performed using a one-way ANOVA and Tukey’s test for post-hoc analysis; p-values are listed on the graph (****p < 0.0001; ***p < 0.001; **p < 0.01; *p < 0.05; nd, not detected). Graphs and statistical tests were performed using GraphPad Prism 7. LGR1, GPA2/GPB2 receptor; CRFR, corticotropin-releasing factor-related diuretic hormone receptor 2; KR1, kinin receptor 1; TyrR, tyramine receptor; ITP1R, ion transport peptide 1 receptor; CAPAR, CAPA receptor 1 isoform A; CCHamideR2, CCH amide2 receptor; TKR (86C), Tachykinin 86C receptor; 5-HTR2a, 5-HT receptor 2a; 5-HTR2b, 5-HT receptor 2b; 5-HTR1a, 5-HT receptor 1a; 5-HTR1b, 5-HT receptor 1b; 5-HTR7, 5-HT receptor 7; VKR, neuroparsin receptor-like (Venus kinase receptor); NPLPR, neuropeptide-like precursor 1 receptor.



Of note is the discovery of GPCRs for ligands not previously tested for biological activity at the Malpighian tubules of R. prolixus (Figure 6; Supplementary Worksheets 1, 2). Indeed, the most abundant receptor transcript is that of the leucine-rich repeat-containing G protein-coupled receptor 1 (LGR1) for the glycoprotein hormone, GPA2/GPB5, which is approximately 6-fold more abundant than the Rhopr5HTR2b and 60-fold more abundant than Rhopr-CRF/DH-R2B. Another receptor transcript that is highly abundant is the receptor-type guanylate cyclase for the neuropeptide-like precursor peptide (NPLPR). LGR1 and NPLPR transcripts are also confirmed by qPCR (Figure 7). Other previously unappreciated receptors that might be involved in Malpighian tubule function include orthologs of a neuroparsin receptor-like (Venus kinase receptor (VKR)), parathyroid hormone-like receptor, adiponectin receptor, short neuropeptide F receptor (sNPFR), dopamine 1-like R2, ion transport peptide receptor (ITPR), GABA receptor, and the insulin receptor 1 (IR1). Low levels for the muscarinic acetylcholine receptor and Rhopr-KR are also evident, as well as Rhopr-CT/DH-R1, previously reported to be missing from Malpighian tubules (39).



Endogenous Hormones

A novel discovery was made in D. melanogaster by Blumenthal (21) whereby tyramine, synthesized from tyrosine in the principal cells of the Malpighian tubules (via tyrosine decarboxylase), is released and acts via a tyramine GPCR (CG7431) located on the basolateral membrane of the neighboring stellate cells, to regulate Cl- conductance. Tyramine acts, therefore, in an autocrine or paracrine way. Adding to the possibility of autocrine/paracrine signaling in Malpighian tubules is the observation from transcriptome analysis that neuropeptide precursor transcripts are also expressed in Malpighian tubules of larval Trichoplusia ni (2).

Similarly, in R. prolixus tubules, we identify high abundance for transcripts for neuropeptide processing enzymes and biogenic amine processing enzymes, and neuropeptide precursors (Figures 5, 8 and Supplementary Worksheets 1, 2). In terms of neuropeptide precursors, there is an abundance of the GPA2 transcript, and lower abundance of transcripts for Rhopr-CRF/DH, ITP, Long NPF, myosuppressin, and NPLP1(Figure 8 and Supplementary Worksheets 1, 2). The transcript for tachykinin has also previously been shown to be present (75). In terms of biogenic amines and other transmitters, by far the most abundant transcript for a processing enzyme is that of histidine decarboxylase which converts histidine to histamine. This transcript is several thousand-fold greater than other less abundant enzyme transcripts, although enzymes in the dopamine, nor-epinephrine, and octopamine pathways are evident (Figure 5 and Supplementary Worksheets 1, 2). Because of the broad repertoire of these transcripts expressed by the Malpighian tubules and involved in synthesis and processing of biogenic amines, peptides, and other transmitters, it is clear that a specific and controlled local system could also be modulating diuresis.




Figure 8 | Heat map comparing the mRNA expression levels of (A) neuropeptides, and (B) neuropeptide processing enzymes in Malpighian tubules from insects unfed (UFC), 3 h and 24 h post blood meal (PBM). The input data is the readcount value from gene expression level analysis after normalization and is presented by means of a color scale, in which light blue/red represent lowest/highest expression. DESeq was used to perform the analysis. Details of transcript expression are shown in Supplementary Worksheets 1, 2.





Second Messengers

The sensitivity of a cell to a specific hormonal response is determined not only by the expression of its receptor, but also by the level of metabolic activity that the cell exhibits, which is ultimately influenced by signaling systems mediated by second messengers. The Malpighian tubule transcriptome of R. prolixus reveals abundant transcript expression for a variety of second messengers, including adenylate cyclase, PKA-like, IP3 receptor (IP3R), guanine nucleotide-binding proteins, PLC, phosphodiesterase (PDE), phosphatidylinositol pathway, guanylate cyclase-like, and nitric oxide synthase (NOS) (Figure 9 and Supplementary Worksheets 1, 2). Clearly, the machinery is present in Malpighian tubules for the second messengers that are activated via the currently known diuretic and antidiuretic hormones.




Figure 9 | Heat map comparing the mRNA expression levels of second messengers and signaling molecules in Malpighian tubules from insects unfed (UFC), 3 h and 24 h post blood meal (PBM). The input data is the readcount value from gene expression level analysis after normalization and is presented by means of a color scale, in which light blue/red represent lowest/highest expression. DESeq was used to perform the analysis. Details of transcript expression are shown in Supplementary Worksheets 1, 2.



Although obviously not considered as second messengers, it is worth noting that innexin proteins (invertebrate connexins) form gap junction channels participating in cellular communication. The Malpighian tubule transcriptome analysis (Supplementary Worksheets 1, 2) shows the presence of transcripts for innexins, which could potentially contribute to Ca2+ wave propagation. Innexin gap junctions propagate Ca2+ waves in the C. elegans intestine (76). In addition, the role of innexins in coordinating and regulating the rapid diuretic effects of neuropeptides was already suggested in A. aegypti (77).



Epithelial Transporters

The R. prolixus Malpighian tubule transcriptome reveals numerous transcripts that encode for ion and water transport mechanisms (Figures 10, 11 and Supplementary Worksheets 1, 2), including V-type H+-ATPase subunits, cation-proton antiporters, cation Cl- cotransporters such as NKCC, HCO3 exchangers, barium-sensitive K+ channels, aquaporins, and Major Intrinsic Proteins (MIPs). These are in very high abundance (considerably higher than those for the receptors) and are needed to generate the very high rate of active fluid transport required in a short time. The transporters evident in the transcriptome match those in the model for fluid secretion by Malpighian tubules of R. prolixus (33, 34), and to models for other insect Malpighian tubules (33). The transporters involved in fluid secretion are quite conserved across insect species. Interestingly though, the transcriptome data suggest a lack of vertebrate-like H+/K+-ATPases in R. prolixus, which were suggested to be involved in K+ reabsorption by the proximal tubules (78). Thus, this H+/K+-ATPase in R. prolixus tubules could be a pump with lower sequence conservation to H+/K+-ATPase of the gastric mucosa of vertebrates, or replaced by other transport mechanisms, such as an NHA linked to a V-type H+-ATPase.




Figure 10 | Heat map comparing the mRNA expression levels of epithelial transporters in Malpighian tubules from insects unfed (UFC), 3 h and 24 h post blood meal (PBM). The input data is the readcount value from gene expression level analysis after normalization and is presented by means of a color scale, in which light blue/red represent lowest/highest expression. DESeq was used to perform the analysis. Details of transcript expression are shown in Supplementary Worksheets 1, 2.






Figure 11 | Heat map comparing the mRNA expression levels of aquaporins in Malpighian tubules from insects unfed (UFC), 3 h and 24 h post blood meal (PBM). The input data is the readcount value from gene expression level analysis after normalization and is presented by means of a color scale, in which light blue/red represent lowest/highest expression. DESeq was used to perform the analysis. Details of transcript expression are shown in Supplementary Worksheets 1, 2.



The transcript for an NCKX is also present in the R. prolixus Malpighian tubule transcriptome, although not as highly expressed as that of Ae. albopictus. The NCKX plays critical roles in regulating intracellular Ca2+ levels and since, as described earlier, intracellular Ca2+ waves induced by serotonin drive fluid transport in R. prolixus, may present a mechanism for homeostatic control of cytosolic Ca2+ levels. In addition, there are transcripts for Ca2+ and Cl- channels and   cotransporters (Figure 10 and Supplementary Worksheets 1, 2). Moreover, considering synergism between serotonin and Rhopr-CRF/DH on Malpighian tubule secretion, amiloride inhibits secretion induced by serotonin, but not secretion induced by RhoprCRF/DH (45). The cation/proton antiporter (CPA) family is ubiquitous and best known for Na+/H+ exchangers (NHEs) and, more recently discovered, the Na+/H+ antiporters (NHAs). In mosquitoes, three NHE isoforms are known to be present: NHE1, NHE2 and NHE3 (79, 80). NHE2 is resistant to amiloride, while NHE3 and NHE1 are amiloride-sensitive. Interestingly, both types of NHEs are found in the R. prolixus fifth instar Malpighian tubule transcriptome, suggesting that synergism between serotonin and Rhopr-CRF/DH on Malpighian tubule secretion could also in part be achieved by activating two different types of NHEs (Figure 10 and Supplementary Worksheets 1, 2). In addition, D. melanogaster and Anopheles gambiae each have two NHA genes, Nha1 and Nha2 [see (80, 81)]. The NHAs are hypothesized to act as the partner exchangers that colocalize with V-ATPase and use the proton electrochemical gradient to achieve transepithelial transport of Na+ and K+ (82). In R. prolixus, NHA2-like transcripts are found in the Malpighian tubule transcriptome, in unfed and fed insects. Since it is possible that there is no vertebrate-like H+/K+-ATPase in R. prolixus, NHA2-like might collaborate with the V-type H+ ATPase to mediate transepithelial active transport of Na+ and K+ (Figure 10 and Supplementary Worksheets 1, 2).



Changes After a Blood Meal

Analyses on the abundance of transcripts does not in of itself tell a complete story. Insight must also be obtained by examining how transcript expression changes with blood feeding; that is, which transcripts are unaltered, which transcripts are upregulated, and which transcripts are downregulated. However, as the control of the neuroendocrine system involves diuretic and antidiuretic hormones acting in concert and individually over a short period of time, the number of differentially expressed genes is low with respect to all those reported here.

After R. prolixus takes a blood meal, there is a trend of significantly down regulating the most abundant transcripts for receptors at 24 h post blood meal, including LGR1, CRF/DH-R, CAPA-R, 5HTR-2b, 5HTR-1b, 5HTR-7, VKR, and NPLPR. This down regulation was observed in the transcriptome and confirmed by qPCR (Figures 5–7 and Supplementary Worksheets 1, 2). The GABA-gated channel receptor is the most highly expressed receptor in unfed R. prolixus and is significantly down regulated at 3 h and 24 h. One exception includes the sNPFR which is significantly up regulated at 24 h. It is worth repeating that there is no known function for LGR1, VKR, NPLPR, sNPFR, or GABA-R or their ligands in the control of R. prolixus Malpighian tubules. However, GPA2/GPB5 and neuroparsin signaling, mediated by their putative receptors, LGR1 and VKR, respectively, have been suggested to have potential roles as antidiuretic hormones in other insects, acting on the hindgut (83–85). The fact that both receptors are more highly expressed in Malpighian tubules of unfed R. prolixus relative to fed insects might indicate a potential role of this signaling pathway in water conservation in unfed R. prolixus. Also, we detected the expression of Tachykinin 86C receptor (TKR) in Malpighian tubules and although the levels are low, they are higher in unfed insects. Interestingly, in D. melanogaster DTKR triggers insulin signaling in Malpighian tubules, influencing the insect’s responses to desiccation and oxidative stress (22). Here, we also identified IR1 transcript expression in the Malpighian tubules. In addition, the GABA-R has also been identified in D. melanogaster Malpighian tubules (26).

Receptor transcripts that are in very low abundance relative to the above, tend to show no significant change between unfed, 3 h or 24 h post blood meal (Figures 5–7 and Supplementary Worksheets 1, 2). Exceptions include the transcripts for KR1 which are significantly down regulated at 3 h, but not at 24 h; and CCHaR2, a transcript which is not evident in the transcriptome of unfed or 24 h fed insects, or by qPCR of Malpighian tubules from unfed insects, but can be seen by qPCR in very small amounts in 3 h fed, and even smaller amounts in 24 h fed. This low abundance does seem sufficient to enable CCHa2 to enhance serotonin-induced secretion by Malpighian tubules (23). Parathyroid hormone receptor (PTHR) is upregulated at 24 h in the transcriptome. In mammals, parathyroid hormone signaling regulates the serum calcium concentration through its effects on kidney and intestine, among others. Interestingly, along with Ca2+ signaling being involved in diuresis, Ca2+ from the blood meal is sequestered into Malpighian tubule cells as concretion bodies, from where they can be released back into the hemolymph for Ca2+ homeostasis (86, 87). Perhaps PTHR is involved in this.

In terms of possible endogenous hormones, an intriguing observation is the very large abundance of transcript for histidine decarboxylase, which is significantly down regulated at 24 h post blood meal (Figure 5 and Supplementary Worksheets 1, 2). This enzyme is the only enzyme used for the synthesis of histamine. Histamine is the neurotransmitter of photoreceptors in insects and other arthropods. As a photoreceptor transmitter, histamine acts on ligand-gated chloride channels, and elsewhere in the CNS there are receptors similar to the mammalian H1 GPCRs. There do not appear to be any reports of histamine in any other tissues in insects. Its possible presence in Malpighian tubules could suggest an involvement in diuresis, and indeed an early study has shown histamine to induce a small increase in secretion in locust Malpighian tubules (88). Of course, Malpighian tubules participate in the immune response of insects, and so perhaps histamine might have some involvement in this aspect in R. prolixus. In addition, the transcript for GPA2 is downregulated at 3 h and 24 h post blood meal, with the transcript for Rhopr-CRF/DH upregulated at 24 h, that of long NPF downregulated at 24 h, and that of mysuppressin upregulated at 24 h (Figure 8). Again, there is currently no known function for GPA2, LNPF or myosuppressin in R. prolixus Malpighian tubule physiology. In addition, transcripts for neuropeptide processing enzymes are altered by blood feeding, with the upregulation of signal peptide and propyl endopeptidase transcripts at 24 h, upregulation of Furin-like protease- 2A at 3 h and 24 h, but downregulation of Furin-like protease-1 at 3 h and 24 h, indicating that, at least up to 24 h post blood meal there could be a constant local synthesis of the peptides involved in diuretic and antidiuretic actions (Figure 8).

The transcripts for second messengers show a variable pattern of differentiated expression following a blood meal (Figure 9 and Supplementary Worksheets 1, 2). The diuretic hormones initially act via cAMP and the transcripts for adenylate cyclase are downregulated at 3 h and 24 h post blood meal, when the rapid post-prandial diuresis is reduced. The antidiuretic hormone acts via cGMP and the transcripts for guanylate cyclase and NOS are upregulated at 3 h and 24 h, and the PDE transcript has a slight upregulation at 3 h. Guanine nucleotide-binding protein G(s) subunit and phosphatidylinositol transfer protein are upregulated at 3 h and 24 h, guanine nucleotide-binding protein G(q) subunit up at 24 h and phosphatidylinositol 4-kinase down at 24 h. The PLC subtypes also vary and PKA is down regulated at 3 h. Of some significance also for the termination of diuresis, is the down regulation of aquaporin transcripts, which at 24 h indicates a 10-fold decrease in Rhopr-AQP 1transcript and an approximately 6-fold decrease in Rhopr-MIP transcript (Figure 11 and Supplementary Worksheets 1, 2). Interestingly, in contrast to Ae. albopictus (4) the innexin transcripts in R. prolixus are upregulated at 3 h and 24 h post blood meal, indicating that the coupling between epithelial cells outlasts that which may be needed during rapid post-prandial diuresis (Supplementary Worksheets 1, 2).

The decrease in transcript expression of AQPs after 24 h post feeding suggests a decreased capacity for secretion of water. In terms of transporters, it is also interestingly to note that the most abundant V-type H+ ATPase subunit a, belonging to the V0 integral protein complex and which drives fluid transport in the distal Malpighian tubules, is downregulated at 3 h and 24 h post blood meal when diuresis is greatly reduced, while others, including V-type H+ ATPase subunits H, D, B, and G from the peripheral protein complex V1, show variable changes. SLC4A, NHE2 (resistant to amiloride), NHE3 (amiloride sensitive) and NHA2 exchangers, as well as calcium channel subunits, are also regulated in a similar fashion to AQPs, indicating additional potential mechanisms for reducing ion transport.

The Na+/K+-ATPase (subunit beta) is upregulated at 3 h and 24 h post blood meal as are various cotransporters (Figure 10 and Supplementary Worksheets 1, 2), including NKCC at 24 h. SLC 4A and 26A transport families for   transport are upregulated at 3 h and 24 h post blood meal. These transporters are important in the proximal Malpighian tubules for reabsorption of KCl and their upregulation by feeding suggests that KCl reabsorption continues after rapid post-prandial diuresis has declined. Inward rectifying K+ channel transcripts are upregulated at 3 h and 24 h post blood meal, whereas Cl- channel subunit expression is unchanged by feeding. H+/Cl- exchange transporter 5, and 7-like are upregulated 24 h post blood meal, and the Ca2+ channel subunits are downregulated at 24 h post blood meal (Figures 9, 10 and Supplementary Worksheets 1, 2). Transcripts for monocarboxylate transporters are evident, which typically transport organic solutes such as lactate and pyruvate. These transporters are enriched in D. melanogaster tubules and one of them has been suggested to be a kynurenine transporter (89). It is worth emphasizing that so far, the models have examined the rapid post-prandial diuresis in R. prolixus, and it is likely that other aspects of Malpighian tubule function occur over a longer time-course; for example, when the red blood cells are digested and contribute excess K+ which may need to be eliminated, or where waste substances and toxins may need to be eliminated.





Final Thoughts

The present study is the first to examine the transcriptome of the Malpighian tubules of R. prolixus, and therefore the first to examine changes in transcript expression induced by feeding. We have concentrated on the ligands, receptors, second messengers and transporters that might control rapid post-prandial diuresis but are cognizant of the fact that Malpighian tubules are much more than transporting epithelia. And so, there are gaps in our knowledge on the involvement of diuretic/antidiuretic hormones at times other than after gorging, and gaps in our appreciation of the central importance of Malpighian tubules in stress responses, detoxification processes, and immune responses.

Until relatively recently, our understanding of diuresis in insects relied heavily on in vitro work, which has indeed enabled models to be developed on the neurohormonal control of diuresis. Access to the insect genomes that have been sequenced over the last 20 years or so, and advances in molecular techniques, have, however, revolutionized insect (neuro)endocrinology, and functional genomics and genetics, including gene micro-arrays, transcriptomes, mutations, double stranded RNA (dsRNA) and sophisticated peptidomics (‘omics in general) are enabling complex regulatory processes to be exquisitely dissected and defined (2, 4, 9–13). So too, the basic model of post-prandial diuresis in R. prolixus, with its diuretic and antidiuretic hormones, coupled to the second messengers cAMP, cGMP and IP3, and in turn acting via predicted ion channels, transporters and aquaporins is here validated and confirmed by transcriptomics; but transcriptomics has also revealed how much more still needs to be understood.

Thus, the Malpighian tubules might be a rich source of endogenous hormones that may or may not act as autocrine/paracrine factors; tubules may signal to other parts of the insect. An increasing number of receptor types suggests an increasing number of ligands, which again may control post-prandial diuresis, or may control some other functions of the Malpighian tubules such as stress tolerance, detoxification processes, and/or immunity. Most of these have not been tested for biological relevance. For example, what is the function of GABA receptors, of histamine (suggested by the abundant presence of the histidine decarboxylase enzyme transcript), of LGR1, or indeed of PTHR? Could histamine be involved in the immune response in R. prolixus? Also, PTHR is interesting, since the ligand (consensus sequence PXXXamide) for this receptor has only recently been identified in insects, particularly in Tribolium castaneum (90), with the receptor expressed in a variety of tissues including the gut (Malpighian tubules were not tested). In T. castaneum this signaling pathway appears to regulate cuticle formation and influence the number of eggs produced and their hatching rate. PTH is involved in bone remodeling and Ca2+ metabolism in vertebrates and this might be of relevance, because, as mentioned earlier, R. prolixus must cope with the large amounts of Ca2+ ingested in its blood meal. This Ca2+ is accumulated at high concentrations in the cells of the distal Malpighian tubules but not the proximal Malpighian tubules; very little is excreted from the body (86, 87). Ca2+ appears to accumulate in intracellular membrane-bound concretion bodies, which are therefore likely sites of calcium deposition. Ca2+ deposited in the tubules is also readily exchangeable, but the efflux preferentially passes to the hemolymph side of the tubule epithelium, and not into the lumen. Thus, Malpighian tubules would appear to participate in Ca2+ homeostasis. Could the PTHR be involved in maintaining hemolymph Ca2+ levels within a narrow physiological range, as it does in serum of vertebrates?

Finally, access to these advanced tools is accelerating our understanding of receptors such as the GPCRs and receptor tyrosine kinases, with the importance of receptors highlighted by the fact that 50% of current human drugs target GPCRs or GPCR-related genes, and this potential for drug discovery is being extended to novel pest-control strategies (91). G protein-coupled receptors constitute a very large family of proteins that include olfactory and gustatory receptors, rhodopsin-like and receptors for neurotransmitters, neuropeptides, biogenic amines, and peptide hormones. Ultimately, this large number and diversity of ligands and their receptors leads to a versatile and flexible messaging system, that enables them to function in multiple ways - as neurotransmitters, neurohormones, and neuromodulators [see (19)].

As seen, such advances have been brought to bear on the neurohormonal control of osmotic and ionic balance in insects and it is reasonable to conclude that there is much to be discovered. A comprehensive understanding of osmotic and ionic balance will require knowledge of the factors controlling these processes in vivo and how their release is controlled, coordinated, and monitored. Some other interesting questions include the matter of multiple diuretic hormones and why and when these diuretic hormones are co-localized? It is possible that there are multiple diuretic hormones to provide synergy and/or because they each have different physiological effects and/or are released at different times. Thus, they can act synergistically or independently.

Clearly, much is known about the neuroendocrine control of fluid secretion by the Malpighian tubules. Transcriptomics has validated and confirmed the general model but has also emphasized that there is much more to be learned and much that we do not understand. Importantly, though, transcriptomics has identified novel avenues for future research.
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VIP/VPAC2-receptor signaling is crucial for functioning of the circadian clock in the suprachiasmatic nucleus (SCN) since the lack results in disrupted synchrony between SCN cells and altered locomotor activity, body temperature, hormone secretion and heart rhythm. Endocrine glands, including the thyroid, show daily oscillations in clock gene expression and hormone secretion, and SCN projections target neurosecretory hypothalamic thyroid-stimulating hormone (TSH)-releasing hormone cells. The aim of the study was to gain knowledge of mechanisms important for regulation of the thyroid clock by evaluating the impact of VIP/VPAC2-receptor signaling. Quantifications of mRNAs of three clock genes (Per1, Per2 and Bmal1) in thyroids of wild type (WT) and VPAC2-receptor deficient mice were done by qPCR. Tissues were taken every 4th h during 24-h 12:12 light-dark (LD) and constant darkness (DD) periods, both genders were used. PER1 immunoreactivity was visualized on sections of both WT and VPAC2 lacking mice during a LD cycle. Finally, TSH and the thyroid hormone T4 levels were measured in the sera by commercial ELISAs. During LD, rhythmic expression of all three mRNA was found in both the WT and knockout animals. In VPAC2-receptor knockout animals, the amplitudes were approximately halved compared to the ones in the WT mice. In the WT, Per1 mRNA peaked around “sunset”, Per2 mRNA followed with approximately 2 h, while Bmal1 mRNA was in antiphase with Per1. In the VPAC2 knockout mice, the phases of the mRNAs were advanced approximately 5 h compared to the WT. During DD, the phases of all the mRNAs were identical to the ones found during LD in both groups of mice. PER1 immunoreactivity was delayed compared to its mRNA and peaked during the night in follicular cells of both the thyroid and parathyroid glands in the WT animals. In WT animals, TSH was high around the transition to darkness compared to light-on, while T4 did not change during the 24 h cycle. In conclusion, sustained and identical rhythms (phases and amplitudes) of three clock genes were found in VPAC2 deficient mice during LD and DD suggesting high degree of independence of the thyroid clock from the master SCN clock.
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Introduction

Circadian rhythms are 24 h endogenous daily oscillations in physiology and behaviour such as metabolism, blood pressure, body temperature, blood hormone levels, sleep and locomotor activity securing synchrony with the geophysical surroundings. The internal circadian timing system consists of a master pacemaker located in the hypothalamic suprachiasmatic nucleus (SCN) and multiple peripheral clocks located in cells of every organ of the body (1–4). The 24 h oscillation in each cell is the result of an autoregulatory transcription-translation feedback loop of clock genes. The activator proteins BMAL1 and CLOCK heterodimerize and activate the transcription of the clock genes Per1 and Per2 and the cryptochromes (Cry1 and Cry2) that act as repressors of CLOCK-BMAL1 (2, 4, 5). The master SCN clock is adjusted daily primarily by photic cues transmitted from the retina via a monosynaptic nervous pathway, the retinohypothalamic tract (3, 4, 6). The circadian rhythm of peripheral organs is regulated both by the SCN through blood borne and neuronal signals and directly through e.g. metabolic signals and physical activity. In addition, there is interplay between the circadian rhythms in the peripheral organs through hormones which also affects the SCN clock (1, 2, 4, 7).

The neuropeptide Vasoactive Intestinal Polypeptide (VIP) and its receptor VPAC2 are both highly expressed in the SCN (8, 9), and VIPergic signaling via the VPAC2 receptor plays an essential role in the control of circadian activity in the SCN promoting rhythmicity and synchronizing SCN neurons (8–13). Mice lacking either VIP or the VPAC2 receptor thus display disrupted circadian rhythmicity of physiology and activity in addition to attenuated expression of clock genes (Per1, Per2 and Bmal1) in the SCN (14). During diurnal light/dark conditions, VPAC2 knockout (KO) animals show stable nocturnal locomotor activity which contrasts constant darkness (DD), where VPAC2 KO mice become arrhythmic in both activity and clock gene expression (10, 13, 15). Although the activity rhythms of VPAC2 KO are similar to that of wild-type (WT) animals during LD cycles, the 24 h rhythmicity in core body temperature, metabolism, food intake, clock gene expression in peripheral organs and corticosterone secretion in VIP/VPAC2 KOs are attenuated and/or advanced compared to the ones in wildtype animals (9, 11, 13, 15–18).

Thyroid hormones are important for metabolism, development and growth. In addition, they play an essential role for seasonal adaption of e.g. reproduction. The synthesis of thyroid hormones is regulated by the hypothalamic-pituitary-thyroid (HPT) axis which is under circadian control (7, 19), although serum TSH and thyroid hormone levels in addition are influenced by multiple other factors (20).

We have previously shown that the thyroid follicular cells of the rat contain a circadian clock which is independent of pituitary inputs (21), but the interplay between the thyroid and the central SCN clock is still under explored. As the VPAC2 KO mice have a defective central circadian clock, these mice were used to gain more insight to the regulation of the thyroid clock by examining the diurnal and circadian expression of thyroid core clock genes (Per1, Per2 and Bmal1) and serum levels of TSH and T4.



Materials and Methods


Animals

The VPAC2 WT and VPAC2 KO mice (22) used in the study were bred on location from heterozygote animals. The two groups of animals were equal in number and included both genders. The mice were housed in 12h:12h LD (Zeitgeber time ZT0 ~ lights on and ZT12 ~ lights off) with ad libitum access to food and water. Animals were treated according to the principles of Laboratory Animal Care (Law on Animal Experiments in Denmark, LBK NR474, May 15, 2014) and Dyreforsoegstilsynet, Ministry of Food, Agriculture and Fisheries of Denmark, who issued the license number 2017/15-0201-01364 to Jens Hannibal thereby approving the study.



Experiments

Animals (4 females and 4 males of each genotype for each time-point) used for analysis of clock gene expression and hormone measurements during LD were entrained to 12h:12h LD light cycles for 2 - 3 weeks before decapitation and organ removal at each of the following time points: ZT4, ZT8, ZT12, ZT16, ZT20 and ZT24 (ZT0 = light-on; ZT12 = light-off. Animals used for immunohistochemistry (three in total at each time point) were kept under similar conditions until they at time points matching those used for mRNA quantifications were anesthetized and transcardially perfused for 3 min with heparin (15,000 IE/L phosphate buffered saline, pH 7.2) followed by Stefanini’s fixative (2% PFA, 15% picric acid in 0.1 M phosphate buffer) for 15 min. Anesthesia were done by subcutaneous injection of hypnorm and midazolam (0.1 mL per 10 g body weight; 0.08 g/L fentanyl citrate, 2.5 g/L fluanisone, 1.25 g/L midazolam).

Animals used in DD experiments (same number as for LD) were as the ones taken in LD entrained to 12h:12h LD cycles for at least 2 – 3 weeks. Hereafter, light was not turned on at ZT0, and during the second day after transfer into continuous darkness, the animals were decapitated in dim red light at time points corresponding to circadian time (CT) 4, 8, 12, 15, 20 and 24.



Tissue Preparation

After decapitation, blood was collected for serum preparation, and thyroid glands were removed on wet ice as tissue blocks also containing the trachea. Tissues were quick frozen on dry ice, and both sera and tissue blocks were stored at -80°C until use. Before RNA preparation, the thyroid glands (including the parathyroid glands) were dissected on ice from the frozen tissue blocks. Thyroid glands used for immunohistochemistry were cryoprotected in 30% sucrose after dissection and stored at -80°C until use.



RNA Extraction, cDNA Synthesis and qPCR

Total RNA from dissected glands was prepared by the guanidinium thiocyanate–phenol–chloroform extraction method (23). cDNA was made using High-Capacity cDNA Archive Kit (Thermo Fisher Scientific) using 1 µg total RNA in a total reaction volume of 100 µL. The tissues were from the animals used in a study of clock gene expression in the adrenal gland (15).

Quantifications of Per1, Per2, Bmal1, thyroid peroxidase (Tpo) and parathyroid hormone (Pth) mRNA were done by qPCR using a StepOnePlus instrument and TaqMan-based chemistry (Thermo Fisher Scientific). Quantification of β2-microglobulin (B2m) mRNA used as internal control and Per1 and Bmal1 mRNA including standard curves were as the ones previously described (15). Quantifications of Per2, Tpo and Pth mRNA were done using TaqMan Gene Expression Assay Mm00478099_m1, Mm00456355_m1 and Mm01271501_m1 (Thermo Fisher Scientific), respectively. The standard curves for these assays were made using pooled thyroid RNA as template but otherwise as previously described (24). qPCR was run in 20 µL containing cDNA from 20 ng total RNA using TaqMan Universal PCR Master Mix containing AmpErase7UNG (Thermo Fisher Scientific). B2m internal control reactions were run in separate wells on each plate detecting the target genes, and all samples, standards and the non-template negative controls were made in duplicates. The StepOne Software v. 2.3 (Thermo Fisher Scientific) was used to calculate concentrations in arbitrary units of target (Per1, Per2, Bmal1 Tpo or Pth) and B2m, and the amount of target gene was normalized with the B2m mRNA amount from the same plate.



Immunohistochemistry

Thyroid glands from fixated animals were cut on a cryostat in 12 µm thick sections. PER1 immunohistochemistry was performed as previously described (14), using PER1 antiserum raised and characterized in own laboratory (25) and 4′,6′-diamidino-2-phenylindole (DAPI) was used for counterstaining. Fluorescence images were obtained using an iMIC confocal microscope (TILL Photonics, FEI, Germany) with the appropriate filter settings for detection of Alexa 488 and DAPI. Images were edited for contrast and brightness by Adobe Photoshop (Adobe Systems) and combined into plates using Adobe Illustrator (Adobe Systems).



Hormone ELISAs

Serum concentrations of TSHb were measured by Mouse Thyrotropin beta (TSHb) ELISA kit (abx254595, Abbexa Ldt., Cambridge, UK), and T4 was determined using DetectX THYROXINE (T4) Enzyme Immunoassay Kit (K050, Arbor Assays, Ann Arbor, USA).



Statistical Analysis

All concentrations are presented as means ± standard error of mean (SEM). The method for cosinor rhythmometry as described by Nelson and coworkers (26) was used to determine diurnal/circadian rhythmicity in clock gene mRNAs and hormone concentrations by fitting the data to a combined cosine and sine function: Per = M + k1COS(2πt/24) + k2SIN(2πt/24). Substituting COS(2πt/24) = C and SIN(2πt/24) = Z gives the expression: Per = M + k1C + k2Z. The model fit was then tested using the general linear model procedure in the SAS statistical software package (SAS Enterprise Guide 7.1). For analysis of differences in hormone levels Kruskal-Wallis test followed by Dunn’s multiple comparison test of selected columns was performed. P < 0.05 was considered statistically significant.




Results


Oscillations of Clock Gene mRNA in Thyroids of WT and VPAC2-KO Mice During LD

We compared the thyroid clock of WT and VPAC2 deficient mice by quantifying the mRNAs encoded by clock genes Per1, Per2 and Bmal1 during a 12h:12h LD cycle by qPCR. The results shown in Figure 1 revealed that all three mRNAs exhibit significant cyclic oscillation as a function of the 24h cycle (Table 1). In the thyroid of WT animals, Per1 mRNA level was low around “dawn” (ZT0) and peaked approximately at “sun set” (ZT12), the phase of Per2 mRNA was delayed 3 h compared to Per1 leading to maximal amount at early night, while the phase of Bmal1 mRNA was in antiphase with Per1 peaking at light-on (Figures 1A–C). In thyroid glands of VPAC2 KO animals, the 24 h rhythmic expression of all three clock genes was preserved with the same mean levels but with significantly reduced amplitudes and/or phase advances compared to WT. Thus, we found that the phase advances were approximately 5 h while the amplitudes halved (Figures 1D–F, Tables 1 and 2).




Figure 1 | Daily oscillation of clock gene mRNA in thyroid glands from wild-type (WT) and VPAC2 receptor knockout (KO) mice. RNA from thyroid glands of animals during 12:12 h light-dark cycles was extracted, and the amounts of Per1 (A, D), Per2 (B, E), and Bmal1 (C, F) mRNA were quantified by qPCR. β2-microglobulin amounts were used for normalisation. The results are given as mean arbitrary units ± SEM, n = 8, and wild-type and KO animals are shown in (A–C) and D – F, respectively. In both groups of mice, the expression of all three clock genes displayed significant oscillations as a function of the 24 h LD-cycle (P < 0.001 for A–C, E, F, and P < 0.05 for D). The curves show the 24 h cosinor fittings of the data. The white and black bars at the bottom of each graph represent the period of light and darkness during the tissue sampling period.




Table 1 | Parameters of 24-h rhythmometric analysis of Per1, Per2 and Bmal1 mRNA expression in thyroid glands of wildtype (WT) and VPAC2 receptor knockout mice (VPAC2 KO) during light-darkness.




Table 2 | Significance of differences in rhythmometric parameters from Tables 1 and 3 between wildtype (WT) and VPAC2 receptor knockout mice (VPAC2 KO) during both light-darkness (LD) and constant darkness (DD).





Sustained Clock Gene mRNA Oscillation During DD in Thyroids of Both WT and VPAC2-KO Mice

Circadian rhythmicity of many physiological parameters is lost in VPAC2 KO animals during DD conditions (10, 13, 15). We therefore analyzed the expression of the three clock genes (Per1, Per2 and Bmal1) in thyroid glands during the second day of constant darkness. In WT animals, comparable oscillations of all three mRNAs (Per1, Per2 or Bmal1) were found as during LD (Figures 2A–C, Table 3). In thyroid glands of VPAC2 KO animals, the expression of the clock genes also continued to be rhythmically expressed as during LD, only the amplitude (and/or phase) of Bmal1 was found to be decreased in VPAC2-KO animals during DD compared to LD (Figure 2, Tables 3 and 4). As during LD, the oscillations of the three clock genes showed significant difference in amplitude and/or phase between the two groups of animals (Table 2). The means of Per1 and Per2 mRNA were similar in the two groups, while Bmal1 mRNA was found to be reduced in VPAC2 KO compared to WT animals (Table 2).




Figure 2 | Circadian oscillation of clock gene expression in thyroid glands from wild-type (WT) and VPAC2 receptor knockout (KO) mice. RNA from thyroid glands of animals during the second cycle of constant darkness was extracted, and the amounts of Per1 (A, D), Per2 (B, E), and Bmal1 (C, F) mRNA were quantified by qPCR. β2-microglobulin amounts were used for normalisation. The results are given as mean arbitrary units ± SEM, n = 7 – 8, and WT and KO animals are shown in (A–F) respectively. In both groups of mice, the expression of all three clock genes displayed significant oscillation as a function of the 24 h (P < 0.001 for A–C, E, F, and P < 0.01 for D). The curves show the 24 h cosinor fittings of the data. The black bar at the bottom of each graph represents the darkness during the tissue sampling period.




Table 3 | Parameters of 24-h rhythmometric analysis of Per1, Per2 and Bmal1 mRNA expression in thyroid glands of wildtype (WT) and VPAC2 receptor knockout mice (VPAC2 KO) during constant darkness.




Table 4 | Significance of differences in rhythmometric parameters from Tables 1 and 3 between light-darkness and constant darkness in wildtype (WT) and VPAC2 receptor knockout mice (VPAC2 KO), respectively.





PER1 Oscillates in Follicular Cells of Both the Thyroid and Parathyroid Gland

Immunohistochemistry was used to evaluate the cellular localisation of clock components (PER1) in the thyroid and parathyroid glands during a 24 h cycle, which also made it possible to evaluate whether the phase of the clock was identical in the two. Figure 3 shows PER1 expression in follicular cells of both the thyroid and parathyroid gland in both WT and VPAC2 KO animals during 12:12 LD cycles. In WT animals, the level of immunoreactive PER1 oscillated during the daily cycle with peak expression in thyroid follicular epithelial at late night (ZT20 – ZT24, Figure 3, row 1). The oscillation of PER1 in VPAC2 KO appeared a little earlier around ZT16 (Figure 3, row 3), and immunoreactivity seemed lower compared to the WT animals. Similar phase of PER1 positive cells was found in the parathyroid as the thyroid gland in WT animals (Figure 3, row 2). As in the thyroid gland, oscillation was more difficult to in reveal in the parathyroid from VPAC2 KO animals but as for the thyroid gland seemed to appear earlier in these compared to the WT animal (Figure 3, row 4).




Figure 3 | Immunohistochemical staining of PER1 in the thyroid and parathyroid glands of VPAC2 wild-type and deficient mice during a 12:12 h light/dark periods. The two left rows show staining of the glands from wild-type and the two right rows staining of the knockout animals. PER1 is present in follicular cells in both the thyroid and parathyroid glands of both wildtype and VPAC2 deficient mice. Scale bars: 50 µm.





The Daily Profiles of Circulating TSH and T4

To evaluate the interconnection between TSH, thyroid hormone levels and the thyroid clock, we also analyzed the circulating levels during 24 h periods in LD and DD. The results are shown in Figure 4. In WT animals, serum TSH changed during the daily cycle during both LD (Figure 4A) being significantly higher in LD at ZT8 (P = 0.001) and ZT 16 (P = 0.01) than ZT24. In DD, a statistically significant 24 h oscillation was found (P = 0.001) with maximal expression at CT12:30 (Figure 4B). In VPAC2 deficient mice (Figures 4C, D), the same tendency was seen, although to lesser extent and thus we did not reveal significant difference in concentration between the time-points. Serum T4 (Figures 4E–H) in WT animals did neither exhibit 24 h oscillation nor variation in amount during the daily cycle LD (Figure 4E), while T4 in serum from VPAC2-KO animals seemed to fit 24 h oscillation (Figure 4G) although no differences in the concentration was revealed by Kruskal-Wallis test. During DD, higher concentrations of T4 were found at early night than during the day in WT but not in VPAC2 KO animals (Figures 4F, H).




Figure 4 | Serum concentrations of TSH (A–D) and T4 (E–H) in wild-type (WT) (A, B, E, F) and VPAC2 receptor knockout (KO) mice (C, D, G, H) during a 12:12 h light/dark period (A, C, E, G) and constant darkness (B, D, F, H). Commercial ELISA kits were used for the quantification of hormone concentrations in serum. TSH (A–D) in sera from WT animals (A) and T4 (G) in sera from KO mice fitted 24 h cosinor rhythmicity. In WT animals, the TSH concentration was significantly higher at ZT/CT12 than ZT/CT24.






Discussion

VPAC2 KO mice were used to evaluate regulatory aspects of the thyroid clock, as the intercellular communication in the SCN of these mice is hampered due to the lack of VIP signaling. In addition to the lost intercellular synchrony of SCN cells, lack of VIP/VPAC2 signaling results in deficient gating of light mediated responses (27, 28). An important function of the master clock in the SCN is to receive input and by neuronal, humoral and other signaling pathways to ensure both synchrony between the various peripheral clocks and entrainment to the daily LD cycle and thereby securing optimal coherence of the entire body to the surroundings (29, 30). The SCN cells expressing VPAC2 are not only important for maintenance of SCN rhythmicity but also for SCN output responses such as activity (31, 32). The importance of VIP/VPAC2 signaling in relation to circadian rhythmicity make VPAC2 KO animals well suited as a model for studies of the maintenance and regulation of peripheral clock function in organs such as the thyroid/parathyroid glands.

We analyzed the expression of three clock genes (Per1, Per2 and Bmal1) and found the same amplitude and phase for all three in both LD and DD in the WT and VPAC2 deficient mice, respectively. For the WT animals, the maximal expressions of the mRNAs were in strict accordance with the ones identified for a number of other peripheral tissues (33). The advanced phase and decreased amplitude of clock gene expression in the thyroid gland of VPAC2 KO animals during LD also accords with previous findings of the clock gene expression in the liver, adrenal gland and heart in addition to physiological responses such as body temperature, hormone levels, intraocular pressure, heart rate, feeding and locomotor activity observed in VPAC2 and/or VIP deficient mice (13, 15, 16, 18, 34, 35). Although, we found difference in both amplitude and phase of clock gene expression between WT and VPAC2 KO animals, similar mean levels of clock gene mRNA were found indicating it is primarily the oscillating profile and not the amount of clock proteins which is compromised in the VPAC2 KO animals. Whether rhythmicity is abolished during DD in VPAC2 and VIP deficient animals seems, however, to be dependent on the response of the specific organ involved. In the present study, we show continuation of the oscillation of thyroid clock gene expression, which is opposed to the findings in the adrenal gland (15) and in the striatum and the motor cortex of the brain where the oscillation of clock gene expression is abolished during DD in VPAC2 deficient animals (10). In addition, many physiological responses such as corticosterone, heart rate, activity, and body temperature also become arhythmic in VPAC2 and VIP deficient mice during constant conditions (13, 15, 34, 35). However, the oscillation of clock gene expression in the liver and heart of VPAC2 deficient animals continues with advanced phase during DD (16), comparable to the findings in the thyroid gland reported here. The variable responses between peripheral organs in VPAC2 KO animals after transfer to DD is probably due both to differences in the dependence of these organs on the SCN, the signaling pathway from the SCN to the specific organ and the robustness of the internal clock of the specific organ. In our strain of VPAC2 deficient mice all animals become arrhythmic from the first day in constant darkness (13), while other strains of VPAC2 KO mice have more variable arrhythmic behavior during constant darkness (10). An explanation for this difference between strains and the advanced phase in clock gene expression and physiology still needs further studies to be understood.

By immunohistochemistry, we found oscillation of clock protein (PER1) in follicular cells of both the thyroid and the parathyroid glands with maximal expression appearing at the same time in the two glands, and with the maximal expression delayed compared to the mRNA. Because both the thyroid and parathyroid glands seemed to be in similar phases, we see no drawbacks in analyzing mRNA samples containing both. The major component of the samples was of thyroid origin, while parathyroid tissue only contributed with a minor part.

The thyroid gland receives SCN input both via the HPT, as SCN directly innervates TRH neurons in the paraventricular nucleus, and by sympathetic and parasympathetic autonomic input, the latter probably being involved in the regulation of the sensitivity of the thyroid gland to different stimuli (36). The same study showed, that SCN lesions affected the daily profile of thyroid hormones although TSH was unaffected. We have previously shown, that hypophysectomy of rats does not abolish the thyroid circadian clock suggesting that the HPT-axis is not the primary route for setting this clock (21). Concomitantly, we showed that a functional thyroid clock was unable to account for daily oscillations of thyroid hormones. These studies illustrate a complex relationship between the thyroid hormone regulation and the circadian clock. Different results of levels and oscillation of TSH and the thyroid hormones T4 and T3 during the daily cycles have been reported dependent on the animal species, gender and study parameters (37). In humans, TSH is rhythmically expressed being high during early night and low at day (7), while in rats the profile is opposite (21, 36, 38–40). The data on mice are very sparse. Our present results only demonstrated circadian oscillation of TSH in WT mice during DD with maximal expression around the transition between light and darkness. During LD, WT animals had high circulating TSH levels at ZT8 (late day) and ZT16 (early night) compared to low level at the transition between night and day (ZT24). During LD, the TSH profile of VPAC2 deficient mice mimicked that of WT but it was more blunted. A similar biphasic profile has been shown in some rat studies (36, 41). In addition to the circadian TSH rhythm, ultradian TSH rhythms exist and on top of that TSH is affected by sleep and food intake as well by various hormones including melatonin (7, 20, 42, 43). Variable results have been obtained concerning diurnal expression of serum thyroid hormone levels in rats (21, 38, 39). Our results of serum T4 did not show robust 24 h oscillation and we did not find diurnal or circadian variation of the level of Tpo mRNA (data not shown). It is noteworthy here that nocturnal rodents have multiphasic sleep during light as opposed to the more consolidated sleep of humans during darkness (7), possibly explaining the difference in robustness in diurnal oscillations in TSH and thyroid hormones. In addition, many laboratory mice strains, including C57, contain mutations in the enzymes responsible for melatonin synthesis making them melatonin deficient (44). It will be interesting to see whether melatonin proficient mice have a more robust diurnal rhythm of TSH. It is clear from this study that although both TSH and thyroid hormones under some conditions exert diurnal and circadian oscillation, the regulation is complex and not primarily a result of a functional clock in the follicular cells of the gland. However, the robustness of the thyroid points toward another not yet understood function of the circadian clock in the thyroid gland.

We also found PER1 in follicular cells of the parathyroid gland showing that these cells harbor an oscillating clock. Daily variations in serum PTH have been shown in humans (45, 46) but not in rats (41). We also analyzed the for PTH mRNA in samples containing the parathyroid and thyroid glands in both groups of animals during LD and DD and we did not find any diurnal or circadian variations (data not shown) which accords with previous findings of PTH in rodents not showing diurnal variation. This could, however, also be due to the fact that the mRNA used for the analysis was derived from both thyroid and parathyroid tissue and that the parathyroid represented the minor part, thus being blunted by expression of the B2m internal control present in both.

In conclusion: We have demonstrated that the clock of the thyroid gland is circadian, advanced and blunted in VPAC2 deficient animals although these animals have defective synchronization of the SCN clock. The thyroid clock is however not correlated to the daily changes in hormone levels.
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G-protein-coupled receptors (GPCRs) are increasingly being considered as possible therapeutic targets in cancers. Activation of GPCR on tumors can have prominent growth effects, and GPCRs are frequently over-/ectopically expressed on tumors and thus can be used for targeted therapy. CNS/neural tumors are receiving increasing attention using this approach. Gliomas are the most frequent primary malignant brain/CNS tumor with glioblastoma having a 10-year survival <1%; neuroblastomas are the most common extracranial solid tumor in children with long-term survival<40%, and medulloblastomas are less common, but one subgroup has a 5-year survival <60%. Thus, there is an increased need for more effective treatments of these tumors. The Bombesin-receptor family (BnRs) is one of the GPCRs that are most frequently over/ectopically expressed by common tumors and is receiving particular attention as a possible therapeutic target in several tumors, particularly in prostate, breast, and lung cancer. We review in this paper evidence suggesting why a similar approach in some CNS/neural tumors (gliomas, neuroblastomas, medulloblastomas) should also be considered.
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Introduction

G-protein-coupled receptors (GPCRs) are increasingly being considered as possible therapeutic targets in cancer (1–3). This is occurring not only because activation of GPCR on tumors can have potent tumor growth effects, but also because they are frequently over-/ectopically expressed on tumors and thus can be used for targeted therapy (1–4). GPCR expression by tumors is a frequent finding, not only in the percentage of a given tumor type showing over-/ectopic expression, but also in that many different tumors demonstrate this phenomenon, and furthermore, in the numerous different classes of GPCRs that can be over-/ectopically expressed (2, 4–7). One of the GPCR classes that is receiving particular interest is the human bombesin receptor (BnR) family (8–12). This is occurring because the Bn family of receptors is one of the most frequently overexpressed GPCRs in a number of common, malignant tumors (breast, prostate, lung, pancreas, head/neck squamous cell tumors, colon, CNS) (8–10, 13–19). Of this group, the possible therapeutic utility of BnR over-/ectopic expression in prostatic cancer (4, 20–22) and breast cancer (4, 23–25) is receiving the most attention, whereas its possible therapeutic utility in a number of these other cancers has received much less attention. In this review we concentrate on the roles of BnRs in various CNS/neural tumors, particularly concentrating on gliomas, neuroblastomas, and medulloblastomas. Gliomas are the most frequent primary malignant brain/CNS tumor (26, 27) with glioblastoma having a 10-year survival of <1%; neuroblastomas are the most common extracranial solid tumor in children with (28) with long-term survival <40%, and medulloblastomas are less common, but one subgroup has a 5-year survival <60% (29). Therefore, there is an increasing need for new therapeutic approaches in these tumors; hence, the possible evidence for considering BnR-linked strategies is reviewed here.

Prior to reviewing the BnRs’ role in each of these tumors, a short introduction into the BnR family of receptors will follow to allow the reader to make a better assessment of the subsequent data.



Bn/BnR Family of Receptors


Bn/BnR: General

The human Bn receptor family includes three different GPCRs [i.e., the Neuromedin B receptor (NMBR) (BB1), the Gastrin-releasing peptide receptor (GRPR) (BB2), and the orphan GPCR, bombesin-receptor subtype 3(BRS-3) (BB3)] (12, 14, 30, 31). Because of their widespread, common use in many clinical papers, these will be referred to as NMBR, GRPR, and BRS-3 in this paper, instead of the official NC-IUPHAR nomenclature of BB1, BB2, and BB3, which is less familiar to readers in this area (30, 31). This general class of peptide receptors is referred to as BnRs, because the original member of the class of peptides interacting with these receptors was called Bombesin, which is a tetra-decapeptide isolated from the skin of the European frog Bombina bambina (12, 32, 33). Subsequently, a large number of related peptides were isolated from different frog skins (12, 34, 35), as well as the mammalian-equivalent peptide, GRP, a 27-amino acid peptide that shares a close identity to Bn (36), as well the mammalian decapeptide, NMB, which shares identities to the frog peptide ranatensin, which was isolated from the North American frog Rana pipiens (12, 34, 37). In mammals including humans, GRPR is endogenously activated by GRP/GRP(10-27) and the NMBR by NMB (12, 14, 30, 31). The human BRS-3 (hBRS-3) is included in the BnR group because of its high homology to the hGRPR (51% amino acid identities) and hNMBR (47% amino acid identities) (12, 31, 38); however, at present it remains an orphan receptor because its natural ligand is unknown.



Bn/BnR: Pharmacology

The biological activity of both NMB and GRP is primarily determined by the amino acids in the carboxyl terminus, which is amidated, with GRP having the same last seven carboxyl-terminal amino acids as Bn (i.e., Trp-Ala-Val-Gly-His-Leu-Met-NH2), but differing from NMB, which varies from GRP in two identities in its last seven carboxyl amino acids (underlined) (i.e., Trp-Ala-Thr-Gly-His-Phe-Met-NH2) (12, 14, 36, 37). GRP is highly selective for the GRPR over the NMBR (740-fold), as is NMB for the NMBR over the GRPR (700-fold), whereas Bn is relatively unselective (20-fold GRPR over NMBR) (14, 39–41). Numerous Bn-related/peptide analogs (13, 14, 20, 39, 42–44) as well as a few non-peptide/peptoid compounds (14, 45, 46) have been described, which are selective GRPR or NMBR agonists. Furthermore, there are numerous classes of selective GRPR and NMBR antagonists (12, 14, 20, 47–59). Similarly, recently both selective agonists (60–68) and antagonists (69–72) have been described for the BRS-3 receptor. Both selective agonists and antagonists or related compounds are increasingly being used to determine the roles of BnRs in various physiological and pathologic processes including effects on tumor biology. Furthermore, they are increasingly being used to target cytotoxic agents to tumors (4, 10, 13, 20, 73, 74). Frequently different tumors express different BnRs, and therefore, a universal ligand interacting with all BnRs with high affinity would be of value in human studies of imaging or targeted cytotoxicity. One such ligand, [D-Phe6,β-Ala11,Phe13, Nle14]bombesin-(6-14), has been described (39, 75–77), and this Bn analogue (or related Bn analogues) is being increasingly investigated for such therapeutic approaches (78–81).



Bn/BnR: Distribution

GRP and NMB, as well as their receptors, are widely distributed in the CNS and peripheral tissues (12, 14, 30, 68, 82–84). In the monkey CNS, both GRPR and NMBR mRNA were found in the hypothalamus, thalamus, amygdala, cerebellum, hippocampus, caudate nucleus, and spinal cord (83). In binding studies in rat CNS, a high density of NMBR was found in the olfactory regions and central thalamic nuclei, with the highest density of GRPRs in the hypothalamus, especially in suprachiasmatic and paraventricular nuclei, which is in agreement with the mRNA distribution of these two receptors in rat brain (85). In the monkey brain, BRS-3 mRNA is found throughout the CNS, with the highest amounts in the hypothalamus, whereas BRS-3 mRNA is found in low amounts in most peripheral tissues, with the highest found in the testis and followed by the pancreas, ovary, thyroid, and pituitary gland (83).

Activation of the BnRs in many tumors has a potent effect on their biological behavior (increase growth, migration, invasion, development of metastases), often in an autocrine manner (8–10, 12, 86–88). Because of the presence and potent growth effects of BnR activation on tumor behavior, recently, there is increased interest in utilizing BnRs for novel therapeutic approaches (10–12, 89–91).



Bn/BnR: Cellular Signaling

The three BnR subtypes couple primarily to the Gq/11 and G12/13 family of G proteins (12, 14). The main signaling cascade by all BnRs is the activation of the phospholipase C (PLC) cascade with stimulation of changes in cytosolic [Ca2+]i, the generation of diacylglycerol, and the activation of protein kinases Cs (PKCs) (12, 14, 19, 92–95). Also, a larger number of other cellular signaling cascades are activated. These include the activation of other phospholipases (A, D); protein kinase D activation; MAP kinases (ERK1/2, JNK, p38); PI3K/Akt; Src kinases; activation of numerous ion channels and the mTor pathway (12, 14, 31, 93).

Recently, the ability of each of the three BnRs to activate two novel signaling cascades is receiving increased attention. This has occurred due to the increased recognition that, similar to numerous growth-factor receptors, BnR activation can also activate numerous tyrosine kinase cascades (p125FAK, PYK-2, paxillin, p130CAS, etc.) (9, 12, 14, 19, 40, 47, 71, 96–100). Secondly, it is being increasingly recognized that mediation of many of the growth-related effects of BnRs, especially in neoplastic tissues, are due to the transactivation of the epidermal growth factor receptor family (EGFR, HER-2, HER-3, HER-4) (101–103). BnR-mediated transactivation of EGFR/HER2Neu family of receptors (EGFR, HER-2, HER-3) has been shown to involve activation of PLC with mobilization of cellular calcium and PKC activation, Src kinase activation, stimulation of matrix metalloproteinases, and shedding of EGF-related ligands, as well as the stimulation of reactive oxygen species (102, 104–107).

Post receptor activation, each of the Bn receptor subtypes undergo a number of processes, similar to other GPCRs, including receptor phosphorylation, receptor internalization, downregulation, and desensitization (12, 47, 93, 97, 98, 108–113).



Bn/BnR: Physiological/Pathophysiological Effects

Activation of GRPR and NMBR results in a wide range of physiological/pathophysiological actions, including the stimulation of smooth-muscle contraction (particularly urogenital and gastrointestinal tract), gastrointestinal motility, as a modulator of immune function (stimulate phagocytosis, chemo-attraction of monocytes, macrophages, neutrophils; stimulate macrophage IL-1 release); secretion [pancreatic, gastric, intestinal, endocrine (insulin)], hormone secretion (release of LH, GnRH, prolactin, growth hormone, TSH, CCK, GLP1, enteroglucagon, GIP, PP, neurotensin), and stimulation of a wide range of CNS effects (feeding, behavioral effects, body temperature control, regulation of circadian rhythm, sighing) and functioning as an important spinal neurotransmitter mediating pruritus (12, 106, 114–120). A physiological role for the BRS-3 receptor has yet to be completely defined; however, recently studies suggest an important role in metabolic homeostasis, in glucose and insulin regulation, in obesity and diabetes mellitus, in the regulation of body temperature, and in feeding behavior (14, 44, 68, 121–123). For each of the three BnR subtypes, numerous studies support them playing important roles in regulating the growth of normal/neoplastic tissues (3, 9, 10, 12, 14, 21, 42, 102, 124, 125).




Presence and Effects of Bombesin-Related Peptides on CNS/Neural Tumors


General

Numerous studies have reported in CNS and peripheral neural tumors the presence and the tumoral effects of both mammalian bombesin (Bn)-related peptides [gastrin-releasing peptide [GRP], neuromedin B (NMB)] and their receptors [GRPR (BB2), NMBR (BB1)], as well as the mammalian BnR family orphan receptor [bombesin receptor subtype 3 (BRS-3) (BB3)]. These studies include the effects of BnR activation on tumoral signaling, growth, and other behaviors. Also, as discussed above in non-CNS/neural tumors, in CNS/neural tumors, there is increased interest recently in using the presence of BnRs in these tumors for both tumor localization and possible therapeutic approaches, as well as strategies directed at inhibiting the growth-promoting effects of BnRs in these tumors. Below, each of these areas will be briefly reviewed, emphasizing results from the most recent studies.

BnR’s effects on CNS/neural tumors in most studies involve one of three tumoral types—gliomas or neuroblastomas or medulloblastomas—and these will be each reviewed below.



Bn-Related Peptides and Gliomas


Gliomas: General

Gliomas account for 26.5% of all primary brain/CNS tumors, comprising 80.7% of all the malignant brain/CNS tumors, making them the most frequent, primary malignant brain/CNS tumor (26, 27). Gliomas have an annual adjusted incidence rate of 6.0 per 100,000 population and are considered to arise from glial cells (astrocytes, oligodendrocytes, microglia, ependymal cells) or stem cells that have glial cell properties on transformation (126, 127). Glioblastomas account for the majority of gliomas (56.1%) and have a 5-year survival rate of only 5%, with a 10-year survival rate of 0.76% (26, 27, 127, 128).

Gliomas are heterogenous and are classified based on their pattern of growth (diffuse vs non-diffuse), on microscopic similarities to their putative cell of origin, on tumor grade (I–IV), and on various molecular features (126, 129). Molecular features that are particularly important are the presence or absence of isocitric dehydrogenase type 1/2 (IDH) (present in the majority of WHO Grade I and II diffuse astrocytic/oligodendroglia tumors), the presence of 1p/19q codeletions (a defining feature of oligodendroglial tumors), and the presence of O6-methyl guanine methyl-transferase methylation(MGMT) mutation/inactivation] (126, 129). The presence of these molecular markers is of particular importance because they identify subgroups with improved prognosis and, in the case of MGMT inactivation, improved response to TMZ treatment (126, 129).

Treatment involves primarily surgery, radiation, and chemotherapy, but for the glioblastomas, which are the majority, despite improvements in prognostic markers, there has been little improvement in survival (27, 130–132). Therefore, particularly in the case of glioblastomas, there is increased interest in newer approaches in treatment. In other non-CNS tumors (as reviewed earlier) the ectopic expression/overexpression of various peptide receptors is increasingly being applied and investigated for its possible diagnostic and therapeutic approaches for treatment of these tumors (10, 73, 124, 125, 132–136). In the case of gliomas and particularly for glioblastomas, the over-/ectopic expression of the BnR family has been investigated in a number of studies and may provide new therapeutic approaches, as recently used in non-CNS tumors (prostate, colon, etc.) (10, 13, 20, 22, 132, 137) and will be reviewed in the following section.



Gliomas: Bn/BnR Expression

In an immunocytochemical study of 34 cases of human gliomas [WHO grade 1 astrocytomas (three cases), grade 2 (four cases), grade 3 (three cases), and grade 4-glioblastoma multiforme (24 cases)], GRPR was detected in 100% (138). GRPRs were detected in both the tumoral tissue in all patients as well as in tumor-associated endothelial cells, but in the normal brain tissue, GRPRs were only detected in the neurons and not in glial cells (138). In a second study (139), Bn immunoreactivity was detected in each of the six gliomas studied, in two out of three pilocytic astrocytomas, and in three of four ependymomas studied. In contrast, no GRPRs were detected in normal glial cells, but were found in brain neurons (138). In one study (140) involving 46 different gliomas, Bn immunoreactivity content in all was below the level of detection, whereas in a CNS metastatic oat cell of the bronchus, the Bn immunoreactivity level was markedly elevated.

Expression, as well as overexpression, of BnRs has been reported in both human (138, 139, 141–145) and rat (142, 146) gliomas/glioma cell lines (147, 148). In one study (143), 85% of the adult human glioblastoma cell lines (U-373MG, D-247MG, U-118MG, U-251MG, D-245MG, U-105MG, D-54MG, A-172MG, D-373MG) and pediatric glioblastoma cell lines (SJ-S6, SJ-G2) studied were reported to possess functional (increasing cytosolic [Ca2+]i) BnRs, and pharmacological studies demonstrated they were of the GRPR subtype. In another study of six human glioblastoma cell lines (U-138, U-118, U-1242, U-87,U-372, U-563), all expressed GRPR receptors detectable by binding studies; however, in none was immunoreactive BN/GRP-related peptide detected (<0.1 pmol mg protein on radioimmunoassay) (141). In this study (141), the density of the GRPR receptors in the different glioblastoma cell lines varied markedly, with U-118/U-138 possessing greater than 20-fold more than U-572/U-563 glioblastoma cell lines (141). In the human glioblastoma cell lines U138-MG, U-87, and U-373, which have high levels of GRPR receptors and are responsive to GRPR activation, GRPRs’ presence has been detected by both GRPR mRNA expression and immunohistochemical studies (8, 144, 149). In one study GRPRs were identified in rat glioma cells by both PCR and immunocytochemically, whereas in a number of other studies, in contrast to findings in human gliomas where GRPRs are reported, in rat glioblastoma C-6 studies, by binding studies and functional studies, NMBR receptors were found (146–148) (Figure 1). In another study (152) the NMBR in C-6 rat glioma cells was further characterized and compared to the human NMBR. Both NMBR receptors (152) were found to be of similar molecular weight on receptor cross-linking studies (Mr-63,000), to have similar NMB affinity (4–6 nM), and the NMBR in both cells to be an N-linked sialoglycoprotein, not containing disulfide bonds or O-linked carbohydrates, but to have two tri-antennary and/or tetra-antennary complex oligosaccharide bonds.




Figure 1 | Relationship between the ability of Neuromedin B to occupy NMB receptors (NMBR) and stimulate various intracellular signaling cascades in normal NMBR transfected cells (top, panel A) and Glioblastoma C6-cells (bottom, panel B). Stoichiometric relationships are drawn from data in (150, 151) and show the almost identical coupling in normal NMBR transfected cells (top) and Glioblastoma C6-cells (bottom) for NMBR occupation to activate phospholipase C, resulting in increases in cytosolic calcium ([Ca)i] and stimulate the generation of phosphoinositides (3H]IP); to activate phospholipase D, and the activation of p125focal adhesion kinase (p125FAK).



One study (153) investigated the mRNA expression levels of each of the human BnRs (GRPR, NMBR, BRS-3) in recurrent gliomas in nine patients. This is the only study to date that has included any data on BRS-3 in these tumors. All three BnR subtypes mRNA were found in all tumors, with the highest levels for BRS-3 in all tumors, followed by GRPR, and the lowest for NMBR (153). The relative expression levels of the different BnRs in the different gliomas did not correlate with each other and thus were independently expressed for each of the three genes (153).



Gliomas: Bn/BnR Signaling

A number of studies on adult human glioblastoma cell lines (141, 143), as well on rat glioblastoma cell lines (C-6) (147, 150, 154–156), report Bn-related peptides stimulate tumor cell activation, assessed by measuring changes in cytosolic calcium (96, 141, 143, 147, 150, 151, 154–158) and stimulating the generation of phosphoinositides (96, 147, 150, 156, 157), effects supporting the role of activation of phospholipase C as an important signaling cascade in these tumors, similar to shown in studies of BnR activation in other tissues (14, 47, 93, 150). In studies on various human glioblastoma cell lines, evidence was provided that the activation of phospholipase C by Bn-related peptides, as well as MAP kinase activation, was due to the activation of GRPRs (GRPR selective antagonism) with GRP more potent than NMB (143). In contrast, in the rat glioblastoma cell line C-6, the activation of phospholipase C, resulting in the mobilization of cellular calcium as well as generation of phosphoinositides, was due to activation of NMBRs (demonstrated by selective agonist and antagonists) (147, 150, 151, 154) (Figure 1). In rat C-6 glioma cells (147, 150, 151, 154, 157), the activation of the NMBR, in addition to increasing cytosolic calcium levels, stimulated the generation of arachidonic acid release, increased tyrosine phosphorylation of p125 focal adhesion kinase [p125FAK], activation of phospholipase D, and transiently elevated c-fos expression. A comparison of the stoichiometry (96, 150, 151) of NMBR occupation, mobilization of cellular calcium, generation of phosphoinositides, activation of phospholipase D, and stimulation of p125 FAK tyrosine phosphorylation, between NMBR activation on rat C-6 glioma cells and human NMBRs in a normal cell, showed results that were superimposable, and furthermore, the degree of receptor spareness in NMBR occupation and activation of the different signaling cascades was similar, demonstrating the NMBR on these tumor cells and NMBR in human cells had identical signaling coupling (Figure 1). Other studies demonstrated that the NMBR on rat glioma C-6 cells underwent desensitization, downregulation with internalization, and desensitization in a similar manner to human NMBRs transfected in normal cells (96, 148, 154). Rat C-6 glioma cells were found not to possess voltage-operated Ca2+ channels (158), and thus, it was proposed as that they could be a good model to investigate receptor-operated Ca2+ channels that are also seen on native glial cells (158). In human glioblastoma U-87-MG cells, as well as U-373MG cells, GRP (14–27) induced the expression of c-fos and c-jun mRNA, and this increase was prevented by treatment with a GRPR antagonist. Furthermore, treatment with the GRPR antagonist of nude mice with xenografts of U-87MG decreased the tumor size by 60%, also decreased the c-fos levels by 30–40%, leading the authors to suggest that downregulation of the c-fos oncogene by the GRP antagonism could be one of the mechanisms for its antigrowth effects.



Gliomas: Bn/BnR Affect Tumor Growth/Proliferation

BnR antagonists inhibited the growth of xenografts of human glioblastomas cell lines (U-87G, U-373MG) in nude mice (138, 145, 159, 160) in addition to inhibiting the growth of rat glioblastoma cell line C-6, when present alone (149, 154, 161), as well as increased the effectiveness of growth inhibition by temozolomide (142, 161). In vivo studies demonstrate that GRPR antagonists (RC-3095) inhibited the growth of the C-6 glioma by 60%, and when combined with temozolomide, a further reduction in tumor size occurred (161). In one study of human glioblastoma U-87MG cells (160), both GRPR and NMBR mRNA was found; however, GRP mRNA was not found, leading the authors to speculate that the GRP effect on these tumor cells was likely mediated by a paracrine mechanism, although no additional studies were performed to establish what cells might be secreting the GRP. In human A172 glioblastoma cells (162), knockdown of GRPR resulted in the development of cell senescence, which was accompanied by increases in p53, p21, and p16, as well as activation of EGF receptors and a reduction of p38.

Stimulation of BnRs in various human glioblastoma cell lines (U-373MG, D-247MG) resulted in activation of the MAP kinase cascade (143), as well as increases in DNA synthesis (143). In the human glioblastoma cell line U-373MG, Bn peptides (GRP, NMB) stimulate DNA synthesis, which is mediated by GRPR (163). In the human glioblastoma cell line U-138-MG, GRP stimulated proliferation when combined with agents that increase cellular cAMP (forskolin, 8-Br-cAMP, PDE inhibitor), but not when either was present alone (144). The GRPR antagonists RC-3095, RC-3049-III, RC-3049-Et inhibited the proliferation of the human glioblastoma cell lines U-87-MG, U-373-MG, and U-118MG (138, 149) and in U-118MG (145); the tumoral expression of VEGF; the expression of PKC-alpha; and the Bcl-2:Bax ratio, indicating a net apoptotic gain. In an experimental study (164) using intracranial administration of the mouse glioblastoma cell line, CT-2A to make CNS tumors, the administration of the small molecule 77427, which is a GRPR antagonist, inhibited angiogenesis, and smaller tumors developed.

In one study (146) the proliferation of rat C-6 glioma cells was stimulated by activation of the NMBR (both increased colonies in soft agar and increased cell numbers) (Figure 2), and the growth of these cells was inhibited by the selective NMBR antagonist PD168368 (45, 57, 154). However, in another study (149), the proliferation of the rat glioma C-6 cell line was stimulated by Bn (which can activate both GRPR and NMBR) (14, 39), and this effect was inhibited by the GRPR antagonist RC-3095. Preliminary data from a study of cultured human U-87 glioma cells (165) report BnR activation can lead to the development of brain tumor stem cell expansion with increased neurosphere formation, which may contribute to the increased presence of brain tumor stem cells in human gliomas.




Figure 2 | Ability of neuromedin B to stimulate growth of Glioblastoma C6-cells (bottom, panel B) compared to control (top, panel A). NMB (1 nM) stimulated a 177% increase (colony number increase from 74 ± 2 to 205 ± 9). Figure is drawn from data in (146).





Gliomas: Bn/BnR Related to Prognosis, Treatment

In studies with experimental gliomas, the treatment with GRPR antagonists increased the survival time by inhibiting the growth of xenografts of human glioblastomas cell lines (U-87G,U-373MG) in nude mice (159, 160).

In one study (138), the expression level of GRPR in gliomas (content, intensity, or area ratio) was not related to tumor grade, and the GRPR content index did not correlate with patient survival. Furthermore, data from the Cancer Genome Atlas Research Network, including mRNA from 206 human glioblastomas, found no difference in survival between patients with tumoral samples having high, compared to those with low, GRPR mRNA tumor levels (8, 166).

The overexpression of BnRs is increasingly being used to not only image tumor cells possessing these receptors but also to target cytotoxic compounds to the tumor cells (10, 11, 13, 15, 20, 133, 136, 137). Both of these subjects will be reviewed in a separate later paragraph, particularly covering recent studies in human CNS/neural tumors. A similar strategy has been studied experimentally in glioblastomas (167) by examining the effects of a cytotoxic Bn-analogue, AN-215 [i.e., a Bn carrier conjugated to the doxorubicin analogue, 2-pyrrolino-doxorubicin(AN-201)] on the human glioblastoma cell lines U-118MG, which expresses GRPR (145, 168), and U-87MG, which expresses both GRPR and NMBR (167) (Table 1). This cytotoxic analogue (167) bound with high affinity to U-87MG cells (IC50-4.1 nM), inhibited tumor growth by 70%, and increased the doubling time of the tumor almost twofold, whereas the unconjugated analogue AN-201 was ineffective. Similarly, treating human U-118MG glioblastoma cells with the cytotoxic Bn analogue AN-215 reduced tumor size by 50%, decreased tumoral VEGF levels by 45%, and decreased the relative ratio of Bcl-2 to Bax proteins by 90%, indicating a net apoptotic gain and showing the effectiveness of the therapy (168). A different approach (176) to BnR directed-targeted therapy involved using nanoparticles with anti-HIF-1-alpha siRNA targeted by incorporation of a Bn peptide. Systemic intravenous administration (176) of this BnR ligand to nude mice with U87 glioblastoma xenografts resulted in suppression of further tumor growth, silencing of HIF-1alpha expression by providing tumor specific siRNA tumor delivery (Table 1).


Table 1 | Summary of studies using BnR over-/ectopic expression by gliomas/glioblastomas for targeting for tumor imaging (identification of primary/tumor extent) or for possible targeting with cytotoxic agents.



The prognosis of patients with glioblastoma multiforme remains poor despite aggressive treatment with resection, or localized radiation with concomitant chemotherapy with temozolomide (27, 128, 166). A number of different prognostic gene panels from patient’s glioblastoma tumors have been found, and one of the most recent reported is a four-gene panel identified from analysis of the Cancer Genome Atlas-GBM database (177). This study involved the analysis of data from 686 patients with glioblastoma multiforme, with the initial identification of 133 different tumoral, differentially expressed genes associated with survival, which led to the final identification of a four-panel gene set. This four-panel gene set includes genes for neuromedin B (NMB), reticulon 1 (RTN1), glypican 5 (GPC5), and epithelial membrane protein 3 (EMB3) (177). Patients with glioblastoma multiforme with a low-risk tumoral four-gene panel had a better survival compared to those with a high-risk four-gene panel (p=0.035), and by both univariate and multivariate analyses, the four-gene panel result was an independent prognostic factor for survival in patients with glioblastoma multiforme (177).




Bn-Related Peptides and Neuroblastomas


Neuroblastomas: General

Neuroblastoma is responsible for approximately 15% of all cancer deaths in children and is the most common extracranial solid tumor in children (95% <10 yrs. old) (28). Neuroblastomas arise from the sympathetic nerves or adrenal medulla with 70% occurring in the abdomen (178). Approximately 50% of patients have distant metastases at presentation, and although the disease course is highly variable, long-term survival in those with high-risk neuroblastoma (which is almost one-half) is approximately 40% overall and <20% in those with resistant or recurrent disease (178–180).

Neuroblastomas are frequently classified as neuroendocrine tumors (NET) because they can show neuroendocrine differentiation with immunocytochemical staining for NET markers (chromogranin, synaptophysin, etc.) (181, 182). In addition, similar to NETs, neuroblastomas can demonstrate amine precursor uptake and decarboxylation, as well as secrete numerous biologically active peptides/amine including vasoactive intestinal peptide, gastrin, catecholamines, serotonin, and GRP (181, 183–185).



Neuroblastomas: Bn/BnR Expression

Numerous studies report the presence of Bn-related peptides and BnRs in neuroblastoma tumor tissue and in neuroblastoma cell lines. In most, but not all, reports (186) that involve both PCR studies of GRP/GRPR mRNA expression (184, 187–190) and studies of immunoreactive GRP/Bn-related peptides (188, 191), they have reported their presence in neuroblastoma tumor tissue (188, 191) and in neuroblastoma cell lines [human IMR-32, SK-N-SH,BE(2)-C, murine Neuro2A cells] (100, 187, 188, 190, 192). In one study of 33 human neuroblastomas (188), 73% possessed GRPR by immunocytochemical studies, with increased expression in undifferentiated tumors compared to benign tumors. In this study of GRP (188), immunoreactivity was also detected in 73% of the neuroblastomas, but in contrast to the GRPR, its expression was not affected by the tumor histology. In another study (189), in tissues from 19 neuroblastomas, all had GRP mRNA and GRPR mRNA detected, although neither the amount of GRPR nor GRP mRNA correlated with prognosis. In studies of Bn immunoreactive cells in bone marrow aspirates from 36 patients with stage IV neuroblastoma, all of the patients had positive cells, with the degree of positivity varying from 72 to 96.2% of the cells (191), and there was a close correlation between results of the Bn immunoreactive assessment of the bone marrow aspirate and that of the primary tumor (193).

In seven human neuroblastoma tissues, using immunocytochemistry, GRP receptors were found (194). Using PCR, GRPR mRNA was found in three human neuroblastoma cell lines (IMR-32, SK-N-SH, LAN-1) (184). Similarly, in binding studies in human neuroblastoma cell lines, in a study using 125I-GRP combined with GRPR-crosslinking, SK-N-SH neuroblastoma cells were found to possess a GRPR of identical molecular weight as that on Swiss 3T3 fibroblasts (192).



Neuroblastomas: Bn/BnR Signaling

There are only limited studies of cellular signaling by activation of BnRs in neuroblastomas. GRP is reported to increase cytosolic calcium in neuroblastoma cell lines (SK-N-SH, LAN-2) (188), and in LAN-1 neuroblastoma cells, the stimulation was inhibited by a specific GRPR antagonist (188). In IMR-32 neuroblastoma cells, GRP did not stimulate changes in cytosolic calcium, although GRP stimulated growth, suggesting both Ca2+-dependent and -independent pathways may mediate the growth effects of GRPR activation in different neuroblastoma cells. Similarly, in the human neuroblastoma cell line LAN-2 (195, 196), stimulation with Bn resulted in activation of phospholipase C with the generation of inositol phosphates, which occurred by a pertussis toxin–sensitive G protein mechanism and was Ca2+ and PKC independent (195).

In the human neuroblastoma cell line BE(2)-C, Bn stimulated secretion of VEGF (197), which was mediated by PKC activation and not by the Bn-induced activation of the Akt (increased pAKT) or ERK (increased p-ERK1/2) signaling cascades, which was also seen with Bn treatment.

Two studies (184, 198) provide evidence for an important role in GRPR activation in neuroblastoma cell lines for the PI-3K pathway in mediating the GRP-stimulated growth effects in these cells. In human neuroblastoma cell lines LAN-1, SK-N-SH, and BE(2)-C, both GRP and Bn stimulate increased phosphorylation of AKT and GSK-3beta (198, 199), and these effects are inhibited by a GRPR antagonist or incubation with GRPR siRNA. In addition, incubation with the PI3K inhibitor LY294002 inhibited Bn-stimulated increases in pAKT and p-GSK-beta, as well as its cell cycle targets (198), Bn-stimulated increases in the G1/S cell cycle regulator cyclin D, and Bn-stimulated BrdU incorporation in these cells (198). In human neuroblastoma cell lines LAN-1, SK-N-SH, and BE(2) (198), GRP stimulation increases the expression of cyclin D and phospho-RB and decreases the expression of the cyclin-dependent kinase inhibitors p21 and p27 (198), which are consistent with GRP’s stimulated increases in the G1/S phase seen on flow cytometric studies and increases in DNA synthesis. The above studies support the conclusion that activation of the PI3K cascade plays an important role in neuroblastoma growth and cell survival. The tumor suppressor gene PTEN (phosphatase and tensin homolog deleted on chromosome 10) is a negative regulator of PI3K and plays an important role in growth and cell survival of various cancers (200). In 24 human neuroblastomas (201) examined by immunohistochemistry, a decreased level of PTEN protein expression was found in undifferentiated tumors compared to differentiated tumors, whereas the pAKT protein levels were similar in the two groups. In this study (201) with GRPR overexpressing in two human neuroblastoma cell lines (SH-N-SH and SH-SY5Y), there was decreased PTEN gene expression and increased expression of pAKT, suggesting that GRPR activation not only activated the PI3K signaling pathway but also downregulated the tumor suppressor gene PTEN, a negative regulator of PI3K (201). The importance of PI3K mediating GRPR-stimulated growth in these cells was supported by the finding that LY294002, a PI3K inhibitor, suppressed the increased growth seen in GRPR-overexpressing neuroblastoma cells, as did overexpression of PTEN in these cells (201, 202).

In cultured SK-N-SH and CE(2) neuroblastoma cells, Bn not only stimulated growth but also stimulated an upregulation of VEGF expression, demonstrating it was an important stimulator of the angiogenic pathway in these cells (100). In nude mice (100) with SK-N-SH or BE(2)-C neuroblastoma cell xenografts, Bn administration increased the growth of the neuroblastoma cell xenografts, increased VEGF expression, increased expression of PECAM-1 (a marker for microvessels), and increased p-AKT in the xenografts, which were all attenuated by the addition of a GRPR antagonist. Furthermore, in a neuroblastoma xenograft study (100), a GRPR antagonist decreased the plasma VEGF levels, which correlated with a decreasing tumor size (100). Furthermore, inhibition of PI-3K with wortmannin in neuroblastoma cells markedly decreased both GRPR mRNA levels and neurotensin receptor levels (184).

In the aggressive neuroblastoma cell line BE(2)-C, which possesses GRPR, the knockdown of GRPR resulted in a decrease in DNA synthesis, a cell cycle arrest at the G(2)/M phase, a decrease in cell proliferation, a change in cell morphology, and a downregulation of p-AKT, a crucial driver in cell survival and development of cell metastases (190, 199). In addition, the knockdown of GRPR in these cells decreased p-p70S6K and S6 key regulators of cell metabolism and increased expression of the tumor suppressor PTEN, a key inhibitor of the PI3K/AKT pathway (199).

Using a doxycycline inducible system to silence GRP in human neuroblastoma cell lines BE(2)-C and SH-SY-5Y cells, the autocrine effect of GRPR activation was investigated in these cells (202). Silencing of GRP generation/release resulted in decreased anchorage-independent growth, inhibition of cell migration and neuroblastoma cell-mediated angiogenesis, inhibition of the activation of the of PTEN/AKT signaling cascade, deceased mRNA level of various oncogenes (MYCN, TWIST, FAK), and suppression of the development of metastases (202).

In various neuroblastoma cell lines (SK-N-SH, LAN-1, IMR-32, BE(2)-C), evidence for the importance of other signaling cascades in mediating BnR-stimulated growth is reported. These include a study (194) reporting the importance of activation of focal adhesion kinase in mediating GRPR-stimulated growth of the human neuroblastoma cell lines BE(2)-C and SK-N-SH, as well Bn-stimulated formation of liver metastases in vivo. Second, in two studies (194, 203), GRPR activation in various neuroblastoma cells (SK-N-SH, IMR-32, LAN-1) stimulated the expression of matrix metalloproteinase-2 (MMP-2); a decrease in the expression of the tissue inhibitor of MMP-2; and the upregulation of integrin alpha 2, alpha 3, and integrin beta 1 proteins, as well as their mRNA expression; and a reduction of the integrin beta 1 inhibited GRPR-stimulated cell migration. In a third study (204), GRP silencing in the human neuroblastoma cell line BE(2)-C had a marked differential effect on the cell cycle regulators p21 and p27, with a 60% decrease in p21 and a threefold increase in p27. In addition, GRP silencing in these neuroblastoma cells (204) increased the expression and accumulation of PTEN in the cytoplasm, where it colocalized with p27, suggesting that p27 was functioning as a tumor suppressor by stabilizing PTEN in the cytoplasm. In a fourth study (205), GRP treatment of the human neuroblastoma cell lines SK-N-SH or BE(2)-C rapidly increased phosphorylation of the ET1 transcription factor, which correlated with increasing its transcription activity, resulting in an increase in Et1 nuclear accumulation and enhanced binding to its DNA consensus sequence. This in turn (205) resulted in increased expression and secretion of the proangiogenic factor interleukin-8 (IL-8), suggesting a critical role of this signaling cascade in GRP-induced angiogenesis in neuroblastomas and their development of metastasis (205).



Neuroblastomas: Bn/BnR Affect Tumor Growth/Proliferation

Numerous studies have reported effects on growth and proliferation or effects on cell viability of activation of BnRs on neuroblastoma cell lines (100, 187, 192, 198, 201–203). These studies involve both the use of selective GRPR antagonists (100, 187) and the effects of BnRs agonists, including both Bn (non-selective) or GRP (selective for GRPR) (100, 192, 198, 203). In almost all studies, selective GRPR antagonists inhibited cultured neuroblastoma cell line growth (198), as well as SK-N-SH xenograft growth in nude mice (100). However, in one study (187) involving the murine neuroblastoma cell line Neuro2A, a low concentration (0.1 nM) of the selective GRPR antagonist RC-3095 inhibited cell growth, but with a higher concentration (100 nM), it stimulated growth. In this study (187), the growth stimulatory effect of the GRPR selective antagonist was inhibited by HDAC inhibitors, suggesting it might be mediated by epigenetic mechanisms (187).

The GRPR selective agonist, GRP stimulated growth of human neuroblastoma cell lines [SH-SY5Y, SK-N-SH, IMR-32, LAN-1, BE(2)-C] in culture (100, 188, 192, 198, 201–203), as well as in xenografts (SK-B-SH cells) in nude mice (100, 202), and induced S-phase progression in SK-N-SH neuroblastoma cells (198). Overexpression of the GRPR in a human neuroblastoma cell line (SH-SY5Y cells) (201) markedly increased the basal growth rate. In IMR-32 neuroblastoma cells (188), GRP did not stimulate changes in cytosolic calcium, although it stimulated growth in these cells, suggesting both Ca2+-dependent and Ca2+-independent pathways may mediate the growth effects of GRPR activation in different neuroblastoma cells (188). Results in SK-N-SH neuroblastoma cells (188, 192) suggested that GRP can function in an autocrine growth manner in this neuroblastoma cell line, because conditioned media from these cells, when added to fresh SK-N-SH cells, stimulated significant growth, which was inhibited by the addition of an anti-GRP antibody (188), and the conditioned media contained high concentrations of GRP (192). This result is supported by an additional study (183), which demonstrated GRP content was high in conditioned media from malignant retroperitoneal tumors, including from a malignant neuroblastoma, which led the authors to conclude that GRP was likely functioning in an autocrine growth manner in these malignant tumors.

In neuroblastoma cell line BE(2)-C, in which activation of GRP stimulates growth (100), the knockdown of GRPR resulted in a decrease in anchorage-independent growth in vitro (199). In contrast, the overexpression of the GRPR in less aggressive SK-N-SH neuroblastoma cells resulted in colony formation, which was inhibited by GRP-blocking antibody (199). In vivo, xenografts in nude mice of BE(2)-C neuroblastoma cells, in which the GRPR was knocked down, showed delayed tumor growth, and these animals had markedly diminished liver metastases, providing evidence that GRPR in neuroblastoma cells had oncogenic properties, in addition to its mitogenic growth capabilities (199).

MYCN is amplified in 20–25% of neuroblastomas, and its amplification correlates with a poorer prognosis in these patients (28). Similarly, there is increased evidence that activation of the PI3K/Akt/mTOR signaling cascade (which occurs in 2/3 of cases) plays an important role in both the development and progression of neuroblastomas and is associated with a worse prognosis (206). There is increased evidence in neuroblastomas that these two signaling cascades (i.e., MYCN and PI3K) interact, which contributes to the poorer prognosis (206). In BE(2)-C neuroblastoma cells, knockdown of GRPR resulted in downregulated Akt2, which was associated with decreased cell proliferation (199). Furthermore, silencing GRPR in BE(2)-C neuroblastoma cells (190) reduced N-Myc expression by an Akt2-mediated mechanism. The silencing of AKT2 in cultured neuroblastoma cells resulted in decreased growth and decreased VEGF secretion in vitro, while Akt2-silenced xenografts in nude mice showed fewer liver metastases; therefore, Akt silencing caused the same results as knockout of GRPR in the neuroblastoma cells (190, 199). These results led the authors (190) to raise the possibility that targeting of the GRP/GRPR/Akt2 signaling cascade could be a novel therapeutic approach.

Some studies also support a role for NMB/NMBR in affecting neuroblastoma cell line survival, proliferation, and viability. In one study (207) similar to NGF, NMB administration prolonged the survival of the neuroblastoma cell line SH-5Y, although it did not promote neuron-like differentiation of these cells, whereas NGF did.



Neuroblastomas: Bn/BnR Related to Prognosis, Treatment

In one study (189), neither the expression level of GRP mRNA nor GRPR mRNA in the neuroblastoma tissue correlated with prognosis. However, in another study (188), the level of expression of GRPR mRNA, but not the amount of GRP mRNA, correlated with the histology of the neuroblastoma, with undifferentiated tumors having greater expression. This result was supported by a third study (183) of eight retroperitoneal tumors (including four neuroblastoma/ganglioneuromas, one Wilms tumor, one primitive neuroectodermal tumor, one rhabdoid, and one benign brachial plexus tumor) in which the GRP content in the conditioned media after incubation with each of the tumors was assessed, and it was found the GRP concentration was significantly greater (p=0.003) with all the malignant tumors (including the neuroblastoma) compared to the benign tumors. The authors (183) proposed that GRP could be a promising candidate tumor marker for malignant retroperitoneal tumors, including neuroblastomas. However, in a study (191) of predictive factors for relapse after treatment in 108 bone marrow preparations from 36 children with stage IV neuroblastoma, the degree of Bn immunoreactivity was not significant, whereas chromogranin A and NPY expressions were highly predictive of an unfavorable response.

In a 3-year-old child (208) with a malignant neuroblastoma with elevated levels of plasma GRP and pancreastatin, there was a 30–60% decrease in the high levels with treatment with octreotide, leading the authors to suggest that assessment of plasma GRP and other peptides might be useful markers of response to treatment.

The overall survival for high-risk patients with neuroblastoma remains <50%, despite aggressive treatment with radiation, surgery, chemotherapy, and immunotherapy (28), and thus there is a need for new approaches. Data from one experimental study (209) raise the possibility that silencing of GRP secreted by neuroblastomas, which can have an autocrine growth effect, could potentiate the use of chemotherapeutic agents. In this study (209) in two human neuroblastoma cell lines (JF, SSK-N-SH) in which GRP was silenced using siRNA targeting, there was a marked increase in neuroblastoma cell apoptosis and a decrease in cell proliferation. Furthermore, the combination of silencing GRP and chemotherapeutic agents (vinblastine, etoposide) resulted in enhanced apoptosis when compared to each alone, and led to the increased expression of proapoptotic proteins p53 and p21.




Bn-Related Peptides and Medulloblastomas


Medulloblastomas: General

Medulloblastoma is the most frequent malignant brain tumor in childhood and accounts for 20% of all childhood CNS tumors (210–212). The incidence is approximately five per million in children and one per million in adults (211). Characteristically, medulloblastomas are highly aggressive tumors that occur in the cerebellum (210, 211). Medulloblastoma is now classified by WHO into four groups based on molecular profiling, which includes the following subtypes: Group I, the wingless (WNT) group; Group II, the sonic hedgehog group (SHH); Group III; and Group IV (29, 210, 211). The WNT group (Group I) has the best prognosis with a 90% survival rate and is the least common (10%), and 85–90% possess mutations in the CTNNB1 gene that encodes for beta-catenin, which results in constitutive activation of the WNT pathway (210–212). Group II, the SHH subgroup, comprises 25–30% of all medulloblastoma cases and is most commonly is seen in children <3 or >16 years old. It primarily occurs in the cerebellar hemispheres and is due to SHH cascade mutations resulting in constitutive activation of this signaling cascade, and it has an intermediate prognosis (210–212). Group IIII accounts for 25% of medulloblastomas. The cell of origin is the neural stem cells; the elemental cause is not established but does not involve SHH/WNT aberrant activation. The most common mutations are in SMARCA4 and GABRA5, and it has high levels of MYC amplification. The 5-year survival is 39–58% (210, 211). Group IV is the most common, comprising 35% of cases. It originates from unipolar brush cells. No unique signature has been described, but a number of mutations are not infrequent (<20%) (KBTBD4, ZMYM3, KDM6A), with overexpression of PRDM6 and expression of the isochromosome 17q (80%), with an intermediate prognosis (29, 210–212).



Medulloblastomas: Bn/BnR Expression

In two studies (213, 214), three different medulloblastoma cell lines (DAOY, D283, ONS76) were examined for expression of GRPR by PCR and by immunohistochemistry. On immunohistochemical analysis, as well as PCR studies, all three medulloblastoma cell lines possessed GRPR and GRPR mRNA. A later study (213) of the medulloblastoma cell lines DAOY and D283 reported both cell lines expressed NMBR mRNA and NMB mRNA. In nine patients with medulloblastomas or with central primitive neuroectodermal tumors, four of the patients’ tumors (44%) had Bn-IR detected (205).



Medulloblastomas: Bn/BnR Signaling

No studies have examined the signaling cascades of BnRs (GRPR, NMBR) in medulloblastomas.



Medulloblastomas: Bn/BnR Affect Tumor Growth/Proliferation

Despite the presence by both PCR and immunohistochemical studies of mGRPR and GRPR, respectively, in the three different medulloblastoma cell lines (DAOY, D283, ONS76), treatment of the cells with either Bn or GRP did not affect cell viability (213, 214). In the human glioblastoma cell line U-138-MG, GRP stimulated proliferation only when combined with agents that increase cellular cAMP (forskolin, 8-Br-cAMP, PDE inhibitor), but proliferation was not seen when either agent was present alone (144). When a similar study was performed in the medulloblastoma cell line DAOY, the phosphodiesterase 4 inhibitor rolipram inhibited cell viability at all concentrations used (1–100 uM) and at a high concentration (100 uM) in the medulloblastoma cell line D283 (a Group III medulloblastoma) and ONS75 (214). Similar inhibition of viability was seen in DAOY cells when GRP was added to rolipram, as with rolipram alone, showing no growth effects of GRP in this medulloblastoma cell line (214).

In contrast to the lack of effect of activation of GRPR on growth of medulloblastoma cell lines (DAOY, D283, ONS76), the addition (213) of a NMBR antagonist (BIM-23127) (215) to the EGFR receptor antagonist cetuximab, at a concentration where cetuximab had no effect alone, reduced the viability of medulloblastoma DAOY cells. In contrast to the growth inhibitory effect of higher concentrations of cetuximab in the medulloblastoma cell line DAOY, neither the addition of NMB nor the NMBR antagonist BIM-23127 had an effect on the cell line’s growth or viability when present alone (215). These results suggested that NMBR activation alone does not affect DAOY medulloblastoma cell line’s viability, but instead could potentiate the growth inhibitory effect of EGFR blockade due to the addition of cetuximab (213).

Alterations in DNA methylation have been reported in medulloblastomas, similar to a number of other pediatric brain tumors (29, 216, 217), and there is increased interest in the use of histone deacetylase inhibitors [HDACi] for their possible treatment (217–219). BnR antagonists in various tumor types have been shown to influence the effects of HDACi’s, including having a potentiating effect on HDACi-induced inhibition of growth of lung cancer cells (220), as well as a growth stimulatory effect in neuroblastoma cells, which is reversed by HDACis (187). In a study of the Group III medulloblastoma cell line D283 (218), the HDACi inhibitor, sodium butyrate reduced cell viability, whereas the NMBR antagonist BIM-23127 had no effect on cell viability alone, in contrast to the GRPR antagonist RC-3095, which stimulated growth of these cells (218). The combination of the HDACi and the NMBR or the GRPR antagonist gave similar results to the HDACi alone (187).



Medulloblastomas: Bn/BnR Related to Prognosis, Treatment

The principal treatment approaches in medulloblastoma (29) involve surgery, radiation, and adjuvant chemotherapy, most commonly with cisplatin, vincristine, cyclophosphamide, carboplatin, or lomustine.

There are no studies of Bn/BnR related to prognosis of patients with medulloblastomas. Similarly, there are no studies of Bn/BnRs in medulloblastoma patient’s treatment, only the limited studies related to growth or viability of medulloblastoma cell lines reviewed in the previous paragraph.

Similar to discussed in previous sections (i.e., Introduction/gliomas), in other CNS tumors (221–225), as well as medulloblastomas (213, 226–228), as in many other tumors (229), an important driver of proliferative/invasive/aggressive tumor behavior is the presence of EGFR mutations and amplification of various members of the EGFR receptor family (EGFR or ErbB1, HER-2 neu or Erb2, HER-3 or ErbB3, HER-4 or Erb4), particularly EGFR. In numerous cancers, therapies targeting various EGFR signaling cascade components are increasingly being used in EGFR expressing cancers (esp. lung, colorectal, etc.) (101, 103, 224, 229–234). As discussed in the previous sections, in other tumors, BnR activation can also play a major role in transactivation of member of the EGFR family (EGFR, HER-2, HER-3, HER-4) (101–103). The results of the studies reviewed above reporting the presence of GRPR/NMBRs on many medulloblastoma cell lines, coupled with the results of NMBR antagonism combined with EGFR blockade having potentiating effects reducing the viability of DAOY medulloblastoma cells (213), raise the possibility that the combination of BnR antagonists with other inhibitors of the EGFR cascade may be a novel approach worth exploring to control the growth of medulloblastomas in some patient subsets.





Possible Role of BnR Ectopic/Overexpression by CNS/Neural Tumors for Tumor Imaging and for Treatment by Receptor-Mediated Therapy


IV.A. BnR: CNS/Neural Tumor Imaging


BnR: CNS/Neural Tumor Imaging: General Comments

Tumor imaging is involved in all stages of the management of potentially malignant/malignant CNS/neural tumors (125, 235–239). Specifically, imaging is required at the initial stages of investigation to assess the location of the primary and extent of the disease, as this will determine the therapeutic approach (surgery, radiation, chemotherapeutic). If surgery is considered, it will be especially important to determine by imaging the extent of invasion to assess resectability; and if more extensive disease is present that is non-resectable, the location and extent of metastatic disease need to be carefully assessed prior to planning directed antitumor treatment and later to assess response to such treatment. Finally, post-treatment, periodic imaging studies are needed to assess recurrence and the extent of the recurrence.

While magnetic resonance imaging (MRI) remains the mainstay for initial and follow-up imaging of CNS/neural tumors and provides important information on tumor location, size, number of lesions, perifocal edema, and contrast enhancement, other aspects of tumor behavior are either not defined or incompletely defined, such as tumor heterogeneity, extent of metabolically active tissue, differentiating treatment-related changes from recurrent disease in previously treated patients, and extent of tumor invasion, in some cases (132, 239–242). Because of these latter limitations, there is increased interest in the development of other imaging approaches, particularly the use of positron emission tomographic (PET) techniques including [18F]Fluorodeoxyglucose (FDG) (132, 235, 239, 243), as well as other nuclear medicine approaches (132, 235, 243, 244).



BnR: CNS/Neural Tumor Imaging: Why Consider BnR-Based for These Tumors?

The use of G-protein-coupled receptors (GPCRs) is now receiving increasing attention (2, 10, 11, 13, 16, 135, 245) as a novel approach to both image various cancers and to deliver cytotoxic agents selective to the tumor (which will be discussed in a later section below for BnRs). This is occurring primarily because of the success of this approach in localizing neuroendocrine tumors using radiolabeled somatostatin ligands (2, 10, 242, 245). Neuroendocrine tumors overexpress somatostatin receptors (5, 246). With the development of 68Ga-labeled somatostatin analogues useful for PET imaging, somatostatin receptor imaging (SRI) has now become the most widely used imaging modality to image both the primary location of these tumors and the extent of the neuroendocrine tumor (2, 242), and has the highest sensitivity and specificity of any imaging modality for these tumors (10, 242, 247).

Unfortunately, somatostatin receptors are not ectopically expressed/overexpressed on the most frequent non-endocrine tumors, such as breast, prostate, pancreatic, etc., or CNS tumors (gliomas, medulloblastoma, etc.), except neuroblastomas, so that to use this imaging approach in these tumors, some other receptor family that is ectopically expressed/overexpressed needs to be used. A number of GPCRs are ectopically expressed/overexpressed by these tumors, but one of the most frequent is members of the BnR family, which are increasingly being studied for roles in imaging of a number of these tumors (particularly, prostate, lung, breast) (6, 8–11, 15, 22, 31, 89, 135, 142, 248). As discussed in the earlier sections of this paper, the BnRs are frequently ectopically expressed/overexpressed in a number of important CNS/neural tumors (gliomas, neuroblastomas, medulloblastomas), and thus there is increased interest in the use of Bn ectopic/overexpression for imaging these tumors (8–11, 15, 31, 135, 248, 249).

Although at this time there are no FDA-approved BnR imaging modalities, there have been many studies investigating the possible utility of various radiolabeled Bn agonists (11, 13, 16), and more recently antagonists (10, 11, 91), for cancer imaging. These studies involve a number of the frequent non-endocrine cancers, particularly the case of prostate cancer (10, 11, 15, 22, 73, 91), which ectopically express/overexpress GRPRs in 62–100% of cases in various series, breast cancer (10, 11, 15) (ectopically express/overexpress GRPRs in 40–75%) (9, 10, 14, 250), and as reviewed below, various CNS tumors, particularly gliomas.



BnR: CNS/Neural Tumor Imaging: Studies in Literature

A number of studies using different ligands for BnR receptor imaging have reported results in CNS/neural tumors, particularly in gliomas. A summary of the methods used, tumor preparations, and results for both imaging and targeted therapy in gliomas is listed in Table 1.


BnR: CNS/Neural Tumor Imaging: Studies in Literature: Glioma

There are two experimental in vitro/in vivo studies (174, 251) describing the interaction of novel BnR PET ligands with glioma cells. In one study (174), a PET/near-infrared fluorescence (NIRF) dual imaging modality GRPR ligand, 68Ga-IRDye800CW-BBN [the NIRF fluorophore IRDye800CW coupled to 68Ga-NOTA-ACA-BBN(7-14) (174)], for use in patients with gliomas both preoperatively and at surgery, was developed and first tested for its ability to image/localize U86MG glioma xenograft tumors in mice (174). In nude mice with brain U86MG glioblastoma brain xenografts, some remnant tumor tissue could not be detected by three experienced surgeons by the naked eye; however, after the injection of IRDye800CW and the assessment of the NIRF signal, the remnant tumor around the margins was easily identified and resected (174). In a second study (251), a three-dimensional (3-D) photoacoustic (PA) Bn ligand nanoprobe (NP), [(BBN-CuS)-NP], using the second near-infrared window (NIR-II) (1,000–1,700 nm) for detection, was described for localization of both a BnR-containing peripheral orthotopic tumor (prostate cancer cell line-C4-2) and for an orthotopic CNS glioma (C-6 glioblastoma cells). This probe utilizes a hybrid imaging approach that integrates optical excitation with ultrasound detection, allowing visualization of tissues at greater depths compared to traditional optical imaging methods (251). In this study (251), nanoparticles with Bn incorporated into the ligand enhanced the ability of the NIR-II PAs to image both orthotopic prostate cancer cells and intracranial orthotopic gliomas (C-6 glioblastoma cells) deep in both the prostate and the brain, respectively (251).

A number of recent studies in humans with gliomas have assessed the ability of various Bn analogs to image these tumors. In 12 patients with gliomas and 4 healthy volunteers (171), the safety, distribution, and radiation dosimetry were assessed after the administration of the radiolabeled BnR agonist 68Ga-NOTA-ACA-BBN(7-14). The administration of 68Ga-NOTA-ACA-BBN(7-14) was well tolerated, with no side-effects, the isotope was rapidly cleared primarily by renal excretion, and in all the glioma patients, the MRI-identified glioma showed a strong signal with the radiolabeled BN analogue 68Ga-NOTA-ACA-BBN(7-14) (171). The tumor-to-brain ratio was 24 ± 8.8 based on the SUVmax, and immunohistochemical analysis of GRPR tumor expression showed a positive correlation with its intensity with the radioisotope’s in vivo SUV (r=0.71, p<0.001) (171). In a separate study (172) in eight children with suspected optic gliomas, the ability of the same radiolabeled Bn analogue used in the study above, to localize a possible tumor, was assessed. Eleven lesions were well localized in the eight patients, and the mean tumor-to-brain SUVmax on PET scanning was higher with the 68Ga-NOTA-ACA-BBN(7-14) than with 18F-FDG PET (28.4 ± 5.6 vs 18.2 ± 5.0) (172). All lesions were pathologically confirmed, all had GRPR expression, 75% were pilocytic astrocytomas-Grade I, and 25% were diffuse astrocytomas-Grade II (172). Similar to the previous study, there was a positive significant correlation between 68Ga-NOTA-ACA-BBN(7-14) SUVmean and the expression level of GRPR in the gliomas (r=0.56, p<0.05) (172).

Recent studies (153, 169, 170) have reported promising imaging results in patients with gliomas using the high-affinity radiolabeled GRPR PET ligand 68BZH3 [68Ga -DOTA-PEG2-[DTyr6,betaAla11,Thi13,Nle14]Bn(6-14)] (252). In one study (153) involving seven patients with recurrent gliomas, the kinetics and imaging results of tumor identification of 68BZH3 were studied, and the results correlated with the expression of BnRs in the tumors (GRPR, NMBR, BRS-3), assessed by gene array studies. 68BZH3 accumulation in all the gliomas could be determined, and the presence of all three BnR subtypes could be found in all the gliomas by the gene array studies (153). In the kinetic analysis of this study (153), the rate constant for global receptor binding, K1, correlated (r=0.89, p<0.05) directly with the gene array expression data for GRPR, but not for NMBR or BRS-3. In a second study (170), the pharmacokinetic parameters as well as the imaging results with 68BZH3 and 18F-FDG PET were compared in 15 patients with histologically confirmed recurrent gliomas. This study included six patients with WHO II gliomas, six with WHO III gliomas, and three patients with WHO IV recurrent gliomas (170). Ten (67%) of the 15 patients demonstrated positive 68BZH3 PET scans for glioma, and 6/15 (40%) a positive 18F-FDG PET scan. The median SUV for 18F-FDG PET was higher in both the low- and high-grade tumors than that for 68BZH3 PET. The median SUV for 18F-FDG PET did not different between the low/high grades, whereas with 68BZH3 PET, the SUV was higher in the high-grade tumors than the low-grade tumors (170). A discriminant analysis found that the combination of the FDG influx and binding potential of 68BZH3, best distinguished between low-grade gliomas and those with high grade, with a correct classification in 100% (170). This finding may have particular significance, because in patients with low-grade or recurrent gliomas, frequently, neither MRI nor 18F-FDG PET can adequately distinguish glioma grade (170), and thus the addition of 68BZH3 may help in this important clinical separation of these two groups of gliomas. A third study (169) examined whether the use of 68BZH3 PET imaging could better differentiate, when compared to 18F-FDG PET scanning, the malignant transformation of a glioma from tumor recurrence in nine consecutive patients with low-grade gliomas, after surgical treatment and postoperative serial MRI imaging identified possible new lesions. In all cases showing proven malignant transformation, there was increased uptake on the 68BZH3 PET scan, whereas the 18F-FDG PET scan showed either a decrease or only a small increase (169). Furthermore, in the cases with no transformation and instead a recurrence only, the 68BZH3 PET scan showed no increase or even a decrease in uptake; therefore, only the 68BZH3 PET scan discriminated between these two important tumor growth courses, which have different treatment/prognostic implications.

Two studies have used a different approach to visualizing BnRs on gliomas by forming fluorescence BnR-conjugated PET ligands, which can be used preoperatively or at surgery (173, 174). The BnR ligand 68Ga-IRDye800CW-BBN is a PET/near-infrared fluorescence (NIRF) dual-imaging modality GRPR ligand developed to fulfil these two requirements. After establishing that this NIRF ligand precisely localized U86MG glioma xenograft tumors in mice (174), it then was used in 14 patients with glioblastoma multiforme (174). Particular attention was paid to the potential value of this BnR ligand for preoperative tumor location and its ability to localize tumor margin at the time of surgery, because complete resection of glioblastomas is associated with improved survival but can be difficult to accomplish at surgery, because of their aggressive, infiltrative growth behaviors make it difficult to determine accurately the tumor margins and fully resect the tumor (173, 174). 68Ga-IRDye800CW-BBN preoperative PET scanning and intraoperative NIRF signals were evaluated, and an excellent correlation between these two methods for tumor localization was found (174). In both the experimental preclinical study in nude mice with glioblastoma xenografts and in the human studies, the fluorescence signals were higher in the gliomas than in the adjacent brain tissue (174). When the pathology results were compared in 43 loci to the NIFR-guided sampling results, the sensitivity was 94%, specificity 100%, and there were no side-effects with the 68Ga-IRDye800CW-BBN administration. The PFS at 6 months was 80% with two newly diagnosed glioma patients achieving long-term survival (174). In a second study (173), the ability of the near-infrared fluorescence (NIRF) GRPR ligand IRDye800CW-BBN to localize glioblastoma multiforme tumors at surgery in 29 patients was evaluated. The IRDye800CW-BBN was administered prior to surgery, the NIRF signal assessed at the time of surgery, and the surgical result assessed by postoperative MRI scanning (173). Complete resection of the glioblastomas was achieved in 83% of the patients, and the sensitivity of NIFR in the pathologic section for detection of the glioblastoma tumors was 94% and the specificity was 88% (173). This approach resulted in an overall survival and PFS rates of 23 and 14 months, respectively. The authors concluded that the use of this fluorescence probe at surgery assisted the neurosurgeon in identifying the tumor boundaries, and the results suggested its routine use may improve survival outcomes (173).



BnR: CNS/Neural Tumor Imaging: Studies in Literature: Medulloblastoma/Neuroblastoma

There are no studies published that have assessed the potential value in imaging by using BnR overexpression in either medulloblastomas or neuroblastomas, which occurs frequently as reviewed earlier in this chapter. That overexpression of the GPCR BnR may be effective in these CNS/neural tumors, as it has been in gliomas, is supported by recent studies with neuroblastomas. Neuroblastomas are classically imaged with MRI scanning, and to determine tumor extent/metastases, SPECT/CT scanning with meta[123I]iodobenzylguanidine ([123I]MIBG) is used (235). [123I]MIBG scanning is successful, because MIBG is a norepinephrine analogue, which is taken up by the sympathico-medullary tissue, from which these tumors are derived, which possess the norepinephrine transporter (235). However, approximately 10% of neuroblastomas are negative with [123I]MIBG SPECT/CT scanning, and the resolution with [123I]MIBG SPECT/CT scanning is relatively low, resulting in limited sensitivity for smaller lesions (235). Recently, these neuroendocrine tumors have been found to overexpress somatostatin receptors (sst2, primarily), which are GPCRs, similar to BnR, and that using this overexpression to image these tumors gives comparable or even better imaging results than seen on [123I]MIBG PET scanning, because the PET/CT scanning after 68Ga radiolabeled somatostatin analogues gives superior resolution (235, 244).





BnR: CNS/Neural Tumor Treatment by Receptor-Mediated Therapy Imaging


BnR: CNS/Neural Tumor: Receptor-Mediated Therapy Using Radiolabeled BnR Ligands

The are no studies on BnR-mediated RMT using radiolabeled BnR ligands in gliomas, medulloblastomas, or neuroblastomas. However, a number of points suggest that it is very likely this will change in the near future and will become an increasingly studied area in patients with advanced disease from these tumors. First, the prototypical overexpressed GPCR that is now widely clinically used for antitumor treatment is the somatostatin receptor (primarily sst2 subtype), for the treatment of malignant neuroendocrine tumors (NETs), using radiolabeled (primarily 177Lu-, and to a lesser extent 90Y) somatostatin receptor ligands for Peptide Radio-Receptor Therapy(PRRT), in patients with advanced disease (253–263). The FDA approval of this was based on results of a double-blinded, control phase 3 trial (NETTER-1) (264) in patients with advanced unresectable, midgut carcinoid NETs, which demonstrated with PRRT treatment with a 177Lu-labeled somatostatin agonist analogue, PFS was significantly prolonged (from 8.4 to >40 months, p<0.0001), with an increased overall survival from 3 to 18%, combined with the results of treatment of 510 patients with advanced panNETs and NETs in other locations, treated in Rotterdam (265). In the latter group of patients, PRRT resulted in a complete response in 2%, partial response in 28%, and tumor stabilization in 35% (265, 266). In a recent meta-analysis of 22 PRRT studies in patients (1,758 patients) with various advanced NETs treated with PRRT, the pooled disease response rate (complete/partial tumor response) was 33% with RECIST criteria, and the pooled disease control rate (compete/partial response or stable disease) was 79% (267). As result of these studies in patients with advanced NETs, PRRT has become one of the main antitumor approaches now widely used in patients with advanced neuroendocrine disease (253–263). Second, with the PRRT success with radiolabeled somatostatin-analogues in treating malignant neuroendocrine tumors, this approach is being either applied or increasingly considered for use in other overexpressing somatostatin receptor–expressing malignant tumors (4, 10, 74, 235). However, because of the more limited distribution of somatostatin receptors in primarily endocrine-related tumors, there is rapidly increasing interest in using PRRT with other GPCR receptors frequently expressed in non-endocrine malignant tumors, such as BnR (10, 17, 20, 42). There are now numerous studies examining the cytotoxicity/efficacy of radiolabeled BnR analogs (primarily with 177Lu) in prostatic cancer, both in in vitro studies, as well as in animal studies and in patients with advanced prostatic cancer (10, 20, 73, 268), which shows promise for this approach. There are also numerous studies of PRRT with radiolabeled BnR analogues in patients with breast cancer (17, 23, 25, 73, 269), and other non-endocrine cancer cells (73), which show promise. Third, because of the success of tumor localization and PRRT-mediated cytotoxicity with radiolabeled somatostatin analogues in NETs, as well as limited studies showing promise with PRRT with radiolabeled somatostatin analogues in some patients with symptomatic/malignant CNS/neural tumors (meningiomas) (270–273), malignant neuroblastomas (274, 275), there is increased interest in applying nuclear medicine approaches to other CNS/neural tumors (125, 235, 240, 276, 277).



BnR: CNS/Neural Tumor: Receptor-Mediated Therapy Using Non-Radiolabeled Cytotoxic BnR Ligands

Because of the success of PRRT in NETs using radiolabeled somatostatin receptor ligands for administering targeted cytotoxicity to the tumor (reviewed in the previous paragraph), coupled with the lack of overexpressed somatostatin receptors in most common tumors, there is a marked increase in the possibility of also developing this therapeutic approach with other GPCRs in which the active ligand contains cytotoxic non-radioactive moieties that would result in receptor-mediated tumor cytotoxicity (RMT) on various malignant tumor cells (4, 10, 42, 74, 90, 262, 278).

Because BnRs are one of the most frequently overexpressed GPCRs on the more common malignant tumors (8–10, 13–18), numerous non-radiolabeled BnR ligands have been described to demonstrate cytotoxicity for various tumors. These non-radiolabeled cytotoxic BnR ligands are almost entirely directed at tumor overexpression of GRPRs and are composed of both GRPR agonists and antagonists (13, 14). Furthermore, the non-radiolabeled BnR tumoral cytotoxic analogs described have utilized a wide range of cytotoxic agents (10, 11, 90), including coupling to established chemotherapeutic agents (doxorubicin, paclitaxel/other taxol analogs, camptothecin, epigallocatechin) (23, 24, 79, 167, 168, 278–280) (Table 1); various marine toxins (hemiasterlin, dolastatin) (281, 282); to various photosensitizing/photothermal agents for administration of cytotoxic photodynamic therapy (10, 283); to various cell-penetrating cytotoxic agents (74, 175, 284); to the antimicrobial peptide magainin (285); to various siRNA constructs (10, 176, 286, 287); to various mitochondrial disruptive agents (10, 13); and to various cytotoxins such as diphtheria toxin (10, 13, 288). Recently, an effective cytotoxic agent in vitro and in vivo in rats with intracranial orthotropic C6-glioblastoma tumors (175) was described, which was made by conforming micelles containing the cell-penetrating agent Tat, which has been shown to enhance treatment of brain tumors in experimental studies (249), with a BnR agonist peptide. Specifically, in this study (175), utilizing a nose-to-brain delivery approach in vivo, poly(ethylene glycol)-polycaprolactone-blocked micelle carriers were used, which were modified by addition of a cell-penetrating peptide, Tat (PEG-PCL-tat), which had been shown to have improved efficacy for the delivery of the chemotherapeutic agent camptothecin in the brain glioblastoma tumor model. To enhance selectivity for the glioblastoma, mixed micelles were prepared by combining the PEG-PCL-tat micelles with stearoyl-modified bombesin (Bom/PEG-PCL-Tat) (175), and the mixed micelles had enhanced selectivity, cellular uptake, and cytotoxicity in isolated C6-glioblastoma cells. Furthermore, in vivo administration of Bom/PEG-PCL-Tat (175) resulted in marked tumor cytotoxicity with selective uptake by the brain glioblastomas, which resulted in enhanced survival of the treated intracranial orthotropic tumor-bearing rats.





Discussion/Conclusions

The studies reviewed above demonstrate in some CNS/neural tumors [Gliomas (100%), medulloblastomas (45%), neuroblastomas (75%)], the BnR family of receptors are ectopically expressed/overexpressed. The converse of this statement should not be assumed, which is the BnRs were not found in other brain tumors. Unfortunately, this area has not been well-studied, and there are no systematic studies examining their occurrence/frequency in a large panel of different brain tumors. Most studies support the conclusion that GRPR (BB2) is the predominant BnR present on these tumors, and although evidence for NMBR (BB1) on some glioblastoma cells also exists, this also has not been systematically studied. In only one, small study (153) was the expression of all BnRs in a group of CNS/neural tumors examined. In that study (163), the mRNA expression levels were determined of each of the human BnRs (GRPR, NMBR, BRS-3) in recurrent gliomas in nine patients. In all patients, all three BnR subtypes’ mRNAs were found in all tumors, with the highest levels for BRS-3 (BB3), followed by GRPR, and the lowest for NMBR (153). The relative expression levels of the different BnRs in the different gliomas did not correlate with each other and thus were independently expressed for each of the three genes (153). Unfortunately, there are no other studies involving CNS/neural tumor BRS-3 receptors, which corroborate these findings.

In studies of both gliomas (human cell lines, rat C6-glioma cells) and human neuroblastoma cell lines (i.e., there were no studies of BnR signaling in medulloblastomas), BnR agonists stimulated activation of numerous cellular signaling cascades. In both gliomas and neuroblastomas, the signaling cascades activated were similar to results from detailed studies of activation of BnRs (GRPR/NMBR) in other cells (9, 12, 14, 19, 40, 47, 71, 96–100). In human gliomas, the primary signaling response is activation of the phospholipase C cascade, as well as MAPK activation, which was primarily mediated by activation of GRPRs. In rat C6-glioma cells, the predominant BnR present was NMBRs, whose activation also resulted in activation of phospholipases C/D, MAPK, and stimulation of tyrosine kinase kinases such as activation of p125FAK. Detailed stoichiometric studies (150, 151) of the ability of NMB to occupy the NMBR and stimulate cellular signaling cascades on C6-glioma cells compared to coupling of human NMBR in normal cells (Figure 1) demonstrated identical coupling for all the signaling cascades. Similarly in these studies, the NMBR in C6-glioma cells underwent agonist-induced internalization, downregulation, and desensitization in a similar manner to NMBRs on normal cells (12, 96–98, 110, 111, 151). In human neuroblastoma cell lines, BnR agonists (via GRPR) stimulated phospholipase C activation (188, 195, 196), which was by a pertussis toxin-sensitive G protein mechanism and was Ca2+ and PKC independent (195). Furthermore, stimulation of GRPRs on various neuroblastoma cell lines activated the PI3K/Akt pathway, which played an important role in mediating GRPR-stimulated growth (198, 199).

In gliomas (Figure 2) and neuroblastomas, numerous studies report that activation of BnRs has a prominent effect on tumor growth, DNA synthesis, migration, stimulation of angiogenesis, aggressiveness, and the development of metastases (194, 202). In contrast, there is very limited data on whether BnR activation in medulloblastomas has a growth effect. In gliomas and neuroblastomas, the above conclusions are supported by both use of selective BnR antagonists and by methods of silencing the BnR(siRNA), as well results from studies using selective agonists. There are numerous classes of selective GRPR/NMBR antagonists (12, 14, 30, 31, 44, 47, 48, 53, 54, 56, 57, 93), and in human glioblastoma cell lines, various GRPR selective antagonists were the most effective at inhibiting growth (138, 143, 145, 149, 159, 160, 162). In contrast, in some studies (149, 161), with rat C6-glioblastoma cells, a GRPR selective antagonist inhibited the growth, whereas in other studies, the growth was inhibited by NMBR antagonists (45, 57, 154). In human neuroblastoma cell lines or in vivo studies with primarily xenografts, numerous studies (100, 184, 197, 198, 201, 202) support the conclusion that activation of GRPRs, not NMBRs, is mediating the growth effects, as well as stimulating the increased migration and metastatic potential of the neuroblastoma cells.

The BnR-stimulated signaling cascades mediating growth in both neuroblastomas and gliomas were generally similar to the growth cascades described in non-CNS tumors and normal tissues (9, 10, 12, 16, 99, 101, 102). Specifically, in gliomas, stimulation of BnRs mediated growth by activation of the signaling cascades, which occurred primarily by stimulating VEGF secretion, angiogenesis, altering cellular oncogene expression/activity (c-fos, c-jun), altering cellular apoptotic status, effecting p53, p21, and p16 expression, as well as EGFR activation (145, 154, 160, 162, 164, 168) and brain stem cell expansion (165). In human neuroblastoma cell lines, activation of GRPRs had important growth effects by activation of VEGF expression and secretion; increased expression of PECAM-1 (a marker for microvessels); stimulating cell cycle G(2)M phase, p-p70S6K, and S6 (key regulators of cell metabolism), expression of oncogenes, expression of cell cycle regulators (p21, p27), and phosphorylation of the ET1 transcription factor, which correlated with increasing its transcription activity (100, 190, 197, 199, 204, 205).

Two important areas involved in BnR activation, that have implications for treatment in CNS/neural tumors, remain unclear and largely unstudied, which have been well-studied in BnR activation and growth stimulation in non-CNS neural tumors (14, 19, 71, 101–103). These two unresolved areas include whether the growth effects of BnR activation in gliomas/neuroblastomas are mediated by an autocrine growth mechanism, and second, whether BnR transactivation of the EGFR/HER receptor family plays a role in BnR’s growth stimulatory effects in these cells. In many, different non-CNS/neural tumors, the tumor growth stimulatory activity of the BnR occurs by an autocrine mechanism, wherein the tumor synthesizes and releases GRP/NMB-related peptides, which then activate the BnRs on the same cells (8–10, 12, 87, 88). In most cases, the autocrine mechanism is particularly important in the BnR activation and growth stimulatory effects (8–10, 12, 87, 88).

The results of studies evaluating an autocrine role of BnR activation in gliomas and neuroblastomas are limited and conflicting, whereas there are no data in medulloblastomas. In gliomas, one study in U-87MG glioma cells (160) reported both GRPR and NMBR mRNA were present; however, GRP mRNA was not found, leading the authors to suggest that the GRP effect on growth of this glioma cell line was likely mediated by a paracrine mechanism. This result is somewhat surprising, both because autocrine growth, a mechanism of activation, is present in so many other tumors and also because in gliomas, autocrine mechanisms are reported for a number of other glioma growth factors, including the G-protein coupled receptor CCR5 [with its ligand CCL5 (RANTES) present in glioma cells] (289), TGFbeta1 (290), bone morphogenetic proteins (BMP4) (291), PDGF (292), and dopamine (293). In contrast, in neuroblastomas, numerous studies support an autocrine role for Bn-related peptides in BnR activation. In studies (202, 209) silencing GRP generation in neuroblastoma cells, this resulted in decreased tumor growth, migration, angiogenesis, as well as a suppression of the development of metastases. In SK-N-SH neuroblastoma cells (184, 188, 192), GRP functions in an autocrine growth manner, because conditioned cell media, when added to fresh SK-N-SH cells, stimulated growth, which was inhibited by an anti-GRP antibody (188), and the conditioned media contained high concentrations of GRP (192). This result is further supported by an additional study (183), which demonstrated GRP content was high in conditioned media from malignant retroperitoneal tumors including neuroblastomas, which led the authors to conclude that GRP was likely functioning in an autocrine growth manner in these malignant tumors.

Alterations of the EGFR family of receptor tyrosine kinases (RTKs) are frequent in glioblastomas (222, 223), occurring the most frequently of any RTK (4× rate of PDGFRalpha) with 57% of all glioblastomas showing evidence of an EGFR mutation, rearrangement, altered slicing, and/or amplifications (222, 223). Of the four subtypes of glioblastomas, EGFR amplification/mutation is particularly associated with the classical subtype (222, 223). Deletions in the EGFR also occur frequently in glioblastomas with some deletion mutants being oncogenic (223). Deletion of EGFRvIII (lacking amino acid residues 6–273) occurs most frequently in glioblastomas, lacks a ligand binding domain, but is constitutively active (222, 223). In addition, point mutations occur frequently in the extracellular domains, which are activating (223).

The unclear role that BnR transactivation of the EGFR/HER receptor family plays in BnR’s growth stimulatory effects in gliomas or neuroblastomas is entirely due to a lack of studies. Numerous studies have documented an increasing role of BnR transactivation of the EGFR/HER family (EGFR/HER2/HER3/HER4) in various non-CNS/neural tumor cell growth, migration, invasion, resistance to drug therapy, and development of metastases (14, 71, 101–103). Only one study, in human glioblastoma cells (human A172 cells) (162), explored the ability of BnR stimulation to alter EGFR activation, which reported GRPR silencing by knockdown with a short hairpin interfering RNA sequence in these cells resulted in decreased cell growth associated with activation of EGFR, as well as an increase in p53, p21, and p16 cell cycle regulators; changes the authors proposed were consistent with GRPR silencing inducing cell senescence. These results are the opposite of what is generally reported in growth of other non-glial tumor cells stimulated by a BnR-dependent mechanism, where GRPR stimulation is found to stimulate, and GRPR inhibition to inhibit, activation of EGFRs (14, 71, 101–103). These results also differ from results of other studies on the mechanisms of growth stimulation of various glioma cell lines with activation of other GPCRs (cannabinoid, PGE2, formyl peptide receptor agonist) (294–296) or other growth stimulants such as phorbol esters/HSP90alpha (297, 298), which were found to be mediated by transactivation of the EGFR and stimulation of the EGFR signaling cascade in these cells (294–298). Additional studies are needed to resolve the exact role of BnR transactivation of EGFR/HER members in mediating glioblastoma growth/aggressive behavior.

Expression/activation of the EGFR/HER family has important effects on the growth/differentiation/aggressiveness of neuroblastomas. EGFR/HER1 was found in 100% of 13 neuroblastoma cell lines with its activation resulting in cell proliferation, with more cells entering S and G2-M phases (299). Furthermore, in high-grade neuroblastomas, increased activity of EGFR is one of the molecular changes associated with increased metastatic potential and poor prognosis (300). In neuroblastomas, there are no studies addressing the issue of whether the ectopically expressed/overexpressed BnR’s activation transactivates the EGFR signaling cascades in these cells to stimulate growth/migration or aggressiveness. From the available data from other growth stimulants’ mechanisms of action on neuroblastoma cells, as well as from studies on other NETs, which neuroblastomas are classified as, one would predict that it will likely be found that activation of BnRs in these cells will transactivate the EGFR/her family, and this will be involved in mediating growth effects in these cells. In various gastrointestinal NETs, which share many features with neuroblastomas, the activation of BnRs, as well as the activation of a number of other GPCRs, stimulates growth by transactivating EGFRs (104). Furthermore, transactivation of the EGFR/HER family has been reported as a frequently used mechanism by a number of different neuroblastoma growth stimulants, including activation of various GPCRs (muscarinic cholinergic receptors, prostaglandin E2 receptor EP4, dopamine D2 receptor), and by the urokinase receptor (301–304). Similar to the situation with gliomas, additional studies are clearly needed to resolve the exact role of possible BnR-transactivation of EGFR members in mediating neuroblastoma growth/aggressive behavior.

The ectopic expression/overexpression of BnRs (principally GRPR) in most gliomas and neuroblastomas (lesser extent medulloblastomas), combined with the marked effects of activation of these receptors on the tumor’s behavior (growth, migration, invasiveness, development of metastases), opens numerous novel possibilities for the treatment of these aggressive tumors. At present, these possibilities are largely underinvestigated. These possibilities are important to investigate in these tumors because these tumors are not only some of the most common CNS/neural malignant tumors, but they are also some of the deadliest, with a 5-year survival rate for glioblastomas of only 5% (26, 27, 127, 128). Similarly, neuroblastomas are the most common extracranial solid tumor in children (28) and are responsible for 15% of all cancer deaths in children (178–180). Therefore new, novel treatment approaches are needed with both of these tumors (27, 28, 142, 235, 243). BnR-based treatment possibilities in these CNS/neural tumors could be considered in four general areas. First, because of the profound antigrowth effects of neutralization of BnR activation in experimental in vitro and in vivo studies of these tumors, such an approach inhibiting BnR activation either at the receptor level or key signaling intermediates should be explored, either alone or in combination with other treatment approaches such as chemotherapy. Second, the BnR ectopic expression/overexpression by these tumors can be used for PRRT using cytotoxic radiolabeled Bn compounds, in a similar manner to the use of radiolabeled somatostatin receptor ligands, which are currently now widely used in the treatment of malignant neuroendocrine tumors over-/ectopically expressing somatostatin receptors, and is being increasingly examined in other non-endocrine tumors (prostate, breast, etc.) (2, 10, 11, 13, 16, 20, 92, 102, 135, 245, 262). In studies on non-CNS tumors, PRRT has been successful both when used alone (4, 11, 20, 21, 42, 73, 74) and in combination with other cytotoxic therapies, including chemotherapy (284, 305–309). Third, the BnR ectopic expression/overexpression by these tumors can be used also for targeted delivery of cytotoxic non-radiolabeled compounds including chemotherapeutic agents, which is increasingly being studied in other malignant tumors (4, 10, 13, 42, 74, 78, 79). Fourth, studies with NETs using ectopic expression/overexpression of somatostatin receptors to image the tumor is now the most sensitive method to localize these tumors (242, 246, 262). Using a similar strategy with BnR ectopic expression/overexpression by these CNS/neural tumors may allow better definition of infiltrative tumor margins at surgery (173, 174), which can be a major problem with gliomas, as well as allowing better definition of the extent of remaining tumor, which can affect the therapeutic approach.

In summary, the studies reviewed in this paper support the conclusion that some CNS/neural tumors (gliomas, neuroblastomas, medulloblastomas) have the high rate of occurrence of over-/ectopic expression of the BnR family, and their activation can have prominent effects on tumor growth behavior. These findings open the possibility of novel therapeutic approaches using this receptor family’s ectopic expression/overexpression. Particularly, the possibility of using BnRs’ presence for imaging and various forms of targeted therapy, which has been used so successfully with somatostatin receptors in malignant neuroendocrine tumors, is now being increasingly investigated with promising results, with other overexpressed GPCRs in other tumors, including BnRs.
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Increasing evidence accumulated during the past two decades has demonstrated that the then-novel kisspeptin, which was discovered in 2001, the known neuropeptides neurokinin B and dynorphin A, which were discovered in 1983 and 1979, respectively, and their G-protein-coupled receptors, serve as key molecules that control reproduction in mammals. The present review provides a brief historical background and a summary of our recent understanding of the roles of hypothalamic neurons expressing kisspeptin, neurokinin B, and dynorphin A, referred to as KNDy neurons, in the central mechanism underlying gonadotropin-releasing hormone (GnRH) pulse generation and subsequent tonic gonadotropin release that controls mammalian reproduction.
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Introduction

Peptides play critical roles in the nervous systems of both invertebrates and vertebrates alike. The release of peptides as intercellular signaling molecules is an evolutionarily ancient property of neurons (1, 2). In fact, the nervous systems in cnidarians, a class of mostly aquatic animals that have existed for over 630 million years, are mainly controlled by peptidergic signals (2). Several signaling peptides were discovered in cnidarians and most of them were characterized by C-terminal amidation (3). These so-called neuropeptides are stored in intracellular neurosecretory vesicles until being secreted by exocytosis. Once secreted, these neuropeptides act on target cells by binding to and activating plasma membrane receptors, leading to changes in the intracellular signaling system.

The G-protein-coupled receptors (GPCRs) represent the single largest family of plasma membrane receptors, encompassing about 860 members in humans (4). The concept that these GPCRs may form a supergene family was derived from the discovery in 1986 that the β2-adrenergic receptors and the opsins share a seven-transmembrane domain topology (5). At that time, the β2-adrenergic receptors and the opsins were not known to have much in common except for coupling to G-proteins to elicit the intracellular signaling system. The structural feature of the seven-transmembrane domain topology allowed a search for putative GPCRs in the genome, resulting in the discovery of a large number of GPCRs. The GPCRs are split into two major groups: olfactory and non-olfactory receptors. The non-olfactory GPCRs are further classified based on whether the endogenous ligand is known or unknown. Approximately 30% of the ~400 non‐olfactory human GPCRs have not been definitively paired with endogenous ligands and are designated as orphan GPCRs (6).

The present review focuses on neuropeptides, kisspeptin, neurokinin B and dynorphin A, and their GPCRs, because evidence accumulated during the past two decades has demonstrated that those three neuropeptides serve as key molecules that control reproduction via controlling pulsatile gonadotropin-releasing hormone (GnRH) release in mammals. More specifically, the hypothalamic arcuate nucleus (ARC) neurons co-expressing kisspeptin/neurokinin B/dynorphin A, referred to as “KNDy neurons”, are evident in mammals including rodents (7–11), ruminants (12–14), and primates (15, 16) and the KNDy neurons are now considered to be largely responsible for GnRH pulse generation. In this review, we provide a historical background on the concept of GnRH pulse generator to control gametogenesis and steroidogenesis in mammals and a summary of our recent understanding of the roles of KNDy neurons in the central mechanism underlying GnRH pulse generation and subsequent tonic release of gonadotropins.



The Discovery of GnRH/Gonadotropin Pulses

One hundred years ago, in the 1920s, Smith (17) and Evans and Long (18) investigated the effects of hypophysectomy or the administration of pituitary extract on gonadal activities, and accordingly suggested that gonadal activities are regulated by one or more factors from the anterior pituitary gland (19). In the 1930s, luteinizing hormone (LH) and follicle-stimulating hormone (FSH) were successfully extracted from the anterior pituitary gland (20). The presence of GnRH [first named LH-RH/FSH-RH or LHRH (21)], which controls gonadotropin release via the pituitary portal circulation, was predicted by Harris and Jacobsohn because they showed that the structure and function of the transplanted pituitary gland were maintained only when the pituitary gland was relocated under the median eminence in rats (22). Consequently, GnRH, which stimulates both LH and FSH release, was isolated in the early 1970s by two independent laboratories headed by Schally and Guillemin, respectively (23, 24).

In the early 1970s, Knobil and colleagues first demonstrated tonic (pulsatile) and cyclic (surge) gonadotropin release in female rhesus monkeys, used as a model of humans (25, 26), and predicted that the pulsatile nature of tonic gonadotropin release is likely caused by pulsatile GnRH stimulation to the anterior pituitary gland. Their pioneer study demonstrated the indispensable role of GnRH pulses in the control of gonadotropin release from the anterior pituitary gland (27). Indeed, plasma LH and FSH levels were kept at physiological levels only when GnRH was administrated in a pulsatile manner at a physiological frequency (once per hour) in female rhesus monkeys with a hypothalamic lesion (which resulted in the lack of endogenous GnRH release). In contrast, continuous GnRH administration paradoxically inhibited gonadotropin release in these monkeys (27). These findings indicated that GnRH pulses are needed to sustain the normal response of the anterior pituitary gland to GnRH stimulation. This knowledge has been exploited towards human reproductive technology and therapies. Indeed, some patients take pulsatile GnRH administration by an attached pump as a medical treatment to enhance folliculogenesis and recover ovulation (28), whereas chronic GnRH treatment is therapeutically used to inhibit sex steroid release in patients suffering from endometriosis as well as prostate cancer (29).

The pulsatile GnRH release was first described in ewes by measurements of GnRH in the pituitary portal blood in 1982 (30) and then examined in more detail in 1992 (31). These studies demonstrated that GnRH pulses detected in the pituitary portal circulation synchronized with LH pulses detected in the peripheral circulation.



Localization of the GnRH Pulse Generator

Pulsatile GnRH release from GnRH neurons into the pituitary portal circulation has been hypothesized to be driven by the mechanism of the so-called “GnRH pulse generator” (32, 33). The first experimental evidence for the localization of the GnRH pulse generator was provided by Halasz and Pupp (34): They designed a small knife cut to isolate the mediobasal hypothalamus (MBH), leaving the region in contact with the pituitary gland but devoid of neural connections with the other brain regions. This complete deafferentation of the MBH failed to affect the testicular function (spermatogenesis) in males nor ovarian function (folliculogenesis) except for ovulation in female rats. These findings indicated that the complete deafferentation of the MBH disrupts the preovulatory GnRH/LH surge but not the GnRH pulses that drive tonic gonadotropin release in female rats. Subsequent studies had confirmed that pulsatile LH release is not impaired by the complete hypothalamic deafferentation in rats (35, 36). Taken together, these findings indicated that the GnRH pulse generator would be located in the MBH. Importantly, GnRH neuronal cell bodies are mainly located in the preoptic area (POA) and GnRH nerve terminals are located in the median eminence within the MBH in rats, indicating that the GnRH neurons themselves may not be involved in GnRH pulse generation and GnRH terminals would be an effector of GnRH pulse generator (36, 37).

Knobil and colleagues then established an important method to monitor GnRH pulse generator activity in the MBH via an electrophysiological approach in rhesus monkeys (38): This approach revealed that rhythmic increases in the multiple unit activity (termed MUA volleys) were accompanied by LH pulses detected in the peripheral circulation, when the recording electrodes were placed within the MBH. The MUA is the summation of the electrical activity of multiple neurons around the electrodes, and the origin of MUA volleys remained unknown at that time. This method was subsequently adapted to rats and goats (39–41) and successfully showed the MUA volleys in the MBH accompanied by LH pulses in such species as well. From then, significant effort was made to identify the intrinsic sources of the GnRH pulse generator for many years.



The ARC Kisspeptin Neurons Are a Major Regulator of GnRH/Gonadotropin Pulses

At the turn of the twenty-first century, the discovery of kisspeptin provided a breakthrough in our understanding of the source of the GnRH pulse generator. Kisspeptin was first found as an endogenous ligand of GPR54, a then-orphan GPCR that shares significant homology with galanin receptors (42), from human placenta extract (43, 44). Kisspeptin was identified as a 54-amino-acid peptide cleaved from a 145-amino-acid prepropeptide in humans (43, 44). The C-terminal amidated 10-amino-acid sequence of the peptide (Kp-10), which is essential and sufficient for interaction with GPR54, a Gq-coupled stimulatory GPCR (43), is identical among mammals, except for the C-terminal phenylalanine which is changed to tyrosine in non-primate mammals (43–50). The precursor and mature kisspeptin with the C-terminal amidation in humans, rodents, and domestic animals are summarized in Figure 1A. Moreover, an indispensable role of kisspeptin as a neuropeptide in the central nervous system regulating reproduction in humans, was uncovered by two studies published in 2003 (51, 52): Two groups from the US and France independently demonstrated inactivating mutations of the GPR54 gene in patients suffering from hypogonadotropic hypogonadism with pubertal failure. To date, several Kiss1 or Gpr54 knockout rodents replicated hypogonadotropic hypogonadism as seen in humans (52–58). Later, a Turkish group demonstrated that patients carrying inactivating mutations of the KISS1 gene also exhibited hypogonadotropic hypogonadism (59). Taken together, these findings suggest that kisspeptin-GPR54 signaling serves as a key regulator for puberty onset and gonadotropin release in mammals.




Figure 1 | Schematic illustration of kisspeptin, neurokinin B, dynorphin A, and their precursors in humans, mice, rats, cattle, sheep, and pigs based on the previous reports (43, 45, 47, 49) and UniProtKB (https://www.uniprot.org/uniprot/). The precursors comprise a signal peptide in the N-terminal. (A) Kisspeptin consists of 52 or 54 amino acids cleaved from the precursors and the C-terminal is amidated. The C-terminal 10-amino acids (Kp-10) are identical among mice, rats, cattle, sheep, and pigs. Note that C-terminal tyrosine is replaced with phenylalanine in humans. (B) Neurokinin B consists of 10 amino acids cleaved from the precursors and the C-terminal is amidated. The amino acid sequence of neurokinin B is identical among humans, mice, rats, cattle, sheep, and pigs. The C-terminal amino acid sequence Phe-X-Gly-Leu-Met (or Leu)-amide is commonly found in tachykinin family peptides. (C) Dynorphin A consists of 17 amino acids cleaved from their precursors. The amino acid sequence of dynorphin A is identical among mice, rats, cattle, sheep, and pigs. The N-terminal amino acid sequence Tyr-Gly-Gly-Phe-Leu (or Met) are commonly found in endogenous opioid peptides.



Kisspeptin profoundly stimulated GnRH/gonadotropin release in mammals (53, 54, 60–63). The previous studies demonstrated that central administration of full-length kisspeptin or Kp-10 stimulated gonadotropin release in rodents (54, 60–62), ruminants (53), and primates (63). In addition, the stimulatory effect of kisspeptin on gonadotropin release was blocked by GnRH antagonists in both rodents (60, 61, 64) and primates (63), indicating that kisspeptin-induced gonadotropin release is mediated by GnRH. The previous in vitro study showed that kisspeptin stimulates GnRH release from the rat hypothalamic tissue via stimulatory Gq-protein-mediated activation of phospholipase C and mobilization of intracellular Ca2+ (65). Further, several histological analyses showed that Gpr54 is expressed in a majority of GnRH neurons in mice (53, 66, 67) and rats (60, 68). Electrophysiological studies revealed that kisspeptin exerted a potent direct depolarizing effect on GnRH neurons (67, 69, 70). Further, GnRH neuron-specific Gpr54 knockout mice resulted in infertility, whereas the rescuing Gpr54 in GnRH neurons in global Gpr54 knockout mice restored fertility (71), suggesting that GPR54 solely in GnRH neurons is enough for fertility in mice. Taken together, these findings suggest that kisspeptin directly stimulates GnRH release via GPR54 expressed in GnRH neurons to lead consequent gonadotropin secretion in mammals.

There are two major populations of hypothalamic kisspeptin neurons: one population is localized in the ARC—inside the MBH—in most mammals examined to date, and the other population is localized more rostral regions such as the anteroventral periventricular nucleus (AVPV) in rodents (72–77) and the POA in most of the other mammals including ruminants (12, 14, 46, 78–83), primates (50, 63, 84, 85), and others (47, 48). The role of AVPV/POA kisspeptin neurons in generating GnRH/LH surge in females was reviewed elsewhere (86–88). Circumstantial evidence suggesting that ARC kisspeptin neurons are an intrinsic source of the GnRH pulse generator has been accumulated as follows. When the MUA is measured in goats through recoding electrodes targeted to the vicinity of the ARC kisspeptin neurons, MUA volleys are found at regular intervals and are synchronized with LH pulses (13, 46). Further, recent in vivo GCaMP6 fiber photometry technology revealed that ARC kisspeptin neurons exhibited rhythmic increases in intracellular Ca2+ accompanied by LH pulses in mice (89, 90). Optogenetic stimulation of ARC kisspeptin neurons induced and optogenetic inhibition of ARC kisspeptin neurons suppressed LH pulses in kisspeptin neuron-specific channelrhodopsin- and archaerhodopsin-expressed gene-modified mice, respectively (89, 91).

GnRH neuronal axons in the median eminence seem to be an action site of kisspeptin for the generation of GnRH pulses. Immunoelectron microscopy revealed that kisspeptin and GnRH fibers are closely associated with each other in the internal layer of the median eminence and that few typical synaptic structures were found between kisspeptin and GnRH fibers in rats and goats, suggesting that kisspeptin acts on GnRH axons in a non-synaptic manner, such as “volume transmission” (92, 93). Further, peripheral (not only central) administration of kisspeptin successfully induced GnRH/gonadotropin release in mammals including rodents (53, 62, 64, 94), ruminants (46, 95), and primates (63, 96). This may be an advantage for therapeutic use of kisspeptin or its analogs in humans and domestic animals (97–99). Furthermore, GnRH neuronal cell bodies also seem to be an action site of ARC kisspeptin neurons because a retrograde tracing study revealed the projection of ARC kisspeptin neurons to the POA in mice (100) and confocal microscopy revealed contacts of kisspeptin fibers from the ARC population to GnRH neurons in ewes (101).



Roles of Kisspeptin, Neurokinin B, and Dynorphin A in the Mechanism Controlling GnRH Pulse Generation

Theoretically, the GnRH pulse generator would consist of neurons that are connected to each other and show synchronized neuronal activity. The dense distribution of kisspeptin neuronal cell bodies and fibers in the whole ARC (54, 75) may be indicative of a neuronal connection between kisspeptin neurons. Such a dense kisspeptin-kisspeptin neuronal connection may be necessary to synchronize the release of kisspeptin to the GnRH neurons at the median eminence. Importantly, Gpr54 is not found in ARC kisspeptin neurons in mice (66) and rats (68). Further, electrophysiology or MUA technology revealed that kisspeptin itself unlikely affects the activity of kisspeptin neurons in mice (102), rats (94), and goats (46), suggesting that other neuropeptide(s) may participate to synchronize the kisspeptin neuronal activity.

It is noteworthy that both neurokinin B and dynorphin A are co-localized in a majority of ARC kisspeptin neurons (therefore called KNDy neurons) in several mammalian species including rodents (7–11), ruminants (12–14), and primates (15, 16). Neurokinin B is one of the tachykinin family peptides, that are characterized by the presence of the common C-terminal amino acid sequence Phe-X-Gly-Leu-Met (or Leu)-amide (103) (Figure 1B). Among the tachykinin families, substance P, neurokinin A (both of which are cleaved from the same prepropeptide coded by TAC1 gene in humans), and neurokinin B (which is cleaved from separate prepropeptide coded by TAC3 gene) have been well-investigated, and the amino acid sequences of these peptides are identical in all mammalian species examined to date (103). There are three types of GPCRs for the tachykinins, denoted as NK1, NK2, and NK3 receptors. These receptors are recognized with moderate selectivity by endogenous tachykinins. Neurokinin B was reported to preferentially bind to the NK3 receptor, a Gq-coupled stimulatory GPCR (103). Neurokinin B previously attracted attention as a mediator for the hot flushes in postmenopausal women, who show ovarian steroid hyposecretion and gonadotropin hypersecretion (104). Importantly, inactivating mutations of the TAC3 or TACR3 (encoding the NK3 receptor) gene lead to hypogonadotropic hypogonadism in humans (105, 106), suggesting the importance of neurokinin B-NK3R signaling in human reproduction.

Dynorphin A is a family of endogenous opioid peptides characterized by the presence of the common N-terminal amino acid sequence Tyr-Gly-Gly-Phe-Leu (or Met) (107) (Figure 1C). There are three major endogenous opioids, such as β-endorphin, enkephalin, and dynorphin A, which are mainly cleaved from the separate prepropeptides encoded by POMC, PENK, and PDYN, respectively. Major corresponding receptors for β-endorphin, enkephalin, and dynorphin A are suggested to be μ-opioid, δ-opioid, and κ-opioid receptors, respectively, and the receptors are known as Gi-coupled inhibitory GPCRs (107). Dynorphin A was previously reported to be involved in negative feedback action of progesterone on GnRH pulse generation in ewes (108, 109).

Goodman and colleagues first found that neurokinin B and dynorphin A are largely co-localized in a single population of ARC neurons in ewes by immunohistochemistry for these peptides (110), and then uncovered that kisspeptin is also expressed in the same neuronal population (12). The co-localization of neurokinin B and dynorphin A in the ARC kisspeptin neurons were validated in several mammalian species such as goats (13), heifers (14), rats (9, 10), mice (7, 8, 11), and rhesus monkeys (15, 16) as summarized in Table 1. Co-localization of kisspeptin and neurokinin B was also found in humans (111–114) (Table 2), whereas few dynorphin A immunoreactivity was detected in the ARC kisspeptin/neurokinin B neurons in humans (112). Furthermore, NK3 receptors were found in a majority of rodent and ovine ARC KNDy neurons (7, 8, 11, 115, 116) and κ-opioid receptors were found in a majority of rat and ovine KNDy neurons and in a part of mouse KNDy neurons (7, 8, 11, 115, 117, 118) (Table 3). These findings suggest that the ARC KNDy neurons communicate with each other by neurokinin B-NK3 receptor signaling and dynorphin A-κ-opioid receptor signaling in an autocrine/paracrine manner. The species and sex differences in terms of the co-expressing rates of KNDy peptides and their receptors may imply the redundancy of KNDy neurons to maintain reproductive function in mammals as discussed later.


Table 1 | Co-expression % of neurokinin B or dynorphin A in the arcuate kisspeptin neurons in ruminants, rodents, and rhesus monkeys.




Table 2 | Co-expression % of kisspeptin and neurokinin B in the arcuate nucleus of humans.




Table 3 | Co-expression % of NK3 receptors or κ-opioid receptors in the arcuate kisspeptin/neurokinin B neurons.



Figure 2 shows a schematic illustration of the hypothesis explaining the mechanism controlling GnRH pulse generation. The current most plausible interpretation is that neurokinin B initiates and/or accelerates synchronized KNDy neuronal activity via stimulatory Gq-coupled NK3 receptors to release kisspeptin that stimulates GnRH release via stimulatory Gq-coupled GPR54 expressed in GnRH neurons, and that dynorphin A released from KNDy neurons then terminates KNDy neuronal activity via inhibitory Gi-coupled κ-opioid receptors. Indeed, a central administration of neurokinin B facilitated the frequency of the MUA volley, which is corresponding the GnRH pulse generator activity, and the frequency was lowered by a central administration of dynorphin A and increased by nor-binaltorphimine (nor-BNI), a κ-opioid receptor antagonist, in female goats (13). Peripheral administrations of PF-4455242, another κ-opioid receptor antagonist, facilitated and SB223412, an NK3 receptor antagonist, suppressed LH pulses in female goats (119, 120). Similarly, a central administration of neurokinin B or nor-BNI facilitated and SB222200, another NK3 receptor antagonist, suppressed LH pulses in ewes (121). In addition, neurokinin B and senktide, an NK3 receptor agonist, increased the firing frequency of a majority of male mouse KNDy neurons (8, 102) and dynorphin A and U50-488, a κ-opioid receptor agonist, decreased the firing frequency of all the KNDy neurons tested (102). Taken together, it is most likely that neurokinin B serves as a stimulatory signal for ARC KNDy neurons and dynorphin A serves as an inhibitory signal for the neurons, leading to the synchronized pulsatile pattern of the KNDy neuronal activity to generate GnRH pulse.




Figure 2 | Schematic illustration of the hypothetical mechanism controlling gonadotropin-releasing hormone (GnRH) pulse generation in mammals. Neurokinin B initiates and/or accelerates synchronized KNDy neuronal activity via stimulatory Gq-coupled NK3 receptors to release kisspeptin that stimulates GnRH release via stimulatory Gq-coupled GPR54 expressed in GnRH neurons. Dynorphin A released from KNDy neurons then terminates KNDy neuronal activity via inhibitory Gi-coupled κ-opioid receptors.





Direct Evidence That KNDy Neurons as the GnRH Pulse Generator

As we mentioned above, circumstantial evidence accumulated in the last 15 years suggests that kisspeptin, neurokinin B, and dynorphin A in KNDy neurons play key roles in controlling pulsatile GnRH release in female mammals including rodents (58, 89, 91) and ruminants (13, 46, 121, 122). However, no direct evidence proving the role of KNDy neurons as the GnRH pulse generator had been provided yet because gene-modified mice and rats lack Kiss1 expression in both two populations of hypothalamic kisspeptin neurons as well as extra-hypothalamic and peripheral kisspeptin-producing cells. For example, we previously generated global Kiss1 knockout rats to demonstrate the indispensable role of kisspeptin in both pulsatile and surge-mode GnRH/gonadotropin release (58). The global Kiss1 knockout rats clearly reproduced the hypogonadal phenotypes of human and mouse models carrying KISS1/Kiss1 or GPR54/Gpr54 mutations such as pubertal failure and atrophic gonads in both sexes. Importantly, the Kiss1 knockout rats exhibited a complete suppression of pulsatile LH release even after gonadectomy in both sexes, suggesting that kisspeptin neurons serve as the GnRH pulse generation in both sexes. In addition, global Kiss1 knockout female rats exhibited no LH surge when animals were treated with preovulatory levels of estradiol-17β.

To prove that KNDy neurons serve as the GnRH pulse generator, we rescued KNDy neurons by infecting viral vectors expressing Kiss1 mRNA targeted into the ARC Tac3-expressing neurons in global Kiss1 knockout female rats (123). Pulsatile LH release was recovered in KNDy-rescued rats in which 20-50% ARC Tac3-expressing neurons exhibited Kiss1 expression. The profiles of LH pulses are largely dependent on the rescue rates of KNDy neurons, indicating that the rescue of KNDy neurons, but not Kiss1 transfection outside of ARC Tac3-expressing neurons, could recover LH pulses in global Kiss1 knockout female rats. Further, rescuing KNDy neurons could recover folliculogenesis, but not ovulation, suggesting that KNDy neurons are largely responsible for GnRH/LH pulse generation but not surge generation. To confirm the notion obtained by the KNDy rescue experiment, we evaluated the effect of conditional ARC Kiss1 knockout on GnRH pulse generation in newly generated Kiss1-floxed rats. By using the Cre-loxP system, we engineered conditional ARC Kiss1 knockout rats (123). Pulsatile LH release was completely suppressed in conditional ARC Kiss1 knockout female rats in which >90% Kiss1-expressing cells disappeared in the ARC.

The finding that 20% of KNDy neurons are enough to maintain GnRH pulses and folliculogenesis in the rat suggests the functional redundancy of the KNDy neuronal population. The notion of redundancy is also supported by a previous study showing that gene-modified mice bearing <5% Kiss1 expression still exhibited puberty and fertility in both sexes (124). To date, little is known the functional redundancy of the KNDy neurons in non-rodent mammalian species.

It should be noted that the previous immunohistochemical studies showed co-localization of NK3 receptor in a number of GnRH fibers in rats (125) and κ-opioid receptor in a majority of GnRH cell bodies in rats and ewes (118, 126). These findings imply that neurokinin B and dynorphin A may also directly acts on GnRH neurons to control GnRH release. Nevertheless, it is unlikely that neurokinin B and/or dynorphin A derived from KNDy neurons directly act on GnRH neurons to participate in GnRH pulse generation. This is because plasma LH/FSH levels were undetectable in global Kiss1 knockout rats (58), in which Tac3 and Pdyn gene were abundantly expressed in the ARC as shown in wild-type female rats. Further, Kiss1 rescue into the ARC Tac3-expressing cells but not out of the Tac3-expressing cells rescued LH pulses in the global Kiss1 knockout female rats (123). These findings indicate that ARC neurokinin B/dynorphin A neurons without Kiss1 could not drive GnRH/LH pulse generation. In this context, non-KNDy neurokinin B or dynorphin A neurons may directly project GnRH neurons and control/modulate GnRH and consequent gonadotropin release. Supportedly, our recent study suggested that the dynorphin neurons derived from the hypothalamic paraventricular nucleus mediate glucoprivic suppression of LH pulses (117).



Conclusions, Unanswered Questions, and Future Aspects

Kisspeptin discovery in the early 2000s and its subsequent studies have provided a breakthrough in our understanding of the brain mechanism underlying reproduction in mammals along with the rediscovery of the critical roles of neurokinin B, a tachykinin, and dynorphin A, an endogenous opioid peptide. We now postulate that KNDy neurons act as an intrinsic source of the GnRH pulse generator, in which neurokinin B serves as a stimulatory signal, dynorphin A serves as an inhibitory signal, and kisspeptin serve as an output signal of KNDy neurons that drive GnRH release from the GnRH neurons. There are, however, still some unanswered questions. For example, there are reportedly species differences in neurokinin B signaling in KNDy neurons: The NK3 receptor antagonist SB223412 potently inhibited gonadotropin and testosterone release in male dogs (127), on the other hand, CS-003, a triple tachykinin receptor antagonist, was needed to inhibit LH secretion in male and female rats (128). Similarly, electrophysiology revealed that three tachykinin receptors were needed to be antagonized to prevent the stimulatory action of NKB on male mouse KNDy neurons in vitro (102). There are also species differences in terms of the co-expressing rates of dynorphin A and κ-opioid receptors in KNDy neurons as described above. Further, the sex differences in the number of ARC kisspeptin/neurokinin B neurons were reported in humans: males have fewer kisspeptin- and neurokinin B-positive cells in the ARC than females (111, 129). The sex differences could be caused by feedback from different endogenous steroids in gonad-intact human subjects as reviewed elsewhere (122, 130). Indeed, previous studies showed the increases in KISS1 and TAC3 expression in the ARC of postmenopausal women compared to premenopausal women (84, 104). Further studies are warranted on how neurokinin B and dynorphin A orchestrate the synchronized activity of KNDy neurons and GnRH pulses in mammals and the significance behind the species and sex differences to contribute to future therapeutic approaches in both humans and domestic animals suffering from reproductive disorders.
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Background

Nesfatin-1 is an 82-amino acid polypeptide, cleaved from the 396-amino acid precursor protein nucleobindin-2 (NUCB2) and discovered in 2006 in the rat hypothalamus. In contrast to the growing body of evidence for the pleiotropic effects of the peptide, the receptor mediating these effects and the exact signaling cascades remain still unknown.



Methods

This systematic review was conducted using a search in the Embase, PubMed, and Web of Science databases. The keywords “nesfatin-1” combined with “receptor”, “signaling”, “distribution”, “pathway”, g- protein coupled receptor”, and “binding” were used to identify all relevant articles reporting about potential nesfatin-1 signaling and the assumed mediation via a Gi protein-coupled receptor.



Results

Finally, 1,147 articles were found, of which 1,077 were excluded in several steps of screening, 70 articles were included in this systematic review. Inclusion criteria were studies investigating nesfatin-1’s putative receptor or signaling cascade, observational preclinical and clinical studies, experimental studies, registry-based studies, cohort studies, population-based studies, and studies in English language. After screening for eligibility, the studies were assigned to the following subtopics and discussed regarding intracellular signaling of nesfatin-1 including the potential receptor mediating these effects and downstream signaling of the peptide.



Conclusion

The present review sheds light on the various effects of nesfatin-1 by influencing several intracellular signaling pathways and downstream cascades, including the peptide’s influence on various hormones and their receptors. These data point towards mediation via a Gi protein-coupled receptor. Nonetheless, the identification of the nesfatin-1 receptor will enable us to better investigate the exact mediating mechanisms underlying the different effects of the peptide along with the development of agonists and antagonists.





Keywords: gut-brain axis, food intake, NUCB2, nucleobindin-2, stress, nesfatin-1



1 Introduction

Since the discovery of nesfatin-1 in 2006 in the rat hypothalamus (1), there has been a vast amount of research to further explore the pleiotropic physiological functions of this peptide. Nesfatin-1 is an 82-amino acid polypeptide generated via post-translational processing of hypothalamic nucleobindin-2 (NUCB2), a protein of 396 amino acids, whose sequence is highly conserved from fish to mammals (2) pointing towards its physiological relevance. The peptide is predominantly localized in food intake-regulatory nuclei e.g., the arcuate nucleus (Arc), the paraventricular nucleus (PVN) and the nucleus of the solitary tract (3, 4). Accordingly, the peptide became first known for its anorexigenic effects; however, subsequent studies unraveled its many other properties, such as cardiovascular effects, lipid metabolism, reproduction functions, and emotion- related functions (5–7). Subsequently, the peptides’ central part, nesfatin-130-59, which has been identified as the active core of the peptide, was reported to reduce food intake after intracerebroventricular (icv) injection in mice (8, 9) and in rats (10).

However, multiple studies have indicated that nesfatin-1 is also secreted by peripheral tissues such as adipose tissue, gastric mucosa, pancreatic endocrine beta cells and testes and its expression level was found to be 20 times higher in endocrine cells of the oxyntic gastric mucosa than in the brain (11–13).

Numerous studies have reported multifunctional effects of nesfatin-1: peripheral nesfatin-1 affects glucose homeostasis (14) and shows anti-apoptotic and anti-inflammatory effects (15). In addition, peripherally administered nesfatin-1 induces vasoconstriction and elevates blood pressure (16), and moreover decreases antral and duodenal motility (17) and reduces gastric emptying (18). Taken together, the role of nesfatin-1 goes far beyond its initially observed function as a negative modulator of food intake.

In contrast to the growing body of evidence of the pleiotropic peptide’s effects, the receptor mediating these effects is still largely unknown. Although several studies suggest that the peptide activates extracellular and intracellular regulatory pathways involving multiple putative binding sites (19), a specific nesfatin-1 receptor has not yet been identified. Therefore, the present paper was designed to systematically review the findings about nesfatin-1 signaling, especially by focusing on its potential receptor. This systematic review will discuss the state of knowledge on nesfatin-1 signaling, the putative mediation via a Gi protein-coupled receptor and highlight respective direct and indirect evidence. Lastly, gaps in knowledge will be highlighted to encourage further research hopefully leading to the identification of the nesfatin-1 receptor.



2 Methods

We followed the preferred reporting items for systematic reviews and meta-analyses (PRISMA) (20) to report the results of this review.


2.1 Search Strategy

This article is a systematic review; articles related to the topic, were searched, collected, and screened. Articles released from the earliest day of publication to the day the search was performed were included. The search was conducted on November 22nd in 2020. We searched Embase, PubMed and Web of Science using the following keywords: “nesfatin-1” combined with “receptor”, “signaling”, “distribution”, “pathway”, G-protein coupled receptor”, and “binding” (Table 1). All studies that contained material applicable to the topic were considered. We investigated the reference lists of the included studies to find other potential articles for inclusion. Local experts in the field were consulted for additional studies. Retrieved manuscripts were extracted using a standardized collection tool. Gray literature was not considered due to lack of essential information usually affecting this type of research. There was no date (all studies until November 2020) or species restriction in the search, but the search was limited to texts in English.


Table 1 | The search strategy of this review.





2.2 Inclusion and Exclusion Criteria

The inclusion criteria were as follows: (1) observational preclinical and clinical studies, experimental studies, registry-based studies, cohort studies, population-based studies; (2) Studies that were written in English (3) Studies investigating nesfatin-1 putative receptor or signaling cascade.

The exclusion criteria were as follows: (1) Review articles, surveys, case reports, comments, letters, conference abstracts or posters, and economic evaluation; (2) Studies for which abstracts or full-text articles were not available; (3) Studies that were not available in English; (4) Studies with absence of outcome data.



2.3 Study Selection and Data Extraction

One reviewer screened all titles and abstracts retrieved from the electronic searches to identify potentially eligible articles. Full texts of the potentially eligible articles were retrieved. Two reviewers (S.R. and E.W.) screened all full text articles and potentially eligible or unclear full-text articles, determined whether they were eligible or not eligible and recorded the reason for exclusion. Any disagreements between both reviewers were resolved through discussion.

The quality of the studies included in this review was assessed with respect to risk of bias within individual and across studies by thoroughly evaluating the study designs, selection of population/species, methodological procedures applied as well as presentation of the results. Following a full-text review of the eligible studies, one reviewer (E.W.) extracted the relevant data. From each included study the following information was extracted: first author of the publication, year of publication, title, population/species, size of the respective population/species, study type, research question/purpose, and key findings (Table 2).


Table 2 | Main findings of articles (in alphabetical order) included and discussed in this systematic review.









3 Results

1,147 articles were identified after searching the databases using the keywords mentioned above. Reviews, surveys, case reports, comments, letters, conference abstracts or posters, as well as economic evaluation and non-English language studies or studies with no full text available, and duplicates were excluded. This deceased the number to 425 articles. Next, title and abstract were screened and studies which deviated from the main topic were excluded; thus, 128 studies required full-text screening. Here, studies not related to the review topic were excluded. Ultimately, 70 articles were selected for this systematic review. The PRISMA flow diagram schematically depicts the article selection process (Figure 1). Table 2 shows the main results of these articles.




Figure 1 | Flowchart for article screening and selection.




3.1 Quality Assessment

The current review consists of observational preclinical and clinical studies or experimental studies, assuming a risk for bias. There are several issues that may contribute to limited comparability between studies and thus limited transferability of study results in general. First, the studies included different species or population, which may lead to limited comparability. Second, the respective study populations differed in sample size, while the study methods, treatments and observation periods used were also very heterogeneous. Furthermore, we only reviewed the abstracts and full texts published in English. Studies in other languages have not been included. Additionally, we searched only three databases for potentially eligible studies. Taken together, bias cannot be ruled out for the studies included in this systematic review; thus, these limitations should be kept in mind when interpreting the results discussed here.




4 Discussion

The aim of this systematic review was to identify and summarize the state of knowledge on signaling cascades of nesfatin-1 and to shed light on the peptide’s potential receptor. Nesfatin-1 affects multiple sites in the organism and elicits a variety of intracellular effects, which accounts for the pleiotropic nature of this peptide. The multiple intracellular signaling cascades triggered by nesfatin-1 (Figure 2) only reinforce the multifaceted nature of this peptide and highlight that it may be of great importance to understand the exact cascades by further investigating the particular type and localization of the potential receptor in the future.




Figure 2 |  Putative intracellular signaling cascades initiated by the binding of nesfatin-1 to its receptor.




4.1 Intracellular Signaling and Potential Receptor

By using autoradiography binding of radiolabeled nesfatin-1 in the gastric mucosa of corpus and antrum, in duodenum, jejunum and ileum and centrally in the cortex, paraventricular nucleus of the hypothalamus, area postrema, dorsal motor nucleus of the vagus nerve and cerebellum was shown, giving rise to respective expression sited of the receptor (62). Since nesfatin-1 is known to be able to cross the blood-brain barrier, peripheral nesfatin-1 might access and then bind to these central receptors (87). In addition, NUCB2/Nesfatin-1 was found to be widely distributed in the central nervous system of mice (88) and rats (3, 89).


4.1.1 AMPK Signaling Pathway

Converging evidence points towards a mediation of nesfatin-1’s effects via a G-protein coupled receptor: Previous results suggest the presence of a nesfatin-1 receptor in hepatocytes whose activation stimulates the phosphorylation of AMPK, reducing hepatic lipid accumulation. These alterations were associated with a significant attenuation of peroxisome proliferator-activated receptor γ (PPARγ) and sterol-regulatory element-binding protein-1 (SREBP1), which are known lipogenesis-related transcription factors (79). Furthermore, in diabetic mice low-dose injection of nesfatin-1 also regulated fatty acid metabolism via activation of an AMPK-ACC pathway (30). The assumption of an influence of nesfatin-1 on AMPK signaling cascades is consistent with recent findings, highlighting that nesfatin-1/NUCB2 enhances invasion, migration, and mesenchymal phenotype in colon cancer via liver kinase B1 (LKB1)/AMPK/target of rapamycin kinase complex I (TORC1)/ZEB1 signaling pathways (44). In line with this, it was further shown that nesfatin-1 suppresses peripheral artery remodeling likely by increasing NO production and LKB1-mediated activation of AMPK in vascular endothelial cells in mice (54). However, in the testis of mice nesfatin-1-induces an increase in G protein-coupled receptor 54 (GPR-54) accompanied by increases in PCNA, Bcl2, androgen receptor (AR), GLUT8, insulin receptor and gonadotropin-releasing hormone receptor (GnRH-R) (64, 65). In addition, a potential role of protein kinase B (AKT) as a signaling mechanism for nesfatin-1-induced glucose uptake and activation of the AMP-activated protein kinase (AMPK)/extracellular signal-regulated kinase 1/2 (ERK1/2) system was found through which nesfatin-1 enhances insulin sensitivity in the testis of mice (64, 66). Supporting these findings, icv injection of nesfatin-1 increased peripheral and hepatic insulin sensitivity by decreasing gluconeogenesis and promoting peripheral glucose uptake through the AMPK/AKT/TORC2 pathway (78).



4.1.2 MAPK Signaling Pathway

Furthermore, previous results assumed the presence of a nesfatin-1-specific-receptor, likely a Gi/o protein-coupled receptor, on the cell surface of a murine neuroblastoma cell line (NB41A3 cells) and mouse hypothalamus. Here, binding of nesfatin-1 activates the cAMP-response reporter (CRE) and further phosphorylates CREB in these cells by utilizing Ca2+ influx and/or the MAPK signaling pathway (40). Other studies also point to a crucial role of nesfatin-1 in the ERK/MAPK/mechanistic Target of Rapamycin (mTOR) signaling pathway by upregulating endothelial NO synthase (eNOS) levels in human gastrointestinal smooth muscle cells (HGSMC). Here, nesfatin-1 increases pro-apoptotic factors p53 and Fas, thereby accelerating apoptosis in HGSMC. Furthermore, nesfatin-1 led to reduced expression of ERK1/2, p38, MAPK and mTOR in HGSMC (68). Moreover, in adrenocortical cells nesfatin-1 increases apoptosis by involving ERK1/2, p38, c-Jun N-terminal kinase 1/2 (JNK1/2) signaling pathways, Bcl-2-associated X protein (Bax), B-cell lymphoma-extra-large (BCL-XL), and Bcl-2 genes (63). In accordance, nesfatin-1 decreased apoptosis rate in rat chondrocytes also through the Bax/Bcl-2 signaling pathway and further through suppressing both NF-κB and MAPK signaling pathways (43). Furthermore, it was found that nesfatin-1 ameliorates levels of human gene for type H procollagen (CoI2a1) while it decreases the IL-1beta induced expression of matrix metalloproteinases (MMP), a disintegrin and metalloproteinase with thrombospondin motifs 5 (ADAMTS5), cyclooxygenase 2 (COX-2), caspase-3, nitric oxide (NO), inducible nitric oxide synthase (iNOS), prostaglandin E2 (PGE2), and interleukin-6. The nesfatin-1-induced decrease of caspase-3 activity was also detected in the hippocampus accompanied by fewer ionized calcium binding adaptor molecule 1 (Iba-1)-positive cells (32). Interestingly, consecutive intraperitoneal (ip) administration of nesfatin-1 for three weeks decreases brain-derived neurotrophic factor (BDNF) and phosphorylated-ERK levels in the hippocampus and prefrontal cortex (PFC), thereby downregulating the ERK signaling pathway (37). In accordance, it was demonstrated that nesfatin-1 protects dopaminergic neurons from 1-Methyl-4-phenylpyridinium (MPP+)- and 1-Methyl-4-phenyl-1,2,3,6-tetrahydropyridin (MPTP)-induced neurotoxicity both in vivo and in vitro, probably via activation of the C-Raf/ERK1/2 signaling cascade (67). Regarding nesfatin-1’s influence on the ERK signaling cascade, it was further found that the peptide regulates the autonomic nervous system through ERK signaling in corticotropin-releasing factor (CRF) positive neurons in the paraventricular nucleus (PVN). Precisely, central nesfatin-1 administration stimulated MAPK activity thereby enhancing ERK1/2 phosphorylation in CRF neurons of the PVN (69). Consistent with these findings, also in human neuroblastoma SH-SY5Y cells, it was observed that the stimulatory effects of nesfatin-1 on synapsin I expression are mediated by CRF1 through the cAMP/MAPK/ERK pathway (29).



4.1.3 CRF Signaling Pathway

Regarding nesfatin-1’s influence on CRF signaling pathways, gastric distension (GD)-responsive neurons were found in ventromedial hypothalamic nucleus (VMH), whose firing rate was altered by nesfatin-1, most likely through interactions with CRF signaling pathways (35). This hypothesis was strengthened by the observed association of nesfatin-1 and irritable bowel syndrome-like visceral hypersensitivity that is also mediated, at least in part, by CRF/CRF1 signaling pathways in the brain (42). In consistence with these findings, it was reported that nesfatin-1 reduced dark-phase food intake via CRF pathways (18). Furthermore, in neonatal chicks nesfatin-1 used CRF1/CRF2 as well as histamine (H)1 and H3 receptors to mediate its anorexigenic effect. Interestingly, co-injection of nesfatin-1 and chlorpheniramine (H1 antagonist) blunted nesfatin-1-induced hypophagia, while co-administration with thioperamide (H3 antagonist) reinforced the hypophagic effect of nesfatin-1. This divergence in the effects of H1 and H3 receptors can be explained by the fact that H1 is a postsynaptic receptor, while H3 is a presynaptic autoreceptor, leading to the hypothesis that H1 and H3 play a different regulatory role in the feeding behavior influenced by nesfatin-1 (39).



4.1.4 Melanocortin Signaling Pathway

Using the melanocortin signaling pathway, nesfatin-1 was found to alter firing rates of GD-responsive neurons in the VMH (36), baso-medial amygdala (BMA) (77), arcuate nucleus (49) and central nucleus of the amygdala (73). Also, by involving the melanocortin system nesfatin-1 alters the excitability of glucose sensitive neurons in the lateral parabrachial nucleus (LPBN) and increases the level of uncoupling protein (UCP) expression in brown adipose tissue (BAT) (82). In accordance, it was assumed that nesfatin-1-induced satiety is associated with leptin-independent melanocortin signaling in the hypothalamus (1). This hypothesis was strengthened by a study showing that hypothalamic nesfatin-1 regulates feeding behavior through the MC3/4-ERK signaling pathway. Interestingly, in this study, hypothalamic nesfatin-1 mediates its effects via MC3/4, while not altering expression of MC3/4 (84). Furthermore, through activation of the melanocortin system icv nesfatin-1 treatment increases dry heat loss, interscapular (i) BAT and tail temperature. Moreover, nesfatin-1 administration upregulated the expression of POMC and MC3 mRNA in the hypothalamus along with an elevation of iodothyronine deiodinase 2 (Dio2), UCP1 and PPARγ-1 alpha mRNA in the iBAT (31). Furthermore, the nesfatin-1-induced elevation in the mRNA expression of the cAMP-responsive gene Dio2 strengthens the hypothesis of an activation of the β-adrenergic/cAMP signaling pathway, which is in line with other findings emphasizing the established role of nesfatin-1 in sympathetic nerve activity by activating the central melanocortin system (70). On the other hand, only the midsegment of nesfatin-1 proves effective and leads to a higher activation of c-Fos in the brainstem nucleus of the solitary tract (NTS). Furthermore, administration of the middle segment of nesfatin-1 results in an increase in the expression of proopiomelanocortin (POMC), cocaine- and amphetamine-regulated transcript (CART) mRNA in the NTS (9). In adult ventricular myocytes nesfatin-1 targets MC4, sequentially coupling to the Gβγ subunits of Gi/o, leading to the subsequent activation of the novel protein kinase C (PKC) θ isoform, subsequently resulting in an inhibition of L-Type Ca2+ channels associated with a hyperpolarizing shift in the voltage-dependence of inactivation. Notable the nesfatin-1 mediated inhibition of calcium-influx was not affected by Kt-5720, a PKA antagonist indicating that the cAMP/PKA pathway is not involved in the nesfatin-1-induced L-Type Ca2+ channel response in ventricular myocytes (80). In contrast, it was observed that both nesfatin-1 and nesfatin-1-like peptide directly affect somatotrophs via binding to a GPCR containing a G-α-i subunit and utilizing the adenylyl cyclase (AC)/protein kinase A (PKA)/CREB signaling pathway subunit, thereby downregulating the synthesis of ghrelin hormone (72).



4.1.5 Ion Currents

However, in cardiac vagal neurons nesfatin-1 may increase cytosolic Ca2+ levels via a Gi/o-coupled mechanism by involving P/Q-type voltage-activated Ca2+ channels (25), while in hypothalamic neurons the peptide might mediate Ca2+ influx also via a GPCR, most likely by affecting both L- and P/Q- Ca2+ channels. Surprisingly, Ca2+ influx was significantly reduced by a PKA blocker, indicating an involvement of PKA in hypothalamic neurons (26). The effects of nesfatin-1 in sensory neurons may be mediated through the participation of a Gi/o protein coupled receptor as it is speculated that the nesfatin-1-induced Ca2+ increase may result from a Ca2+ influx from both extracellular and intracellular sources (58). Furthermore, several other studies proposed an influence of nesfatin-1 on calcium levels in various tissues: Exposure of the isolated and perfused working heart to nesfatin-1 results in positive inotropism mediated through cAMP, PKA, L-type Ca2+ channels, sarcoplasmic/endoplasmic reticulum calcium ATPase 2a (SERCA2a) pumps, ERK1/2 and phospholamban (PLN) (53). On the other hand, it was found that nesfatin-1 leads to increased expression of Atp2a2a mRNA encoding SERCA2a, while there were no changes observed in the expression of ryanodine receptor 1b (RyR1b) encoding mRNA (55). Furthermore, a different study demonstrated that nesfatin-1 induces heart failure during clinical treatments by increasing expression of the cardiac L-type Ca2+ channel a1c subunit (22). Likewise, it was shown that in mice, nesfatin-1 dose-dependently stimulates intracellular Ca2+ levels via L-type Ca2+ channels independently of PKA and phospholipase A2 (PLA2) in beta-cells under elevated plasma glucose concentration (56). One mechanism of the elevated Ca2+ influx could be an increase in membrane Na+ permeability, which depolarizes the membrane to open voltage-gated calcium channels (VDCC) (90), a mechanism used by glucagon-like peptide 1 (GLP-1) (91). Another potential explanation is an involvement of protein kinase C, which has been reported to increase glucose-stimulated Ca2+ influx through VDCC and insulin secretion (92). In contrast, another study reported that peripheral nesfatin-1 stimulates Ca2+ influx through voltage-gated N-type channels, thereby directly activating afferent vagal neurons (41). On the other hand, nesfatin-1 showed an effect on vagal neurons by mediating Ca2+ signaling through T-type channels, which are low-voltage activated channels localized in different areas of the central nervous system (75, 93, 94). The ultimate role of T-type Ca2+ channel activation in the response of vagal neurons to nesfatin-1 and the downstream target/effect of this signaling pathway remain unknown.

However, nesfatin-1 not only regulates the calcium influx via various mechanisms, but also influences the levels of other ions: More precisely, nesfatin-1 directly induces an inhibition of the voltage-dependent potassium (Kv) current by directly binding to Kv2.1 channels to exert its effect on pancreatic beta cells, as these Kv channels have been identified as the major contributors to Kv currents in these cells. Since nesfatin-1 is localized in beta cells, it has been hypothesized that nesfatin-1 may affect beta cell function in an autocrine/paracrine manner (51). Another finding assumes that nesfatin-1 activates KATP channels, thereby inhibiting orexigenic neuropeptide Y (NPY) neurons of the arcuate nucleus and consequently leading to satiety (61).



4.1.6 NO-cGMP System

Interestingly, nesfatin-1 also targets the NO-cGMP system; again, the particular receptor(s) is/are still unknown and require further research: In atrial tissue nesfatin-1 might increase the sensitivity of smooth muscle to cGMP-mediated relaxing mechanisms rather than increasing the NO levels. Interestingly, these positive chronotropic effects in the atrial tissue were independent of the β1-adrenergic receptor (24). On the other hand, nesfatin-1 also impairs the SNP-induced cGMP production, thereby inhibiting the NO donor-induced smooth muscle relaxations. Since these effects were persistent in the presence of IBMX, a phosphodiesterase (PDE) inhibitor, it can be suggested that these effects may be mediated via inhibition of soluble guanylate cyclase activity rather than activation of PDEs (16). However, other findings indicated that by recruiting guanylyl cyclase-linked receptors, namely natriuretic peptide receptor type A (NPR-A), and thereby involving the cGMP/protein kinase G pathway and ERK1/2, nesfatin-1 mediates negative inotropic and lusitropic effects in rats. Since the use of pertussistoxin did not inhibit the effects of nesfatin-1, the hypothesis that nesfatin-1 binds to a Gi/o cannot be confirmed by these observations (21).



4.1.7 AKT Signaling Pathway

Also involved in multiple aspects of the effects of nesfatin-1 is the AKT signaling pathway: In the myocardium of mice with myocardial infection, nesfatin-1 increases expressions of phosphorylated-AKT/AKT and phosphorylated-glycogen synthase kinase 3 beta (GSK-3β)/GSK-3β, thereby protecting cardiac tissue (71). Other findings indicate that overexpression of nesfatin-1 in human trophoblasts influences the expression of phosphoinositide-3-kinase (PI3K)/AKT/mTOR and AKT/GSK3β pathway, contributing to trophoblast dysfunction simultaneously suppressing oxidative stress by reducing reactive oxygen species (ROS), malondialdehyde (MDA), and superoxide dismutase (SOD) levels (48). Furthermore, in vascular smoot muscle cells (VSMC) nesfatin-1 modulates the crosstalk between PI3K/AKT/mTOR and Janus kinase 2 (JAK2)/STAT3 signaling, leading to hypertension and vascular remodeling (50). Nesfatin-1 also dose-dependently increased MMP-2 and MMP-9 levels, while it decreased PPARγ gene expression in VSMCS contributing to vascular remodeling and neointimal hyperplasia (83). Regarding STAT3 signaling, hypothalamic nesfatin-1 in rats activates the mTOR-STAT3 pathway, thereby regulating glucose homeostasis and hepatic insulin sensitivity (74). Moreover, studies involving HL-1 cells and cardiomyocytes indicate a nesfatin-1-induced phosphorylation of ERK1/2, AKT and the substrate of AKT, AS160, thereby stimulating peripheral GLUT-4 translocation (34). These findings are in line with the results of a recent study reporting nesfatin-1 to affect glucose metabolism by affecting AKT phosphorylation and GLUT4 membrane translocation in adipose tissue, liver, and skeletal muscle (14). The specific receptor to which nesfatin-1 binds to trigger these effects is still unknown.




4.2 Colocalization With Other Peptides

Furthermore, PVN neurons in rats are directly depolarized by nesfatin-1, suggesting a mediation of these effects through the activation of a GPCR. Since PVN neurons respond to nesfatin-1 and further produce nesfatin-1, there might be potential interactions between various subgroups of PVN neurons engaged in the control of several autonomic outputs. The specificity of the effects may also arise from the co-expression of other receptors on nesfatin-1-sensitive neurons. An alternative explanation is that multiple nesfatin-1 receptors exist that are separately responsible for hyperpolarizing or depolarizing responses (60). It was shown that in the PVN, nesfatin-1 targets magnocellular and parvocellular Oxt neurons as well as nesfatin-1 neurons themselves, further stimulating Oxt release. Furthermore, the presence of nesfatin-1 specifically in the secretory vesicles of PVN neurons was found, indicating paracrine/autocrine actions of nesfatin-1 (52). On the other hand, it was suggested that the hypertensive effect of nesfatin-1 may require both activation of Oxt neurons and recruitment of CRF neurons (81). Moreover, by targeting ghrelin and Oxt receptors nesfatin-1 suppresses neutrophil infiltration and improves glutathione levels in acute pancreatitis (27) and colitis (59). Interestingly, the effects of nesfatin-1 on myeloperoxidase activity, lipid peroxidation and glutathione level were abrogated by application of melanocortin receptor antagonist. Despite previously demonstrating that nesfatin-1 utilizes the melanocortin signaling pathway for its effects on food intake, these findings indicate that nesfatin-1 may also utilize the receptors mediating its anorexigenic effect for anti-inflammatory effects (59). Since the effects of nesfatin-1 on GD- excitatory neurons and GD-inhibitory neurons in the PVN were attenuated in the presence of H4928, an Oxt receptor antagonist, it can be assumed that nesfatin-1involves Oxt receptors to modulate gastric function (38). Moreover, in goldfish nesfatin-1 inhibits ghrelin mRNA expression in the brain and vice versa, leading to the assumption of a negative feedback inhibition of endogenous ghrelin and nesfatin-1 (45). Another study indicates that peripheral nesfatin-1 most likely exerts part of its effect directly via ghrelin receptor (GHSR) signaling. Furthermore, the results here show that the effects of nesfatin-1 in mice fed a normal chow diet, such as improvement of glucose tolerance, upregulation and phosphorylation of AKT-kinase mRNA and GLUT4 membrane translocation, were dependent on the presence of GHSR. In high-fat diet (HFD) fed mice, nesfatin-1 additionally led to a raise of AKT levels in liver tissues, which is also a GHSR-dependent mechanism (33). Therefore, it is possible that nesfatin-1 acts as an endogenous inverse agonist of the GHSR and influences the structure or activity of the GHSR. Furthermore, it was found that nesfatin-1 inhibits the excitability of dopaminergic neurons in the ventral tegmental area (VTA) (28) and the substantia nigra (47), thereby decreasing dopamine release (28). In addition, nesfatin-1 signaling in the lateral hypothalamic area (LHA) or electric stimulation of the Arc modulate the activation of GD-responsive neurons, gastric motility and gastric secretion involving melanin-concentrating hormone signaling indicating the potential presence of nesfatin-1 specific receptors in these neurons (76). Recent findings also provide evidence that nesfatin-1 administered into the amygdala targets glucocorticoid and mineral corticoid receptor pathways, thereby being involved in the pathophysiology of irritable bowel syndrome (IBS)-like visceral hypersensitivity (86). Lastly, predominantly via the CCK-CCK1R signaling pathway nesfatin-1 reduces food intake in Siberia sturgeon (85).

Involving cholinergic pathways, central administration of nesfatin-1 elevates mean arterial pressure and modulates heart rate in rats. These cardiovascular effects were mediated by both nicotinic and muscarinic receptors. Considering that recent studies have shown that both muscarinic and nicotinic acetylcholine receptors interact with G-coupled proteins (95), it may be that nesfatin-1 mediates its cardiovascular effects via central muscarinic and nicotinic receptors because of its affinity to GPCRs (23).

Furthermore, it was found that central nesfatin-1 can increase peripheral sympathetic outflow and thus β-adrenergic activation, resulting in iBAT thermogenesis and body weight loss. It was demonstrated that the thermogenetic effect of nesfatin-1 mainly depends on β3-adrenergic stimulation. In addition, levels of Dio2 and cell death inducing DFFA like effector A (CIDEA) mRNA were increased in brown adipose tissue after nesfatin-1 administration, which is plausible as both are involved in regulating the thermogenic program (46). Since the direct effects of peripherally injected nesfatin-1 on vascular smooth muscle were attenuated by pretreatment with propranolol, an involvement of the β-adrenergic system can also be suspected here (57).



4.3 Implications for Future Research

The described various distribution of the nesfatin-1 receptor further supports the assumption that nesfatin-1 may be involved in the regulation of various homeostatic functions, and the various signaling pathways underlying the actions of nesfatin-1 emphasize its multiple effects. The recent discoveries about the diverse effects of nesfatin-1 indicate the importance of evaluating and determining the potential use of nesfatin-1 in a therapeutic context in the future. For this reason, further research is needed to fully understand the exact cascades of the peptide and its complex interplay with other hormones.




5 Conclusion

This present review highlights nesfatin-1 as a pleotropic peptide that acts at multiple levels in the organism, thereby eliciting a wide variety of effects. As diverse as the effects of the peptide, so are the intracellular signaling pathways and downstream effects summarized here, including the influence of nesfatin-1 on various hormones and their receptors. The identification of the so far unknown nesfatin-1 receptor will represent a major leap forward in our understanding of the physiology of nesfatin-1 and will allow us to better investigate the precise mechanisms underlying the many different effects of the peptide. Further research is needed so we might be able to consider a therapeutic use of nesfatin-1 in the future.
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Gonadotropin-inhibitory hormone (GnIH) was first discovered in the Japanese quail, and peptides with a C-terminal LPXRFamide sequence, the signature protein structure defining GnIH orthologs, are well conserved across vertebrate species, including fish, reptiles, amphibians, avians, and mammals. In the mammalian brain, three RFamide-related proteins (RFRP-1, RFRP-2, RFRP-3 = GnIH) have been identified as orthologs to the avian GnIH. GnIH is found primarily in the hypothalamus of all vertebrate species, while its receptors are distributed throughout the brain including the hypothalamus and the pituitary. The primary role of GnIH as an inhibitor of gonadotropin-releasing hormone (GnRH) and pituitary gonadotropin release is well conserved in mammalian and non-mammalian species. Circadian rhythmicity of GnIH, regulated by light and seasons, can influence reproductive activity, mating behavior, aggressive behavior, and feeding behavior. There is a potential link between circadian rhythms of GnIH, anxiety-like behavior, sleep, stress, and infertility. Therefore, in this review, we highlight the functions of GnIH in biological rhythms, social behaviors, and reproductive and non-reproductive activities across a variety of mammalian and non-mammalian vertebrate species.
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1 Introduction

Pituitary gonadotropins, stimulated by gonadotropin-releasing hormone (GnRH), did not have any known inhibitory hormone until the discovery of a novel RFamide neuropeptide [RFamide-related protein (RFRP)] in birds (1). Encoded by the npvf (neuropeptide VF) gene, RFRP dodecapeptide is also known as gonadotropin-inhibitory hormone (GnIH) because of its inhibitory effect on GnRH and gonadotropin release, shown for the first time in the Japanese quail Coturnix japonica (1). In the two decades since its discovery, GnIH has been identified in several mammalian (2–5) and non-mammalian species (4, 6). In general, GnIH and its orthologs perform similar functions across species, which is to regulate reproduction via the inhibition of GnRH-mediated gonadotropin release.

Three different RFamide-related proteins, RFRP-1, RFRP-2, and RFRP-3, orthologous to avian GnIH, have been identified from the mammalian brain; these proteins are cleaved from the propeptide NPVF (NPVF precursor) coded by the npvf gene (7). Among these mammalian GnIH orthologs, RFRP-1 and RFRP-3 contain the LPXRFa sequence, which is lacking in RFRP-2 (8). Subsequent studies have shown that the sequence previously considered to be the C-terminus of RFRP-2 is actually a part of the N-terminus of RFRP-3 (3, 9, 10), which means that RFRP-1 and RFRP-3 are the only orthologous GnIHs present in mammalian species (ovine, bovine, rodents, and primates). RFRP-3 has been shown to inhibit the synthesis and release of mammalian gonadotropin, demonstrating similar function and structural similarity to GnIH (5, 11, 12). In this review, GnIH and RFRP-3 will be used interchangeably, with RFRP-3 being used in particular when discussing the mammalian variant of the peptide.

From an evolutionary standpoint, peptides with a similar or homologous structure to GnIH have been isolated and identified in teleosts, birds, amphibians, reptiles, and mammalian species (12, 13). In each of these peptides, a similar C-terminal LPXRFamide (X = L or Q) sequence is observed, indicating evolutionary conservation of the amino acid motif within mammalian and non-mammalian vertebrates (14). While this suggests that LPXRFamides share a common trait in regulating pituitary functions and inhibiting GnRH, they have also diversified in their hypophysiotropic activities, particularly in non-mammalian vertebrates (15).

Internal factors such as sex steroids and external factors such as stress can regulate GnIH, which in turn may positively or negatively impact reproduction. GnIH-regulated gonadotropins [luteinizing hormone (LH) and follicle-stimulating hormone (FSH)] can also have an impact on GnIH itself—LH can decrease RFRP neuronal activity during the LH surge (16).

GnRH neurons are directly regulated by estrogen via estrogen receptor-β (ER- β) in mice (16–21), female hamster RFRP neurons express estrogen receptor-α (ER-α) (22), and estradiol-17β treatment decreases c-Fos activity in enhanced green fluorescent protein (EGFP)–GnIH neurons (23) in rats. The presence of estrogen receptors on GnIH neurons indicates that the GnIH system may also mediate reproductive activity via participation in the negative feedback loop of estrogen–GnRH.

More recently, in vitro hypothalamic GnIH neurons have been demonstrated to express glucocorticoid receptors (24), and Son et al. (25) have identified glucocorticoid responsive elements in the promoter region of the rat npvf gene that are receptive to corticosterone as well as corticosterone-stimulated recruitment of glucocorticoid receptors. These discoveries describe a molecular mechanism for the regulation of the GnIH system under stress that involves direct action by glucocorticoids. Another factor that controls GnIH is circadian rhythmicity. The cyclic nature of reproductive rhythms (26–31) suggests GnIH, being a reproductive molecule, changes in a seasonal and cyclic manner.

In this review, we highlight the functions of GnIH in reproductive rhythms, behaviors, and non-reproductive activities across a variety of mammalian and non-mammalian vertebrate species.



2 Distribution

To date, very few studies have been conducted on the localization, function, and binding of RFRP-1 and RFRP-2 independently of RFRP-3. In rodents, the distribution of RFRP-1 is highest in the hypothalamus, followed by the thalamus, midbrain, and optic nerve, with trace amounts in the hippocampus (3). GnIH peptides have been reported in the hypothalamus of various vertebrates across multiple species—bovine, rodent, avian, amphibians, and fish (32). Distribution studies for GnIH are extensive and have been covered in many reviews (14, 33, 34); as such, this paper will briefly summarize the results of those findings, with a major focus on fish, avians, and mammals.

In fish, GnIH mRNA is primarily localized in the nucleus posterioris periventricularis (NPPv) in the hypothalamus of goldfish (4), sockeye salmon (35), Indian major carp (36), and the tilapia (37). GnIH-immunoreactive fibers have been shown in the olfactory bulb, pituitary, and spinal cord (4, 35, 36). In the avians, GnIH is primarily found in the paraventricular nucleus (PVN) of the hypothalamus and GnIH fibers are seen in the median eminence and the diencephalic and mesencephalic regions (1, 12, 38).

GnIH neurons in rodents are located in highest density particularly within the compact dorsal and ventral regions of the dorsomedial nucleus of the hypothalamus (DMH) (22, 23). Numerous GnIH-immunoreactive fibers project into the hypothalamic and limbic structures, the diencephalic and mesencephalic regions, and come into close apposition with GnRH neurons (22, 39). In ovine species like the sheep, GnIH neuronal population is disperse throughout the DMH, PVN, and the medio-basal hypothalamus (2). In particular, GnIH cell bodies are observed in high density in the DMH, with their terminals projecting to the internal layer of the median eminence and to several midbrain regions including the diagonal band of Broca, preoptic area (POA), and the anterior pituitary (40). In general, GnIH is found in different parts of the brain depending on the species, though its presence in the hypothalamus and pituitary is common across mammals, avians, and fish (Table 1). The prominence of GnIH in the hypothalamus contributes to majority of its functions such as reproduction, feeding, anxiety, and social behaviour (Figure 2).


Table 1 | Distribution of GnIH, GnIH-ir fibers, and GPR147 in various central and peripheral tissues.





3 Receptor Binding and Mechanism of Action


3.1 Specific Binding of GnIH to GPR147

G protein-coupled receptors (GPCRs) for GnIH were first identified by Hinuma et al. (7) where they found a cDNA that encoded a GPCR that responded to RFRP-1 and RFRP-3. The seven transmembrane receptor was named OTGT022 that corresponds to GPR147 (7). Bonini et al. (45), while investigating receptors for neuropeptide FF-amide (NPFF), a neuropeptide with a C-terminal PQRFa motif, discovered two GPCRs that interacted with NPFF, namely, NPFF1 (essentially GPR147) and NPFF2 (essentially GPR74) (45, 46). NPFFs bind to GPR74 with higher affinity in both COS-7 and HEK293 cell lines (45), indicating a possible difference in binding affinity between RFRP and NPFF with GPR147 and GPR74, respectively. RFRPs have about 100 times higher binding affinity for GPR147 than NPFFs, while NPFFs have about 10 times higher binding affinity to GPR74 than RFRPs (46–49).

Yin et al. (41) used a combination of 3′/5′ RACE with PCR primers based on the structure of the GPR147 from rats and cloned a cDNA encoding a GnIH receptor. They verified using a crude membrane fraction of COS-7 cell line transfected with the putative GnIH receptor cDNA that GnIH and GnIH-related peptides (GnIH-RPs) bind to GPR147 with high affinity, while non-amidated GnIH (GnIH-OH) fails to bind to GPR147 (41). Yin et al. (41) also used mammalian RFRP, chicken GnIH, GnIH-OH, and other neuropeptides lacking the C-terminal LPXRFa motif in competitive binding experiments to reveal that binding of GnIH to GPR147 relies on the critical LPXRFa C-terminal motif. In the competitive binding experiments, all GnIH orthologs successfully inhibited binding of avian GnIH, while GnIH-OH and the other neuropeptides without the C-terminal LPXRFa motif did not inhibit binding (41). The Scatchard plot analysis also showed that GPR147 had a single class of high-affinity binding sites (Kd = 0.752 nM) for GnIH and GnIH-RPs (41). Thus, it is well documented that GnIH mainly couples with GPR147.

Localization studies have shown GPR147 in brain areas such as the hypothalamus (50), pre-optic area (51), and spinal cord (52). GPR147 is also present in GnRH neurons of fish (6), avians (43), reptiles (44), amphibians (53), mammals (50), and humans (5). Furthermore, GPR147 is present in the pituitary (43) and in gonadotrophs of various non-mammalian and mammalian vertebrates. Furthermore, the expression of GPR147 has been shown in the testes (54) and ovaries (55) of many vertebrate species. These studies suggest that GnIH has a significant role in reproduction.



3.2 GnIH Mechanism of Action

GnIH receptors (GPR147) inhibit adenylate cyclase (AC) activity by coupling to Gαi protein (7), which has been shown in COS-7 cells transfected with GPR147. A decrease in Gαi mRNA levels follows RFRP exposure, suggesting that GPR147 might be coupled to Gαi (56). In another study, ovine RFRP treatment inhibited the increase in calcium levels generated by GnRH, which is essential for LH secretion (2). On the other hand, chicken GnIH treatment of GH3 cells transfected with GPR147 did not increase inositol phosphate and cAMP production, which are the main indicators for Gαs or Gαq coupling. This indicates that GPR147 does not couple to either Gαs or Gαq. Co-stimulation of GH3 cells with GnIH and forskolin (FSK) significantly reduced cAMP CRE-luciferase activity in GH3 cells, revealing that GPR147 mainly couples with Gαi to inhibit GnRH activity (57).

Son et al. (58) determined the GnIH/RFRP intracellular cell signaling pathway using a mouse gonadotrope (LβT2) cell line that exhibits all the characteristics of fully differentiated gonadotropes. FSK and GnRH-induced CRE-luciferase activity is significantly reduced by the adenylate cyclase inhibitor MDL (58). As mouse RFRP inhibits GnRH-induced increase in CRE-luciferase activity in a similar manner, this suggests that GnIH/RFRP directly inhibits GnRH-induced cAMP production (58). RFRP can also inhibit GnRH-stimulated extracellular signal-regulated kinase (ERK) phosphorylation elicited by GnRH in a mouse LBT2 cell line (58) and a mouse GnRH neuronal cell line (59). These experiments show that RFRP/GnIH specifically inhibits GnRH via the AC/cAMP/PKA pathway by coupling to Gαi, preventing the activation of ERK1/2 signaling, that is important in the transcription of gonadotropins such as LHβ (Figure 1). While GnIH has also been shown to inhibit GnRH-induced increase in intracellular calcium (2), a process associated with the exocytotic release of the gonadotropins (60, 61) from the pituitary gland, the mechanism behind this action is yet undetermined.




Figure 1 | Signaling pathway of gonadotropin-inhibitory hormone (GnIH)/RFamide-related protein (RFRP)-3 upon binding to the GPR147 GnIH receptor. Protein kinase A (PKA), extracellular signal-regulated kinase (ERK). Gonadotropin-releasing hormone (GnRH) binds to the GnRH receptor, activating Gas protein, which induces cAMP production. Upon binding to the GnIH receptor, Gai protein acts to inhibit GnRH-induced cAMP production, leading to a decrease in ERK activation. As phosphorylated ERK is involved in the transcription of the gonadotropin subunits LHβ, FSHβ, and common α, this ultimately results in downregulation of the gonadotropins that are formed, luteinizing hormone (LH) and follicle-stimulating hormone (FSH).






5 Physiological Roles

A large body of data in non-mammalian and mammalian studies suggests that GnIH is involved in reproduction, reproductive rhythms, reproductive behaviors, social behaviors, circadian rhythms, and other physiological roles like nociception (47, 62, 63), learning (64), and cardiac activity (65) (Figure 2).




Figure 2 | Physiological actions of gonadotropin-inhibitory hormone (GnIH)/RFamide-related protein (RFRP) in vertebrates. Studies of RFRP in vertebrates have determined that RFRP is involved in various physiological actions centering mainly around the hypothalamus, but not limited to that region.




5.1 Reproduction

The involvement of GnIH in reproduction has been well conserved across vertebrate species even when mammalian species are administered with avian GnIH (66). There are various conditions such as sex, the process of gonadectomy, pubertal status, and duration of photoperiods that can lead to different effects of GnIH on LH/FSH secretion. Conflicting results have been shown across different experimental designs and animal models, which are summarized in Table 2.


Table 2 | Summary of in vivo effects of GnIH/RFRP-3 injection on LH and FSH secretion.



The expression of RFRP-1 is different between adult female and male rats. While RFRP-1 neurons and immunoreactive fibers remain unchanged in male rats during puberty, an increase is seen in post-pubertal female rats, suggesting a role for RFRP-1 in the regulation of the estrous cycle (84). RFRP-1 injections to mice induce estradiol release in a dose-dependent manner, which stimulates increased steroidogenesis in the ovaries (85). However, proliferating cell nuclear antigen (PCNA), caspase-3, and cleaved poly (ADP-ribose) polymerase (PARP) expression are significantly reduced, suggesting that RFRP-1 directly acts to inhibit folliculogenesis in the ovary (85).



5.2 Biological Rhythms


5.2.1 Reproductive Rhythms

Fish: A clear example of reproductive rhythms in fish can be seen in the grass puffer fish, Takifugu niphobles. In particular, GnIH levels within the diencephalon vary, and the expression peak shifts depending on whether the fish were placed in a natural light/dark condition or in a constant dark condition (86). Melatonin has circadian expression in the diencephalon; when administered intraperitoneally to the grass puffer fish, melatonin increases the expression of GnIH, which shows the regulation of GnIH by melatonin and the circadian clock (86). A recent study observed the effect of various spectra of LED lights on reproductive hormones in goldfish brain cells including GnIH neurons (87). In this in vitro study, goldfish brain cells were exposed to red, green, and blue LED light with white fluorescent light used as control; it was found that GnIH expression was significantly lower in the cells exposed to green and blue LED light and in groups treated with melatonin (87). Furthermore, while melatonin receptors and melatonin levels were elevated at night and decreased during the day, they were expressed at relatively higher levels in groups exposed to white fluorescent and red LED light compared to groups exposed to green and blue LED light (87). Choi et al. (87) hypothesized that circadian expression of melatonin interacted with RFRP and kisspeptin, which in turn control reproductive hormone levels that induce sexual maturation in fish.

In the European sea bass (Dicentrarchus labrax), pinealectomy on males resulted in lowered expression of GnIH in the mid-hindbrain (88). GnIH and GnIH receptor expression was also significantly reduced during reproductive seasons when compared to resting seasons (88). A long-term study on the effect of temperature on sea bass development over a period of a year demonstrated the presence of circadian rhythms in the daily expression of GnIH and GnIH receptors; at early developmental stages, GnIH and GnIH receptors were more highly expressed in the day, while more mature sea bass expressed a shift to higher nocturnal levels (88).

In the cinnamon clownfish, intraperitoneal injections of GnIH increased melatonin levels in the fish, confirming that GnIH, besides its role in suppressing GnRH and sexual maturity of the clownfish, also affects melatonin production (89). This suggests that melatonin and GnIH may interact by reciprocally stimulating each other.

Avian: Photoperiod-dependent expression of GnRH and GnIH has been shown to regulate seasonal reproduction in the Eurasian tree sparrow. GnIH mRNA and GnIH-immunoreactive neurons increased significantly during the non-breeding season, and exposure to short days (SDs) induced higher GnIH expression compared to long day (LD) exposure, a change that happened regardless of the sampling month (90). In another study, sparrows were entrained to resonate with light–dark cycles, where a constant 6-h light phase was combined with a dark phase that served to vary the period of the light–dark cycles by 12-h increments (91). It was found that specific increments were interpreted by the birds’ circadian system as SD or LD. Resonance cycles that were read as LD would see testicular growth and reduction of GnIH, while resonance cycles read as SD would see significant increase in GnIH expression (91). This suggests the presence of an endogenous circadian rhythm regulating photoperiodic expression of GnIH. In other words, constant 6 h of light meant that the resonance cycle was read as SD or LD depending on whether the light was present on the photoinducible or non-photoinducible phase of the endogenous circadian cycle (91).

Mammals: Mason et al. (92) found that Syrian male hamsters that were exposed to SD photoperiods exhibited decreased GnIH immunoreactivity and mRNA expression in comparison to those exposed to LD photoperiods. DMH containing GnIH neurons may serve as a mediator for melatonin action to control gonadotropic release (93). Conversely, since the suprachiasmatic nucleus (SCN) itself is a major target for melatonin action (94), its projections to GnIH neurons in the DMH may be another possible pathway of GnIH regulation through a photoperiod-related circadian system. Ubuka et al. (95) showed lower GnIH mRNA expression in Siberian hamsters exposed to SD photoperiods compared to hamsters exposed to LD photoperiods. While GnIH has inhibitory effect in mammalian species such as rodents and humans (66), it can play a different role in seasonal reproduction. Elevated GnIH expression in LD breeders such as hamsters (96) appears to have a stimulatory effect on the reproductive axis, increasing the secretion of LH (77, 79). Increased GnIH expression during LD photoperiods is conserved across multiple mammalian species, as SD breeders such as sheep (97) and goats also exhibit elevated GnIH during LD (98). As GnIH plays an inhibitory role in SD breeders (97), this shows that while photoperiod-dependant expression of GnIH is conserved, its regulatory effect downstream has evolved differently to induce reproductive axis stimulation in LD breeders and inhibition in SD breeders.



5.2.2 Feeding Rhythms

Avian: Intracerebroventricular (ICV) injection of GnIH into Peking duck resulted in a decrease in the plasma LH concentration and an increase in the food intake in Peking duck (80, 99). Feeding behaviors were also regulated by orexigenic peptides in the hypothalamus. Neuropeptide Y (NPY) is an orixegenic peptide produced by appetite-regulating cells and is known to stimulate food intake while pro-opiomelanocortin (POMC) is a precursor protein that gives rise to peptide derivatives that are associated with satiety (100–102). Red-headed buntings demonstrate a seasonal increase in cell optical density in NPY neurons in the DMH (103). As NPY fibers have been shown to be structurally associated with GnIH neurons in the Indian weaver bird (104), any change in NPY may in turn affect GnIH expression. An example may be found in a study where adult male Albert’s Towhees songbirds were food restricted during the photo-induced reproductive development phase (105). A 4-week food restriction significantly increased NPY cell number and, at the same time, decreased GnIH perikarya area (105). The decrease in GnIH perikarya area coincided with a decrease in plasma LH (105), suggesting that the heightened activity of the NPY system increased secretion of GnIH and, subsequently, inhibition of LH. In chickens (Gallus gallus), ICV injections of GnIH elevates food intake and increases neuronal activity in the lateral hypothalamic area, along with an increase in melanin-concentrating hormone and NPY expression and a decrease in POMC expression (102). In contrast to appetite stimulation by GnIH, ICV injection of RFRP-1 in chicks reduces food and water intake (106).

Mammals: Studies on the effect of RFRP-3 infusion in mammals, particularly in mice and sheep, also saw an increase in food intake that was consistent with the results observed in birds (80). The study by Clarke et al. (80) observed the role of RFRP-3 in acting as a switch for preference between feeding and reproductive activity in sheep and rats. The clear opposition between feeding and reproductive function appears to suggest that high levels of RFRP-3 activity favors feeding over reproduction. It is possible that seasonal breeders such as sheep may exhibit reduced feeding behavior during mating seasons due to RFRP-3. On the other hand, injection of RFRP-1 into the central nucleus of the rat amygdala caused a decrease in food intake (107). As an NPFF receptor selective antagonist eliminated the effect in that same study, this demonstrated that the reduction in food intake was due to a receptor-linked effect in the amygdala (107).

Since feeding can be rhythmic in nature and is associated with GnIH regulation (80, 102) (Figure 2), the circadian nature of GnIH in the hypothalamus needs further investigation. Furthermore, as RFRP-1 inhibits appetite in contrast to RFRP-3’s stimulation of feeding behavior (80, 99, 106, 107), further differences in their other physiological activities may exist.




5.3 Reproductive Behavior

Fish: Although GnIH has been shown to play a role in reproductive function in fish (88), its influence on fish mating behavior remains unclear. While a recent study has demonstrated that the Nile tilapia experiences upregulation of GnIH due to defeat in territorial fights (108), the role of GnIH in reproductive behavior such as courting and brooding is yet unknown.

Avians: GnIH is directly responsible for the regulation of mating behavior in avians. In birds, GnIH neurons extend their projections to the periaqueductal central gray (PAG) and POA, signifying their possible role in the regulation of socio-sexual behaviors (109). Central administration of GnIH inhibits copulation in white-crowned sparrows (69). When infused directly into the brain, GnIH binds specifically to areas in the diencephalon and the midbrain where cGnRH-II-immunoreactive neurons reside (69). Since GPR147 is expressed in GnRH-II neurons, it can be speculated that GnIH suppresses sexual behaviors in birds by suppressing the activity of GnRH-II neurons (110). Silencing the GnIH-encoding npvf gene using RNA interference reduces the rest-time and increases spontaneous production of complex vocalizations and agonistic vocalizations in male and female white-crowned sparrows, which are part of mating behavior (111). Heightened vocalization (song production) in male birds in response to novel male songs is associated with an increase in locomotor activity, which suggests a greater degree of central nervous system (CNS) arousal when GnIH is inhibited (111). Furthermore, the activity of the male birds is positively correlated to the numbers of GnRH-I and GnRH-II neurons, which are in close proximity to GnIH-immunoreactive neuronal fiber terminals. This provides further evidence of inhibition of sexual arousal in white-crowned sparrows through the decrease in GnRH-I and GnRH-II neuronal activities (111). The intense RFRP-immunoreactive fiber density in the ventral tegmental area (VTA) of the female sparrows also suggests that the inhibitory role for GnIH in arousal of the CNS is not sex-limited (111).

Mammals: ICV injections of RFRP-3 induced a decrease in plasma LH and a significant inhibition of sexual behavior (39). Female Syrian hamsters treated with RFRP-3 show decreased sexual motivation and vaginal scent marking but had no effect on copulatory behaviors. An increased expression of c-Fos was induced by RFRP-3 in the medial POA, bed nucleus of the stria terminalis, and the medial amygdala, all of which are part of the circuitry for female sexual behavior (112). Chronic immobilization stress-induced elevation of GnIH in rats decreases sexual behavior (42), pregnancy rate, and embryo resorption. These negative reproductive effects can be effectively reversed by silencing RFRP-3 using sh-RNA during stress (42). The effect can also be replicated in males, as a decrease in male sexual behavior in rats was reported upon central administration of RFRP (39).




6 Social Behavior


6.1 Aggression

Avians: While there is no study directly linking GnIH to aggression in piscine species, GnIH is known to influence aggressive behavior in birds. Central administration of GnIH into male quails significantly inhibits their aggressive behavior, and GnIH RNA interference significantly increases aggression in quails (113).

Mammals: In mice, RFRP-3 neurons project to neural loci regulating aggression in addition to neuroendocrine cells controlling the production of testosterone (114). Aggressive encounters between male mice reduce RFRP/c-Fos co-localization in anteroventral periventricular kisspeptin neurons (114). As RFRP acts as a negative regulator of the reproductive axis in mice by inhibiting GnRH, lowered RFRP-3 activity results in increased reproductive axis function, which facilitates an increase in testosterone and aggressive behavior (114). Furthermore, it has been shown that consumption of a large amount of soya bean leads to the suppression of GnIH and reduces aromatase activity, which is responsible for converting testosterone into neuroestrogen, leading to increased aggression in mice (115).



6.2 Stress and Anxiety

It is known that dysfunction of the hypothalamic–pituitary–adrenal (HPA) axis dysregulates the serotonergic system (116). GnIH is closely linked to the HPA axis since GnIH neurons express glucocorticoid receptors (117), and in vitro experiments show that glucocorticoids stimulate GnIH mRNA expression (24). Stress can lead to anxiety through GnIH’s action on the serotonergic system.

Fish: In the cinnamon clownfish, cortisol treatment simulated an increase in GnIH mRNA but decreased GnRH as well as lowered circulating levels of LH and FSH (118), which suggests that glucocorticoids directly increase GnIH expression. In addition, a recent experiment on the male Nile tilapia showed that acute stress inflicted by social defeat increased GnIH mRNA levels in the NPPv and hypothalamus, as well as GPR147 mRNA in the pituitary. However, corticotropin-releasing hormone (CRH) and adrenocorticotropic hormone (ACTH) were not elevated, which suggests that GnIH may be directly affected by glucocorticoid signaling without an increase in CRH and ACTH levels (108).

Avians: Capture–handling was used to examine the role of stress in manipulating the number of GnIH neurons in the hypothalamus of adult male and female house sparrows (119). More GnIH-positive neurons were seen in the fall as opposed to during the spring, where it is the start of the breeding season. A significant increase in GnIH-positive neurons was detected in stressed birds during the spring compared to those during the fall season (119). These observations suggest that the regulation of GnIH by stress changes over the annual reproduction cycle (119). Whether the regulation of GnIH during stress is through glucocorticoid receptors expressed in GnIH neurons or indirectly through other neuropeptides remains unknown.

Mammals: Administration of RFRP-1 induces ACTH and oxytocin release in rats, facilitating an anxiogenic effect. The same effect is observed with RFRP-3, suggesting a similar function for both RFamide peptides (120). These anxiogenic effects of RFRP-1 and RFRP-3 are in stark contrast with the antidepressive effects of RFRP-1 reported in a mouse forced swim test (121). Selective serotonin reuptake inhibitor (SSRI) citalopram, an antidepressant, increases GnIH neuronal numbers in the DMH and fiber projections to the POA (122). As these brain regions are involved in reproduction, there are clear links between GnIH, the reproductive axis, and the serotonergic system (122).

In adult rodents, immobilization stress or treatment with glucocorticoid receptor agonist, dexamethasone, increases RFRP-3 protein and inhibits hypothalamic-pituitary-gonadal (HPG) activity (117, 123). On the other hand, adrenalectomy blocks the increase in RFRP-3 expression brought about by stress. Stress exposure increases c-Fos expression in GnIH neurons of the DMH, and direct administration of RFRP-3 induces anxiety-like behavior in rats (120). More recently, social isolation in rats has been shown to disrupt the expression of circadian locomotor output cycles kaput (CLOCK) protein and beta-catenin, a protein known to control the circadian system and implicated in social isolation-induced depression (124). Furthermore, responsiveness of GnIH neurons to serotonin differs in relation to beta-catenin expression levels (125). Thus, chronic stress-induced RFRP-3 expression may disrupt circadian rhythmicity via beta-catenin and the serotonergic system (Figure 3). Under chronic stress, clock genes may experience disruption (124), inducing an increase in beta-catenin while lowering neuronal activity (125). Beta-catenin is a vital part of the Wnt signaling pathway—activation of this pathway elevates phospholipase-D1 (126), which is connected with elevated inositol trisphosphate and calcium release (127, 128). This could leave the cell more sensitive to acute stress. Hypothalamic RFRP-3 cells express glucocorticoid receptors (117, 119), and glucocorticoid response elements are present in the promoter region of the rat RFRP-3 gene (24). This could contribute, in part, to the mechanism of regulation of GnIH under stressful situations.




Figure 3 | The effect of social isolation and serotonin on CLOCK expression and neuronal activity of gonadotropin-inhibitory hormone (GnIH) neurons. IP3, inositol trisphosphate; PLD1, phospholipase D1. Blue arrows indicate an increase, while red arrows indicate a decrease. Chronic stress may disrupt the expression of clock genes, inducing an increase in beta-catenin while lowering neuronal activity. The heightened levels of beta-catenin activate the Wnt pathway, which can upregulate PLD1 levels. This results in increased IP3 production, triggering a heightened calcium response under acute stress and subsequently elevating neuronal activity.






7 Sleep

Fish: Circadian influence on GnIH has been suggested for sleep. The npvf gene encoding for RFRP-1 and RFRP-3 has been associated with sleep in larval zebrafish. Overexpression of RFRP via a heat shock-inducible promoter drastically increases sleep duration for the zebrafish (129). However, when RFRP is overexpressed in the middle of the day, the sleeping pattern of the night is unchanged, suggesting that there are other circadian components that prevent sleep from occurring early (129).

In larval zebrafish, increasing the expression of either RFRP-1 or RFRP-3 via a transgene reduced locomotor activity but did not increase sleep, while overexpression of RFRP-2 significantly reduced locomotor activity and increased sleep (129). However, the greatest impact on inducing sleep was observed with the overexpression of a combination of any two of the three RFRPs, demonstrating results similar to those of the wild type (129). Furthermore, stimulation of GnIH neurons produced activity levels similar to that normally observed at night and suppressed neuronal activity throughout the brain. Lastly, suppression of GnIH neurons also promoted wakefulness in the larvae (129).

The control of sleep by GnIH functions through the serotonergic raphe nuclei, since GnIH neurons are densely innervated by serotonergic projections from the raphe nuclei in zebrafish larvae (130). Optogenetic stimulation of RFRP neurons activated serotonergic neurons in the inferior raphe, and ablations of the serotonergic neurons of the raphe nuclei caused sleep time to remain unchanged even when GnIH neurons were stimulated (130). Larval zebrafish with intact raphe nuclei continued to exhibit the increased sleep time observed in the previous study (129), which suggests that GnIH acts upstream of serotonin to modulate sleep levels and wakefulness (130).



8 Conclusion

GnIH has been isolated and sequenced in a wide range of mammalian and non-mammalian vertebrate species. RFRP-1, RFRP-2, and RFRP-3 in the mammalian brain have been identified as orthologous to the avian GnIH. In the brain, the hypothalamus is the main region where GnIH neurons are located in all vertebrate species. However, GnIH neurons are also located outside the hypothalamus in some species. GnIH binds to its GPCR, GPR147, which has a widespread distribution in the brain including GnRH neurons. GnIH regulates reproduction by inhibiting GnRH and pituitary LH and FSH levels. In addition, in most vertebrate species, GnIH also regulates aggression, sleep, mating behavior, anxiety-like behavior, feeding behavior, non-reproductive social behavior, as well as stress-related infertility. Photoperiod-dependent fluctuation in GnIH has an important role in the circadian biology of reproduction. The majority of the published studies focus on RFRP-3 and its avian ortholog GnIH. On the other hand, functions of RFRP-1 have been less explored. As there are indications of possible functional dissimilarities between RFRP-1 and RFRP-3, elucidating the functions of RFRP-1 can be a promising avenue for future studies.
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The allatostatins (ASTs), AST-A, AST-B and AST-C, have mainly been investigated in insects. They are a large group of small pleotropic alloregulatory neuropeptides that are unrelated in sequence and activate receptors of the rhodopsin G-protein coupled receptor family (GPCRs). The characteristics and functions of the homologue systems in the molluscs (Buccalin, MIP and AST-C-like), the second most diverse group of protostomes after the arthropods, and of high interest for evolutionary studies due to their less rearranged genomes remains to be explored. In the present study their evolution is deciphered in molluscs and putative functions assigned in bivalves through meta-analysis of transcriptomes and experiments. Homologues of the three arthropod AST-type peptide precursors were identified in molluscs and produce a larger number of mature peptides than in insects. The number of putative receptors were also distinct across mollusc species due to lineage and species-specific duplications. Our evolutionary analysis of the receptors identified for the first time in a mollusc, the cephalopod, GALR-like genes, which challenges the accepted paradigm that AST-AR/buccalin-Rs are the orthologues of vertebrate GALRs in protostomes. Tissue transcriptomes revealed the peptides, and their putative receptors have a widespread distribution in bivalves and in the bivalve Mytilus galloprovincialis, elements of the three peptide-receptor systems are highly abundant in the mantle an innate immune barrier tissue. Exposure of M. galloprovincialis to lipopolysaccharide or a marine pathogenic bacterium, Vibrio harveyi, provoked significant modifications in the expression of genes of the peptide precursor and receptors of the AST-C-like system in the mantle suggesting involvement in the immune response. Overall, our study reveals that homologues of the arthropod AST-systems in molluscs are potentially more complex due to the greater number of putative mature peptides and receptor genes. In bivalves they have a broad and varying tissue distribution and abundance, and the elements of the AST-C-like family may have a putative function in the immune response.
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Introduction

Molluscs are the second most diverse animal group after the insects and belong to the speciose Lophotrochozoan clade. Their success is linked to their adaptation to a wide variety of habitats, and they are found from the abysses of the sea to mud flats and even as parasites dwelling in other animals. Unlike the more popular protostome models of the nematodes and insects that have substantial genome rearrangements and gene loss (1–4), the molluscs have a more similar genome organisation and gene repertoire to deuterostomes. Their success, exquisite diversity in form and function and less rearranged genomes makes the molluscs of particular interest for evolutionary studies directed at deciphering the evolution, diversification and role of neuroendocrine factors (1, 5).

The allatostatins (AST) are a diverse group of small neuropeptides that have low sequence conservation but have overlapping functions as insect allatoregulatory peptides (6). Three AST peptide families exist and are named allatostatin A (AST-A), B (AST-B) and C (AST-C). They were first described in insects as inhibitors of the biosynthesis by the corpora allatum (CA) gland, of juvenile hormone (JH), an important regulator of arthropod development and reproduction (7–10). The ASTs are now recognized to be involved in a diversity of other activities and play a key role in arthropod physiology (8, 11) and immunity (12–14). The ASTs are best studied in insects and despite the relatively low gene sequence conservation between the AST families their function and distribution has been conserved. This provides an interesting opportunity to assess if functional constraints have shaped AST evolution in the same way across the protostomes.

The members of each AST family derive from distinct precursor proteins that are assumed to undergo proteolytic cleavage to generate multiple peptides with a similar structure and sequence. The exception is the precursor of AST-C which encodes a single peptide. AST peptides bind and activate members of the rhodopsin G-protein coupled receptor (GPCR) superfamily. AST-A and AST-C activate receptors of the rhodopsin-gamma GPCR cluster while AST-B activates receptors of the rhodopsin-beta GPCR cluster (15–17). Sequence orthologues of ASTs and of their receptors have been identified in other protostomes outside the arthropod phylum, such as the molluscs, the second most diverse protostome phylum after the arthropods. The evolution and function of the AST families in molluscs that lack a CA are at present poorly described (18–27).

AST-A was the first AST to be described and was initially isolated from the cockroach, Diploptera punctata (28, 29) and the peptides are characterized by a conserved C-terminal FGL-amide motif. In arthropods a single peptide precursor exists and it is mostly expressed in the nervous system and mid-gut (30, 31) and depending on the species encodes a differing number of peptides from 14 to 13 in Blatoidea (Periplaneta americana and Diploptera punctata) to 4 to 5 in Diptera (Drosophila melanogaster and Anopheles gambiae) (31). The regulation of JH biosynthesis by AST-A was demonstrated in cockroaches, termites and crickets and across the insects the most conserved physiological role for this peptide is regulation of food intake, inhibition of insect gut motility and regulation of digestive enzyme metabolism (30, 32–35). Recently we and others revealed that in the blood-feeding mosquitos the AST neuropeptides and GPCRs may regulate blood digestion and reproduction (31, 36). A single AST-A receptor (AST-AR) has been described in arthropods but in Diptera there are two receptor genes, that shared a common evolutionary origin with the vertebrate KISS (KISSR) and galanin (GALR) receptors (15, 31, 37, 38). In molluscs, buccalins are orthologues of insect AST-A, and were first identified and functionally described in the gastropod Aplysia californica where they regulate muscle contraction and feeding (18, 24). Currently buccalins have been reported in several molluscs where they are suggested to regulate reproduction and spawning in the Sydney rock oyster (Saccostrea glomerata) (39) and in the Mediterranean mussel (Mytilus galloprovincialis) their presence in the mantle has been linked to a role in shell formation (37).

The functions of AST-B and AST-C peptides have received much less attention. AST-B peptides are encoded by a precursor that in different species generates a variable number of small peptides. In D. melanogaster the AST-B precursor gives rise to 5 peptides but in Rhodnius prolixus 12 peptides are generated (40) and they are characterized by the presence of two conserved tryptophan residues and a C-terminal amide (WxW-amide). AST-B peptides were first isolated from the brain-corpora cardiaca-corpora allata-suboesophageal ganglion complex of the migratory locust, Locusta migratoria and were shown to inhibit hindgut and oviduct contractions, and thus were initially named myoinhibiting peptides (MIPs) (41). The allatostatic properties of AST-B/MIP peptides were only discovered after their isolation in the two-spotted cricket (Gryllus bimaculatus) (9). Subsequently other functions have been identified for AST-B/MIP including regulation of ecdysis in the silkworm (Bombyx mori) (42, 43), the circadian clock in Drosophila (D. melanogaster) (44), feeding and locomotion in the cockroach (Leucophaea maderae) (45), reproduction in the locust (Locusta migratoria) (46) and the immune response in the green mud crab (Scylla paramamosain) (14). In insects, the AST-B/MIP precursor is most commonly found in the nervous system (45, 47, 48). The functions of AST-B/MIP have also been described in other protostomes such as annelids (where they are known as MIP) and regulate larval settlement and feeding (49). The AST-B/MIP peptides activate the same GPCRs that are activated by insect sex peptide (23, 50, 51) and they are proposed to be proximate with the orphan receptors, GPR142 and GPR139, in vertebrates (15, 16).

AST-C was first isolated from the head of the tobacco hornworm (Manduca sexta) (52) and unlike other insect ASTs, the precursor produces a single peptide, although other genes, AST double C and triple C exist in the genomes of some arthropods including insects (53, 54). The AST-C mature peptide has a conserved C-terminal PISCF motif (8, 55, 56). The function of AST-C varies and includes inhibition of muscle contraction, feeding suppression, reduced fecundity and inhibition of ovarian development and regulation of circadian activities (57–62). In D. melanogaster AST-C was also recently proposed to regulate nociception and immunity (13). Receptors for AST-C are proposed to have a common origin with the vertebrate Somatostatin receptors (SSR) (15, 63, 64).

The present study revisits and enriches understanding of AST-like peptide and receptor evolution in the molluscs and takes a comparative genomics approach integrating results from previous genome and transcriptome studies (15, 19–21, 26, 65). To elucidate the potential functions of the AST-like families and GPCRs in molluscs we searched bivalve transcriptomes and targeted their potential role in the mantle, a multifunctional tissue well recognized for its contribution to shell production (37, 66–69) and with an emerging role as an innate immune barrier (70, 71). Taking into consideration the emerging role of AST family members in immunity of insects (12–14), the response of specific AST-like family members on the mantle of the Mediterranean mussel (M. galloprovincialis) exposed to an immune challenge with bacteria lipopolysaccharide (LPS) and heat inactivated Vibrio harveyi, a common pathogenic bacteria of the marine environment, was established (72–74).



Methods


Sequence Database Searches


Receptors

Searches for the homologues of the insect AST-GPCRs (AST-AR, AST-BR and AST-CR) were performed in molecular data available for nine representative species of the Mollusca phylum using the deduced protein sequences of the previously identified M galloprovincialis buccalin receptor [buccalin-R, previous AST-AR (37)] and D. melanogaster AST-BR (NP_001284892.1) and AST-CRs (Drostar1, AAG54080.1 and Drostar2, AAL02125.1). Searches were performed against molecular data available in NCBI (https://www.ncbi.nlm.nih.gov) using blastp in the species-specific sub-datasets available for five bivalves: two members of the Mytilidae family, M. galloprovincialis (taxid:29158) and Mytilus coruscus (taxid:42192), two members of the Ostreidae family, Crassostrea gigas (taxid:29159) and Crassostrea virginica (taxid:6565) and one member of the Pectinide family, the scallop Mizuhopecten yessoensis (taxid:6573); three gastropods, Aplysia californica (taxid:6500) of the Aplysidae family, Biomphalaria glabrata (taxid:6526) of the Planorbidae family and Lottia gigantea (taxid:225164) of the Lottidae family; and also one cephalopod the octopus Octopus bimaculoides (taxid:37653).

To increase the number of receptor sequences from the phylum Mollusca, selected genomes of representatives of different orders available from the NCBI Genomes database (https://www.ncbi.nlm.nih.gov/genome/) were also procured using the tblastn algorithm with the M. galloprovincialis deduced protein sequences of AST-like receptors as the query (Supplementary Table 1). The available genome assemblies of the Polyplacophora class were also searched. All molluscs mentioned above and the general non-redundant protein sequences (nr) database at NCBI were also searched with the Capitella teleta GALR-like (ELU13887.1) for other protostome orthologues.

For comparative analysis, sequence searches were also performed in other Lophotrochozoan phyla namely, the brachiopod Lingula anatina (taxid:7574), two annelids Capitella teleta (taxid:283909) and Platynereis dumerilii (taxid:6359) and in three arthropods of the Ecdysozoans namely, the diptera Anopheles gambiae (taxid:7165), the coleoptera Tribolium castaneum (taxid:7070) and the branchiopod Daphnia pulex (taxid:6669). Sequences for the homologue receptors in the vertebrates, human (Homo sapiens, taxid:9606), spotted gar (Lepisosteus oculatus, taxid:7918) and for the invertebrate deuterostome, the amphioxus (Branchiostoma floridae, taxid:7739) were retrieved for comparison with the Lophotrochozoan and Ecdysozoan sequences. Sequence hits with a cut off < e-30 were retrieved, and their identity was confirmed by searching against the D. melanogaster (taxid:7227) and H. sapiens (taxid:9606) databases.

Searches were also performed in mantle transcriptomes available from the Mediterranean mussel (M galloprovincialis, SRP 063654) (68) and the hard-shelled mussel (M. coruscus, kindly provided by Yifeng Li and Jin-Long Yang, SHOU, China) to identify the corresponding gene transcripts. Putative receptors were retrieved based on their sequence similarity (cut off < e-30) with M. galloprovincialis and D. melanogaster homologues or using transcriptome annotations. All sequences retrieved were translated using the Expasy translate tool (https://web.expasy.org/translate/) and their identity confirmed as described above.



Peptide Precursors

Mollusca buccalin precursors (37) and M. galloprovincialis and M. coruscus orthologues of the insect AST-B/MIP and AST-C peptide precursors were initially obtained by exploring the species-specific mantle transcriptome annotation available “in house”. The deduced protein sequence of MIP-like and AST-C-like were used to identify the corresponding coding genes and additional gene isoforms (Supplementary Table 1). The mussel precursor protein sequences were translated with the Expasy translate tool (https://web.expasy.org/translate/) and the localization of the predicted mature peptides was manually deduced by a) the identification of monobasic, dibasic, or tribasic consensus cleavage sites (RR, KR, KK) and b) the identification of the conserved mature peptide motifs such as the two conserved tryptophan (W) residues (W(X)W-amide) in AST-B/MIPs and the two conserved cysteine (C) residues in AST-Cs. The mature peptides and the full peptide precursors were procured in other molluscans (bivalves, gastropods cephalopods and the polyplacophoran) using a similar strategy. Homologues from other representatives of the lophotrochozoan clade such as one brachiopod and two annelids were also characterized for comparisons (Supplementary Figure 1).




Sequence Comparisons and Phylogenetic Analysis

Multiple sequence alignments (MSA) of the deduced peptides and receptor protein sequences were performed using the MUSCLE algorithm available in Aliview 1.18 (75). For phylogenetic analysis the receptor alignments were manually inspected, and sequence gaps removed, and the edited alignments were used to construct Bayesian Inference (BI) and Maximum Likelihood (ML) phylogenetic trees. The Buccalin-R/AST-AR and AST-C-like/AST-C (members of the Rhodopsin γ family) trees and the MIP-R/AST-BR trees (members of Rhodopsin β family) included sequences from representatives of 27 molluscs (11 bivalves, 11 gastropods, 4 cephalopods, 1 polyplacophor), 1 brachiopod, 2 annelids, 1 cephalochordate and 2 vertebrates (Supplementary Table 1) and were built in the CIPRES Science Gateway v3 using an LG model (selected using model test-ng 0.1.5) since they best fitted the data (76). The BI trees were built in MrBayes (77) run on XSEDE v3.2.7a with 1.000.000 generation sampling and probability values to support tree branching. The ML trees were built with the RAxML v8.2.12 (78) method with 100 bootstrap replicates. The Buccalin-R/AST-AR and AST-CR-like/AST-CR trees were mid-rooted according to previous models proposed for receptor sequence evolution (15), and MIP-R/AST-BR were rooted with the H. sapiens (NP_000721) and L. oculeatus (XP_006629714) cholecystokinin receptor type A (CCKAR) branch. To build the phylogenetic trees for the AST-Rhodopsin γ family GPCRs the sequences of the metazoan KISSRs and GALRs were also included as they are suggested to have evolved from the same ancestral gene as protostome Buccalin-R/AST-AR [sequences obtained from (37)] and also from database searches using the predicted receptor proteins of M. galloprovincialis as queries. For the trees of the AST-Rhodopsin β family GPCRs the related protostome receptors from the FMRFamide (FMRFaR), RGWamide (RGWaR), Proctolin (ProctR) and Myosupressin/Myomodulin (MyoR) families were also included as well as the vertebrate sequence orthologues GPR142 and GPR139 from H. sapiens (GPR142, NP_001318005.1 and GPR139, NP_001002911.1) and L. oculeatus (GPR142, XP_006635495 and GPC139, XP_006637109) (15, 16, 79).

Receptor sequence alignments and percentage of sequence identity was displayed and calculated in the GenDoc programme (http://www.nrbsc.org/gfx/genedoc/). The mature peptide alignments were established using Clustal W (https://www.genome.jp/tools-bin/clustalw). Receptor structures were predicted in Protter (http://wlab.ethz.ch/protter) using the default settings and the outputs annotated in Inkscape to highlight the conserved aa positions across species. The receptor signal peptide was predicted using the SignalP-5.0 Server (80) and the DeepLoc1 server was used to explore protein cellular localization (81).



Neighbouring Gene Analysis (Short Range Synteny)

The neighbouring gene environments of the annelid C. teleta GALR-like and Buccalin-R that map to SuperContig CAPTEscaffold_148 (scaffold_148) and SuperContig CAPTEscaffold_45 (scaffold_45), respectively and H. sapiens GALRs and D. melanogaster AST-ARs (DAR1 and DAR2) were characterized to infer potential ancestral origin and to support the identification of the new protostome sister clade of the deuterostome GALRs. Ten genes upstream and downstream of the C. teleta gene loci were collected and they were used to search for gene homologues in the H. sapiens GALR1 (chromosome 18), GALR2 (chromosome 17), GALR3 (chromosome 22) and KISSR (chromosome 19) and in D. melanogaster DAR1 (chromosome X) and DAR2 (chromosome 3R) genome regions. The BioMart tool available from Ensembl was used to compare the C. teleta and D. melanogaster genome regions. The deduced C. teleta buccalin-R and GALR-like neighbouring protein sequences were searched against the species-specific H. sapiens (taxid:9606) and D. melanogaster (taxid:7227) datasets available from NCBI (https://www.ncbi.nlm.nih.gov). The gene loci of the top protein hits (with the lowest e value) were retrieved based on the genome assemblies available from NCBI (D. melanogaster, Release 6.32, and H. sapiens, GRCh38.p13). The O. bimaculoides GALR-like genome region on SuperContig KQ419625 was also analysed and the five neighbouring genes were retrieved and searched against C. teleta and H. sapiens genomes.



Animal Manipulation and Sampling

Mediterranean mussels (M. galloprovincialis) were obtained from a local producer in the Ria Formosa (Olhão, Portugal). For the experimental immune challenge mussels (length 4.35 ± 0.34 cm, soft body dry mass 1.61 ± 0.46 g) were transported live to the Centre of Marine Sciences (CCMAR) where they were cleaned and acclimatized for a week in 5 litres of aerated seawater (SW) prior to the immune challenge at 20 - 22°C. Animals were fed daily with a mixture of a commercial dried microalgae diet (PHYTOBLOOM, Necton, Portugal). For tissue sampling animals were opened by cutting the adductor muscle and the mantle edge from the region most distal to the umbo (referred to as the posterior region) was dissected out and snap frozen in dry ice and stored at -80°C for RNA extraction. For tissue distribution, cDNA samples (n = 3 for each tissue) from gills, digestive gland, mantle edge and haemolymph available in the lab were used.



Immune Challenge

Mussels were exposed to heat-inactivated V. harveyi by introducing them into the bathing seawater. The V. harveyi (kindly donated Dr M. Manchado, IFAPA, Puerto Santa Maria, Spain) was grown in TSB medium supplemented with 1% NaCl and the number of cfu/ml was determined on TSA/1% NaCl agar plates. For the bacterial challenge 5 x 107 cfu/ml of the heat inactivated bacteria suspended in 1 L of sterile seawater was used. The V. harveyi bacteria was heat inactivated by boiling the culture for 2 hours.

For the challenge experiments mussels (n = 80) were randomly distributed in triplicate tanks. The experiments were performed in 2 L plastic tanks containing 1 L of filtered seawater (0.45 μm) that was collected from their natural environment. Each of the control (3 tanks) and exposed (3 tanks) tanks contained 12 - 13 individuals (total 40 animals per group). The seawater in the experimental tanks was constantly aerated with aquarium air-pumps and the temperature was 20 - 22°C, pH was 8.1 ± 0.1 and salinity 37 ppt and the experiments were conducted under natural photoperiod for March 2021 in the Algarve. Control mussels were maintained in seawater and transferred after 15 h to new tanks and the immune challenged mussels were exposed for 15 h to heat-inactivated V. harveyi (5 x 107 cfu/litre) and then transferred to new tanks containing clean filtered seawater. Specimens (n = 6 per timepoint) from control and challenged tanks were sampled (as outlined above) at 0, 6, 12, 24 and 36h post exposure. Animals were not fed during the experiment and no mortality was observed.



RNA Extraction and cDNA Synthesis

Total RNA (tRNA) from control and immune challenged mantle edge was extracted using an E.Z.N.A kit (VWR, USA) and DNase treatment was performed after elution using a Precision DNase kit (Primer design, UK) according to the manufacturers protocol. For extraction, collected tissues were defrosted in the lysis buffer and homogenized by mechanical disruption with two iron beads (5 mm) using a Tissue lyser II Qiagen and 1 cycle of 3 min at room temperature.

For cDNA synthesis, DNase treated tRNA (500 ng) was denatured at 65°C for 5 min and quenched for 5 min on ice. Reactions were carried out for a 20 μl final volume with 10 ng of pd(N)6 random hexamers (Jena Bioscience, Germany), 2 mM dNTPs (ThermoScientific, USA), 100 U of RevertAid Reverse Transcriptase and 8 U Ribolock RNAse inhibitor (ThermoScientific). Reaction conditions were: 10 min, 20 °C; 60 min, 42 °C; 5 min , 70 °C. The quality of the cDNA produced was assessed by amplification of mussel ribosomal subunit 18S rRNA using specific primers (Table 1) and the following thermocycle: 95°C, 3 min; 25 cycles (95°C, 20 sec; 60°C, 20 sec; 72°C, 20 sec); 72°C, 5 min.


Table 1 | List of primers used in qRT-PCR analysis for the bivalve M. galloprovincialis.





Tissue Expression Analysis

To characterise the tissue distribution publicly available control tissue transcriptomes of four bivalves: M. galloprovincialis, M. coruscus, C. gigas and M. yessoensis were retrieved and analysed. Public transcriptome data available for control tissues including the gills, muscle, mantle, digestive gland/hepatopancreas, haemocytes and nerve ganglia were searched using the species-specific nucleotide sequences identified for the peptide precursors and receptors. Searches were carried out using Blastn and the corresponding sequence read archive (SRA, https://www.ncbi.nlm.nih.gov/sra/) for each of the species analysed (Supplementary Table 2). Maximum target sequences were adjusted to 1000 and sequence hits with > 98% nucleotide identity were selected. FPKM counts were calculated taking into consideration the number of reads, gene length and the transcriptome sequencing depth.

The involvement of the bivalve homologues of the arthropod ASTs and receptors in the immune response was initially assessed using mantle edge transcriptomes of M. galloprovincialis challenged with Lipopolysaccharide (LPS, E. coli LPS 0111:B4, Sigma-Aldrich, USA) a major component of the outer membrane of Gram-negative bacteria. Candidate transcripts were identified by exploring available in-house DEG data (p-adj < 0.05, log2-fold > 2) for the mantle edge transcriptomes of control M. galloprovincialis (injected with 1x PBS) and LPS exposed M. galloprovincialis (injected with 50 μl of 0.5 mg/ml of bacterial LPS in the adductor mussel) from samples collected in the context of another study.

To further explore the involvement of the AST-C-like system in the bivalve response to pathogenic marine bacteria, expression analysis of the M. galloprovincialis members was assessed using cDNA (n = 3) from normal tissues (gills, digestive gland, mantle edge and haemocytes) and from the mantle edge of control and exposed specimens to heat-inactivated pathogen, V. harveyi, at 0 (n = 6), 6 (n = 6), 12 (n = 6), 24 (n = 6) and 36 h (n = 6) post exposure. Specific primers for the M. galloprovincialis AST-C-like peptide precursors and for four AST-CR-like were designed and the PCR products were sequenced, and their identity confirmed (Table 1). It was not possible to design specific primers for the AST-CR-like VDI60978.1 as its sequence was smaller and the predicted nucleotide coding region was highly identical to other AST-CR-like (97%). The activation of the immune response in M. galloprovincialis was confirmed by determining the expression of three humoral factors that have previously been shown in bivalves to respond to Vibrio spp., Toll-receptor TLRa (82), Lysozyme goose-type 1 LYG1 (83) and complement-factor C3-like (Peng et al., submitted) in cDNA of the mantle edge of control (n = 3) and exposed (n = 3) specimens from 0, 6 and 12 h post exposure (Table 1).

Changes in gene expression were assessed by quantitative real-time PCR (qRT-PCR) using SsoFast EvaGreen Supermix (Bio-Rad, Portugal) in a 10 µl final reaction volume containing 200 nM of forward and reverse gene specific primers (Table 1) and 2 µl of template cDNA (diluted 1:2). Elongation factor 1-alpha (EF1α) and 18s ribosomal subunit (18S) were used as reference genes (cDNA diluted 1:50 and 1:500, respectively). QRT-PCR analysis was performed in duplicate reactions (< 5% variation between replicates) using a CFX Connect™ Real-Time PCR Detection System for 96-well microplates (Bio-Rad). Cycling conditions were 95°C, 30 sec; 44 cycles of 95°C, 5 sec; the most appropriate primer annealing temperature, 10 sec (Table 1). Melting curves were performed to detect the presence of non-specific products and primer dimers. Reverse transcriptase (RT-) and PCR control reactions were included in each PCR plate to confirm the absence of genomic or PCR contamination. QRT-PCR efficiencies and R2 (coefficient of determination) were established (Table 1), and data was normalized using the geometric mean of the expression levels of the reference genes.



Statistical Analysis

Results are presented as the mean ± SEM. Statistical differences were detected using One-Way ANOVA for the tissue distribution and for gene expression between the control and immune challenged mussels with Two-Way ANOVA using a Sidak’s multiple comparison test. Analysis was executed using GraphPad Prism version 8.0 for Mac OS X (USA, www.graphpad.com).




Results


Nomenclature

The AST neuropeptides were named due to their inhibitory (allatostatic) actions on JH biosynthesis from the insects CA gland. In molluscs no equivalent organ has been described and JH is specific to insects. In molluscs the sequence orthologues of the arthropod AST-A are known as buccalin and in annelids the orthologues of the arthropod AST-B/MIP are known as MIP. For the lophotrochozoan AST-Cs no nomenclature has yet been proposed. Throughout the manuscript we use the existing lophotrochozoan nomenclature and have named AST-C as AST-C-like (Table 2).


Table 2 | Nomenclature adopted for the molluscan neuropeptide homologues of the arthropod AST peptides and receptors.





Orthologues of the Arthropod AST Precursors and Receptors in the Molluscs

Sequence homologues of the three arthropod AST peptide precursors and receptors were found in the 27 mollusc species included in the study and the number of peptide precursor genes and predicted mature peptides and putative receptor genes varied across the species (Figure 1 and Supplementary Table 1, Supplementary Figures 1A–C). In other lophotrochozoan phyla the peptide precursors shared a similar organization to the molluscs (Supplementary Figure 1A).




Figure 1 | The molluscan orthologues of the arthropod AST precursors and receptors. The number of peptide precursors and receptors retrieved are indicated. The predicted number of deduced mature peptides produced by each peptide precursor is represented within brackets “()”. The dendrogram represents the evolutionary relationship of the species and was manually designed taking into consideration the studies of (84–87). The insect D. melanogaster and T. castaneum are also represented for comparison. The figure is not drawn to scale. ni- not identified. Complete peptide precursor sequences are available from Supplementary Figure 1. *deduced from an incomplete precursor sequence.




Buccalin Precursors and Buccalin Receptors

The Mollusca buccalin precursors are the orthologues of the arthropod AST-As and a single precursor gene was found in most molluscs and encoded for multiple mature peptides (Figure 1 and Supplementary Figure 1A). The exception was the gastropods Conus ventricosus (CM031604.1 and CM031615.1) and Pomacea maculata (XP_025108540.1 and XP_025087986.1) where two putative genes were found. The number of buccalin-R was more variable and while most species possessed a single buccalin-R gene, other species genomes contained two receptor genes (the bivalves Pinctada imbricata, Margaritifera margaritifera; the gastropods Alviniconcha marisindica, Haliotis laevigata, Pomacea maculata and the cephalopod Nautilus pompilius but the bivalve C. gigas and the gastropod Candidula unifasciata contained three buccalin-R genes. The majority of the mollusca duplicate buccalin-R genes were localized within the same genome region and thus are likely to be tandem gene duplicates (Supplementary Table 1).

The buccalin precursors encoded for a different number of peptides. In the Mytilidae family 7 mature peptides were predicted in M. coruscus and 9 in M. galloprovincialis. In the Ostreidae family, the buccalin precursors have the potential to generate 10 mature peptides in C. gigas and M. hongkongensis and 9 in C. virginica and in the Pectinidae, P. yessoensis, 11 mature peptides were predicted (Supplementary Figure 1A). In other bivalves, such as the Margaritifera margaritífera (Margaritiferidae family), Pinctada imbricata (Pteriidae family) and in Tegillarca granosa (Arcidae family) at least 8, 8 and 10 putative mature peptides respectively, were encoded, and the full-length precursors still remain to be isolated. No buccalin precursor genes were retrieved from the bivalves Sinonovacula constricta and Ruditapes philippinarum genomes.

The buccalin precursor in the gastropod A. californica (Aplysiidae family) contained the largest number of predicted peptides (29 mature peptides) and the Gigantopelta aegis (Peltospiridae family) precursor was the second most rich. In the cephalopod O. bimaculoides and most cephalopod genomes explored our searches failed to identify the buccalin precursor except in the Nautilus pompilius (Nautilidae family) where 29 peptides were predicted (Supplementary Figure 1A). In the polyplacophore Acanthopleura granulata a single buccalin precursor was found (Supplementary Figure 1A).

Previously, a putative buccalin-like precursor with a similar organization to the buccalin precursor was identified in molluscs, which generates a series of highly identical V- amide mature peptides with a conserved PFDRLASGLV/I-amide sequence (37) (Supplementary Figure 2). These buccalin-like peptides were recently reclassified and proposed as a new Mollusca neuropeptide family, the LASGLI/V-amide peptide family (19, 25). For this reason, the buccalin-like peptides (LASGLI/V-amide peptide) were excluded from the present analysis.



MIP Precursors and MIP Receptors

In Mollusca a single MIP-B peptide precursor encoding multiple peptides was found (Supplementary Figure 1B) in most species, the exception was the gastropod, C. unifasciata, where two precursors were retrieved. The number of MIP-Rs was variable (Figure 1). A single receptor gene was found in the gastropods, cephalopods and in the polyplacophore genomes analysed but gene number was very variable in bivalves where multiple receptors were found with 3 in M. galloprovincialis and 6 in T. granosa (Supplementary Table 1). No MIP or MIP-R was found in the gastropod B. glabrata. In bivalves, the number of mature MIP peptides varied from 11 in the Mytilidae to 12 in the Pectinidae (Figure 1 and Supplementary Figure 1B). The gastropod peptide precursors encoded the greatest number of peptides, and 25 MIP mature peptides were predicted in L. gigantea and 16 in A. californica. In other gastropods the minimum number of mature peptides found was 8 but most precursors were deduced from species genomes and were incomplete and it seems likely that more peptides may be produced. In the cephalopod O. bimaculoides the MIP precursor encoded the least number of peptides (only 4) but in other taxa at least 6 peptides existed (Supplementary Figure 1B). In the polyplacophore a single MIP precursor was found, which encoded at least 6 mature peptides.



AST-C-Like and AST-C-Like Receptors

In Mollusca a single AST-C-like peptide precursor that encodes a single mature peptide was found in all the species analysed (Figure 1 and Supplementary Figure 1C). The only exception was the bivalve T. granosa where two identical mature peptides precursor genes localized in the same genomic fragment (JABXWC010000007.1) were found. In contrast, in other molluscs receptor number was variable and 5 putative AST-CR-likes were retrieved from bivalves of the Mytilidae family and four were found in the gastropod C. unifasciata (Arionidae family). The other representatives of the diverse Mollusca classes possessed 1 to 2 AST-CR-like (Figure 1). Genes encoding the AST-C-like peptide precursors were not predicted in available protein coding gene data for M. galloprovincialis and M. coruscus but searches in mantle transcriptomes identified a single AST-C-like gene transcript in M. coruscus which mapped with 100% identity to the genome (CM029607.1). An orthologue sequence was identified in the genome of M. galloprovincialis (UYJE01007806.1) when the M. coruscus AST-C-like sequence was used for searches.




Phylogeny of the Mollusca Receptors

The retrieved receptors from Mollusca were compared with the orthologue receptors in other lophotrochozoans, arthropods and deuterostomes by building BI phylogenetic trees (Figures 2A, B and Figure 3). The ML tree had a similar branch topology (Supplementary Figures 3A, B). The protostome Buccalin-R/AST-AR and AST-CR-like/AST-CR family members belonged to the GPCR-rhodopsin γ subfamily. The protostome MIP-R/AST-BR family members belonged to the GPCR-rhodopsin β subfamily. All the Mollusca sequences within each receptor family clustered together based on their sequence homology in the phylogenetic trees and the lophotrochozoan receptors formed sister branches with the arthropod receptor homologues. The receptors of the Mytilidae family, M. galloprovincialis and M. coruscus, always clustered in proximity and the same was observed for the Ostreidae family, C. gigas and C. virginica. Clustering of the Mollusca receptors revealed that the variable number of members found within each family resulted from lineage and species-specific duplication events.




Figure 2 | Phylogenetic trees of the Molluscan Buccalin and AST-C-like receptors and orthologues from other lophotrochozoans, ecdysozoans and deuterostomes. Two subsets of the same phylogenetic tree showing the expansion of the different metazoan receptor family members (A) Buccalin-R/AST-AR and (B) AST-C-like/AST-C are represented to facilitate interpretation. The tree was built using the Bayesian inference (BI) method with 1,000,000 generations and posterior probability values and was constructed using an LG model. A tree with a similar topology was also obtained using the Maximum likelihood (ML) method (Supplementary Figure 3). The AST-AR and AST-CR tree was mid-rooted taking into consideration the clustering of the sequences. Circled letters indicate: B, bivalves; G, gastropods, C, cephalopods; P, polyplacophore species used in the analyses. The sequences that were retrieved from non-annotated genomes have their putative localization (Mbp) indicated.






Figure 3 | Phylogenetic tree of the Molluscan MIP receptors and orthologues from other lophotrochozoans, ecdysozoans and deuterostomes. The tree was built using the Bayesian inference (BI) method with 1,000,000 generations and posterior probability values and was constructed with an LG model. A tree with a similar topology was also obtained using the Maximum likelihood (ML) method (Supplementary Figure 3). The receptor clusters of FMRFamide (FMRFaR), RGWamide (RGWaR), Proctolin (ProctR) and Myosupressin/Myomodulin (MyoR) were collapsed. The tree was rooted with the H. sapiens (NP_000721) and L. oculeatus (XP_006629714) cholecystokinin receptor type A (CCKAR). Circled letters indicate: B- bivalves; G-gastropods, C- cephalopods; P- polyplacophore species used in the analysis. The sequences that were retrieved from non-annotated genomes have their putative localization (Mbp) indicated.




Buccalin-R

The topology of the phylogenetic tree confirmed that no Buccalin-R/AST-ARs existed in deuterostomes and that Mollusca as well as other protostome receptors shared a common origin with the metazoan KISSR and GALR (15, 31, 37, 88, 89) (Figure 2A). Our searches also confirmed that homologues of the deuterostome KISSRs exist in bivalves and gastropods and that GALR-like sequences were only found in cephalopods. The cephalopod GALR-like sequences clustered with the annelid GALR-like from C. teleta (ELU13887) and P. dumelii (AKQ63078) and with the deuterostome GALRs (Figure 2A) irrespective of the phylogenetic tree building method. This reveals for the first time the presence in Mollusca of a GALR-like clade, which is apparently absent from the bivalves, gastropods and polyplacophore.



MIP-R

Homologues of the arthropod AST-BRs (MIP-Rs) were identified in molluscs and other lophotrochozoans and the clustering of the retrieved bivalve sequences suggested that there were three MIP-R subtypes (Figure 3). Type I MIP-Rs was assigned to the Mollusca receptors that were present in most species and that clustered with the other lophotrochozoans and in the same branch as the arthropod AST-BRs. The other two MIP-R clusters were named type II and type III and contained sequences from bivalves (Figure 3). Identification of 3 MIP-R subtypes in bivalves and their absence from other protostomes suggests that they emerged prior to the divergence of the ecdysozoan and lophotrochozoan lineages (Figure 3). The protostome RGWaR, FMRFaR, ProctR and MyoR that are proposed to have radiated from the same common ancestor as MIP-R/AST-BRs were included in phylogenetic tree (15, 16, 79) and the tree topology confirmed that all receptors shared a common origin with the orphan deuterostome GPR139/142 (15, 16).



AST-CR-Like

The arrangement of the sequences within the Mollusca AST-CR-like branch confirmed that the receptors shared a common origin with vertebrate SSRs (Figure 2B). A large gene family expansion occurred within the Mytilidae family and originated four of the five receptor isoforms retrieved from M. galloprovincialis and M. coruscus. In addition, the clustering of one of the Ostreidae duplicate receptors from C. gigas, C. virginica and M. hongkongensis in distinct branches from the other lophotrochozoan receptors suggested that the two gene copies were under different evolutionary pressure (Figure 2B). Genome mapping revealed that the duplicate Ostreidae receptor genes mapped in proximity in the same genome fragment and are likely to be the result of a tandem gene duplication (Supplementary Table 1).




Buccalin, MIP and AST-C-Like Mature Peptides in Molluscs


Buccalin Mature Peptides

In molluscs the buccalin peptide precursors encoded L-amide peptides (as found in A. californica (18) and  a different number of peptides (Supplementary Figure 1A). The gastropod and the cephalopod N. pompilius precursors encoded the largest number of mature peptides (Figure 1 and Supplementary Figure 1). The bivalve and cephalopod buccalin precursors encoded peptides with a conserved C-terminal L-amide (like D. melanogaster AST-A) (Figure 4) but in gastropods it also encoded I-amide peptides and all predicted peptides were less than 55% identical in sequence to the D. melanogaster AST-A. The number of predicted peptides in the buccalin precursor varied across the molluscs. In bivalves, the buccalin precursor in the representatives of the Mytilidae family, encoded 9 and 7 mature L-amide peptides, respectively in M. galloprovincialis and M. coruscus that all had different sequences (Figure 4 and Supplementary Figure 1A).




Figure 4 | Molluscan Buccalin, MIP and AST-C-like mature peptide sequences. Identical peptides arising from the same peptide precursor are not represented. The deduced peptides were named with a letter (a to z) based on their position within the peptide precursor. The percentage of amino acid sequence identity of the mature peptides encoded by the same precursor in each species is indicated at the side for each peptide group. The bivalve (B) M. galloprovincialis (Mga), gastropod (G) A. californica (Aca), cephalopod (C) N. pompilius (Npo) and polyplacophore (P) A. granulata (Agr) mature peptides and the D. melanogaster (Dme) peptides are represented for comparison. Totally conserved amino acids are marked in bold. “*” indicates total amino acid conservation, “:” indicates a site belonging to groups exhibiting strong similarity and “.” indicates a site belonging to a group exhibiting weak similarity. Full-length peptide precursor sequences are available in Supplementary Figure 1.



In gastropods, the A. californica buccalin precursor encoded the largest number of predicted peptides (29 mature peptides) and 25 were L-amine and the remaining 3 were C-terminal I-amide and produced 17 different peptides (Figure 4). Other gastropod precursors only encoded L-amide peptides (G. aegis, A. marisindica, C. ventricosus, D. subfuscus, P. maculata, H. laevigata, E. chlorotica) but the B. glabrata precursor only encoded I-amide peptides (11 in total) (Supplementary Figure 1A). In O. bimaculoides and other cephalopod genomes searches failed to identify the buccalin precursor except in N. pompilius and 29 L-amide peptides were predicted, and most of them were identical in sequence and only 3 different types of mature peptides were produced (Figure 4 and Supplementary Figure 1A). The buccalin precursor in the polyplacophore A. granulata encoded 25 L-amide peptides with 15 different sequences (Figure 4 and Supplementary Figure 1A). Conservation of the mollusc mature peptides encoded within the precursor was distinct and the amino acid sequence identity of the M. galloprovincialis mature peptides varied from 16 - 72% and the predicted Mga_c and Mga_i peptides were most divergent and Mga_g was the most conserved (72% aa identical) with Mga_d, e and f.



MIP Mature Peptides

The MIP precursors in common with the mollusc buccalin precursor have the potential to generate multiple peptides by proteolysis of a single polypeptide precursors and the highest peptide numbers were identified in the gastropods (Figures 1, 4 and Supplementary Figure 1B). For MIP a single peptide precursor was found and in the bivalve Mytilidae the number of mature peptides varied from 11 in M. coruscus to 12 in M. galloprovincialis but in the gastropod C. unifasciata two MIP precursors existed and they encoded for different peptides (Figure 1 and Supplementary Figure 1B). The mollusca MIP mature peptides varied from 7-9 aa in length and the sequence identity in the M. galloprovincialis precursor revealed that 3 peptides (Mga_c, d and e) were identical and the peptides overall, shared 22 to 62% aa identity (Figure 4). The MIP precursor in A. californica produced 16 peptides of which 7 had different sequences and overall, they shared 25-85% aa identity. The gastropod L. gigantea MIP precursor was the most peptide rich (25 MIPs in total) and it encoded putative mature peptides of different sizes, and the majority were slightly longer (12 aa) than most molluscan peptides due to their extended N-terminal region (Supplementary Figure 1B). The same occurred for the cephalopod S. pharaonic and A. dux MIPs but N. pompilius had peptides of a similar length to other mollusca MIPs and all the encoded peptides (6) differed and the same was true for the polyplacophore A. granulata (Figure 4 and Supplementary Figure 1). All the mollusc mature peptides possessed two conserved tryptophan (W) residues separated by 4-7 aa residues (W(x4-7)W, where x represents any aa). In D. melanogaster there were five AST-B/MIP peptides that contained two conserved W residues separated by 6 aa (W(x6)W). The 12 MIP mature peptides in the bivalve M. galloprovincialis shared 38 to 78% aa sequence identity with the D. melanogaster orthologues.



AST-C-Like Mature Peptides

A single AST-C-like peptide was encoded by the AST-C precursor and in the molluscs analysed, the peptide was 13-15 aa in length (Figure 4 and Supplementary Figure 1C). AST-C in molluscs like AST-C and AST-CC of D. melanogaster possessed two conserved cysteine (C) residues that form a disulphide bond in the peptide (Figure 4). Within molluscs the aa conservation varied from 33 to 76% and the mollusc AST-C-like mature peptide shared higher sequence conservation with D. melanogaster AST-C (25 - 33%) than with AST-CC (13 - 17%).




Structure of the Mollusca Receptors

The Mollusca receptors shared a conserved protein structure with their homologues from D. melanogaster and H. sapiens and receptors possessed seven transmembrane domains linked by three extracellular loops that alternated with three intracellular loops (Figure 5 and Supplementary Figures 4A–C). Multiple sequence alignments of the mollusc receptors with the other protostome homologues revealed that the TM domains shared the highest sequence conservation across species. The conserved aa motifs involved in receptor activation, DRY in ICL2 between TM3 and TM4 and NSxxNPxxY (where x represents any aa) within TM7 were present (90, 91) (Figure 5 and Supplementary Figures 4A, C). The exception was the protostome MIP-Rs in which aspartic acid of the motif DRY was mutated to QRY (Glutamine) and degeneration of the motif in TM7 occurred (Figure 5 and Supplementary Figure 4B).




Figure 5 | Structure and amino acid sequence conservation of the Mollusca Buccalin, MIP and AST-C-like receptors with the orthologues from other species. The figure represents the predicted receptor structure in the cell membrane. The receptors represented are the bivalve M. galloprovincialis Buccalin-R (VDI61602), MIP-R (VDI58805) and AST-CR-like (VDI08560). Receptor structure was obtained from Protter and the cell membrane is represented by the grey bar. Amino acids that were highly conserved across species and present in the full-length receptor sequence alignments (available from Supplementary Figures 4) are marked in green and the N-glycosylation motifs are represented by orange squares. The motif DRY and NSxxNPxxY (where x represents any aa) within TM7 that are required for receptor activation are outlined in red, the two conserved cysteine residues which might be responsible for the formation of a disulphide bond are highlighted in yellow and the C-terminal cysteine residue for potential palmitoylation after TM7 is in blue. The percentage (%) of amino acid sequence identity between the M. galloprovincialis (Mga) receptors and D. melanogaster (Dme) homologues is indicated.



Two conserved cysteine residues, which potentially form a disulphide bond between ECL1 and ECL2 and determine receptor structure and stability were conserved in the mollusc and arthropod receptors. A C-terminal cysteine residue for potential palmitoylation after TM7, which is a characteristic of the rhodopsin-GPCRs, was also identified in the Buccalin-Rs and AST-CRs-like (Figure 5). No signal peptide was predicted for the M. galloprovincialis receptors or the D. melanogaster homologues except for DAR1. However, DeepLoc1 analysis predicted a cell membrane localization for the M. galloprovincialis receptors. Several N-glycosylation sites were found in the N-terminal region of M. galloprovincialis and other bivalve receptors (Figure 5 and Supplementary Figures 4A–C).

The deduced protein sequence of M. galloprovincialis and M. coruscus buccalin-Rs shared 96% aa identity, 40 - 54% identity with the homologues from the Ostreidae family and 34 - 35% with the two receptor homologues in D. melanogaster (DAR1 and DAR2). The three M. galloprovincialis MIP-Rs were only 25 - 29% identical suggesting that they may have different functions. The M. galloprovincialis type I receptor was most similar to D. melanogaster AST-BR (35%), while the other paralogues type II and type III only shared 20% identity with D. melanogaster AST-BR. The amino acid sequence of the five M. galloprovincialis AST-CR-like shared between 37 to 80% identity and VDI08560.1 and VDI60978.1 (that arose due to a recent gene duplication) shared the highest aa sequence identity. The M. galloprovincialis and M. coruscus AST-CR-like shared 36 – 94% aa identity and 27 to 34% aa identity with the two D. melanogaster receptors.



Comparisons of the Gene Environment of Buccalin-R And GALR-Like With the Homologue Regions in Human and D. melanogaster

Previously, our studies on the characterization of the Buccalin-R/AST-ARs and the sequence homologues of the vertebrate KISSR and GALRs in Arthropods and Mollusca suggested that they were most closely related to the metazoan KISSRs (31, 37). However, the topology of the present phylogenetic trees (Figure 2A) that included a larger number of molluscan representatives indicated that the protostomes, arthropod AST-ARs and lophotrochozoan Buccalin-Rs, tended to cluster with the vertebrate GALRs (Figure 2A). Moreover, a novel receptor clade containing homologues of the deuterostome GALRs were identified in molluscs (cephalopods), annelids and other lophotrochozoans. To gain further insight into the relationship of the lophotrochozoan Buccalin-R and GALR-like members with the KISSR/GALR, the gene environment in the annelid C. teleta and O. bimaculoides, which have the two receptor types was characterized (Figure 6). The O. bimaculoides GALR-like gene mapped to a short genome fragment (SuperContig KQ419625) and only 5 gene neighbours were mapped, and searches against C. teleta and the human genome regions failed to identify gene homologues in the neighbourhood of the GALR-like and GALRs genes.




Figure 6 | Short-range gene synteny of the C. teleta GALR-like (A) and Buccalin-R (B) with D. melanogaster and H. sapiens. Predicted genes are represented by coloured boxes and full blue boxes represent the genes of the GALR and Buccalin-R/AST-AR family. Orthologue neighbouring genes are indicated in the same colour. The genes are mapped on chromosomes based on their predicted position (Mbp) in the genome assemblies. Only genes that were conserved in the homologous genome regions are represented. Tripartite motif family (TRIM); CCR4-NOT transcription complex subunit 3 (CNOT3), Centrosomal Protein 131 (CEP131), HID1 Domain Containing (HID1), Translocation Associated Membrane Protein 1 (TRAM), Rab3 interacting molecule (RIM), WD repeat-containing protein 55 homolog (CSTF50), Tachykinin-like receptor at 99D (TKR99D), Mitochondrial dicarboxylate transporter (DIC1), Guanine nucleotide-binding protein subunit beta-1 (GB13F), NAC transcription factor (NAC), Glyceraldehyde -3phosphate dehydrogenase 2 (GADPH2).



In C. teleta the GALR-like homologue mapped to scaffold_148 and gene homologues of human CEP131 and HID1 located near the loci of human GALR2 in chromosome 17 were identified (Figure 6A). In addition, homologues of three other neighbouring genes were found in D. melanogaster AST-AR chromosomes, TRIM and RIM in proximity with the DAR2 gene on chromosome 3R and TRAM in proximity with DAR1 on chromosome X. This suggests that the C. teleta GALR-like genome region shares similarity with both arthropod AST-AR and human GALR2 genome regions.

The C. teleta AST-AR genome region was also characterized, and the gene mapped to scaffold_45 and shared conserved homologue neighbouring genes with the D. melanogaster DAR1 and DAR2 genome regions suggesting that both annelid Buccalin-R and insect AST-AR shared a common origin (Figure 6B). No homologue neighbouring genes of C. teleta AST-AR loci were found in the proximity of the human GALR1 (chromosome 18), GALR2, GALR3 (chromosome 22) or KISS1R (chromosome 19) genome regions. Comparison of the gene environment of human KISSR and AST-ARs in D. melanogaster (chromosomes 3R and X) and A. gambiae (chromosome 2R) using the conserved neighbouring genes previously identified, PTBP1, EVIL5L, DOT1L and ODF3L2 (31), failed to retrieve putative homologues in the annelid C. teleta KISSR-like and GALR-like genome regions.



Expression Analysis in the Bivalves and Targets of Immunity

Transcriptome data available for the bivalves, M. galloprovincialis, M. coruscus, C. gigas and M. yessoensis (Supplementary Table 2) was used to infer potential AST system function in molluscs. The expression profile obtained suggested that buccalin, MIP and AST-C-like peptide precursors and receptors have a widespread tissue distribution and that they seemed to be most abundant in the mantle (Figure 7). Of the tissue transcriptomes analysed the haemocytes had the lowest expression except for the MIP system in C. gigas. The widespread tissue distribution and different relative abundance (RPKM) of the peptides and receptors suggests that they may have different functions (Figure 7). In M. yessoensis all homologues of the arthropod ASTs and receptors were present in the nerve ganglion (transcriptome, SRR6407589), and were far more abundant in this tissue than in the mantle (Figure 6). Analysis of a mantle transcriptome of M. galloprovincialis challenged with bacterial LPS revealed that only the AST-CR-like (VDI60978.1), was significantly down-regulated 12h post challenge (Supplementary Figure 5). These results suggest that the bivalve AST-C-like system may be involved in the immune response, as described in arthropods. To test this hypothesis M. galloprovincialis were challenged with the pathogenic marine bacteria V. harveyi.




Figure 7 | Expression levels (FPKM) of the Buccalin, MIP and AST-C-like systems in four bivalves. Data for M. galloprovincialis, M. coruscus, C. gigas and M. yessoensis was obtained by screening publicly available transcriptome data (SRA database) for gills, muscle, mantle, digestive gland/hepatopancreas, haemocytes and nerve ganglia (Supplementary Table 2). FPKM counts were calculated having in consideration the number of reads, gene length and the transcriptome sequencing depth. Only tissues common to all species are represented. Expression data for C. gigas mantle corresponded to the average of inner (SRX093415) and outer (SRX093411) transcriptomes and for the M. yessoensis muscle the average of smooth (n=3) and striated (n=3) muscles. Other M. yessoensis transcriptome data also reflect the average FPKM of 2 to 3 datasets (except the nerve ganglia, n = 1). Colour grading highlights differences in transcript abundance in the tissue libraries analysed. na- not available.





Exposure of M. galloprovincialis to an Immune Challenge and Response of the AST-C-Like System in Mantle

Quantitative PCR (qRT-PCR) analysis of M. galloprovincialis tissues confirmed the AST-C-like precursor and two AST-CR-like (VDI53419.1 and VDI15122.1) were detectable in the mantle (Figure 8). Other tissues such as the gills, the digestive gland and the haemocytes also expressed the peptide precursor and receptors. The abundance of AST-C-like was similar in all tissues analysed. AST-CR-like VDI15122.1 was significantly more expressed in the gills compared to haemocytes (p < 0.05) and AST-CR-like VDI53419.1 was significantly more expressed (p < 0.01) in the gills than in other tissues. AST-CR-like VDI53419.1 was most abundant and its expression in tissue was approximately 10-fold higher than the other receptor gene VDI15122.1 and the gene encoding the peptide precursor (Figure 8). No amplification product was obtained for VDI08560.1 and VDI13242.1. The AST-CR-like gene, VDI60978.1, which shared 97% identity with VDI08560.1 was not analysed as isoform specific qRT-PCR primers could not be designed.




Figure 8 | Tissue distribution of the AST-C-like precursor and two receptor transcripts in the bivalve M. galloprovincialis. Gene expression levels were normalized using the geometric mean of two reference genes (EF1α and 18S). The results are represented as the mean ± SEM of three (n= 3) biological replicates. Significant differences are denoted by different letters and statistical analysis was performed using One-Way ANOVA in GraphPad Prism version 8.0.0 software for Mac OS X.



To assess if the AST-C-like system was modified by an immune challenge, the immune response of M. galloprovincialis to heat-killed V. harveyi was assessed by measuring by qRT-PCR the change in expression of innate immune-related genes. TLRa was significantly up-regulated 6h (p < 0.001) and 12 h (p < 0.05) after an immune challenge and LYG1 was significantly down-regulated at 6 h (p < 0.05) and complement-like C3-like was not significantly changed (Supplementary Figure 6). The AST-C-like peptide precursor and receptor expression was modified after exposure to heat-killed V. harveyi (Figure 9). The AST-C-like precursor was significantly up-regulated 6 h (p < 0.05), 12 h (p < 0.0001) and 24 h (p <0.01) after an immune challenge. AST-CR-like VDI15122.1 was down-regulated at 6 h (p < 0.01), 12 h (p < 0.001) and 24 h (p < 0.0001) and AST-CR-like VDI53419.1 was down-regulated at 6 h (p < 0.0001) and 12 h (p < 0.01) after exposure to heat-killed V. harveyi (Figure 9). The qRT-PCR expression data corroborated the LPS transcriptome data of the AST-C-like system (peptide precursor and receptors) under an immune challenge in M. galloprovincialis.




Figure 9 | Effect of an immune challenge on AST-C-like precursor and receptor expression in the mantle of the bivalve M. galloprovincialis. Mantle edge samples were collected at 0, 6, 12, 24 and 36 hours after exposure to heat-inactivated V. harveyi. The expression of two AST-CRs-like (VDI15122.1 and VDI53419.1) was analysed. Gene expression levels were normalized using the geometric mean of two reference genes (EF1α and 18S). The results are presented as the mean ± SEM of six (n= 6) biological replicates per group/sampling point. Significant differences between control and immune challenged mussel mantle at each timepoint are indicated by different letters and were detected using two-way ANOVA and a Sidak’s multiple comparison test in GraphPad Prism version 8.0.0 software for Mac OS X.






Discussion

The homologues of the arthropods AST-A, AST-B/MIP and AST-C systems and their function have been poorly described in the second largest animal phylum, the Mollusca. To better understand the peptide and receptor evolution and function a comparative approach was taken paying particular attention to the shelled molluscs (the bivalves) a group of ecologically and commercially important species. In molluscs, homologues of the three arthropod peptide groups (named buccalin, MIP and AST-C-like) and their corresponding receptors were identified. The sequence similarity between the mollusc and insect peptides and receptors was low but aa motifs involved in peptide and receptor structure were well conserved. In molluscs the peptide precursor and receptors evolved via lineage and species-specific events with receptor gene family expansions found in some species. The buccalin and MIP precursors encoded several mature peptides with differing aa sequences and sizes suggesting that they may have differing affinity or potencies for the corresponding receptors and may modulate distinct biological functions. Expression of all elements of the buccalin, MIP and AST-C-like systems were detected in the bivalve mantle and changes in the AST-C-like peptide and receptor transcripts in response to a bacterial immune challenge in M. galloprovincialis revealed that this neuropeptide system may contribute to the immune response in Mollusca.


Diversity of Mollusca Peptides and Receptors

In molluscs homologue peptide precursors and receptors of the arthropod AST-systems were found. The potential peptides produced, and their putative receptors were more numerous than in D. melanogaster and other insects. In common with the insects and other arthropods AST-A and AST-B/MIP, the buccalin and MIP mature peptides in Mollusca were encoded by long protein precursors containing multiple mature peptides with distinct amino acid sequences but well conserved motifs important for bioactivity (18–20, 25, 37, 92). The results of phylogenetic analysis from the present and previous studies (15, 16, 37) revealed that the Mollusca and Arthropoda receptors shared a common origin. The general sequence and structural conservation of the mollusc peptides and receptors with the arthropod AST systems homologues suggests functional conservation is likely across the protostomes.

In molluscs, buccalins were originally isolated from neuronal elements in the accessory radula closer (ARC) muscle of the gastropod A. californica and regulate food-induced arousal (24). In arthropods including insects a single gene for the AST-A precursor has been described. In D. melanogaster the AST-A peptides share a conserved FGL-amide terminus but the sequences of the orthologue peptides in molluscs was very different although a conserved L-amide C-terminus existed but, in some gastropods and cephalopods I-amide C-terminal peptides were also found. A second AST-A peptide precursor previously proposed to contain buccalin-like peptides that terminated with a V-amide (37) was exclusive to molluscs and has recently been assigned to the LASGLV-amide family (19, 20, 25). The two buccalin precursors recently described in the gastropod Pacific abalone (Haliotis discus hanna) are authentic as they both encode C-terminal L-amide peptides (92) as well as the C. ventricosus and P. maculate precursors identified in this study. The longest and most peptide rich buccalin precursors were found within the gastropods, in the cephalopod N. pompilius and in the polyplacophore A. granulata. In bivalves, the number of buccalin L-amide peptides varied from 7 to 11 and peptide sequence conservation within each species precursor was distinct and may indicate they have different functions. Despite the large variety of putative buccalins only a single homologue of the arthropod AST-AR was found in most of the species analysed suggesting that alternative receptors activated by buccalins may exist. It would be interesting to test if molluscan buccalins are the cognate peptide activators of KISSR/GALR-like since protostome AST-A and AST-ARs are proposed to share a common evolutionary origin with the metazoan KISSR and GALRs (15, 16, 31, 37, 38). Putative KISSR-like and GALR-like were identified in molluscs and in annelids (this study and (31, 37) but our searches in Mollusca failed to identify orthologues in the genome of several of the species.

The MIP peptide precursors in molluscs in common with arthropod homologues encodes for multiple peptides with a similar structure. All mollusc and arthropod deduced mature peptides were C-terminal amides and possessed two conserved tryptophan residues previously shown to be important for peptide bioactivity (55). However, the consensus W(X6/7)W-amide sequence in Arthropoda AST-B/MIP peptides (8) was modified to W(X4-7)W-amide in Mollusca MIPs. Gastropod MIP precursors produced the largest variety of peptides and in L. gigantea 25 peptides were predicted, which was 5 times higher than in the insect D. melanogaster. Like the insects, D. melanogaster and T. castaneum a single AST-BR/MIPR was identified in most gastropods and in cephalopods. In contrast, bivalves possessed three receptor type genes that arose prior to the divergence of the molluscs and arthropods by gene duplication. In insects, AST-B/MIP share the same receptor as insect sex peptide, a.k.a. accessory gland peptide, which in D. melanogaster is 36 aa in length. The single gastropod A. californica MIP-R has been deorphanized but the species MIP peptides (23) and the newly identified bivalve MIP-Rs (type II and III) found in this study remain to be characterized with the MIP peptides as the obvious choice of ligand. The degeneration of functionally important rhodopsin-family receptor motifs such as DRY (in ICL2) and NSxxNPxxY (where x represents any aa) within TM7 previously reported in arthropod AST-BR/MIP-R also existed in the mollusc homologue receptors (88,87,8). MIP and MIP-R were present in all species analysed, except B. glabrata and it is unclear if this was due to the genome quality or if they were deleted from the genome.

In molluscs the AST-C-like peptide precursor generated a single peptide as observed in arthropods. The AST-C mature peptides were characterised by two conserved cysteine motifs in arthropods (19, 20, 25, 54, 92), which were proposed to determine peptide structure and function and they were also conserved in mollusc AST-C-like suggesting they may be important for function. Nonetheless, despite superficial sequence similarities the evolutionary model underpinning the AST-C/AST-C-like systems in arthropods and molluscs diverged. In arthropods three genes encode three different peptide precursors (AST-C, CC and CCC) (54, 93) and generally only one or two AST-CR exist (63, 94, 95). In the case of molluscs, a single gene encodes the peptide precursor (except in the gastropod C. unifasciata that contains two identical mature peptide genes), but a larger number of putative AST-CR-like exist compared to arthropods. In molluscs the receptor number was generally conserved apart from in the bivalves and specifically the Mytilidae family where lineage and species-specific events caused expansion of the AST-CR-like (type I). The oysters possessed the protostome AST-CR-like type I and an additional AST-CR-like type II that according to the phylogeny diverged from other lophotrochozoan receptors. Genome analysis of the lophotrochozoans revealed that AST-CR-like type II are tandem duplicates with the AST-CR-like type I gene suggesting that after gene duplication in the ancestral Ostreoidea they considerably diverged.

The identification in molluscs of homologues of the arthropod AST peptide precursors with the potential to produce multiple mature peptides with distinct sequences and of AST-Rs that emerged from lineage/species-specific expansions in molluscs suggests that the diversity and complexity of this neuropeptide system is higher than in arthropods. The functional role of the arthropod AST-like system in the molluscs and other Lophotrochozoans remains to be studied but its diversity suggests it may be pluripotent. In the future, deorphanization of the multiple receptors within the Mollusca with the corresponding peptides will help to understand the peptide-receptor interactions and provide a route towards the establishment of function.



Evolutionary Scenarios for the Protostome AST-Like System and Discovery of GALR-Like Receptors in Molluscs

The lack of sequence conservation and distinct peptide precursor organization of the three protostome AST-like peptide families (AST-A/buccalin, AST-B/MIP and AST-C/AST-C-like) is indicative of their different evolutionary origins. This contrasts with the common evolutionary origin proposed for cognate receptor families. The presence of both peptide precursors and receptors in arthropods and molluscs suggested that they emerged prior to the ecdysozoans-lophotrochozoan divergence and shared a common origin and functional conservation with homologue systems in vertebrates. The protostome AST-A/Buccalin systems are homologues of the highly studied deuterostome GALR/KISS systems and the AST-C/AST-C-like system in protostomes is suggested to be the counterpart of the vertebrate SST-system (15, 31, 63–65, 95). For AST-B/MIP no homologue neuropeptide system has been described but receptor clustering with the vertebrate orphan receptors, GPR139/142, suggests that they may be evolutionary related. The function of GPR139/142 is poorly understood, and in mammals GPR139 is mostly expressed in the CNS and is suggested to regulate movement and food consumption/metabolism (96).

In our study we uncovered a novel mollusc GALR-like clade which only persisted in cephalopods. Previously we showed that putative GALR-like receptors were also present in annelids (31, 37) and the identification of homologues in other lophotrochozoans revealed that the GALR-like receptor clade emerged early but was selectively deleted from the genomes of several species. The GALR-like is the protostome orthologue of the deuterostome GALRs and changes the currently accepted paradigm that AST-AR/Buccalin-R are the protostome GALR representatives. In a previous study we proposed that the AST-ARs/Buccalin-Rs were more related with KISSR than with the GALRs. However, the inclusion of more family members in the present study clustered the mollusca and other lophotrochozoan Buccalin-Rs and insect AST-ARs closer to the GALRs suggesting an alternative evolutionary scenario. Comparisons of the gene environment of AST-AR and GALRs in the annelid (C. teleta), insect (D. melanogaster) and vertebrate (H. sapiens) revealed orthologue genes. The GALR-like genome region in C. teleta possessed genes shared in the genome region flanking arthropod AST-AR and human GALR2 suggesting that the protostome GALR-like and vertebrate GALR genome regions are related and that the ancestral genes of metazoan GALR and protostome AST-ARs may have emerged from a common genome region in the early bilaterian genome prior to the protostome and deuterostome divergence. The Buccalin-R genome regions in C. teleta only shared genes with the equivalent AST-AR genome regions in D. melanogaster and no orthologues were found in human GALR or KISSR genome regions. Nonetheless, the evolutionary scenario that gave rise to the protostome ancestral AST-ARs, metazoan KISSR and GALR genes is difficult to resolve since protostomes and deuterostomes are suggested to have diverged approximately 535 million years ago (97, 98) according to fossil records and global, lineage and species-specific genome events may have blurred evolutionary traits.



AST-C-Like System and Mantle Immune Function in M. galloprovincialis

In protostomes innate immunity is the main defence against pathogens. This system provides an immediate and effective response and depends on haemocytes that circulate in the haemolymph and humoral factors like lysozymes, complement-like molecules, peptidoglycan-recognition proteins (PGRPs) amongst others (71, 99, 100). Recent studies have revealed that immune factors in bivalves and molluscs are highly diverse due to species-specific expansions [(71, 101–106), Peng et al., submitted]. The diversity of bivalves, their adaptation to highly diverse environments, the plethora of pathogenic microorganism to which they are exposed, and their very different susceptibilities makes them excellent model systems to understand how environmental adaptation has shaped the immune system.

In arthropods, the role of the AST families in immunity is poorly resolved. In the haemolymph of the cockroach Diploptera punctate ASTs were suggested to be important regulatory peptides of the immune response (107) and in Litopenaeus vannamei, transcripts for the three AST peptide precursors (AST-A, AST-B/MIP and AST-C) were up-regulated in the haemocytes 6 hours after infection with the white spot syndrome virus (12). In Scylla paramamosain both AST-B/MIP and AST-BR/MIP-R were significantly induced in haemocytes and in the hepatopancreas after immune challenge and animals treated with AST-B/MIP had increased expression of pro-inflammatory cytokines and immune-effectors and receptor knock-down impaired the innate immune response to bacterial proliferation (14, 108). The only report that links the AST-C system to immunity was performed in D. melanogaster where ASTC-R1 and R2 were up-regulated by pathogenic bacteria and ASTC-R2 knock-down significantly decreased survival (13). The effect of the AST-C system was linked to modulation of the “inhibition of immune deficiency” (Imd) pathway (13). The Imd pathway controls anti-bacterial peptide gene expression in the fat body in response to gram-negative bacterial infections and the pathway is suggested to be similar to the mammalian TNF-α pathway (109, 110).

The orthologues of the arthropod AST families had a particularly high expression in the bivalve mantle (5, 68, 111–113) a mucosal surface where host-pathogen interactions are initially established (70). Expression analysis (qRT-PCR and transcriptome analysis) indicated that the AST-C-like system was highly expressed in the bivalve mantle and mantle transcriptome data revealed modified AST-CR-like expression after a bacterial LPS challenge. The activation of the immune response in M. galloprovincialis exposed to a pathogen challenge was revealed by the significantly modified mantle expression of TLRa and LYG1 and was associated with a significant change in expression of the AST-C-like system. However, in contrast to what was described in D. melanogaster down-regulation of the receptors occurred in M. galloprovincialis mantle. The basis for the divergent response of the AST-C/AST-C-like system between D. melanogaster and M. galloprovincialis was not determined but may result from the character of the immune challenge used. In molluscs, homologues of the vertebrate TNF-α and TNFR have been described and respond to infection (114, 115). However, if the AST-C-like system in bivalves modulates TNF-α and TNFR is unstudied and further work using targeted gene knock-down approaches or overexpression studies and defining the peptide-receptor pairs and their response to different pathogens will be required to characterise in detail the molecular basis of the innate immune response.




Conclusion

Peptide and receptor homologues of the arthropod AST-like families existed in molluscs. The diversity of AST peptides and receptor members found, and their widespread tissue distribution in molluscs suggests they are pluripotent factors that modulate a diversity of physiological processes. The mature peptides and receptor members (Buccalin, MIP and AST-C-like) were distinct across mollusc species, and this suggests that the AST families may be as complex as the neuropeptide system described in insects and other arthropods.

Phylogenetic analysis confirmed that receptors are specific to protostomes and emerged early in evolution prior to the Lophotrochozoa and Ecdysozoa divergence. In a previous study (37) we proposed that AST-ARs/Buccalin-Rs were most closely related to the metazoan KISSRs. In the present study by including AST-CRs in the phylogenetic analysis we found that they grouped with metazoan GALRs. Short-range gene linkage analysis of annelid genomes (the only protostomes where genes for Buccalin-R, GALR and KISSR persisted) confirmed that AST-AR and GALRs may be more evolutionary proximate, and we revised our previous evolutionary model for the protostome AST-ARs/Buccalin-Rs. In addition, we revealed for the first time the existence of Mollusca GALR-like genes in cephalopod genomes, and they were also present in annelids and a few other lophotrochozoans. This reveals that AST-AR/Buccalin-Rs evolved as a separate lineage and are not the orthologues of vertebrate GALRs as previously accepted.

Peptide precursors that encode for multiple mature peptides that diverge in sequence and the existence of lineage and species-specific duplicate receptors in molluscs suggests that the function of the Buccalin, MIP and AST-C-like systems may be distinct across species and that adaption to different environments may have affected gene evolution. Meta-analysis of tissue transcriptomes revealed that the Buccalin, MIP and AST-C-like families have a broad tissue distribution and varying abundance in several different bivalves, indicating it is an omniscient regulatory factor of the molluscan neuropeptide repertoire. The administration of an immune challenge to M. galloprovincialis significantly changed the expression of the AST-C-like peptide and receptor genes supporting its role in immunity and hinting at conservation of this function across protostomes. Overall, our study provides for the first time a comparison of the homologues of the three arthropod AST-systems across different molluscs and contributes to a better understanding of their evolution and function in protostomes.
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Supplementary Figure 1 | Complete deduced sequences of the Mollusca (A) buccalins (B) MIPs and (C) AST-C-like peptide precursors. Each protein precursor encodes multiple small peptides except for AST-C-like where a single mature peptide exists. The predicted mature peptide sequences are highlighted in green. The protease cleavage sites are predicted based on the identification of dibasic residues (KR) and are in yellow. The predicted glycine that forms the C-terminal amide is annotated in blue. The predicted peptides were numbered with letters according to the order in which they appear in the precursors and are aligned in Figure 3. Sequences that were derived from mantle transcriptomes are annotated with a “*” and those deduced from the genome are indicated with “#”. The orthologue peptide precursors and the localization of the mature peptides in the brachiopod L. anatina, two annelids P. dumerilii and C. teleta and from the insects D. melanogaster and T. castaneum are also represented for comparison. The conserved amino acids that are important for the peptides structure and function are highlighted in bold.

Supplementary Figure 2 | Deduced amino acid sequences of previously designated Mollusca buccalin-like precursors. The peptide precursors are now known to be members of the LASGLI/V-amide peptide family. Each precursor protein contains multiple small peptides. The predicted mature peptide sequences are highlighted in green. The protease cleavage sites are predicted based on the identification of dibasic residues (KR, RK) and are in yellow. The predicted glycine that forms the C-terminal amide are annotated in blue.

Supplementary Figure 3 | Maximum Likelihood (ML) trees of the Molluscan receptors and homologues from other lophotrochozoans, ecdysozoans and deuterostomes. (A) Phylogenetic tree of the Buccalin-R/AST-ARs and AST-CR-like/AST-CRs (Rhodopsin γ family) and (B) Phylogenetic tree of MIP-Rs/AST-BRs (Rhodopsin β family). Trees were built with 100 bootstrap replicates and were performed with an LG model. The Rhodopsin γ family tree was mid-rooted based on the clustering of the sequences and the Rhodopsin β family tree was rooted with the H. sapiens (NP_000721) and L. oculeatus (XP_006629714) cholecystokinin receptor type A (CCKAR). Trees were displayed in FigTreev1.4.4 and edited in the Inkscape programme. Circled letters indicate: B- bivalves; G- gastropods, C- cephalopods; and P- polyplacophore species used in the analysis. The sequences that were retrieved from non-annotated genomes have the putative localization (Mbp) indicated.

Supplementary Figure 4 | Multiple sequence alignments of Mollusca (bivalve, gastropod, and cephalopod) receptors with orthologues from annelids and D. melanogaster. (A) Buccalin-R/AST-AR, (B) MIP-R/AST-BR and (C) AST-CR-like/AST-CR. Receptor transmembrane domains are annotated within red boxes. Shading denotes amino acid conservation; dark grey represents 80% and black 100% conservation. Other sequence motifs suggested to be important for receptor function the motif DRY in ICL2 between TM3 and TM4 and NSxxNPxxY (where x represents any aa) within TM7 are marked with “*”. The putative disulphide bridge between the ECL1 and ECL2 is annotated and the C-terminal cysteine for potential palmitoylation after TM7 is marked with “#”. The N-terminal N-glycosylation sites conserved across the species are annotated with “.”. The accession number of receptor genes are indicated.

Supplementary Figure 5 | Transcript abundance (FPKM) of the Buccalin, MIP and AST-CR-like peptide precursors and receptors in mantle edge transcriptomes from control and LPS challenged M. galloprovincialis. Data represents transcript abundance of the control (n= 3) and LPS challenged (n= 3) animals after 12h. The colour grades are indicative of transcript abundance, and the more intense colour indicates higher abundance. FPKM counts were calculated taking into consideration the number of reads, gene length and the transcriptome sequencing depth. The AST-CR (VDI60978.1) transcript highlighted in bold and italics was DE (p-adj < 0.05, log2-fold > 2) between the two conditions.

Supplementary Figure 6 | Quantitative expression analysis of TLRa, LYG1 and C3-like in the mantle edge of control and V. harveyi challenged M. galloprovincialis. Mantle samples at 0, 6 and 12 hours post exposure to the pathogen were analysed. The immune genes tested were TLRa (82), LYG1 (83) and C3-like (Peng et al., submitted). Expression levels were normalized using the geometric mean of two reference genes (EF1α and 18S). The results are represented as the mean ± SEM of three (n= 3) biological replicates per group/sampling point. Significant differences (*p< 0.05 and ***p< 0.001) between the control and immune challenged groups of the same sampling period were detected using two-way ANOVA and a Sidak’s multiple comparison test using GraphPad Prism version 8.0.0 software for Mac OS X.

Supplementary Table 1 | Accession numbers of the mollusc, brachiopod and annelid peptide precursors and receptor genes. The genome localizations (scaffold or genome fragment) and positions (first coding exon, Mb) are indicated. Accession numbers that correspond to scaffolds and genome scaffolds are represented in italics. The species taxonomic classification was based on http://www.marinespecies.org/.

Supplementary Table 2 | Accession numbers of bivalve sequence read archives (SRA) for RPKM analysis. SRA are available from https://www.ncbi.nlm.nih.gov/sra/.
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Nematode parasites undermine human health and global food security. The frontline anthelmintic portfolio used to treat parasitic nematodes is threatened by the escalation of anthelmintic resistance, resulting in a demand for new drug targets for parasite control. Nematode neuropeptide signalling pathways represent an attractive source of novel drug targets which currently remain unexploited. The complexity of the nematode neuropeptidergic system challenges the discovery of new targets for parasite control, however recent advances in parasite ‘omics’ offers an opportunity for the in silico identification and prioritization of targets to seed anthelmintic discovery pipelines. In this study we employed Hidden Markov Model-based searches to identify ~1059 Caenorhabditis elegans neuropeptide G-protein coupled receptor (Ce-NP-GPCR) encoding gene homologs in the predicted protein datasets of 10 key parasitic nematodes that span several phylogenetic clades and lifestyles. We show that, whilst parasitic nematodes possess a reduced complement of Ce-NP-GPCRs, several receptors are broadly conserved across nematode species. To prioritize the most appealing parasitic nematode NP-GPCR anthelmintic targets, we developed a novel in silico nematode parasite drug target prioritization pipeline that incorporates pan-phylum NP-GPCR conservation, C. elegans-derived reverse genetics phenotype, and parasite life-stage specific expression datasets. Several NP-GPCRs emerge as the most attractive anthelmintic targets for broad spectrum nematode parasite control. Our analyses have also identified the most appropriate targets for species- and life stage- directed chemotherapies; in this context we have identified several NP-GPCRs with macrofilaricidal potential. These data focus functional validation efforts towards the most appealing NP-GPCR targets and, in addition, the prioritization strategy employed here provides a blueprint for parasitic nematode target selection beyond NP-GPCRs.




Keywords: neuropeptide, G-protein coupled receptor, FMRF-amide like peptide, drug target, nematode parasite



Introduction

Nematode parasites continue to have a global impact on human health and agricultural productivity such that novel mode-of-action anthelmintics are critical for sustained parasite control, especially in light of the escalation in anthelmintic resistance (1–3). Whilst the nematode neuromuscular system is a proven drug target, it remains underexploited (4, 5). Indeed, the majority of frontline anthelmintics only target aspects of neuromuscular signaling controlled by ion channels, however the neuropeptide signaling system is also critical to normal nematode neuromuscular function (6, 7).

Within the neuromuscular signalling system, neuropeptide GPCRs (NP-GPCRs) have been identified as highly ‘druggable’ targets (8). Indeed, an estimated 34% of human drugs act on GPCRs (9, 10). Despite this, NP-GPCRs have yet to be exploited for chemotherapeutic control of nematode parasites. In part, this is due to limited knowledge of NP-GPCR profiles in key parasitic nematode species which would enable NP-GPCR target prioritization.

Recent advances in ‘omics’ technologies have driven a significant expansion of in silico data for parasitic nematodes (11), providing an opportunity for the identification of novel putative anthelmintic targets. However, the volume and complexity of the available datasets presents a significant challenge to target prioritization. In silico prioritization approaches are essential given the lack of tractable and scalable reverse genetics tools for parasitic nematode systems (12, 13).

Analysis of the Caenorhabditis elegans genome suggests the presence of 152 putative NP-GPCRs (14), several of which are likely to represent attractive and exploitable anthelmintic targets. Indeed, functional studies indicate that some Ce-NP-GPCR knockdown/knockout worms display aberrant phenotypes that include paralysis and death [see WormBase; Harris et al. (15)]. Despite this, we have limited knowledge of NP-GPCR encoding gene conservation and life-stage expression in therapeutically relevant parasitic nematodes. These data are essential to drive the prioritization of parasite NP-GPCR drug targets for functional validation and chemotherapeutic exploitation.

In this study we employed in silico approaches to: (i) characterise the NP-GPCR complements of 10 key parasitic nematode species; (ii) develop a novel nematode drug target prioritization pipeline that incorporates NP-GPCR conservation, expression and functional data, and (iii) identify NP-GPCRs that represent putative, novel, broad spectrum parasitic nematode control targets. Integration of these multi-omics-derived datasets provides a springboard for functional biology that will improve our understanding of fundamental nematode neurosignalling and support future anthelmintic discovery efforts.



Materials And Methods


Putative NP-GPCR Identification

Putative nematode NP-GPCRs were identified via multiple sequence alignment derived Hidden Markov Models (HMMs), using methods based on those previously described (16). Briefly, HMMs were constructed using predicted protein alignments of all putative C. elegans neuropeptide receptors (14). Alignments were generated using MEGA 7 with default MUSCLE settings (17). Distinct models were constructed with rhodopsin and secretin NP-GPCR family members (14) using default hmmbuild parameters [HMMER v3; Mistry et al. (18)]. hmmsearch (HMMER v3) was employed to identify potential NP-GPCRs within the predicted protein datasets of 10 phylogenetically dispersed nematode parasites (Trichuris muris, Trichinella spiralis, Romanomermis culicivorax, Ascaris suum, Brugia malayi, Dirofilaria immitis, Necator americanus, Haemonchus contortus, Bursaphelenchus xylophilus, Globodera pallida; see (Supplementary Table 1), using default settings. The putative NP-GPCR sequences identified via hmmsearch were then used as queries in BLASTp searches in the NCBI non-redundant database (https://blast.ncbi.nlm.nih.gov; default settings) to identify the most similar sequences in C. elegans. Queries that failed to return a putative NP-GPCR as the highest scoring pair/top hit were excluded from downstream analyses. Putative NP-GPCR sequences were then filtered based on the number of transmembrane (TM) domains, as predicted by hmmtop (19). Returns containing 4 or more TM regions were excluded from downstream phylogenetic analyses (see Supplementary Figure 1 for a species-specific summary of the TM domain composition of all returns present in the putative NP-GPCR datasets), but still included in the drug target prioritization pipeline (see Figure 1).




Figure 1 | NP-GPCR drug target prioritization pipeline demonstrating NP-GPCR identification, phylogenetics and target prioritization workflow and a summary of the data generated at key stages in the pipeline. Five parasitic nematode NP-GPCRs are prioritised for validation in parasites: npr-5, -11, pdfr-1, fshr-1 and F59D12.1. HMM, Hidden Markov Models; TM, transmembrane domains; PN, parasitic nematode; CLANS, Cluster Analysis of Sequences; Ce, Caenorhabditis elegans; Reprod’n, reproduction; EXP, expression; WBP, WormBase Parasite; KO, knockout; RNAi, RNA interference.





NP-GPCR Clustering and Phylogenetic Analyses

The CLANS algorithm (https://toolkit.tuebingen.mpg.de/#/tools/clans) was used to identify convex clusters within the NP-GPCR datasets (20). Parasite NP-GPCR hits (761 putative parasite NP-GPCR sequences with ≥4 TM domains) were analysed alongside all putative NP-GPCRs from C. elegans (14). NP-GPCR sequences were uploaded to the CLANS website; BLAST high scoring pairs were extracted up to an E-value limit of 1e-5, all other parameters remained at default. CLANS performed a series of all-against-all BLASTp comparisons between every sequence submitted, generating a 3D similarity matrix constructed from the e-values of each individual search. The CLANS file output was visualized and coloured after 20,000 clustering rounds using the Java-based desktop software. CLANS convex cluster detection algorithm was used to delineate clusters of sequences under default settings. Clusters were numbered according to size (Cluster 1 being the largest). Individual clusters were used in Maximum-likelihood phylogenetic tree construction using MEGA 7 or MEGA CC (17), depending on the computing requirements of individual trees. Note that, where CLANS delineated clusters within the previously defined NP-GPCR families (14), these clusters were amalgamated prior to further phylogenetic analyses. Similarly, satellite singleton (non-clustered) sequences and small clusters that lacked any putative C. elegans homolog were grouped with their nearest-neighbour cluster prior to tree construction. Sequences extracted from each cluster were aligned via default MUSCLE settings in MEGA 7. Alignments were analyzed using the ‘find best DNA/Protein Models (ML)’ option to determine the most appropriate model of evolution for tree construction. All trees were constructed using: the bootstrap method (500 replicates); the LG model of evolution (G+I) with 5 discrete Gamma categories; a partial deletion of gaps (80% site coverage cut-off); and the nearest-neighbour interchange algorithm with no branch swap filter. Trees were rooted using a selection of C. elegans biogenic amine receptor sequences (see Supplementary Figures 2–12). Returns that clustered with a specific Ce-NP-GPCR with ≥70% bootstrap support were considered orthologs. Where returns failed to cluster with a specific Ce-NP-GPCR, but clustered with multiple C. elegans paralogs within the same NP-GPCR family, they were assigned based on top BLAST hit.



Drug Target Prioritization

A drug target prioritization pipeline based on: (i) NP-GPCR-encoding gene conservation (generated in this study); (ii) C. elegans derived functional data (15), and (iii) publicly available RNASeq data (see Supplementary Table 1), were collated and curated as outlined in Figure 1. Briefly, NP-GPCR conservation profiles across the nine key parasite species in this study were analysed using the phylogenetics approach described above. To enable the inclusion of all putative NP-GPCR hits in the prioritization pipeline, and to circumvent prioritization bias by losing those that possess partial sequence availability (<4 TM domains; not suitable for phylogenetic analyses), predicted proteins with <4 TM regions were included as homologs of the highest scoring C. elegans BLAST hit.

Phenotype data associated with C. elegans mutant/RNAi experiments for the 152 known NP-GPCRs were collated from observed phenotypes reported on WormBase [version WS280; Harris et al. (15)]. Each Ce-NP-GPCR encoding gene was scored based on phenotype significance (with relevance to anthelmintic target discovery), where no recorded phenotype scored 0, reproductive scored 2, sterility scored 3, motility scored 4, and lethality scored 5. Any other recorded phenotype scored 1. Many Ce-NP-GPCR encoding genes had multiple phenotypes recorded; in this scenario, phenotype scores were combined to provide an overall total phenotype score for each NP-GPCR. Where multiple phenotypes within the same category were recorded, the category was only scored once.

RNASeq data were accessed from published life-stage specific transcriptome datasets [untreated/wildtype: T. muris (21); A. suum (22, 23); B. malayi (24, 25); D. immitis (26); H. contortus (27), and G. pallida (28)]. An FPKM value of 1 was used as the threshold for transcript expression (where FPKM ≥1 was deemed to be expressed). RNASeq data for H. contortus and T. muris (raw counts and FPKM) were generated following an established RNASeq pipeline. Raw sequences reads [PRJEB1360 (27); PRJEB1054 (21)] were downloaded and split into forward and reverse fastq files using NCBI SRA Toolkit (29). Reads were trimmed using Trimmomatic [v0.36; parameter: LEADING:5 TRAILING:5 SLIDINGWINDOW:3:15 MINLEN:34 (30)]. Corresponding genome assemblies for H. contortus (27) and T. muris (21) respectively, were downloaded from WormBase ParaSite (WBP) FTP server (31) and reads were mapped to these genomes using HISAT2 [v2.1.0 (32)]. Following genome mapping, raw gene counts were assigned through use of SubRead v 2.0.1 featureCounts (33). Raw counts of orthologous genes in samples were transformed to FPKM using countToFPKM (34) and median FPKMs were calculated in order to represent raw gene expressions of various developmental stages in these nematodes.




Results and Discussion


Parasitic Nematodes Possess Caenorhabditis elegans NP-GPCR Homologs

In this study we identified 1059 putative Ce-NP-GPCR homologs in the predicted protein datasets of 10 phylogenetically dispersed nematode parasites (see Supplementary Table 2 and Figure 1). To our knowledge this is the most comprehensive analysis of NP-GPCR profiles in parasitic nematodes to date, spanning five phylogenetic clades and a range of parasitic lifestyles [human parasitic nematode (HPN), animal parasitic nematode (APN), plant parasitic nematode (PPN), entomopathogenic nematodes (EPN)]. Several key points emerge from this study:


Nematode Parasites Possess a Reduced Complement of Caenorhabditis elegans NP-GPCR Homologs

All 10 parasitic nematodes examined in this study exhibited restricted profiles of the 152 Ce-NP-GPCRs [21-78% Ce-NP-GPCR profile (average 49.2%); see Supplementary Table 2, Supplementary Data Sheet 1 and Figure 2] this trend is similar to that noted previously (35, 36). Ascaris suum boasts the largest Ce-NP-GPCR complement of all parasites examined (78%; Figure 2A), including in comparison to the clade 9 species H. contortus and N. americanus which are more closely related to C. elegans. This suggest that A. suum has lost fewer NP-GPCR encoding genes than both H. contortus and N. americanus despite being more distantly related to C. elegans. The lowest complement of Ce-NP-GPCRs was identified in the clade 2 species T. muris (21%) and T. spiralis (22%; Figure 2A). The phylum spanning profile of NP-GPCR encoding gene complements reported here closely aligns with the parasitic nematode neuropeptide [FMRF-amide-like peptide (flp), and neuropeptide like protein (nlp)] profiles characterised previously (36, 37), where A. suum and the clade 2 species (T. spiralis and T. muris) also display the largest and smallest complements of parasite neuropeptide encoding genes respectively.




Figure 2 | Nematode parasites have reduced and variable NP-GPCR complements across (A) 10 nematode species (B) phylogenetic clades and (C) parasitic lifestyles, expressed as a % of the predicted 152 Caenorhabditis elegans NP-GPCRs. Dotted line represents the average % (49.3%) of Ce-NP-GPCRs across all 10 species. APN, animal parasitic nematode; HPN, human parasitic nematode; PPN, plant parasitic nematode.



The HMM based approach employed also identified several biogenic amine GPCRs in addition to the NP-GPCRs reported here (data not shown); this provides confidence that all putative NP-GPCRs were identified in the available parasitic nematode datasets. Although a small number of divergent NP-GPCR sequences without an obvious C. elegans ortholog were identified in specific parasite species (see Supplementary Data Sheet 1 and Supplementary Figures 2–12), these were not broadly conserved across the parasite species examined.



Nematode Parasite NP-GPCR Profiles Vary Within and Between Phylogenetic Clades

The NP-GPCR encoding gene profiles of parasitic nematodes representing five nematode clades [2, 8, 9, 10, 12; Holterman et al. (38)] were examined in this study. Whilst only a small number of species from each clade were examined here, all clades exhibited a reduced complement of Ce-NP-GPCR homologs (see Figure 2B); clade 9 and 10 nematodes displayed the highest complement (both 68%) of Ce-NP-GPCRs and clade 2 displayed the most reduced (21%).

Within clades, variation in NP-GPCR complement was evident; for example, whilst the clade 2 species, T. muris and T. spiralis, displayed a highly similar, reduced, NP-GPCR complement (21%), an additional clade 2 species, R. culicivorax (entomopathogenic nematode), possessed 49% of Ce-NP-GPCR homologs (Figures 2A, B and Supplementary Table 2). Similarly, the clade 8 filarids, B. malayi and D. immitis, displayed reduced NP-GPCR complements relative to A. suum (clade 8). These data suggest multiple distinct gene loss events in the lineages that led to present day Trichuris/Trichinella and filarid spp. It is also likely that some of the 152 Ce-NP-GPCRs arose from gene duplication events that occurred in the lineages that led to the crown clades (clade 8-12; Holterman et al. ()), and so the NP-GPCRs absent from clade 2 species may not have been present in the last common ancestor of all nematodes. In contrast, both of the plant parasitic nematodes examined, B. xylophilus (clade 10) and G. pallida (clade 12), display relatively similar NP-GPCR profiles despite their distinct clade designations (Supplementary Table 2). The number of NP-GPCRs present appears to be consistent across nematode lifestyles (as defined here; Figure 2C), however the gene profiles are different since species have distinct gene repertoires.



Nematode Parasite NP-GPCR Profiles Include Representatives of All of the Rhodopsin and Secretin NP-GPCR Families

The nematode parasite NP-GPCR profiles include representatives from the 17 rhodopsin and secretin receptor sub-families described in C. elegans (14). It is interesting to note that whilst there is broad representation across the majority of receptor sub-families (see Figure 3), there are also significant gaps in NP-GPCR complements especially within the Drosophila Dromyosuppressin (dmsr-10, 12-16) and Drosophila FMRF-amide (frpr-11-13) GPCR families (see Supplementary Table 2). Also evident are significant gaps in the otherwise broad NP-GPCR family profiles of the filarids including an absence of members of the Ghrelin-obstatin/neuromedin U, Galinin and Sex Peptide receptor families and a significant reduction in Neurokinin/neuropeptide FF/orexin receptor family members (see Supplementary Table 2).




Figure 3 | CLANS analysis identifies NP-GPCR sub-families. Similarity matrix derived from all-against-all BLASTp comparisons between all identified nematode NP-GPCR sequences (E-value limit = 1e-5). NPF/Y, neuropeptide F/Y receptor family; SOMA, somatostatin receptor family; GAL, galanin receptor family; FRPR, FMRFamide Peptide Receptor family; aFRPR, another FMRFamide Peptide Receptor family; DMSR, Drosophila myosuppressin receptor family; GO/NU, Ghrelin-obstatin/neuromedin U receptor family; NK/NPFF/Orexin, Neurokinin/neuropeptide FF/orexin receptor family; GnRH, Gonadotropin-releasing hormone receptor family; GC, Gastrin-cholecystokinin receptor family; VP, Related Vasopressin receptor family; SexP, Related to Sex peptide receptor family; DR, related to fly ortholog (TF315326), plus related family (TF315359); TAG-89-like, Related family with no specific orthologs (TF318526); AEX-2-like, Related family with no specific orthologs (TF316587); TF317595, Related family with fly ortholog; TF315508, Related family with no specific orthologs; TF316160, Related family with no specific orthologs; FSHR, follicle-stimulating hormone receptor; DmDopEcR, Drosophila Dopamine/Ecdysteroid receptor; SEC, secretin-type receptors.





Nematode Parasite NP-GPCRs Are Broadly Expressed but Display Differential Expression Patterns Across Nematode Life-Stage

The majority of NP-GPCRs are broadly expressed across the lifecycle stages of key species in this study (those with available life-stage specific RNASeq data; FPKM ≥1) indicating their general importance to nematode biology (see Supplementary Table 3). NP-GPCRs display differential expression patterns across life-stages in all parasitic nematodes examined (T. muris, A. suum, B. malayi, D. immitis, H. contortus, G. pallida; see Supplementary Table 3. Whilst it is interesting to note that the majority of NP-GPCRs are expressed in all life stages, including in adult nematodes, there appears to be a general upregulation of NP-GPCR expression in the larval stages of a number of species including B. malayi (L3), T. muris (L2), G. pallida (J2), D. immitis (microfilariae). This indicates that, whilst NP-GPCRs have an important role across the nematode lifecycle, there may be an enhancement of NP-GPCR signaling in the larval stages that could reflect a significant need for movement/migration and development at this stage. Whether these patterns of NP-GPCR expression can be directly tied to variation in gene function between lifecycle stages remains to be investigated.




Nematode Parasite In Silico NP-GPCR Analyses Have Potential to Direct Drug Discovery Pipelines

The volume and complexity of the NP-GPCR profiles outlined above challenge the ability to prioritise the most attractive NP-GPCRs for validation as novel drug targets. In silico approaches offer a novel route to exploit available datasets and integrate information to direct drug target selection (39–42). Here we present a novel in silico nematode parasite NP-GPCR drug target prioritization pipeline that incorporates pan-phylum NP-GPCR conservation (generated in this study), parasite life-stage specific expression, and C. elegans-derived phenotype data to assess the target appeal of NP-GPCRs for nematode control (Figure 1).


NP-GPCRs Have Conservation Profiles That Highlight Their Appeal as Broad Spectrum Drug Targets

Seven of the 152 Ce-NP-GPCRs are conserved across all 10 parasitic nematodes examined (gnrr-1, ckr-2, frpr-19, C01F1.4, F59D12.1, pdfr-1 and seb-3; see Supplementary Table 2 and Figure 4). An additional six NP-GPCRs are conserved in nine of the 10 key species examined (npr-4, daf-38, dmsr-2, dmsr-8, T11F9.1, H09F14.1; see Supplementary Table 2 and Figure 4) and a further 18 are conserved in eight of the 10 parasites in this study (npr-5, npr-11, npr-35, npr-16, npr-32, ntr-2, sprr-1, frpr-5, frpr-7, frpr-9, frpr-18, dmsr-1, dmsr-6, dmsr-7, F40A3.7, aexr-1, fshr-1, F13H6.5; see Supplementary Table 2 and Figure 4). Eighteen NP-GPCRs were not identified in any parasite species (see Supplementary Table 2), and six NP-GPCRs (dmsr-11, frpr-16, gnrr-7, npr-33, D1014.2, ZK863.1; present in only one species) show highly restricted patterns of conservation.




Figure 4 | Integration of nematode ‘omics data informs NP-GPCR target prioritization. Venn Diagram illustrating the NP-GPCRs emerging from the prioritization pipeline following consideration of NP-GPCR conservation, NP-GPCR expression in key therapeutically relevant parasitic nematode lifecycle stages, and Ce-NP-GPCR null mutant/RNAi phenotype. Based on currently available data, the most appealing broad-spectrum NP-GPCR targets are highlighted in red. Receptors highlighted in orange represents those that share broad spectrum and key phenotype (lethality and locomotory) appeal; those highlighted in blue share broad spectrum conservation and expression attributes, and those highlighted in green share key phenotype and broad spectrum expression. >80% expression = NP-GPCRs that are expressed (FPKM>1) in more than 80% of the therapeutically relevant lifecycle stages analysed.





NP-GPCRs Are Associated With C. elegans Phenotypes That May Have Drug Target Appeal

Caenorhabditis elegans functional data may inform NP-GPCR target appeal through the collation and consideration of phenotype information. In this study we collated phenotype data from C. elegans null mutant/RNAi experiments for the 152 NP-GPCRs [see WormBase (15); see Supplementary Table 4]. Each NP-GPCR was scored based on perceived phenotype significance to nematode biology and/or established anthelmintic endpoints, and therefore potential drug target appeal (see Materials and Methods). Often, multiple phenotypes were attributed to individual NP-GPCRs, therefore scores were added to yield an overall phenotype score for each receptor (see Supplementary Table 4). Several key points emerge from these datasets: (i) 89 of the 152 putative Ce-NP-GPCRs had no associated null mutant/RNAi phenotype(s) which may reflect a combination of: (a) lack of functional analyses data for Ce-NP-GPCRs, (b) use of an unsuitable C. elegans post-functional genomics bioassay and/or, (c) functional redundancy in nematode neuropeptidergic signalling systems; (ii) 16 Ce-NP-GPCRs had a lethal phenotype reported in at least one study (npr-5, nmur-4, npr-20, tkr-3, npr-30, gnrr-2, gnrr-6, ckr-1, frpr-4, frpr-10, dmsr-3, Y37E11AL.1, Y40C5A.4, F59B2.13, F52D10.4, fshr-1; see Supplementary Table 4); (iii) npr-3, -4, -7, -11, -12, -34, egl-6 and pdfr-1 also scored highly as these NP-GPCRs are associated with atypical locomotion, sterility or reproductive phenotypes in at least one study. Although the scoring system adopted here elevates the scores of NP-GPCRs that fall into multiple phenotype categories, the appeal of mutant/RNAi phenotypes associated with, for example, only locomotion should not be ignored; the NP-GPCRs associated with locomotion (in at least one study) include npr-1, -2, -8, -9, -10, -13, -25, and F59D12.1.

It is interesting to note that of the 16 NP-GPCRs that are associated with lethal phenotypes in C. elegans three (npr-5, ckr-1 and Y40C5A.4) are present in the most important APN/HPN species in this study (A. suum, B. malayi, D. immitis, N. americanus, H. contortus; see Supplementary Table 2). 16 additional NP-GPCRs emerged from the available phenotype data with appealing locomotory, reproductive and/or sterility phenotypes. Of these, five (npr-1, -11, -13, pdfr-1, F59D12.1) are present in the most important APN/HPN species in this study (see Supplementary Table 2). Finally, of the seven NP-GPCRs completely conserved in the parasitic species examined in this study, F59D12.1 and pdfr-1 have been linked to deleterious C. elegans phenotype post RNAi/knockout (see Supplementary Table 4).

In the context of this study, there are several important caveats to the extrapolation of the WormBase derived C. elegans phenotype data for drug target prioritisation including: (i) the reported differences between phenotypes recorded for multiple distinct mutations associated with the same gene, as well as RNAi animals (typically performed in RNAi hypersensitive mutant strains), (ii) the variable and often specific nature of the phenotype screens employed, and (iii) the bias in the volume/quality of functional data for specific NP-GPCRs or GPCR families. Whilst we have attempted to incorporate all of the observed C. elegans phenotypes recorded on WormBase regardless of experimental approach (how the mutant was generated, phenotype screens employed), the major caveats outlined above somewhat limit the utility of these data, and emphasise the need for functional analysis of all highly conserved and highly expressed NP-GPCRs in parasitic nematodes. Despite this, the approach offers a route to prioritising drug target candidates for functional validation in low throughput parasite platforms.

The format of our prioritisation pipeline allows for the distinct prioritisation of NP-GPCRs based on conservation, expression and/or C. elegans phenotype. This enables for the segregation or integration of prioritisation criteria as required and for the addition of phenotype data as they become available.



NP-GPCRs Are Broadly Expressed Across Nematode Life-Stages Underpinning Their Appeal as Novel Drug Targets

The available nematode RNASeq data suggest that parasite NP-GPCRs are broadly expressed across the species examined in this study (see Supplementary Table 3; for example, of the 13 genes that were conserved in at least nine of the 10 parasite species examined (see NP-GPCRs Have Conservation Profiles That Highlight Their Appeal as Broad Spectrum Drug Targets), the majority are also expressed in therapeutically relevant lifecycle stages (including: adult H. contortus; microfilariae and adult B. malayi and D. immitis; adult A. suum; adult T. muris; see Supplementary Table 3) underpinning the appeal of NP-GPCRs as therapeutic targets. In this context, the NP-GPCR expression data on their own do not discriminate sufficiently to prioritise a reduced cohort of broad spectrum drug targets however, in the scenario where a species focused/narrow spectrum target is desirable, ranking candidate drug targets based on expression data is more informative. For example, 21 NP-GPCRs are expressed in all therapeutically relevant stages of A. suum (npr-1, -16, -23, -33, gnrr-2, daf-38, ckr-2, frpr-5, -7, -9, -18, -19, sprr-1, dmsr-1, -4, C17H11.1, C24B5.1, tag-89, fshr-1, F59D12.1, pdfr-1); of these, npr-1, fshr-1, F59D12.1 and pdfr-1 also display defective phenotypes in C. elegans (see NP-GPCRs Are Associated With C. elegans Phenotypes That May Have Drug Target Appeal).



Several Parasitic Nematode NP-GPCRs Emerge as the Most Appealing Broad Spectrum Drug Targets

The data presented here identify 17 NP-GPCRs as the most appealing broad spectrum drug target candidates (>80% conservation and expression across key parasitic nematodes; see Figures 1 and 4). Parasitic nematode reverse genetics platforms are low throughput necessitating a focus on a smaller subset of NP-GPCRs. With this in mind, npr-5, npr-11, pdfr-1, fshr-1 and F59D12.1 step forward as initial candidates for functional validation (Figures 1 and 4).

Two of the NP-GPCRs that emerge from our pipeline as appealing targets (npr-5 and -11) have been linked to several peptides. NPR-11 has been functionally linked to NLP-1 and FLP-34 and, heterologously matched with FLP-21, -18, -34, -15 and -27 (43–47). NPR-5 is also functionally linked to FLP-18 and heterologously linked to FLP-18 and -21 (46, 48–50). Interestingly FLP-18 signalling has been shown to be important to nematode biology and is associated with a raft of biological processes including chemosensation, heat avoidance, reversal length, foraging behaviour, metabolism, locomotion quiescence during lethargus, and dauer formation (49–55); these data enhance the appeal of NPR-5 and -11 as putative novel drug targets. Significantly, npr-5 is conserved in 84% of 134 nematode genomes, representing 109 species, 7 clades and 3 distinct lifestyles (56), highlighting the importance of NPR-5 across phylum Nematoda.

PDFR-1 is related to arthropod Pigment Dispersing Factor Receptor and, more distantly, to vertebrate Calcitonin and Vasoactive Intestinal Peptide receptors (57). These receptors function in the control of circadian rhythms and arousal (51, 57, 58). PDFR-1 in C. elegans has been deorphanised heterologously and functionally to PDF-1 and PDF-2 (NLP-37) peptides, which modulate locomotion (57, 59). PDFR-1 signalling has also been implicated in inducing extended roaming states, arousal of locomotory behaviour following lethargus, and in the promotion of male mate searching behaviour in C. elegans (51, 60, 61). Notably, pdf-1 and pdfr-1 were present together in 96% of 134 nematode genomes (unpublished observations).

The remaining prioritised receptors are orphan NP-GPCRs that have not yet been linked to a cognate ligand. F59D12.1, also known as PCDR-1 (Pathogen Clearance Defective Receptor), has been associated with locomotion via RNAi experiments which resulted in slow and paralyzed worms (62). PCDR-1 also plays a key role in pathogen clearance of Microbacterium nematophilum infection in C. elegans (63). The functional data available for fshr-1 indicate that mutant C. elegans (tm3954) and RNAi worms display lethal phenotypes (15, 64).

Whilst several additional NP-GPCRs (gnrr-1, ckr-2, frpr-19, C01F1.4, seb-3) were conserved in all species examined in this study, the limited functional information available for these receptors has precluded their prioritisation as the most appealing targets at this point (see Figure 4). This reflects a major gap in the NP-GPCR null mutant/RNAi phenotype data and is a caveat to drug prioritisation in this context. In addition, the scale and scope of the post-functional genomics phenotype screens performed in Ce-NP-GPCR null mutant/RNAi experiments are: (i) highly variable and often gene dependent and, (ii) focus almost exclusively on loss of function screens (lack of over-expression data), such that this results in a degree of bias within the NP-GPCR prioritisation pipeline whereby highly conserved receptors that simply lack phenotype data are not emerging among the prioritised subset. Indeed, this is supported by a lack of correlation between parasitic nematode NP-GPCR conservation and the C. elegans derived phenotype data reported here (Spearman’s rho; Figure 5). It is also interesting to note that some of the NP-GPCRs highlighted above, that are broadly conserved but were not prioritised due to lack of phenotype data, are also broadly expressed across nematode lifecycle stages (e.g. gnrr-1, ckr-2, frpr-19 expressed in 83%, 97% and 100% of the transcriptomes examined respectively); this suggests potential functional importance and should form the focus of future functional analyses in parasitic nematodes.




Figure 5 | Comparison of phenotype score and NP-GPCR conservation. Phenotype score (sum of all phenotype categories associated with each gene) was plotted against the number of species which possess an NP-GPCR of interest. There is a no statistically significant correlation (Spearman rho) between phenotype score and NP-GPCR encoding gene conservation. Only genes displaying both a high level of conservation and phenotype score are highlighted.





NP-GPCR Prioritisation Pipelines Can Also Direct Narrow Spectrum Drug Target Prioritisation

Narrow spectrum anthelmintics have proven utility in nematode parasite control strategies (65). The drug target prioritisation pipeline presented here also enables the prioritisation of narrow spectrum drug targets that are relevant to the control of specific parasite species or life-stages. For example, no macrofilaricidal anthelmintics currently exist (66). Several NP-GPCRs (npr-5, -19, -23, -29, gnrr-1, -4, ckr-1, -2, frpr-8, -19, Y40C5A.4, aexr-1, fshr-1 and F59D12.1) emerge from our pipeline as NP-GPCRs that are expressed in both adult male and female B. malayi and D. immitis (see Supplementary Table 3). Some of these NP-GPCRs have already been prioritised as broad-spectrum targets (see Several Parasitic Nematode NP-GPCRs Emerge as the Most Appealing Broad Spectrum Drug Targets; npr-5, fshr-1 and F59D12.1) however, an additional two NP-GPCRs (ckr-1 and Y40C5A.4) emerge that are also appealing as microfilaricides; this underscores the utility of the NP-GPCR prioritisation pipeline in teasing out species specific therapeutic targets (see Supplementary Tables 2–4).





Conclusions

Recently improved parasite ‘omics’ data have driven a paradigm-shift towards mechanism-directed drug target screening approaches, providing an opportunity to identify the most attractive nematode parasite targets. Our focus on NP-GPCRs as therapeutic targets is driven by their importance to nematode biology (8), however the number and diversity of nematode NP-GPCRs is currently a hinderance to functional validation and successful exploitation. Here we present data on NP-GPCR conservation and the application of a drug target prioritisation pipeline that highlights the most attractive parasitic nematode NP-GPCRs for parasite control at this time. These data: (i) provide a comprehensive library of NP-GPCRs in key nematode parasites; (ii) enable the selection of both broad and narrow spectrum control targets; (iii) inform future validation efforts for NP-GPCRs in key parasitic nematode systems which are currently significantly lacking and, (iv) will expedite the anthelmintic development pipeline via informed target selection.
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Background

Obesity is a major public health problem of our time as a risk factor for cardiometabolic disease and the available pharmacological tools needed to tackle the obesity pandemic are insufficient. Neurotensin (NTS) is a 13 amino acid peptide, which is derived from a larger precursor hormone called proneurotensin or Long Form NTS (LF NTS). NTS modulates neuro-transmitter release in the central system nervous, and facilitates intestinal fat absorption in the gastrointestinal tract. Mice lacking LF NTS are protected from high fat diet (HFD) induced obesity, hepatic steatosis and glucose intolerance. In humans, increased levels of LF NTS strongly and independently predict the development of obesity, diabetes mellitus, cardiovascular disease and mortality. With the perspective to develop therapeutic tools to neutralize LF NTS, we developed a monoclonal antibody, specifically inhibiting the function of the LF NTS (LF NTS mAb). This antibody was tested for the effects on body weight, metabolic parameters and behavior in mice made obese by high-fat diet.



Methods

C57bl/6j mice were subjected to high-fat diet (HFD) until they reached an obesity state, then food was switched to chow. Mice were treated with either PBS (control therapy) or LF NTS mAb at the dose of 5 mg/kg once a week (i.v.). Mice weight, plasma biochemical analysis, fat and muscle size and distribution and behavioral tests were performed during the losing weight period and the stabilization period.



Results

Obese mice treated with the LF NTS mAb lost weight significantly faster than the control treated group. LF NTS mAb treatment also resulted in smaller fat depots, increased fecal cholesterol excretion, reduced liver fat and larger muscle fiber size. Moreover, mice on active therapy were also less stressed, more curious and more active, providing a possible explanation to their weight loss.



Conclusion

Our results demonstrate that in mice subjected to HFD-induced obesity, a blockade of LF NTS with a monoclonal antibody results in reduced body weight, adipocyte volume and increased muscle fiber size, possibly explained by beneficial effects on behavior. The underlying mechanisms as well as any future role of LF NTS mAb as an anti-obesity agent warrants further studies.





Keywords: LF NTS targeted therapy, neurotensin, obesity, behavior, metabolism



Introduction

Obesity has become a major public health problem in the developed world and increasingly so also in the third world’s population (1). Many factors from genetic to behavioral and food consumption habits have been invoked as the cause of the increase in obesity. Nevertheless, once the disease is established, it is difficult to overturn the accumulated weight. Outside of bariatric surgery, which remains the most effective treatment option for obesity and metabolic diseases (2), the loss of weight remains challenging for patients. Progress in medication to improve anti-obesity therapy- on top of dietary caloric restriction- needs to be made, and in this vein, we addressed the possible action of peripheral blockade of the long form neurotensin (LF NTS).

Neurotensin (NTS) is a 13-amino acid peptide originally identified in the hypothalamus (3). NTS was subsequently found to be produced by enteroendocrine cells of the small intestine, and released to the circulation to act locally or as a hormone (4–7). Three receptors which are stimulated by the NTS sequence are known, i.e. NTSR1, NTSR2 and NTSR3 (the latter also known as sortilin-1) (8). NTS and NTSR1 were also found in adrenal and myenteric plexus of the gastro-intestinal tract (9–12).

In the central nervous system, NTS acts as a neurotransmitter. NTS has been shown to modulate dopaminergic signaling and thereby have implications for psychotic diseases (13). Moreover, in the lateral hypothalamic area, NTS has been shown to be essential for mediation of leptin and ghrelin induced suppression of hunger and food intake (14, 15). On the other hand, in the small intestine where NTS secretion is stimulated by e.g. fat intake, studies comparing normal mice with mice genetically deficient for NTS found that NTS contributes to intestinal absorption of fat as well as high fat diet (HFD) induced obesity, hepatic steatosis and glucose intolerance without effects on food intake (16). It is not clear if and how the central and peripheral NTS effects interact, but stress has been shown to induce hypothalamic NTS secretion (17) and NTS is also expressed in the enteric nervous system (18) suggesting a possible interplay.

The NTS (13 AA) mature and biologically active peptide is produced after proteolytic cleavage of the NTS precursor of 170 AA sequence. A long fragment NTS (LF NTS), also referred to as proneurotensin, of 163 AA is also produced. LF NTS includes the NTS C-terminal sequence that binds to NTSR1, and exhibits the same biological activity as the mature peptide but with a higher stability (19). The NTS mature peptide is released in the blood stream after meals and fat intake and is quickly broken down and eliminated by the liver through the portal vein (20). Due to its very high lability, NTS peptide acts mostly at the vicinity of its release site (21). On the other hand, LF NTS is a considerably more stable polypeptide, and circulates long enough to reach a steady state in the human plasma (22). An increased plasma level of LF NTS is strongly related to insulin resistance (16) and hepatic steatosis (23) in humans. Moreover, high levels of LF NTS strongly and independently predicts the development of obesity, diabetes mellitus, cardiovascular disease and mortality (16, 22, 24, 25). As the levels of LF NTS are clearly variable between individuals, we hypothesized that increased levels of circulating LF NTS polypeptide may reflect NTS gene activation followed by the default cleavage of its precursor. We developed a neutralizing antibody specific to LF NTS, which was previously shown to inhibit tumor progression and restore chemotherapy response demonstrating the biological action of LF NTS polypeptide in a pathological context (26). This antibody was selected for its ability to bind the LF NTS and to neutralize the morphological changes of CHO cells overexpressing NTSR1 (27). The antibody inhibits the tumor growth of experimental cancer tumors emanating from diverse origins, all related to the over expression of NTSR1. This effect is absent when NTSR1 expression was lowered by employing sh-RNA (see patent EP14305825.3) (26).

Obesity is a metabolic disease characterized by uncontrolled accumulation in fat body stores. Obesity ensues from disbalance between energy intake and output attributable to complex interactions between biological, behavioral, social and environmental factors. Once obesity is established it is difficult to lose and maintain a healthy weight. Losing weight is in the majority of cases associated with reduced caloric intake, voluntarily or not, as ensuing bariatric surgery. In order to match the clinical situation of pharmacological obesity treatment which frequently associates medication and caloric restriction (28), we designed our experimental procedure to evaluate the role of inhibition of the LF NTS during the phase of caloric restriction after-induced obesity by HFD. Circulating LF NTS is enhanced upon inflammation associated with HFD consumption (29). Therefore, we hypothesized that by controlling the level of LF NTS we may alter the weight losing process. To be noted, mice on normal diet treated with long LF NTS mAb are more active and heavier than the control mice (26). In addition, we confirmed that LF NTS mAb treatment during the induction of obesity phase did not induce a reduction of weight accumulation.

Given the strong relationship between LF NTS and cardiometabolic disease, we set out to test whether and how blockade of LF NTS in the circulation with a monoclonal antibody that binds to LF NTS (LF NTS-mAb) affects body weight, metabolic parameters, and behavior in mice made obese by high-fat diet.



Materials and Methods


Animals

All experimental procedures were approved by the local ethical committee (APAFIS#9892). Mice were housed in a temperature (21 ± 1°C) and humidity (55 ± 10%) controlled room with a 12 h light, 12 h dark cycle (light on between 8 am and 8 pm). Food and water were available ad libitum. All experiments were performed with C57BL/6JRj male mice of six weeks old, considered as young adult. After a week of adaptation, mice were subjected to high-fat diet (HFD) for 12 weeks. The 260 HF HFD from Scientific Animal Food & Engineering was sugar and fat enriched diet with 60% of energy via butter. When mice reach between 45 to 50 g the food was switched to Chow diet, LASQCdiet® Rod16-R form Lasvendi GmbH. Mice were randomly separated in two groups, treated in the retro-orbital sinus with either PBS (control therapy) or LF NTS mAb at the dose of 5 mg/kg once a week in a maximum volume of 100 µl (Figure 1A) (26). We previously used total mouse IgG as a control therapy, as it provides similar data to PBS for short-term treatments (26). Nevertheless, we find variable responses within mice and unexpected mouse deceases when treated for a long period, which led us to conclude that total IgG was not an inert control treatment. To be able to compare between experiments we used PBS as control therapy for all experiments. The results were collected from four separate experiments.




Figure 1 | Weight lost by mice after the diet switch from high fat to chow diets. (A) Follow-up of the weight lost was performed on obese mice after the switch from HFD to chow and treated with FL-NTS mAb. Four independent experiments were performed. The weight lost was studied over different periods. (B) The first period while mice were losing weight was named a short period (SP) (n=10), (C) The second period corresponding to the weight stabilization was named long period (LP) (n=17) representing the mean of three independent experiments. (D) The LF NTS mAb was prolonged for 9 mice and maned long term (LT), (D inset).Magnification of the weight follow up during the first 29 days. Two-way ANOVA *p < 0.05; **p < 0.01; ***p < 0.001.





Plasma Biochemical Analysis

Blood samples were collected from the retro-orbital sinus before the switch (HFD n=17), 26 (n=21) and 55 days (n=10) after the switch, and subsequently centrifuged at 1000 g for 10 min to obtain plasma for determination of the various clinical chemistry parameters. As control, 10 mice male treated with LF NTS mAb or PBS and maintained on chow diet were used. Assays were carried out using a benchtop biochemistry analyzer (RX Daytona+, Randox Laboratories Ltd, Roissy en France, France) according to the manufacturers’ protocol. After calibration of the instrument for each parameter, standard controls were run before each determination, and the values obtained for the different biochemical parameters were always within the expected ranges. Total cholesterol, triglycerides, HDL-cholesterol and glucose were quantified using enzymatically methods while total protein and albumin were photometrically determined.



Fecal Lipid Content

Feces were collected from mice housed individually over a 48 h period at day 24 to 26 for SP (n= 11 for PBS group and 14 for LF NTS mAb group) and 48 to 50 for LP (n=8). Feces were dried at 60 C for 24 h, powderized in water (5 mL for 300mg) and then incubated with 5 mL of chloroform-methanol (2:1). After vortexing, the suspension was centrifuged at 1000 g for 10 min at room temperature. The lower liquid phase whose contains the extracted lipids was evaporated to dryness. Samples were then resuspended in 500 µL chloroform, 2% Triton X-100, evaporated to dryness and finally resuspended in 500 µL of water. Before analysis, samples were heated 10 min at 60°C. The final solvent concentration was then 2% Triton X-100 in water. Total cholesterol and triglycerides were then assayed using a benchtop biochemistry analyzer according to the manufacturers’ protocol (Randox Laboratories Ltd, Roissy en France, France). The calibrators and quality controls were diluted with 2% Triton X-100 in water.



Lipid Extraction From Mouse Tissues

Tissues were collected at the time of the dissection and frozen SP (n=10) and LP (n=15). Tissues were weighted and homogenized with 1 mL chloroform/methanol (2/1) by the FastPrep-24. Lipids were extracted with a wash of the solvent with 0.9% NaCl solution on a rocker for 30 minutes at room temperature. The mixture was centrifuged at low speed (2000 g) to separate the two phases. The lower chloroform phase containing lipids was evaporated in the hood.



OGTT and ITT

ITT (Insulin tolerance test) and OGTT (oral glucose tolerance test) were performed on a blood drop taken from the tail on mice fasted for 5 h. The drop was loaded on the strip and read with the OneTouch select plus reader (LifeScan Cilag GmbH international). OGTT was assayed after that animals were force-fed at 1 g/kg with a glucose solution. ITT was performed after i.p. injection of 1UI/kg insulin (Actrapid). OGTT was performed at day 12 (n = 7) and 51 (n = 7), ITT was performed at day 20 (n = 6) and day 58 (n = 7).



Fat Size and Distribution

Adipose tissues were fixed in paraformaldehyde then paraffin embedded. Slides of 5 µm were stained with hematoxylin and eosin. Images were acquired with IX83 Olympus microscope and ORCA/4 Hamamatsu camera at objective 10 with phase contrast. Adipocyte sizes were obtained after binary transformation with ImageJ 1.53c software (30).



Muscle Size and Distribution

Muscles were frizzed in OCT and kept at -80C. Immunocytochemistry was performed on slides of 4µm using Polyclonal Rabbit Anti-Laminin-1 (Dako) (1/1000) as primary antibody and Donkey anti Rabbit Alexa 555 (Invitrogen) as secondary antibody (1/1000). Images were acquired with IX83 Olympus microscope and ORCA/4 Hamamatsu camera at objective 10 with Mcherry filter. Muscle sizes were obtained after binary transformation with ImageJ 1.53c software (30).



Behavioral Assessment

For these experiments, LF NTS mAb was injected i.v. at the dose of 5 mg/kg, once a week. The purified LF NTS polypeptide was injected at the dose of 1 µg/kg i.p. three times a week, alternatively in the right or the left side of the peritonea. PBS was used as control therapy. The LF NTS mAb and the LF NTS polypeptide experiments were performed independently. We noted that the baseline characteristics of the two control groups were different. This is explained by the different history of these two groups; the group treated with LF NTS mAb was 6 months old and exposed to HFD induced obesity followed by a fasting period, whereas the group treated with the polypeptide was 7 weeks old with no disturbance in diet.


Locomotor Activity

The total locomotor activity was measured in transparent activity boxes (19 cm x 11 cm x 14 cm) (Imetronic, France). Horizontal displacements and rearing activity were determined by photocell beams located across the long axis and above the floor. Locomotor activity was recorded during 48 hours, two active and one sleeping period with food and water ad libitum. Locomotor and rearing activity was expressed as the total number of interruption of the photocell beams. The locomotor activity was evaluated after the switch from HFD to chow over a period from day 22 to day 45 (n=16), and on mice treated with LF NTS for 3 to 4 weeks (n = 12).



Forced Swim Test

The forced swim test (31) was used to evaluate putative pro- or antidepressant-like effects of the LF NTS mAb, or of the purified LF NTS polypeptide. Mice were placed in a cylindrical jar filled with tap water at 23 ± 1°C to a sufficient depth (25 cm) to avoid the animal from touching the bottom or escaping the jar. The immobility time was measured for 4 min after a 2 min habituation period. The immobilization was defined as floating and moving limbs only to maintain the head over the water level. Four set of experiments were performed. In the first set, 5 mice were treated with LF NTS mAb (5mg/kg) or PBS during the high-fat diet induced obesity period. The forced swim test was performed when mice weight reached 49.9 ± 0.8 g and 47.18 ± 2g for control and treated mice, respectively. The second set was performed 50 days after the switch from HFD to chow (n=10), the third set 320 days after the switch (n = 9). For the fourth experiments, C57BL/6JRj male mice of five weeks old were treated with LF NTS for 4 weeks before performing the test.



Light/Dark Box Test

Effects of the LF NTS mAb or the purified polypeptide on anxiety were measured with the light/dark box test (32)). The apparatus used (43.5 cm x 26.5 cm x 26.5 cm) is composed of a black chamber (16.5 cm x 26.5 cm x 26.5 cm), and a white chamber (27 cm x 26.5 cm x 26.5 cm). The white compartment was illuminated at 650-700 lx, the black compartment at 25-35 lx. The chamber included an opening near the floor, to separate the two chambers. Animals were placed in the white compartment. We collected the time for the mouse to reach the dark chamber, the time spent in the dark chamber, and the number of transitions between the two compartments during a period of 5 min. Light/dark box test was performed at day 20 and 55 when mice were treated with LF NTS mAb (n=33). For the polypeptide fragment, LF NTS, 12 mice treated with for 2 to 4 weeks before performing the test.




Statistical Analysis

All statistical analyses were performed using GraphPad Prism (GraphPad Software, Inc. La Jolla, USA). Continuous variables were compared between treatment groups using Two-way AN0VA or t-test, where appropriate. Dichotomous variables were compared between groups using chi-2 test.




Results


Weight Development During the Weight Lost Period

In order to evaluate the impact of the LF NTS mAb on body weight after high-fat diet induced obesity (HFD), we first fed the mice with HFD for 70 days until their weight reached 45-50 g, corresponding to a ~50% increase compared to their original weight. The food was switched to chow and mice were treated with LF NTS mAb or control therapy (PBS) (Figure 1A). Figures 1B–D refers to the average weight loss per group and shows that mice treated with LF NTS mAb lost more weight during three independent experiments with different durations of treatment. The experiments were ended either 20 to 30 days after the food switch i.e. short period (SP) (Figures 1B, D inset) or 45 to 55 days after the food switch, i.e. long period (LP) (Figure 1C), or continued long term, up to 170 days after the food switch) (LT) (Figure 1D).

In all experiments, the mice lost weight within the first 25 to 30 days, and then the weight stabilized for both groups (Figures 1C, D). Table 1 shows the percentage of mice that lost at least 25% of their weight after food switch over time. In the group treated with LF NTS mAb, the percentage of mice reaching this goal increased with time (Table 1).


Table 1 | Percentage of mice with 25% weight lost over time.



It is interesting to note that the difference in weight was maintained over time (LP) and exposure (LT) (Figures 1C, D). The food consumption was similar as well as the body temperature between the two groups during all experiments (data not shown).



LF NTS mAb Limits the Cholesterol Absorption and Liver Steatosis

Plasma lipid concentrations were evaluated in plasma during the SP and LP. Triglyceride, total cholesterol and HDL cholesterol levels were reduced after switch to chow regardless of therapy as compared to mice fed with HFD (Figures 2A–C). Plasma cholesterol and triglyceride levels were not modified by the LF NTS mAb, neither after SP nor after LP (Figures 2A–C).




Figure 2 | Lipid content evaluated at SP and LP. (A–C) Lipid contents were measured in plasma before the switch (n = 17) on to two set of mice; at SP mean on two independent experiments (n = 21) and at LP (n = 10). Lipid levels were compared to maintained in chow and treated or not with LF NTS mAb (n = 10). Lipid content in feces (D, E) collected during the two phases, and in the liver (F, G) liver at the dissection see details in the methods section. t test *p < 0.05; **p < 0.01.



Feces cholesterol content was significantly higher in animals treated with LF-NTS mAb during SP, then it stabilized and no difference between the two groups was detected during LP (Figure 2D). The triglyceride levels in the feces were not modified by the LF NTS mAb treatment (Figure 2E). The hepatic cholesterol content was equally not modified by the treatment (Figure 2F), whereas the triglyceride content decreased in animals treated with LF-NTS mAb during LP, suggesting LF NTS mAb facilitates elimination of the accumulated liver fat during the HFD, and therefore will reduce the liver steatosis (Figure 2G).



Glucose Metabolism

As shown in Figure 3A the glucose level dropped massively after the switch from HFD to chow. During the weight losing period (SP and LP respectively), no differences were detected between the mice treated with LF NTS mAb and controls. OGTT and ITT tests were performed at SP (Figure 3B) and LP (Figure 3C), and no major differences were observed. Nevertheless, OGTT performed at SP suggested that the animals treated with LF NTS mAb experienced a better glucose tolerance than the control group, as the area under the curve of glucose was significantly different between the two groups p = 0.0393.




Figure 3 | Glucose metabolism. (A) Glucose level were measured in plasma (HFD n = 17, SP n = 21, LP n = 10). Insulin tolerance test (ITT) and oral glucose tolerance test (OGTT) were performed during the SP (B) and LP (C) at 8 days apart. See details in the method section 2 way ANOVA **p < 0.01.





Fat Size and Distribution

During the SP of chow diet, the mice treated with LF NTS mAb appeared thinner and we confirmed this visual observation by measuring the abdominal circumference (waist) on dead mice assessed on the largest zone of the abdomen (Figure 4A). This difference was attenuated and disappeared with time (LP). The weight of the dissected adipose tissues in the epididymal and retroperitoneal compartments was significantly lower in mice treated with the LF NTS mAb only during the LP (Figure 4B), and no differences in weight were observed in the inguinal or brown fat interscapular compartments. Nevertheless, the analysis of the size and the size distribution of the adipocytes during SP showed that the adipocytes were emptied faster in mice treated with LF NTS mAb (Figures 4C, D). This is in agreement with the fastest loss of weight in LF NTS mAb treated mice.




Figure 4 | Adipocyte tissue analysis. (A) Waist size of dead mice at the dissection (n = 10), Adipose tissues was collected and weight immediately at the dissection. (B) weight of inguinal (n = 10), epididymal (SP n = 10 LP n = 18), retroperitoneal white adipose tissues (n = 10), and interscapular brown adipose tissue (SP n = 10 LP n = 18). Size of inguinal epididymal and retroperitoneal adipocytes was evaluated on mice treated by LF NTS mAb for SP (n = 10). (C) Mean size of the adipocytes and (D) adipocyte size distribution. t test *p < 0.05; ***p < 0.001.





Muscle Size and Distribution

At dissection times, the leg muscles were weighted. Figure 5A showed an increase in the weight of tibialis was observed all along the experiments (SP and LP), whereas no difference in weight was observed for the gastrocnemius muscle. Analysis of the muscular fiber size in the tibialis at SP confirmed larger fibers in mice treated with LF NTS mAb as compared to control mice (Figure 5B).




Figure 5 | Muscle analysis. Muscles were collected and weight immediately at the dissection. (A) Weight of tibialis and gastrocnemius from 9 animals at SP and 16 at LP. (B) Size and size distribution of the tibialis muscular fibers at SP (n=8) t test *p < 0.05; ***p < 0.001.





Behavioral Tests

Given the potential interplay between the peripheral and central nervous system NT systems and its potential impact on energy expenditure and thus body weight, we investigated whether LF NTS mAb treatment modified mice behavior. We first performed a locomotor activity test, which calculates the horizontal activity and the rearing. Rearing is an erect posture, adopted by the rodent with the intention of exploring. The Figure 6A revealed that mice treated with LF-NTS mAb seem to be more incline to explore after an adaptation period [second phase of activity]. No significant difference could be noticed in the horizontal activity Figure 6B. The force swimming test evaluated the depressive state of an animal. The Figures 6C–E clearly shows that mice treated with the LF NTS mAb were more inclined to fight to survive, suggesting a less depressive-like behavior.




Figure 6 | Behavioral tests upon FL-NTS mAb treatment. The locomotor activity tests were performed on mice treated with FL-NTS mAb after the switch from HFD to chow. (A) Rearing preformed over 48h, the calculation was performed during the two active phases (8pm to 8am) and a sleeping phase (8am to 8pm) (B) Horizontal activity. The graphs represent the average of 16 mice, performed from two independent experiments t test *p < 0.05. Swimming test performed on mice treated with FL-NTS mAb. (C) Test performed of mice feed with HFD for 12 weeks and treated of not with LF NTS mAb. The mice weighted 49.9 ±0.8 g and 47.18 ±2g for control and treated mice respectively (n = 5). (D) Test performed on obese mice and treated for 50 days after the switch to chow with the antibody or not (n = 10), (E) Test performed on obese mice and treated for 320 days after the switch to chow with NTS mAb or not (n = 9), see details in the method section. t test **p < 0.01; ****p < 0.0001. (F) Black and white test performed on mice treated with FL-NTS mAb after the switch HFD to chow. The graph represents the average of 33 mice performed on four independent experiments for the LF NTS mAb treatment. t test *p < 0.05.



The light/dark box test confirmed that the mice treated with the LF NTS mAb were less stressed than their littermates (Figure 6F). Mice have natural tendencies to avoid lighted and open areas. In this experiment, the time that animals spent in the white compartment was measured, indicating its enthusiasm and curiosity to explore novel environments. Animals spending more time in the white compartment will be less anxious. Here again, mice treated with the LF NTS mAb spent more time in the white compartment suggesting that treatment under LF NTS mAb reduces their fear.

These results indicate that the peripheral LF NTS can regulate the behavior of the animals. In order to apprehend this point, we performed the mirror experiment. Animals were treated with LF NTS polypeptides for two weeks before behavioral tests were performed. As compared with the effects of LF NTS mAb therapy, we now observed the reverse effects in all behavioral tests. Locomotor activity tests showed a reduced number of rearing events (Figures 7A, B), In swimming tests the mice gave up more easily, and in the black and white tests, mice spent the majority of time in the dark compartment (Figure 7). Together this data validates the possible role of LF NTS on animal stress and inhibition of stress by a neutralizing antibody. Food consumption and mouse weight were followed during a one-month period, and no differences could be observed between the PBS and the LF NTS treated mice [data not shown].




Figure 7 | Behavioral tests upon FL-NTS polypeptide treatment. 12 Mice were treated with purified LF NTS three times a week with PBS or LF NTS polypeptide for 2 to 4 weeks. (A) Rearing preformed over 48h; the calculation was performed during the 2 active phases (8pm to 8am) and a sleeping phase (8am to 8pm). (B) Horizontal activity. (C) Swimming test. (D) Black and white test. t test. *p < 0.05; ****p < 0.0001.






Discussion

We demonstrate that in mice with HFD-induced obesity, chow diet in combination with LF NTS mAb therapy as compared to chow diet and control therapy resulted in significantly and greater weight loss. Importantly, even if differences in weight loss occurred during the first 25-30 days, the difference in weight remained over long term follow-up.

LF NTS mAb was originally developed under the hypothesis that during carcinogenesis and cancer progression, increased amount of active LF NTS is released from the transformed cells due to its overexpression and incomplete cleavage by specialized endoproteases. As the LF NTS is more stable than NTS in the circulation, we designed a targeted antibody to inhibit specifically LF NTS (26). Here, we demonstrated that LF NTS exerted a physiological function independently of the mature peptide. Although, LF NTS mAb was demonstrated to inhibit the NTSR1, treatment with LF NTS mAb on an integrated system as an animal might also directly or indirectly affect NTSR3 and NTSR2 stimulation and regulation. This point will need further studies and to be addressed independently to the different organs concerned.

In humans, high plasma concentration of LF NTS (proneurotensin), measured in the fasted state, predicts the development of obesity, metabolic syndrome, diabetes, and cardiovascular disease (22, 25, 33, 34). As the mature peptide is quickly broken down after meal stimulated release, the stable LF NTS remains in the circulation and it maintains receptor binding activity (19). We tested the hypothesis that the blockade of LF NTS in mice might reverse phenotypic features associated with high LF NTS in humans. Our results show that LF NTS mAb treatment in obese mice resulted in significantly greater weight loss and sustained lower weight.

Weight loss was accompanied by lower epididymal and retroperitoneal fat pads with smaller adipocytes suggesting that weight loss was driven by loss of fat. These findings represent the first piece of evidence suggesting that pharmacological blockade of LF NTS could serve as an anti-obesity therapy.

It has previously been demonstrated that knockout NTS mice are protected from development of HFD-induced obesity, liver steatosis, and glucose intolerance when compared to wild-type mice. This effect was, at least, partially driven by reduced intestinal lipid absorption and thus caused an increase of fecal excretion of lipids (16). Importantly, in the current study we wanted to mimic the clinical situation of pharmacological anti-obesity treatment as far as possible. As pharmacological anti-obesity therapy is frequently combined with dietary caloric restriction, we first induced obesity by HFD in the mice and then tested the LF NTS mAb vs control therapy after switching to chow (i.e. corresponding to “diet therapy”). We have tested a very similar experimental strategy as described by Li et al. (16), i.e. applying LF NTS mAb before and during induction of obesity with HFD to see if weight gain was prevented. We found that instead of lowering the weight accumulation as described for the NTS KO, mice treated with LF NTS mAb were heavier (unpublished data). This finding was confirmed by the previous experiments showing that LF NTS mAb induced an increase of weight in mice maintained on chow diet (26), and by the prevention of cachexia induced by cancer by LF NTS mAb (patent PCT/EP2019/073991). Together these observations suggest that LF NTS acts independently of the mature peptide and preferentially in the periphery, since it is admitted that only 0.1% of injected mAb cross the blood-brain barrier (35). As LF NTS mAb was efficient under diverse physiological and pathological circumstances, suggests that LF NTS effects are independent of the obesity process per se. LF NTS seems to be associated with a fine-tuning of the body physiology.

Here we applied pharmacological blockade of LF NTS after obesity was induced. Several similar phenotypic consequences were detected, as in the knockout model, but also several differences were revealed. Importantly, like in the NTS knockout mice, we observed no effect of LF NTS mAb on food intake, so differences in weight loss must have other causes than altered appetite and food intake. Although liver triglyceride content was not altered after SP, it was significantly reduced after LP in mice treated with LF NTS mAb, which is concordant with the key phenotypic feature of mice lacking the NTS gene. Whether the reduction of liver fat by LF NTS mAb is caused by reduced intestinal lipid absorption is not clear, as fecal secretion of triglycerides was not affected by therapy, whereas, fecal cholesterol secretion was significantly increased in animal’s treated with LF NTS mAb. To be noted, a higher elimination of cholesterol by the feces was previously observed in mice treated with LF NTS mAb and maintained on chow diet (26). Moreover, LF NTS mAb did not induce any consistent effects on glucose tolerance, although at SP, an improvement was observed.

Interestingly, despite greater weight loss and sustained lower body weight, LF NTS mAb treated mice got larger tibialis muscle and muscle fiber size. This finding prompted us to examine the effect of therapy on mice activity and behavior. In these experiments, LF NTS mAb blockade resulted in significantly more exploring and less depressive and anxiety signs, whereas LF NTS stimulation resulted on the opposite behavioral consequences. In combination with increased tibialis muscle size, these behavioral changes strongly suggest that the observed weight loss, due to loss of fat, following LF NTS mAb treatment is caused by enhanced activity probably associated with a behavior in favor of increase of physical activities. It is important to note that these effects were observed independently of the physiological and physical state of the animals, maintained on normal diet (26), or after HFD induced obesity as described here.

A major finding was that the neutralization of peripheral LF NTS altered animal’s behavior. It was previously shown that central NTS stimulates the activity of the hypothalamic-pituitary CRH-adrenocorticotropin hormone (ACTH) system (36). More recently, NTS has been suggested as a neuropeptide involved in stress-induced anxiety-like behaviors in the rats (37). It is unlikely that LF NTS polypeptides cross the blood-brain barrier and reach the synaptic cleft involved in the neurotensinergic transmission. It is also reasonable to hypothesize that the antibody does not cross the blood brain barrier either (35). A possible alternative explanation of the observed impact of LF NTS and mAb LF NTS on the behavioral tests might be interference with peripheral neurocrine or hormonal neurotensinergic regulation. Our studies raise the arguments for developing further experiments focusing on the role of LF NTS on the peripheral nervous system compartment and the hormonal or neuronal connection with the central nervous system and the hypothalamic-pituitary-adrenal axis. Moreover, an indirect interplay with leptin signaling also warrants further study, although we observed no difference in food intake. More sophisticated behavioral tests will also be needed to complete the description of the LF NTS effect on the animal’s manners. Also, lack of determination of LF NTS levels in animals treated with LF NTS mAb and control treated animals constitutes a limitation of our study, which should be addressed in further studies.

The large variability of LF NTS levels between individuals, and its string and independent association with disease development in humans (22), raised the question of the patho-physiological context associated with LF NTS overproduction. Genetic variability is one hypothesis, but until now, genetic studies (e.g. genome wide association studies) have not demonstrated convincing evidence of major genetic influence of LF NTS. This leaves open the possibility of transcriptional regulation. The NTS gene is stimulated upon injury, and mainly related with inflammatory processes (HFD, infection, allergy, cancer, wound, etc.) (26, 29, 38–40). Especially, it was shown that HFD intake in rat is related to an increase in LF-NTS plasma levels and peripheral inflammatory makers (29, 41). Moreover, intriguingly, human weight loss after gastric bypass surgery has been shown to be accompanied by increased levels of LF NTS (42). This highlights the complexity of how the NTS system is regulated, challenges high level of LF NTS as “metabolically dangerous” and underlines the need of further studies of both long-term consequences of blockade of the system as well as possible rebound effects after therapy is ended.

Studies on the human NTS promoter showed multiple cis-regulatory elements including a proximal region containing a cAMP-responsive element (CRE)/AP-1-like element that binds both the AP-1 and CRE-binding protein (6, 43). These transcription factors are activated from regulatory pathway very sensitive to stress and inflammation. Indeed, CREB can be activated followed the stimulation of adrenergic, prostaglandins, and histamine receptors. In the same way that AP1 transcription factors are activated following growth factor and interleukin receptor activation, NTS gene regulation could be a target of the regulatory pathway when diverse stimuli occur. The role of LF NTS on stress regulated from periphery can be supported by the data showing that NTS enhances the release of both CRH-ir and ACTH-ir in rat adrenal medulla (44). Hypothetically, LF NTS could activate adrenal cells or sympathetic nervous system NTS receptors and regulate the anxiety-like behaviors. The inhibition of these pathways by LF NTS mAb suggests a regulation of the neurotensinergic system from the periphery, which could be controlled by peripheral medication.

In conclusion, we provide here the first evidence that pharmacological blockade of LF NTS shows anti-obesity effects, which is encouraging since high LF NTS in human is a strong predictor of obesity and its sequels. Moreover, our data suggests that the underlying mechanisms may at least partly involve both effects on the reduction of anxiety, depressive-like state, and reduced disposition fat in central compartments.
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Using preproghrelin-deficient mice (Ghrl-/-), we previously observed that preproghrelin modulates pulsatile growth hormone (GH) secretion in post-pubertal male mice. However, the role of ghrelin and its derived peptides in the regulation of growth parameters or feeding in females is unknown. We measured pulsatile GH secretion, growth, metabolic parameters and feeding behavior in adult Ghrl-/- and Ghrl+/+ male and female mice. We also assessed GH release from pituitary explants and hypothalamic growth hormone-releasing hormone (GHRH) expression and immunoreactivity. Body weight and body fat mass, linear growth, spontaneous food intake and food intake following a 48-h fast, GH pituitary contents and GH release from pituitary explants ex vivo, fasting glucose and glucose tolerance were not different among adult Ghrl-/- and Ghrl+/+ male or female mice. In vivo, pulsatile GH secretion was decreased, while approximate entropy, that quantified orderliness of secretion, was increased in adult Ghrl-/- females only, defining more irregular GH pattern. The number of neurons immunoreactive for GHRH visualized in the hypothalamic arcuate nucleus was increased in adult Ghrl-/- females, as compared to Ghrl+/+ females, whereas the expression of GHRH was not different amongst groups. Thus, these results point to sex-specific effects of preproghrelin gene deletion on pulsatile GH secretion, but not feeding, growth or metabolic parameters, in adult mice.




Keywords: ghrelin, growth hormone, food intake, sexual dimorphism, pulsatility



Introduction

The ghrelin gene (GHRL) encodes proghrelin prohormone, which in turn gives rise to acylated and non-acylated ghrelin as well as obestatin, which are mainly secreted from cells of the stomach (1). The most studied proghrelin-derived product is the 28-residue acylated peptide ghrelin that acts via the growth hormone secretagogue receptor (GHSR). Ghrelin administration in humans and rodents induces a plethora of effects (2, 3) including stimulation of GH secretion (2, 4). In rodents, this effect is principally mediated through GHRH neurons of the hypothalamic arcuate nucleus (ArcN) (5). Also, ghrelin treatment rapidly increases food intake (6), glycaemia (7–9), glucocorticoid secretion (10) and affects cognitive behaviors (11). Strikingly, the notion that endogenous ghrelin plays a leading physiological role has been challenged by studies showing that genetically-modified mice lacking ghrelin display minor alterations (12). In particular, adult Ghrl-/- mice fed on a regular diet show food intake, body weight, body size and body composition indistinguishable from those observed in wild-type littermates (13–17). Also, mice lacking the enzyme ghrelin-O-acyl-transferase (GOAT), which n-acetylates ghrelin, and mice with ablation of proghrelin-expressing cells show no food intake, body growth nor body weight alterations (18–22). Despite that ghrelin system is believed to play a major role under energy deficit conditions, such as fasting, when plasma ghrelin levels increase, fasted Ghrl-/- mice show no alterations in plasma parameters (e.g., glucose, insulin, leptin) nor in compensatory hyperphagia when refed (23–25). Still, young Ghrl-/- male mice show reduced amplitude of GH secretory pulses (26). Moreover, some studies found that Ghrl-/- mice fed on a high-fat diet (HFD) show lower body weight and fat mass (24, 27, 28). Interestingly, GHSR-deficient (Ghsr-/-) mice usually show more robust alterations, as compared to Ghrl-/- mice, which has been attributed to the fact that the latter retain ligand-independent effects of GHSR and/or signaling of other proghrelin-derived peptides (25, 29).

The vast majority of the research investigating Ghrl-/- mice has been conducted in males. Specifically, some of the above referred studies did not include females at all (24, 25, 30). Other studies merely assessed body weight or food intake whereas the assessment of plasma hormone levels was exclusively performed in males (17, 23). Notably, several studies suggest a modulatory role of sex on ghrelin actions (31–34), but sex differences in Ghrl-/- mice, and specifically on GH secretion, have not been investigated thoroughly. In GHSR-deficient mice, only females fed on standard chow diet had lower body weight and adiposity, as compared to wild-type littermates (35). Furthermore, Ghsr-/- female but not male mice fed on a HFD exhibited reduced taste responsiveness to linoleic acid compared to wild-type littermates (36). Finally, adult Ghsr-/- female but not male mice had reduced pulsatile GH secretion (37). We thus questioned a possible role of ghrelin gene in regulating GH secretion and its physiological consequences in female mice during adulthood, when the changes in pulsatile GH secretion and pattern associated with the rapid linear growth and pubertal maturation has ended (38, 39). Specifically, we investigated if ghrelin gene deletion induces sex-specific dimorphic effects on GH secretion, feeding behavior or body and metabolic parameters in adult 20-40-week-old mice.



Materials and Methods


Animals

Ghrl-/- mice were originally obtained from Dr Tomasetto (IGBMC, France) and backcrossed on a C57BL/6J genetic background (26). Heterozygous mice were raised at the Institute of Psychiatry and Neuroscience of Paris (INSERM UMR-S 1266) and bred to obtain Ghrl-/- mice and wild-type littermates (Ghrl+/+ mice). Offspring were genotyped as previously described (26) and housed in a room under controlled illumination (7:00 to 19:00) and temperature (22–24°C). Mice had free access to chow diet (3% fat, 16% protein, 60% carbohydrate, 4% fibers, 2.79 kcal/g, Safe A04, France) and water, except when indicated. Experiments were conducted in 20-40-week-old male and random cycling female mice.



Assessment of Body Weight, Body Length and Body Composition

A cohort of anesthetized mice (6 Ghrl+/+ and 7 Ghrl-/- males; 8 Ghrl+/+ and 7 Ghrl-/- females) was used to assess naso-anal distance. Another cohort of mice (4-7 Ghrl+/+ and 4-6 Ghrl-/- males; 4-9 Ghrl+/+ and 4-6 Ghrl-/- females) was dissected to weigh pituitary gland, liver, heart, spleen, pancreas, testis/ovaries, kidneys, adrenals and fat depots (mesenteric, inguinal, perirenal, perigonadal, interscapular brown adipose tissue).



Repeated Blood Sampling for GH Assay

Ultradian GH secretion was assessed as previously described (26, 40). Briefly, mice (5 Ghrl+/+ and 8 Ghrl-/- males; 8 Ghrl+/+ and 6 Ghrl-/- females) were acclimated to handling and blood sampling collection to minimize stress. Then, sequential tail-tip whole venous blood samples (2 μl/sample) were collected every 10-min over a 6-h-sampling period (9:00 to 15:00) (See Supplementary File for details).



Assessment of Pulsatile GH Secretion

GH concentration time series were analyzed using an automated deconvolution method following established parameters (41). Measures include the number of pulses (over the 6-h sampling period) and mean pulse mass (i.e., mean of the summed pulses) as well as basal (i.e., non-pulsatile), pulsatile (i.e., sum of individual GH pulses) and total GH secretion (i.e., sum of basal plus pulsatile). The orderliness of GH secretion was calculated by Jack-Knife Approximate Entropy (JkApEn) as described earlier (42, 43) (See Supplementary File for details).



GH Pituitary Content and GH Release From Pituitary Explants

Two different cohorts of mice were used to assess total GH pituitary contents (12 Ghrl+/+ and 7 Ghrl-/- males; 5 Ghrl+/+ and 5 Ghrl-/- females) and basal and GHRH-stimulated GH release from perifused pituitary explants (4 Ghrl+/+ and 4 Ghrl-/- males; 4 Ghrl+/+ and 4 Ghrl-/- females) as previously described (26) (See Supplementary File for details). Samples were frozen at -20°C until GH determination.



GH Enzyme Immuno-Assay

GH concentrations in whole blood, pituitary contents and media were determined using an in-house mouse GH ELISA (40). (See Supplementary File for details). The assay sensitivity was 0.038 ng/mL, and intra- and inter-assay coefficients of variations were 3.2% and less than 8.75%, respectively.



Assessment of Spontaneous Food Intake

Mice (8 Ghrl+/+ and 6 Ghrl-/- males; 7 Ghrl+/+ and 8 Ghrl-/- females) were individually housed in automated feeding stations equipped with high precisions sensors (LabMaster System, TSE Systems, Germany) to record spontaneous food intake and meal patterns as previously reported (44) (See Supplementary File for details).



Fasting-Refeeding Protocol

As described before (25), individually housed mice (5 Ghrl+/+ and 5 Ghrl-/- males; 7 Ghrl+/+ and 6 Ghrl-/- females) were fasted at 10:00 and refed 48-h later. Body weight and food intake was daily monitored at 10:00 for four days after refeeding. Food intake was calculated by subtracting the weight of the remaining food at 10:00 to the weight of the initial food. Importantly, mice fully tolerated a 48-h fasting period (25, 45).



Assessment of Blood Glucose and Glucose Tolerance Test

Blood glucose was measured with a glucometer (GlucoFix Premium, Menarini Diagnostics) at 10:00 and at 18:00 in fed conditions as well as at 10:00 following a 24-h fast (8 Ghrl+/+ and 6 Ghrl-/- males; 8 Ghrl+/+ and 8 Ghrl-/- females). After fasting, glucose was measured before and 15-, 30-, 60- and 120-min after glucose intraperitoneal injection (2 g/kg body weight).



GHRH Immunostaining and Quantification

Brains of perfused mice (3 Ghrl+/+ and 5 Ghrl-/- males; 5 Ghrl+/+ and 8 Ghrl-/- females) were post-fixed, frozen and coronally cut at 40 µm into four equal series. Chromogenic immunohistochemistry against GHRH was performed as described before (46), using a previously validated rabbit anti-GHRH antibody (47) (immunoserum L0851, 1:10000) for 48-h at 4°C. Then, sections were sequentially incubated with a biotinylated anti-rabbit antibody and the avidin-biotin-peroxidase complex. A visible black/purple signal was developed with a diaminobenzidine/nickel solution (See Supplementary File for details). Quantifications were performed in the ArcN between bregma -1.58 and -2.06 mm, using the anatomical limits, according to the Paxinos mouse brain atlas (48). Total GHRH-immunoreactive cells were quantified, and data were expressed as positive cells (GHRH+) per section. Blind quantitative analysis was performed independently by two observers.



Real-Time Quantitative PCR Measurement

Hypothalami were quickly dissected, frozen in liquid nitrogen and stored at -80°C. The mRNAs were extracted with Trizol reagent and cDNAs were obtained from the reverse transcription of total RNA (ThermoFisher, Waltham, MA, USA). The mRNA levels of Ghrh and Ghsr were quantified relative to the housekeeping genes Ppia and Gapdh. Relative quantification (RQ) was calculated relative to the Ghrl+/+ males (See Supplementary File for details).



Statistical Analysis

Data are expressed as mean ± SEM, and statistical analyses were performed using Statview software (SAS institute) or GraphPad Prism (GraphPad Software). Differences across sex and genotype were identified by 2-way ANOVA, followed by multiple comparisons, using Bonferroni post-hoc analysis. Differences were considered significant when p<0.05.




Results


Body Weight, Organ Weights, Body Fat Partitioning, Metabolic Parameters, Locomotor Activity, Spontaneous Food Intake and Fasting-Induced Food Intake Are Unaltered in Adult Ghrl-/- Mice

As shown in Table 1, body weight, naso-anal distance and organ weights were not different in adult Ghrl-/- as compared to Ghrl+/+ males and females, respectively. Moreover, fed morning, fed evening and 24-h fasted blood glucose levels as well as glucose tolerance were not different in adult Ghrl-/- as compared to Ghrl+/+ males and females. Spontaneous diurnal and nocturnal food intake, fasting-induced food intake (Figure 1) and home cage ambulatory activity (not shown) were not different in adult Ghrl-/- as compared to Ghrl+/+ males and females. In addition, meal number, mean meal size and mean meal duration in ad libitum fed mice were not different amongst genotypes (not shown). Finally, parameters of bones architecture measured by micro-CT were not different in adult Ghrl-/- as compared to Ghrl+/+ males and females (not shown), although a tendency toward reduction of bone volume fraction was observed (volume of mineral bone per unit volume of the sample, BV/TV; ANOVA, genotype effect: p=0.0894, sex effect: p<0.0001, sex x genotype effect: p=0.9014) in 80-week-old mice only.


Table 1 | Growth and body parameters, body fat partitioning and metabolic parameters in male and female Ghrl-/- mice.






Figure 1 | Spontaneous food intake and food intake in a fast-refeeding protocol in male and female Ghrl-/- mice. Feeding parameters in adult male and female Ghrl+/+ and Ghrl-/- mice showing spontaneous food intake (A) and cumulative food intake (B) measured every hour over 3 days as well as diurnal, nocturnal and 24-h food intake averaged over 3 days (C). Daily food intake and 4-days cumulative food intake during re-feeding (D) in mice fasted for 48-h and then allowed free access to food. Light and dark phases are denoted by white and grey rectangles on the x-axis. Data represent mean ± SEM. Number of mice in panels (A–C) males (n=8 Ghrl+/+ males and 7 Ghrl-/-), females (n=8 Ghrl+/+ and 8 Ghrl-/-). Number of mice in panel D: males (n=5 Ghrl+/+ males and 5 Ghrl-/-), females (n=7 Ghrl+/+ and 6 Ghrl-/-).





The Ultradian Pattern of GH Secretion Is Altered in Adult Ghrl-/- Females, but Not in Ghrl-/- Males

GH pituitary contents were not different in adult Ghrl-/-, as compared to Ghrl+/+ males and females (Table 1). As reported before (37), we observed a sexually dimorphic GH secretion pattern. Indeed, mean pulse mass was higher in males than in females (p<0.05 in both Ghrl+/+ and Ghrl-/- mice, post-hoc test), whereas basal GH secretion and JkApEn values were lower in males than in females (p<0.05 in both Ghrl+/+ and Ghrl-/- mice for basal GH, p<0.01 in Ghrl+/+ mice and p<0.0001 in Ghrl-/- mice for JkApEn, post-hoc test) (Figure 2). An increase in the number of GH pulses in females as compared to males was observed in Ghrl-/- mice only (p<0.01, post-hoc test). Furthermore, we observed that the regularity of GH secretion was decreased in Ghrl-/- female mice when compared to Ghrl+/+ female mice (Figure 2). More precisely, pulsatile GH secretion and mean pulse mass were reduced by 43% and 56% respectively in Ghrl-/- females as compared to Ghrl+/+ females (p<0.05 and p<0.01 for pulsatile GH and mean pulse mass, respectively, post-hoc test) while total and basal GH secretion were not significantly affected by ghrelin deletion. The maximal pulse amplitude was also reduced by 50% in Ghrl-/- compared to Ghrl+/+ females (26 ± 4 versus 13 ± 3 ng/mL, p<0.05, post-hoc test). In contrast, JkApEn values increased by 27% in Ghrl-/- females as compared to Ghrl+/+ females (p<0.01, post-hoc test). In males, we did not find genotype differences for any of the GH secretion parameters, however, the inter-individual variability of pulsatile GH, maximal pulse amplitude and mean pulse mass was higher than in females (see representative GH profiles).




Figure 2 | Analyses of ultradian GH secretion in male and female Ghrl-/- mice. Representative individual plasma GH secretory profiles in 36-week-old male and female Ghrl+/+ and Ghrl-/- mice (A). Deconvolution analyses and regularity parameters in adult Ghrl+/+ and Ghrl-/- male and female mice showing total GH secretion, basal GH secretion, pulsatile GH secretion, number of pulses, mean pulse mass and JkApEn values (B). Asterisks indicate the location of secretory peaks. Data represent mean ± SEM. Number of mice: males (n=5 Ghrl+/+ males and 8 Ghrl-/-), females (n=8 Ghrl+/+ and 6 Ghrl-/-). *p < 0.05, **p < 0.01 Ghrl-/- versus Ghrl+/+ mice of the same sex. #p < 0.05, ##p < 0.01, ###p < 0.0001 females versus males of the same genotype.





In Vitro Release of GH Is Unaltered in Pituitary Explants From Adult Male and Female Ghrl-/- and Ghrl+/+ Mice

To test if the alteration of the ultradian GH pattern in adult Ghrl-/- females was due to modifications at the pituitary level, we assessed basal and stimulated GH secretion from pituitary gland explants (Figure 3A). As reported earlier (26), basal and GHRH-induced GH release were significantly higher in males than in females (ANOVA, sex effect: p<0.0001). However, basal GH release or GH release stimulated by GHRH or KCl was not different in pituitary explants from Ghrl+/+ and Ghrl-/- mice in either sex.




Figure 3 | GH release from pituitary explants and GHRH immunoreactivity in the hypothalamus of male and female Ghrl-/- mice. Basal GH release, 10-7 M GHRH-induced GH release and 25 mM KCl induced GH release measured in adult male and female Ghrl+/+ and Ghrl-/- mice. Note that the Y-axes scales are different for males and females (A). Photomicrographs of GHRH immunoreactivity staining (B) and GHRH positive cells (C) in the hypothalamus of 36-week-old male and female Ghrl+/+ and Ghrl-/- mice. Data represent mean ± SEM. Number of mice in panel (A) males (n=4 Ghrl+/+ males and 4 Ghrl-/-), females (n=4 Ghrl+/+ and 4 Ghrl-/-). Number of mice in panel (C) males (n=3 Ghrl+/+ males and 5 Ghrl-/-), females (n=5 Ghrl+/+ and 8 Ghrl-/-) *p < 0.05 Ghrl-/- versus Ghrl+/+ mice of the same sex, &&p < 0.01, &&&p <0 .0001 KCl versus base and GHRH.





The Number of GHRH+ Neurons Increased in ArcN of Adult Female, but Not Male, Ghrl-/- Mice

The hypophysiotropic GHRH neurons of the ArcN control the pulsatile pattern of GH secretion (39) and are sexually dimorphic (47). Thus, we estimated the sex and genotype effects on GHRH immunoreactive signal in the ArcN. Our analysis measuring the visualized GHRH+ cells in the ArcN revealed a significant interaction between sex and genotype (ANOVA, sex effect: p=0.7901, genotype effect: p=0.1185, sex x genotype interaction: p=0.0145) (Figures 3B, C). The number of visualized GHRH+ neurons increased in Ghrl-/- females, as compared to Ghrl+/+ females (p<0.05, post-hoc test), whereas the number of GHRH+ neurons of Ghrl-/- and Ghrl+/+ males was not different. In the hypothalamus, no genotype differences were found in the mRNA levels of Ghrh (1.00 ± 0.14 in Ghrl+/+ males, 1.18 ± 0.14 in Ghrl-/- males, 0.74 ± 0.10 in Ghrl+/+ females, 0.82 ± 0.19 in Ghrl-/- females) (ANOVA, sex effect: p=0.0599, genotype effect: p=0.3961, sex x genotype interaction: p=0.7589), or Ghsr (1.00 ± 0.08 in Ghrl+/+ males, 0.92 ± 0.10 in Ghrl-/- males, 0.83 ± 0.07 in Ghrl+/+ females, 0.69 ± 0.02 in Ghrl-/- females) (ANOVA, sex effect: p=0.0149, genotype effect: p=0.1482, sex x genotype interaction: p=0.6274; with p<0.05 only for Ghrl-/- females vs. Ghrl+/+ males, post-hoc test).




Discussion

As compared to wild-type littermates, Ghrl-/- mice of both sexes lack major alterations in body growth, metabolic parameters or feeding behavior at adulthood. Adult Ghrl-/- females display, however, decreased amplitude of GH secretion and increased irregularity of secretion accompanied by increased immunoreactive signal for GHRH in the ArcN without change in the pituitary GH content or GH secretion from pituitary explants.


Ghrl Deletion Affects Pulsatile GH Secretion and Regularity of Ultradian GH Pattern in Adult Female, but Not Male, Mice

Among the proghrelin-derived peptides, ghrelin seems to play the most powerful control on GH secretion. Indeed, ghrelin treatment potently increases GH secretion in humans and rodents. However, the role of endogenous ghrelin on GH secretion has been more difficult to demonstrate. Endogenous ghrelin seems to regulate the amplitude of GH secretion in healthy men since ghrelin levels and GH pulse amplitude strongly correlate (49). Pharmacological blockage of GHSR in male rats decreased the amplitude of GH release but did not affect the pattern of GH secretion (50). Also, no correlation was found between acyl ghrelin or total ghrelin and GH plasma peaks in freely behaving male rats (1, 51). In male rats, we previously showed that ghrelin displays an ultradian pattern of secretion through the light and dark periods with pulses occurring with a frequency similar to GH (1). In mice, however, due to the small volume of blood and the absence of ghrelin assays with sufficient sensitivity, determining the ultradian pattern of ghrelin secretion and a possible sexual dimorphic pattern of secretion are challenging. To our knowledge, few studies have investigated the link between endogenous ghrelin and GH secretion in women or female rodents. Transgenic female, not male, rats with reduced hypothalamic GHSR expression display reduced pulsatile GH secretion (52). In contrast to adult males, adult Ghsr-/- female mice showed a reduction of total, basal and pulsatile GH secretion (37). Furthermore, Ghrl-/- and Goat-/- male mice lack alterations of pulsatile GH secretion at adulthood, although some transitory modifications are seen in young 7-8-week-old males, a period of rapid growth rate (26, 53), suggesting that ghrelin-gene derived peptides regulate pulsatile GH secretion in an age-dependent manner.

Here, we observed that adult Ghrl-/- males lack significant alterations in GH secretion whereas adult Ghrl-/- females display a reduction of pulsatile GH secretion, maximal pulse amplitude and regularity of GH secretory pattern (i.e., higher ApEn values). ApEn is considered a barometer of GH negative feedback mechanism on GH release. As observed in all species investigated so far (39), we confirmed that females show higher ApEn values and reduced pulsatile GH secretion as compared to males. The increased ApEn values in Ghrl-/- females are in line with the reduced pulsatile GH secretion, whereas the unchanged ApEn values in Ghrl-/- males point to unchanged pulsatile GH secretion, as observed herein. Of note, the higher interindividual variability observed in males for several parameters of GH secretion may have prevented from unmasking statistical genotype differences in this sex. In any case, our data demonstrate a significant effect of endogenous proghrelin-derived peptides on GH secretion in adult female mice. Since both Ghsr-/- females and Ghrl-/- females show a reduction of the pulsatile GH secretion, it seems reasonable to hypothesize that endogenous ghrelin-evoked GHSR signaling increases GH secretion in adult female mice mainly. It is important to highlight that stress is known to reduce plasma GH levels (54). The blood sampling procedure used in the current study induces only a modest rise in plasma corticosterone levels that are within the physiological range of endogenous diurnal variations (53). Furthermore, Ghrl-/- mice displayed similar plasma corticosterone levels than Ghrl+/+ mice in non-stressed conditions and in response to restrain-stress (unpublished observations). Thus, it seems unlikely that differential responses to the experimental blood sampling procedure may have contributed to reduce GH secretion in Ghrl-/- females.



Neuroendocrine Basis by Which Ghrl Deletion Affects GH Pulse Amplitude and Regularity of Ultradian GH Pattern in Female Mice

Ghrelin-induced GH secretion involves pituitary and hypothalamic mechanisms (39). In vitro, ghrelin acts on somatotropic cells of the pituitary to release GH (55). Also, ghrelin enhances GHRH-induced GH release and impairs somatostatin-mediated inhibition of GH release. Notably, ghrelin treatment does not induce GH secretion in male mice lacking GHSR exclusively in somatotropic cells (56). Ghrelin also indirectly acts at the pituitary by stimulating GHRH neurons and inhibiting somatostatin neurons via multiple mechanisms. For instance, ghrelin directly excites GHRH neurons, and also indirectly increases GHRH neuron excitability by decreasing their inhibitory GABA inputs (57). Here, we found that Ghrl-/- and Ghrl+/+ females show similar pituitary GH contents as well as a similar basal, KCl-induced and GHRH-induced secretion of GH in vitro. Conversely, a higher number of GHRH+ neurons was visualized in the ArcN of Ghrl-/- females, as compared to Ghrl+/+ females, and no changes in the GHRH levels in the median eminence (not shown) nor in the hypothalamic levels of Ghrh mRNA. Thus, hypothalamic, rather than pituitary dysfunctions are more likely associated to the reduction of the pulsatile GH secretion in Ghrl-/- females. Transgenic female rats with reduced GHSR expression in hypothalamic tyrosine hydroxylase-expressing neurons show reduced GH secretion and lower number of GHRH neurons (58), also suggesting hypothalamic basis for altered GH secretion induced by a deficit of ghrelin action in female rodents. Importantly, the GHRH neurons are poorly visualized in naive rodents because the GHRH peptide is rapidly transported to the neuron terminals for release (59). Thus, the above referred study in rats used colchicine treatment to estimate the number of GHRH neurons. Here, however, the GHRH immunolabeling was performed in brain sections of naive mice undermining our capacity to estimate the number of GHSR neurons in each experimental group. Since Ghrl-/- females display a reduction of pulsatile GH secretion, it seems reasonable to hypothesize that GHRH neurons were more easily visualized in Ghrl-/- females because GHRH secretion was reduced. Such hypothesis could be further tested by assessing plasma GH levels in Ghrl+/+ and Ghrl-/- females following somatostatin withdrawal, which triggers GHRH-dependent GH secretion in vivo (60). In this regard, it is possible that somatostatin neurons, which control the timing of GH secretory pulses and whose release activity is also under the control of ghrelin (4), are differentially affected in Ghrl-/- females and contribute to modulate GH secretion. Of note, expression of somatostatin receptor 2 on GHRH neurons displays sexual dimorphism in mice, suggesting that somatostatin interacts with GHRH neurons to control sexual dimorphic GH responses (47). Further studies are required to precisely determine the hypothalamic dysfunctions affecting the GH secretion in Ghrl-/- females. Also, the reason why alterations of GH secretion only take place in females remain uncertain. Of note, the ghrelin system displays important dimorphic responses (34). Indeed, studies in women showed that estradiol potentiates ghrelin-stimulated pulsatile GH secretion and GHRH/ghrelin synergy (61–63). In mice, females were also more sensitive to the GH-releasing effects of ghrelin treatment than males (34). Strikingly, we found that Ghsr mRNA levels in the hypothalamus were not different among genotypes, although Ghsr mRNA levels tended to be lower in Ghrl-/- than Ghrl+/+ females. Previously, Ghsr mRNA levels were found similar in the ArcN of 8-week-old male and female rats (64) and slightly lower in the hypothalamus of 6-month-old female rats, as compared to males (65).



Ghrl Deletion in Mice Does Not Significantly Affect Food Intake, Growth or Metabolism at Adulthood

As previously reported (12, 23, 25), we confirmed that adult Ghrl-/- mice – male and female - lack alterations of spontaneous food intake, meal pattern or fast-refeeding hyperphagia. Also, adult Ghrl-/- mice show no major growth or metabolic deficits, as previously shown (26), despite adult Ghrl-/- females show alterations of their GH secretion pattern. Notably, previous studies also showed that young Ghrl-/- males display alterations in ultradian GH secretion patterns that are not associated with changes in growth or metabolic parameters (26). Similarly, young Goat-/- mice show reduced GH pulse amplitude but unaltered body weight or body growth, although an increase in plasma insulin-like growth factor I levels has been proposed to compensate the alterations in GH secretion in these mice (53). Thus, the lack of proghrelin-derived peptides seems to induce some sexually dimorphic alterations in the GH axis that are insufficient to affect eating behaviors, body growth and metabolism at adulthood. Still, altered GH secretion during adulthood could contribute to specific phenotypes associated with ageing or pathophysiological conditions. Indeed, we observed a tendency to reduced volume of mineralized bone and significant reductions in the mass of soleus muscle in older 80-week-old Ghrl-/- mice that may be linked to ghrelin since this hormone plays a protective effect on bones structure in older mice (66) and both acyl and des-acyl ghrelin enhance muscle anabolism (67) and prevent skeletal muscle atrophy (68).



The Absence of Evident Dysfunctions in Adult Mice Lacking Ghrl Gene Must Be Interpreted With Caution

The study of mice with genetic modifications of different elements of the ghrelin system, such as proghrelin, GOAT or GHSR, has been instrumental to reveal some aspects of their physiological role. For instance, the observation that Goat-/- mice, in contrast to WT mice, suffer severe hypoglycemia and become moribund in a starvation protocol indicates that ghrelin plays essential functions under energy deficit (21). In this regard, it is interesting to stress that Ghrl-/- mice exhibit less evident alteration than mice lacking GHSR [as review in (12)]. For instance, GHSR-deficient mice, but not Ghrl-/- mice, show reduced hyperphagia after fasting (25). GHSR-deficient mice show some alterations, as compared to Ghrl-/- mice, even under ad libitum feeding conditions. In contrast to Ghrl-/- mice, adult Ghsr-/- mice fed on a regular chow displayed reduced body weight and linear growth, regardless of the sex (37). Furthermore, meal frequency was reduced in Ghsr-/- male mice (37). The exact molecular mechanisms underlying such distinct phenotypes in Ghsr-/- mice, as compared to Ghrl-/- mice, are uncertain. On one hand, GHSR acts via several ligand-independent mechanisms that include its capacity to induce constitutive intracellular signaling or its ability to cross-talk with other receptors (69). Also, the deletion of Ghrl gene not only eliminates ghrelin but also obestatin and des-acyl-ghrelin, which seem to impair the effect of ghrelin. For instance, obestatin treatment antagonizes ghrelin-induced GH secretion in rats (70), although these observations were not confirmed by others (71, 72). Des-acyl ghrelin appears to block some of the effects of ghrelin via either GHSR-dependent or GHSR-independent mechanisms (12, 73, 74). Finally, the liver-expressed antimicrobial peptide 2 (LEAP2) was recently recognized as another endogenous peptide ligand for GHSR (75). LEAP2, which is released by endocrine cells of the liver and the intestinal tract, abrogates ghrelin-evoked and constitutive GHSR activities (75, 76). Notably, LEAP2 displays a binding affinity to GHSR similar to ghrelin, but its level in plasma is ~10-fold higher than ghrelin level in ad libitum fed conditions (69). Thus, LEAP2 may play a more important role than ghrelin on GHSR under the tested conditions, masking some of the consequences of Ghrl gene deletion.

In conclusion, present data suggest that ghrelin plays a more prominent role in the regulation of pulsatile GH secretion in adult female than male mice. The mechanism of the sex-specific effect of preproghrelin deletion on GH pulsatility still needs to be refined. The physiological implications of the altered GH pulsatility in preproghrelin deleted mice would also need to be clarified since it is not associated with major growth, feeding or metabolic phenotypes.
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The hypothalamus-pituitary-thyroid-axis (HPT) is one of the main neuroendocrine axes that control energy expenditure. The activity of hypophysiotropic thyrotropin releasing hormone (TRH) neurons is modulated by nutritional status, energy demands and stress, all of which are sex dependent. Sex dimorphism has been associated with sex steroids whose concentration vary along the life-span, but also to sex chromosomes that define not only sexual characteristics but the expression of relevant genes. In this review we describe sex differences in basal HPT axis activity and in its response to stress and to metabolic challenges in experimental animals at different stages of development, as well as some of the limited information available on humans. Literature review was accomplished by searching in Pubmed under the following words: “sex dimorphic” or “sex differences” or “female” or “women” and “thyrotropin” or “thyroid hormones” or “deiodinases” and “energy homeostasis” or “stress”. The most representative articles were discussed, and to reduce the number of references, selected reviews were cited.
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Introduction

Life evolved through the optimization of multiple pathways that preserve energy homeostasis. The neuroendocrine system of mammals is tuned to sense and react to challenges that disturb homeostasis. Neuronal signals from extrahypothalamic regions, and hormonal signals from the circulation, are transduced by specialized neurons of the hypothalamus, to endocrine signals that control the anterior pituitary output. In the basal state, the hypothalamus-pituitary-thyroid (HPT) axis regulates energy expenditure and in turn, energy status modulates the activity of the HPT axis (1–3). Stress exposure and conditions of negative energy balance as fasting, food restriction (FR) or chronic illness inhibit HPT axis activity, whereas it is activated by energy demanding situations (1, 4–7). The efficient and opportune response of HPT axis to energy demands is crucial to maintain homeostasis.



1 Hypothalamus-Pituitary-Thyroid Axis


1.1 Elements Involved in the Activity of the HPT Axis

HPT axis is responsible for the release of thyroid hormones [TH, thyroxine (T4) and 3,5,3’-triiodothyronine (T3)], important participants in energy homeostasis. TH act on multiple cell types and regulate development, growth and function of brain and other tissues through life-span, basal metabolic rate, non-facultative thermogenesis, muscular contraction, energy expenditure, heart rate stimulation, and the expression and activities of many proteins involved in lipid and carbohydrate metabolism (2, 8, 9). The activity of the axis is controlled by the release of thyrotropin-releasing hormone (TRH) from hypophysiotropic neurons localized in the hypothalamic paraventricular nucleus (PVN) that project their axons to the median eminence (ME) and release the processed TRH from their nerve terminals located close to portal vessels and to tanycytes (Figure 1A) (1, 3, 5). A TRH-degrading ectoenzyme (TRH-DE or pyroglutamyl peptidase II) present in the membrane of tanycytes may inactivate TRH before it enters the portal vessels; TRH-DE activity is regulated in several in vivo situations such as fasting and hyperthyroidism and may be considered a modulator of the quantity of TRH that reaches the anterior pituitary (10, 11). TRH binds to its type 1 receptor (TRH-R1) in the thyrotropes the anterior pituitary stimulating the synthesis and release of thyrotropin (TSH) (Figure 1B) (3, 12). Another hypothalamic peptide, somatostatin, inhibits TSH release (13). At the thyroid, TSH binds to its receptor (TSH-R) in follicular cells where it stimulates the synthesis of TH (Figure 1C), and the release into the circulation of T4 and a small fraction of T3 (20-30% of TH output) (14). TH are carried in the circulation by blood proteins, thyroxine-binding globulin (TBG), albumin and transthyretin. In humans, TBG binds around 75% of circulating T4 and has higher affinity for T4 binding than for T3; free hormones dictate their activity; only around 0,01% of T4 circulates as free form (15). Rodents lack TBG and use transthyretin or albumin (3). TH enter the cells by the membrane monocarboxylate transporters (MCTs) and organic anionic transport proteins (OATPs). MCT8 and MCT10 transport T4 and T3 in and out of the cells. OATP1C1 is mainly expressed in the blood-brain barrier and transports specifically T4 (16).




Figure 1 | Parameters involved in HPT axis activity and sex differences in basal conditions. The central panel enlists parameters that characterize each region of the axis; (A) Trh mRNA is expressed in the nuclei of hypophysiotropic cells that reside in the PVN of the hypothalamus, the protein precursor compartmentalized in vesicles that travel to the median eminence (ME) from where TRH is released; at the base of the third ventricle in the ME tanycytes express the TRH-degrading ectoenzyme (TRH-DE). (B) At the pituitary, TRH binds to its receptor TRH-R1 in the thyrotropes of the anterior pituitary stimulating the synthesis of the two subunits, TSHα and TSHβ, and TSH release to the portal circulation. (C) At the thyroid, TSH stimulates TH synthesis, after uptake of iodine by sodium-iodine symporter it is oxidized by thyroid peroxidase (TPO) and added to tyrosyl residues of thyroglobulin (TGB); TSH also stimulates release of TH (70% T4 and 30% T3). (D, E) Circulating T3 is contributed by T4-deiodination by Dio1 in liver and kidney. TH clearance is due to glucuronidation and sulfatation in liver and excretion by kidney. (F) Leptin regulates the activity of HPT axis promoting the expression of Trh in PVN. (G) TH promote facultative thermogenesis inducing the expression of uncoupling proteins in BAT. Arrows indicate stimulation (↑) or inhibition (↓) by sex steroids (testosterone in males; estradiol in females). + indicates that this parameter is greater according to sex.



TH tissue-concentrations are regulated by the activity of deiodinases (Dio1, 2 and 3) in a tissue-specific manner (17, 18). Dio1 in thyroid, liver, and kidney, regulates the systemic concentration of T3; however, because of its preference for deiodination of T4 inner ring, it produces more of the inactive metabolite 3,3’,5’-triiodothyronine or reverse T3 (rT3) than T3. In hypothalamus, pituitary and target tissues like skeletal muscle, white adipose tissue (WAT) and brown adipose tissue (BAT), Dio2 is responsible of T4 conversion to T3; Dio3 converts T4 to rT3, and T3 to 3,5-diiodothyronine (17, 18). Excretion of TH is catalyzed by UDP-glucuronyltransferases (UGT) located in the liver (19); rodents contain additional conjugating enzymes, sulfotransferases (SULT) (19, 20).

T4 and T3 may bind to membrane proteins of the integrin family (integrin αvβ3) that have greater affinity for T4 (21). T3 is the active hormone in gene regulation; it binds to intracellular receptors that are nuclear transcription factors (THRα and THRβ) which recognize specific consensus sequences of target genes (22). THRβ2 is responsible for T3 negative feedback regulation of Trh and Tsh expression (12, 22, 23); the mechanisms involved in T3 inhibitory effects on transcription are still in controversy, in contrast to those involved in stimulatory effects (22, 24). THR may form heterodimers with other transcription factors as RXR and modify TRH transcription by different effectors (22, 25, 26). T3 negative feedback effects include other elements of the axis; TH stimulate TRH-DE activity and expression in tanycytes (11), the activity of the two enzymes that can degrade T3, Dio1 and Dio3, whereas they inhibit the expression of Dio2 in pituitary but not in tanycytes (27, 28).

Most work on HPT axis has been performed on male subjects showing its fine regulation that maintains circulating peripheral hormones at a fairly constant range (29). Pathological situations that produce negative energy balance such as starvation or chronic illness inhibit its activity decreasing the expression of Trh, and serum concentrations of TSH and T3 (1, 4); chronic stress or corticosterone administration also cause inhibition (5). Energy demands such as cold exposure or increased physical activity stimulate the axis, increasing the expression and release of TRH and TSH within minutes; increased levels of TH may be detected al later times but particularly, TH-induced changes in their target organs (5–7).

Evidence supports in mammals a complex cross talk of intercellular networks and intracellular signaling pathways between TH and sex steroids throughout the life-span of the individual; TH can affect gonadal maturation, steroid synthesis and reproduction (30, 31) as well as the function of the hypothalamus-pituitary-adrenal (HPA) (32). In the following sections we mention the sex differences reported in any of the parameters of HPT axis and on the effects of sex steroids on their regulation. The response of HPT axis to changes in energy homeostasis and stress is discussed in relation to what is known on sex differences; at the beginning of each section a summary of pertinent data on sex dimorphism on energy balance or stress response is be presented.




2 Sex Dimorphism of HPT Axis Activity


2.1 Basal Conditions

The estrous cycle in rodents lasts approximately four days making it difficult to study female responses (Supplementary Figure 1) (33); ovulation occurs during proestrus (12-14 h) with the highest estradiol and progesterone concentrations. Hormones of the HPT axis vary depending on estrous cycle. Trh expression in hypothalamus is high in the later diestrus phase, tends to decrease during proestrus and early estrus (34). Serum T4 and T3 concentrations increase during proestrus (35). Thiouracil-induced hypothyroid-female rats have irregular estrous cycles after 16 days of treatment, they show a prolonged diestrus phase, lower serum estradiol but higher progesterone concentrations during proestrus compared to the same phase in euthyroid rats and a peak of serum T3 and of T4 concentrations at proestrus (36).

The concentrations of serum TSH and TH concentrations differ between male and female rodents (37, 38), as well as the expression of various elements responsible of the basal activity of HPT axis (Figure 1 and Supplementary Table 1). No sex difference has been reported on Trh mRNA levels of PVN or TRH content in the median eminence of adult rats (39, 40). Pituitary Tshb mRNA levels, as well as TSH concentration in this gland and serum TSH are higher in males than females (37, 39), probably due to testosterone induced Tshb mRNA expression in pituitary of intact and gonadectomized male rodents (41, 42), to the inhibitory effect of estradiol and to the higher concentration of T3 and THR in pituitary of females (43). Although TSH concentration is higher in males than females, TRH-induced release of TSH is not sex-dependent (37), likely due to the augmented sensitivity of female pituitary cells to TRH by estradiol-induced increased expression of pituitary TRH receptor (44). T4 circulating concentration does not differ between male and female rodents, but that of T3 increases after puberty and is higher in females than males (38, 45). T3 circulating concentration is mainly regulated by Dio1 produced in liver and kidney and although Dio1 activity in these organs is greater in males than females, it produces mainly rT3 (38). Transthyretin transports TH in blood of rodents, its expression is increased in liver by estrogens and androgens (46). TH clearance is also sex-regulated; the activity of bilirubin-UGT is greater in females than males in basal conditions, without difference in the activity of androsterone-UGT (47).

In humans, research on HPT axis physiology has also been performed preferentially in men, although women present higher incidence of its disfunction than men (48, 49). Sex dimorphism in serum TSH concentration in humans varies with age and health state. Serum FT4 and FT3 concentrations in men are greater than in women (50–53). Estrogen increases the concentration of TBG in the circulation, whereas glucocorticoids diminish it, making TBG concentration another point of regulation; for example, in excess concentrations of estrogens as with usage of contraceptive drugs (54). Before menopause, there are no differences between sexes in serum TSH concentration of healthy adult humans (50, 55), whereas after menopause it is higher in women than in men (56). Furthermore, women with metabolic syndrome have higher TSH concentration than men with this condition (51–53).



2.2 Effect of Castration and Hormone Replacement

In vivo effects of sex steroids have been evaluated by direct administration or after gonadectomy (Supplementary Table 1). Ovariectomy (OVX) increases body weight and food intake (57, 58). Trh expression in hypophysiotropic neurons is increased in OVX rats compared to values at diestrus that are attained with 50 μg/kg of estrogen replacement and decreased with 100 μg/kg (57). Compared with intact rats, hypothalamic Dio2 expression is decreased in OVX rats (58) which, if it corresponds to the activity in tanycytes, would decrease the T3 feedback effects consistent with increased expression of hypothalamic Trh after OVX. Estradiol treatment at 25 μg/kg does not increase TRH concentration in hypophysial portal system of OVX rats, but it does if combined with progesterone treatment (10 or 50 mg/kg) (59). OVX increases the mRNA levels of the α and β subunits of Tsh in pituitary (60) but not TSH serum concentration unless replaced with 50 μg/kg estrogen (38, 57). Dio1 activity in pituitary is not affected by OVX though increased by estradiol treatment (7 μg/kg) and attenuated by progesterone (60). Serum T4 concentration does not change by OVX but is slightly inhibited with low concentrations of estrogen replacement (1.4 μg/kg) (38). The effect of OVX on serum concentration of T3 is controversial, from no effect (57) to a slight or strong decrease (38, 61), increased only with replacement with 100 μg/kg and higher doses of estrogen (57); however, combined estradiol and progesterone treatment increases T3 serum concentration and decreases T4 concentration in OVX rats (58, 62). At the thyroid level, OVX decreases the density of TSH receptors that is normalized after estradiol replacement (61, 63); estradiol injected in normal (64) or OVX rats increases iodine uptake and the activity of TPO, which would favor an increase in T3 synthesis (61); progesterone injection inhibits the stimulatory effect of estradiol on iodine uptake in normal rats (64). TPO activity uses H2O2 as substrate; the stimulatory effect of estrogen on TPO activity and on the expression of enzymes involved in the formation of H2O2 may increase the oxidative state of the thyroid and explain the higher susceptibly to thyroid disfunction in females than in males, including higher incidence of thyroid cancer (65).

In contrast, orchidectomy decreases serum TSH concentration which is normalized by testosterone but not by estrogen treatment of male rats (66). Castration in male rats increases Dio1 activity in pituitary, and testosterone treatment (4 mg/kg) does not reverse this effect (60). No effects on T4 or T3 serum concentrations are detected in orchiectomized males, treated or not with testosterone or estradiol (66).

Sex steroids influence thyroid function also in humans; hyperestrogenemia caused by contraceptives, hormone replacement or ovarian hyperstimulation increases serum TBG and decreases FT4 levels inducing hypothyroidism (67). In transsexual male-to-female patients, treatment with oral estrogens increases serum concentrations of TBG, TT4 and TT3, while in female-to-male patients treated with testosterone, serum TBG and TT4 concentrations decrease (68).



2.3 Sex Dimorphism in HPT Axis Disfunction

Few animal studies have compared both sexes within the same experimental design. In hypo- or hyper-thyroid treatment of male and female mice of the same age (hypothyroidism: low iodine diet and 0.02% methimazole/0.5% sodium perchlorate in drinking water; hyperthyroidism: 1 mg/kg T4 via intraperitoneal) produces some of the expected results though differently in males or females; hypothyroid male mice have high serum cholesterol concentration whereas hyperthyroid females have increased triglyceride serum concentration, increased food intake and body weight gain; after 7 weeks of the respective treatments, serum concentrations of TT4, FT4, and FT3 are higher in hyperthyroid females than in males and these differences augment with age (5, 12, 24 months old) (69, 70). Hypothyroid males lose body weight and are hypothermic though their decrease in serum TT4 concentration is like that of females; furthermore, serum FT4 concentration decreases only in old female rats and that of FT3 remains normal. Body temperature of females is higher than in males, irrespective of thyroid status, due to estrogen effects (71). Whether the sex differences detected in the serum TH concentrations are due to differences in deiodinases or clearance events remains to be clarified (20, 47). For example, of the three UGT isoenzymes, hepatic bilirubin-UGT activity which is higher in females increases by FR more in males than in females (47); activities of SULT are regulated in a sex dimorphic manner by age (20). The expression of various TH-target genes in BAT, heart and liver is differentially modified by thyroid status and sex. Behavioral tests confirm a higher locomotor activity in females, that increases in hyperthyroidism, as well as a better motor coordination but diminished muscle strength, while hyperthyroid males have better coordination in the motor rod (69, 70); these effects were attributed to female muscles being more resistant to fatigue than those of males (72). The latter changes reported in males coincide with previous reports in the literature (73); thus, females seem less affected despite having a dysregulation on their TH levels. Unfortunately, mice were housed in different conditions (males in individual cages and females in group/cage); because isolation is a stressful factor that induces hypothyroidism in male mice and differentially alters various parameters depending on sex (74, 75), the validity of some of these sex differences needs to be established.

The prevalence of thyroid disorders is higher in women than men (76, 77). Hypothyroidism is diagnosed by serum concentration of TSH above normal (>4.5 mU/L) and that of FT4 below (primary hypothyroidism), although tertiary and secondary hypothyroidism may occur when deficits are at hypothalamic or pituitary levels and both serum TSH and TH concentrations are low (78, 79). Hypothyroidism reduces metabolic rate, and some symptoms include fatigue, body weight gain, hypothermia, dry hair and skin, cardiovascular risk factors, dyslipidemia and increased atherosclerosis. It is estimated that hypothyroidism frequency may be up to 15% with a large percent of undiagnosed subclinical hypothyroidism that increases with age (78). In an extensive US survey, no differences were found between male and female serum TSH concentration, except with women over 50 years old whose values were higher than those of males (80); central hypothyroidism occurs rarely (<0.1%) (79). A close association of hypothyroidism with symptoms of metabolic syndrome has been now recognized (52, 81, 82), women with metabolic syndrome having higher serum TSH concentration than men with this condition (51–53). Hyperthyroidism (overt and subclinical) produces low BMI, waist circumference and blood triglyceride concentration, but high blood pressure and serum high-density lipoprotein cholesterol concentration compared with euthyroid men. Women do not present symptoms of hyperthyroidism (53, 81, 82). Men with subclinical hypothyroidism have higher serum triglyceride concentration and abdominal fat weight than women, while subclinical hypothyroid women are more propense to become obese (81, 82), an effect increased after menopause (51–53). An extensive study performed in China demonstrates that obese women have a higher risk to suffer overt and subclinical hypothyroidism (22.7% and 22.1% respectively) than non-obese women, while in men there is no association between obesity and hypothyroidism (83).

TH are required, not only for the adequate development of central nervous system but also for its adequate function throughout life, which explains why hypothyroidism can affect mood and behavior, cognition, memory, visual attention and motor skills (9, 84). Thyroid deficiency during development affects the adequate development of brain which, depending on the stage of development, may induce several diseases as for example affect neural circuitry and cause autism observed more in boys. Neuropsychiatric disorders that are related to thyroid disfunction (more frequently affected in women) coincide with their higher incidence, for example, TH or TSH serum levels associate with Alzheimer disease in women (85). Subclinical hypothyroidism has been related with psychiatric disorders such as anxiety and depression (85). Few studies have associated sex differences in depressive patients with subclinical hypothyroidism; however, a recent study reports its prevalence in women with depression being approximately two times higher than in men (86).

In humans, the main cause of primary hypothyroidism in many countries is iodine deficiency, whereas in iodine-sufficient countries is Hashimoto’s disease, although hypothyroidism is increasing now due to pollutants known as endocrine disruptors (83, 87). Grave’s disease (GD) and Hashimoto’s thyroiditis (HT) are of autoimmune origin, preponderant in women (83). GD corresponds to 70-80% of hyperthyroid patients, in a ratio of 8:1 of women to men; GD is due to auto-reactive antibodies against TSH-R that signal as TSH in thyroid causing hypersecretion of thyroid hormones (83, 87). HT is caused by the presence of antibodies against TPO and TGB, as well as infiltration of lymphocytes in thyroid (88); HT has also a higher incidence in women 10-25:1 (87, 88). These pathologies are part of the autoimmune thyroid disorders that show changes in methylation of several genes, gene polymorphisms and also miRNAs identified either specific for each disease or common to both (89). However, the high preponderance in women of this diseases and in many other autoimmune ones, as well as in experimental animal models, support that the sexual dimorphism in normal and abnormal immune responses could be due to epigenetic alterations in X chromosome (Box 1) which codes for many genes of in the immune system (83, 98, 99). Common features among several autoimmune diseases involve incomplete inactivation of some genes in the X chromosome (XCI), or asymmetric inactivation of X chromosome (skewed XCI) where 75-80 or over 95% of one parent’s chromosome is inactivated (98, 99). Analyses of 309 GD and 490 HT female subjects together with meta-analyses of previous reports confirm the increased XCI skewing and extreme skewing in female subjects with GD and HT respectively (100).




Box 1 The role of sex chromosomes in metabolic sex dimorphism. | Sex dimorphism in behavior and physiology in mammals originates in the hormonal differences between both sexes and albeit not thoroughly identified, to genes located on the X and Y chromosomes (90, 91). X and Y chromosome genes may be expressed at different levels in XX and XY non-gonadal cells, producing effects independent of sex hormones (92). X and Y chromosomes contain a set of genes disposed in pseudo-autosomal regions (PAR) that are implicated in critical cellular functions, such as control of chromatin modifications, transcription, translation, RNA splicing, protein ubiquitination, etc. (91). Aside from the PARs, the genomic dosage is different in males and females, since females have two copies of non-PAR region of the X chromosome (NPX), whereas males have one NPX and one non-PAR region of Y (NPY) (92). This sex unbalance  of X chromosome number is equalized by 2 mechanisms: 1) Upregulation of X genes in males, and 2) silencing of one X chromosome in females. Upregulation of X genes involves increases in transcription (enhanced H4K16 acetylation, or enrichment of RNA polymerase II at the 5’-end of X genes), RNA stability (longer half-life), and translation (a greater number of ribosomes) [reviewed in (93)]. X chromosome silencing is produced by Xist, a long non-coding RNA that coats X chromosome and recruits protein complexes to implement gene repression; this also includes epigenetic changes, such as recruitment of polycomb repressive complexes to implement repressive histone modification, followed by DNA methylation at CpG islands to stabilize silencing (94). Since females have a X chromosome from the mother (Xm) and a X chromosome from the father (Xp), X chromosome silencing is random in somatic tissues, producing a mosaicism that leads to less phenotypic variability among females than males and to average differences in phenotype between sexes (91, 92). Evidence that sex chromosomes influence programming of metabolic regulation and how they interact with sex hormones have been obtained from a model that generates mice with four combinations of gonads-sex chromosome: XX mice with female gonads, XY mice with male gonads, XX mice with male gonads and XY mice with female gonads; this model allows to evaluate the influence of sex chromosomes (90, 95). The dosage of X chromosomes contributes to an accumulation of fat and an increase of food intake; however, the distribution of fat is different between genotypes independent of gonadal sex, XX mice having more subcutaneous fat whereas XY mice more visceral fat (96).






3 The HPT Axis in the Symphony of Energy Homeostasis

Energy balance depends on food intake and/or metabolism of endogenous reserves (glycogen and fat depots), and on energy expenditure; these events differ between males and females (95, 96), are regulated by sex steroids, and also on sex chromosomes (Box 1) such as the higher expression of leptin in subcutaneous fat of females before puberty or the sex-differences in fat distribution. Higher proportion of subcutaneous fat in females makes them more resistant to pathologies associated with the metabolic syndrome than males, as it produces leptin and adiponectin; estradiol stimulates while testosterone inhibits leptin expression (101). Estrogen regulates energy expenditure, body weight, fat distribution, and appetite in mice; it also suppresses WAT accumulation by decreasing fatty acid and triglyceride synthesis or lipogenesis (96). Testosterone exerts similar effects when aromatized to estrogen but also increases lipolysis in visceral WAT through the interaction with its receptor, but the exact mechanism is not yet determined (96).

TH regulate energy expenditure and many metabolic processes such as lipid metabolism promoting lipolysis as well as lipogenesis in adipose tissues (2, 8); in turn, the activity of the axis is modulated by nutrient status and energy demands (Figure 2). Nutrient status is signaled to TRH hypophysiotropic neurons by neurons from the arcuate nucleus (Arc) that integrate peripheral signals from circulating hormones, such as leptin and insulin, and express the anorexigenic pro-opiomelanocortin (POMC), precursor of α-Melanocyte-stimulating hormone (α-MSH) which is released in PVN and interacts with the type 4 melanocortin receptor (MC4R) that induces Trh gene transcription (102–104). MC4R receptor is downregulated by TH contributing to T3 feedback regulation of HPT axis (105). Conversely, orexigenic peptides AgRP and NPY inhibit the expression of Trh in PVN (1). Although estrogen stimulates Pomc expression and is postulated to mediate some of the anorexic effects (106), the role of PVN-MC4R was recently discarded (107); this explains why estrogen effect on Trh expression is not stimulatory as would be expected if the POMC-neurons that innervate TRH neurons were activated and supports the heterogeneity of POMC neurons in the Arc (108). Besides the indirect stimulatory role of leptin on the synthesis of TRH through α-MSH released by POMC neurons and stimulating pCREB (in 66% of Trh-expressing cells in mid PVN), it has direct stimulatory effects on TRHergic neurons activating its receptor Lep-Rb inducing the phosphorylation of Janus kinase 2 that in turn phosphorylates signal transducer and activator of transcription 3 (in 28% of cells) allowing its binding to Trh promoter (104, 109, 110).




Figure 2 | Schematic representation of HPT axis regulation. Figure illustrates hypophysiotropic TRH neurons of the paraventricular nucleus of the hypothalamus (PVN) that send their axons (light blue line) to the median eminence (ME) where they release TRH. Only known effectors are signaled: neurons from the arcuate nucleus that synthesize POMC or NPY stimulate or inhibit Trh expression and release. Arrows (light blue and light green) depict the various steps of the HPT axis that are regulated by different hormones at the level of synthesis or release of TRH, TSH and thyroid hormones as well as their receptors (details in text).




3.1 Sex Differences in the Response of HPT to Positive or Negative Energy Balance

The combined action of TH and sex steroids on metabolism may explain some of the sex differences of HPT activity. Conditions of energy deficit due either to FR or to food deprivation inhibit the HPT axis at multiple levels (1, 111); PVN-Trh expression and serum concentrations of TSH and TH decrease more in puber female than male rats (39), whereas inhibition occurs faster and stronger in adult males than in females (40). PVN-Trh mRNA levels and TSH, T4 and T3 serum concentrations decrease after 24 h of fasting in male rats while in females it takes 48 h to affect Trh expression and serum T3 concentration; serum corticosterone concentration is higher in females than males since the first day of fasting (40). Females reduce more retroperitoneal WAT mass than males after 24 or 48 h of fasting, consistent with other reports and with the preference for fat usage in females compared to males, which permits them to preserve protein and lean-mass (40, 101). Females are also more resistant to diminished HPT axis activity after two weeks of food restriction; even less than 20% decrease in food intake in males diminishes Trh expression in PVN and serum concentrations of TSH and leptin, whereas no changes are observed in females with reduced food intake of 30%, though females reduce leptin serum concentration almost as males do (112). These results suggest that either food deprivation or restriction leads to decrease serum T3 concentration and body or fat weight loss, and that in all conditions of negative energy balance the diminution of HPT axis activity is higher in males than in females.

In cases of energy excess provoked by high saturated-fat diet (HFD), the HPT axis is activated in male rats and mice (111, 113), but few reports have evaluated male and female rodents simultaneously. HFD (with saturated and monounsaturated fatty acids) for 40 days starting at weaning increases 2x leptin serum concentration and decreases the ratio of TT4/TT3 in male rats whereas in females, leptin concentration increases 3x with no changes in the ratio of TT4/TT3 (114). In contrast, if a palatable diet high in unsaturated fat and carbohydrates (HFCD) is available for free choice with chow, during six weeks starting at adulthood, females consume more palatable diet and increase more their relative fat weight than males. Serum concentration of insulin increase in both sexes but only in females there is an increase of leptin; levels of Pomc mRNA in mediobasal hypothalamus (MBH) and serum T4 concentration augment in females whereas serum TSH concentration diminishes in males likely due to increased ME Trhde expression (115). Several reports using male rats or mice and a high fat diet rich in unsaturated fats show increased HPT axis activity related to the obese state (115, 116). The differences observed depending on the type of fat used and the proportion of carbohydrates require further analyses.

In euthyroid humans, studies on the relationship between circulating concentrations of TSH and free TH with obesity have provided controversial results; in a recent study (117) with over 586 women and 437 men where several metabolic parameters were measured and classified according to sex, age, BMI, % of body fat and metabolic phenotype (metabolically healthy non-obese, metabolically healthy obese and metabolically unhealthy obese) showed that serum FT3 concentration and FT3/T4 increase in obese, whether healthy or unhealthy, and these values are positively related in women to % of fat but not to BMI; serum T4 concentration correlated negatively with the unhealthy obese phenotype, and serum TSH positively, suggesting they contribute to the metabolic dysregulation and not the % of fat (117).



3.2 HPT Axis Response to Energy Demands in Adults

Cold exposure rapidly activates the HPT axis in males, consistent with the role of TH in thermogenesis increasing synthesis of uncoupling proteins in BAT and in muscle, as well as the expression of adrenergic receptors (6, 118). Male rats can maintain their body temperature after 1-2h of cold exposure; females in contrast do not if they are in diestrus phase but do it if in proestrus; in OVX rats body temperature is reduced more rapidly than in control rats, an effect which is prevented if rats are injected with estradiol (71, 119). Cold exposure rapidly stimulates Trh expression in PVN and serum TSH concentration after 1 h in male rats while not in virgin or lactating females (5, 6, 120) unless they are ovariectomized (57). Estrogen administration diminishes temperature loss by increasing vasoconstriction and heat production, by stimulating the medial preoptic area and dorsomedial nucleus involved in the sympathetic activation of BAT and muscle (71, 120, 121). BAT activity is enhanced by estrogens at various levels: expression and sensitivity of β3-adrenergic receptors, density and differentiation of mitochondria, and together with progesterone the expression of Ucp1 (96, 101, 120). The thermogenic effect of estrogens seems to cancel the cold stimulation of HPT axis activity in females explaining the high diversity observed in randomly cycling rats.

Physical activity and exercise require energy provided by the adequate mobilization of fuels to active tissues as heart and muscle (8, 122, 123). Data on HPT axis response after exercise has been controversial since conditions such as exhaustion, that induce a negative energy balance or high stress, inhibit the axis (124). Voluntary exercise performed in a running wheel does not cause stress and instead, diminishes HPA axis responses to stressors (125). Females run at least twice more than males, but loose a similar amount of fat mass; exercise activates the HPT axis in both sexes at different levels; Trh expression increases in PVN of male rats without affecting serum TH concentration measured 3 h after the last exercise boot, while in females Trh expression does not change but TSH concentration increases. In both sexes, Trh mRNA levels or serum concentrations of TSH, T4 or T3 correlate positively with the amount of distance ran, and negatively with WAT weight (7, 75, 112). These results indicate that females require much more exercise than males to lose the same amount of fat and to activate the HPT axis; females do not lose body weight as males do, explained by males’ loss of lean mass (126).

The effect of exercise on HPT axis activity in humans varies with its duration; the increase of serum TSH, T4 and T3 concentrations during exercise are reverted during recovery (127). Depending on health state and physical condition, the response of HPT axis to exercise differs between men and women. Untrained young adult men show no changes in serum TT4 and TT3 concentrations after an aerobic exercise period (running 4-6 miles each 2 days per 6 weeks), but serum TT4, TT3 and FT3 concentrations diminish after extenuating exercise (128, 129). In the case of athletes, T3 and T4 serum concentrations decrease in trained men compared with untrained, while athlete women reduce serum T3 concentration only when they present amenorrhea (130). Exercise conditions that induce negative energy balance decrease serum TH concentrations, consistent with the tight regulation of HPT axis with even small amounts of food restriction. When fat mass is considerably reduced, serum leptin concentration diminishes, which most probably lowers PVN TRH neurons activity and TSH release (1, 58, 104, 109, 110).




4 Stress and HPT Axis

As mentioned in the preceding section, estrogen and TH participate in energy homeostasis regulating food intake and metabolism of lipid, carbohydrate and protein as well as the flux of fuels to active tissues (8, 123). Stress is another important player; acute stress activates the sympathetic nervous system and the HPA axis that mobilize energy substrates by stimulating lipolysis in WAT and increase the circulating concentration of glucose (131). Chronic stress in contrast promotes the accumulation of fat specially in the visceral region by the local activation of glucocorticoids (GC) induced by 11β-hydroxysteroid dehydrogenase-1, favoring hypertrophy of the adipocytes and altering responses of the HPA axis to subsequent stressors (131, 132). Responses to stress are sex-dimorphic; adult female rodents have higher serum corticosterone concentration in basal condition or after acute stress exposure than males; this difference is attributed to a stimulatory effect of estrogens at all levels of HPA axis, and to a slower feedback inhibition due to a lower expression of glucocorticoid receptor (GR) in PVN and pituitary in females than males; androgens in turn, inhibit HPA axis activity at different levels (133). Stress response in humans is also sex dimorphic; women have higher circulating concentration of cortisol and stronger HPA axis stress-responses than men since estrogens stimulate, and androgens inhibit HPA response; women are more susceptible to adrenocortical disorders (134).


4.1 Effects of Stress on HPT Axis Activity in Adults

Although in males several types of acute or chronic stress inhibit HPT activity (5), there is limited work on female subjects. Psychological stressors as immobilization reduces Trh expression in PVN concentration in young adult rats independent of sex, plasma TSH to a higher extent in males, that of FT3 decreases only in females who show a higher increase in serum corticosterone concentrations; this sex difference is not perceptible in old rats (135, 136). Chronic stress imposed by individual housing (isolation) for 7 days after weaning increases serum TT4 concentration in female but not in male rats (114). Chronic variable stress, a model that resembles chronic stress in humans as it produces a constant secretion of glucocorticoids, increases Tshb expression in pituitary of females but not male mice (137) while in rats, TSH serum concentration decreases in males (138). This contradiction could stem from the type of stressors applied or to species-differences (139) and illustrate the difficulty in pointing the causes of sex-differences. The effect of physical stressors such as pain or electric shocks, which diminish HPT activity in males, has not been studied in females (5). Cold exposure and exercise have also been considered physical stressors as they activate the HPA however, they also activate HPT axis (5).

Not only basal activity of HPT axis is altered by stress, the stress history of the animal also affects HPT axis response to energy demands. Albeit not studied yet in females, acute or chronic stress blunts the acute cold-induced stimulation of PVN Trh synthesis, TSH release and BAT activation in male rats (6, 138), through a direct effect of corticosterone inhibiting cold-induced CREB phosphorylation in TRHergic neurons (140). Some types of stress can interfere with the stimulatory effect of voluntary exercise on HPT axis activity and loss of fat mass; male or female rats are similarly affected by two weeks of chronic intermittent restraint but in response to isolation stressed males do not lose fat nor activate any of the variables of the HPT axis whereas females are not affected (75). These latter results add up to the results of females’ response to fasting (40) that strongly suggest HPT of adult females to be less susceptible to change.



4.2 HPT Axis and Stress Through Development

No sex differences in the expression of HPT components have been reported before puberty, with the exception that female rats have a higher TSH serum concentration in the first days of birth compared with males (141). Sex differences in physiology may be triggered by external influences along the life-span of the animal. Glucocorticoid excess during development causes sex-specific metabolic mis-programming (142); it is thus feasible that HPT axis development may also be affected. HPT axis ontogeny occurs before and after birth (Supplementary Figure 2), including hormonal synthesis and secretion, and functionality of hormone receptors, thus its vulnerability to epigenetic changes may relate to the timing of insult exposure (143).


4.2.1 Prenatal Life Stress

During gestation, embryos depend on the hormonal milieu of the mother for an adequate development of organs and tissues, especially the brain; her nutrition, or exposure to drugs and toxins, can affect the developmental programming of the offspring (143). TH are essential in brain development, so any event that diminishes their production or signaling in the mother such as exposure to GC, stressors, toxins, or nutrient unbalance during development causes many deleterious effects in offspring brain such as decreased cognition (9, 111, 144); again, few reports studied differences according to sex. TSH plasma concentration is higher in female rat offspring of mothers that consume alcohol or glucose during lactation than male (145). At adulthood, male offspring of mothers that consume a high fat diet for 8 weeks (before mating, during gestation and lactation) express less Trh in PVN than females, whereas Dio2 expression in hypothalamus is lower in female offspring (146). A high exposure to GC before birth alters the activity of HPT axis at adulthood; in female rats, body temperature decreases at estrus and diestrus stages, which may be related to decreased Trh expression in PVN and T3 serum concentration; male rats only have low T3 serum concentration (147).

Environmental contaminants derived from industrial products of diverse use as insecticides, fertilizers or plastics (such as phthalates and bisphenols) interfere with thyroid hormone signaling because they are recognized by thyroid hormone receptors or affect TH synthesis and metabolism (79, 144, 148); they affect also steroid synthesis or steroid-hormone receptors (149). Bisphenols and phthalates act at low concentrations, categorized as endocrine disruptors, and are particularly dangerous in a pregnant woman as they interfere with the effects of TH on growth and development. Sex dimorphic effects have been identified for these compounds, particularly in neurobehavior, albeit it might be difficult to distinguish cause from effect on sex dimorphic responses in thyroid or steroid hormones when humans are exposed to mixtures of contaminants (144, 148, 149). Few studies report sex differences on the effects of endocrine disruptors on elements of the HPT axis; exposure to phthalates during pregnancy decreases FT4 serum concentration mainly in girls (150).



4.4.2 Neonatal Life Stress

Several models of early life stress have been developed to study the deleterious effects of stress during the neonatal period (151). A well characterized model that does not cause physical harm or many hours of fasting is maternal separation (MS) during lactation; pups are separated 3 h or less from their mother (152) and the reduced leaking and grooming diminish serotoninergic input to the hippocampus decrease GR expression up to adulthood that decreases hippocampal feedback inhibition on PVN Crh expression causing HPA axis hyperactive response to stress (153). MS disturbs the neural programming of the offspring producing long term effects on its behavior and stress responses, many of which show sex dimorphism (154).

MS alters basal parameters that set HPT basal activity; at adulthood, MS-females gain body and WAT weight and increase Trh expression in PVN more than non-handled (NH) females. MS males express more Trhde in MBH, have higher corticosterone and lower TSH and T3 serum concentrations than NH controls and present a blunted response to 48h of fasting (155). Trhde expression is increased after HFCD intake only MS male rats who were not protected from an acute stress as controls or females on diet or chow (115); HFCD does not protect from stress-induced inhibition in PVN Trh expression in males of NH or MS groups while T3 serum concentration decreases in MS in contrast to the lack of response of females (115). Thus, maternal separation affects the basal activity of HPT axis in both males and females but only in males affects HPT response to metabolic challenges as fasting and hypercaloric diets (115, 155).

The response of the HPT axis to exercise in MS animals differs from that observed in chronically stressed animals. While chronic stress in adults inhibits HPT axis activity and fat-loss responses to voluntary exercise in males, more than in females (75), the opposite is observed after maternal separation. As adults, MS males respond as controls do: same loss of fat mass (albeit leptin serum concentration is lower in MS than in NH), PVN Trh levels and serum TH concentrations correlate positively with distance, and negatively with fat mass. In contrast, running is reduced in MS females, do not lose fat mass and have no significant correlations to those seen in NH (112). MS-induced susceptibility to stress and metabolic disfunction is reduced by the beneficial effects of exercise on attenuating stress responses in males but not in females which contrasts the enhanced susceptibility of MS males after fasting (112, 155). Epigenetic changes in the PVN were detected on the proximal rat Trh gene-promoter; we hypothesized that CRE site hyper methylatation would inhibit the effect of neuronal signals from NA or POMC neurons that increase Trh expression due to the binding of pCREB to the promoter (156). No differences in percent of methylation at CRE site are detected, instead a CpG next to site-4 [−59/−52 (157)] is hypermethylated in females, and CpG in site-5 hypomethylated in males; these are regions of THR binding, site-4 has been postulated as a response element for thyroid hormones (158). Hypermethylation will diminish T3 feedback effect on Trh transcription, coincident with the higher expression of Trh in PVN of MS-female rats and their slower response in conditions as fasting (155).

Evidence accumulates now, especially in males, that stress affects metabolism and cause HPT axis disfunction (5). In some cases, effects may perdure for a long time; however, stressor effects cannot be generalized by sex or age, and this is just beginning to be understood. Knowledge of the neuronal circuits involved according to the type of stressor may eventually lead to its control. The ability to cope with stress, called resilience, is observed in males submitted to neonatal stress and then exercise but still seems to vary depending on the type of exercise and type of stress. Rats have shown stress resilience whether exercise is performed before or after stressor exposure; in certain types of stress, females respond faster than males (159). Our results that stress curtails adequate lipolysis as it impedes exercise-induced fat loss and diminishes running probably due to fatigue, suggest interference with the fast and intermittent activation necessary for TH to exert their metabolic effects needed to supply fuels to oxidative tissues (8, 122, 123). These effects, together with the blunting effect of stress on cold-induced activation of HPT axis that impedes to control body temperature (138) shown in adult males, may contribute to the symptoms of subclinical hypothyroidism. The susceptibility to stress effects depends on sex, age and type of stress.





5 Conclusions

We reviewed the different physiological aspects that play a role in defining sex dimorphism in HPT axis activity, due not only to sex steroids but also by the change of diet, sedentarism, and stress, whose impact differs among sexes. Sex dimorphism in HPT axis activity may be due to sex steroids influence in a direct or indirect manner, causing different responses depending on their concentration, as well as other circulating hormones concentrations such as leptin, glucocorticoids or catecholamines. These basic differences in HPT axis activity could explain the sex dimorphism in the response to stress and metabolic challenges.

An important problem is that not only women are more susceptible to subclinical and overt hypothyroidism than men, but they are also more dissatisfied with their medical treatment, expressing problems of fatigue, mood, memory and body weight gain (77, 160). A possible contributor is the stress history of the patient. Women are more susceptible than men to depression caused by chronic stress which inhibits the HPT axis. The joint treatment of stress and thyroid disorder could be more effective than the isolated medication for thyroid disfunction, particularly in modern societies that have not achieved the conditions of equality and have lost the social support of a more interactive society as probably still exists in smaller communities. Increased opportunities for exercise and cultural recreation, especially in low-income districts, could aid to reduce stress, activate metabolism and increase the feeling of wellbeing.

Finally, it should be noted that there are caveats in comparisons between sexes, between rodents and humans. Housing conditions, lack of stimuli, food ad libitum, and constant temperatures induce obesity and symptoms of metabolic syndrome in rodents at a young age (161). Although strain variations in the metabolic response are observed (162), most become obese at young age; Wistar male rats are obese at 2 months of age whereas females, at 6 (163). These problems complicate the interpretation of metabolic studies and make the comparison with humans very difficult. Another problem encountered within the literature is lack of information about the age of the animal and at most, their weight which depending on strain may be an adolescent or a very young animal; some animals are bought from distant places, and many are adolescents which is also a critical period when stress impacts strongly (164). Most studies about sex differences in HPT axis activity have been performed in animal models; human studies are still needed to find out how HPT axis activity is affected by stress and metabolic challenges. More holistic research is needed combining both sexes in the experimental subjects and report some parameters that may evaluate their stress and metabolic status.
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The melanocortin receptors are defined as a series of vital pharmaceutical targets to regulate neuronal appetite and maintain controllable body weight for mammals and teleosts. Melanocortin receptor accessory protein 2 (MRAP2) functions as an essential accessory player that modulates the surface translocation and binding to a variety of endogenous or synthetic hormones of central melanocortin-4 receptor (MC4R) signaling. MRAP2 is a single-transmembrane protein and could form a functional symmetric antiparallel homodimer topology. Here, we inverted the N-terminal, transmembrane, and C-terminal domains and generated six distinct conformational variants of the mouse MRAP2 to explore the functional orientations and the internal symmetry of MRAP2 dimers. These remolded MRAP2 mutants showed proper assembly of the antiparallel homodimer and binding to the MC4R, but slightly altered the regulatory profile on the surface expression and the ligand-stimulated cAMP cascades of MC4R. This study elucidated the importance of the orientation of each domain of the single-transmembrane protein and revealed the pharmacological properties of the internal symmetry of the antiparallel homodimer for MRAP2.
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Introduction

Melanocortins consist of four pro-opiomelanocortin (POMC)-derived natural agonists (α-, β-, and γ-MSH and ACTH) and two antagonists (Agouti and AgRP) through tissue-specific posttranslational processing and modification (1). The biological activity and physiological roles of melanocortins are mediated by five melanocortin receptors (MCRs) in mammals (MC1R–MC5R) (2). In the skin and hair follicles, alpha melanocyte-stimulating hormone (α-MSH)-simulated MC1R signaling results in melanin production producing black skin or hair (3). MC2R is required for adrenocortical steroidogenesis in the adrenal gland, and melanocortin-3 receptor (MC3R) and MC4R are essential for appetite control and energy homeostasis in the central nervous system.Mutations of MC4R have been reported as the most prevalent forms of monogenic obesity in humans, and the physiological roles of MC4R in regulating energy balance are well known and widely reported (4, 5). Remarkably, MC4R is defined as an ideal pharmaceutical target for screening allosteric modulators in order to treat metabolic disorders or maintain controllable body weight for professional athletes such as those in weightlifting, boxing, judo, and artistic gymnastics (6–8). MC5R plays an important role in the exocrine secretion of the skin (9, 10).

Melanocortin receptor accessory proteins (MRAPs) are small single-transmembrane proteins that regulate the intracellular cyclic adenosine monophosphate (cAMP) signaling and cell surface translocation of MCRs (11). By studying the familial glucocorticoid deficiency (FGD), Noon and his colleagues first found that the trafficking of MC2R to the cell surface required the melanocortin receptor accessory protein 2 (MRAP2) in the adrenal glands (12). Subsequently, MRAP2 was identified as a paralog of MRAP and exhibited universal interaction with all five MCRs. MRAP2 was highly expressed in the paraventricular nucleus (PVN) of the hypothalamus and served as the key player in the central regulation of energy expenditure and appetite (13). In vivo studies on zebrafish and mice also supported the notion that MRAP2 was an allosteric modulator and pharmacological partner for the regulation of MC4R signaling (14, 15).

MRAP1 and MRAP2 both contain a glycosylation site in the N-terminal and assemble an antiparellel dual topology on the plasma membrance, indicating that MRAPs simultaneously insert into the membrane as Ncyt/Cexo (N-terminal intracellular/C-terminal extracellular) and Nexo/Ccyt (N-terminal intracellular/C-terminal extracellular) orientations. Inversely oriented MRAP1 and MRAP2 could form symmetic antiparallel homodimers and heterodimers (16). As a functional protein complex, the antiparellel dimeric topology of MRAPs exhibited an indispensable extrinsic symmetry. However, due to the lack of a crystal structure of MRAP2, the intrinsic symmetry of MRAP2 dimers remains unclear. We speculate that alterations in the orientation of the internal domains of MRAPs could potentially optimize the regulatory function on the melancortin receptors without changing the extrinsic symmetric topology. Investigation of the internal symmetry of antiparellel MRAP2 dimers has become of vital importance. In this study, we artifically constructed six variant conformations of mouse MRAP2 (mMRAP2) as follows: transmembrane region (TM) inversion (I), N-terminal inversion (II), C-terminal inversion (III), N- and C-terminal inversion (IV), N- and C-terminal transposition (V), and replacement of the C-terminal by the inverted N-terminal (VI). Our results demonstrated that the alterations of the internal symmetry did not affect the proper formation of the antiparallel homodimer or the binding to mouse melanocortin receptor 4 (mMC4R). However, distinct variants showed variable pharmacological regulations and effects on the membrane transport of mMC4R. Among them, the N-terminal inverted variant exhibited the greatest impact on the constitutive activity of mMC4R. Overall, our study confirmed the symmetric topology of the MRAP2 homodimer and elucidated the importance of the orientation of each interior domain for the functional modulation of MC4R signaling.



Results


Interactions of MRAP2 Protein Variants With MC4R

As shown in Figure 1A, the full-length mMRAP2 has a total of 207 amino acids, including that of the N-terminal domain (amino acids 1–46), the TM region (amino acids 47–67), and the C-terminal domain (amino acids 68–207). We artifically constructed six variants of mMRAP2 as follows: TM invertion (I), N-terminal invertion (II), C-terminal invertion(III), N- and C-terminal invertion (IV), N- and C-terminal transposition (V), and replacement of the C-terminal by the inverted N-terminus (VI) (Figure 1B). Next, we transfected HEK293T cells with hemagglutinin (HA)- and FLAG-tagged mMRAP2 at a ratio of 1:1 and performed co-IP analysis. Our results demonstrated the proper homodimerization of these variants, suggesting a robust interaction between these variant monomers (Figures 2A–F).




Figure 1 | (A) Sequences of mouse melanocortin receptor accessory protein 2 (mMRAP2). The different colors of the sequences in the black box indicate the N-terminal, transmembrane (TM), and C-terminal domains. (B) Schematic representation of the six MRAP2 variants. From top to bottom: wild-type MRAP2 (wtMRAP2), I (TM inversion), II (N-terminal inversion), III (C-terminal inversion), IV (N- and C-terminal inversion), V (N- and C-terminal transposition), and VI (replacement of C-terminal by the inverted N-terminal).






Figure 2 | Melanocortin receptor accessory protein 2 (MRAP2) variants form proper homodimers and interact with melanocortin-4 receptor (MC4R). (A–F) Co-immunoprecipitation (IP) of the 2FLAG-tagged and 3HA-tagged MRAP2 variants I, II, III, IV, V, and VI. The order of transfection in each group is from left to right: 2FLAG-tagged variant transfected only, 3HA-tagged variant transfected only, and 2FLAG-tagged and 3HA-tagged variants co-transfected. (G) Immunoprecipitation and Western blot detection of 3HA-D2dr, 3HA-MC4R, and 2Flag-MRAP2 variants or RAMP3. MRAP2 variants and RAMP3 were detected using mouse anti-Flag antibody. IB, immunoblotting, beads only, no antibody was used for the IP.



Subsequently, we co-transfected the mMC4R and mMRAP2 plasmids into HEK293 cells to examine the interaction of the MRAP2 variants with their G-protein-coupled receptor (GPCR) targets. Co-immunoprecipitation (co-IP) assay exhibited the proper interaction of all six MRAP2 variants with MC4R in vitro, suggesting that the alteration of the interior orientation of each domain did not affect the interaction between these mutant mMRAP2 and mMC4R (Figure 2G). RAMP3 (another single-transmembrane accessory protein) was utilized as a control group and showed no interplay with MC4R (Figure 2G). Meanwhile, co-IP of the dopamine receptor D2 with MRAP2 excluded nonspecific binding and immunoprecipitation (IP) artifacts, and β-actin was recruited as an internal reference for all co-IP analyses.



Pharmacological Effect of MRAP2 Variants on α-MSH-Induced MC4R Activity

To investigate the pharmacological regulation of each MRAP2 variant on MC4R signaling, CRE-luciferase reporter assay was performed to detect the cAMP level stimulated by α-MSH in the presence of wild-type MRAP2 (wtMRAP2) and the six MRAP2 variants. It has been well documented that MRAP2 formed dimers or even higher-order oligomers to further interact with individual receptors, and the high-level functional unit may underlie the concentration-dependent effect of the regulatory action of MRAP2 on MC4R (16–19). Therefore, MC4R was co-transfected with wtMRAP2 or each variant into HEK293T cells at ratios of 1:0, 1:3, and 1:6. As shown in Figure 3A, MRAP2 significantly potentiated the EC50 of MC4R activity in a dose-dependent manner in subnanomolar ranges [LogEC50 (α-MSH) = −8.938]. Wild-type MC4R had the constitutive activity, and the constitutive signal is thought to be responsible for the energy homeostasis disorder; several constitutive mutations of MC4R were found in obese people (20). The potential relevance of MC4R to constitutive signals in therapy remains to be further studied. Here, we found that wtMRAP2 increased the constitutive activity and enhanced the maximal response to α-MSH stimulation (Figure 3A). Variants II and V also exhibited dramatic increases in the constitutive activity of MC4R (Figures 3C, F), while no significant change was observed on the constitutive activity of MC4R with the other variants (Figures 3B, D, E, G). The maximal cAMP response was enhanced when co-transfected with variants II, IV, and VI (Figures 3C, E, G), while variants I, III, and V inhibited the EC100 stimulation level of α-MSH compared to that of wtMRAP2 (Figures 3B, D, F). Furthermore, the EC50 value was decreased in the presence of variants I–III, V, and VI, indicating the increased sensitivity of MC4R to α-MSH (Tables 1 and 2). The constitutive activity and maximum response of variants I (transmembrane region inversion) and III (C-terminal inversion) were both reduced.




Figure 3 | Pharmacological modulation of melanocortin-4 receptor (MC4R) signaling by melanocortin receptor accessory protein 2 (MRAP2) variants. (A–G) cAMP response to increasing concentrations of alpha melanocyte-stimulating hormone (α-MSH; 10−7–10−12 M) in HEK293T cells transfected with MC4R and an empty vector or in the presence of different ratios of MRAP2 or the MRAP2 variants (1:0, 1:3, and 1:6). Relative luminescence intensity of pCre-Luc represents the normalized pCre-Luc units to pRL-TK units (transfected internal control). (H–N) Binding competition of the agonist (α-MSH) and antagonist (SHU9119) of MC4R modulated by the MRAP2 variants. The relative luminescence intensity of pCre-Luc represents the normalized pCre-Luc units to pRL-TK units (transfected internal control). Each data point represents the mean ± SEM of three replicates (N = 3).




Table 1 | Summary of the pharmacological regulation of six melanocortin receptor accessory protein 2 (mMRAP2) variants on melanocortin-4 receptor (mMC4R) signaling.




Table 2 | Statistical analysis of Figure 3.



SHU9119 works as a potent human MC3R and MC4R antagonist and a partial MC5R agonist (9). To investigate the antagonism of SHU9119 on MC4R signaling, we also checked the SHU9119-induced inhibition of MC4R signaling in the presence of wild-type MRAPs or MRAP2 variants (ratios of 1:0, 1:3, and 1:6) (Figures 3H–N). SHU9119 inhibited MC4R signaling, whereas wtMRAP2 attenuated this inhibitory effect (Figure 3H). Variant II exhibited a similar IC50 with wtMRAP2 and showed reduced constitutive activity and declined maximum inhibition level, the same as wtMRAP2 (Table 1). Variants I, III, IV, and V enhanced the SHU9119-induced inhibitory effect of MC4R and reached the same maximum level of inhibition as MC4R alone. The concentration–response curve of variant VI almost matched that of MC4R alone. Since variant VI was the only construct that was lacking the C-terminus, it further demonstrated the importance of the C-terminus in the regulation of MC4R signaling.



Constitutive Activity of MC4R in the Presence of Six MRAP2 Variants

As shown in Figure 4, the enhancement of the constitutive activity of MC4R weakened or even disappeared when co-transfected with variants I, III, and IV compared to that of wtMRAP2 and other variants, which indicated that the transmembrane domain and the C-terminus of MRAP2 played a vital role in modulating MC4R signaling and illustrated a fact that the internal orientation of the MRAP2 dimers is essential for sensitizing MC4R activation. In addition, we were also surprised to find that variants II and V could further improve the constitutive activity of MC4R compared with that of the wild type, especially variant II, which simultaneously increased the constitutive activity and maximum activity of MC4R. Accumulative results on the MRAP2 variants provided novel inspiration for the treatment of GPCR-associated disorders by optimizing the structural topology of accessory proteins in the future.




Figure 4 | Pharmacological modulation of the constitutive activities of melanocortin-4 receptor (MC4R) by melanocortin receptor accessory protein 2 (MRAP2) variants. (A–G) cAMP production measurement of the constitutive activities of MC4R in the presence of various doses of the MRAP2 variants. Data are shown as the mean ± SEM and analyzed using two-tailed test. ns (no significant change), *p < 0.05,**p < 0.01, ***p < 0.001, ****p < 0.0001. Each data column represents the mean ± SEM of three replicates (N = 3).





Intracellular Translocation of MC4R in the Presence of MRAP2 Variants

To determine whether the change of sensitivity of MC4R in the presence of the MRAP2 variants was related to the trafficking of MC4R to the cell surface, we measured the cell surface expression level of HA-tagged MC4R when co-expressed with certain ratios of wtMRAP2 or MRAP2 variant plasmids via enzyme linked immunosorbent assay (ELISA). As shown in Figure 5, the surface expression of MC4R was bidirectionally regulated by wtMRAP2 and the MRAP2 variants. The presence of wtMRAP2 and variants I, II, and III suppressed MC4R surface expression (Figures 5A–D). No statistically significant difference in MC4R surface expression was observed with the different amounts of MRAP2 IV, V, and VI (Figures 5E–G).




Figure 5 | Surface trafficking measurement of melanocortin-4 receptor (MC4R) by melanocortin receptor accessory protein 2 (MRAP2) variants. Surface expression of MC4R was measured using ELISA in HEK293T cells transfected with 3HA-MC4R and different amounts of 2FLAG-MRAP2 or 2FLAG variants (A–G). One-way ANOVA with post-hoc Tukey’s test. ns (no significant change), **p < 0.01. Each data column represents the mean ± SEM of three replicates (N = 3).





The Co-Locolization of MC4R and MRAP2 Variants and Homodimer Formation of MRAP2 Variants on Plasma Membrance

MRAP2 has been reported to form the unique antiparallel homodimer in many species including mouse (21–24). To investigate whether the six mMRAP2 variants could still form the antiparallel homodimer, we performed the bimolecular fluorescence complementation (BiFC) assay. Venus fragments (VF1 and VF2) were respectively fused to the N- or C-terminal of MRAP2 and its variants. VF1-MRAP2 and MRAP2-VF2 were co-transfected in HEK293T cells. The results indicated that all variants could still form the proper antiparallel homodimer on the plasma membrane (Figure 6). Since MRAP2 and its variants could regulate the signaling of MC4R, we then performed BiFC assay to further check whether they could co-localize in live cells on the plasma membrane, as previously reported (25). The Venus fragments (VF1 and VF2) were respectively fused to the N- and C-terminals of MC4R and the MRAP2 variants. The green fluorescence could only be observed when the two fragments are very close to each other. Several studies have reported that MC4R locates at the cell membrane and co-localize with MRAP2 in live cells (23, 24, 26). Here, the steadily detectable fluorescence in Figure 7 indicated the co-localization of MC4R and MRAP2 or its variants and varified the direct interaction and formation of tight functional protein complexes, as detected in Figure 2. There was no significant difference in the fluorescence density between the dimeric groups, as seen in Figure 6B. However, the fluorescence of the yellow fluorescent protein (YFP) between variant VI and MC4R showed a significant reduction compared with that of the other groups (Figure 7B). These data were also consistent with the co-IP results in Figure 2G.




Figure 6 | Antiparallel dimerization of melanocortin receptor accessory protein 2 (MRAP2) and the MRAP2 variants. (A) HEK293T cells transfected with plasmid constructs containing Venus fragments on opposite sides of MRAP2 or the MRAP2 variants. Alexa Fluor 594 (red) indicated the fluorescent secondary antibody. Venus fluorescence (green) indicated the MRAP2 antiparallel homodimers. Nuclei stained with DAPI are shown in blue. All three channels were merged in the last photo of the panel. Scale bar, 50 μm. (B) Fluorescence densitometry analysis on the images in (A). Each data column represents the mean ± SEM of three replicates (N = 3).






Figure 7 | Melanocortin receptor accessory protein 2 (MRAP2) and all the variants formed protein complexes with melanocortin-4 receptor (MC4R). HEK293 cells were transfected with plasmids encoding VF1-X-FLAG and FLAG-MC4R-VF2. Alexa Fluor 594 (red) indicated the fluorescent secondary antibody. Venus fluorescence (green) indicated the MRAP2 antiparallel homodimers. Nuclei stained with DAPI are shown in blue. All three channels were merged in the last photo of the panel. Scale bar, 50 μm. (B) Fluorescence densitometry analysis on the images in (A). Each data column represents the mean ± SEM of three replicates (N = 3).






Discussion

MC4R plays an important role through MRAP2 in maintaining mammalian energy homeostasis. MC4R and MRAP2 knockout mice display metabolic disorders (27). Several MRAP2 variants reported from severe obese human patients affect MC4R signaling upon agonist stimulation (28). In particular, MRAP2 has a special membrane topology and is the only known eukaryotic protein that penetrates the membrane in both directions. Despite the central role of MRAP2 in energy balance, the orientational characteristics within MRAP2 that dominate membrane direction and dimerization are still unclear. Here, we focused on the pharmacological features of the intrinsic topology of MRAP2 and investigated the effect of different artificially constructed topological MRAP2 variants on MC4R signaling. To our knowledge, this is the first report on the internal symmetry of MRAP2. We reversed the amino acid sequence of each interior domain to investigate the function of each MRAP2 mutant (Figure 1). Like wtMRAP2, all variants could interact with itself, suggesting that the internal transposition did not affect the homodimerization of MRAP2 in vitro (Figures 2A–F). The replacement of the C-terminal with the inverted N-terminal could still form a dimeric topology, indicating that the essential motif required for dimer formation should be within the N-terminal region of mMRAP2. Furthermore, as shown in Figure 6, the immunofluorescence approach proved that the six variants could form the antiparallel homodimer on the cell surface. No matter how the amino acid sequence was inverted, it did not affect the formation of stable symmetrical dimers. We have previously shown the formation of antiparallel and parallel dimers of zebrafish MRAP2 (29). The sequence transposition did not result in the alteration of dimeric formation, which indicated that the mouse MRAP2 could form both antiparallel and parallel dimers as well. Additionally, the presence of a “doublet band” for MRAP2 variant V indicated that the N-terminal asparagine residue existed in both glycosylated and unglycosylated forms (Figure 2E). Co-IP was utilized to detect the interaction between MC4R and the MRAP2 variants (Figure 2G). As expected, we found that all MRAP2 variants interacted with MC4R, but with different intensities. Moreover, dopamine receptor D2, as a negative GPCR control, showed no interaction with all MRAP2 variants (Figure 2G). Like many other vertebrates, we confirmed that mMC4R was capable of interacting with wtmMRAP2 and all six variants in vitro, as shown by BiFC (Figure 7). We validated the fact that, although domain transposition resulted in a preference for interaction with MC4R, all variants still formed proper dual topology in live cells.

Dimerization or higher-order oligomers of MRAP2 may underlie the concentration-dependent effect of the regulatory action of MRAP2 on MC4R (16–19). Here, we showed that MC4R activation could be modulated by all MRAP2 variants by examining the potency of α-MSH and SHU9119 for MC4R in the presence of the MRAP2 variants (Figure 3). However, compared with the wtMRAP2, each variant showed different effects on the ligand sensitivity, constitutive activity, and maximum activity of MC4R. MC4R showed lower constitutive and maximum potential when co-expressed with variants I (transmembrane region inversion) and III (C-terminal inversion), which indicated that the transmembrane domain and the C-terminus of MRAP2 played a crucial part in modulating MC4R signaling. We also elucidated that the internal orientation of the MRAP2 dimers was important for sensitizing MC4R activity. It was reported that agonists and inverse agonists could affect the stability of receptors at the cell surface (30). The constitutive activity of melanocortin receptor was also partially related to its cell surface expression (31). The surface translocation of MC4R decreased when co-transfected with the MRAP2 variants (Figure 4). The differential tendency of the MC4R constitutive activity and its surface expression caused by the MRAP2 variants suggested that MRAP2 might also influence the conformation of MC4R in addition to its role in receptor surface translocation. In addition, with respect to the sensitivity measurement of α-MSH and SHU9119, it indicated that the induced changes in cell surface expression were not exclusively a result of the increased sensitivity. For example, the changes in energy balance could also affect the hypothalamic melanocortin receptor expression levels (32).

GPCR accessory proteins are small single-membrane proteins. Most accessory proteins are inserted into the membrane in one direction, such as Nexo/Ccyt (RAMPs) or Ncyt/Cexo (RTPs and REEP) orientation. MRAP2 differs from other accessory proteins in that it has an extremely unusual dual antiparallel topology (11). The inversion of the amino acid sequence did not affect the formation of mMRAP2 dimers, but it affected the binding of the mMRAP2 to mMC4R and the agonist α-MSH and also reduced the amount of mMC4R on the plasma membrane. The dual luciferase reporter assay demonstrated that the accessory proteins could regulate the sensitivity of mMC4R to its natural agonist. Collectively, the TM and the C-terminal of mMRAP2 were essential for modulating the constitutive activity of mMC4R, and the reciprocal orientation of the N- and C-terminals played a key role in regulating the sensitivity of mMC4R to natural and artificial ligands.

Here, our study investigated the internal symmetry of the functional symmetric antiparallel homodimer topology of MRAP2. Inversion of the N-terminal, transmembrane, or the C-terminal domain did not affect the dimeric formation, but resulted in the alteration of the regulatory role of MRAP2 dimers, the effect on MC4R trafficking, and the ligand-stimulated cAMP signaling of MC4R, suggesting the essential requirement of the proper orientation of functional motifs within the single-transmembrane accessory protein. Overall, this study is the first exploration examining the antiparallel homodimer structure of mMRAP2, and the alteration of the internal symmetry slightly changed their regulatory properties on mMC4R signaling. Essential motifs within the TM and the N- and C-terminal domains played individual and reciprocal roles in regulating the signaling cascades of multiple GPCR targets. Some of the variants appeared to be more efficient than did the wild type. For example, the variant I we created in this study helped MC4R to achieve both higher constitutive activity and maximum stimulatory activity, and variant V enhanced the constitutive activity of MC4R as well. These results provided us with a new inspiration to allosterically modulate GPCR activities by optimizing the structural topology of transmembrane accessory proteins, which could potentially lead to novel therapeutic applications to treat GPCR-associated disorders in the future.



Methods and Materials


Expression Constructs and Reagents

Wild-type MRAP2 and MC4R were amplified from complementary DNA (cDNA) library of mouse brain tissue. The original protein sequence of the variants was obtained by PCR cloning from wtMRAP2, and the inverted sequence was synthesized from GENEWIZ (South Plainfield, NJ, USA). Finally, primers were designed to assemble the entire variant sequences. All plasmids were verified by DNA sequencing. 2FLAG-tagged/3HA-tagged wtMRAP2 and MRAP2 mutants, 3HA-tagged MC4R, 3HA-tagged D2dr, 2FLAG-tagged RAMP3, VF1-MRAP2, FLAG-MRAP2-VF2, and FLAG-MC4R-VF2 expression constructs were subcloned into pcDNA3.1 vectors. The pCre-luc (Santa Cruz Biotechnology, Santa Cruz, CA, USA) and pRL-TK (Promega, Madison, WI, USA) plasmids were kind gifts from Xin Xie’s Lab of Tongji University. α-MSH was obtained from Genescript (Nanjing, China). 3,3′,5,5′-Tetramethylbenzidine (TMB) substrate solution was purchased from Beyotime® Biotechnology (Shanghai, China). Mouse monoclonal anti-HA (Sigma-Aldrich, MO, USA), anti-FLAG (ABclonal Biotech Co., Ltd, Wuhan, China), and horseradish peroxidase (HRP)-conjugated antibodies against mouse (ABclonal Biotech Co., Ltd, Wuhan, China) were used in this study. The primers used in this study were all synthesized from GENEWIZ.



Cell Culture and Transfection

HEK293T cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% (v/v) fetal bovine serum (FBS) and 1% penicillin/streptomycin. Cells were incubated in a humidified atmosphere consisting of 5% CO2 at 37°C. PEI (Polyethyleneimine) transfection reagent was used to perform transfection at 70%–90% confluency according to the manufacturer’s protocols. During transfection, the total amounts of plasmid were kept constant for all groups by adding empty pcDNA3.1(+) vector. All experiments were conducted 24 h post-transfection.



Western Blot and Co-Immunoprecipitation

HEK293T cells were co-transfected with N-terminally 3HA-tagged and N-terminally FLAG-tagged MRAP2 wild-type (WT) or mutant constructs using PEI following the manufacturer’s instructions. At 24 h post-transfection, the cells were washed with ice-cold PBS and lysed with Western and IP cell lysis buffer (P0013, Beyotime) containing proteinase inhibitor cocktail (Roche, Penzberg, Germany). The lysed cells were rotated for 1 h at 4°C and then were collected at 17,000 × g at 4°C for 15. Then, 10% lysate added with 5× protein loading buffer (C508320-0010, Sangon Biotech, Shanghai, China) was frozen at −20°C as the total lysate sample; the remaining supernatants were used for co-IP by incubation with the indicated antibody (mouse anti-HA or mouse anti-FLAG) at 1:5,000 dilution overnight at 4°C with rotation. Protein A+G agarose beads (P2055, Beyotime) were added to the IP tubes the next day and the mixture was rotated for 4 h at 4°C. The beads were washed three times with lysis buffer. The proteins from the beads were eluted with 5× protein loading buffer. Both total lysate and IP samples were boiled at 95°C for 15 min. The eluted proteins and whole cell lysates were separated using SDS-PAGE on a 12% gradient gel (BBI, C661102, Shanghai, China) and transferred to polyvinylidene fluoride membranes. The membranes were blocked for 15 min with QuickBlock Western block buffer(P0252, Beyotime) at room temperature. Either mouse FLAG or mouse HA primary antibodies (Abcam, Cambridge, UK) were used at a 1:5,000 dilution in QuickBlock Primary Antibody Dilution Buffer for Western Blot (P0256, Beyotime) overnight at 4°C The blots were washed three times for 5 min with Tris-buffered saline–Tween 20 (TBST). A secondary rabbit anti-mouse HRP-conjugated antibody (Abcam) was used at a 1:5,000 dilution for 2 h at room temperature. The blots were washed (three times for 5 min) with TBST before adding the BeyoECL Star Western blotting substrate (P0018, Beyotime). The blots were imaged using the Amersham Imager 600 System.



cAMP Luminescent Assay

HEK293T cells were seeded into 24-well plates and cultured to reach about 70% confluency. The MC4R plasmid was co-transfected with wtMRAP2 or each MRAP2 variant construct at ratios of 1:0, 1:3, and 1:6 (empty vectors were added to each group to achieve the exact same transfection quantification), along with the pCRE-Luc and pRL-TK (Renilla luciferase) reporter vectors into HEK293 cells per well via PEI reagent. After 24 h transfection, the medium was replaced with 0.1% bovine serum albumin (BSA) in DMEM supplemented with different concentrations of α-MSH and incubated for 4 h at 37°C, 5% CO2. Renilla luciferase was used as an internal control and was transfected into cells in order to avoid errors caused by differences in the transfection efficiency. The cAMP level was measured using the Dual-Glo Luciferase Assay System (Promega) as described by the manufacturer. Briefly, for the first use, we prepared LAR II, the substrate of Firefly luciferase. LAR II was dissolved in LAR II buffer and stored in aliquots at −80°C and protected from light. After α-MSH incubation, the growth medium was removed from cultured cells, 1× PLB was added, and the cells were lysated at room temperature for 15 min. The lysates were transferred into a new, white 96-well plate and the fluorescence value determined (Firefly luciferase) with a Spectramax M5 plate reader. Subsequently, the Stop&Glo buffer (the substrate of Renilla luciferase) was added to stop the LAR II reaction and was read again. For data processing, we first calculated the ratio of Firefly luciferase/Renilla luciferase per group and then used the ratio of the control group (without α-MSH treatment) as unit 1 in order to obtain the relative luciferase activity of the different treatment groups. Finally, we obtained the regulation activity of MC4R in each group.



Cell Surface ELISA

Twenty-four-well plates were pretreated with poly-l-lysine solution and the HEK293T cells were seeded. Then, the cells were transiently transfected with the indicated plasmids. At 24 h post-transfection, the cells were washed with PBS three times and fixed for 20 min with 4% paraformaldehyde at room temperature. The cells were then blocked with 5% milk in PBS for 30 min. Next, the samples were incubated with 1:4,000 mouse anti-HA antibodies (Abcam) for 2 h and incubated with 1:5,000 HRP-conjugated secondary antibodies for 1 h at room temperature. Finally, the samples were incubated with TMB for 10–20 min under dark, the reaction was terminated with 2 M sulfuric acid, and the mixture was transferred into a new transparent 96-well plate as the surface expression test group. The cells remaining on solid surface (typically in 24-well plates) were stained by adding 1X Janus Green stain. The cells were incubated for 5 min at room temperature. The dye was then removed and washed five times in ultrapure water. The last wash was removed, 0.1 ml 0.5 M HCl was added into each well, and incubated for 10 min. After shaking the plate for 10 s, the mixture was transferred into a new 96-well transparent plate as the Janus Green test group. The OD (optical density) value was recorded at 450 nm; Janus Green OD was measured at 595 nm on a Spectramax iD3 multimode plate reader.



Immunofluorescence

HEK293T cells were seeded into 12-well plates with slides previously coated with poly-d-lysine. The cells were transfected with VF1-X and FLAG-X-VENUS-F2, or VF1-X and FLAG-MC4R-VENUS-F2 plasimds the following day. At 24 h post-transfection, the cells were washed with PBS three times and fixed with 4% paraformaldehyde for 20 min. Then, the cells were again washed with PBS (three times for 5 min). They were then blocked with 5% milk in PBS for 30–40 min. Blocked cells were then incubated with a mouse FLAG antibody (Abcam) at a 1:1,000 dilution in 5% milk in PBS overnight at 4°C. The next day, the cells were washed with TBST three times and were incubated with a rabbit anti-mouse Alexa 594 antibody (Abcam) at a 1:1,000 dilution in 2% BSA in PBS for 1 h in the dark. The cells were washed with TBST (three times for 5 min) and the slides mounted withProLong(R) Gold Antifade with DAPI Molecular Probes (8961S, Cell Signaling, Danvers, MA, USA). Images were captured with a Zeiss confocal microscope and analyzed by ImageJ software.



Data Analysis

All experiments in this study were conducted in triplicate and repeated separately at least three times. Statistical differences were analyzed with GraphPad Prism6 (GraphPad software). One-way ANOVA with Tukey’s post-hoc test was used to determine the statistically significant differences between the control and the experimental groups. The tests were performed at nominal significance levels of ns (no significant change), *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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Mice lacking pituitary adenylate cyclase-activating polypeptide (PACAP) display psychomotor abnormalities, most of which are ameliorated by atypical antipsychotics with serotonin (5-HT) 2A receptor (5-HT2A) antagonism. Heterozygous Pacap mutant mice show a significantly higher hallucinogenic response than wild-type mice to a 5-HT2A agonist. Endogenous PACAP may, therefore, affect 5-HT2A signaling; however, the underlying neurobiological mechanism for this remains unclear. Here, we examined whether PACAP modulates 5-HT2A signaling by addressing cellular protein localization. PACAP induced an increase in internalization of 5-HT2A but not 5-HT1A, 5-HT2C, dopamine D2 receptors or metabotropic glutamate receptor 2 in HEK293T cells. This PACAP action was inhibited by protein kinase C inhibitors, β-arrestin2 silencing, the PACAP receptor PAC1 antagonist PACAP6-38, and PAC1 silencing. In addition, the levels of endogenous 5-HT2A were decreased on the cell surface of primary cultured cortical neurons after PACAP stimulation and were increased in frontal cortex cell membranes of Pacap−/− mice. Finally, intracerebroventricular PACAP administration suppressed 5-HT2A agonist-induced head twitch responses in mice. These results suggest that PACAP–PAC1 signaling increases 5-HT2A internalization resulting in attenuation of 5-HT2A-mediated signaling, although further study is necessary to determine the relationship between behavioral abnormalities in Pacap−/− mice and PACAP-induced 5-HT2A internalization.




Keywords: pituitary adenylate cyclase-activating polypeptide (PACAP), internalization, hallucination, β-arrestin, G protein-coupled receptor (GPCR), serotonin 2A receptor (5-HT2A)



Introduction

Pituitary adenylate cyclase-activating polypeptide (PACAP) is a multifunctional neuropeptide that regulates a wide array of physiological responses, including emotion, cognition and motor function. It acts upon three G protein-coupled receptor subtypes: a PACAP-preferring receptor (PAC1) and two vasoactive intestinal polypeptide (VIP) receptors (VPAC1 and VPAC2) (1, 2). PAC1 signaling mediates cellular functions, such as transcriptional responses and cell survival, partly through its own internalization (3, 4). We previously reported that PACAP-deficient (Pacap−/−) mice show behavioral abnormalities such as locomotor hyperactivity in an open-field, deficits in prepulse inhibition (PPI) of the startle response, depression-like behavior and memory impairment (5–10). The hyperlocomotion and PPI deficits in Pacap−/− mice were reversed by risperidone, an atypical antipsychotic drug with antagonism of serotonin (5-HT)2 receptors and dopamine D2 receptors (D2) (10). The depression-like behavior in Pacap−/− mice were ameliorated by risperidone and the selective 5-HT 2A receptor (5-HT2A) antagonist, ritanserin (7). In addition, Pacap−/− mice (7) and heterozygous mutant mice (Pacap+/−) (11) show exaggerated (±)-2,5-dimethoxy-4-iodoamphetamine (DOI)-induced head-twitch responses compared with wild-type mice. Pacap−/− mice also have increased 5-HT content and 5-HT-immunoreactive cell counts in the dorsal raphe (12) and slightly decreased levels of the 5-HT metabolite, 5-hydroxyindoleacetic acid, in the cortex and striatum (5). These findings indicate that 5-HT2A function may be involved in psychiatric conditions in which PACAP signaling is dysfunctional and that functional crosstalk may exist between PACAP and 5-HT2A signaling pathways. However, the underlying molecular mechanisms for this remain unclear.

5-HT2A has been implicated in many psychiatric disorders, such as schizophrenia and affective disorders (13). Clinical studies have indicated that impaired 5-HT2A signaling plays a major role in schizophrenic episodes (14). Almost all currently available atypical antipsychotic drugs possess antagonistic effects against D2 and 5-HT2A (15). Cellular internalization is known to play a critical role in the regulation of 5-HT2A functions (16, 17). 5-HT, dopamine, DOI and clozapine induce 5-HT2A internalization and recycling, and the signaling processes through which each ligand induces its effect are differentially regulated (17). In addition, different classes of G-protein-coupled receptors (GPCRs) can form heteromeric complexes that potentially contribute to the regulation of receptor internalization or alteration of pharmacological signaling properties (18, 19). 5-HT2A/metabotropic glutamate receptor 2 (mGlu2) and 5-HT2A/D2 form heteromeric complexes that induce unique hallucinogen-specific signaling (20–23). Thus, the signaling pathways involved in 5-HT2A function are complicated, and the precise signaling pathways responsible for hallucinogenic and therapeutic effects remain unclear.

Our previous studies indicated that there are no significant differences in 5-HT content in the cortex and striatum or in 5-HT2A protein levels in the somatosensory cortex between PACAP mutant and wild-type mice (5, 11, 24). Therefore, here, we examined the effect of PACAP signaling on 5-HT2A internalization and revealed that the PACAP–PAC1 signaling pathway regulates 5-HT2A internalization in a protein kinase C (PKC)- and β-arrestin2-dependent manner. These results further suggest the existence of functional crosstalk between PACAP and 5-HT2A-mediated signaling pathways in the brain.



Materials and Methods


Animals

ICR mice were purchased from Japan SLC (Shizuoka, Japan). Generation of Pacap−/− mice by gene targeting was reported previously (5). Pacap−/− mice and wild-type littermates on the ICR background were obtained by crossing Pacap+/− heterozygous mice.

All animal care and handling procedures were performed in accordance with protocols approved by the Animal Care and Use Committee of the Graduate School of Pharmaceutical Sciences, Osaka University. All efforts were made to minimize the number of animals used.



Drugs

PACAP (PACAP-38, 4221-v), PACAP6-38 (4286-v) and VIP (4110-v) were purchased from Peptide Institute (Osaka, Japan). D-sphingosine (S7049), H89 (B1427) and 5-HT hydrochloride (H9523) were purchased from Sigma-Aldrich (St Louis, MO, USA). PD98059 (513000) was purchased from Calbiochem (CA, USA). H7 (BML-EI148) and HA1004 (BML-EI184) were purchased from ENZO Life Science (NY, USA).



Vector Construction

The vector, pFN21A (HaloTag technology, Promega, Madison, WI, USA), encoding the secretory IL-6 signal peptide fused to the N-terminus of Halo-tag was a gift from Dr. Nagase (Kazusa DNA Research Institute). To generate the Halo-PAC1 construct, the hop1 splicing variant of a human PAC1 cDNA was subcloned into the pFN21A vector at SgfI and PmeI restriction sites as described previously (4). Human 5-HT1A, 5-HT2A, D2 and mGlu2 cDNAs were obtained from the Kazusa Collection of Flexi ORF Clones (Kazusa DNA Research Institute, Chiba, Japan). These clones were also subcloned into the pFN21A vector at SgfI and PmeI restriction sites.



Receptor Internalization in HEK293T Cells

Receptor internalization was quantitatively assessed using HaloTag technology (Promega) as described previously (4). HEK293T cells were maintained in Dulbecco’s modified Eagle’s medium (DMEM, 5919, Nissui, Tokyo, Japan) supplemented with 10% fetal bovine serum. The cells were transfected with Halo-expressing vector and labeled with the cell-impermeable Alexa Fluor 488 ligand (Promega) in Opti-MEM for 15 min at 37°C. Each inhibitor or antagonist pretreatment was for 30 min. The cells were then treated with 1 µM PACAP, 5-HT or saline, washed with phosphate-buffered saline and fixed in 4% paraformaldehyde. Cells were imaged using an FV1000D confocal microscope (Olympus, Tokyo, Japan) in sequential mode and membrane protein internalization was quantified using ImageJ software (NIH, MD, USA). To assess the internalization ratio, we defined the shape of a whole-cell (region of interest, ROI, A) and its cytoplasmic region (ROI B) by reducing the size by 5–10 pixels and then determining the fluorescence in both ROIs. The internalization ratio (%) was defined by dividing the amount of luminescence in ROI B by that in ROI A.



β-Arrestin Silencing

siRNA-mediated silencing of β-arrestins was performed exactly as described in our previous study (4). β-arrestin1 (6218S; Cell Signaling Technology, Danvers, MA, USA), β-arrestin2 (sc-29743; Santa Cruz Biotechnology, Dallas, TX) or control siRNA (6568S; Cell Signaling Technology), each at 25 mM, were transfected using Lipofectamine RNAiMAX (Invitrogen) according to the manufacturer’s protocol. We confirmed that the β-arrestin1 and β-arrestin2 siRNAs effectively decreased the respective β-arrestin levels to less than 35% in HEK293T cells in our previous study (4).



Antibodies

The following commercially available antibodies were used: rabbit polyclonal anti-PAC1 (ab54980, Abcam, Cambridge, UK), rabbit polyclonal anti-5-HT1A (ab44635, Abcam), rabbit polyclonal anti-5-HT2A (ab16028, Abcam), rabbit polyclonal anti-D2 (ab21218, Abcam), rabbit polyclonal anti-mGlu2/3 (06-676, Millipore, Darmstadt, Germany), mouse monoclonal anti-β-actin (MAB1501, Millipore), mouse monoclonal anti-alpha 1 sodium potassium ATPase (ab7671, Abcam). Horseradish peroxidase-conjugated anti-rabbit IgG and anti-mouse IgG were purchased from Cappel (Cochranville, PA, USA).



Surface Biotinylation Assay and Membrane Protein Isolation

A receptor biotinylation assay was performed using the Pierce cell surface protein isolation kit (Thermo Fisher Scientific, Waltham, MA, USA) as described previously (25). Primary cultures of cortical neurons were prepared as described previously (4). The surface proteins of mouse primary cultured cortical neurons at 14 days in vitro were biotinylated with EZ-Link Sulfo-NHS-SS-biotin for 30 min at 4°C. To collect the surface proteins, cells were lysed with lysis buffer and biotinylated proteins were precipitated with NeutrAvidin agarose. The collected surface proteins were analyzed by western blotting.

Membrane protein isolation was performed using a plasma membrane protein isolation kit (Invent Biotechnologies, Plymouth, MN, USA) according to the manufacturer’s instructions. The collected membrane proteins were analyzed by western blotting.



Western Blotting

Collected surface proteins were suspended in RIPA buffer (50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1 mM EDTA, 0.1% NP-40, 0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate), separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis, and then transferred electrophoretically onto polyvinylidene fluoride membranes (Millipore). After blocking with 2% BSA in TBS buffer (50 mM Tris-HCl, pH 7.4, 150 mM NaCl), the membranes were incubated with an anti-PAC1 antibody (1:1,000 dilution), anti-5-HT1A antibody (1:1,000 dilution), anti-5-HT2A antibody (1:1,000 dilution), anti-D2 antibody (1:1,000 dilution), anti-mGlu2/3 antibody (1:1,000 dilution), anti-β-actin antibody (1:2000 dilution) or anti-alpha 1 sodium potassium ATPase antibody (1:1000 dilution) overnight at 4°C. After incubation with a horseradish peroxidase-conjugated anti-rabbit IgG (1:2,000 dilution) or anti-mouse IgG (1:2,000 dilution) secondary antibody for 1 h at room temperature, proteins were detected by chemiluminescence and visualized with an ImageQuant LAS 4000 system (GE Healthcare, Little Chalfont, UK). For quantification, the bands of specific immune-complexes were analyzed using ImageJ software.



Head Twitch Response and Intracerebroventricular Injections

Intracerebroventricular injections were performed as described previously (26). Head twitch responses were assessed as described previously (10). ICR mice were anesthetized and placed in a stereotaxic instrument (Narishige, Tokyo, Japan). A G-4 cannula (Eicom, Kyoto, Japan) was implanted, −0.4 mm posterior, 1.0 mm lateral, and 2.3 mm ventral from the bregma. After cannula implantation, each mouse was given 1 mg/kg buprenorphine (Sigma-Aldrich) to relieve pain and housed individually for at least 10 days before performing head-twitch experiments. Thirty minutes before DOI (Sigma-Aldrich) treatment, PACAP (10 pmol) was diluted in Ringer’s solution (1:100, Fuso Pharmaceutical Industries, Osaka, Japan) and a 3 μl volume was injected at an infusion rate of 1 μl/min using a microinjection pump (KD Scientific, MA, USA). For the pretreatment of the PAC1 antagonist, PACAP6-38 (100 pmol) were diluted and injected in the same way 30 min before PACAP treatment. The mice were individually placed in observation cages (19 × 10 × 11 cm) for a 30 min habituation period. They were then intraperitoneally injected with either saline or DOI, which were prepared just before use, and recordings were made for a duration of 60 min. Scoring began immediately after injection by trained observers who were blind to the treatment. The head twitch response is a distinctive paroxysmal head-twitching behavior that is easily distinguished from head-bobbing, lateral movements of the head and grooming. The intracerebroventricular injection was judged successful if the third ventricle was stained by Evans blue.



Statistical Analysis

Experimental data were analyzed using Student’s t-test, or one-way, two-way or two-way repeated measures analysis of variance (ANOVA). The Tukey-Kramer post hoc test was also performed after significant main effects for interaction were observed. The criterion for statistical significance was p < 0.05. Statistical analyses were performed using StatView software (version 5.0; SAS Institute, Cary, NC, USA). All experiments were performed in a blinded manner. The observers were blinded to the group of samples during the analyses by random numbering.




Results


PACAP-Induced Internalization of 5-HT2A in HEK293T Cells

To examine whether PACAP signaling modulates the internalization of 5-HT2A and related GPCRs in HEK293T cells, we constructed membrane-specific Halo-tagged receptors for PAC1, 5-HT2A, 5-HT1A, 5-HT2c, D2 and mGlu2. As a first step, we examined whether PAC1, VPAC1, VPAC2, and 5-HT2A mRNAs were expressed in HEK293T cells using reverse transcription (RT)-PCR analysis. In our HEK293T cell cultures, we detected the mRNA expression of PAC1 and VPAC1; however, the expression of VPAC2 and 5-HT2A was below the detection limit of our RT-PCR analysis (Supplementary Figure 1A). Quantitative RT-PCR analysis showed that PC12 cells and SH-SY5Y cells expressed relatively higher levels of PAC1 mRNA as expected from the previous reports (27–29), and both our HEK293T cell cultures and the HEK293T cells provided by RIKEN BRC Cell Bank (RCB2202; the National Bio-Resource Project of the MEXT/AMED, Japan) moderately expressed PAC1 mRNA at similar levels. In Hela cells, PAC1 expression was below the detection limit of our quantitative RT-PCR analysis (Supplementary Figure 1B). The nucleotide sequence of the cDNA fragment amplified from our HEK293T cell cultures was identical to that of the cDNA encoding the human PAC1 hop1 splice variant (NCBI Reference Sequence: NM_001199635.2).

We then examined whether PACAP, maxadilan, a potent and specific PAC1 agonist (30), and VIP increase intracellular cyclic adenosine monophosphate (cAMP) levels in our HEK293T cell cultures and confirmed that PACAP and maxadilan, both at ≥ 0.01 nM, significantly increased intracellular cAMP levels, while VIP at higher concentrations (≥ 1 nM) increased intracellular cAMP levels (Supplementary Figure 1C).

To detect receptor internalization, only cell surface GPCR-Halo proteins were labeled with the cell-impermeable Alexa Fluor 488 HaloTag ligand and the signal ratio of internalized GPCR vs. total GPCR was determined in each cell after 30 min of PACAP treatment. PACAP (1 µM) induced an increase in the internalization of 5-HT2A (saline, 10.64 ± 1.40; PACAP, 29.50 ± 2.07, p < 0.001, Student’s t-test) in HEK293T cells (Figures 1A, B). In accordance with previous reports (3, 4, 31, 32), PACAP also induced the internalization of PAC1 (saline, 9.52 ± 1.45; PACAP, 33.08 ± 0.56, p < 0.001, Student’s t-test) (Figures 1A, B). In contrast, PACAP did not affect the internalization of 5-HT1A (saline, 6.19 ± 0.61; PACAP, 7.18 ± 0.64, not significant), 5-HT2c (saline, 49.35 ± 2.72; PACAP, 42.06 ± 2.09, not significant), D2 (saline, 20.95 ± 1.93; PACAP, 17.87 ± 1.81, not significant), or mGlu2 (saline, 11.64 ± 0.84; PACAP, 9.44 ± 0.95, not significant) (Figures 1A, B). We also analyzed the time course of PACAP-induced internalization. The internalization ratios of 5-HT2A and PAC1 were similarly increased within 15 min after PACAP treatment and remained elevated for at least 45 min (two-way repeated-measures ANOVA; 5-HT2A, treatment effect, F(1, 82) = 65.77, p < 0.001; time effect, F(3, 246) = 11.77, p < 0.001; interaction, F(3, 246) = 11.75, p < 0.001; PAC1, treatment effect, F(1, 54) = 96.14, p < 0.001; time effect, F(3, 162) = 19.41, p < 0.001; interaction, F(3, 162) = 18.66, p < 0.001) (Figure 1C). In accordance with previous reports (15, 16), 5-HT increased 5-HT2A internalization in a time-dependent manner, the pattern of which was similar to that of PACAP-induced 5-HT2A internalization (Supplementary Figure 2).




Figure 1 | PACAP induces internalization of 5-HT2A in HEK293T cells. (A) Representative images of HEK293T cells transfected with the indicated HaloTag receptors. The cells were labeled with Alexa Fluor 488 HaloTag membrane impermeable ligand for 15 min and then treated with 1 μM PACAP or saline for 30 min. Scale bar, 10 μm. (B) Quantification of the indicated HaloTag receptor internalization. Values are the mean ± SEM of 40–64 cells obtained from three independent experiments. **p < 0.01 vs. saline, Student’s t-test. (C) Time course of 5-HT2A and PAC1 internalization for 45 min after PACAP treatment. Values are the mean ± SEM of 23–69 cells obtained from three independent experiments. **p < 0.01 vs. saline, two-way repeated-measures ANOVA followed by the Tukey-Kramer test.





PAC1 Mediates PACAP-Induced 5-HT2A Internalization

To examine the subtypes of the three PACAP receptors (PAC1, VPAC1 and VPAC2) involved in PACAP-induced 5-HT2A internalization, we compared 5-HT2A internalization following administration of various doses of PACAP and VIP. PACAP (0.01, 0.1, and 1 µM) dose-dependently increased 5-HT2A internalization (one-way ANOVA, F(3, 321) = 29.44, p < 0.001), but VIP (0.01, 0.1, and 1 µM) did not (one-way ANOVA, F(3, 304) = 3.62, p = 0.054) (Figures 2A, B). Pretreatment with PACAP6-38, a PAC1 antagonist, significantly inhibited the PACAP-induced 5-HT2A internalization (one-way ANOVA, F(2, 246) = 17.54, p < 0.001) (Figures 2C, D). In addition, shRNA-mediated PAC1 silencing in HEK293T cells, which effectively decreased PAC1 mRNA levels to less than 5% of normal levels, blocked the PACAP-induced 5-HT2A internalization (two-way ANOVA, PACAP effect, F(1, 156) = 79.51, p < 0.001; shRNA effect, F(1, 156) = 76.58, p < 0.001; interaction, F(1, 156) = 81.72, p < 0.001) (Supplementary Figure 3). Taken together these results indicate that PAC1 is involved in PACAP-induced 5-HT2A internalization.




Figure 2 | PACAP induces 5-HT2A internalization via PAC1 in HEK293T cells. (A) Representative images of HEK293T cells transfected with HaloTag 5-HT2A. The cells were labeled with Alexa Fluor 488 HaloTag membrane impermeable ligand for 15 min and then treated with the indicated concentrations of PACAP or VIP for 30 min. Scale bar, 10 μm. (B) Quantification of 5-HT2A internalization. Values are the mean ± SEM of 46–71 cells obtained from three independent experiments. **p < 0.01 vs. 0 μM, one-way ANOVA followed by the Tukey-Kramer test. (C) Representative images of HEK293T cells transfected with 5-HT2A. The cells were pretreated with 2 μM PACAP6-38 or saline for 30 min, labeled with Alexa Fluor 488 HaloTag membrane impermeable ligand for 15 min and then treated with 100 nM PACAP or saline for 30 min. Scale bar, 10 μm. (D) Quantification of 5-HT2A internalization. Values are the mean ± SEM of 80–86 cells obtained from three independent experiments. **p < 0.01, one-way ANOVA followed by the Tukey-Kramer test.





PKC Is Involved in PACAP-Induced 5-HT2A Internalization

We then addressed the signaling pathways involved in PACAP-induced 5-HT2A internalization. Pretreatment with the PKC inhibitor D-sphingosine (50 µM), but not the protein kinase A inhibitor H89 (20 µM), or the mitogen-activated protein kinase kinase (MEK) inhibitor PD98059 (50 µM), blocked the PACAP-induced 5-HT2A internalization (two-way ANOVA, PACAP effect, F(1, 372) = 44.34, p < 0.001; inhibitor effect, F(3, 372) = 18.41, p < 0.001; interaction, F(3, 372) = 8.04, p < 0.001) (Figures 3A, B). Another PKC inhibitor 1-(5-isoquinolinesulfonyl)-2-methylpiperazine dihydrochloride (H7) also significantly blocked PACAP-induced 5-HT2A internalization, whereas HA1004, a structural analog of H7 and used as a control, did not significantly inhibit the PACAP-induced 5-HT2A internalization (two-way ANOVA, PACAP effect, F(1, 448) = 33.37, p < 0.001; inhibitor effect, F(2, 448) = 8.98, p < 0.001; interaction, F(2, 448) = 4.53, p = 0.011) (Supplementary Figure 4).




Figure 3 | Effect of kinase inhibitors or β-arrestin silencing on PACAP-induced 5-HT2A internalization in HEK293T cells. (A) Representative images of HEK293T cells transfected with 5-HT2A. The cells were pretreated with 50 μM D-sphingosine (PKC inhibitor), 20 μM H89 (protein kinase A inhibitor), 50 μM PD98059 (MEK inhibitor) or saline for 30 min, labeled with Alexa Fluor 488 HaloTag membrane impermeable ligand for 15 min and then treated with 1 μM PACAP or saline for 30 min. Scale bar, 10 μm. (B) Quantification of 5-HT2A internalization. Values are the mean ± SEM of 34–51 cells obtained from three independent experiments. **p < 0.01, two-way ANOVA followed by the Tukey-Kramer test. (C) Representative images of HEK293T cells cotransfected with 5-HT2A plus β-arrestin1 siRNA, β-arrestin2 siRNA or the negative control siRNA. The cells were labeled with Alexa Fluor 488 HaloTag membrane impermeable ligand for 15 min and then treated with 1 μM PACAP or saline for 30 min. Scale bar, 10 μm. (D) Quantification of 5-HT2A internalization. Values are the mean ± SEM of 77–87 cells obtained from three independent experiments. **p < 0.01, two-way ANOVA followed by the Tukey-Kramer test.





β-Arrestin2 Is Involved in PACAP-Induced 5-HT2A Internalization

We recently reported that β-arrestin2, but not β-arrestin1, is involved in PACAP-induced internalization of PAC1 (4). We therefore examined whether β-arrestins are also involved in PACAP-induced 5-HT2A internalization. Although the β-arrestin1 and β-arrestin2 siRNAs effectively decreased respective β-arrestin levels to less than 35% of normal levels in HEK293T cells (4), β-arrestin2 siRNA, but not β-arrestin1 siRNA, blocked the PACAP-induced 5-HT2A internalization (two-way ANOVA, PACAP effect, F(1, 490) = 37.78, p < 0.001; silencing effect, F(2, 490) = 5.85, p = 0.0031; interaction, F(2, 490) = 7.61, p < 0.001) (Figures 3C, D). A negative control siRNA showed no effect on PACAP-induced 5-HT2A internalization (Figures 3C, D).



PACAP Decreases Cell Surface Localization of Endogenously Expressed 5-HT2A

To confirm the phenomenon of PACAP-induced 5-HT2A internalization in more neurologically relevant cells, we examined the effect of PACAP on the cell surface localization of endogenously expressed 5-HT2A in mouse primary cultured cortical neurons using a cell surface biotinylation assay. PACAP significantly decreased the levels of cell-surface biotinylated 5-HT2A (saline, 1.00 ± 0.14; PACAP, 0.46 ± 0.10; p = 0.0077, Student’s t-test) (Figures 4A, B). As expected, cell-surface biotinylated PAC1 levels were also decreased by PACAP (saline, 1.00 ± 0.09; PACAP, 0.26 ± 0.055; p < 0.001, Student’s t-test) (Figures 4A, B). In contrast, levels of cell-surface biotinylated 5-HT1A (saline, 1.00 ± 0.17; PACAP, 1.50 ± 0.45; not significant), D2 (saline, 1.00 ± 0.058; PACAP, 1.37 ± 0.22; not significant) and mGlu2/3 (saline, 1.00 ± 0.10; PACAP, 0.68 ± 0.13; not significant) were not affected by PACAP (Figures 4A, B).




Figure 4 | PACAP significantly decreases cell surface localization of 5-HT2A in primary cultured cortical neurons. (A) Representative immunoblots of cell surface biotinylated PAC1, 5-HT2A, 5-HT1A, D2, mGlu2/3 and alpha 1 sodium potassium ATPase (Na/K-ATPase) in primary cultured cortical neurons at 14 days in vitro treated with 1 μM PACAP or saline for 30 min. The band size is indicated for each blot. (B) Quantification of cell surface levels of PAC1, 5-HT2A, 5-HT1A, D2 and mGlu2/3 normalized to the levels of Na/K-ATPase. Values are the mean ± SEM from three or four independent experiments. **p < 0.01, ***p < 0.001 vs. saline, Student’s t-test.



In addition, 5-HT2A levels in the membrane fraction of the frontal cortex were increased in Pacap–/– mice compared with wild-type mice (saline, 1.00 ± 0.10; PACAP, 1.64 ± 0.10; p = 0.002, Student’s t-test), although no significant change was observed in total 5-HT2A protein levels between Pacap–/– and wild-type mice (saline, 1.00 ± 0.03; PACAP, 0.94 ± 0.03; not significant, Student’s t-test) (Figures 5A, B).




Figure 5 | Increased 5-HT2A levels in the membrane fraction of the frontal cortex in Pacap–/– mice and PACAP-induced attenuation of DOI-induced head twitch response. (A) Representative immunoblots of 5-HT2A in the cell membrane fraction (membrane) or total cell lysate (total) of the frontal cortex from wild-type (WT) or Pacap–/– (KO) mice. As internal controls, Na/K-ATPase (membrane) and β-actin (total) were used. (B) Quantification of 5-HT2A levels normalized to Na/K-ATPase (membrane) or β-actin (total). Values are the mean ± SEM (n = 5). **p < 0.01 vs. saline, Student’s t-test. (C, D) Mice intracerebroventricularly administered PACAP (10 pmol) or vehicle were treated with DOI and their head-twitch responses were counted. (C) Time course of DOI (1 mg/kg)-induced head twitch responses. (D) Head twitch responses during 60 min in mice injected with the indicated doses of DOI. Values are the mean ± SEM (n = 3 per group). *p < 0.05, **p < 0.01 vs. vehicle, two-way repeated measures ANOVA (C) and two-way ANOVA (D) followed by the Tukey-Kramer test. (E) Effect of the PAC1 antagonist PACAP6-38 on the PACAP inhibition of DOI-induced head twitch response. Thirty minutes before PACAP administration, PACAP6-38 (100 pmol) were preadministered intracerebroventricularly. Values are the mean ± SEM (n = 4 per group). **p < 0.01 vs. vehicle, one-way ANOVA followed by the Tukey-Kramer test.





Intracerebroventricular PACAP Administration Ameliorates the Hallucinogenic Head Twitch Response

We then addressed PACAP signaling involvement in 5-HT2A-dependent behavioral responses by examining the head twitch response, which is a characteristic head-shaking movement induced by a hallucinogenic drug through the stimulation of 5-HT2 receptors (33). DOI (1.0 mg/kg)-induced head twitch responses were significantly fewer in mice administered PACAP (10 pmol) compared with vehicle control mice in the first, third and fourth 10 min-bins of a 60-min observation period (Figure 5C). The numbers of head twitch responses induced by 0.3 and 1.0 mg/kg DOI during 60 min were significantly lower in mice administered PACAP compared with vehicle control mice (two-way ANOVA, PACAP effect, F(1, 12) = 39.80, p < 0.001; dose effect, F(2, 12) = 50.90, p < 0.001; interaction, F(2, 12) = 11.03, p = 0.0019) (Figure 5D). In addition, we examined whether the inhibitory effect of PACAP on DOI-induced head twitch response is mediated by PAC1 by using the PAC1 antagonist PACAP6-38. Intracerebroventricular preadministration of PACAP6-38 (100 pmol) significantly blocked the inhibitory effect of PACAP on DOI-induced head twitch response (one-way ANOVA, F(3, 12) = 47.77, p < 0.001) (Figure 5E).




Discussion

In the present study, we investigated the mechanisms underlying the relationship between PACAP and 5-HT2A signaling pathways. We found that PACAP time- and dose-dependently increased the internalization of 5-HT2A, but not 5-HT1A, 5-HT2c, D2 or mGlu2, in HEK293T cells and that the effect of PACAP was mediated by PAC1, PKC and β-arrestin2. In addition, we showed that PACAP decreased the cell surface levels of endogenously expressed 5-HT2A in mouse primary cultured cortical neurons and that 5-HT2A levels in the membrane fraction of the frontal cortex were increased in Pacap–/– mice compared with wild-type mice. Finally, we observed that intracerebroventricular administration of PACAP suppressed DOI-induced head twitch responses in mice. These results suggest that PACAP–PAC1 signaling increases 5-HT2A internalization, resulting in attenuation of 5-HT2A-meadiated signaling.

In the present study, it is still uncertain whether PACAP-induced 5-HT2A internalization can be a mechanism for behavioral abnormalities including hyperactivity, PPI deficits, depressive-like behavior and memory impairment, reversal of the depressive-like behavior by the 5-HT2A antagonist ritanserin, and exaggerated DOI-induced hallucinogenic behaviors in Pacap–/– mice. In order to address this, it is necessary to examine if increased cell surface expression of 5-HT2A in the frontal cortex (and possibly other brain regions as well) is relevant to behavioral impairments including exaggerated DOI-induced hallucinogenic behaviors and the effects of 5-HT2A antagonists on reversal of the impairments in Pacap–/– mice (5–10). Given that increased cell surface expression of 5-HT2A leads to supersensitivity of the 5-HT2A-mediated 5-HT response, it is reasonable that 5-HT2A antagonists effectively reverse the behavioral impairments in Pacap–/– mice. The issue should also be addressed by examining whether 5-HT2A antagonists affect PAC1 and 5-HT2A interactions.

We examined 5-HT2A levels in the membrane fraction of the frontal cortex in Pacap–/– mice, since both 5-HT2A, PACAP and PAC1 are expressed in this brain region (34–37), suggesting a potential colocalization of 5-HT2A and PAC1 in the frontal cortex. In addition, 5-HT2A expressed in the frontal cortex plays an important role in the pathophysiology and therapeutic effects of schizophrenia (12, 14). However, further analyses in other brain regions are needed, which will be investigated in our future work.

5-HT2A internalization is involved in diverse signaling pathways depending on different ligands. Recent studies indicate that 5-HT2A internalization signaling may be separated into hallucinogenic and antipsychotic specific pathways, because hallucinogenic and non-hallucinogenic 5-HT2A ligands induce distinct immediate early gene expression patterns (38–41). Hallucinogenic DOI-induced 5-HT2A internalization is independent on β-arrestins and antipsychotic clozapine-mediated internalization is independent on PKC (16, 42). Urs et al. (43) reported that β-arrestin-biased D2 ligands exert unique brain region-specific antipsychotic actions (43). The present observation that PACAP–PAC1 signaling regulates 5-HT2A internalization in a PKC- and β-arrestin2-dependent manner provides a new molecular mechanism for this peptidergic signaling that cross-talks with serotonergic signaling in the brain.

We also examined the protein-protein interaction between PAC1 and 5-HT2A by co-immunoprecipitation using an anti-5-HT2A antibody; however, co-immunoprecipitation of PAC1 with 5-HT2A was not detected (data not shown). Therefore, it remains unclear how PACAP–PAC1 signaling induces 5-HT2A receptor internalization. We previously reported that PACAP–PAC1 signaling markedly reduces the association between DISC1 and DBZ in PC12 cells (44). DISC1 forms a protein complex of DISC1/Kalirin-7/PSD-95 (45). The Kalirin-7/PSD-95 complex is also directly associated with the 5-HT2A receptor and regulates 5-HT2A signaling and trafficking in HEK293 cells (46, 47). In addition, we previously showed that β-arrestin2, but not β-arrestin1, was involved in PACAP-induced internalization of PAC1 (4). PACAP–PAC1 signaling may regulate 5-HT2A internalization through these adaptor proteins.

In the present study, we observed, in our HEK293T cell cultures, expression of PAC1 transcript, maxadilan-induced cAMP elevation, PACAP-induced 5-HT2A internalization as well as inhibition of the PACAP-induced 5-HT2A internalization by PACAP6-38 and shRNA-mediated PAC1 silencing. In addition, we observed that the HEK293T cells which was newly obtained from RIKEN BRC Cell Bank expressed PAC1 mRNA at a similar level with our HEK293T cell cultures used in the present 5-HT2A internalization study. However, previous studies have shown that HEK293T cells did not express PAC1 (3, 28, 48, 49) and therefore PAC1 was exogenously expressed to investigate the signal transduction system. In contrast, it was also reported that HEK293T cells expressed the PAC1 protein as observed by western blot analysis (50, 51). The reason for the disagreement in PAC1 expression in HEK293T cells is currently unknown but might be related with passage number and culture conditions.

Serotonin syndrome is caused by adverse side effects of serotonergic drugs and is associated with increased serotoninergic activity (52). By indirectly antagonizing 5-HT2A function, PACAP signaling may have the potential to ameliorate serotonin syndrome. Accumulating evidence suggests that PACAP–PAC1 signaling in the brain provides clues to elucidating the pathomechanisms of neurological and psychiatric disorders (53–55). The present study furthers understanding of PACAP–PAC1 signaling and shows that this pathway is a promising target for the development of neurotherapeutics.
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The melanocortin receptors (MCRs) and the MRAP accessory proteins belong to distinct gene families that are unique to the chordates. During the radiation of the chordates, the melancortin-2 receptor paralog (MC2R) and the MRAP1 paralog (melanocortin-2 receptor accessory protein 1) have co-evolved to form a heterodimer interaction that can influence the ligand selectivity and trafficking properties of MC2R. This apparently spontaneous interaction may have begun with the ancestral gnathostomes and has persisted in both the cartilaginous fishes and the bony vertebrates. The ramifications of this interaction had profound effects on the hypothalamus/anterior pituitary/adrenal-interrenal axis of bony vertebrates resulting in MC2R orthologs that are exclusively selective for the anterior pituitary hormone, ACTH, and that are dependent on MRAP1 for trafficking to the plasma membrane. The functional motifs within the MRAP1 sequence and their potential contact sites with MC2R are discussed. The ramifications of the MC2R/MRAP1 interaction for cartilaginous fishes are also discussed, but currently the effects of this interaction on the hypothalamus/pituitary/interrenal axis is less clear. The cartilaginous fish MC2R orthologs have apparently retained the ability to be activated by either ACTH or MSH-sized ligands, and the effect of MRAP1 on trafficking varies by species. In this regard, the possible origin of the dichotomy between cartilaginous fish and bony vertebrate MC2R orthologs with respect to ligand selectivity and trafficking properties is discussed in light of the evolution of functional amino acid motifs within MRAP1.
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Introduction

The melanocortin receptors (MCRs) are a family of chordate G protein-coupled receptors (GPCRs), and for most species in this phylum there are five paralogous melanocortin receptor genes [i.e., mc1r, mc2r, mc3r, mc4r and mc5r; (1–3)]. These receptors are activated by melanocortin peptides such as, α-melanocyte-stimulating hormone (α-MSH), β-melanocyte-stimulating hormone (β-MSH), γ-melanocyte-stimulating hormone (γ-MSH), and adrenocorticotropin (ACTH) which are all derived from the prohormone precursor protein, proopiomelanocortin (POMC) (4–6).

In terms of function, studies on mammals, as previously reviewed (1), indicate that MC1R is involved in the regulation of pigmentation, body temperature regulation, and modulation of anti-inflammatory mechanisms. This receptor is located on melanocytes in the integument, in various brain regions, and on macrophages, respectively. MC2R is involved in glucocorticoid production, and is expressed in cells of the adrenal cortex, but it also expressed on melanocytes and adipocytes. MC3R and MC4R are involved in appetite regulation and energy balance, and are predominantly, but not exclusively, expressed by neurons in the central nervous system. Lastly, MC5R plays a role in sebaceous gland physiology, and this receptor is expressed in many tissues including the adrenal gland, skin, and various exocrine glands.



Properties of MC2R and the Discovery of MRAP

While MCRs such as MC1R, MC3R, MC4R, and MC5R, can be activated by any melanocortin peptide, mammalian MC2R orthologs can only be activated by ACTH (1, 7, 8). In addition, MC1R, MC3R, MC4R, and MC5R can be functionally expressed in most mammalian cell lines. However, MC2R can only be functionally expressed in cells derived from the adrenal cortex, but not in the various mammalian cell lines (e.g., CHO cells, COS cells, or HEK-293 cells) usually used to analyze the pharmacological properties of GPCRs (9).

The inability to functionally express MC2R in most mammalian cells lines was resolved when Metherell et al. (10) characterized the accessory protein, MRAP (melanocortin-2 receptor accessory protein). This single pass transmembrane protein is coded on a single gene that contains 6 exons, and the human ortholog does undergo alternative splicing to yield two isoforms: MRAP-α and MRAP-β (10). These isoforms have the same N-terminal domain and transmembrane domain but are divergent in the amino acid sequence of their respective C-terminal domains. Co-transfection of human MRAPα or MRAPβ with human MC2R in any of a number of mammalian cells lines such as CHO or HEK-290 cells indicated that the transfected cells can be stimulated at physiologically relevant doses of human ACTH and the result was a robust production of cAMP by the transfected cells as reviewed by Webb and Clark (11). Hence, the functional activation of adrenal cortex cells resulting in the production and secretion of glucocorticoids is dependent on the formation of a heterodimer between MC2R and MRAP (10). In addition, this study also solved another enigma. Clinical studies had found that only 25% of the cases of Familial Glucocorticoid Deficiency, (FGD; newborn humans unable to produce a functional cortisol response) were due to point mutations in the MC2R gene (FGD Type 1). The Metherell et al. (10) study concluded that another cause of FDG can be mutations to the human MRAP gene that disrupt the interaction between MC2R and MRAP (i.e., FDG Type 2). Finally, the discovery of MRAP indicated that the formation of the MC2R/MRAP heterodimer was required for both the trafficking of MC2R from the endoplasmic reticulum to the plasma membrane and for the activation of MC2R following the binding of ACTH to the receptor (11, 12). Subsequent structure/function analyses by Sebag and Hinkle (13, 14) using the MRAP ortholog of the mouse as a model system (mMRAP) would reveal several novel features of this accessory protein which are summarized in Figure 1A (12).




Figure 1 | (A) Schematic representation of the functional regions of mouse MRAP1 (not drawn to scale) based on the study by Sebag and Hinckle (14). Within the N-terminal domain there are three functional motifs: Y16Y17, the extended activation motif; L18D19Y20I21, the activation motif; L31K32A33N34K35H36, the reverse topology motif. The Transmembrane domain (TM) is required for facilitating the trafficking of MC2R to the plasma membrane. (B) Diagram of the MC2R/MRAP1 heterodimer (not drawn to scale) based on the study by Cooray et al. (15). Two MRAP homodimers form a heterodimer with a MC2R homodimer. TM, Transmembrane Domain; AC, Activation motif.



MRAP has been classified as a class 1 transmembrane protein due to the fact that at the plasma membrane the N-terminal domain of some of the accessory protein monomers do face the extracellular space. However, it became apparent that MRAP monomers form a homodimer with reverse topology [(13); Figure 1A]. Deletion mutants of mMRAP indicated that removal of the LKANKH motif in the N-terminus of the accessory protein prevented the reverse topology orientation from forming [(14); Figure 1A]. This outcome not only blocked MRAP homodimer formation, but also blocked heterodimer interaction between MC2R and MRAP which interfered with the trafficking and activation of the receptor. With respect to the trafficking function of MRAP, a chimeric protein paradigm revealed that substitution of the transmembrane domain of mMRAP with the corresponding domain from RAMP3, the accessory protein for the CGRP receptor [calcitonin gene-related peptide receptor; (16)] completely blocked trafficking of human MC2R to the Plasma Membrane [(14); Figure 1A]. Thus the trafficking of MC2R from the ER to the plasma membrane is dependent on the transmembrane domain of the MRAP homodimer making contact with a transmembrane domain of MC2R.

Another functional amino acid motif was uncovered in the N-terminal domain of mMRAP that did not involve the reverse topology of the MRAP homodimer or trafficking of the MC2R/MRAP heterodimer but did block activation of MC2R at the plasma membrane (14). Using an alanine substitution paradigm, Sebag and Hinkle (14) observed that alanine replacement of the LDYI motif in mMRAP completely blocked activation of MC2R (Figure 1A). However, while alanine substitution at the Y residue in the LDYI motif resulted in a 50% decrease in the activation of MC2R, single alanine substitution at the other residues in the motif (i.e., L, D, or I) had no negative effect on activation. These results were perplexing and either point to a role for the secondary structure of the LDYI motif in the activation of MC2R, or perhaps indicate that additional residues near the LDYI motif are needed for facilitating the activation of the receptor. Finally, a bioluminescence resonance energy transfer analysis concluded that at the plasma membrane, the MC2R/MRAP complex is a MC2R homodimer interacting with two MRAP homodimers as depicted in Figure 1B (15).

While the discovery of MRAP (10) removed an impasse for analyzing the pharmacology of MC2R, several issues remained unresolved. One of these issues was, since MRAP has reverse topology, and each monomer of the homodimer has an activation motif (i.e., LDYI), does the MRAP activation motif interact with an extracellular domain of MC2R or an intracellular domain of the receptor to facilitate activation of the receptor (Figure 1B)? This issue was partially resolved using an ingenious chimeric protein paradigm as described in Malik et al. (17). This study presented convincing evidence that the activation motif on the N-terminal domain of the MRAP monomer facing the extracellular space side of the plasma membrane was interacting with an extracellular domain on MC2R. However, the later study did not identify the specific extracellular domain on MC2R that makes contact with the N-terminal domain of MRAP. In addition, another unresolved issue is the identity of the transmembrane domain(s) on MC2R that interacts with the transmembrane domain of MRAP to facilitate trafficking of the heterodimer.

The Malek et al. (17) study also found that the two Y residues immediately N-terminal to the LDYI motif in mMRAP are needed for full activation of MC2R (Figure 1A). This observation suggested that the “activation motif” on the N-terminus of mMRAP includes more residues than just the LYDI motif.

With respect to the identity of the extracellular domain of MC2R that makes contact with the N-terminal activation motif of MRAP, several studies of human (h) MC2R point to Extracellular Loop 2 (EC2). Alanine substitution of F168 in the EC2 domain results in a decrease in activation of hMC2R (18). In addition, a patient with FGD Type 1 had a point mutation resulting in an amino acid substitution at H170 in the EC2 domain (19) which rendered the patient’s MC2R inactive, but had no apparent effect on the trafficking of the mutant receptor. Support for this conclusion came from an alanine substitution study. When the hMC2R (H170 to A170) mutant was co-expressed in CHO cells with mMRAP there was a significant decreased in activation of the mutant hMC2R following stimulation with hACTH(1-24) as compared to the positive control (20). In addition, using a chimeric receptor paradigm, Fridmanis et al. (21), implicated EC2 as an important domain for the activation of hMC2R.

To summarize, by 2011 it was clear that the functional expression of mammalian MC2R orthologs was dependent on the formation of a heterodimer between the receptor and the accessory protein, MRAP, that most likely occurred at the endoplasmic reticulum (11, 12). Functional MRAP is a homodimer with reverse topology as a result of the presence of the LKANKH motif in the N-terminus of each MRAP monomer of the MRAP homodimer (13). The efficient movement of the MC2R/MRAP heterodimer from the ER to the Golgi to the plasma membrane is dependent on the transmembrane domain of MRAP presumably making contact with a corresponding transmembrane domain in the receptor. Activation of MC2R at the plasma membrane following the binding of ACTH is at least partially dependent on the LDYI motif in the N-terminal heterodimer of MRAP (Figure 1).



Phylogeny of MRAPs and MCRs in Vertebrates

The novel interaction between MC2R and MRAP is not limited to mammals, and the co-evolution of MC2R and MRAP most likely become intertwined early in the radiation of the gnathostomes. Given the number of melanocortin receptor-coding genes, and the presence of four of the five receptor-coding genes (i.e., mc1r, mc2r, mc3r, and mc4r) on separate chromosomes in gnathostome genomes, it appears that this gene family was the result of the two predicted genome duplication events that occurred during the early radiation of the chordates (22–24). A hypothetical scheme for the radiation of the melanocortin receptors is presented in Figure 2. In addition, the presence of the mc2r gene and the mc5r gene on the same chromosome in many vertebrate genomes would appear to be the result of a local gene duplication, and this proposed duplication event may have occurred in the ancestral gnathostomes (25).




Figure 2 | A schematic representation of genome duplication events in the proposed co-evolution of MRAPs and MC2Rs. This figure is modified from (25). In this scenario, the ancestral melanocortin gene (mcr) was duplicated as a result of the R1 genome duplication event to give rise to mcr’ and mcr”. As a result of the R2 genome duplication event, four paralogs emerged mc1r, mc3r, mc4r, and mc2r/mc5r. This scenario proposes that distinct mc2r and mc5r paralogs were the result of a local gene duplication event that occurred in the ancestral gnathostomes. In this scenario, the ancestral mrap gene evolved in R1 agnathan vertebrates and duplicated to yield the mrap1 and mrap2 genes as a a result of the R2 genome duplication event. MYA, millions of years.



The mrap gene and its paralog the mrap2 gene (26) form their own gene family, and mrap2 orthologs have been found in every vertebrate genome that has been annotated (2). For example, hMRAP2 orthologs have a reverse topology motif and high sequence identity in the transmembrane domain with hMRAP but lacks an activation motif in the N-terminal domain (26). With the discovery of hMRAP2 in 2009, it seemed reasonable to begin referring to “MRAP” as “MRAP1”, and this nomenclature will be used for the remainder of this review. In vertebrate genomes, the mrap1 gene and the mrap2 gene are located on separate chromosomes and appear to be the result of the second chordate genome duplication event. A scenario for the evolution of the mrap gene family is shown in Figure 2.

With the realization that mammalian MC2R required co-expression with a mammalian MRAP1 for functional expression in mammalian cell lines, a series of comparative studies began in 2010 to understand the pharmacological properties of bony vertebrate MC2R orthologs. The initial study was done on the MC2R ortholog of a teleost fish (27), followed by subsequent studies on representative non-teleost bony fish, amphibian, reptile, and avian species (28–35). In every study the respective MC2R ortholog required co-expression with an MRAP1 ortholog for activation when expressed in mammalian cell lines such CHO cells or HEK-293 cells. Collectively, these studies indicate that the obligate interaction between MC2R and MRAP1 must have emerged early in the radiation of the bony vertebrates (i.e., bony fishes, amphibians, reptiles, birds, and mammals). In addition, all of the bony vertebrate MC2R orthologs that have been analyzed are exclusively selective for activation by ACTH and display minimal or no activation when stimulated with αMSH.

During the same period, corresponding comparative structure/function studies on bony vertebrate MRAP1 orthologs have been limited to a single study on teleost MRAP1 orthologs from the zebrafish (zf; Danio rerio) and the rainbow trout [rt; Oncorhynchus mykiss; (36)]. As shown in Figure 3A, zfMRAP1 and rtMRAP1 have what appears to be a reverse topology motif similar to mMRAP1, and there is high primary sequence similarity in the transmembrane domains of mMRAP1, zfMRAP1, and rtMRAP1 (Figure 3A). In addition, zfMRAP1 and rtMRAP1 both have a four amino acid motif that corresponds to the activation motif of mMRAP1 [i.e., hydrophobic amino acid (δ)/Aspartic Acid (D)/Tyrosine (Y)/hydrophobic amino acid (δ)]. Utilizing the alanine substitution paradigm used by Sebag and Hinkle (14), replacement of the putative activation motif of rtMRAP1 (Y10D11Y12I13) with an alanine at every position completely blocked the activation of rtMC2R (3514dition, single alanine substitution of Y10, D11, Y12 yielded single alanine mutants of rtMRAP2 each with greatly diminished capacity to facilitate the activation of rtMC2R. However, the single alanine mutant I13/A13 had no negative effect on rtMC2R activation. Alanine substitution of residues D16 and Y17 of zfMRAP1 (Figure 4A) also significantly decrease activation. In the proposed activation motif of rtMRAP1 more residues appear to play a role in the activation of rtMC2R as compared to the activation motif of mMRAP1 where only alanine substitution at the Y20 residue resulted in a significant drop in activation (14). Whether this is a trend in non-mammalian MRAP1 orthologs, or a unique feature of rtMRAP1 has not been determined. In addition, analyses on the conserved YY motif in the N-terminal of non-mammalian bony vertebrate MRAP1 orthologs have not been done. Hence, whether there are phylogenetic trends in activation motifs of non-mammalian MRAP1 orthologs remains to be determined. However, it is clear at this time that the activation of bony vertebrate MC2R orthologs is dependent on the formation of a heterodimer with MRAP1, and these MC2R orthologs are exclusively selective for activation by ACTH perhaps as a result of the formation of the heterodimer.




Figure 3 | Alignment of bony vertebrate MRAP1sequences. (A) The amino acid sequences of the N-terminal and transmembrane domain of mouse (m) MRAP1 (accession number: NM029844), zebrafish (zf) MRAP1(accession number: XP001342923.2), and rainbow trout (rt) MRAP1 (accession number: FR837908). The activation motif is highlighted in red, residues in the proposed extended activation site are underlined, and residues in the proposed reverse topology motif are highlighted in green. Identical residues in the Transmembrane Domain (TM) are highlighted in bold. (B) Comparison of mMRAP1, elephant shark (es) MRAP1 (accession number: XM_007903550.1), and whale shark (ws) MRAP (accession number: XM_020520012.1). The activation motif of mMRAP1 is highlighted in red. Identical residues in the proposed reverse topology motif are highlighted in green. Identical residue in the TM domain are highlighted in bold.






Figure 4 | (A) Phylogeny of the Gnathostomes. (B) Trends in the co-evolution of MC2R and MRAP1. In this schematic representation (not drawn to scale), MRAP1 is represented by two green bars. Elephant shark MC2R is depicted as having an open HFRW binding site (black trapezoid). Elasmobranch MC2Rs are depicted as having an open HFRW binding site (black trapezoid) and a K(R)KRR binding site (black rectangle) for ACTH. Bony vertebrate MC2Rs are depicted as having a closed HFRW binding site (black triangle) and a K(R)KRR binding site (black rectangle) for ACTH. The presence of a proposed K(R)KRR binding site in elasmobranch MC2R orthologs and bony vertebrate MC2R orthologs is based on previous ACTH analog studies (7, 37).





MC2R and MRAP1 Orthologs in Cartilaginous Fish

Based on the assumption that the MC2R/MRAP1 interaction originated with the ancestral gnathostomes, melanocortin receptor paralogs and mrap1 orthologs should be present in the genomes of extant cartilaginous fishes. As expected, all five melanocortin receptor paralogs have been detected in the genomes of both representative holocephalan and representative elasmobranch cartilaginous fishes (Figure 4A).

The first pharmacological analysis of a cartilaginous fish MC2R ortholog was done for the holocephalan, Callorhinchus milii [elephant shark (es); (38)], and the observations from this study did not fit neatly into the scheme for MC2R/MRAP1 interactions that was being elucidated for the bony vertebrates. For example, the esMC2R ortholog could be functionally expressed in CHO cells without co-expression with an endogenous MRAP1. In addition, the esMC2R ortholog could be activated by either ACTH or ACTH(1-13)NH2, the nonacetylated form of αMSH. These observations led to the speculation that the mrap1 gene might not be present in cartilaginous fishes. However, a subsequent update of the elephant shark genome data base revealed a gene that appears to be the mrap1 ortholog for the elephant shark (39). As shown in Figure 3B, the N-terminal and transmembrane domains of esMRAP1 have some features in common with mMRAP1. There is what appears to be a reverse topology motif in the N-terminal domain, and the transmembrane domain does have primary sequence similarity with mMRAP1 (Figure 3B). However, at the site where the activation motif should be located, rather than the expected δ-D-Y-δ motif, the putative esMRAP1 has the sequence, EYEV. In addition, co-expression of esMC2R with the putative esMRAP1 had no effect, positive or negative, on the trafficking of esMC2R to the plasma membrane, yet this co-expression did provide a modest 10-fold increase in sensitivity for stimulation by ACTH (40).

An indication that esMRAP1 did have at least some of the properties associated with bony vertebrate MRAP1 orthologs came from studies on the MC2R ortholog of the elasmobranch, Dasyatis akajei [stingray (sr); (41, 42)]. In the initial study of the stingray, all melanocortin receptors were cloned from the stingray genome, but no mrap1 cDNA was detected. Expression of srMC2R in CHO cells indicted that the receptor could traffic to the plasma membrane in the absence of MRAP1. In addition, esMC2R did respond to stimulation by both ACTH and ACTH(1-13)NH2 but only at non-physiological concentrations of the ligands [i.e., 10-7M/10-6M; (41)]. However, co-expression of srMC2R and esMRAP1 in CHO cells resulted in a 1000-fold increase in sensitivity to stimulation by ACTH (42). This observation indicated that srMC2R needs MRAP1 for functional expression at physiological concentrations of ACTH. A later study indicated that co-expression of srMC2R and esMRAP1 significantly increased the trafficking of srMC2R to the plasma membrane of CHO cells (43). Hence, esMRAP1 has at least one of the functionalities associated with bony vertebrate MRAP1 orthologs; it can facilitate the trafficking of an MC2R ortholog to the plasma membrane. The irony of the elephant shark is that esMC2R does not require this particular property of esMRAP1.

The distinct pharmacological properties of esMC2R and srMC2R in terms of interaction with MRAP1 and ligand sensitivity presented a variation from the strict behavior of bony vertebrate MC2R orthologs and raised the question of whether there are distinct holocephalan and elasmobranch MC2R functional paradigms. To partially address this question recent studies have focused on the pharmacological properties of MC2R and MRAP1 from another elasmobranch, the whale shark [ws; Rhincodon typus: (43)]. When expressed alone in CHO cells, wsMC2R did traffic to the plasma membrane, and could be stimulated by either ACTH or ACTH(1-13)NH2; hence the response to generic melanocortin ligands appears to be a feature common to cartilaginous fish MC2R orthologs. However, under these conditions, wsMC2R could only be stimulated at non-physiological concentrations of the ligand; a feature that may be common to all elasmobranch MC2R orthologs as well. When wsMC2R and wsMRAP1 were co-expressed in CHO cells, there was a 10,000-fold increase in sensitivity to stimulation by ACTH (43). In addition, Cell Surface ELISA analysis indicated that co-transfection with wsMRAP1 significantly increased the number of receptors trafficking to the plasma membrane (43).

The primary sequence of the N-terminal domain and the transmembrane domain of wsMRAP1 is presented in Figure 3B. Like esMRAP1, this accessory protein has what appears to be a reverse topology motif in the N-terminal domain, and the transmembrane domain has primary sequence identity with the transmembrane domains of esMRAP1 and mMRAP1. Once again, the putative activation motif (ELDI) does not have the expected δ-D-Y-δ motif common to bony vertebrate MRAP1 orthologs. However, this motif in wsMRAP1 is nearly identical to the corresponding motif in esMRAP1.

Overall, current studies on cartilaginous fishes reveal a few novel features in the co-evolution of MC2R and MRAP1. The MC2R orthologs for the elephant shark, stingray, and whale shark can be activated by either ACTH or the smaller MSH peptides; a feature not seen in any bony vertebrate MC2R ortholog. Both wsMC2R and srMC2R require co-expression with MRAP1 to facilitate trafficking to the plasma membrane, a feature that may be common to all elasmobranch MC2R orthologs and a feature shared with all bony vertebrate MC2R orthologs. The apparent outlier in these analyses is esMC2R. The elephant shark MC2R ortholog does not require co-expression with MRAP1 for trafficking to the plasma membrane. Whether the properties of esMC2R are common to all holocephalans or unique to the elephant shark remains to be determined.



Observations, Assumptions, and Conclusions

Figure 4B provides a summary of the array of MC2R/MRAP1 interactions that have currently been detected during the radiation of the gnathostomes. Three variations in the interaction between MC2R and MRAP1 are apparent. In addition, following the divergence of the ancestral cartilaginous fishes and the ancestral bony fishes from a common ancestral gnathostome (44), there was a clear dichotomy in ligand selectivity for MC2R orthologs. To account for these trends, operating assumptions on the evolution of melanocortin signaling networks in chordates are needed.

The emergence of melanocortin signaling networks is the result of the co-evolution of the melanocortin peptides and their corresponding GPCR-related MCRs. The melanocortin peptides are derived from the pomc gene, which is a member of the opioid/orphanin gene family (5). Phylogenetic analyses suggest that this gene family may have emerged in the ancestral chordates, and accordingly ACTH-like and MSH-like peptides have been detected in extant agnathans such as the lamprey, and in representatives of every major class of the gnathostomes [for reviews see (6) and (45)]. As indicated in Figure 2, the mcr gene family also appears to have emerged in the ancestral chordates (2). Based on the ligand selectivity of the majority of the melanocortin receptor subtypes (i.e., MC1R, MC3R, MC4R, MC5R), an initial speculation would be that the ancestral MCR present in the ancestral chordates could be activated by either ACTH or MSH-sized ligands. This feature was most likely retained by the MCRs that resulted from the R1 genome duplication event that is proposed to have occurred in ancestral agnathans, and the MCR paralogs that emerged as a result of the R2 genome duplication event that may have pre-dated the emergence of the ancestral gnathostomes. Based on these assumptions, it would be reasonable to propose that the MC2R ortholog of the ancestral gnathostomes (Figure 4B) probably could be activated by either ACTH or MSH-sized ligands. The MC2R orthologs of extant cartilaginous fishes have retained this proposed ancestral trait. Conversely, the exclusive ligand selectivity of bony vertebrate MC2R orthologs for ACTH (Figure 4B) can be viewed as a derived trait that emerged after the divergence of the ancestral cartilaginous fishes and ancestral bony fishes (44).

Since mrap genes are found in both extant cartilaginous fishes and extant bony vertebrates, some form of MC2R/MRAP1 interaction may have occurred in the ancestral gnathostomes. Thus, one interpretation of Figure 4B would be to hypothesize that the MC2R/MRAP1 interaction in the ancestral gnathostomes had no effect on trafficking, and perhaps a minor effect on ligand sensitivity. These traits are observed for the elephant shark MC2R/MRAP1 interaction, and in this scenario the elephant shark MC2R/MRAP1 interaction could be viewed as an ancestral trait. If the latter assumption is correct, then the trafficking function observed for the elasmobranch MC2R/MRAP1 interaction (Figure 4B), and the trafficking function observed for the bony vertebrate MC2R/MRAP1 interaction evolved independently and the primary sequence similarities in the TM domains of cartilaginous fish and bony vertebrate MRAP1s is the result of convergence.

An alternative and perhaps more parsimonious hypothesis to explain Figure 4B is to propose that the ancestral function of MRAP1 was to facilitate the trafficking of MC2R from the ER to plasma membrane in the ancestral gnathostomes. In this scenario the high degree of primary sequence similarity in the TM domains of cartilaginous fish MRAP1 orthologs and bony vertebrate MRAP1 orthologs (Figure 3) is viewed as an ancestral trait. The lack of a trafficking role for elephant shark MRAP1 can be viewed as a derived trait that was the result of unique point mutations in elephant shark MC2R. It appears the eMC2R has reverted to a functional state more similar to the other melanocortin receptors (i.e., MC1R, MC3R, MC4R, and MC5R) that are all MRAP1-independent. The primary sequence similarities of the TM domains of esMRAP1 relative to the other MRAP1 sequences presented in Figure 3 point to changes in esMC2R as the potential reason for why esMC2R is now MRAP1-independent with respect to trafficking.

The divergent ligand selectivity properties of cartilaginous fish and bony vertebrate MC2R orthologs may also be a function of the primary sequence differences between these orthologs which have presumably affected the 3-dimensional shape of the respective MC2R ortholog (39). The latter study observed that the primary sequence identity between elephant shark MC2R and various bony vertebrate MC2R orthologs is only 33%; whereas, a similar comparison of MC5R orthologs indicated primary sequence identity for these orthologs of 55%. Apparently vertebrate MC2R orthologs have been diverging at a greater rate than most of the other vertebrate MCR paralogs (39). In addition, elephant shark MC2R and human MC2R represent two extremes with respect to activation by melanocortin ligands [i.e., esMC2R can be activated by either ACTH or αMSH with near equal efficacy (40); whereas hMC2R can only be activated by ACTH (1)].

The unique ligand selectivity of the mammalian “ACTH” receptor (i.e., MC2R) was reported in the 1970’s (7). In this review article two motifs in ACTH were identified that are required for the activation of the “ACTH” receptor. The primary sequence of hACTH(1-39) is SYSMEHFRWGKPVGKKRRPVKVYPNGAEDESAEAFPLEF. The “message” motif, HFRW, is found in all melanocortin peptides (4), and all MCRs have an HFRW binding site (1). Note, that the first thirteen amino acids of ACTH are the sequence for αMSH. In addition, ACTH also has the an “address motif”, KKRR, that is only found in ACTH, but not in any of the MSH-sized melanocortin peptides (for review see 5). Activation of, for example, hMC2R requires that both motifs within ACTH make contact with the receptor. However, before hMC2R can be activated, the receptor must form a heterodimer with MRAP1 to be in its functional conformation (11, 12). Presumably all other bony vertebrate MC2R orthologs should have a HFRW binding site and a KKRR binding site and require heterodimer formation to be functional. Since αMSH lacks the KKRR motif, this ligand cannot effectively activate hMC2R or other bony vertebrate MC2R orthologs at physiological concentrations of the ligand.

On the other hand, esMC2R can be activated by either ACTH or MSH-sized ligands (36) without co-expression with MRAP1. In addition, esMC2R could be fully activated with an analog of hACTH(1-24) in which the KKRR motif was replaced with alanines (37). However, this same alanine-substituted hACTH(1-24) analog could not activate hMC2R at physiologically relevant concentrations (i.e., 10-10M, 10-9M or 10-8M; 32). It would appear then, that hMC2R has binding sites for the HFRW motif of ACTH and the KKRR motif of ACTH; whereas, esMC2R appears to have only a binding site for the HFRW motif of ACTH.

The inability of αMSH to activate hMC2R is perplexing. An alignment of the primary sequences of esMC2R and hMC2R (39) indicated that the critical residues associated with the HFRW binding site [see (46)] in transmembrane domains 2,3 and 6 are all present in both MC2R orthologs, yet the two receptors react to stimulation by αMSH in striking different ways. Clearly the 3-dimensional structures of esMC2R and hMC2R must differ in some fundamental way. Since the crystal structure of both rhodopsin (47) and human MC4R (48) have been determined, it should be possible to model the 3-dimension structure of esMC2R. This analysis would be informative since esMC2R and hMC4R both respond to stimulation by ACTH and αMSH in essentially the same manner. However, modeling hMC2R, at present, will be more challenging. Since hMC2R, and for that matter any bony vertebrate MC2R ortholog, expressed alone in mammalian cell lines are nonfunctional (3, 12), modeling the structure of, for example, hMC2R will require x-ray crystallographic analysis of the hMC2R/hMRAP1 heterodimer. Perhaps more attainable goals in the short term would be to identify the contact site between the activation motif in the N-terminus of MRAP1 and the extracellular domain on MC2R that is involved in activating the receptor (17), and to identify the transmembrane domain on MC2R that makes contact with the transmembrane domain of MRAP1 to facilitate trafficking (13).

With respect to MRAP1, additional studies are needed on non-mammalian MRAP1 orthologs to further elucidate which residues in the δDYδ activation motif are essential for activation, and whether additional residues N-terminal to the δDYδ motif play a role in the activation process. For the cartilaginous fish MRAP1 orthologs the role of residues in the presumed activation motif of esMRAP1 (i.e., EYEV) and wsMRAP1 (i.e., ELDI) need to be evaluated. Although the first MRAP was characterized nearly sixteen years ago (10), a number of issues about these novel single pass transmembrane proteins remain unresolved.

To date over 800 G protein-coupled receptors (GPCR) have been discovered in vertebrate genomes, and within this superfamily only 30 GPCRs require interaction with an accessory protein (49). However, the significance of these accessory proteins cannot be overstated. For example, the absence of MRAP1 interferes with the functionally of the Hypothalamus/Pituitary/Adrenal Axis in humans, a critical axis for modulating homeostasis (10), and the absence of, the RAMP accessory protein renders the Angiotensin receptor, a critical receptor for blood pressure regulation, inoperative (16). Hence, understanding the interaction between these accessory proteins and their receptive GPCRs has physiological relevance. Although MRAPs and RAMPs are relatively short, single pass transmembrane proteins, there does not appear to be either primary sequence analyses or synteny analyses that would place these accessory proteins into a common gene family. Hence, it appears that these GPCR/accessory protein relationships have arisen de novo, which begs the question of what the “accessory proteins” were doing in cells prior to forming an interaction with their respective GPCR, and what forces brought the receptor and accessory protein together.
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Apelin, a (neuro)vasoactive peptide, plays a prominent role in controlling body fluid homeostasis and cardiovascular functions. Experimental data performed in rodents have shown that apelin has an aquaretic effect via its central and renal actions. In the brain, apelin inhibits the phasic electrical activity of vasopressinergic neurons and the release of vasopressin from the posterior pituitary into the bloodstream and in the kidney, apelin regulates renal microcirculation and counteracts in the collecting duct, the antidiuretic effect of vasopressin occurring via the vasopressin receptor type 2. In humans and rodents, if plasma osmolality is increased by hypertonic saline infusion/water deprivation or decreased by water loading, plasma vasopressin and apelin are conversely regulated to maintain body fluid homeostasis. In patients with the syndrome of inappropriate antidiuresis, in which vasopressin hypersecretion leads to hyponatremia, the balance between apelin and vasopressin is significantly altered. In order to re-establish the correct balance, a metabolically stable apelin-17 analog, LIT01-196, was developed, to overcome the problem of the very short half-life (in the minute range) of apelin in vivo. In a rat experimental model of vasopressin-induced hyponatremia, subcutaneously (s.c.) administered LIT01-196 blocks the antidiuretic effect of vasopressin and the vasopressin-induced increase in urinary osmolality, and induces a progressive improvement in hyponatremia, suggesting that apelin receptor activation constitutes an original approach for hyponatremia treatment.
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1 Discovery

The apelin story began in 1993 with the cloning of a cDNA for an orphan receptor, given the name “APJ receptor” (putative receptor protein related to the type 1 (AT1) angiotensin receptor) from a human genomic library (1). This seven-transmembrane domain G-protein coupled receptor (GPCR) displays 31% amino-acid (aa) sequence identity to the human AT1 receptor and is encoded by a gene on chromosome 11. However, it does not bind radiolabeled angiotensin II (Ang II) (1), and stimulation of the rat APJ receptor by Ang II does not modify cyclic adenosine monophosphate (cAMP) production, demonstrating that it is not an angiotensin receptor subtype (2). The gene encoding the APJ receptor has no introns in human and rodents (2–4). The human and the rat APJ receptors are 380 and 377 aa long, respectively. The APJ receptor aa sequence is conserved across species, with more than 90% sequence identity between human and rodents, and up to 50% sequence identity with other non-mammalian species, such as zebrafish and frog (2–5).

In 1998, the endogenous ligand of the orphan APJ receptor was isolated from bovine stomach tissue extracts (6). This 36-aa peptide was called apelin for APJ Endogenous LIgaNd, and the APJ receptor was renamed the apelin receptor (ApelinR).



2 Synthesis and Metabolism of Apelin


2.1 Processing of Preproapelin

Apelin is generated from a 77-aa precursor, preproapelin (Figure 1). The human apelin gene contains three exons, with the coding region spanning exons 1 and 2. The 3’ untranslated region also spans two exons (2 and 3) (8). This structure may account for the presence of transcripts of two different sizes (≈3 kb and ≈3.6 kb) in various tissues (3, 8). Alignment of the preproapelin aa sequences from cattle, humans, rats, and mice revealed strict conservation of the C-terminal 17 aa (aa 61 to 77 of the preproapelin sequence), known as apelin-17 or K17F (Figure 1). Various molecular forms of apelin, differing only in length, are present in vivo (36, 17, or 13 aa at the C-terminal part of preproapelin) commonly called apelin-36, apelin-17, and apelin-13. Apelin-13 is naturally pyroglutamylated at its N-terminus (pyroglutamyl form of apelin-13 or pE13F) (4, 9–12) (Figure 1).




Figure 1 | Amino-acid sequences of the apelin precursor, preproapelin, in cattle, humans, rats, and mice, and the molecular forms of apelin detected in vivo. The blue arrow indicates the beginning of the sequence of apelin-36, the green one that of the sequence of apelin-17 (K17F), which is strictly conserved in mammals and the red one that of the apelin-13 sequence. The dibasic doublets (in orange) are framed by black dashed boxes. The black arrows show the cleavage sites by neutral endopeptidase 24.11 (NEP 24.11, EC 3.4.24.11) and angiotensin-converting enzyme 2 (ACE-2, EC 3.4.17.23). The various molecular forms of apelin detected in vivo in mammals: apelin-36, apelin-17, and the pyroglutamyl form of apelin-13. Figure adapted from (7) with permission from the copyright holders.



Pairs of basic residues are present within the cattle, human, rat, and mouse preproapelin sequences, leading to the suggestion that prohormone convertases are responsible for processing the precursor to generate K17F and pE13F. The proprotein convertase subtilisin/kexin 3 (also named furin) has been shown to cleave in vitro proapelin directly into apelin-13 without generating longer isoforms (13).

For apelin-36 (amino acids 42 to 77 of the preproapelin sequence), the maturation mechanism remains unclear because there are no dibasic motifs upstream from the apelin-36 cleavage site.

Apelin-36 predominates in rat lung, testis, uterus, and in bovine colostrum, whereas both apelin-36 and pE13F have been detected in rat mammary gland (4, 10). The predominant forms of apelin in rat brain as well as in rat and human plasma are pE13F and K17F, with much lower concentrations of apelin-36 (11, 12). Apelin-13 is the most abundant form in the heart (14).



2.2 Metabolism of Apelin Peptides

The carboxypeptidase angiotensin-converting enzyme 2 (ACE-2, EC 3.4.17.23) removes the C-terminal phenylalanine residue of apelin-36, K17F or pE13F, both in vitro and in vivo (15, 16) (Figure 1). Moreover, it has recently been shown that neutral endopeptidase 24.11 or neprilysin (EC 3.4.24.11) hydrolyzes the scissile Arg8-Leu9 and Arg4-Leu5 peptide bonds of K17F and pE13F, respectively (Figure 1), generating two truncated peptides (17) unable to bind the ApelinR. NEP is, thus, the first protease shown to fully inactivate apelin. Synthetic analogs with the modified NEP degradation site (“RPRL” motif) have greater proteolytic stability in vitro while maintaining receptor affinities, highlighting the importance of this region for the full agonist activity of apelin (18).




3 Another Endogenous Ligand for the Apelin Receptor: Elabela/Apela

A second endogenous ligand of the ApelinR, apela (apelin receptor early endogenous ligand, also known as Elabela/Toddler (encoded by a gene on chromosome 4) was discovered in 2013 (19, 20). There is little sequence identity between apelin and apela, but both originate from precursors which are processed to generate several isoforms (21).

The gene for apela encoded a 54-amino acid precursor. The 22 aa signal peptide is removed to generate apela-32, which is secreted and bioactive (22, 23). The cleavage of apela-32 by furin to produce two fragments composed of 21 and 11 amino acids — apela-22 and apela-11, respectively — has been predicted (19, 20). The shortest C-terminal apela-11 fragment is fully conserved between species. Apela-32 and apela-22 display subnanomolar affinity for the ApelinR, whereas apela-11 is less active (22, 24). Apela is broadly expressed during development. In adults, apela mRNA levels are high in the prostate and kidney (25). In addition, the circulating apela in the bloodstream may originate at least partly from the endothelial cells of arterial vessels (22). For a review on apela see (21).



4 Pharmacological Characterization of the Apelin Receptor

The various molecular forms of apelin (apelin-36, K17F and pE13F) have subnanomolar affinities for the ApelinR (26, 27). Structure-function studies combining molecular modeling and site-directed mutagenesis have shown that the Arg2, Arg4, and Lys8 residues of pE13F interact with acidic aa residues of the ApelinR, located at its surface: Glu 172, Asp 282 and Asp 92, respectively (28).

Numerous studies have described the ApelinR signaling pathways activated by the different molecular forms of apelin. Apelin-36, K17F, and pE13F have similar abilities (in the subnanomolar range) to inhibit forskolin-induced cAMP production in Chinese Hamster Ovary (CHO) cells expressing the rat ApelinR and in Human Embryonic Kidney (HEK) cells expressing the human ApelinR (2, 9, 26, 29). Hosoya et al. showed that pertussis toxin blocked the inhibition of cAMP production induced by apelin-36 and pE13F, demonstrating the coupling of the ApelinR to Gαi  (4). This finding was confirmed by Masri et al., who reported the preferential coupling of ApelinR to the Gαi1 and Gαi2 proteins (30, 31). Apelin-36, K17F, and pE13F also increase [Ca2+]i mobilization in Ntera 2 human teratocarcinoma (NT2N) cells, in cells derived from basophils (RBL-2H3) and in HEK cells stably expressing the human ApelinR (26, 32–34). Morever, Hus-Citharel et al. showed that K17F decreases (AngII)-induced [Ca2+]i mobilization in glomerular arterioles through the production of nitric oxide (NO) (35). Interestingly, several studies have shown that the stimulation of the ApelinR by apelin (K17F, pE13F) induces vasodilation and modulates vascular tone through NO production (35–38).

Activation of the apelin/APJ system can also induce a cascade of intracellular signaling kinases that regulate cell function. In human umbilical vein endothelial cells (HUVEC) and in CHO cells expressing the mouse ApelinR, activation of the apelin/APJ system induces activation of the phosphatidylinositol 3-kinase (PI3K)/Akt and the Extracellular Regulated Kinases (ERK1/2) pathways, stimulating phosphorylation of the S6 ribosomal protein kinase (p70S6K) (31, 39, 40). D’Aniello et al. showed that apelin induces phosphorylation of p70S6K in murine embryonic stem cells via an ERK1/2-dependent pathway (41). ERKs are phosphorylated in CHO cells stably expressing the mouse ApelinR in a Gαi-protein-dependent, protein kinase C (PKC)-dependent, and Ras-independent manner (30, 39).

Like most GPCRs, upon the binding of agonist ligands, the ApelinR elicits the recruitment of β-arrestins and their subsequent internalization through a clathrin-dependent mechanism (26, 27, 29, 34, 37, 42). Ser 348 at the C-terminus of the ApelinR has been identified as a crucial phosphorylation site for the interactions of this receptor with GRK2/5, β-arrestin1/2, and for its internalization (43). Furthermore, the C-terminal Phe residue of pE13F is embedded at the bottom of the binding site, in a hydrophobic cavity composed by Trp 152 in TMIV and Trp 259 and Phe 255 in TMVI (27).

Site-directed mutagenesis experiments revealed that Phe 255 and Trp 259, through their interactions with the C-terminal Phe residue of pE13F, were crucial for ApelinR internalization, but played no role in apelin binding or Gαi protein coupling. The C-terminal Phe residue of apelin is, thus, a key residue triggering ApelinR internalization (29, 44). Deletion of the C-terminal Phe residue of K17F (K16P) and the replacement of this residue with an alanine (K17A) strongly decrease the ability of the peptide to trigger ApelinR internalization, without affecting its affinity for the ApelinR or its ability to activate Gαi-coupling (16, 27, 29). All these data indicate functional dissociation between ApelinR Gi-coupling and receptor internalization. This implies that the ApelinR exists in different active conformations, depending on the ligand fitting into the binding site, leading to the activation of different signaling pathways, and different subsequent biological effects (27). These findings suggest that ApelinR may display ‘functional selectivity’ or ‘biased signaling’, by coupling with Gi protein or recruiting β-arrestin 1 and 2. This hypothesis was confirmed by Ceraudo et al., who showed that K17F activates ERK1/2 in a β-arrestin-dependent and Gi protein-dependent manner, whereas K16P activates only the Gi protein (45). This functional selectivity of apelin peptides indicates that β-arrestin-dependent ERK1/2 activation, but not Gi-dependent signaling, may contribute to the decrease in blood pressure (BP) induced by K17F. Indeed, when pE13A and K16P are injected intravenously in rats, they lost their capacity to decrease arterial BP when compared with the corresponding natural peptides, pE13F and K17F (29, 46). Moreover, the internalized ApelinR/pE13F complex is rapidly recycled to the cell surface through a Rab4-dependent mechanism whereas the internalized ApelinR/apelin-36 complex is targeted for degradation in lysosomes by Rab7 (47), showing that the trafficking of the ApelinR depends upon the ligand used to activate the receptor. These differences are consistent with studies showing that apelin-36 induces sustained, strong desensitization of the ApelinR, whereas the desensitization induced by pE13F is transient (30). The apelin isoforms therefore display subtle differences in pharmacological properties, which may influence their physiological actions.

Moreover, like many GPCRs, ApelinR may also form heterodimers in vitro with other GPCRs. ApelinR has been shown to dimerize with the AngII type 1 receptor (AT1R), leading to an inhibition of AngII signaling by apelin (48–50). ApelinR may also heterodimerize with the κ-opioid receptor, leading to an increase in cell proliferation through an increase in PKC activity and a decrease in protein kinase A activity (51). In HUVEC cells, ApelinR has been shown to heterodimerize with bradykinin type 1 receptor, leading to an increase in cell proliferation and the phosphorylation of eNOs through a Gq protein-dependent PKC signaling pathway (52).



5 Distribution of Apelin and Its Receptor


5.1 In the Brain

Preproapelin is heterogeneously distributed between different brain structures (3, 8, 10, 26, 53). The distribution of apelinergic neurons in the adult rat brain has been studied using a polyclonal antibody with a high affinity and selectivity for K17F, which also recognizes pE13F and apelin-36 (11, 37, 54). Apelin-immunoreactive (IR) neuronal cell bodies are abundant in the hypothalamus and the medulla oblongata. These structures are involved in neuroendocrine control, food intake and the regulation of BP. They are abundant in the supraoptic nucleus (SON), the magnocellular part of the paraventricular nucleus (PVN), the arcuate nucleus, the nucleus ambiguus and the lateral reticular nucleus (54) (Figure 2). Conversely, the density of apelin-IR nerve fibers and nerve endings is high in the inner layer of the median eminence and in the posterior pituitary (37, 55), suggesting that, like magnocellular vasopressinergic and oxytocinergic neurons, the apelinergic neurons originating from the PVN and the SON project onto the posterior pituitary. Apelin was subsequently shown to colocalize with arginine-vasopressin (AVP) (11, 56) and oxytocin (55, 57) in magnocellular neurons. Apelin-IR cell bodies and fibers have also been identified in the subfornical organ (SFO), the organum vasculosum of the lamina terminalis (OVLT) and the median preoptic nucleus, all of which are involved in controlling drinking behavior (58, 59).




Figure 2 | Distribution of apelinergic neurons and apelin-R mRNA in the adult rat brain (A) Coronal sections illustrating the distribution of apelin-containing cell bodies and nerve fibers in (1) the SON, (2) the PVN and (3) the Arc and ME of colchicine-treated adult rats. In the SON, the apelin-immunoreactive neurons and the nerve fibers are concentrated mostly in the ventral part of the nucleus. In the PVN, apelin-positive cell bodies and nerve fibers are found mostly in the magnocellular part of the nucleus. Numerous neuronal cell bodies were observed within the Arc, together with a higher density of nerve fibers in the internal layer of ME than in the external layer. Scale bar =100 µm. Figure adapted from (11, 54) with permission from the copyright holders. (B) Distribution of the rat ApelinR mRNA expression in the adult rat brain. The figures were scanned directly from the X-ray film. Representative frontal sections, at anteriorities determined from the bregma indicated in the lower right corner, from 1 to 4, were hybridized with the ApelinR antisense cRNA probe. Scale bar: 2 mm. Figure adapted from (11) with permission from the copyright holders. AL, anterior lobe of the pituitary gland; Arc, arcuate nucleus of the hypothalamus; DR, dorsal raphe nucleus; ENT, entorhinal cortex; HIP, hippocampus; IL, intermediate lobe of the pituitary gland; ME, median eminence; NLOT, nucleus of the lateral olfactory tract; OX, optic chiasma; PAG, periaqueductal gray matter; PIN, pineal gland; PIR, piriform cortex; PVN, paraventricular nucleus of the hypothalamus; SNc, pars compacta of the substantia nigra; SON, supraoptic nucleus; 3V, third ventricle.



The ApelinR is also widely distributed in the rat central nervous system (CNS) (2, 3, 8). ApelinR mRNA has been identified in the piriform and entorhinal cortices, the hippocampus, the pars compacta of the substantia nigra, the dorsal raphe nucleus and the locus coeruleus (Figure 2). The last three of these structures are known to contain the neuronal cell bodies from dopaminergic, serotoninergic and noradrenergic neurons. High levels of apelinR mRNA have also been detected in the SON, PVN, arcuate nucleus, pineal gland and pituitary gland (2). Moreover, in the SON and PVN, the ApelinR (37, 60) and AVP receptor types 1a (V1a) and 1b (V1b), but not type 2 (V2-R) (61), are coexpressed by magnocellular AVP neurons. This finding provides strong evidence for the existence of an interaction between AVP and apelin.



5.2 In the Kidney

The mRNAs encoding preproapelin and ApelinR are expressed in rat and human kidney (3, 26). Apelin-like immunoreactivity has also been detected in human endothelial cells from small intrarenal vessels (62). Apelin expression has been detected in rat tubular epithelial cells, glomeruli and vascular epithelial cells (63), but another study reported restriction of apelin expression essentially to isolated cells in the medulla (64). An immunofluorescence study showed apelin to be present in the medullary collecting ducts (CD), with a distribution overlapping with that of aquaporin type 2 water channel (AQP2) (65).

ApelinR mRNA has been detected in the endothelial and vascular smooth muscle cells of rat glomerular arterioles (35). High levels of ApelinR mRNA are present in the glomeruli, reaching levels about eight times higher than those in nephron segments. Expression levels are moderate in all nephron segments (3, 35), including the collecting duct (CD), in which V2-R are also expressed (66). ApelinR mRNA levels are highest in the inner and outer stripes of the outer medulla (OM) and in the thick ascending limb (TAL) (35, 64, 65, 67).




6 Maintenance of Water Balance by Apelin and Vasopressin, Through Central and Renal Effects


6.1 Central Effects of Apelin on AVP Neuronal Activity, AVP Release and Diuresis

AVP, also known as antidiuretic hormone (ADH) is a peptide synthesized and released by hypothalamic magnocellular AVP neurons from the posterior pituitary into the bloodstream, in response to changes in plasma osmolality and volemia (68, 69) or under the influence of neurohormones, including natriuretic and angiotensin peptides (70, 71). The colocalization of AVP, apelin, V1 and apelin receptors in magnocellular neurons suggests an interaction between apelin and AVP. This raises the possibility of an effect of apelin in response to osmotic or volemic stimuli. This hypothesis was checked in two animal models. Studies were first performed in the lactating rat, which displays magnocellular AVP neuron hyperactivity, leading to an increase in AVP synthesis and release, to preserve water of the organism for an optimal milk production for the newborns (72, 73). In this model, the intracerebroventricular (i.c.v.) administration of apelin (K17F) (11) inhibits the phasic electrical activity of the magnocellular AVP neurons, reduces the release of AVP into the bloodstream and increases diuresis, without modifying sodium and potassium excretion (Figure 3). The second model used was mice deprived of water for 24/48 h, a condition known to increase AVP neuron activity and systemic AVP release (75, 76). In this model, i.c.v. K17F administration decreased systemic AVP release (11). These results suggest that apelin is probably released from the SON and PVN AVP cell bodies and inhibits AVP neuron activity and release through direct action on the apelin autoreceptors expressed by AVP/apelin-containing neurons. This mechanism probably involves apelin acting as a natural inhibitor of the antidiuretic effect of AVP.




Figure 3 | Vasopressin (AVP) and apelin: the yin and yang of water balance (A) In physiological conditions, apelin (green) and AVP (purple) are released in balanced proportions from the magnocellular AVP neurons, at levels appropriate for plasma osmolality. In the collecting duct of the kidney, AVP acts on V2-R to increase cAMP production and aquaporin-2 (AQP2) insertion into the apical membrane, leading to water reabsorption. Apelin has the opposite effect, through its action on the ApelinR. Water reabsorption is adequate in physiological conditions. (B) Following water deprivation in rodents: 1) AVP is released from magnocellular vasopressinergic neurons into the bloodstream more rapidly than it is synthesized, causing a depletion of AVP magnocellular neuronal content; 2) apelin release into the bloodstream decreases and apelin accumulates in magnocellular neurons. Thus, after dehydration, AVP and apelin are regulated in opposite manners, to facilitate systemic AVP release and suppress diuresis. (C) Following water loading in rodents: 1) AVP release is decreased from magnocellular vasopressinergic neurons into the bloodstream, causing an accumulation in AVP magnocellular neuronal content; 2) apelin release into the bloodstream increases, leading to a depletion of apelin magnocellular neuronal content. Thus, after water loading, AVP and apelin are regulated in opposite manners, to facilitate systemic apelin release and to increase aqueous diuresis. Figure adapted from (74) with permission from the copyright holders.



On the other hand, in the anterior pituitary, apelin is highly co-expressed in corticotrophs and to a much lower extent in somatotrophs, and a high expression of ApelinR mRNA is also found in corticotrophs (77). Moreover, apelin was shown to act as a stimulatory autocrine/paracrine-acting peptide on adrenocorticotropic hormone (ACTH) release, suggesting a role for apelin in the regulation of the hypothalamo-pituitary adrenal (HPA) axis. Since ACTH at the adrenal level is a major stimulus of glucocorticoid secretion (78) and glucocorticoids were shown to increase water excretion possibly via an inhibition of AVP release (79), the aquaretic effect of apelin could also involve this pathway.



6.2 Renal Effects of Apelin on AVP-Induced Water Reabsorption

In addition to its central action, the aquaretic effect of apelin may involves a renal action, since apelin and its receptor are both expressed in the kidney (3, 26, 35, 62). Consistent with the presence of ApelinR mRNA in juxtamedullary efferent (EA) and afferent (AA) arterioles, the application of K17F on glomerular arterioles precontracted by AngII treatment induced NO-dependent vasorelaxation by inhibiting the Ang-II induced increase in intracellular calcium mobilization (35). This apelin-dependent vasorelaxation observed in the muscular EA, which give rise to the vasa recta, should result in an increase in renal blood flow, contributing to an increase in diuresis (35).

By stimulating V2-R in CD, AVP is known to induce an increase in cAMP production and to activate protein kinase A, which phosphorylates the AQP2. This results in the insertion of phosphorylated AQP2 into the apical membrane of the principal cells of the CD (80, 81), leading to water reabsorption, decreasing diuresis and plasma osmolality (Figure 3). The presence of ApelinR mRNA in the CD (35, 67) suggests that apelin could act as an aquaretic peptide through a direct action on this nephron segment. Consistent with this hypothesis, the intravenous injection of K17F in increasing doses in lactating rats or the continuous intravenous administration of apelin-13 administered for 24 h in alert male Sprague-Dawley alert rats (82) strongly increased diuresis in a dose-dependent manner, with a concomitant significant decrease in urine osmolality and no change in the excretion of Na+ and K+. Under these conditions, a significant decrease in apical AQP2 immunolabeling in the CD, with a corticomedullary gradient, was observed (83) (Figure 3). This finding is consistent with the inhibition, by K17F, in the medullary CD, of the cAMP production induced by (deamino-Cys1,D-Arg8)-vasopressin (dDAVP), a specific and selective V2-R agonist (83). These findings suggest that apelin may act as an aquaretic peptide through direct action on CD. Further evidence in support of this conclusion was recently provided by studies in a highly differentiated mouse cortical CD cell line (mpkCCD) expressing the V2-R and the ApelinR (84). The authors showed in this cell line that apelin-13 decreased the dDAVP-induced phosphorylation and apical membrane expression of AQP2 after 30–60 minutes of treatment, and decreased dDAVP-induced AQP2 mRNA and protein levels after 8–24 h of treatment (84). Furthermore, another study has shown that pE13F has diuretic effects potentially involving the cAMP/protein kinase A/soluble prorenin receptor pathway in the CD (85). Thus, the aquaretic effect of apelin is due not only to a central effect, inhibiting AVP release into the bloodstream, but also to a direct effect of apelin in the kidneys, increasing renal blood flow and counteracting the antidiuretic effect of AVP mediated via the V2-R in CD (Figure 3).

These results also show that apelin and AVP have opposite effects on the CD, contributing to the control of plasma osmolality by regulating water reabsorption by the kidney.

These results are consistent with those of other studies reporting an aquaretic role of apelin in rodents (82, 84–87). In addition, apelin gene expression in the brain has also been reported to be hydration-sensitive (88). It must also be taken into account that Elabela/apela which has the same affinity as apelin for the apelinR, has been shown to stimulate urine output and water intake in adult rats (82, 87) suggesting that Elabela/apela may therefore play with apelin a role in the regulation of body fluid homeostasis.

Studies on ApelinR-/- mice (89, 90) have shown that water deprivation significantly decreases urine volume (by 61%) and increases urine osmolality (by 59%) in wild-type mice, with similar, but non-significant changes observed in ApelinR-/- mice (-25%, and +26% respectively), suggesting that the ApelinR-/- mice did not concentrate their urine to the same extent as wild-type mice. This effect was not related to an inability of ApelinR-/- mice to increase their plasma AVP levels following water deprivation. In normal hydration conditions, plasma AVP levels in ApelinR-/- mice (23.3 pg/ml) were 40% lower than those in wild-type mice (39.5 pg/ml). Following water deprivation, plasma AVP levels in ApelinR-/- and wild-type mice were similar (52.9 and 57.7 pg/ml respectively). This showed that water deprivation increased plasma AVP levels by 127% in ApelinR-/- mice whereas only by 46% in wild-type mice.

The authors also showed that treatment with dDAVP increased urinary osmolality more efficiently (+29%) in wild-type mice than in ApelinR-/- mice. These observations suggest that the defect in water metabolism observed in ApelinR-/- mice is not due to a decrease in plasma AVP levels but may result from a deficiency at the kidney level, like a decrease in the density of renal V2-R binding sites or in the signaling response of the V2R which remains to be investigated. These data are not in line with the aquaretic effect of apelin and apelin analogs (38, 82, 83, 86, 87, 91) but it cannot be excluded that the total absence of ApelinRs during fetal and adult life could elicit compensatory mechanisms, leading to these opposite effects on urine output and urine osmolality.



6.3 Opposite Patterns of Vasopressin and Apelin Regulation Following Water Deprivation


6.3.1 In Rodents

The colocalization of apelin and AVP, and their opposite actions on diuresis raise questions about the regulation of these peptides to maintain body fluid homeostasis.

Following water deprivation in rodents, AVP is released into the bloodstream more rapidly that it is synthesized, causing a depletion of AVP neuronal content in magnocellular vasopressinergic neurons (92). In parallel, water deprivation decreases plasma apelin levels and induces an increase in apelin neuronal content in magnocellular vasopressinergic neurons (11, 56). Thus, following water deprivation, apelin accumulates in the vasopressinergic neurons rather than being released. This increase in apelin neuronal content observed in dehydrated rats is markedly reduced by the i.c.v. administration of a selective V1 receptor antagonist, whereas the i.c.v. infusion of AVP has effects on neuronal apelin concentration similar to those of dehydration, this effect being selectively blocked by the co-administration of a V1 receptor antagonist (56). The apelin and AVP responses to dehydration are, therefore, opposite (11, 92). These results imply that AVP and apelin are released separately by the magnocellular vasopressinergic neurons by which they are produced. Consistent with this hypothesis, double-immunolabeling confocal microscopy studies have shown that a large proportion of apelin immunoreactivity colocalizes with AVP in magnocellular neurons in the SON and the PVN, although these two peptides are found in different subcellular compartments (11, 56).

These studies show that the cross-regulation of apelin and AVP, in response to osmotic stimuli, has a physiological purpose: the maintenance of water balance in the body, through the prevention of water excretion by the kidney after water deprivation, and the promotion of water excretion after water loading.



6.3.2 In Humans

Such cross-regulation of apelin and AVP in response to osmotic stimuli has also been studied in humans. The relationship between osmolality and plasma concentrations of apelin and AVP was investigated in healthy volunteers (12) after the infusion of hypertonic saline for 2 h to increase plasma osmolality or after 30 minutes of oral water loading to decrease plasma osmolality.

Increases in plasma osmolality were accompanied by a simultaneous increase in plasma AVP levels and a decrease in plasma apelin levels. Conversely, decreases in plasma osmolality led to lower plasma AVP levels and a rapid increase in plasma apelin levels (12). These observations are consistent with plasma osmolality acting as a major physiological regulator of plasma apelin levels in humans. Furthermore, the opposite patterns of apelin and AVP regulation by osmotic stimuli in humans are consistent with findings for rodents subjected to water deprivation. This strongly suggests that, like AVP, apelin participates in the maintenance of body fluid homeostasis in humans, as it does in rodents. Apelin and AVP can therefore be seen as the yin and yang of body fluid homeostasis.





7 The Apelin/AVP Balance and Hyponatremia


7.1 Hyponatremia

Hyponatremia, defined by a plasma sodium concentration below 135 mmol/l, is the most common electrolyte disorder in hospitalized patients. Various conditions have been associated with hyponatremia, including chronic heart failure, chronic kidney disease, liver cirrhosis, diuretic treatment and the Syndrome of Inappropriate Antidiuresis (SIAD), in which AVP secretion occurs in the absence of an osmotic or hemodynamic abnormality (93). It is important to recognize hyponatremia, because this condition is associated with high mortality rates (94–96) and can be a marker of underlying disease.



7.2 Syndrome of Inappropriate Antidiuresis

SIAD, previously known as the syndrome of inappropriate secretion of antidiuretic hormone (SIADH), is the most frequent cause of hyponatremia. Many clinical conditions may cause SIAD, including tumors, which may secrete AVP ectopically, central nervous system disorders and pulmonary diseases. SIAD may also result from the induction of increases in AVP secretion by various drugs, including tricyclic antidepressants, serotonin reuptake inhibitors and opiates, and/or from potentiation of the effects of AVP by drugs such as carbamazepine, chlorpropamide and non-steroidal anti-inflammatory drugs (97).

In SIAD, plasma AVP levels increase in a manner that is inappropriate relative to plasma osmolality (93). By acting on V2-R present in the CD of kidneys, the increased AVP levels stimulate cAMP production, leading to the insertion of AQP2 into the apical membrane of CD, resulting in higher levels of water reabsorption, lower levels of diuresis, and hyponatremia. Hyponatremia causes water entry into the cells due to the hypotonic state (98). Its symptoms result mostly from the enlargement of cells in the central nervous system, and their severity is dependent on serum sodium concentration. Severe symptoms, such as coma, convulsions, and respiratory arrest are usually associated with acute-onset severe hyponatremia. Less severe symptoms, such as headache, irritability, nausea/vomiting, mental slowing, and confusion, are observed in chronic hyponatremia (99).

Plasma apelin and AVP levels are regulated in opposite manners by osmotic stimuli in healthy subjects; this observation led to investigate the apelin response to the AVP osmoregulation defect in SIAD (100). In SIAD patients, sex- and age-adjusted plasma levels for apelin and copeptin (a biomarker of AVP release into the bloodstream in humans) are 26% and 75% higher, respectively, than those in healthy subjects (100). In 86% of SIAD patients, the plasma apelin/copeptin ratio lies outside the predicted range, highlighting the primary osmoregulatory defect in these patients. The abnormal apelin/AVP balance in hyponatremic SIAD patients may contribute to water retention (100). This has led to hypothesize that activation of the ApelinR with an ApelinR agonist might counteract AVP-induced water reabsorption, thereby correcting hyponatremia.



7.3 Effects of the Metabolically Stable Apelin-17 Analog LIT01-196 in an Experimental Model of Hyponatremia


7.3.1 Development and Pharmacological Properties of LIT01-196

Endogenous apelin peptides have a short half-life in vivo. Gerbier et al. showed that K17F and pE13F have half-lives in mouse plasma of 4.6 and 7.2 minutes, respectively (38), and Murza et al. showed that pE13F has a half-life of 14 minutes in rat plasma (101). For apelin-36, Japp et al. suggested, based on experiments conducted in healthy human subjects, that the half-life of apelin-36 is less than five minutes (102). The half-life of K17F in vivo in the bloodstream after intravenous administration is 44 s in mice and 50 s in rats (86). These short half-lives result from the rapid metabolism of apelins by enzymes, such as ACE2 and NEP 24.11 (16, 17).

The short half-life of apelin in vivo has encouraged the development of metabolically stable apelin analogs for potential therapeutic applications. Numerous approaches (Table 1), such as PEGylation (107–109, 112, 113), synthetic modifications to the RPRL motif of apelin (18), palmitoylation and the use of unnatural amino acids (38, 103, 107, 114, 115), or main-chain modifications (cyclization) (106, 116, 117), have now been used to increase the half-life of apelin peptides. Recent studies have reported the development of nonpeptidic ApelinR agonists that mimic the signaling properties of apelin, some of them are orally active (Table 1) (104, 110, 111).


Table 1 | Development of Apelin-R agonists.



Most studies aiming to develop apelin analogs have focused on pE13F (38, 103, 105, 106, 115–117) and apelin-36 (108, 109, 112) (Table 1). However, K17F, which has an affinity 10 times higher than that of pE13F for human ApelinR, induces β-arrestin recruitment and the internalization of the rat ApelinR 10 to 30 times more strongly than pE13F, and also decreases arterial BP more effectively (29, 38).

Following these findings, metabolically stable K17F analogs have recently been developed (38, 107). Gerbier et al. used an original strategy for improving the protection of endogenous peptides against enzymatic degradation, based on the introduction of a fluorocarbon chain (FC) directly into the N-terminal part of K17F, generating LIT01-196 (Figure 4). This compound has a high affinity for the ApelinR (Ki = 0.08 nM) and is much more stable in plasma (half-life >24 h) than K17F (4.6 min). LIT01-196 is remarkably resistant to plasma degrading-enzymes, with >90% of the peptide remaining unmodified after 24 h of incubation with mouse plasma at 37°C. LIT01-196 displays full agonist activity for cAMP production, ERK1/2 phosphorylation (nanomolar range), β-arrestin recruitment and the induction of ApelinR internalization (subnanomolar range) (38). Moreover, LIT01-196 has an in vivo half-life of 28 min in the bloodstream (versus 50 sec for K17F) after intravenous administration and 156 min after s.c. administration in alert control rats and was shown not to enter the brain after s.c. administration (38). The increase of the in vivo half-life of LIT01-196 in the blood circulation is probably due to the 69% binding of LIT01-196 to plasma proteins leading to the protection from enzymatic degradation and the reduction of renal clearance (38).




Figure 4 | Proposed model of the effects of LIT01-196 on the principal cells of the collecting duct in SIAD. (A) Chemical structure of LIT01-196. (B) Schematic representation of the apelin and vasopressin (AVP). (B) Schematic representation of the apelin and vasopressin (AVP) receptors signaling pathways in the principal cells of the collecting duct (CD). Signaling pathways in the principal cells of the collecting duct (CD). In SIAD, the increase in AVP secretion is inadequate relative to plasma osmolality leading to hyponatremia. Consequently, there is an abnormal apelin/AVP balance in hyponatremic SIAD patients which contributes to water retention. By acting on V2 receptors (V2-R) present in the principal cells of the CD, the increased AVP levels stimulate cAMP production, leading to the insertion of aquaporin 2 (AQP2) into the apical membrane of CD, resulting in higher levels of water reabsorption (H2O), lower levels of diuresis, and hyponatremia. In SIAD, LIT01-196, by acting on the ApelinR present in the CD, re-establishes the “AVP/(apelin + LIT01-196)” balance and inhibits AVP-induced cAMP production, thereby inhibiting the insertion of AQP2 into the apical membrane of the CD, resulting in the inhibition of water reabsorption by the kidney and an increase in aqueous diuresis. As previously described, tolvaptan, by blocking the action of AVP on the V2-R, induces a similar increase in aqueous diuresis. Figure adapted from (86) with permission from the copyright holders.





7.3.2 Effects of LIT01-196 on AVP Release and AVP-Induced Antidiuresis in Control Animals

The central administration of LIT01-196 significantly decreases dehydration-induced systemic AVP release, and is 160 times more effective than K17F (38). These data suggest that LIT01-196 after i.c.v injection, like K17F, rapidly reaches the hypothalamic structures, the PVN and the SON, to stimulate the ApelinR expressed by AVP neurons, inhibit AVP release into the bloodstream and increase diuresis.

The effects of LIT01-196 were then investigated at the kidney level. First, in vitro in mpkCCD cells, LIT01-196 decreases dDAVP-induced cAMP production and apical cell surface expression of phosphorylated AQP2. These data suggested that systemic LIT01-196 administration in rats could induce like K17F an increase in aqueous diuresis. Indeed, LIT01-196 and tolvaptan (a V2-R) used as a reference aquaretic agent, administered at an equimolar dose of 900 nmol/kg by s.c. route, increase 24 h urine output similarly, by 79% and 77%, respectively, and decrease urinary osmolality by 52% and 40%, respectively, in control rats with normal natremia (86). This increase in urine output is associated with a significant increase in water intake in the tolvaptan group (+37%) and a slight increase in water intake in the LIT01-196 group (+11%). The sodium excretion fraction is unaffected by the administration of LIT01-196 or tolvaptan (86). These data suggest that LIT01-196 inhibits AVP-induced cAMP production in the CD, thereby inhibiting the insertion of AQP2 into the apical membrane, inhibiting water reabsorption by the kidney and increasing aqueous diuresis (Figure 4). Moreover, repeated s.c. administrations of LIT01-196 are not associated with renal failure or histological alterations of the kidney, and no change in plasma sodium, potassium, and glucose levels are observed in control rats (86).

On the other hand, LIT01-196 induces, like K17F, a vasorelaxation of the rat juxtamedullary arterioles that give rise to the vasa recta (38), suggesting that LIT01-196 can, like K17F, increase medullary blood flow and, therefore, diuresis (35). Thus, through its central and renal effects, LIT01-196 appears to be an effective aqueous diuretic of potential value for the treatment of water retention and hyponatremia.



7.3.3 Effects of LIT01-196 on AVP-Induced Antidiuresis in an Experimental Model of Hyponatremia

In rats, the continuous s.c. infusion of AVP (30 ng/h) for four days, together with a semi-liquid diet, led to a decrease in urine output, an increase in urine osmolality and a decrease in plasma sodium levels, which stabilized at about 100 mmol/l for two to four days after the initiation of infusion.

The administration of LIT01-196 (900 nmol/kg, s.c.) for two days in this rat model of hyponatremia, by re-establishing the “AVP/(apelin + LIT01-196)” balance, inhibited the effects of AVP on urine output and urine osmolality effectively, and induced a progressive correction of plasma sodium levels (86) (Figure 4). In addition, chronic treatment with LIT01-196 is not associated with renal failure or histological alterations of the kidney, and no change in plasma sodium, potassium, and glucose levels is observed in control rats.

As expected from previous work (118), tolvaptan at the same equimolar dose (900 nmol/kg) also inhibits the antidiuretic effect of AVP. However, increasing the dose of tolvaptan results in an even larger increase in urine output, whereas increasing the dose of LIT01-196 did not. It can, therefore, be hypothesized that activating the ApelinR with a metabolically stable apelin analog, thereby re-establishing the apelin/AVP balance in the CD, rather than blocking the effects of AVP with V2-R antagonists, may result in less severe polyuria and may be better tolerated than V2-R antagonists. Moreover treatment by metabolically stable apelin analogs, may be also useful for the treatment of autosomal dominant polycystic kidney disease (ADPKD) (119) a disorder linked to excessive AVP secretion, since chronic treatment with tolvaptan, although effective, may be associated with intense thirst, polyuria (24 h diuresis around 6 L/day), nocturia (120) and a rapid plasma sodium concentration correction (121, 122). A too rapid plasma sodium correction in chronic hyponatremia can lead to osmotic demyelination, a severe neurological complication (123). Another situation where the apelin analogs would be useful in hyponatremic patients with hepatic insufficiency in whom the use of V2-R antagonists is contraindicated, due to their long-term hepatotoxic effect (124, 125).

Another application for metabolically stable apelin analogs could be in the nephrogenic syndrome of inappropriate antidiuresis (NSIAD). Gain-of-function mutations of the V2R are responsible for NSIAD. Patients with NSIAD have reduced free water excretion and concentrated urine despite hyponatremia and low or undetectable circulating AVP levels (126). This was due to substitution in the V2R sequence, of the arginine residue in position 137 by either a leucine or a cysteine (R137L/C) or the phenylalanine in position 229 by a valine (F229V) (127, 128). R137C was found to be the most frequent mutation. In absence of AVP, both R137L and R137C mutants displayed constitutive cAMP production and a high rate of arrestin-dependent constitutive internalization (128, 129). In vitro studies have shown that tolvaptan and satavaptan do not reduce constitutive increase of cAMP levels in R137L/C variants (130, 131). In line with in vitro data, a patient carrying the R137L did not respond to the administration of these V2R antagonists (132). The use of a metabolically stable apelin analog in the management of NSIAD could be of potential therapeutic interest since by activating the ApelinR, it will reduces cAMP production, reducing the insertion of AQP-2 at the apical membrane of collecting duct cells, thus decreasing water reabsorption and increasing urine output (84, 86).

This remains to be evaluated in further experimental studies and clinical trials. The various physiological effects associated with ApelinR activation result from the activation of different signaling pathways. The development of biased metabolically stable apelin-17 analogs targeting only the Gi signaling pathway might, therefore, increase their specificity of action for water metabolism.





8 Cardiovascular Actions of Apelin

Apelin has a wide range of physiological effects. Apelin plays a role in the cardiovascular system, acting on the endothelium of human mammary artery, human splanchnic arteries or rat glomerular arterioles and inducing vasodilation by increasing nitric oxide (NO) (35, 133, 134). In contrast, apelin exerts a direct vasoconstrictive effect on vascular smooth muscle cells in endothelium-denuded arteries (14, 135–137). Several in vivo studies have reported that different apelin analogs or apelinomimetics induce a rapid and dose-dependent reduction in BP, always mediated by NO (22, 29, 36, 46, 133, 138). This vasodilatory effect has also been observed in humans, where infusions of apelin-13 and apelin-36 result in a dose-dependent and NO-dependent arteriolar vasodilation in the forearm (106, 139). In healthy volunteers, apelin-13 induces a decrease in arterial BP, peripheral vascular resistance and induced a slight increase in heart rate which was probably a compensatory effect to the decrease in BP (102).

At the cardiac level, apelin is the most potent endogenous positive inotropic peptide discovered to date (140–142). Apelin reduces cardiac preload and afterload (143). Apelin also increases conduction velocity in cardiomyocytes and induces a shortening of action potential in atrial myocytes (144, 145). Apelin potently inhibited AngII-induced atrial fibrosis and subsequent vulnerability to atrial fibrillation induction (146). Administration of apelin or a small molecule apelinR agonist increases cardiac output in vivo in rodents (111, 147). Administration of apelin or apelin analogs in rodents post-myocardial infarction improved functional recovery and reduced infarct size, most likely due to increase NO production and angiogenesis (110, 148–150). Administration of apelin for 2 weeks after aortic banding prevented cardiac remodeling by inhibiting myocyte hypertrophy, cardiac fibrosis and ventricular dysfunction (151). In heart failure patients, acute administration of apelin, by intravenous route, increases cardiac output and left ventricular ejection fraction while reducing blood pressure and vascular resistance (102, 152). Apelin-knockout mice develop progressive impairment of cardiac contractility associated with systolic dysfunction in the absence of histological abnormalities. Importantly, pressure overload- induced heart failure is also more severe in apelin-deficient mice (153). Moreover, infusion of apelin using osmotic minipumps for 2 weeks in apelin-deficient mice restored the impaired cardiac function to that of wild-type mice (154).

Therefore, the use of ApelinR agonists may constitute a new therapeutic approach for the treatment of heart failure by increasing aqueous diuresis and cardiac contractility while decreasing vascular resistance.



9 Conclusion and Perspectives

The identification of apelin as the endogenous ligand of the orphan receptor APJ constituted an important step in basic research, with clinical implications. In animal models, experimental data have shown that the central injection of apelin into lactating rats inhibits the phasic electrical activity of AVP neurons, reduces plasma AVP levels, and increases aqueous diuresis. In the kidney, apelin increases aqueous diuresis by increasing renal blood flow and by counteracting the antidiuretic effect of AVP in the kidney at the tubular level. Following water deprivation or dehydration, in humans and rodents, AVP and apelin are conversely regulated, to facilitate systemic AVP release and to prevent additional water loss in the kidney. Moreover following water loading, AVP and apelin display an opposite pattern of regulation to facilitate systemic apelin release and increase aqueous diuresis to re-establish a water balance face to water overload. The available data show that AVP and apelin play a crucial role in maintaining body fluid homeostasis in humans and rodents. SIAD patients have an altered apelin-to-copeptin balance, contributing to the water metabolism defect. Apelin-R activation by a metabolically stable apelin-17 analog, LIT01-196, may constitute a promising therapeutic approach for the treatment of SIAD, by inhibiting the antidiuretic effect of AVP, increasing urine output, decreasing urine osmolality, moderately enhancing water intake, and progressively correcting hyponatremia.
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Since its discovery as a novel gonadotropin inhibitory peptide in 2000, the central and peripheral roles played by gonadotropin-inhibiting hormone (GnIH) have been significantly expanded. This is highlighted by the wide distribution of its receptor (GnIH-R) within the brain and throughout multiple peripheral organs and tissues. Furthermore, as GnIH is part of the wider RF-amide peptides family, many orthologues have been characterized across vertebrate species, and due to the promiscuity between ligands and receptors within this family, confusion over the nomenclature and function has arisen. In this review, we intend to first clarify the nomenclature, prevalence, and distribution of the GnIH-Rs, and by reviewing specific localization and ligand availability, we propose an integrative role for GnIH in the coordination of reproductive and metabolic processes. Specifically, we propose that GnIH participates in the central regulation of feed intake while modulating the impact of thyroid hormones and the stress axis to allow active reproduction to proceed depending on the availability of resources. Furthermore, beyond the central nervous system, we also propose a peripheral role for GnIH in the control of glucose and lipid metabolism at the level of the liver, pancreas, and adipose tissue. Taken together, evidence from the literature strongly suggests that, in fact, the inhibitory effect of GnIH on the reproductive axis is based on the integration of environmental cues and internal metabolic status.
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Introduction

Following the initial discovery of gonadotropin-inhibiting hormone (GnIH) in quail over 20 years ago (1), homologues have been identified and characterized in multiple vertebrate species ranging from fish to mammals (for review: 2, 3). Structurally, GnIH and its homologues belong to the broader RF-amide peptides family with a unique LPXRFa (X=L or Q) C-terminal motif. As is the case for many novel peptides, GnIH was named after its reported inhibitory effects on gonadotropin release in quail. In fact, GnIH was the first hypothalamic peptide reported to exert an anti-gonadotrophic effect in any vertebrate species (1). Specifically, GnIH was shown to directly inhibit gonadotropin-releasing hormone (GnRH) release via the GnIH receptor (GnIH-R; 4), as well as downregulate luteinizing hormone beta-subunit (LHβ) mRNA levels (5) and inhibit its release (1) from the anterior pituitary gland. However, the role of GnIH on follicle-stimulating hormone beta-subunit (FSHβ) has been more ambiguous, as studies in quail have revealed no impact on mRNA levels (5) or FSH release (1), while both were suppressed in cultured cockerel pituitaries (6). Interestingly, although this effect was further confirmed in other avian species and extensively reviewed (7–11), it is less evident in mammals and remains controversial, especially as it relates to puberty (12). Beyond the reproductive axis, GnIH and its receptor have also been shown to participate in the control of energy homeostasis and nutrient partitioning through regulation of appetite control, glycemia, adipose, thyroid activity, and the stress response. Furthermore, since the GnIH-R in mammals is also activated by neuropeptide FF (NPFF), it has been shown to modulate nociception, although via activation by NPFF rather than GnIH (13). In this review, based on tissue distribution, cellular localization, and ligand availability, we explore the integrative neuroendocrine function of GnIH and its receptor to coordinate reproduction and energy homeostasis in response to multiple internal and external cues.



Nomenclature of GnIH-R and its Ligands

Throughout the literature, while GnIH was originally named for its identified role in quail (1), orthologs in mammalian species are commonly annotated as LPXRFa peptides or RFamide-related peptides (RFRPs), specifically RFRP-3 (14). Additional annotations also used in the literature include neuropeptide VF (NPVF) and neuropeptide SF (NPSF) (15, 16). Similarly, receptors are often named after their known ligands, or when the ligand is unknown, based on the receptor type, genomic, and phylogenic information. In the case of RFamide peptides, this is further complicated by the promiscuity between receptors and ligands (for review: 17). As a result, non-avian GnIH-Rs are also referred to as Neuropeptide-FF receptor 1 (NPFF-R1) (13), receptor OT7T022 (15), and RFRP-R (7). In addition, based on the nomenclature of G protein-coupled receptors (GPR), the GnIH-R is known as GPR147 (18). In fact, despite the confusing nomenclature surrounding GnIH-Rs, it is now well accepted that the primary receptor for GnIH is GPR147, while another candidate, GPR74 (referred to as HLWAR77 or NPFF-R2), which is present in most vertebrates with the exception of fish (2, 19), displays a lower affinity for GnIH and may actually be more specific to NPFF (7, 8, 13, 16, 20). This preferential binding of NPFF to GPR74 also extends to the ligands neuropeptide AF (NPAF) and RFRP-1 (21). Thus, whenever possible for simplicity and coherence, we opted to refer to both ligand and receptors as GnIH and GnIH-Rs, respectively.



GnIH-Rs Structure, Intracellular Signalling and Ligand Selectivity

To date, GnIH-Rs have been cloned or deduced from genomic databases across many vertebrate species (Table 1), including teleosts, aves, and mammals (for review: 2), and although most species possess a single GnIH-R, up to three paralogues have been reported in Goldfish (Carassius auratus; 49), Zebrafish (Danio rerio; 51), common carp (Cyprinus Carpio; 54) and more recently, the Indian Major Carp (Labeo Catla) in which GnIH-R paralogues were shown to belong to the GPR147 group, although forming their own subclade separate from mammalian and avian GPR147 (61). Interestingly, despite these differences in phylogeny, these GnIH-R paralogues have been reported to play similar roles in reproduction, as outlined throughout Table 1.


Table 1 | List of GnIH-Rs orthologues across vertebrate species with localization and reported function.



Like all GPCRs, GnIH-Rs are composed of seven interconnected transmembrane domains along with an N-terminal extracellular and a C-terminal intracellular tail. Following the original identification of the human GnIH-R, transfection studies in Chinese Hamster Ovary (CHO) cells revealed that activation of the receptor results in decreased forskolin-induced cAMP accumulation, while no effect on Ca2+ mediated signaling was observed, suggesting inhibition of adenylyl cyclase, and thus coupling to Gαi or Gαo (15). The specific inhibition of forskolin-induced cAMP accumulation in CHO cells transfected with the human GnIH-R was further confirmed by Mollereau et al. (62). Similarly, in chickens, initial studies suggested GnIH could modulate the levels of Gαi2 mRNA in COS-7 cells transiently transfected with the GnIH-R, suggesting activation of Gαi (7). This was later confirmed in vitro as GnIH was shown to block forskolin-induced cAMP accumulation in GH3 cells (a rat pituitary somatolactotrope line) transiently transfected with the chicken receptor (44). In addition, in this study, co-transfection of the chicken GnIH-R and gonadotropin-releasing hormone receptor III (GnRH-RIII) showed that activation of the GnIH-R resulted in the reduction of GnRH-induced cAMP response in a receptor ratio-dependent manner, suggesting a direct interaction between the signaling of both GnIH-R and GnRH-RIII in chickens (44).

In fish, the intracellular signaling pathways used by GnIH-Rs have also been studied in vitro (for review: 63). Although, in tilapia, activation of the GnIH-R with LPXRFa-2 was shown to stimulate reporter constructs for both PKA and PKC suggesting coupling to Gαs and Gαq (56), stimulation of all three zebrafish GnIH-Rs (LPXRF-R1, LPXRF-R2 LPXRF-R3) transfected in COS-7 cells failed to activate reporter constructs for PKC while LPXRF-R2 and LPXRF-R3 exhibited a dose-response activation of reporter constructs for PKA, suggesting exclusive coupling to Gαs (52). However, inhibition of cAMP accumulation was not measured in the above-mentioned studies. Further investigation in CHO cells demonstrated that both human NPFF-Rs (including GnIH-R or NPFF-R1) couple to Gαi3 and Gαs as the primary transducers, with NPFF-R2, additionally coupled to Gαi2 and Gα (64). This suggests that ligand binding could result in opposing signaling pathways and may in part explain the conflicting results outlined in Table 1. Interestingly, studies in mammals showed that although GnIH orthologues are the preferential ligand for GnIH-R, other members of the RFamide family can also bind and activate it. For example, the human GnIH-R was shown to also bind several other endogenous peptides possessing an FLFQPQRFa sequence, although with lower affinity (62). In fact, cross-activation of receptors by multiple members of the RFamide family commonly occurs, as demonstrated by kisspeptin-10 and kisspeptin-54 shown to bind and activate both NPFF receptors, including the GnIH-R. In any case, this resulted in increased Ca2+ mobilization and decreased cAMP accumulation, confirming the coupling of mammalian GnIH-Rs to both Gαq/11 and Gαi/o (65).

Interestingly, in the case of kisspeptin, the cross-activation appears to be unidirectional, as GnIH orthologues failed to significantly bind to and activate GPR54, the known receptor to kisspeptin (65). As RFamides and their receptors have significant clinical implications in humans, specific agonists and antagonists have been designed over the years. However, as for their native ligand, specificity may be an issue due to the promiscuity of NPFF-Rs (for review: 17). As a matter of fact, known agonists of GPR54 were shown to also bind to the GnIH-R and elicit intracellular Ca2+ mobilization, although they failed to mediate a decrease in cAMP accumulation (65). This suggests that while mammalian GnIH-Rs can couple to both Gαq/11 and Gαi/o, the activation of downstream signaling is dependent on the ligand. In fact, this lack of receptor subtype selectivity can be a significant challenge for the development of therapeutics, as recently discussed by Nguyen et al. (66).

Nonetheless, beyond therapeutic applications, the promiscuity of ligands for NPFF-Rs have significantly widened the physiological relevance of RF-amide peptides, including GnIH. For example, NPFF has a strong affinity for the GnIH-R (13), suggesting that the physiological impacts of GnIH-R activation depend on receptor localization and ligand availability. In mammals, particular attention has been placed on the role of NPFF and its receptors on modulating nociception, especially as it relates to opioid-induced analgesia (67, 68). Interestingly, the distribution of GnIH-R (NPFF-R1) and NPFF-R2 within the central nervous system differs amongst mammalian species (13), further highlighting the importance of both the presence of receptors and ligand availability. Nonetheless, the presence of GnIH-Rs throughout the hypothalamus suggests involvement in multiple neuroendocrine processes, and while GnIH was first identified as an inhibitory hypothalamic peptide on reproduction (1), it has since been shown to also participate in behavior, stress, and metabolism (for review: 3), all associated with energy balance and nutrient partitioning.



GnIH and Its Receptor in the Brain, Involvement in Multiple Neuroendocrine Systems

Since its discovery, GnIH has been localized throughout the brain of many species, especially the diencephalon and mesencephalon, with particular emphasis on the hypothalamic region (4, 27, 69, 70). Despite some variations among species, GnIH perikarya have been located in the paraventricular nucleus (PVN) of quail (71, 72) and many other wild bird species (18, 73–75), the dorsomedial hypothalamic area (DMH) in hamsters and mice (14, 27), the periventricular nucleus (PerVN) in rats (15), and the dorsomedial nucleus, as well as the PVN in sheep (76). Neuronal projections have also been identified extending throughout the brain, including the preoptic area (POA), lateral septum, arcuate nucleus (ARC), and anterior hypothalamus in mammals (14, 70, 77, 78). Similar to the expression patterns of GnIH, GnIH-R is expressed throughout the hypothalamus, specifically in the POA, rostral periventricular area of the third ventricle (RP3V) and ARC. With further expression in the pituitary gland (38), this widespread localization within the hypothalamic area strongly suggests multiple neuroendocrine functions. However, the expression of GnIH and its receptor in the ARC is of particular interest, as this area is involved in the regulation of both reproduction and energy homeostasis (reviewed by: 79), which is further discussed below.


Neuroendocrine Control of Reproduction


Seasonal Breeders


Long Day (LD) Breeders

Species such as chickens, deer, horses, and fish such as salmon, carp, seabass, tilapia, goldfish, and grass puffer (50, 59, 80–90), are diurnal seasonal breeders known to be reproductively active under long day lengths. Since the first species in which GnIH was identified was the quail (1), most of the early research on the effect of GnIH on reproduction involved avian species and the relationship with photoperiodicity. Specifically, an increase in melatonin released by the pineal gland and retina of the eye during the dark period results in an elevation of GnIH synthesis and release from the hypothalamus (86). In turn, binding of GnIH to its receptor on GnRH-containing neurons inhibits GnRH synthesis and release, while binding to its receptor in the anterior pituitary directly inhibits the production of gonadotropins (5). This inhibition of LH secretion was further confirmed in several other avian species, including chickens, white-crowned sparrows, and quail (5, 73, 91). As in avian species, the photoperiodic control of reproduction in many fish species is regulated by melatonin released from the retina of the eye and the pineal gland (Review by: 88), suggesting a common mechanism involving GnIH. As a matter of fact, administration of GnIH-3 downregulates GnRH and LHβ mRNA levels in goldfish (48), clownfish (57), zebrafish (52), and sole fish (92). Additionally, GnIH-3 administration decreases the expression of GnRH-I in the orange-spotted grouper (19), while in the common carp, expression of both LHβ and FSHβ are downregulated (54). Conversely, in the sockeye salmon, in vitro stimulation of pituitary cells with all three GnIH orthologs induced an elevation in FSH and LH release (93), while in vitro treatment of grasspuffer fish pituitary cells with goldfish GnIH resulted in an elevation in FSHβ and LHβ subunit mRNA levels (59). Interestingly, the inhibitory effects of GnIH on gonadotropins were observed upon in vivo treatment, while the stimulatory effects were obtained in vitro using primary pituitary cell cultures and would need to be further confirmed in vivo.

In avian species, upon photostimulation, decreasing levels of melatonin result in a decrease in GnIH synthesis, thus lifting the inhibition on the hypothalamic-pituitary-gonadal (HPG) axis and allowing for the release of GnRH and the subsequent activation of pituitary gonadotropes (94, 95). Interestingly, in chickens, once the axis has been activated, ovarian production of estradiol downregulates the expression of the GnIH-R in the pituitary gland (46), thus switching the sensitivity of the adenohypophysis in favor of stimulatory inputs (44, 94).

In nocturnal species, such as hamsters, studies on the role of GnIH frequently resulted in conflicting results, with both stimulatory and inhibitory effects reported (96, 97). This is possibly due to the contrasting role of melatonin in these species, with elevated levels during the dark phase contributing to heightened activity. In fact, central administration of GnIH stimulated the HPG axis of Syrian and Siberian male hamsters exposed to short day (SD) lengths, with GnIH triggering the release of LH (27, 98). However, when male Siberian hamsters were exposed to long day (LD) lengths, GnIH administration led to an inhibition of LH release (27). Additionally, gonadotropin production was suppressed in female Syrian hamster following intracerebroventricular (ICV) injection of GnIH, with no day length effect reported in this study (14). Therefore, additional sex-specific differences may be at play in this species as GnIH-R mRNA levels were reported to be higher in females than males across all tissues examined (23). However, GnIH-R mRNA levels were consistently elevated in hamsters maintained under LD versus SD, regardless of sex (23), suggesting differential regulation of GnIH and GnIH-R by melatonin and/or photoperiod compared to diurnal breeders. Nonetheless, in the same study, GnIH fibres were found to be more abundant in females under SD than LD, while no changes were observed in males (23). Interestingly, in ovariectomized Syrian hamsters, it has been suggested that time of day is critical in the determination of the sensitivity of the HPG axis to GnIH administration, with GnIH-R and LHβ mRNA levels exclusively downregulated when ICV injection occurred in the afternoon, while morning administration had no effect (97). This is consistent with the established model of diurnal, seasonal breeders and the timing of the LH surge as GnIH-ir cells significantly declined at the time of the surge in Syrian hamsters (25).



Short Day (SD) Breeders

In the case of short-day seasonal breeders such as the rhesus monkey, elevated melatonin levels lead to the advancement of puberty and the presentation of sexual cues (99). In this species, GnIH mRNA levels were upregulated in the pre-pubertal phase, and due to the association with GnRH during this period, it has been suggested that the inhibitory activity of GnIH contributes to the pulsatility and reduced firing rate of GnRH neurons, maintaining reproduction in an inactive state (31, 100). Furthermore, GnIH and its receptor were observed to be highest in adults (31). In sheep, GnIH treatment has also been shown to reduce the synthesis and release of gonadotropins (76, 101), and more recently, the use of a GnIH-R antagonist, RF9, resulted in the stimulation of gonadotropin production in ewes (102). However, upon further investigation, RF9 was not only found to be nonspecific to NPFF-R1 (GnIH-R) and NPFF-R2, but also acted as an agonist of GPR54, which could have resulted in the stimulation of LH release (103). To overcome the lack of specificity, additional antagonists were developed, with RF313 and GJ14 displaying moderate to high specificity for the GnIH-R with no impact on GPR54 (103, 104). In fact, while GJ14 does not impact forskolin-induced cAMP production, it was shown to block all effects of GnIH (103), making this receptor antagonist a valuable tool for future studies.




Non-Seasonal Breeders

Non-seasonal breeders include spontaneous ovulating species, such as humans, rats, mice, and naked mole rats, as well as induced ovulating species, such as the domestic cat. Unlike short-day and long-day breeders, the literature on non-seasonal breeders is more consistent, and GnIH and its receptor were shown to be present in all three levels of the HPG axis (13, 15, 30, 35, 105). Interestingly, puberty in humans has been hypothesized to be better anticipated by measuring the accumulation of fat rather than using age or environmental stimuli as a predictor (106). Therefore, it is not surprising that a direct role of GnIH on the hypothalamic control of reproduction appears to be substantially less critical than in seasonal breeders, as demonstrated by the reduced number of projections of GnIH neurons to GnRH neurons in the mouse (14) and GnIH projections to the median eminence (ME) in the rat and mouse (70, 77, 107). However, IV administration of GnIH still resulted in an inhibition of the GnRH-induced LH production in ovariectomized rats (107, 108). Although a decline in the expression of both GnIH and GnIH-R were reported around sexual maturation in male rats, while in females, the expression of GnIH increased and the expression of GnIH-R significantly declined between 28 and 49 days of age (36), again indicating a possible sex-related difference in the regulation of and sensitivity to GnIH. In naked mole rats, only dominant females can undergo spontaneous ovulation and breeding females display elevated numbers of kisspeptin cells while non-breeders presented an elevated number of GnIH cells (105). Beyond puberty and ovulation, GnIH levels in rats significantly declined immediately following parturition (109), likely playing a role in facilitating postpartum estrus in this species (110, 111). Thus, although the role of GnIH may be more discrete in non-seasonal breeders, the inhibitory impact on reproduction is still conserved.



Interaction With Kisspeptin and Its Receptor

Since its initial discovery as a novel gene in humans (112), kisspeptin, along with its receptor (GPR54/Kiss-1r; 113), was shown to control puberty and reproduction in mammals via direct stimulation of GnRH neurons (114–119). In fact, along with neurokinin B and dynorphin, kisspeptin is part of an intricate neuronal circuitry responsible for the pulsatile secretion of GnRH, referred to as the KNDy neurons (for review: 120). Interestingly, GnIH-Rs are expressed in 9-16% of RP3V kisspeptin neurons in rats (24), as well as in 5-10% of the anteroventral periventricular nucleus (AVPV) and 25% of ARC Kiss1 neurons in mice (121). Additionally, Kiss1 neurons in the ARC are in close proximity to GnIH fibres (121), suggesting that GnIH may directly inhibit a subset of kisspeptin neurons and thus inhibit reproduction (122), although a reciprocal effect was not identified (121). In mice, GnIH-R knockout (KO) resulted in a weaker disruption of LH secretion (123) compared to GPR54 KO (124). However, Kiss1 mRNA was found to increase in GnIH-R KO mice (123), and with 33% of GnRH neurons also expressing GnIH-R in rats, GnIH likely acts at multiple levels (GnRH and kisspeptin neurons) to inhibit GnRH synthesis and release (24). This is further supported by the similarities in expression patterns between GnIH-R and GPR54 as previously reported (15, 125).

In long-day breeders, shorter day lengths result in increased expression of GnIH due to higher melatonin (86), while the number of kisspeptin-positive cells in the ARC and Kiss1 mRNA levels decline (126–129). Interestingly, when hamsters maintained under a short-day length were treated with Kp10, maturation of the reproductive tract was observed, with organ weights comparable to that under long days (96), indicating that exogenous kisspeptin is able to override the need for photostimulation. As discussed further in the following sections, beyond photoperiod, switching the activity of the HPG axis from inhibitory to stimulatory may intimately be linked to metabolic status and the hypothalamic control of energy reserves and nutrient partitioning (130, 131). This is further supported as a relationship between kisspeptin, photoperiod, and food availability has previously been established in seasonal mammals (132).

Furthermore, as avian species require a significant shift in energy partitioning towards egg production, metabolic status may be the primary cue controlling the activation of the HPG axis (133). Thus, the absence of a Kp gene in several avian species (134, 135) may allow GnIH to take a central role in balancing energy status and reproduction.




Integration With the Central Regulation of Metabolic Processes


Regulation of Body Weight and Composition

The relationship between reproduction and body weight has been previously described in mammalian and avian species (133, 136–139), with a minimum body weight threshold required to initiate the activation of the HPG axis (140, 141). Prior to sexual maturation, animals undergo a rapid weight gain and growth phase while the HPG axis remains suppressed, possibly via elevated levels of GnIH. For example, moderate to high intraperitoneal doses of GnIH in mice were reported to evoke an increase in body mass (142), and chronic GnIH ICV injection elevated both body weight and feed intake in male mice (143). Initially, it was proposed that body weight was under the dual control of both GnIH and its stimulatory counterpart, as GnRH agonist treatment also resulted in a dose-dependent body mass gain in rats (144). However, the impact GnRH had on body weight was likely the outcome of a GnRH-stimulated increase in the expression of neuropeptide Y (NPY), as this peptide not only stimulates feed intake but has additionally been implicated in the preovulatory surge (145, 146). Furthermore, as described in the following section, more recent evidence suggests that beyond the central nervous system, GnIH can also influence body weight via direct control of adiposity in male mice, acting independently of reproductive steroids or the melanocortin system (96).

In view of the promiscuity between ligand and receptors from the RFamide peptide family, it is reasonable to question whether the impact of GnIH on body weight is mediated through its own receptor. This could partly be answered using GnIH-R KO, and in mice, inactivation of the GnIH-R resulted in significantly heavier females, yet it did not impact the weight of males (39), suggesting that the impact of GnIH on body weight is sex-dependent and most likely related to reproduction. Since in mammals, the GnIH-R was shown to couple to both Gαi3 and Gαs (64), the observed differences between males and females may point to a differential receptor activation and signalling between sexes (147). In fact, when GnIH-KO and control mice were fed high-fat diets (HFD) and low-fat diets (LFD), males displayed declined locomotor activity in both KO groups, while female mice in both KO groups demonstrated elevated fat mass over the control (39). However, regardless of sex, obese (ob/ob) mice displayed lower GnIH mRNA levels in the dorsal-medial nucleus than their wild-type counterparts (148). Taken together, these studies suggest that as proposed by Cázarez-Márquez et al. (96), the impact of GnIH and its receptor on body weight may be linked to adiposity, which is also intimately associated with reproduction. Back in 1974, Frisch and McArthur (106) postulated the ‘critical weight hypothesis,’ which states that the accumulation of body fat stores may be a better indicator of the timing of sexual maturation rather than age or body weight itself. This has further been confirmed in rats, as well as chickens, with insufficient fat stores resulting in pubertal delay (136, 149, 150) and diet-induced obesity resulting in declined reproductive capacity (151, 152). In a recent study, GnIH injections resulted in the elevation of serum total triglycerides and cholesterol (153), leading to increased uptake of triglycerides by the adipose tissue (142). Thus, it could be hypothesized that GnIH acts to control fat deposition in adipose tissue not only in immature animals but also in adults. This is partially supported by the association between GnIH-induced increased body weight and increased brown adipose tissue (BAT) mass and liver mass (143). However, although GnIH appears to stimulate fat deposition, male GnIH-R KO mice were not protected from body weight gain on a high-fat diet (39), and a lack of GnIH-R signalling did not prevent obesity. Additionally, with GnIH-stimulated feed intake reported to trigger dyslipidemia (153) and abnormal glucose metabolism (143, 154), GnIH may play a larger peripheral role in the control of metabolism than previously thought (discussed in a following section).



Regulation of Feed Intake via the Melanocortin System

It is well-established that the melanocortin system controls feed intake through the orexigenic peptides, neuropeptide Y (NPY) and agouti-related peptide (AgRP), and the anorexigenic peptides, pro-opiomelanocortin (POMC) and cocaine-and-amphetamine regulated transcript (CART) (155–160). Neurons from the melanocortin system have been localized throughout many regions of the hypothalamus (24, 161) and shown to be in close contact with GnIH neurons in the DMH, with GnIH-containing fibres projecting to the ARC and PVN in mice (77, 162). In fact, the orexigenic effect of GnIH is mediated through the modulation of POMC and NPY neuronal activity (24, 161, 163, 164), with POMC downregulated in the presence of GnIH (161, 164, 165). In GnIH-R KO male mice, POMC mRNA levels in the hypothalamus are elevated compared to wild type (39), further suggesting a direct role for GnIH and its receptor in the inhibition of the anorexigenic response. However, the direct role of GnIH on NPY appears to be more ambiguous (161, 164). In mice, GnIH has been reported to inhibit the neuronal activation of NPY (161), yet in chicks, sheep, and rats, GnIH was shown to stimulate NPY, prompting an increase in feed intake (165, 166). Nonetheless, whether acting on both branches of the melanocortin system or not, ICV administration of GnIH increases feeding duration (167) and overall feed intake in chickens and rats (70, 108, 165, 168). However, the injection of GnIH into the amygdala of rats also resulted in an opposite effect with the suppression of food intake (37). Interestingly, despite mediating increases in feed intake in sheep, GnIH administration did not result in a reduction in energy expenditure, as measured by calorimetry (166). This strongly suggests that the effect of GnIH on feed intake is not intended to achieve or restore energy homeostasis but may rather coordinate the partitioning of energy away from reproduction (169). However, chronic ICV injection of GnIH in mice did decrease energy expenditure and increased feed intake, contributing to a rapid decline in brown adipose tissues (BAT) activity prior to an accumulation in lipid droplets, thus elevating BAT deposition overall (143). This effect also resulted in a GnIH-induced decrease in core body temperature during short exposure to the dark phase, suggesting for the first time that GnIH contributes to the conservation of energy (143).

In songbirds and zebra finches, food deprivation results in a decline in the number of GnIH-ir cells (170), although no differences in mRNA or peptide were observed (171, 172). As hypothesized by Fraley et al. (167), this decrease in GnIH-ir cells following feed restriction is likely the result of chronic metabolic stress. Of interest, declining GnIH-ir cell numbers have been correlated to declining body mass in female songbirds (170). When GnIH-R deficient male mice underwent 12-h fasting, despite a large decline in body mass, no change in LH secretion was detected. Conversely, in their wild-type counterparts, an immediate decline in LH secretion occurred following a 12-h fasting (123). Taken together, these studies provide an alternative pathway by which GnIH is able to mediate feed-seeking behavior via body mass fluctuations (170).

Since the leptin receptor is co-expressed with NPY and POMC, leptin is also thought to regulate feed intake (173, 174). Thus, a possible integration between GnIH and leptin has been investigated. This led to the identification of the long form of the leptin receptor (LepRb), present on 15 to 20% of GnIH neurons (148). This finding highlights a possible pathway between GnIH and the regulation of adiposity via leptin and feed intake (175). With diminished levels of GnIH observed in the leptin-deficient ob/ob mice, a direct inhibition from leptin via the small subset of LepRb-expressing neurons is possible, yet alternative indirect hypotheses have also been proposed (148). However, leptin acts through the PKC-dependent pathway to promote intracellular Ca2+ signalling within GnIH neurons, thereby potentially eliciting an indirect effect on appetite control and an indirect negative feedback to GnRH neurons (176), which lack the LepRb (177). Thus, elevated circulating leptin results in a decline in GnIH activity (178), leading to low LH levels in ob/ob mice, resulting in infertility (179). However, reactivation of the HPG axis is possible with leptin treatment (180, 181), illustrating a possible multipronged link between metabolism and reproductive success (182, 183), with leptin additionally proposed as a regulator in the timing of puberty (184). Furthermore, as both leptin and GnIH activate the PI3K/Akt signalling pathway (185, 186), Anjum et al. (175) hypothesized that PI3K/Akt signalling in ventromedial nucleus of the hypothalamus (VHM) neurons is responsible for the coordination of energy homeostasis (further discussed in a following section).



GnIH and Central Ghrelin

In addition to the melanocortin system, ghrelin, a hormone traditionally referred to as the ‘hunger hormone,’ is also involved in the control of appetite. As for GnIH, ghrelin elicits a stimulatory effect on food intake and an inhibitory effect on gonadotropin secretion through the growth hormone secretagogue receptor (GHS-R) (187) present on GnRH neurons (188). While this hormone has been primarily linked to the gastrointestinal tract, it was also identified in the brain of chickens (189), mice, and rats (190, 191), pointing to a neuroendocrine role beyond the gut. Specifically, ghrelin-containing hypothalamic neurons have been proposed to interact with NPY and AgRP-containing neurons to stimulate the secretion of orexigenic peptides in rodents (190, 191). Beyond appetite control, ghrelin can also inhibit LH (192), and testosterone production through the inhibition of steroidogenic enzymes (193), contributing to the suppression of the HPG axis during periods of insufficient energy stores (reviewed by: 194). Interestingly, when fed a HFD, GnIH-R KO mice demonstrated a complete resistance to the central administration of ghrelin, failing to prompt an increased cumulative feed intake compared to their wild-type counterparts (39). This suggests that the effect of ghrelin on appetite control may be in part mediated via GnIH and its receptor. However, the suppression of ghrelin effects in GnIH-R KO was not sustained when mice were fed a LFD (39). Since it has previously been reported that rats fed a HFD do not display ghrelin-induced hyperphagia but do maintain the increased adiposity also observed in LFD-fed rats, ghrelin may utilize separate mechanisms to act on appetite and lipid metabolism (195). In fact, Anjum et al. (175) suggested that the ghrelin receptor involved in the brain may be different and not yet identified.




Integration With the Stress Response

The relationship between the hypothalamo-pituitary-adrenal (HPA) axis and GnIH has been previously established (Reviewed by: 196). GnIH neurons in the PVN are in direct contact with neurons containing corticotrophin releasing hormone (CRH); (163), which upon release, triggers the activation of the stress axis (197, 198). Furthermore, the CRH receptor 1 is expressed in 13% of GnIH neurons and its activation has been shown to elevate GnIH-R mRNA in vitro (199). As well, GnIH neurons have been shown to respond to mediators of acute and chronic stress (199–201). These stressors include but are not limited to, immunological stress, physical restraint, and social isolation and defeat. Specifically, a lipopolysaccharide (LPS) challenge in female rats resulted in a significant elevation in GnIH and GnIH-R expression, concurrent with a direct downregulation in LH-β mRNA (202). A similar inhibitory effect on the HPG axis was observed during social defeat stress in tilapia, with pituitary GnIH-R levels significantly increasing along with cortisol levels (203, 204). This was further validated in immobilized Wistar rodents (199), although in socially isolated male Sprague-Dawley rats, both GnRH mRNA expression and GnIH neuronal activity were suppressed, while no changes in the number of GnIH cells were detected (205). Taken together, experimental evidence suggests that CRH can directly activate a proportion of hypothalamic GnIH neurons and increase GnIH sensitivity by upregulating the GnIH-R. As for most neuroendocrine responses, chronic activation of the CRH receptor can lead to the desensitization of the HPA axis (206). Thus, it has been hypothesized that CRH sensitive GnIH cells may also become unresponsive, resulting in the interruption of the GnIH-GnRH neuronal pathway during sustained chronic stress (205). Since the GnIH-R is also expressed in pituitary corticotropes along with POMC, the precursor peptide of ACTH (207), the interactions between GnIH and the HPA axis appears bidirectional and in fact, ICV injection of GnIH in tilapia led to an elevation in plasma ACTH levels (208). However, recent studies have demonstrated that this is unlikely due to co-expression of GnIH-R and POMC, as pituitary expression of GnIH-R was elevated during social defeat, along with an elevation in GnIH mRNA and cell numbers, while POMC remained unaffected (204).

As discussed in the previous section, GnIH is implicated in metabolic control via feed intake and energy partitioning. In birds, metabolic stress can be induced by feed deprivation, resulting in serum corticosterone levels 13 times higher than under ad libitum feeding, although no change in the number of CRH-ir neurons were observed in the PVN (170). A positive correlation between serum corticosterone levels and mass loss was previously identified (170). However, whether the loss of mass was directly induced by corticosterone, or the consequence of reduced feed intake, is not clear and could potentially involve GnIH. Of interest, glucocorticoid receptors (GRs) are present in GnIH cells (201), and activation of GR via the administration of synthetic glucocorticoids such as dexamethasone stimulates GnIH and GnIH-R transcription (209). Interestingly, although chronic administration of corticosterone resulted in the stimulation of GnIH synthesis in the diencephalon of quail, acute injections did not (201), suggesting that the impact of stress on reproduction via GnIH is intended to adapt to longer-term impact. Furthermore, since GnIH is more effective at interrupting reproduction during the early breeding season in rock doves (210), the impact of stress on GnIH may allow the delay of sexual maturation when conditions, such as food availability, are not favourable.



Integration With the Central Control of Thyroid Hormones

Similar to GnIH, THs have been implicated in both reproduction and metabolism. Since THs upregulate the basal metabolic rate of most cells of the body, hypothyroidism is associated with significant increases in body weight, along with high levels of TSH due to the absence of negative feedback (211, 212). Conversely, systemic or central (ICV) administration of T3 results in weight loss with a reduction in thyroid-releasing hormone (TRH) and TSH (213). These fluctuations in weight appear to also be related to observed fluctuations in GnIH, with changes in circulating TH concentrations inducing the inverse expression of GnIH (122). However, to the best of our knowledge, a direct effect of GnIH on the thyroid gland is not known, and the expression of the GnIH-R in follicular cells has not been reported. Nonetheless, it is well documented that hyperthyroidism ultimately leads to a net fat loss through an elevation in resting energy expenditure, decreased cholesterol levels, and increased lipolysis and gluconeogenesis (reviewed by: 214, 215), which could lead to reproductive dysfunction. Under fasting conditions, a decline in pituitary Dio2 levels was observed, leading to an inactivation of the HPG axis (216). Simultaneously, hypothalamic Dio2 levels were found to increase (216), resulting in an elevation in NPY and AgRP in the ARC and the inhibition of TRH production in the PVN (217). This likely occurs to defend energy stores (218, 219), stimulating feed intake to restore homeostasis. In fact, administration of leptin and alpha-melanocortin-stimulating hormone (α-MSH) restored TRH levels to normal following the fasting-induced decline (220–223). As leptin has been found to be correlated with body mass index (BMI) and TSH levels (224), this adipokine inhibits the orexigenic branch of the melanocortin system while stimulating POMC (222, 225). These stimulatory effects of leptin on TRH occur in both a direct mechanism in the PVN and the indirect mechanism in the ARC, acting through the melanocortin system (222). Intriguingly, in Dio2-KO mice, post-fasting feeding behavior did not return to normal levels (217), suggesting that T3 activation of the orexigenic peptides may be more critical than GnIH in restoring this behavior.

As elevated TH levels are known to activate GnRH neurons and indirectly suppress the activity of GnIH (226–228), it is unsurprising that GnIH mRNA levels decline with the administration of T4 and increase during periods of low circulating levels (122). In fact, GnIH-KO prevented the delay in pubertal onset typically associated with hypothyroidism (122). Furthermore, as is discussed in more detail in the following section, while GnIH has been shown to decrease insulin production, TH are known to exert an opposite role (229), leading to alterations in leptin concentrations. Thus, we hypothesize that leptin may be indirectly downregulated in the presence of GnIH, and therefore the re-activation of the HPT axis via leptin depends on the downregulation of GnIH observed under fasting conditions.




Beyond Neuroendocrine Functions, GnIH and Its Receptor Participate in the Peripheral Regulation of Physiological Processes


Peripheral Control of Reproduction

Although it is clear that GnIH and its receptor are key to the hypothalamic control of reproduction, the presence of the GnIH-R at the lower level of the HPG axis (gonads) has also been reported in avian species, including the Japanese quail, the European starling, the white-crowned sparrow (10), and the domestic chicken (7, 230), as well as various fish species including clownfish (57), Nile tilapia (56), Indian carp (61), common carp (54), zebrafish (51), and goldfish (49), and the rat (13, 15). Additionally, the GnIH-R has been identified in the ovary of humans (30), swine (33), felines (35), tongue sole (60), and in the testis of Syrian hamsters (26) and house sparrows (11) (Table 1). Furthermore, treatment with GnIH was shown to effectively shut down reproduction in the ovary and testis not only by indirectly reducing gonadotropins release from the pituitary as previously discussed, but also directly by decreasing cell viability in the ovary and reducing the levels of testosterone in the testis (5, 8, 10, 11, 46, 51). In fact, the GnIH-R has been found to play a role in the downregulation of steroidogenesis (7, 10, 11, 30, 46, 51). In humans, GnIH has been shown to downregulate the production of steroidogenic acute regulatory (StAR) protein, while the GnIH-R antagonist (RF9) was able to partly block this effect (30). Beyond steroidogenic enzymes, by suppressing glucose uptake (to be discussed in the following section), which normally promotes cholesterol uptake and thus metabolic substrates to germ cells (231, 232), GnIH may also reduce substrate availability resulting in a decline in sex steroid production in mammals (142). In turn, the inhibitory effect of GnIH produced in the gonads results in a decline in spermatogenesis (10, 26) or a decline in the viability of pre-hierarchical follicles leading to impaired follicular maturation (46). Similar to the anterior pituitary, treatment with estradiol and/or progesterone also downregulates the expression of the GnIH-R in the chicken ovary (46). Thus, the impact of GnIH on the inhibition of the HPG axis may become less influential once the animal reaches sexual maturity.



Peripheral Metabolic Control

Similar to reproduction, recent evidence also points to a broader role for GnIH on peripheral tissues, especially as it relates to energy storage and availability. Recently, high levels of GnIH mRNA have been confirmed in the eye, while low levels were observed in the colon, stomach, ileum, muscle, kidney, and spleen (162). Interestingly, the expression pattern of GnIH in these peripheral tissues was similar to that of its receptor (162). Nonetheless, since this is a relatively new field of research, most studies described in the following section are based on the peripheral administration of exogenous GnIH rather than on the activity of endogenous GnIH itself.


Adipose Tissue

Although GnIH may not be produced in the adipose tissue, its receptor was shown to be present on human fat cells, suggesting a direct role for GnIH or its orthologues on adiposity (29). Interestingly, the initial focus was placed on white adipose tissue (WAT) due to its association with energy storage (233). However, it was recently reported that GnIH treatment inhibits the activity of BAT (143), which plays a critical role in energy expenditure through thermogenesis (reviewed by: 234, 235).

In terms of WAT, circulating leptin concentrations can be used as an indirect measure of fat accumulation (96, 236–238). For example, higher leptin concentrations are observed in fat or ad libitum fed Syrian hamsters compared to their respective lean or feed-restricted counterparts (239). Of interest, leptin is known to reduce feed intake (240) and is considered anorexigenic (241). This activity opposes the role of GnIH on appetite control discussed earlier and highlights a possible antagonistic effect between leptin and GnIH (178). This relationship is further emphasized in ob/ob mice, which lack a functional leptin gene (181). Without this WAT regulator, rats demonstrated an elevation in body weight (242, 243), similar to that observed in GnIH treated mice (143).

As described previously, both leptin and GnIH activate the PI3K/Akt signalling pathway in the hypothalamus, a pathway also used during insulin-mediated glucose uptake in the adipose tissue (142), thus, raising the possibility of an interaction between, GnIH, leptin, and insulin in the regulation of glucose uptake. Since GnIH-treated male hamsters had higher levels of leptin and insulin compared to controls (96), it is possible that this resulted in increased adiposity (142), leading to increased insulin resistance (reviewed by: 244). However, this effect was not observed in female hamsters (96). In fact, it appears that the effect of GnIH may be dose-dependent as 2,000 and 20 ng induced a decline and increase in glucose levels, respectively, with a concomitant elevation in insulin receptor and GLUT8 proteins under the lowest GnIH dose only (142). Thus, GnIH may regulate insulin sensitivity, at least in male mice. As the study by Cázarez-Marquez et al. (96) used significantly higher GnIH levels (105-μg), a possible GnIH threshold may exist with supraphysiological doses eliciting opposite effects.



Pancreas

As described in the previous section, GnIH has been hypothesized to regulate fat accumulation in adipose tissue through the mediation of increased nutrient uptake, including glucose and triglycerides (142). In fact, when injected intraperitoneally, GnIH has been found to primarily co-localize with glucagon in α-cells, while its receptor, although present in both cell types, is primarily co-localized with insulin in β-cells of pancreatic islets (153), strongly suggesting an involvement in glucose homeostasis. Essentially, GnIH supports α-cell survival and hyperplasia through activation of the GnIH-R present in these cells, which triggers the AKT and ERK1/2 pathways (186), leading to an increase in glucagon and feed intake. When glycemia is elevated, β-cells would normally release insulin to offset the imbalance, restore glucose homeostasis, and reduce feed intake (reviewed by: 245). However, recent evidence demonstrated that chronic and acute doses of GnIH increase blood glucose levels while simultaneously reducing insulin secretion. With the colocalization of GnIH and glucagon, it is likely GnIH can promote hyperglycemia in rats (153, 246). The direct blockade of insulin has been hypothesized to occur through Gαi and the inhibition of the AC-cAMP-PKA pathway (153, 247). This hypothesis is further supported by the reduced insulin sensitivity with chronic GnIH treatment, characterized by a decline in insulin receptor and GLUT4 in the adipose tissue (142, 153). Intriguingly, since insulin is able to relay information regarding body fat status to the central nervous system (reviewed by: 248, 249), inhibition via GnIH further supports a multipronged impact through which GnIH promotes fat accumulation and an elevation in body weight, associated with increased feed intake (see previous section). Furthermore, kisspeptin has also been reported to stimulate glucose production with an increased glucose tolerance to prevent the onset of hyperglycemic disorders (250) via its receptor. As this effect is absent in GPR54-KO mice (251), it is possible that cross-activation by various members of the RFamide family, including GnIH, can occur. This is of particular interest as insulin has been reported to be a mediator between nutritional status and reproductive success (252), and significant fluctuations in glucose levels can be lethal (reviewed by: 253).





Conclusion

Since its initial discovery over 20 years ago, the roles and importance of GnIH and its receptor have significantly expanded. As shown in Figure 1, GnIH, via its receptor, not only directly inhibits the synthesis and release of GnRH and gonadotropins but also participates in the integration of multiple internal and external cues to control reproduction. Specifically, we propose that GnIH is responsible for modulating body composition and energy status and thus partitioning nutrients away from reproduction. This is achieved in part by stimulating feed intake via the melanocortin system, which in turn inhibits the induced release of GnRH in the ME by THs. Furthermore, we also propose that the negative impact of stress on reproduction is mediated in part via GnIH, as it is upregulated by both hypothalamic CRH and circulating glucocorticoids while also stimulating the expression of POMC in pituitary corticotrophs and glucocorticoids in the adrenal cortex. This results in a complex central integration between the HPG, HPT and HPA axes to allow or preclude reproduction from proceeding (Figure 1). In addition, recent evidence also suggests that GnIH and its receptor participate in the regulation of peripheral metabolic processes (Figure 2). In the pancreatic islets, GnIH produced by α-cells acts in a paracrine manner on its receptor present on β-cells to inhibit the production of insulin, thus counteracting the effect of THs and leptin and promoting feed intake while reducing gluconeogenesis and glycogenesis in the liver (Figure 2). Interestingly, the presence of the GnIH-R in adipose tissue suggests a more complex role on energy partitioning, requiring further investigation (Figure 2). Nonetheless, with the known promiscuity between members of the RF-amide family and their receptors, it is also possible that alternative ligands and receptors are also involved, opening new avenues for potential therapeutic applications.




Figure 1 | The hypothalamo-pituitary-gonadal (HPG; yellow), thyroid/metabolic (HPT; green), and adrenal (HPA; purple) axes are highly integrated via the activity of gonadotropin-inhibitory hormone (GnIH) and its receptor (GnIH-R). As part of the HPG axis, GnIH neurons elicit an inhibitory effect on gonadotropin-releasing hormone I (GnRH-I) neurons (hypothalamus) and gonadotroph cells (pituitary gland) in all species, in addition to suppressing the activity of kisspeptin (Kiss-1) neurons in mammalian species (hypothalamus). Additional GnIH-Rs on GnRH-II neurons in the midbrain contribute to the inhibition of sexual behaviors. In seasonal breeders, photoperiod influences the expression of GnIH, with short day (SD) lengths elevating GnIH and inhibiting reproduction, while long day (LD) lengths diminish GnIH expression and permits the progression of sexual maturation, via gonadotropin production. Acting at the level of the gonads (ovary and testis), the production of sex steroids further downregulates GnIH-R expressed in the pituitary gland. Simultaneously, GnIH neurons stimulate the orexigenic peptides, neuropeptide Y (NPY) and agouti-related peptide (AgRP), and downregulate the anorexigenic peptide pro-opiomelanocortin (POMC). Overall, this results in an increase in feed intake, promoting an upregulation of the HPT axis. Ghrelin from the gastrointestinal tract (GIT) also contributes to this elevation in feed intake and knockout (KO) of the GnIH-R can downregulate this pathway. Active conversion of thyroid hormones (T4 → T3) stimulates the release of GnRH from the hypothalamus, thus activating the HPG axis. Finally, the HPA (stress) axis also provides input to GnIH neurons. While GnIH can bind to pituitary corticotropes and the adrenal cortex to promote an elevation in adrenocorticotropic hormone (ACTH) and glucocorticoids, respectively, elevations in glucocorticoids positively feedback on GnIH neurons. This results in an inhibitory effect on reproductive activity, hypothesized to shift resources away from this energetically expensive process and towards managing the stressor.






Figure 2 | Gonadotropin-inhibitory hormone (GnIH) and its receptor (GnIH-R) impact metabolic control and energy partitioning in various peripheral organs. In the pancreas, GnIH is expressed in alpha cells (α-cells), while GnIH-R is expressed in the beta cells (β-cells). It is hypothesized that GnIH binding to its receptor will inhibit the production of insulin in β-cells, thus stimulating feed intake. In an effort to achieve homeostasis, high glucose levels stimulate the production of insulin leading to the stimulation of glycogenesis and inhibition of gluconeogenesis in the liver. However, in periods of low glucose availability, α-cells increase their production of glucagon, leading to the stimulation of feed intake, similar to the activity of GnIH. In addition, glucagon stimulates both glycogenolysis and gluconeogenesis, elevating the circulating levels of glucose. While the expression and presence of GnIH has yet to be reported in adipocytes, GnIH-R is. Thus, it is hypothesized that GnIH can influence circulating leptin concentrations, an hormone known to oppose the action of GnIH on insulin, thereby downregulating feed intake. As for leptin, thyroid hormones also stimulate the anorexigenic effect of insulin, thus counteracting the effect of GnIH on glucose mediated feed intake.



Ultimately, while our understanding of the individual physiological roles played by GnIH and its receptor has been extensively investigated over the last two decades, integrative functions both centrally and peripherally are relatively recent and open the avenue to a new era of research.
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The neuronal and neuroendocrine peptides oxytocin (OT) and vasotocin (VT), including vasopressins, have six cognate receptors encoded by six receptor subtype genes in jawed vertebrates. The peptides elicit a broad range of responses that are specifically mediated by the receptor subtypes including neuronal functions regulating behavior and hormonal actions on reproduction and water/electrolyte balance. Previously, we have demonstrated that these six receptor subtype genes, which we designated VTR1A, VTR1B, OTR, VTR2A, VTR2B and VTR2C, arose from a syntenic ancestral gene pair, one VTR1/OTR ancestor and one VTR2 ancestor, through the early vertebrate whole-genome duplications (WGD) called 1R and 2R. This was supported by both phylogenetic and chromosomal conserved synteny data. More recently, other studies have focused on confounding factors, such as the OTR/VTR orthologs in cyclostomes, to question this scenario for the origin of the OTR/VTR gene family; proposing instead less parsimonious interpretations involving only one WGD followed by complex series of chromosomal or segmental duplications. Here, we have updated the phylogeny of the OTR/VTR gene family, including a larger number of vertebrate species, and revisited seven representative neighboring gene families from our previous conserved synteny analyses, adding chromosomal information from newer high-coverage genome assemblies from species that occupy key phylogenetic positions: the polypteriform fish reedfish (Erpetoichthys calabaricus), the cartilaginous fish thorny skate (Amblyraja radiata) and a more recent high-quality assembly of the Western clawed frog (Xenopus tropicalis) genome. Our analyses once again add strong support for four-fold symmetry, i.e., chromosome quadruplication in the same time window as the WGD events early in vertebrate evolution, prior to the jawed vertebrate radiation. Thus, the evolution of the OTR/VTR gene family can be most parsimoniously explained by two WGD events giving rise to the six ancestral genes, followed by differential gene losses of VTR2 genes in different lineages. We also argue for more coherence and clarity in the nomenclature of OT/VT receptors, based on the most parsimonious scenario.




Keywords: GPCR, GPCR evolution, oxytocin receptor, vasopressin receptor, isotocin receptor, vasotocin receptor, whole-genome duplication (WGD)



1 Introduction

The two mammalian neuronal and neuroendocrine peptides oxytocin and vasopressin are involved in numerous functions, some of the most notable of which are reproduction and social behavior for oxytocin and water/electrolyte balance and social behavior for vasopressin (1). Their chemical characterization was awarded the Nobel Prize in physiology or medicine to Vincent Du Vigneaud in 1955. As related peptides began to be isolated and characterized in the 1950s, including complete sequencing in several species, a tradition arose to give each new peptide with a unique sequence a distinct name (2). This resulted in a plethora of names, the most commonly used of which are isotocin (ray-finned fishes), mesotocin (non-eutherian tetrapods) and vasotocin (non-mammalian vertebrates). The most widespread vasopressin sequence in mammals was named arginine-vasopressin when it was discovered that the porcine sequence had replaced the arginine (Arg) residue on position 8 with lysine (Lys), thus lysine-vasopressin or lyspressin. This resulted in the abbreviation AVP for arginine-vasopressin. This can be misleading because the single-letter abbreviation for arginine is not A but R. This naming mania arose long before it was possible to assign orthology between evolutionary lineages with certainty, and before the importance of orthology and paralogy for gene naming was realized.

Today, we know that a single common ancestral pre-pro-peptide gene existed before the origin of vertebrates (3). The single gene in the vertebrate ancestor underwent a tandem duplication in the common ancestor of the jawed vertebrates (Gnathostomata). Rearrangements have subsequently happened in a few lineages such as placental mammals which have the two peptide genes in a tail-to-tail configuration (3). Nevertheless, it is clear that the peptides named oxytocin, isotocin and mesotocin are orthologous, as are vasopressins and vasotocin. Herein we will use the names oxytocin (OT) and vasotocin (VT) as recommended in the recent article by Theofanopoulou et al. (4). A recent peptide and receptor evolution review described invertebrate homologs (orthologs) of oxytocin and its receptors (5).

In mammals, the two peptides have four cognate receptor subtypes encoded by four distinct genes: AVPR1A, AVPR1B, AVPR2 and OXTR. The actions of OT are mediated by the OT receptor (OTR) and include both behavioral and gonadal regulation and, in mammals, the powerful contractions of the uterus as well as stimulation of milk ejection (6). The responses to VT are triggered in mammals by three distinct receptor subtypes (7) and are more complex [see (8), for review]. Two of these, the V1A and V1B subtypes, are clearly more like OTR and induce similar signal transduction responses primarily resulting in the release of Ca2+ as a second messenger. V1A is expressed in the brain where it regulates behavior and in vasculature where it induces vasoconstriction. The V1B receptor also regulates behavior and is the receptor that triggers the release of the hormone ACTH from the anterior pituitary and thereby the adrenal synthesis of cortisol and aldosterone. The V2 receptor, on the other hand, primarily stimulates adenylyl cyclase to synthesize cAMP and in kidney tubules this results in the reabsorption of water that reduces the volume of urine. V2 also stimulates the synthesis of coagulation factors.

In the light of the two ancestral vertebrate whole genome duplication (WGD) events (called 1R and 2R) before the radiation of jawed vertebrates (9, 10), it seemed likely that the four receptor genes had arisen from a common ancestral gene via two rounds of WGD, especially as they are located on four separate chromosomes in the human genome. However, when we analyzed the OT/VT receptor family in various jawed vertebrates, representing the major evolutionary lineages, we found firstly that jawed vertebrates have at least five OTR/VTR genes (11). Subsequently we concluded that that there are no less than six distinct receptor genes, with clear evidence of individual gene losses in some lineages (12).

The most parsimonious explanation for the extant repertoire of six OTR/VTR genes in jawed vertebrates that is compatible with sequence-based phylogeny, species distribution and chromosomal locations, is that an ancestral syntenic receptor pair was quadrupled in 1R/2R, whereupon two genes were lost before the jawed vertebrate radiation (12). This scenario was strongly supported by the four-fold symmetry of the chromosomal regions shown by a large number of adjacent gene families, demonstrating that not only the ancestral receptor gene pair had been quadrupled, but in fact also a large chromosomal region harboring a large number of other gene families. The species distribution and sequence phylogenies of these neighboring gene families were consistent with this chromosome quadruplication arising concomitantly with many other chromosome quartets, thus the two WGD events before the jawed vertebrate radiation.

Nevertheless, two more recent reports have questioned this parsimonious double WGD scheme and have proposed other scenarios. One study that also included lamprey OTR/VTR sequences concluded that the analyses supported one WGD event that was followed by “chromosomal or segmental duplications and translocations” in the jawed vertebrate lineage (13). This conclusion was repeated more recently in a book chapter from the same group (14). The most recent report on the evolution of OTR/VTR genes favored one WGD event followed by large segmental duplications (4).

Here, we have extended our previous report (12) including both OTR/VTR sequence data as well as chromosomal synteny analyses from newer high-coverage genome assemblies representing a wider selection of vertebrate lineages. Our analyses add strong support for four-fold symmetry, that is chromosome quadruplication, in the same time window as the two WGD events early in vertebrate evolution. Thus, the evolution of the OTR/VTR gene family can be most parsimoniously explained by two WGD events before the radiation of jawed vertebrates.



2 Results


2.1 Updated Phylogeny of Jawed Vertebrate OTR/VTR Genes

Our full updated maximum likelihood phylogeny of the OTR/VTR gene family, including all 88 analyzed species and 519 sequences, has been deposited in Figshare (see Supplementary Material section). A smaller phylogeny including 55 species (Table 1) is shown in Figures 1 and 2. The smaller phylogeny, as well as the alignments underlying both phylogenies, have also been deposited in Figshare. Our conclusions are supported by both phylogenies. We have used the gene nomenclature VTR1A (AVPR1A), VTR1B (AVPR1B), OTR (OXTR), VTR2A (AVPR2), VTR2B and VTR2C.


Table 1 | Species and genome assembly information for species shown in Figures 1 and 2.






Figure 1 | Maximum likelihood phylogeny of VTR2A, VTR2B and VTR2C genes. Inset: Placement of data shown in and within the OTR/VTR phylogeny. Phylogeny constructed with IQ-TREE supported by 100 iterations of ultrafast bootstrapping (UFBoot). Weakly supported nodes are indicated by yellow (<75 %) and red (<50 %) arrowheads. Some node support values for shallow nodes have been omitted for visual clarity. Sequence names include species abbreviations followed by chromosome/linkage group designations (where available) and gene symbols. Species abbreviations are listed in Table 1. Asterisks indicate partial sequences. The phylogeny was rooted with the common octopus (Octopus vulgaris) cephalotocin (CTR1, CTR2) and octopressin (OPR) receptor sequences.






Figure 2 | Maximum likelihood phylogeny of VTR1A, VTR1B and OTR genes. Inset: Placements of the VTR2A, VTR2B and VTR2C branches within the full OTR/VTR phylogeny. See caption for more details.



The updated phylogenies are consistent with our previously published analyses (12, 15), showing 6 ancestral subtypes VTR2A, VTR2B and VTR2C (Figure 1) as well as VTR1A, VTR1B and OTR (Figure 2) diverging early in jawed vertebrate evolution. As in previous analyses, the VTR2C genes form a paraphyletic group, with the VTR2C sequences from teleost fishes (Teleostei) as well as some shark (Selachimorpha) VTR2C sequences clustering at the base of the VTR2A, VTR2B and the main VTR2C branches (Figure 1). Nonetheless, conserved synteny as well as exon/intron structures and amino acid sequence features support the identity of this seemingly basal branch as VTR2C. All other OTR/VTR subtypes are well-supported and, in general, follow the known and accepted phylogeny of jawed vertebrate groups. As in previous analyses, the coelacanth (Latimeria chalumnae) OTR/VTR sequences in some cases diverge from the expected phylogenetic position, see the VTR1B and OTR branches in Figure 2. Other discrepancies in our current phylogenies include the following:

	The two-lined caecilian (Rhinatrema bivittatum) sequences often cluster at the base of the full tetrapod branches rather than at the base of the amphibian branches. Additionally, the amphibian VTR1A branch could not be reconstructed (Figure 2).

	Our phylogenies often fail to reconstruct Archosauria (including turtles (16), crocodilians and birds) on one side and Lepidosauria (tuatara, lizards and snakes) on the other, with the tuatara (Sphenodon punctatus) and turtle (Testudines) sequences often occupying ambiguous positions.

	The spotted gar (Lepiososteus oculatus) and bowfin (Amia calva) (both Holostei) VTR1A and VTR2B sequences do not cluster together, however they occupy the expected positions as immediate outgroups to the corresponding teleost branches.

	The Asian arowana (Scleropages formosus) sequences often occupy ambiguous positions within teleosts, rather than diverging at the base of teleosts. For example, the Asian arowana VTR2C sequence appears within the otocephalan clade rather than at the base of the teleost branch, likely due to a long-branch artefact (Figure 1). In general, sequences from basally radiating teleosts occupy ambiguous positions in the phylogenies with respect to 3R-generated -a and -b branches. Likely due to the short time window between 3R and their radiations and uneven divergence rates for the resulting co-orthologs. For these reasons we carried out an additional conserved synteny analysis in the Asian arowana (described in section 4.3 below), which supports the assigned gene names shown in Figures 1 and 2.



Aside from these minor discrepancies, both phylogenies are generally well-supported and well-resolved, and allowed us to draw more detailed conclusions about the repertoires of OTR/VTR subtype genes in different vertebrate lineages than before.



2.2 Key Lineages in the Updated OTR/VTR Phylogeny


2.2.1 Basal Ray-Finned Fishes

Key species added to our updated phylogenies include the basal ray-finned fishes (Actinopterygii) reedfish (Erpetoichthys calabaricus) and gray bichir (Polypterus senegalus) (both Polypteriformes), as well as American paddlefish (Polyodon spathula) and sterlet (Acipenser ruthenus) (both Acipenseriformes). In addition to including these species in our updated phylogenies, we included the reedfish genome in our updated conserved synteny analyses, as described below. We found that the reedfish genome contains the full ancestral jawed vertebrate complement of OTR/VTR genes, and that these reedfish genes, in all cases but one, cluster in the expected positions in our phylogenies (Figures 1 and 2). The only exception is the VTR1B sequence, which clusters together with the American paddlefish and sterlet VTR1B sequences rather than at the base of the ray-finned fish branch (Figure 2). We could also find the full complement of genes in the gray bichir genome (see Data Availability Statement below for access to the full phylogeny). We could identify duplicates of the VTR1A, VTR1B, OTR, VTR2B and VTR2C genes in both the American paddlefish and sterlet (Figures 1 and 2), with each pair located on chromosome pairs that are consistent with the respective independent WGDs in each of the two lineages (17, 18). The only exceptions are the sterlet VTR1B1 gene, which is located on an unplaced scaffold, and the sterlet VTR2B1 and VTR2B2 duplicates, which are both located on chromosome 21. Furthermore, our phylogenies are also consistent with independent WGDs in the American paddlefish and the sterlet. The age of the American paddlefish WGD has been estimated at 50 million years ago (MYA) (18) and the sterlet WGD has been estimated at both 180 MYA (17) and 21.3 MYA (19). We found that both the American paddlefish and sterlet genomes lacked a VTR2A gene, suggesting an ancestral gene loss in sturgeons (Acipenseriformes).



2.2.2 Cartilaginous Fishes

A key addition for our analyses is the inclusion of seven cartilaginous fish (Chondrichthyes) species in addition to the elephant shark (Callorhinchus milii) (Table 1), thus representing all three major cartilaginous fish lineages in our phylogenies. We also added the thorny skate (Amblyraja radiata) genome to our updated conserved synteny analyses, as described below. We could only identify VTR1A, OTR and VTR2C in the thorny skate, smalltooth sawfish (Pristis pectinata) (also Batoidea) and shark genomes. The VTR1A and OTR sequences cluster in the expected phylogenetic positions, while the cartilaginous fish VTR2C sequences cluster with the basal ray-finned fish VTR2C sequences rather than at the base of the jawed vertebrate VTR2C branch. In addition, some of the shark genomes had an additional local duplicate of VTR2C, which we have called VTR2C2. Notably, the shark VTR2C2 sequences cluster with the teleost VTR2C sequences at the base of the V2R branch. This is described further in section 2.4.3 below. We have previously shown that the elephant shark genome contains 5 of the ancestral jawed vertebrate genes, lacking only VTR2A (12). Our current phylogenetic analyses support the loss of VTR2A at the base of extant cartilaginous fishes, with further losses of VTR1B and VTR2B at the base of Elasmobranchii.

We searched for the missing genes VTR1B, VTR2A and VTR2B in several available transcriptome assemblies from cartilaginous fish species: the zebra bullhead shark (Heterodontus zebra) (20), ocellate spot skate (Okamejei kenojei) (21), blue shark (Prionace glauca) (22), elephant shark (23), winter skate (Leucoraja ocellata) (24), and small-spotted catshark (Scyliorhinus canicula) (25). However, we could not identify putative VTR1B, VTR2A or VTR2B transcripts in these datasets. We could only identify partial VTR1A and OTR transcripts in the zebra bullhead shark and ocellate spot skate transcriptomes, and a partial VTR1A transcript in the winter skate transcriptome.



2.2.3 Other Notable Gene Losses

We found that VTR2A was missing from the American alligator (Alligator mississippiensis) genome as well as from all analyzed avian genomes. However, it is present in both analyzed turtle species: the Western painted turtle (Chrysemys picta bellii) and the leatherback sea turtle (Dermochelys coriacea) (Figure 1). This suggests a loss of VTR2A in an archosaurian ancestor of birds and crocodilians.

We could not identify VTR2C in the Western rattlesnake (Crotalus viridis), Indian cobra (Naja naja) and Western terrestrial garter snake (Thamnophis elegans) genomes. However, it is found in the genome of the Burmese python (Python bivittatus), which represents a more basal snake lineage. This suggests a loss of VTR2C from the lineage leading to caenophidian snakes, which represent more than 80 % of extant snake species (26).

Some teleosts lack duplicate VTR2B genes. Otocephalan teleosts seem to have lost the VTR2Bb duplicate – It could not be identified in the Atlantic herring (Clupea harengus), zebrafish (Danio rerio), red-bellied piranha (Pygocentrus nattereri), electric eel (Electrophorus electricus) or striped catfish (Pangasiodon hypophthalmus) genomes. The VTR2Bb duplicate is also missing from the green spotted pufferfish (Tetraodon nigroviridis) and Japanese pufferfish (Takifugu rubripes), however both duplicates are present in the ocean sunfish (Mola mola) (all Tetraodontiformes). It is also missing from the Atlantic cod (Gadus morhua) and the closely related walleye pollock (Gadus chalcogrammus). Conversely, the VTR2Ba duplicate could not be identified in the Asian or African arowana genomes, the Japanese medaka (Oryzias latipes) genome (although both VTR2B duplicates are present in the freshwater garfish (Xenentodon cancila), also Beloniformes), nor in the three-spined stickleback (Gasterosteus aculeatus) or the closely related Gasterosteus nipponicus and nine-spined stickleback (Pungitius pungitius) genomes. Both VTR2B duplicates are absent from the Northern pike (Esox lucius) genome, as well as from two other species in the genus Esox whose genomes are available (not shown herein).

We could not identify VTR2C genes in the red-bellied piranha or striped catfish within Otocephala. It is also missing from the Japanese medaka as well as from the five other available genomes from the genus Oryzias (not shown herein), however, we could identify it in the freshwater garfish (also in the order Beloniformes). VTR2C is also seemingly missing from the spotted green pufferfish and Japanese pufferfish genomes. Searches for VTR2C in five other available genomes from Tetraodontiformes (not shown herein) also returned negative results, however, it is present in the ocean sunfish (also Tetraodontiformes) on the same genomic scaffold as the VTR1Ab gene. Additionally, VTR2C could not be identified in the Atlantic cod (Gadus morhua), nor the closely related walleye pollock (Gadus chalcogrammus), the Atlantic halibut (Hippoglossus hippoglossus), or the lumpfish (Cyclopterus lumpus).

VTR1Ab and VTR2C, which are located on the same chromosome in other teleost species, could not be identified in the greater pipefish (Syngnathus acus) genome, nor in the big-belly seahorse (Hippocampus abdominalis) (both Syngnathiformes).



2.2.4 Cyclostome OTR/VTR Family Members

Like in the recent study by Theofanopoulou et al. (4), we included sea lamprey (Petromyzon marinus) and inshore hagfish (Eptatretus burgeri) OTR/VTR sequences in our full phylogeny (see Data Availability Statement below for access to the full phylogeny). We could replicate the findings in  Theofanopoulou et al. (4), regarding the phylogenetic positions of these sequences within the vertebrate OTR/VTR phylogeny. The phylogeny suggests that cyclostomes have orthologs of OTR and VTR2C, however there is an additional VTR subtype of unclear relationship that Theofanopoulou et al. (4) call VTR1A but that in fact clusters at the base of VTR1A, VTR1B and OTR in both their phylogeny and ours. Additionally Theofanopoulou et al. (4) identify one of the inshore hagfish sequences as VTR1A whereas our phylogeny places this sequences at the base of the OTR branch. However, we consider these results as interim in wait for more careful conserved synteny analyses which are underway in the latest sea lamprey genome assembly. The recent report that cyclostomes have undergone an independent hexaploidization (27) means that gene relationships have to be carefully analyzed, considering synteny as well as phylogeny.




2.3 Vertebrate Oxytocin and Vasotocin Receptor Gene Features


2.3.1 Exon/intron Organization

The exon/intron organizations of representative OTR/VTR genes analyzed in this study are shown in Figure 3 (VTR1A, VTR1B and OTR) and Figure 4 (VTR2A, VTR2B and VTR2C). An annotated rich text file document which shows the exon/intron boundaries overlaid on all analyzed sequences has been deposited in Figshare (see Supplementary Material). The human VTR1A (AVPR1A), VTR1B (AVPR1B) and OTR (OXTR) genes each comprises two coding exons, while the VTR2A (AVPR2) comprises three coding exons. The additional intron in the beginning of the human VTR2A gene coding region (28) (blue arrow in Figure 4A), arose in a mammalian ancestor, while the second intron is an ancestral intron conserved in vertebrate OTR/VTR genes. This basic exon/intron organization is present in all vertebrate OTR/VTR genes analyzed in this study, including those from basal ray-finned fishes, and cartilaginous fishes. However, there have been several waves of additional intron insertion in the VTR2A genes.




Figure 3 | Exon/intron structures of human, thorny skate, reedfish, spotted gar and zebrafish VTR1A (A), VTR1B (B) and OTR (C) genes. Additional representative genes are marked with an asterisk. Only coding exons are shown. Exons are drawn to scale and exon lengths are given in base-pairs. Roman numerals designate the approximate locations of the transmembrane (TM) region-encoding sequences. The third intracellular loop (IL3)-encoding sequences are indicated in dark gray. The conserved DRY/DRC motifs are indicated by yellow arrows.






Figure 4 | Exon/intron structures of human, thorny skate, reedfish, spotted gar and zebrafish VTR2A (A), VTR2B (B) and VTR2C (C) genes. Additional representative genes are marked with an asterisk. See caption for details. Within the OTR/VTR gene family, only VTR2A genes (A) diverge from the conserved exon/intron structure due to intron insertions in several lineages. The blue arrowhead marks the first intron of the human VTR2A (AVPR2) gene (in blue), which is shared with all mammalian VTR2A genes. Pink arrowheads indicate introns inserted in ray-finned fish evolution between conserved Gln-Val (Q-V)-encoding codons. The green arrowhead indicates a predicted intron inserted into the IL3-encoding region in VTR2Ab genes from spiny-rayed fishes (Acanthomorpha). The purple arrowhead indicates a predicted N-terminal intron seen only in the three-spined and nine-spined stickleback VTR2Ab genes.



In a previous study (11) we reported that teleost VTR2A genes had 3 additional introns upstream of the conserved intron, all inserted between CAG (Gln, Q) and GTG/GTT (Val, V) codons. These introns are indicated with magenta/pink arrows in Figure 4A. With the additional basal ray-finned fish species analyzed in this study, we can present a more detailed timeline for these intron insertions. The first Q-V intron was likely inserted already in a ray-finned fish ancestor, as this intron is preserved in both the reedfish (Figure 4A) and gray bichir VTR2A genes. The second Q-V intron was inserted in a common ancestor of holosteans (spotted gar and bowfin in Figure 4A) and teleosts, at the latest. We could not identify VTR2A in the American paddlefish or sterlet, thus it is possible that this intron was inserted earlier, in a common ancestor of chondrostean and neopterygian fishes (Holostei and Teleostei). The last of the three Q-V introns was inserted early in teleost evolution, before the 3R WGD event, as both VTR2Aa and VTR2Ab duplicates have it.

A putative fourth intron interrupting the main intracellular loop 3 (IL3)-encoding exon could be identified at a conserved location in most spiny-rayed fish (Acanthomorpha) VTR2Ab genes (green arrowhead in Figure 4A). This “IL-3” intron could not be identified in the three-spined stickleback VTR2Ab gene, nor in that of the closely related nine-spined stickleback (Pungitius pungitius), suggesting an intron deletion in this lineage. Conversely, the three-spined and nine-spined stickleback VTR2Ab genes have a putative intron insertion in the N-terminal encoding exon (purple arrowhead in in Figure 4A). This putative intron is a prerequisite to predict a correct N-terminal signal peptide sequence for these genes.



2.3.2 Elongated Intracellular Loop 3 in Teleost VTR2A

We also reported in a previous study (11) that teleost VTR2A genes seemed to have an elongated IL3-encoding exon, producing a notably elongated middle portion of this intracellular loop. However, at the time we could not identify conserved motifs within this elongated region due to the scarcity of sequences. In the present study, we have analyzed 68 teleost VTR2Aa and VTR2Ab sequences with elongated IL3 sequences and were able to identify several conserved, albeit short, sequence motifs, primarily based around conserved Pro (P) residues, and to some extent several conserved Tyr (Y) as well as Cys (C) residues. The elongated IL3 sequences are also rich in relatively well-conserved Ser (S) and Thr (T) residues. These features can be seen in the full sequence alignment that has been deposited in Figshare (see Supplementary Material section). We also performed predictions of intrinsically disordered regions for all teleost VTR2A amino acid sequences using IUPred2A (https://iupred2a.elte.hu/) (29, 30) and could detect a high degree of disorder spanning the length of the elongated IL3 sequences for all teleost VTR2Aa and VTR2Ab sequences (not shown herein).



2.3.3 Shortened C-Terminal in Cartilaginous Fish and Teleost VTR2C

Another striking feature among the vertebrate OTR/VTR genes is the shortened C-terminal-encoding exon seen in teleost VTR2C genes as well as the shark VTR2C2 genes (Figure 4C). Additionally, the teleost VTR2C and shark VTR2C2 cluster together at the base of the V2R branch of our phylogenies (Figure 1). This phylogenetic position, as well as the similarly shortened C-terminal between the genes across a large evolutionary distance, seem to indicate that they are orthologous. This would mean that a seventh VTR2C-like gene arose before the jawed vertebrate radiation and subsequently was lost independently from all jawed vertebrate lineages except sharks and teleosts. A more parsimonious interpretation is that a shark-specific local duplicate of the VTR2C gene and the teleost VTR2C gene independently acquired premature stop codons at roughly the same positions, shortening their C-terminal tails. This, along with the relative scarcity of shark VTR2C2 and teleost VTR2C genes, likely creates the phylogenetic artefact seen in our phylogenies. However, the possibility that these genes represent a seventh ancestral OTR/VTR receptor subtype gene that arose through a local duplication of the VTR2C gene (as indicated by the chromosomal locations in cartilaginous fishes), cannot be completely discounted.




2.4 Conserved Synteny Analyses


2.4.1 Involvement of Early Vertebrate WGDs (1R/2R)

Herein, we have re-analyzed the chromosomal locations of seven representative neighboring gene families (Table 2) from a previous analysis in the human, chicken (Gallus gallus), spotted gar and zebrafish genomes (12), and added chromosomal information from newer high-coverage genome assemblies from species that occupy key phylogenetic positions: the polypteriform fish reedfish, the cartilaginous fish thorny skate and a more recent high-quality assembly of the Western clawed frog (Xenopus tropicalis) genome. ﻿To investigate the involvement of WGDs, the chromosomal locations of all neighboring gene family members were recorded and compared across species. The identified chromosome locations in the human, chicken, Western clawed frog and thorny skate are shown in Figure 5 while those in the reedfish, spotted gar and zebrafish genomes are shown in Figure 6. All chromosome locations and database identifiers for the neighboring genes are available in Figshare (see Supplementary Material).


Table 2 | Neighboring gene families.






Figure 5 | Conserved synteny in OTR/VTR gene-bearing chromosome regions in the human, chicken, Xenopus and thorny skate genomes. Xenopus tropicalis gene symbols are in lower case, following the gene nomenclature convention for this species.






Figure 6 | Conserved synteny in OTR/VTR gene-bearing chromosome regions in the reedfish, spotted gar and zebrafish genomes. We suggest the nomenclature OTRa and OTRb for the teleost isotocin receptor gene duplicates, and VTR2a and VTR2b for the vasotocin receptor VTR2B gene duplicates. Zebrafish gene symbols are in lower case, following the gene nomenclature convention for this species.



The results in the human, chicken, spotted gar and zebrafish genomes essentially replicate our previous results from (12). There are small changes in location for each individual gene, however this is expected considering the updates in genome assembly version between 2013 and 2021, and in all relevant aspects the identified chromosome regions are the same. For the spotted gar, we could identify several neighboring genes that we could not identify previously, namely ATP2B4, CACNA1D, CACNA1F, PNCK, CHL1, L1CAM, PLXNA3, ARHGAP4, SRGAP2, SYPL1 and SYPL2 (Figure 6). Most of these are from the VTR2A-bearing chromosome region. The identified chromosomal regions in the Western clawed frog genome support our previous findings and all neighboring family genes could be identified (Figure 5), albeit with a small translocation of the atp2b2 and atp2b4 genes between the paralogous chromosome regions.

We could identify three of the four paralogous chromosome regions in the thorny skate genome. Notably, we could not identify any of the neighboring genes in the VTR2A-bearing region, nor CAMK1G in the region that used to have VTR1B (Figure 5). In addition, there seems to have been a linkage break in the VTR1A-VTR2C-bearing region between chromosome 19 and 21. In any case, the conserved synteny analysis in the thorny skate provides us with the earliest relative time point for the VTR1B, OTR-VTR2B and VTR1A-VTR2C-bearing chromosome regions, before the divergence of cartilaginous and bony fishes (Osteichthyes).

We could identify all four paralogous chromosome regions in the reedfish genome, including all neighboring family genes (Figure 6). There seems to have been a linkage break in the OTR-VTR2B-bearing chromosome region, with the CHL1 gene located on chromosome 2 rather than on chromosome 18. Nevertheless, the conservation of synteny in the reedfish genome provides us with a relative time point close to the divergence point between ray-finned fishes and lobe-finned fishes (Sarcopterygii) for all four paralogous OTR/VTR gene-bearing chromosome regions.



2.4.2 Involvement of Early Teleost WGD (3R)

The conserved synteny pattern in the zebrafish genome reveals the extensive genome rearrangements that the teleost lineage underwent both prior to and following the 3R WGD event (31), which obscure the 1:2 correspondence between pre- and post-WGD chromosome regions (Figure 6). In most teleost genomes that have been analyzed so far, the duplicate OTRa/OTRb and VTR2Aa/VTR2Ab gene pairs are located on the same chromosomes, which prevents further analysis to elucidate the involvement of the 3R WGD. We found that the OTRa/OTRb and VTR2Aa/VTR2Ab gene pairs were located on separate chromosomes in the European eel (Anguilla anguilla) and Indo-Pacific tarpon (Megalops cyprinoides) (both Elopomorpha) as well as the Asian and African arowanas (Scleropages formosus and Heterotis niloticus, Osteoglossomorpha). These species represent the two basal-most lineages of teleosts, which likely diverged before genome rearrangements translocated the gene pairs to the same chromosomes.

We used the Asian arowana VTR1Aa, VTR1Ab, OTRa, OTRb, VTR2Aa, VTR2Ab and VTR2Bb gene locations to identify patterns of conserved synteny in Genomicus (https://www.genomicus.bio.ens.psl.eu/genomicus-100.01). We identified 12 gene pairs neighboring the VTR1Aa and VTR1Ab genes on chromosomes 2 and 5; 13 gene pairs neighboring the OTRa and OTRb genes on chromosomes 2 and 22; and 15 gene pairs neighboring the VTR2Aa and VTR2Ab genes on chromosomes 19 and 22 (Figure 7). The identified conserved synteny blocks on chromosome 2 around VTR1Aa and OTRb do not overlap, nor do the conserved synteny blocks on chromosome 22 around OTRa and VTR2Ab. We analyzed the corresponding Ensembl gene trees for each gene pair and could determine that all identified gene pairs apart from the BRK1, RBM5 and HUWE1 gene pairs (in gray in Figure 7) showed divergence early in teleost evolution, rooted by a single spotted gar and/or reedfish ortholog, which indicates duplications through the 3R WGD.




Figure 7 | Conserved synteny in OTR/VTR gene-bearing chromosome regions in the Asian arowana genome shows evidence of duplications in the teleost whole genome duplication (3R). All identified gene pairs, apart from the BRK1, RBM5 and HUWE1 gene pairs (in gray), showed divergence early in teleost evolution, rooted by a single spotted gar and/or reedfish ortholog in the corresponding Ensembl gene trees. Where the orthology relationships to the zebrafish genes was clear in the Ensembl gene trees, gene names with “a” and “b”-designations have been suggested. Where there was only one zebrafish ortholog, this was designated the “a”-duplicate.







3 Discussion


3.1 Update of Analyses

To extend our previous analyses of jawed vertebrate chromosomal regions for the OTR/VTR family, we have added information from newer high-coverage genome assemblies, particularly genomes that are distantly related to those that were available when we published our previous report describing the four-fold chromosomal similarity (12). At that time, we focused our analyses on chromosomal regions in the human, chicken, spotted gar and zebrafish genomes, and produced a phylogeny that also included OTR/VTR sequence information from other jawed vertebrates, namely mouse (Mus musculus), gray short-tailed opossum (Monodelphis domestica), Carolina anole lizard (Anolis carolinensis), Western clawed frog, coelacanth, several teleosts, and the holocephalan cartilaginous fish elephant shark.

Here, we have added OTR/VTR sequence information from a larger number of vertebrate species, as well as chromosomal regions from the polypteriform fish reedfish, representing an even earlier-diverging branch of the ray-finned fishes, the cartilaginous fish thorny skate as well as a more recent high-quality assembly of the Western clawed frog genome. We focused on species with key phylogenetic and evolutionary positions as well as high-coverage genome assemblies mapped to chromosomes or pseudochromosomes. In particular, we benefited from the recent advancements in the sequencing of cartilaginous fish genomes (32–35) as well as the advancement of the Vertebrate Genomes Project (36). This study includes two additional mammalian species, including platypus (Ornithorhynchus anatinus), nine additional avian species representing a wide segment of the extant avian diversity, nine additional reptilian species, four additional amphibian species, the gray bichir, reedfish, American paddlefish (18) and sterlet (17), which occupy key positions at the base of ray-finned fish evolution, ten additional teleost species, seven additional cartilaginous fish species representing all three major lineages, as well as the cyclostomes inshore hagfish (Eptatretus burgeri) (37), Pacific lamprey (Entosphenus tridentatus) (38) and sea lamprey (Petromyzon marinus). The full list of species, including genome assembly and database information has been deposited in Figshare (see Supplementary Material section), and a subset is shown in Table 1.

Updating the data with newly available assemblies also allowed us to assign chromosome locations to previously unassigned genes, as for the Western clawed frog genes and several of the three-spined stickleback (Gasterosteus aculeatus) genes, or to correct previously incomplete gene predictions. We also found that many of the NCBI gene models we identified for this study matched our manually curated predictions from the previous study (12), lending some validity to the manual curation process we had employed. All chromosome locations and gene/sequence prediction notes are available in Figshare (see Supplementary Material).

We constructed a full maximum likelihood phylogeny based on all 519 identified OTR/VTR sequences from 88 species (Supplementary Material), as well as a smaller phylogeny shown in Figures 1 and 2 based on the 55 representative species in Table 1. Both phylogenies support the emergence of the VTR1A, VTR1B, OTR, VTR2A, VTR2B and VTR2C genes early in vertebrate evolution, prior to the radiation of jawed vertebrates. We could identify all OTR/VTR subtype genes in cartilaginous fishes, except for VTR2A. We do not interpret this fact as support for the view that VTR2A arose in a bony fish (Osteichthyes) ancestor, millions of years after the emergence of VTR2A and VTR2B. Assuming an even rate of sequence evolution, our phylogenies suggest that the VTR2A, VTR2B and VTR2C genes arose concomitantly, and thus that the loss of VTR2A in cartilaginous fishes is a subsequent and independent event. This view is also supported by our chromosomal analyses of conserved synteny, discussed below.



3.2 Evolutionary Scenario for the Jawed Vertebrate OTR/VTR Gene Family

Our suggested evolutionary scenario for the emergence and evolution of the OTR/VTR genes is shown in Figure 8, based on our updated phylogeny, species distribution and conserved synteny analyses. An ancestral OTR/VTR gene underwent a local gene duplication, giving rise to a VTR1/OTR ancestral gene and a VTR2 ancestral gene located on the same chromosome. This first local duplication took place a in chordate ancestor after the divergence of tunicates from the lineage leading to vertebrates, at the earliest, or in a vertebrate ancestor prior to the first of two WGD events, at the latest. Subsequently, these two ancestral genes duplicated in the 1R and 2R WGD events, as shown in Figure 9, after which one VTR1/OTR duplicate and one VTR2 duplicate were lost, leaving the ancestral jawed vertebrate subtype genes VTR1A, VTR1B and OTR on one side and VTR2A, VTR2B and VTR2C on the other. Due to the original local duplication, VTR1A and VTR2C as well as OTR and VTR2B remain located on the same chromosomes in many jawed vertebrate genomes.




Figure 8 | Proposed evolution of OTR/VTR genes and gene repertoires in the analyzed vertebrate lineages. The red seven-pointed star indicates the local gene duplication that gave rise to ancestral vertebrate V1R and V2R genes. Red arrows indicate the vertebrate WGDs: 1R and 2R at the base of vertebrates, the teleost 3R at 320 million years ago (MYA) (39), the American paddlefish 3R at 50 MYA (18) and the sterlet 3R which has been estimated at both 180 MYA (17) and 21.3 MYA (19). Bars by red arrows indicate the estimated time windows for these WGD events in the cited literature. Time estimates of 1R and 2R vary wildly and are often overestimated, reaching back beyond the protostome-deuterostome split just over 600 MYA (40). Nonetheless, a time window of 600−450 MYA is reasonable based on estimates of the vertebrate-tunicate split, at the earliest, and the split between bony fishes and cartilaginous fishes, at the latest (40). The uncertain divergence of cyclostomes relative to 1R and 2R is indicated by a dashed branch. Light gray genes indicate the cyclostome OTR/VTR genes, which could not be unambiguously assigned to a subtype. The chordate phylogeny is based on divergence time estimations from 40, and TimeTree.org (http://timetree.org). Footnotes: 1) “Lizards” is a paraphyletic group including Schlegel’s Japanese gecko (Gekko japonicus), common wall lizard (Podarcis muralis) and Carolina anole lizard. 2) Some teleost species lack duplicate VTR2B genes (see ), and no VTR2B could be found in the Northern pike (Esox lucius). 3) Some teleost species lack VTR2C genes. 4) Teleost VTR2C genes cluster with the cartilaginous fish VTR2C2 local duplicate (see Figure 1), possibly due to a combination of truncated C-terminals in both lineages and phylogenetic artifacts.






Figure 9 | Duplication scheme of OTR/VTR genes through the 1R/2R and 3R whole-genome duplications. Gene losses following WGDs are indicated by ⦸ symbols. D0-D3 designations refer to paralogous chromosome blocks in jawed vertebrate genomes that originated in 1R/2R, as per (9).



Subsequently, there were several differential gene losses in several jawed vertebrate lineages. VTR2A was possibly lost from cartilaginous fishes, followed by the putative loss of VTR1B and VTR2B in sharks, rays and skates (Elasmobranchii) producing the smallest repertoire of OTR/VTR genes in any of the studied lineages. This is possibly related to the urea storage-based osmoregulatory system in cartilaginous fishes, which is unique among jawed vertebrates and whose endocrine control remains largely unknown (41). VTR2A also seems to have been lost from the lineage leading to Acipenseriformes, including the American paddlefish and sterlet, as well as from a common ancestor of birds and crocodilians. VTR1B was likely lost from the lineage leading to neopterygian fishes, including the holosteans spotted gar and bowfin as well as the teleosts. VTR2B was lost from the lineage leading to tetrapods after the divergence of the coelacanth lineage, while VTR2C was lost at least three times Sarcopterygii - from the coelacanth, mammals, and the lineage leading to caenophidian snakes.

The OTR/VTR genes duplicated further in the early teleost 3R WGD event, except for VTR1B which had been lost from neopterygian fishes (Figure 9). However, none of the analyzed teleost species preserve duplicate VTR2C genes. Subsequently VTR2C seems to have been lost independently several times from different teleost lineages. Likewise, several of the analyzed teleost species have lost either one or the other of the two VTR2B duplicates. We could also detect additional duplicates of VTR1Aa, OTRa, OTRb, VTR2Aa, VTR2Ba and VTR2Bb in the brown trout (Salmo trutta) genome (see Supplementary Material) that likely arose in the salmonid-specific 4R WGD event (42). The OTR/VTR genes also duplicated in the independent 3R WGD events in the lineages leading to the American paddlefish and the sterlet, except for VTR2A which likely had been lost in a common ancestor. The American paddlefish 3R has been dated at 50 MYA (18) and the sterlet 3R has been estimated at both 180 MYA (17) and 21.3 MYA (19).



3.3 Four-Fold Conserved Synteny in the OTR/VTR Chromosome Regions: A Clear Case for Gene Duplications Through Ancestral Whole-Genome Duplications

In a previously published study (12), we identified 34 neighboring gene families that showed patterns of conserved synteny in the chromosomal regions harboring OTR/VTR genes. For most of these neighboring gene families, 23 out of 34, phylogenetic analyses using two different methods (neighbor-joining and maximum likelihood) supported gene duplications in the time window of the 1R and 2R WGD events before the jawed vertebrate radiation. For the remaining 11 neighboring gene families identified in our previous study (12), a subset supported duplications in the time window of 1R/2R in one of the two phylogenetic methods, and yet another subset is compatible with duplications in 1R/2R but lacked an appropriate outgroup to relatively date the time window of duplications. Thus, we concluded that the chromosomal regions harboring these genes likely arose through 1R and 2R as well. This has been the gold standard for detecting the patterns of four-fold paralogy that resulted from 1R and 2R for nearly two decades, and we have been able to elucidate the evolution of many jawed vertebrate gene families through these ancient WGDs in this way. Notably, not all gene families that expanded prior to the jawed vertebrate radiation show signs of having duplicated through 1R and 2R. Out of the four jawed vertebrate genes that encode the growth hormone and prolactin family of hormones - GH, SL, PRL1 and PRL2 - only PRL1 and PRL2 arose through either of the 1R or 2R WGDs (43).

In the present study, we re-analyzed seven representative neighboring gene families (Table 1) out of the original 34 in the human, chicken, spotted gar and zebrafish genomes and added novel chromosomal data from the reedfish, thorny skate and Western clawed frog genomes. These seven gene families were chosen based on three criteria: 1) their clear and well-supported phylogenies in our previous study; 2) the presence of member genes on all four paralogous chromosome regions that were identified; and 3) their representation across the length of these paralogous regions. With these seven neighboring gene families, we could detect the same pattern of four-fold conserved synteny around the OTR/VTR genes in the Western clawed frog, reedfish and thorny skate genomes (Figures 5, 6). This provides us with several key relative time points for the four-fold paralogy: at the divergence between cartilaginous fishes and bony fishes, relatively soon after the WGDs, at the base of ray−finned fishes, close to the divergence between ray-finned and lobe-finned fishes, and at the base of the tetrapod radiation. We could not identify the VTR2A-bearing chromosome region in the thorny skate genome (Figure 5). A possible explanation for this is that the thorny skate genome assembly provided by the Vertebrate Genomes Project was found to have a very high repeat content (54 %), which resulted in a large number of assembly gaps, even after manual modifications to the assembly pipeline and curation of the assembly to increase its quality (36). It is possible that the VTR2A-bearing chromosome region, and the VTR2A gene, are missing from the thorny skate genome assembly for this reason. The analyses of the white shark (Carcharodon carcharias), whale shark (Rhincodon typus), brownbanded bambooshark (Chiloscyllium punctatum) and cloudy catshark (Scyliorhinus torazame) genomes show a similarly high repeat content of approximately 50 % of the genome assemblies (33, 34). The repeat content of the elephant shark genome is also relatively high, at approximately 42 % [see Supplementary Note 4 in (33)]. We could not identify the VTR2A gene from any of the available cartilaginous fish genomes, and it is possible that this reflects the difficulty of integrating its surrounding chromosomal region into high-quality genome assemblies due to the presence of repeat sequences.

There have been several attempts at reconstructing the ancestral genome prior to the early vertebrate WGDs and to map the twice-duplicated ancestral chromosomes onto the genomes of extant vertebrate species. In the reconstruction by Nakatani et al. (9), the paralogous chromosome regions we have detected closely match the D0-D3 paralogous regions (marked in Figure 9) that arose through the quadruplication of ancestral linkage group D [see Figure 4 in (9)]. In the reconstruction by Putnam et al. (10), our paralogous chromosome regions match the four paralogous chromosomes that arose from the quadruplication of the ancestral chordate linkage group 13 [see Figure 3 in (10)]. The more recent reconstructions by Sacerdot et al. (44) and Simakov et al. (45) are also compatible with our findings. In the reconstruction by Sacerdot et al. (44), the paralogous regions we have detected closely match the reconstructed pre-1R chromosome 4 [see Figures 5 and 6 in (44)], and in the reconstruction by Simakov et al. (45) our paralogous regions in the human, chicken, Western clawed frog and spotted gar closely match the reconstructed chordate linkage group E [see Figure 2 in (45)]. The same pattern of four-fold paralogy has thus been detected by four independent studies, using different reconstruction methods, in addition to ours. Furthermore, the paralogous chromosome regions in teleost genomes, although heavily rearranged, match chromosome regions that have been shown to have originated in the teleost 3R WGD event in several independent studies (31, 46, 47).



3.4 Functional Implications

An important corollary of the whole-genome duplication scenario is that the gene duplicates initially most likely had not only identical coding sequences, but also identical regulatory regions. Thus, the OTR, VTR1A and VTR1B genes started as “identical triplets”, and likewise for the three VTR2 genes. Subsequently, the OTR, VTR1A and VTR1B genes diverged functionally from each other resulting in three receptors with unique roles for each one, either by sub-functionalization (dividing the mother gene’s functions between the three daughter genes) or neo-functionalization (acquisition of novel functions). This would explain why they have been retained in the genomes of many vertebrate lineages (Figure 8). By the same token, the conservation of the three VTR2 genes in diverse vertebrate lineages (Figure 8) suggests that they too have evolved unique functional roles. However, little has been done to investigate the functions of V2B and V2C receptors. Yamaguchi et al. (48) characterized some functional aspects of elephant shark and teleost V2B and V2C receptors and discovered that they elicit an intracellular Ca2+ cascade on activation, like V1A, V1B and OTR and unlike V2A, which engage the adenylyl cyclase/cAMP signal transduction pathway. It is also known that the chicken V2 receptor, which is a V2C, primarily signals via Ca2+ as a second messenger (49). Interestingly, the VTR2B gene appears to have been lost in a common ancestor of tetrapods, suggesting that its role became dispensable in this lineage, possibly in relation to the transition from water to land. It will be interesting to identify its unique role among other vertebrates. Furthermore, there seems to have been an asymmetric loss of V2C from a mammalian ancestor and V2A from an archosaurian ancestor of birds and crocodilians (Figure 8). This might be related to the fact that the kidneys in birds and crocodilians do not contribute significantly to water reabsorption. They rely instead on the intestine and well-developed salt glands for water/electrolyte balance. In domestic chickens the V2C receptor is primarily expressed in the shell gland and the brain (49). It will likewise be interesting to identify the unique role of VTR2C among other vertebrates, especially those that have both VTR2A and VTR2C genes, like turtles (Testudines).

Similarly, it will be interesting to find out how VTR1B could be lost in a neopterygian ancestor of bowfin, gars and teleosts but retained in earlier-diverging ray-finned fish lineages, like bichirs and reedfish as well as sturgeon.

Our analyses of the expanded IL3 regions of teleost V2A receptors also have functional implications. We found that these IL3 regions contain several relatively well-conserved Tyr, Ser and Thr residues, as well as a high degree of intrinsic disorder. These sequence features indicate a degree of functionality as well as similarities to sequence features seen in IL3 regions from other GPCRs. It has been shown that GPCRs can be phosphorylated on intracellular Tyr, Ser and Thr residues by various receptor kinases, mediating the modulation of intracellular signaling cascades as well as GPCR attenuation/desensitization, endocytosis and intracellular trafficking (50). The low functional activity of the relatively short IL3 of the human V2A receptor has been demonstrated through mutagenesis studies (51, 52), however for many GPCRs IL3 contains important sites for downstream interactions with G proteins, receptor kinases and arrestins, for example. It has also been shown that the IL3 regions of GPCRs in particular harbor intrinsically disordered stretches that facilitate such interactions (53–55), as well as GPCR oligomerization (56).



3.5 Do Recent Studies Refute the 1R/2R Scenario of OTR/VTR Evolution?

Recent studies of the evolution of OTR/VTR genes that included cyclostome sequences have questioned the double WGD evolutionary scenario and have proposed other schemes. One study concluded that the analyses supported one WGD event that was followed by “chromosomal or segmental duplications and translocations” in the jawed vertebrate lineage (13). This conclusion was repeated more recently in a book chapter from the same group (14). However, their analyses did not include neighboring gene families. Besides, it is well known that lamprey sequences tend to cluster in ambiguous positions in vertebrate phylogenies, partly due to a unique pattern of sequence evolution at the protein level as a result of GC-rich codons, but also possibly due to asymmetric gene retention after the WGD events between cyclostomes and jawed vertebrates (57, 58). It is also unclear when jawless vertebrates diverged from the branch leading to jawed vertebrates with respect to the two rounds of WGD (59). This makes early vertebrate branching events more difficult to interpret.

The most recent report on the evolution of OTR/VTR genes favored one WGD event followed by large segmental duplications in the jawed vertebrate lineage giving rise to VTR1A and VTR1B as well as VTR2B and VTR2C (4). This study included both lamprey and hagfish sequences. The analyses did include neighboring gene families, but comparisons were only performed between lamprey and various jawed vertebrates, not among the jawed vertebrates. Thus, the conclusion was most likely affected by the distant relationship to the cyclostomes, which makes conserved synteny difficult to interpret. We were able to identify the same sea lamprey and inshore hagfish sequences as the previously published study by Theofanopoulou et al. (4), and included them in our full phylogeny. However, based on the known set of problems when trying to infer the orthology between cyclostome and jawed vertebrate sequences, we don’t consider these results conclusive, and much caution should be taken before trying to reconcile the ambiguous positions of the cyclostome sequences within phylogenies with any scenario of OTR/VTR gene evolution. Furthermore, recent reports from ancestral genome reconstructions have suggested that cyclostomes share only the first WGD event (1R) with jawed vertebrates (27, 45) whereupon the cyclostome lineage underwent a genome triplication (hexaploidization) (27), further accentuating the complications related to comparisons between cyclostomes and jawed vertebrates. The study by Nakatani et al. from 2021 (27), nevertheless firmly concluded that the lineage leading to jawed vertebrates has undergone two WGD events. Aside from asymmetric gene duplicate retention after 1R, it is possible that further OTR/VTR gene duplicates could have arisen through different mechanisms in the two lineages: the second WGD in jawed vertebrates and hexaploidization in cyclostomes. We are currently carrying out further careful study of the chromosome regions in the most recent sea lamprey and inshore hagfish genome assemblies with the aim to resolve the evolutionary history of the cyclostome OTR/VTR genes.

Another reason why Theofanopoulou et al. (4) proposed that jawed vertebrates may have undergone only one WGD followed by several segmental duplications was probably that they could identify five, rather than four, chromosome segments showing conserved synteny [see Figure 2 in (4)]. However, their two blocks of genes on chromosome 3 are actually one and the same. Only three gene families are present in both blocks, and all three were analyzed incorrectly: 1) The ARF and ARL8 genes do not form a quartet that arose in vertebrates, in fact ARF and ARL8 existed much earlier in evolution; 2) The ATP2B genes form a quartet on the four human chromosomes, 1, 3, 12 and X (Figure 5), however the authors have omitted the ATP2B1 gene on chromosome 12, misplaced the ATP2B3 gene on chromosome 3 when it is in fact located on chromosome 12, and included ATP6AP1, which is not part of this gene family; and 3) the CNTN3, -4, and -6 genes arose through a local gene triplication after 2R and the large distance to the CNTN3 gene is due to a recent rearrangement in the primate lineage. Thus, all analyzed gene families in the study by Theofanopoulou et al. (4) nicely support chromosomal quadruplication, hence two WGD events.

Yet another reason that Theofanopoulou et al. (4) proposed segmental duplications in jawed vertebrates is the lack of one of the four paralogous chromosome regions (bearing VTR2A) in the elephant shark genome, indicating that it might have arisen in a bony fish (Osteichthyes) ancestor. Our extended analysis of seven additional species confirms that this chromosome region indeed seems to be missing from cartilaginous fishes. However, as we discuss above, we cannot reject the possibility that these regions are missing from cartilaginous fish genome assemblies due to their high repeat content. We could not identify the VTR2A-bearing chromosome region in avian genomes either. Large chromosomal regions can indeed be lost, as has been shown for HOX clusters in teleosts after the 3R event.

Our sequence-based phylogenies as well as conserved synteny analysis strongly support an origin of all four paralogous chromosome regions before the jawed vertebrate radiation. The distinct four-fold paralogy is preserved in diverse jawed vertebrate lineages and consists of gene families that diverged early in vertebrate evolution. This provides a clear case for gene duplication through the 1R and 2R WGD events.



3.6 OTR/VTR Gene Nomenclature

We previously suggested a simplified nomenclature for the family of six OT/VT receptors in vertebrates, V1A, V1B, OTR, V2A, V2B and V2C, based on both phylogenetic analysis and chromosomal location (11, 12). This nomenclature has so far been used in a number of publications (13, 48, 60–64). Recently, Theofanopoulou et al. (4), suggested naming the OTR/VTR genes VTR1A, VTR1B, OTR, VTR2A, VTR2B and VTR2C, foregoing the letter A for arginine-vasopressin currently used in the accepted gene names. We support this proposal and have used this nomenclature throughout the present study. However, Theofanopoulou et al. (4) have interchanged the VTR2A and VTR2C designations based on an inferred chronological order of emergence of the genes, suggesting that VTR2A (which they call VTR2C) and its chromosomal region arose later, in a bony fish ancestor. They base this order on the species distribution of VTR2A genes and their attempt to assign the lamprey V2R-type genes to specific subtypes. However, as we have shown, the VTR2A, VTR2B and VTR2C genes arose concomitantly in the 1R/2R WGD events, not in sequence, and the lamprey V2R-type genes have not yet been confidently assigned to specific subtypes. For these reasons we strongly suggest retaining the original ABC designations as they a) have already been used consistently in the literature for nearly a decade; and b) the genes arose concomitantly in the 1R/2R WGD events, not in a chronological sequence, as Theofanopoulou et al. (4) propose.




4 Materials and Methods


4.1 Identification of OTR/VTR Genes

The OTR/VTR gene models/sequences identified in our previous study (12) were updated, where applicable, to the corresponding data from the latest available genome assemblies in the National Center for Biotechnology Information (NCBI) Genome database (http://www.ncbi.nlm.nih.gov/genome/) (65). The corresponding chromosomal location data were also updated. OTR/VTR gene models/sequences from additional vertebrate species were identified in the NCBI database using the same BLAST-based method as in our previous study (12), and added to the dataset. All identified OTR/VTR gene models/sequences, with their corresponding location data and database identifiers are available in Figshare (see Supplementary Material). Species, genome assembly and database information are shown in Table 1.



4.2 Sequence Alignment and Phylogenetic Analysis

The identified OTR/VTR amino acid sequences were aligned using the MUSCLE algorithm (66) in AliView version 1.6 (67). The alignment ﻿was edited manually to adjust poorly aligned sequence stretches with respect to conserved motifs, exon boundaries and incomplete sequences. Missing sequence stretches caused by gaps in the genome assemblies were replaced with X-positions. Partial sequences are marked with asterisks (*) in the final alignment. The curated alignment was used to create a maximum-likelihood phylogeny using IQ-TREE (68) version 1.6.12 (August 15, 2019) supported by IQ-TREE’s non-parametric UltraFast Bootstrap (UFBoot) method (100 iterations) (69). The best-fit amino acid substitution model and substitution parameters were estimated using IQ-TREE’s ModelFinder with the -m TEST option (70), and the proportion of invariant sites was optimized by using the –opt−gamma−inv option. The phylogeny was rooted with the common octopus (Octopus vulgaris) cephalotocin and octopressin receptor sequences (71).



4.3 Conserved Synteny Analyses

The following neighboring gene families from (12), are included: ATP2B (ATPase plasma membrane Ca2+ transporting protein B), CACNA1-L (Voltage-gated Ca2+ channel alpha-1 subunit, L-type), CAMK1 (Calcium/calmodulin dependent protein kinase 1 family), L1CAM (L1-related cell adhesion molecules), PLXNA (Plexin A family), SRGAP (SLIT-ROBO Rho GTPase activating protein), and SYP (Synaptophysin/synaptoporin). Briefly, these and other neighboring gene families were identified by comparing the gene composition of the chromosomal regions bearing visual opsin, OTR/VTR, CACNA1-L, GNAT and GNAI genes in the human genome. Those gene families with member genes on at least two chromosomal regions were selected for further analysis [see Methods in (12)].

Gene models and locations for all neighboring genes were updated to the corresponding data from the latest available genome assemblies in the NCBI Genome database. In addition, neighboring family gene model and location data from the Western clawed frog, reedfish and thorny skate were added in order to identify the paralogous OTR/VTR-bearing chromosome regions in these key species.

For the conserved synteny analysis of 3R-generated paralogous regions in the Asian arowana (Sleropages formosus), the conserved neighboring gene pairs were identified through Genomicus v100.01 (72) and the time window of gene pair emergence was inferred from the corresponding Ensembl gene trees (73). Where the orthology relationships to the zebrafish genes was clear in the Ensembl gene trees, gene names with “a” and “b”-designations have been suggested. Where there was only one zebrafish ortholog, this was designated the “a”-duplicate.




Data Availability Statement

The datasets generated and analyzed for this study have been
deposited in Figshare (https://www.figshare.com): https://doi.org/10.6084/m9.figshare.16125318 (see also Supplementary Material).



Author Contributions

DO and CB collected the data and performed primary analyses. DO and DL analyzed the data and wrote the manuscript. All authors contributed to the article and approved the submitted version.



Funding

DO was supported by International Postdoc Grant 2016-00552 from the Swedish Research Council. DL was supported by grants from the Swedish Brain Foundation and the Swedish Research Council.



Supplementary Material

The datasets generated and analyzed for this study are
available in Figshare via https://doi.org/10.6084/m9.figshare.16125318.

Sequence and sequence alignment files are included in FASTA format, which can be opened by most sequence alignment viewers, including online applications such as https://alignmentviewer.org/ (last accessed 2021-09-27). An annotated rich text file (file name extension.rtf) document which shows the exon/intron boundaries for all analyzed sequences has also been included. Phylogenetic tree files are included in the NEWICK format (file name extension .phb), which can be opened by most phylogenetic tree viewers, including online applications such as https://itol.embl.de/, http://etetoolkit.org/treeview/ or https://icytree.org/ (last accessed 2021-09-27). The raw output file packages from IQTREE have also been included.



References

1. Pittman, QJ. Vasopressin and Central Control of the Cardiovascular System: A 40-Year Retrospective. J Neuroendocrinol (2021) 33(11):1–6. doi: 10.1111/jne.13011

2. 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

3. Gwee, P-C, Tay, B-H, Brenner, S, and 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):1–15. doi: 10.1186/1471-2148-9-47

4. Theofanopoulou, C, Gedman, G, Cahill, JA, Boeckx, C, and Jarvis, ED. Universal Nomenclature for Oxytocin–Vasotocin Ligand and Receptor Families. Nature (2021) 592:747–55. doi: 10.1038/s41586-020-03040-7

5. Elphick, MR, Mirabeau, O, and Larhammar, D. Evolution of Neuropeptide Signalling Systems. J Exp Biol (2018) 221(2):1–15. doi: 10.1242/jeb.151092

6. Iovino, M, Messana, T, Tortora, A, Giusti, C, Lisco, G, Giagulli, VA, et al. Oxytocin Signaling Pathway: From Cell Biology to Clinical Implications. Endocr Metab Immune Disord Drug Targets (2021) 21:91–110. doi: 10.2174/1871530320666200520093730

7. Birnbaumer, M, Seibold, A, Gilbert, S, Ishido, M, Barberis, C, Antaramian, A, et al. Molecular Cloning of the Receptor for Human Antidiuretic Hormone. Nature (1992) 357:333–5. doi: 10.1038/357333a0

8. Zeynalov, E, Jones, SM, and Elliott, JP. Vasopressin and Vasopressin Receptors in Brain Edema. Vitam Horm (2020) 113:291–312. doi: 10.1016/bs.vh.2019.08.015

9. Nakatani, Y, Takeda, H, Kohara, Y, and Morishita, S. Reconstruction of the Vertebrate Ancestral Genome Reveals Dynamic Genome Reorganization in Early Vertebrates. Genome Res (2007) 17:1254–65. doi: 10.1101/gr.6316407

10. Putnam, NH, Butts, T, Ferrier, DEK, Furlong, RF, Hellsten, U, Kawashima, T, et al. The Amphioxus Genome and the Evolution of the Chordate Karyotype. Nature (2008) 453:1064–71. doi: 10.1038/nature06967

11. Ocampo Daza, D, Lewicka, M, and Larhammar, D. The Oxytocin/Vasopressin Receptor Family has at Least Five Members in the Gnathostome Lineage, Including Two Distinct V2 Subtypes. Gen Comp Endocrinol (2012) 175:135–43. doi: 10.1016/j.ygcen.2011.10.011

12. Lagman, D, Ocampo Daza, D, Widmark, J, Abalo, XM, Sundström, G, and 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

13. Mayasich, SA, and Clarke, BL. The Emergence of the Vasopressin and Oxytocin Hormone Receptor Gene Family Lineage: Clues From the Characterization of Vasotocin Receptors in the Sea Lamprey (Petromyzon Marinus). Gen Comp Endocrinol (2016) 226:88–101. doi: 10.1016/j.ygcen.2016.01.001

14. Mayasich, SA, and Clarke, BL. “Vasotocin and the Origins of the Vasopressin/Oxytocin Receptor Gene Family”. In: Vitamins and Hormones. Vol. 113: Vasopressin Elsevier Inc (2020). p. 1–27. doi: 10.1016/bs.vh.2019.08.018

15. Ocampo Daza, D, Lewicka, M, Venkatesh, B, and Larhammar, D. The Oxytocin/Vasopressin Receptor Family has at Least Five Members in the Gnathostome Lineage. Front Endocrinol (Lausanne) (2011) 2:2011.04.00083. doi: 10.3389/conf.fendo.2011.04.00083

16. Gilbert, SF, and Corfe, I. Turtle Origins: Picking Up Speed. Dev Cell (2013) 25:326–8. doi: 10.1016/j.devcel.2013.05.011

17. Du, K, Stöck, M, Kneitz, S, Klopp, C, Woltering, JM, Adolfi, MC, et al. The Sterlet Sturgeon Genome Sequence and the Mechanisms of Segmental Rediploidization. Nat Ecol Evol (2020) 4:841–52. doi: 10.1038/s41559-020-1166-x

18. Cheng, P, Huang, Y, Lv, Y, Du, H, Ruan, Z, Li, C, et al. The American Paddlefish Genome Provides Novel Insights Into Chromosomal Evolution and Bone Mineralization in Early Vertebrates. Mol Biol Evol (2021) 38:1595–607. doi: 10.1093/molbev/msaa326

19. Cheng, P, Huang, Y, Du, H, Li, C, Lv, Y, Ruan, R, et al. Draft Genome and Complete Hox-Cluster Characterization of the Sterlet Sturgeon (Acipenser Ruthenus). Front Genet (2019) 10:776. doi: 10.3389/fgene.2019.00776

20. Onimaru, K, Tatsumi, K, Shibagaki, K, and Kuraku, S. A De Novo Transcriptome Assembly of the Zebra Bullhead Shark, Heterodontus Zebra. Sci Data (2018) 5:180197. doi: 10.1038/sdata.2018.197

21. Tanegashima, C, Nishimura, O, Motone, F, Tatsumi, K, Kadota, M, and Kuraku, S. Embryonic Transcriptome Sequencing of the Ocellate Spot Skate Okamejei Kenojei. Sci Data (2018) 5:180200. doi: 10.1038/sdata.2018.200

22. Machado, AM, Almeida, T, Mucientes, G, Esteves, PJ, Verissimo, A, and Castro, LFC. De Novo Assembly of the Kidney and Spleen Transcriptomes of the Cosmopolitan Blue Shark, Prionace Glauca. Mar Genomics (2018) 37:50–3. doi: 10.1016/j.margen.2017.11.009

23. Redmond, AK, Macqueen, DJ, and Dooley, H. Phylotranscriptomics Suggests the Jawed Vertebrate Ancestor Could Generate Diverse Helper and Regulatory T Cell Subsets. BMC Evol Biol (2018) 18:1–19. doi: 10.1186/s12862-018-1290-2

24. Lighten, J, Incarnato, D, Ward, BJ, van Oosterhout, C, Bradbury, I, Hanson, M, et al. Adaptive Phenotypic Response to Climate Enabled by Epigenetics in a K-Strategy Species, the Fish Leucoraja Ocellata (Rajidae). R Soc Open Sci (2016) 3:160299. doi: 10.1098/rsos.160299

25. Mulley, JF, Hargreaves, AD, Hegarty, MJ, Heller, RS, and Swain, MT. Transcriptomic Analysis of the Lesser Spotted Catshark (Scyliorhinus Canicula) Pancreas, Liver and Brain Reveals Molecular Level Conservation of Vertebrate Pancreas Function. BMC Genomics (2014) 15:1–18. doi: 10.1186/1471-2164-15-1074

26. Vidal, N, Delmas, AS, David, P, Cruaud, C, Couloux, A, and Hedges, SB. The Phylogeny and Classification of Caenophidian Snakes Inferred From Seven Nuclear Protein-Coding Genes. Comptes Rendus - Biol (2007) 330:182–7. doi: 10.1016/j.crvi.2006.10.001

27. Nakatani, Y, Shingate, P, Ravi, V, Pillai, NE, Prasad, A, McLysaght, A, et al. Reconstruction of Proto-Vertebrate, Proto-Cyclostome and Proto-Gnathostome Genomes Provides New Insights Into Early Vertebrate Evolution. Nat Commun (2021) 12:1–14. doi: 10.1038/s41467-021-24573-z

28. Böselt, I, Römpler, H, Hermsdorf, T, Thor, D, Busch, W, Schulz, A, et al. Involvement of the V2 Vasopressin Receptor in Adaptation to Limited Water Supply. PloS One (2009) 4:e5573. doi: 10.1371/journal.pone.0005573

29. Mészáros, B, Erdös, G, and Dosztányi, Z. IUPred2A: Context-Dependent Prediction of Protein Disorder as a Function of Redox State and Protein Binding. Nucleic Acids Res (2018) 46:W329–37. doi: 10.1093/nar/gky384

30. Erdős, G, and Dosztányi, Z. Analyzing Protein Disorder With IUPred2A. Curr Protoc Bioinform (2020) 70:1–15. doi: 10.1002/cpbi.99

31. Nakatani, Y, and McLysaght, A. Genomes as Documents of Evolutionary History: A Probabilistic Macrosynteny Model for the Reconstruction of Ancestral Genomes. Bioinformatics (2017) 33:i369–78. doi: 10.1093/bioinformatics/btx259

32. Read, TD, Petit, RA, Joseph, SJ, Alam, MT, Weil, MR, Ahmad, M, et al. Draft Sequencing and Assembly of the Genome of the World’s Largest Fish, the Whale Shark: Rhincodon Typus Smith 1828. BMC Genomics (2017) 18:1–10. doi: 10.1186/s12864-017-3926-9

33. Hara, Y, Yamaguchi, K, Onimaru, K, Kadota, M, Koyanagi, M, Keeley, SD, et al. Shark Genomes Provide Insights Into Elasmobranch Evolution and the Origin of Vertebrates. Nat Ecol Evol (2018) 2:1761–71. doi: 10.1038/s41559-018-0673-5

34. Marra, NJ, Stanhope, MJ, Jue, NK, Wang, M, Sun, Q, Pavinski Bitar, P, et al. White Shark Genome Reveals Ancient Elasmobranch Adaptations Associated With Wound Healing and the Maintenance of Genome Stability. Proc Natl Acad Sci (2019) 116(10):4446–55. doi: 10.1073/pnas.1819778116

35. Zhang, Y, Gao, H, Li, H, Guo, J, Ouyang, B, Wang, M, et al. The White-Spotted Bamboo Shark Genome Reveals Chromosome Rearrangements and Fast-Evolving Immune Genes of Cartilaginous Fish. iScience (2020) 23:101754. doi: 10.1016/j.isci.2020.101754

36. Rhie, A, McCarthy, SA, Fedrigo, O, Damas, J, Formenti, G, Koren, S, et al. Towards Complete and Error-Free Genome Assemblies of All Vertebrate Species. Nature (2021) 592:737–46. doi: 10.1038/s41586-021-03451-0

37. Yamaguchi, K, Hara, Y, Tatsumi, K, Nishimura, O, and Jeramiah, J. Inference of a Genome-Wide Protein-Coding Gene Set of the Inshore Hagfish Eptatretus Burgeri. bioRxiv (2020). doi: 10.1101/2020.07.24.218818

38. Hess, JE, Smith, JJ, Timoshevskaya, N, Baker, C, Caudill, CC, Graves, D, et al. Genomic Islands of Divergence Infer a Phenotypic Landscape in Pacific Lamprey. Mol Ecol (2020) 29:3841–56. doi: 10.1111/mec.15605

39. Vandepoele, K, De Vos, W, Taylor, JS, Meyer, A, and van de Peer, Y. Major Events in the Genome Evolution of Vertebrates: Paranome Age and Size Differ Considerably Between Ray-Finned Fishes and Land Vertebrates. Proc Natl Acad Sci USA (2004) 101:1638–43. doi: 10.1073/pnas.0307968100

40. dos Reis, M, Thawornwattana, Y, Angelis, K, Telford, MJ, Donoghue, PCJ, and Yang, Z. Uncertainty in the Timing of Origin of Animals and the Limits of Precision in Molecular Timescales. Curr Biol (2015) 25:2939–50. doi: 10.1016/j.cub.2015.09.066

41. Hazon, N, Wells, A, Pillans, RD, Good, JP, Anderson, WG, and Franklin, CE. Urea Based Osmoregulation and Endocrine Control in Elasmobranch Fish With Special Reference to Euryhalinity. Comp Biochem Physiol - B Biochem Mol Biol (2003) 136:685–700. doi: 10.1016/S1096-4959(03)00280-X

42. Glasauer, SMK, and Neuhauss, SCF. Whole-Genome Duplication in Teleost Fishes and its Evolutionary Consequences. Mol Genet Genomics (2014) 289:1045–60. doi: 10.1007/s00438-014-0889-2

43. Ocampo Daza, D, and Larhammar, D. Evolution of the Growth Hormone, Prolactin, Prolactin 2 and Somatolactin Family. Gen Comp Endocrinol (2018) 264:94–112. doi: 10.1016/j.ygcen.2018.01.007

44. Sacerdot, C, Louis, A, Bon, C, Berthelot, C, and Roest Crollius, H. Chromosome Evolution at the Origin of the Ancestral Vertebrate Genome. Genome Biol (2018) 19:166. doi: 10.1186/s13059-018-1559-1

45. Simakov, O, Marlétaz, F, Yue, JX, O’Connell, B, Jenkins, J, Brandt, A, et al. Deeply Conserved Synteny Resolves Early Events in Vertebrate Evolution. Nat Ecol Evol (2020) 4:820–30. doi: 10.1038/s41559-020-1156-z

46. Kasahara, M, Naruse, K, Sasaki, S, Nakatani, Y, Qu, W, Ahsan, B, et al. The Medaka Draft Genome and Insights Into Vertebrate Genome Evolution. Nature (2007) 447:714–9. doi: 10.1038/nature05846

47. Bian, C, Hu, Y, Ravi, V, Kuznetsova, IS, Shen, X, Mu, X, et al. The Asian Arowana (Scleropages Formosus) Genome Provides New Insights Into the Evolution of an Early Lineage of Teleosts. Sci Rep (2016) 6:24501. doi: 10.1038/srep24501

48. Yamaguchi, Y, Kaiya, H, Konno, N, Iwata, E, Miyazato, M, Uchiyama, M, et al. The Fifth Neurohypophysial Hormone Receptor is Structurally Related to the V2-Type Receptor But Functionally Similar to V1-Type Receptors. Gen Comp Endocrinol (2012) 178:519–28. doi: 10.1016/j.ygcen.2012.07.008

49. Tan, F, Lolait, SJ, Brownstein, MJ, Saito, N, MacLeod, V, Baeyens, DA, et al. Molecular Cloning and Functional Characterization of a Vasotocin Receptor Subtype That is Expressed in the Shell Gland and Brain of the Domestic Chicken. Biol Reprod (2000) 62:8–15. doi: 10.1095/​biolreprod62.1.8

50. Tobin, AB, Butcher, AJ, and Kong, KC. Location, Location, Location...Site-Specific GPCR Phosphorylation Offers a Mechanism for Cell-Type-Specific Signalling. Trends Pharmacol Sci (2008) 29:413–20. doi: 10.1016/j.tips.2008.05.006

51. Pan, Y, Wilson, P, and Gitschier, J. The Effect of Eight V2 Vasopressin Receptor Mutations on Stimulation of Adenylyl Cyclase and Binding to Vasopressin. wfi 2J Biol Chem (1994) 269:31933–7. doi: 10.1016/S0021-9258(18)31785-X

52. Schoneberg, T, Yun, J, Wenkert, D, and Wess, J. Functional Rescue of Mutant V2 Vasopressin Receptors Causing Nephrogenic Diabetes Insipidus by a Co-Expressed Receptor Polypeptide. EMBO J (1996) 15:1283–91. doi: 10.1002/j.1460-2075.1996.tb00470.x

53. Jaakola, VP, Prilusky, J, Sussman, JL, and Goldman, A. G Protein-Coupled Receptors Show Unusual Patterns of Intrinsic Unfolding. Protein Eng Des Sel (2005) 18:103–10. doi: 10.1093/protein/gzi004

54. Agnati, LF, Leo, G, Genedani, S, Andreoli, N, Marcellino, D, Woods, A, et al. Structural Plasticity in G-Protein Coupled Receptors as Demonstrated by the Allosteric Actions of Homocysteine and Computer-Assisted Analysis of Disordered Domains. Brain Res Rev (2008) 58:459–74. doi: 10.1016/j.brainresrev.2007.10.003

55. Venkatakrishnan, AJ, Flock, T, Prado, DE, Oates, ME, Gough, J, and Madan Babu, M. Structured and Disordered Facets of the GPCR Fold. Curr Opin Struct Biol (2014) 27:129–37. doi: 10.1016/j.sbi.2014.08.002

56. Farran, B. An Update on the Physiological and Therapeutic Relevance of GPCR Oligomers. Pharmacol Res (2017) 117:303–27. doi: 10.1016/j.phrs.2017.01.008

57. Kuraku, S. Palaeophylogenomics of the Vertebrate Ancestor–Impact of Hidden Paralogy on Hagfish and Lamprey Gene Phylogeny. Integr Comp Biol (2010) 50:124–9. doi: 10.1093/icb/icq044

58. Kuraku, S. Impact of Asymmetric Gene Repertoire Between Cyclostomes and Gnathostomes. Semin Cell Dev Biol (2013) 24:119–27. doi: 10.1016/j.semcdb.2012.12.009

59. Kuraku, S, Meyer, A, and Kuratani, S. Timing of Genome Duplications Relative to the Origin of the Vertebrates: Did Cyclostomes Diverge Before or After? Mol Biol Evol (2009) 26:47–59. doi: 10.1093/molbev/msn222

60. Hasunuma, I, Sakai, T, Nakada, T, Toyoda, F, Namiki, H, and Kikuyama, S. Molecular Cloning of Three Types of Arginine Vasotocin Receptor in the Newt, Cynops Pyrrhogaster. Gen Comp Endocrinol (2007) 151:252–8. doi: 10.1016/j.ygcen.2007.02.002

61. Hasunuma, I, Toyoda, F, Okada, R, Yamamoto, K, Kadono, Y, and Kikuyama, S. Roles of Arginine Vasotocin Receptors in the Brain and Pituitary of Submammalian Vertebrates. 1st ed. Elsevier Inc. Int Rev Cell Mol Biol (2013) 304:191–225. doi: 10.1016/B978-0-12-407696-9.00004-X

62. Kelly, AM, and Goodson, JL. Social Functions of Individual Vasopressin-Oxytocin Cell Groups in Vertebrates: What Do We Really Know? Front Neuroendocrinol (2014) 35(4):512–29. doi: 10.1016/j.yfrne.2014.04.005

63. Lema, SC, Sanders, KE, and Walti, KA. Arginine Vasotocin, Isotocin and Nonapeptide Receptor Gene Expression Link to Social Status and Aggression in Sex-Dependent Patterns. J Neuroendocrinol (2015) 27:142–57. doi: 10.1111/jne.12239

64. Rawat, A, Chaube, R, and Joy, KP. Molecular Cloning, Sequencing and Phylogeny of Vasotocin Receptor Genes in the Air-Breathing Catfish Heteropneustes Fossilis With Sex Dimorphic and Seasonal Variations in Tissue Expression. Fish Physiol Biochem (2015) 41:509–32. doi: 10.1007/s10695-015-0026-0

65. Sayers, EW, Beck, J, Bolton, EE, Bourexis, D, Brister, JR, Canese, K, et al. Database Resources of the National Center for Biotechnology Information. Nucleic Acids Res (2021) 49:D10–7. doi: 10.1093/nar/gkaa892

66. Edgar, RC. MUSCLE: Multiple Sequence Alignment With High Accuracy and High Throughput. Nucleic Acids Res (2004) 32:1792–7. doi: 10.1093/nar/gkh340

67. Larsson, A. AliView: A Fast and Lightweight Alignment Viewer and Editor for Large Data Sets. Bioinformatics (2014) 30:btu531. doi: 10.1093/bioinformatics/btu531

68. Nguyen, LT, Schmidt, HA, Von Haeseler, A, and Minh, BQ. IQ-TREE: A Fast and Effective Stochastic Algorithm for Estimating Maximum-Likelihood Phylogenies. Mol Biol Evol (2015) 32:268–74. doi: 10.1093/molbev/msu300

69. Minh, BQ, Nguyen, MAT, and Von Haeseler, A. Ultrafast Approximation for Phylogenetic Bootstrap. Mol Biol Evol (2013) 30:1188–95. doi: 10.1093/molbev/mst024

70. Kalyaanamoorthy, S, Minh, BQ, Wong, TKF, Von Haeseler, A, and Jermiin, LS. ModelFinder: Fast Model Selection for Accurate Phylogenetic Estimates. Nat Methods (2017) 14:587–9. doi: 10.1038/nmeth.4285

71. Kanda, A, Satake, H, Kawada, T, and 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

72. Nguyen, NTT, Vincens, P, Crollius, HR, and Louis, A. Genomicus 2018: Karyotype Evolutionary Trees and on-the-Fly Synteny Computing. Nucleic Acids Res (2018) 46:D816–22. doi: 10.1093/nar/gkx1003

73. Vilella, AJ, Severin, J, Ureta-Vidal, A, Heng, L, Durbin, R, and Birney, E. EnsemblCompara GeneTrees: Complete, Duplication-Aware Phylogenetic Trees in Vertebrates. Genome Res (2009) 19:327–35. doi: 10.1101/gr.073585.107




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.


Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Ocampo Daza, Bergqvist and Larhammar. 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.




OPINION

published: 23 March 2022

doi: 10.3389/fendo.2022.867442

[image: image2]


STOP Codon Mutations at Sites of Natural Caspase Cleavage Are Implicated in Autism and Alzheimer’s Disease: The Case of ADNP


Illana Gozes 1* and Shula Shazman 2


1 Elton Laboratory for Molecular Neuroendocrinology, Department of Human Molecular Genetics and Biochemistry, Sackler Faculty of Medicine, Adams Super Center for Brain Studies and Sagol School of Neuroscience, Tel Aviv University, Tel Aviv, Israel, 2 Department of Mathematics and Computer Science, The Open University of Israel, Raanana, Israel




Edited by: 

Liliane Schoofs, KU Leuven, Belgium

Reviewed by: 

Yukio Ago, Hiroshima University, Japan

*Correspondence: 

Illana Gozes
 igozes@tauex.tau.ac.il

Specialty section: 
 This article was submitted to Neuroendocrine Science, a section of the journal Frontiers in Endocrinology


Received: 01 February 2022

Accepted: 17 February 2022

Published: 23 March 2022

Citation:
Gozes I and Shazman S (2022) STOP Codon Mutations at Sites of Natural Caspase Cleavage Are Implicated in Autism and Alzheimer’s Disease: The Case of ADNP. Front. Endocrinol. 13:867442. doi: 10.3389/fendo.2022.867442



Keywords: apoptosis, activity dependent neuroprotective protein (ADNP), caspase, mutations, autism spectrum disorder, Alzheimer’s disease



Introduction

Activity-dependent neuroprotective protein (ADNP) (1, 2) was originally discovered at the Gozes laboratory as a glial secreted protein, in the presence of the G-protein-coupled receptors (GPCR)-neuropeptide activator, vasoactive intestinal peptide (VIP) (1). With pituitary adenylate cyclase (PACAP) exhibiting extensive homology to VIP, later studies identified PACAP regulation of ADNP (3–7). Essential for brain development and function (8, 9), ADNP is identified as one of the leading de novo mutated gene causal for an autism/intellectual disability syndrome, the ADNP syndrome (also known as Helsmoortel Van Der Aa) (10–12). Furthermore, recent studies in the Gozes laboratory identified somatic mutations in ADNP in Alzheimer’s disease brains correlating with the progression of Tau pathology (13), and paralleled by Tau depositions in the ADNP syndrome young postmortem brain (14). ADNP functions as a microtubule regulator, enhancing Tau-microtubule binding and protecting against Tauopathy (15). ADNP also functions as a chromatin remodeler (16), further involved in alternative splicing (17) and DNA damage repair (18), regulating thousands of proteins (19). As such, it is our opinion that ADNP is central to key cellular processes. Thus, paralleling disease inflicting truncating mutations in ADNP to natural protein cleavage sites will identify basic disease – related cellular mechanisms, leading to better disease management.



Similarity in ADNP Length After Cleavage by Proteases or Truncation by ADNP Mutations

Computational analysis by the eukaryotic linear motif (ELM) prediction tool (20) identified ADNP cleavage sites including the following classes (Figure 1).




Figure 1 | Human ADNP protease cleavage site (CLV). The picture shows protein cleavage sites in ADNP as obtained from the ELM data base. Highlighted in the text are cleavage sites associated with somatic ADNP mutations in postmortem Alzheimer’s disease brains. The ELM site shows ordered and disordered structures within protein, with ordered meaning a three dimensional protein structure.




Cysteinyl Aspartate Specific Proteases (Caspases)

Caspases (21) represent key players in apoptosis, development and differentiation. Caspases recognize the respective substrates by specific cleavage motifs. There are five amino acids of the substrate around the caspase cleavage site, named (N- to C-terminal): P4, P3, P2, P1, P-1. The scissile bond between the essential aspartate at P1 and P-1, usually a small amino acid, is cleaved by caspase-3 and -7, whereas positions P4 to P-1 are important for substrate specificity and recognition. ADNP residues 734-738 contain the motif DDSDS which is a recognition motif for caspase-3 and caspase-7. As indicated above, cleavage of the caspase substrates results in characteristic morphological features of apoptotic cell death, including membrane blebbing, pyknotic nuclei, cell rounding, and formation of apoptotic vesicles. Thus, activated caspase-3, a major enzyme in the apoptotic pathway, is often used as a marker for apoptotic cells. The length of the ADNP protein after the caspase cleavage is 737aa. Interestingly, one of the most prevalent autism/intellectual disability causing de novo mutations in ADNP in p.Arg730* (10), closely located near the caspase cleavage site. Furthermore the recurrent somatic ADNP frameshift mutation p.Arg730Thrfs*4, which is one of the pathogenic mutations in ADNP that is correlated to aging/Alzheimer’s disease, truncates ADNP length to a protein of 734aa (13) (Figure 1).



CLV_PCSK_SKI1_1 (http://elm.eu.org/elms/CLV_PCSK_SKI1_1.html)

The subtilisin-like proprotein convertases (PCSKs) mammalian subtilisin/kexin isozymes (SKIs) are expressed extensively in mammalian neural and endocrine cells and play major roles in the proteolytic processing of both neuropeptides and hormone precursors. The members of the subtilisin-like family are proprotein convertases that process latent precursor proteins into biologically active products. PCSK1 (proprotein convertase 1, NEC1) and PCSK2 (proprotein convertase 2, NEC2) are type I proinsulin-processing enzymes important in regulating insulin biosynthesis. These enzymes also cleave (for example) proopiomelanocortin, prorenin, proenkephalin, prodynorphin, prosomatostatin and progastrin (22–24).

ADNP residues 367-371 KQLLP include the cleavage motif of recognized by the members of the subtilisin-like family. The length of ADNP after cleavage in this site is 367aa. Interestingly, the length of ADNP after the truncating mutation p.Ile359Thrfs*8 is 367aa, found in the post mortem Alzheimer’s brain (13).

PACE4 (paired basic amino acid cleaving system 4, SPC4) is a calcium-dependent serine endoprotease that can cleave precursor protein at paired basic amino acid processing sites [e.g. p.Lys20*, Figure 1, found in the postmortem Alzheimer’s brain (13)]. Its substrates include transforming growth factor beta-related proteins, proalbumin, and von Willebrand factor and assorted neuropeptides. Several paired basic amino acids are found in ADNP (Figure 1).




Discussion

The discovery of ADNP included the identification of a short active motif within ADNP, termed NAP (NAPVSIPQ, Figure 1) (1). NAP enhances ADNP binding to microtubule end binding protein (EB1 and EB3) (25), in turn augmenting Tau microtubule interactions, protecting against tauopathy, even in the face of ADNP mutations, such as the prevalent mutation, p.Arg730* (13–15). Further studies have shown that NAP protects against activated caspase 3 associated apoptosis (26–28). Caspase 3 activation is mediated by cytochrome C (29), protected by NAP (30), whereas cytochrome C is released from mitochondria is enhanced by p53 (31) and ADNP/NAP reduce p53 (2, 32, 33). In turn, DNA damage results in posttranslational modifications of p53 (34), activating the release of cytochrome C (29).

Regarding DNA damage, R-loops are three-stranded nucleic acid structures that accumulate on chromatin in neurological diseases and cancers and contribute to genome instability. ADNP resolves/suppresses R-loops. Importantly, deletion of the ADNP homeodomain severely diminishes R-loop resolution activity, compromising neuronal differentiation. Additionally, patient-derived human induced pluripotent stem cells that contain the prevalent ADNP syndrome-causing mutation p719* exhibit R-loop and CTCF accumulation at ADNP targets (18, 35). These findings, together with our current bioinformatics observations suggest that ADNP cleavage by caspase 3, may be deleterious at two levels: 1] enhancing DNA damage, and 2] reducing ADNP-Tau-microtubule interactions, resulting in tauopathy and followed or paralleled by apoptosis. These findings implicate ADNP as part of the apoptotic pathways in neuronal cells.

Furthermore, Bend et al., identified two distinct and partially opposing genomic DNA methylation episignatures in the peripheral blood samples from 22 patients with ADNP syndrome. The “epi-ADNP-1” episignature included ~ 6000 mostly hypomethylated CpGs, and the “epi-ADNP-2” episignature included ~ 1000 predominantly hypermethylated CpGs. The two signatures correlated with the locations of the ADNP mutations. Epi-ADNP-1 mutations occupy the N- and C-terminus, and epi-ADNP-2 mutations are aggregated on the nuclear localization signal (36). These findings suggest epigenetic activities to the different ADNP cleaved fragments.

Also interesting and related are the findings of caspase 3 - dependent proteolytic cleavage of Tau causes neurofibrillary tangles and results in cognitive impairment during normal aging (37). This is coupled with the finding of plasma P-tau217 levels increasing during the early preclinical stages of Alzheimer’s disease when insoluble tau aggregates are not yet detectable by tau-positron emission tomography (PET), presenting an early biomarker (38, 39). However, an even earlier biomarker is suggested in an unfolded conformational variant of p53, apparent at least 6 years prior to disease onset (40). Phosphorylated Tau and modified p53 in prodromal Alzheimer’s disease are also associated with ADNP found to be the only protein decreasing in Alzheimer’s disease patients’ serum samples (41) and with ADNP serum levels correlating with intelligence, in cognitively intact healthy elderly (42). Importantly, ADNP indirectly interacts with sirtuin 1 (SIRT1) at the chromatin and microtubule/Tau levels (43) as well as regulates Forkhead box O3 (FOXO3) (11), two important genes associated with healthy aging.

Taken together, our studies suggest ADNP directed therapy in susceptible individuals exhibiting the modified p53 biomarker. An ideal therapy would be nasal NAP (davunetide) administration with previous human experience and cognitive score protection/enhancement in amnestic mild cognitive impairment patients (44, 45).
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DD WT
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Species.

Wistar rats

Mo Wetar ats

e Sprague-Daviey

ats

Mo Wetar ats

Mo and fomalo
‘Sprague-Davdoy rats 1
viro), male Sprague-
Daviey rats 1 vi0),
Nocleus ambiguous
pourons.

Hypotralamc neurons,
e and fomae
‘Sprague-Davdey rats
Female Sprague-Daney
ats

Mo C578L8 mice,
melo Wit ats

Human newroblastoma
SHSYSY cats

Mo Kumming SPF
mice

Mo Wistar rats, mae,
CS78UBN wid type

Mo Wta ats

Mo C57BUB mice
(GHSRe/4) and
(GHSR)

humans, malo Sprague:
Daviey rats, HL-1
cardic musclo cols of
mica

Mo Wit ats
‘Sprague-Davdey rats
Mo Sprague-Daviey

ats

Mo Witar ats

6 aisigroup - ntotal
n=24

7 ratsgrow - n total
n=28

7 ratsigroup - intotal
=70

Notindcated

6 atsigroup (i viro),
5 atsigroup fn vivo)

4 cots/group - ntoal
n-2

Not indcated

Oferent group sizes
(5-10/group). &
goups ntotal

7 ratsigroup - i total
n=28

68 GHSRY/+ mice!
goup -intotal
38,35 GHSR/-mice/
goup—intotaln =17
178 men, %0 vomen,
4 ras, rmbe of
musd cels not
icated, dtorent
goup sizes

144 ras, group sizes
pot nccated

Notindcated

10O -in
ol

=40
Notindcated

intervenion
sty

intervention

intervesion

Main findings.

8 usig anestain-1 antbody. the presence of nesiain-1 was
dentifed i e rat heart. Exogenous nesfatn1 recty showed
egative noropic and iy efects wihout afectng
oronary mopiy. These efects were medated by Inoving
PGCNPRA, the CGMP/PKG pathway, and ERK1/2.

Nestatn-1 inccod heart fare cring inca roatments by
incressing expression o the cardac L-ype G charmel

Nestatin-1 evated mean arteial pressure and modusies heart
ato n rats i the csntral choinerg system.

Nestatin-1 dose-dependently incuced a réxaton on te
endotheumintact thoracc 20t of rats and produced posihe
inotropi and chrondtropi efects on aia. These efcts might
e bear1 receptor idependent, whie imiohing the NO-cGMP
cascade.

Nestatn-1 ncreased cytoscic Ca” leves via a Gy-coupled
mechanism i carciac vagal neurons of huceus ambigUous by
voiving P/Q type votage-actiated Ca’* chamels. Moroover,
estatn1 d 10.a dose-dependant depdlrzaton of cardac
vagal neurons v a G-ooupled mechanism.

0 ats esfatin-1 was prosent i hypothalanic and branstem
eurons and stimuated Car* nfu via GPCR.

1 acute pancreats nestatn-1 showed an antioxdant and ant
nflammatary ofct va the meanocortin sgnalng patay.

Nestatn1 rocoed darkphaso food inlake in mice by g
exciabity of dopamnergi necrons  the VTA and reckcng
doparmine reease i the nucieus acurmbens.

1 hurman newroblastoma SH-SYSY cols nesfat1 6d fo an
over-exprossion of syrapsin | and phosphonyated ERKI/2
medated via GRF,.

Nestatin1 nomalzed fro fatty acids and vias thus abe o
mprove i dsorder via activation o AMPKACC pathway n
T20M mic.

Nestatn-1 treatment icreased dry heat oss, IBAT and tal
temperature through actation of the melanocorin system.

Nestatin-1 had neuroprotectve efects n neuronalcels and
euroinfammatory processes caused by brin schemia by
decreasig actiaton of caspase 3.

Nestatn-1 roqued GHS for mediatng s efocts on food
ntake and gucose metabofs.

Carciomyocytes can synthesize and roleaso nestatn1 and the
epide stnuted gucose uptake by HL-1 cels and
cardomyocytes and transiocaton of GLUTA tothe perohary of
these cals.

Nestatn-1-xprossing nurons in the higpocarmpus proectto
e VMH and there, nestatn 1 modiated GO responsive
eurons and thus had an impact on the contl of
gastontstnal fnctons.

Nestatin-1 ateced fringrates of GO-responsive VMH neurons,
thary inning food take, gastic acid prockcion, gastic
motity, and gastic emptyng.

Nostatn-1 mectated vty ke behaviornrats without atrng
memory.

Nestatn1 acted as an ihbtory neurovansmitor to reguiate
gastic motity via the LHA-PYN pathay.

Risk of
bias.
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mouse neurcbiastoma
ooll 00 NB41A3, male
CS7/BLS (86) mice

Mo ICRmice

Mo Sprague-Daviey
s

human nourobiastoma
SH.SYSY cols,
‘Sprague-Daviey rats
humans, medo inbred
mice (BALBICBYINaI)

‘godtsn Carassius
s

Mo C578UB) mico.

Wtar ats

humen HIR®/
wophobasts

Mo Wtarrats

Mao C57BUR) mce,
HED- induosd obose
mice, Sprague Daney

WstarKyoto rats,
‘spontanecus
ypertnshe rals (SHR),
human VSWCs, at

Mao C57BUR) mico,
HEK239 ool

Mo Wistar rats,
Zucker-ean ats,
Zucker-aty rats
‘godien Carassius
s

Mao C57BUR) mico,
wansgene ruciecbindn-
2mios, human VECs.
anaVSMCs

Mo and fomale
‘2ebrafish (Dano rec

MaoICRmice

ASARIONVIRDUR = -
totaln =304

Notindcated

Notindcated

9 aisigroup - n total
n=3

5 human samples, 16,
at/group - intotal n
5

119 ity donors,
160 colon cancer
patients -intotaln
279 subjects, number
of mice not dcated
n=3

Notindicated

Notindcated

Notindcated

=348 afecent
experiments

Aoproxmateyn = 44
rice, number of ats
pot indicated

6 Wistar-Kyoto rats/
goup-intotal
8,6SHRGow -
totain =65

16 micalgroup -
otal

=35
Notindcated

4 godishigroup - in
totln =44

=25 CS7BUBY
mice,

= 13 transgene
mice, diferent goup
8 zatcafsigroup - in
toain =64

Notindcated

b spnrad
intervention
study

sty

Experimental
intervention

intervntion
sty

intervention
sty
intervention
sty
intervntion
study

intervention
sty

Expecimental
intervention
sty

intervntion
sludy

A DIVOTHIER (FICS TR SN0 VIV IS B W ST
a0t H3-R to medato s anorexigen ofec,

Nestatn-1 bound o cal surface of NBA1AS cols and mouse
ypothatamus indatng the presenco ofa speciic nesat 1
receptor. Moveove, nesain-1 incced phosphonfation of
‘GREB via bincing 10 il protein-coupled eceplor and by
utizng Ca?” i ndor MAPK signalng cascade.
Porphera nestatin-1 stmulatod Ca™ nfx trough votago-
gated N-type channets, thereby decty actvating afecent vagal
naurons.

Nestatn-1 was invohec in CRF/CRF 1 signaing patways i the
ran, contibuting 1o viscora hypersensiiity i ats.

Treament with osfatn1 cbvated cartage dogeneration i ats
which pays a major 10 i the devolopment of ostooaits.

Nestatn-1/NUCB2 increased imasion, miraton and
mesenchymal phenotype 1 colon cance via LKBI/AMPI/
TORC1/ZE8:1 signaing pathways and may be a prospecive
marker for predicton o metastass.

Thero s a possile relaionshp between nesfatn-1 and ghvein,
(COK and orexin A n goldsh o roguéto food intake.

Nestatin-1 increased peripheral sympathetc outiow, resuting i
1BAT themmagenesis and body wegnt ss.

1 o substanta rira nesfatn-1 post-synaptaly
yperpolazed dopaminergC neuxons, thus leadng 10: drect
inhibiton of these neurons.

Overexpression of estatn-1 increase hueman trophoblast
proferation, migraton, inasion, and epsolakmesonchymal
ransiion and smutaneousy suppressed oK SIess.
Nestatn1 modated gastrontestinal motity by afoctng
ghvoln-responsive GO neurons in the arcuato nuceus i fas.

Porphora nestatin-1 adminstation altred ghcose metabolsm
n oo va incroasing insuln secroton and insulin sensiiy by
atering AKT phosphonyation and GLUT 4 membrane
ransiocaton n the acipose tissus, er and skeltal muscie.
Nestatn1 promoted VSMC dierentation and proffecation,
leading to hypertension and vasculs remodein.

Nestatn1/NUCB2 exprossion was found in pancieat boa-
cols in mice, Horo, nastatin-1 was found tondit Kv-chamas
in a drect manner.

Nestatn-1 induced anorexiain alptin-independent, but
melanocortn-dependent manner i oxytonn neurons i the
P

Exposuro of he isoated and perused working hear 0 nestain-
1 resuted in positve noropism.

Nestatn1 adminstrason doso-dopondenty suppressed
peripheral arery emodeing n vascutr endotheial cols and
decreasod necinimal hyperpiasi.

NUCB2nestatin-1 may bo localzed in cardomyooytes i
2obrafish and admiisiraion of esfatn1 1d fo FRbIon of ond
dastolc and end systoic vokumes, docreasing heart rate and
cardioc output.

Nestatn-1 doso-dopandentl stmuated both insuln secreton
il and inraceluar Ca” kovels i beta-cols under evaled
s ahbia aanoanialiog:

SEGon

bas.

bas.
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cals

Malo Wstar rats

o A
xact number ofats
pot infcatod

3 micelgroup - ntotal
n=18

Notindcated

= 48 ats, gow
sizes not indicated

Nurmber of ats ot
indcated, 85 naurons.

Number of rats ot
indcated, 102
peurons.
n=6rats

Not indcated

=21 meco
=27 mco

10:20 miceigroup -in
totain=50

6 micelgroup - intotal
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Not indicated
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independent melanocortn signaing i the Iypothalamus.

Nestatn1 plays a physiclogical 0@ inreguiaing bood pressure
i mio by aterng vascuar conlractty.

Nostatn1 nfoactod with a GPOR and usedt  PKC-dopondont
mechanism to incuce cacium il i noonata at dorsal oot
gangion neuxons.

Tho antifammatory afects of nesatn-1 i Colts were
medated via Oxytooi and ghvein recepors

10 1ho PN nosfatn reguited the mormbrane potental of
ierent subtypes of neurons.

Nostatn1 xposuso ed to hyporpoiatzaton i NPY-Gxpressng
eurons in the arcuate nuceus. These efects might be medited
via KATP chamdis.

Bound nastatin-1 radioabel was detocted i various perpheral

organs and several brn ruc.

Nestatn-1 adminstraion suppressed ackenocortical o growth
whie increasing apoptoss

Nestatn1 in mouso estes ko 10 a0 ncreaso n testosterone
producton, which was accompassed by higher ex0sson of
steroidogenic enzymes and insuln feceptor proton.

Nestatn1 pyed a 10l n spermatogenasis and steidogenss
of propuberta mice by drect acton on the fosts i associaion
with the progression 0 pubert.

Nestatn1 played a crucial 0% in ameioratng thetesticar
functons of T20M mice by atering the iculting fpid profie.

Nestatin1 showed a neuroprotectve efect n dopaminergic:
neurons by protectng against MPP+/MPTP-inducedd
nerotoicty. These efects might be medited via actation of
the C-Ral-ERK1/2 sgnaing cascace.

Tho e segmont of nestain-1 caused anorosa v aleptin-
ndependent mechanism,

Nestatn1 i ras od 10  dolayed inbiion offood intakon the
dark phase, invoving CRF2 receptor-dependent patways.

Nostatn1 intbitd HGSVIG viabity and adhesion.

Hypothalamic ERK signaing undaran the sympathoexciatory
efect ofnesfatin-1 on enargy ntake and pid metabotsm.

Nestatn1 modhdated cental sympathetic outo, thereby
stimuating renal sympathetic ot and increasing bood
pressue.

Nestatn1 showod cardoprotective ofecs i rats by ocroasing
myocardial apoptosis and nfamimation which in fum roduces
myocardialinfrct size.

Nostatn1 and NLP showed a drect ofect on somalolrophs by
dounioguating tho synthosis of GH ia a GPCR thiough the AC/
PKAGREB signaing patfway, most kel induing a G-
intbiory suborst,

1 tho contal nudeus of tho amygdala psfatn-1 moduated tho
aciity of GD-sensive neurons and gastric moty.

‘Solcton

Ssecton
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1,147 citations were identified through the electronic
search

PubMed =454 Embase =378

Web of Science =315

—

2 articles from altemative.
sources were identified

425 potentially relevant studies met the
eligibility criteia for inclusion and required.
abstract and full text sreening

2k >

70 relevant, non-duplicated studies were
included

722 reviews, case reports or
other unsuitable study types,
‘non-English studies, studies
with no fulltext available or
duplicates were excluded

357 articles deviated from
the main topic
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45 Patway”
+ 46 °G-protein coupled receptor”

47 *Binding”
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Species Sexes and treatments NKB/Kp Dyn/Kp Methods Reference no. and authors
Sheep Female (OVX+E2) - 94% IHC (12), Goodman et al., 2007

Female (Ovary intact)’ 80.4% - IHC (12), Goodman et al., 2007
Goats Female (OVX) 99.5% 78.0% HC (13), Wakabayashi et al., 2010
Cattle Female (Ovary intact)® almost al® >half® IHC (14), Hassaneen et al., 2016
Rats Female (OVX) 97% = HC 9), True et al., 2011

Female (OVX+E2) majority* majority* IHC (10), Murakawa et al., 2016
Mice Female (OVX/OVX+E2) 90% 92% ISH (7), Navarro et al., 2009

Male (Cast/Cast+T) 94% 86% ISH (8), Navarro et al., 2011

Female (OVX)® 100% 100% Pooled cell PCR (11), Ikegami et al., 2017
Rhesus monkeys Male (Cast) 40-60% - IHC (15), Ramaswamy et al., 2010

Female (OVX) - 7.3% IHC (16), True et al., 2017

Cast, castration; Dyn, dynorphin A; E2, estradiol-17p; Kp, kisspeptin; NKB, neurokinin B; OVX, ovariectomy; T, testosterone.
"Data were collected from ewes at the luteal, follicular, and estrous stages.

?Data were collected from heifers at the luteal and follicular stages.

3Data were not shown as percentage.
“Data were not shown as percentage.
SData were collected from Kiss1-GFP transgenic mice.
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Species

Humans

Sexes

Female
Male
Male
Male
Female

Ages

27-74 years old

Young (21-37 years old)

Young (21-49 years old)

Aged (50-78 years old)
Postmenopausal (64-90 years old)

NKB/Kp

77.0%
75.2%
72.7%
77.9%
78.4%

Kp/NKB

95%
32.9%
35.8%
68.1%
66.5%

Methods

HC
IHC
HC
IHC
IHC

Reference no. and authors

(111), Hrabovszky et al., 2010
(112), Hrabovszky et al., 2012
(113), Molnar et al., 2012
(113), Molnar et al., 2012

),
(114), Skrapits et al., 2014
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Species Sexes and treatments NK3R KOR Targets Methods Reference no. and authors

Sheep Female (Ovary intact)’ 64% - NKB IHC (116), Amstalden, et al., 2010
Female (Ovary intact)’ - 97.8% Kp IHC (118), Weems et al., 2016
Female (Ovary intact)’ - 93.5% NKB IHC (118), Weems et al., 2016
Rats Female (OVX+E2) = 62% Kp ISH (117), Tsuchida et al., 2020
Mice Female (OVX/OVX+E2) 96% 20% Kp ISH (7), Navarro et al., 2009
Male (Cast/Cast+T) 76% 6% Kp ISH (8), Navarro et al., 2011
Male (Testis intact)? 35% 41% NKB Single-cell PCR (115), Ruka et al., 2013
Male (Cast)? 86% 19% NKB Single-cell PCR (115), Ruka et al., 2013
Female (OVX)* 83% 33% Kp Pooled cell PCR (11), lkegami et al., 2017

Cast, castration; E2, estradiol-17; Kp, kisspeptin; KOR, x-opioid receptors; NK3R, NK3 receptors; NKB, neurokinin B; OVX, ovariectomy; T, testosterone.
"Data were collected from ewes at the luteal stage.

?Data were collected from Tac2-GFP transgenic mice.

3Data were collected from Kiss1-GFP transgenic mice.
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Neuropeptide VectorBase code UFC 3 hPBM 24 h PB}

Diuretic hormons 44 RPRC000596
paz RPRC007092
Ton transport peptide RPRC000S19
Long Neuropeptide F RPRC008107
Myosuppressin RPRC000203
Neuropepide like precursor 1 RPRCO11663
CCAP prepropeptide RPRC000466
Neuropeptide processing enzymes _ VectorBase code _UFC__ 3hPBM 24h )
Signal Peptidase. RPRC009668
Amontilado (Prohormone convertase 2- PC2)  RPRC009349
Prolyl endopepticase RPRC006929
Carboxypeptidase M (CPM) RPRCO1512¢
Furin (Fur) like protease-1 RPRC006957
Furlike protease 28 RPRC013490

Fur like protease 24 RPRC002472
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‘Second messengers and signaling.
Phosshatidylinositol transier protein (PITP)
Phosphatidylinositol &-Kinase (PI4-K)

Guanine nucleotide-binding protein G(q) subunit alpha
Guanine nucleotide-binding protein G(s) subunit alpha.
Phosoholipase C

PR

Pra ke

Adenylate cyclase

Putative calcium channel subunit
Calcium)calmodulin-dependent protein kinase type 1
Nitrc oxide synthase (NOS) (fragment)

Guanylate cyclase ke

phosphodiesterase

VectorBase code  UFC

RPRC00SES
RPRCO14149
RPRCD15352
RPRCO13292
RPRC007894
RPRC004385
RPRCO13140
RPRC00S210
RPRCO15038
RPRC009863
RPRC003886
RPRC00S145
RPRCO11041

3 hPBM 24 h PB!

A
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.
Biogenic amine G protein Receptors Vectorfase code.

‘Dopamine 1-lke RI RPRC014093
Dopamine L-lke R2 RPRCO13708
Dopamine 2k R RPRCO11175
Octopamine R (fagment) RPRC001054
Octopanine BRI (fragmment) RPRC001507
Octopamine BRI (fagment) RPRC005349
Octopamine R2 RPRC01154S
Octopamine BROamb. RPRCO01341
Tyramine R RPRC00G712
SHTRI RPRC010931
SHTRID RPRC008923
SHTR2a (fragment) RPRC00S858
SHTR2a (fragment) RPRC001892
SHTRZD RPRC000473
SHTRY (iagment) RPRC007788
SHTRY (fagment) RPRC001792
Orphan R1 RPRC004409
Orplan R2 (fagment) RPRC002007

Ensymesinvolvedinthe  Vectorliasecode  UFC  3hPBM 241 PBY

biogenicamine synthesis

Tryptophan 5-hydroxylase RPRC012297
Avomatic L-aminoacid decarboxylase  RPRCO0S384
‘Tyrosine decarboxylase RPRCO11470
Tyramine fhydroxylase-lke RPRCO14470

DBitlike monooxygenase protein  RPRCO09118
Histdine decarboxylase ke RPRC001056
sine 3monooxygenase (ple) __ RPRCO07034
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% [Neuropeptide receptors Family A VectorBase code _UFC _ 3h PBM 241 Pi

ACPRA(Fagment)
Adiponctn R (ingrnent)
Alstosatin AR (fagrem)
‘AltosatinCh
Burscon®
CAPARA
it k1
CCHamideR2
crrt
2 (agnen)
O amideR
Conaonin®
EUR (agens)
PR
FaLPanideProcolin
Graz/cr2R
TonTransort 1%
K1
Kiin 2 (fgment)
Longneuropeeide F R
Myolhibiing pepide KA
Notallsin &
yrakinin 1R
PyroininZR
Pyrogutmylte B smide epide &
Shortneuropeeider R (ingnent)
Sulkiin @1 (agent)
Sulkiia 2
Sanide R
Tacyiningic R
PR o B

‘WpRcooi
RPRCO12657
RPRCO0I06
RPRCO13486
RPRCOO1663
RPRCO00S16
RPRCO07766
RPRCO00G08
RPRCO0L24S
RPRCO00%
RPRCO0LZS
RPRCOO0SZ3
RPRCO00BHS
RPRCO0ISS1
RPRCOIS267
RPRCO07243
RPRCO0473
RPRCO00#
RPRCO00S70
RPRCO0G4
RPRCO00GDS
RPRCO01697
RPRCoos28
RPRCO0S110
RPRCOLHG0
RPRCO02266
ReRco2016
RPRCOL2016
RPRCOOORSS
ReRco00zz
et

Acetyicholine & Family A
Muscarnic ceyicholne A
Mscarinic Acetyicholne R &
buscarini Actyicholine

Vectorfiase code
‘ReRcooi7s1
ReRco10%0?
ReRcoI0sss

urc

Neuropeptid receptorsFamily 8 Vectorbase ode UFC
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LD WT VPAC2 KO

Pert1 Per2 Bmalt Pert Per2 Bmalt
Trmax (ZT) 12:40 156:28 00:34 06:58 11:51 20:39
Tmin (ZT) 00:40 08:28 12:34 18:58 2851 08:39
Amplitude 128 858 138 38 499 93
Mesor/mean 93 577 65 88 528 54
Significance (P) <0.0001 <0.0001 <0.0001 <0.05 <0.0001 <0.0001
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Buccalin/AST-A MIP/AST-B AST-C-like/AST-C

Precursor Receptor Precursor Receptor  Precursor Receptor

MOLLUSCA

Mytilidae (;) i t 3 15
Mytilus gallolprovinciallis (12) @)
— £ il 3 12 1 2
Ostreidae Crassostrea gigas (10) (7) 1)
1 il 13 12
Crassus‘tréa virginica () (9) (1)
<
>
g Margaritidae @ . 2 : at L 2
= - 8% *
o Pinctada imbricata L G @
S
ini QN )
Pectinidae \\ “// il 1 1(12) 3 il 2
Mlzuhopecten yessoensis (11) (1)
Arcidae 1 1 1 6 2 2
10* 1/1
Tegillarca granosa (10%) (205) )
Planorbidae
] — 1 il ni ni ni 2
Biomphalaria glabrata (14)
Arionidae i 3 2 2 ni 4
(11%) (15/13%)
Candidula unifasciata
<
8 i
& Ampullariidae | } 2 2 1 il il il
o
'G Pomacea maculata (L1/8) (15%)
5
Aplysidae /W% 1 1 11 11
Aplysia californica (29) (16) (1)
Lottiidae 1 1 1 1 ni il
» (19) (25)
[a)
o
[%
9 Octopodidae .
< ni 1 1 1 ni il
i 4
W )
o 1 2 il i 1 2
Nautilidae
(29%) (6) (1%)

Nautilus pompilius

1 il i
POLYPLACOPHORA @m L L 5 o
(25)

ARTHROPODA

(6*) (1%)
Acanthopleura granulata
Drosophilidae 1 2 1 il 2 2
(4) (6) (1/1)

Drosoph/la melanogaster

Tenebrionidae I n! L L 2 4
(6) (1/1)

Tribolium castaneum
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Species Condition Injection Effect Reference

Tilapia Female, adult P Increases LH and FSH release 37)
Sea Female, adult Icv Decrease in plasma LH level 67)
bass
Goldfish ~ Female and male, adult P Increase in LHB and FSHB mRNA during early to late gonadal 68)
recrudescence, reduced serum LH at early to mid-
recrudescence
Sparrow  Female, adult ICV Decrease in plasma LH level (69)
Quail Male, adult v Decrease in LHB, FSHB mRNA expression and serum LH level (70)
Rat Female, adult, OVX v Gradual decrease in plasma LH level (71)
Rat Female, adult, OVX Acute No significant suppressive effect on the mean concentration and (71)
Icv pulsatile secretion of LH
Rat Female, adult, OVX, low dose of estradiol Acute No significant suppressive effect on the mean concentration and (72)
IcV pulsatile secretion of LH
Rat Female, adult, OVX, high dose of estradiol Chronic  Slight but insignificant decrease in LH concentration (72)
IcV
Rat Female, adult, GNX Acute Decrease in circulating LH level but no changes to the (73)
ICV circulating FSH level
Rat Male, adult, GNX and Intact Acute Decrease in circulating LH and FSH level (73)
Icv
Rat Male, adult, GNX \2 Moderate decrease in circulating LH and FSH level (73)
Mouse  Prepubescent, female, intact; prepubescent, female, OVX, E2 Acute Decrease in LH concentration with no changes to FSH (74)
replacement; Adult, female, OVX; Adult, female, OVX, E2 IcV concentration
replacement
Mouse Prepubescent, female, OVX Acute No changes in LH concentration (74)
ICV
Mouse Male, adult, GNX and intact Acute Stimulates secretion of LH (75)
IcV
Mouse  Female, adult, E2-negative feedback conditions Acute No effect on LH secretion (75)
IcvV
Mouse Female, adult, preovulatory-like surge Acute Decrease in LH secretion (75)
ICV
Mouse Adult, intact, male or female, diestrus or proestrus P No changes in LH concentration (75)
Bovine Male, 5 months old, castrated v Decrease in LH pulse frequency with no changes to the (76)
concentration
Syrian Male, adult, LP and SP Acute Increase in plasma LH and FSH levels 77
hamsters Icv
syrian Female, adult, OVX, LP Acute No changes in LH concentration 77
hamsters IcvV
syrian Male, adult P Insignificant inhibition of basal LH levels (78)
hamsters
syrian Female, adult, LP Acute Decrease in basal LH concentration on the day of proestrus (79)
hamsters IcV
syrian Female, adult, SP Acute No effect on the basal LH concentration (79)
hamsters IcV
syrian Female, adult LP Chronic  Decrease in LH concentration (79)
hamsters Icv
syrian Female, adult, SP Chronic  Increase in LH concentration (79)
hamsters Icv
LVG Female, adult, OVX Acute Decrease in LH concentration (22)
hamsters ICV and
P
Ovine Female, adult OVX \A Decrease in LH pulse amplitude but no effect on FSH secretion 2)
Ovine Intact; OVX, estrogen induced LH surge \% Decrease in pulse amplitude as well as concentration (80)
Ovine Female, adult, OVX, estrogen-induced LH surge; Female, adult, v No changes in LH secretion or plasma LH concentration 1)
Intact, acyclic
Mare Intact, mature, breeding season [\ No changes to the LH pulse amplitude, frequency, and 82
concentration
Human  Female, adult, postmenopause v Significant decrease in LH secretion (83)
Human  Male, adult v No changes in LH secretion (83)

GniH, gonadotropin-inhibitory hormone; RFRP, RFamide-related protein; LH, luteinizing hormone; FSH, follicle-stimulating hormone; OVX, ovariectomized; GNX, gonadectomized;
IV, intravenous injection; ICV, intracerebroventricular injection; IP, intraperitoneal injection; LP, long photoperiod: SP, short photoperiod.
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Tissue

Central tissues
Amygdala

Hippocampus

Nucleus posterioris periventricularis
Dorsomedial hypothalamus
Paraventricular nucleus
Median eminence

Pituitary

Olfactory bulb

Spinal cord

Peripheral tissues

Heart

Gonads

GnlH

GnlH-ir fibers

P R I T

GPR147

R

+ o+

Species

Mammals

Mammals

Fish

Mammals

Avian, mammals
Avian, mammals
Fish, avian, mammals
Fish

Fish, avian, mammals

Mammals
Fish, Avian, Mammals

References

(14, 29, 30)
(14, 29, 30)
(30)
(14, 29, 30)
(14, 29, 30)
(14, 29, 30)
(14, 29, 30)
(30)
(14, 29, 41)

(42)
(43, 44)

+, regions where GnlH, GniH-ir, or GPR147 has been found to be localized; -, regions where GniIH, GniH-ir, or GPR147 has not been detected; GnlH, gonadotropin-inhibitory hormone.
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Transcript Sequence (5’ =23) T(°C) Efficiency R?

AST-C-like Fwd GCAGTTTCAAGAGCAGGAAGCCT 66°C 95.6% 0.996
Rev GGCATTGCACATGGCTTCGTTT

AST-CR-like VDI53419.1 Fwd AAACATCGGAAGAGAGGCT 60°C 92.9% 0.999
Rev GCATTTCCAATCAGACCGGC

AST-CR-like VDI15122.1 Fwd TACGGACGAATTCGAAAACGG 62°C 96.2% 0.995
Rev ATTACCAACCAATCCACCGAC

AST-CR-like VDIO8560.1 Fwd AACACATCCAGTGCTGTCGC na na na
Rev CGCCTTATTGAATGCCATACC

AST-CR-like VDI13242.1 Fwd CGTCATTCTGCGTTCATCCA na na na
Rev CCAAAAAGCCAGAATCGCAG

TLRa Fwd TCATACCTGGGGCCTGCATA 62°C 99.7% 1
Rev GTGGCGTCGGTGTTTCAATG

LYG1 Fwd TGCAGTGTGATGTCCGAGTC 62°C 95.3% 0.996
Rev GTATGCTGCCACTCCACCTT

C3-like Fwd CCAGCACCAAACTGTCCACT 62°C 100.3% 0.995
Rev ACGATTCGTCCCGTCTCATC

185 Fwd GTGCTAGGGATTGGGGCTTG 60°C 96.5% 0.999
Rev TAGTAACGACGGGCGGTGTG

EF1 o Fwd GAAGGCTGAGGGTGAACGTG 60°C 96.2% 0.996
Rev TCCTGGGGCATCAATAATGG

na, not amplified.
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Buccalin system

Gills Dlglestlve Mantle  Haemocytes Muscle Nervg
gland ganglia
M. Precursor VDI48108.1 1,98 0,29 2,03 0 0,6
galloprovincialis _ Receptor  VDI61602.1 0,66 0 1,38 0 0,54 na
M. ‘coruscus Precursor CAC5362126.1 (4515 0,23 1,43 0 0,63
Receptor CAC5373169.1 0,58 0 0,16 na
C. gigas Precursor XP_011425482.2 L 215 0 1,57
Receptor XP_011447302.1 2,19 1 1,15 na
XP_011447370.2 1 1.15

XP_011438887.2
Precursor AXN93469.1
Receptor  XP_021374964.1

M. yessoensis

MIP system
Gills Dlglestlve Mantle Haemocytes Muscle Nerv_e
and anglia
M. Precursor VDI26375.1 1,85 0,53 2,01 0 0,41
galloprovincialis  Receptor VDI06072.1 0 0 1 0 0 na
VDI58805.1 1,02 0,63 1,45 0 1,21
VDI58842.1 1,57 0,01 1,54 0 0,57
. coriscus Precursor  CAC5388310.1 0,3 0,06 0,37 0
. Receptor CAC5393141.1 0,43 0 0,29 0 na
CAC5421131.1 0,4 0,05 0,41 0
CAC5422180.1 0,05 0 0,9 0
C. gigas Precursor  XP_011417556.2 0,81 2,66 2,46 1,85
Receptor XP_011424701.2 1,95 2,82 1,87 1,79 na
XP_011426218.2 0,38 133 2,31 2,99 2,83
M. yessoensis  Precursor ~ AXN93470.1 0 1,23 0,04 ; g m
Receptor XP_021368937.1 0,03 0 0,91 0 1,64
XP_021378058.1 0,62 0 1,5 0 1,93
XP_021371311.1 0,98 0,44 1,87 0 1,32
AST-C-like system
Gills Dg;?]téve Mantle Haemocytes Muscle g’:g;’;
M. Precursor na 1,21 1,90 1,38 0,00 0,37
galloprovincialis Receptor VDI08560.1 0,56 0,12 1,08 0,00 0,08 na
VDI13242.1 0,00 1,00 0,43 0,00 0,00
VDI15122.1 0,01 0,00 0,17 0,00 0,00
VDI53419.1 0,61 0,48 1,08 0,00 0,77
VDI60978.1 0,35 0,10 1,05 0,00 0,10
M. coruscus Precursor na 0,86 1,26 1,11 0,05 0,88
Receptor CAC5413924.1 0,00 0,00 0,00 0,00 0,88
CAC5413925.1 0,00 0,00 0,00 0,00 0,85 na
CAC5413929.1 0,07 0,00 0,84 0,00 0,06
CAC5413936.1 0,04 0,07 0,00 0,00 0,00
CAC5416355.1 0,09 0,06 0,00 0,00 0,00
C. gigas Precursor XP_011412814.1 0,38 173 1,06 0,78 0,00
Receptor XP_011429560.1 1,08 2,52 2,24 0,85 2,12 na
XP_019924186.1 2,13 2,64 2173 1,63 2,67
M. yessoensis Precursor XP_021356393.1 0,98 0,42 1,87 0,00 0,00 3,18
Receptor XP_021363764.1 0,00 0,02 0,00 0,17 0,00 1,15

XP_021375026.1 0,03 0,27 0,17 0,00 0,01 1,65
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Males Females Anova

Growth parameters Ghrl+/+ (n=6-12)  Ghrl-/- (n=7-15)  Ghrl+/+ (n=5-8)  Ghrl-/- (n=5-7) Sex Genotype Sex x Genotype
Naso-anal distance (cm) 9.33 + 0.08 10.19 £ 0.10 8.80 £ 0.22 8.93 + 0.06 P=0.0608 =0.0952 p=0.6642
GH (ug/ug proteins) 0.225 + 0.021 0.278 £ 0.048 0.246 + 0.045 0.245+0.060 P=0.8819 p=0.5364 p=0.5129
Body parameters and fat partitioning  Ghrl+/+ (n=4-7) Ghrl-/- (n=4-6)  Ghrl+/+ (n=4-9)  Ghrl-/- (n=4-6) Sex Genotype Sex x Genotype
Body weight (g) 331£20 33914 252+09 238 +0.7 P<0.0001 p=0.8415 p=0.4342
Pituitary gland (mg) 1.3+03 09 +0.1 17+0.2 25+13 P=0.0994 p=0.7151 p=0.3061
Liver (mg) 1303.4 + 80.3 1264.0 £ 93.3 1090.9 + 83.8 996.5 + 31.2 P=0.0066 p=0.4157 p=0.7367
Heart (mg) 1679+ 6.4 166.7 + 8.1 1308 +4.2 1305+ 5.6 P<0.0001  p=0.9043 p=0.9404
Spleen (mg) 97.8+7.8 95.2 + 5.1 826+7.5 79.7 £4.9 P=0.0403  p=0.7005 p=0.9835
Pancreas (mg) 410.6 + 29.5 388.2 £ 32.9 402.4 £ 43.0 359.5 + 43.9 P=0.6486 p=0.4205 p=0.7989
Testis/ovary (mg) 98.8 £ 6.8 98.8 + 4.2 78.0+7.6 79.8 £3.8 - p=0.8834 -
Kidneys (mg) 4506 + 27.3 401.8 + 12.6 389.4 +42.2 2959 +17.5 P=0.0169  p=0.0387 p=0.4972
Adrenals (mg) 41:05 32£04 6.4+04 6.3+03 P<0.001  p=0.2499 p=0.3760
Mesenteric AT (mg) 420.7 + 49.9 529.0 + 88.7 286.8 +51.2 184.7 + 44.5 P=0.0007 p=0.0977
Inguinal AT (mg) 85.6+ 17.0 685+ 11.7 40254 342+35 P=0.001 p=0.6116
Perigonadal AT (mg) 8159+ 2368  1137.2£2363 5227 +410 446 + 74.9 - p=0.4591 -
Perirenal AT (mg) 446.4 + 125.4 502.3 + 79.7 186.4 + 16.3 163.8 + 13.7 P=0.0004 p=0.8221 p=0.5967
Scapular Brown AT (mg) 211.6 + 33.6 264.0 + 38.4 140.1 £ 16.1 1432 +£20.7 P=0.0018  p=0.3224 p=0.3775
Glucose parameters Ghrl+/+ (n=8) Ghrl-/- (n=6) Ghrl+/+ (n=8) Ghrl-/- (n=8) Sex Genotype Sex x Genotype
Fed morning glucose (mg/dL) 150 + 6 138+8 142+ 4 1897 P=0.6350 p=0.5073
Fed evening glucose (mg/dL) 138+ 6 137+ 4 1834 + 11 123 +13 P=0.3910 p=0.6499
24h fasted glucose (mg/dL) 89+3 86 +6 95+ 4 94 + 4 P=0.1070  p=0.5957 p=0.8293
AUC Glucose (GTT) 37543 + 1862 34825 + 3323 34592 + 6525 30270 + 2243 P=0.3657 p=0.3958 p=0.8455

Growth parameters, mass of organs (pituitary gland, liver, heart, spleen, pancreas, testis/ovary, kidney, adrenals), fat mass deposits (mesenteric, inguinal, perigonadal, perirenal and
scapular brown adipose tissue), blood glucose parameters (Fed 10.00, Fed 18.00, 24h Fasted and AUC during glucose tolerance) were measured in adult Ghri+/+ and Ghri-/- male and
female mice. Numbers of mice are indicated in parenthesis. Data represent mean+ SEM. AT, Adipose Tissue; AUC, Area Under the Curve; GTT, Glucose Tolerance Test.
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Day after switch D13 D23 D37 D55
PBS 0% 24% 53% 59%
LF-NTS mAb 12% 53% 82% 94%
Chi-square P=007 P=0.04 P=0.03 P =0.009

+Weight at switch 44.3 + 1.1 g for PBSn = 17.
and 45.4 + 0.8 g for LF-NTS mAb treated animals n = 17.
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PEPTIDIC ApelinR AGONISTS
Apelin-13/pE13F and pE13F analogs
PE-R-P-R-L-S-H-K-G-P-M-P-F (38, 82, 101, 103, 104)

PE-R-P-R-L-8-H-K-G-P-Nle-P-F(L-aCHg) (101, 105)
MMO7: Cyclo(1-6)C-R-P-R-L-C-H-K-G-P-M-P (106)
PE-R-P-R-L-S-H-K-G-P-Nle-1Nal-D-o-Me-Y(OBn) (103)
Apelin-17 (K17F) and K17F analogs

K17F: K-F-R-R-Q-R-P-R-L-S-H-K-G-P-M-P-F (38, 86)

Fmoc-(PEG)s-NMeLeu-17A2 (107)

P92: Ac-K-F-(D)R-R-(D)Q-R-P-R-(D)L-S-Aib-K-(D)A-P-Nle-P-
4Br(F) (39)

LITO1-196: CF5(CF2)7(CHz)2C(O)-K-F-R-R-Q-R-P-R-L-S-H-
K-G-P-M-P-F (38, 86)

Apelin-36 and apelin-36 analogs

Apelin-36: L-V-Q-P-R-G-S-R-N-G-P-G-P-W-Q-G-G-R-R-K-
F-R-R-Q-R-P-R-L-S-H-K-G-P-M-P-F (4, 9, 46, 102)
40kDa-PEG-Apelin-36 (108, 109)

NON-PEPTIDIC ApelinR AGONISTS
CMF-019 (104)
AMG 986 (110)

BMS-986224 (111)

Affinity
(Ki, nM)

0.5

0.3

300
0.08
0.06

0.55
0.09

0.08

24

0.3

26

0.07

CcAMP production
inhibition (ICso, M)

1.8
0.07
3.8

0.30

0.56

1.71

0.5

1.7

0.1
0.23

0.02

B-arrestin
(ECso, nM)

68 - 300

2130
36

15

16

224
0.25

79

Ex vivohalf-life
in plasma (min)

4.6

1620
24

> 1440

In vivo half-life in
bloodstream (min)

<1 after iv route

17
26

<1 after iv route

156 after sc route

<5

~20

144 after iv route
Orally active
Orally active

Diuresis

+
(82,87,91)

83)

++
8)
++

(38, 86)

-, not determined; G, glycine; P, proline; A, alanine; V, valine; L, leucine; 1, isoleucine; M, methionine; C, cysteine; F, phenylalanine; Y, tyrosine; W, tryptophan; H, histidine; K, lysine; R,
arginine; Q, glutamine; N, asparagine; E, glutamic acid; D, aspartic acid; S, serine; T, threonine; Aib, aminoisobutyric acid; Y(OBn), tyrosine(Obenzyl); Nle, norleucine; 1Nal, 1-
naphthylalanine; 4Br(F), 4-bromo-phenylalanine; PEG, polyethyleneglycol: Fmoc, 9-fluorenylmethyloxycarbonyl.
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Preproapelin sequences

Vo EUSMENDRNRE ]
v e 77
~~~~~~~~~~~~~~~~~
~~~~~~~~~~~~~~~~~~ 61 77
| a—
- T 5 65 77
Cattle MNLRRCVQALLLLWLCLSAVCGGPLLQTSD 30
Human M NL R LCVQALLLLWLSLTAVCGGSLMPTFPD 30
Rat MNL S FCVQALLLLWLSLTAVCGVPLMLUZPPD 30
Mouse M NL RLCVQALLLLWLSLTAVCGVPLMLUPPD B30
Apelin-36 L
Cattle GKEMEEGTIRYlLVQPRGPRSGPGPWQGG:RR|6O
Human GNGLEDGNVRHLVQPRGSRNGPGPWQGG.RR:GO
Rat GKGLEEGNMRYLVKPRTSRTGPGAWQGG'RRI6O
Mouse GTGLEEGSMRYLVKPRTSRTGPGAWQGG-RR6O
Apellr_l_-1_7__ Apelin-13
Cattle lKFRRlQRPRLSHKGPMPF??
Human K FIR RiIQ RPRL SHKGPMPF77
Rat KF'RR'QRPRLSHKGPMPF??
Mouse KFIR R:QRPRALSHKGPMPAFW
.
NEP 24.11 ACE2

Molecular forms of apelin detected in vivo in rodents and humans

Apelin-36 LVQPRGSRNGPGPWQGGRRKFRRQRPRLSHKGPMPF
Apelin-17 (K17F) KFRRQRPRLSHKGPMPF
Pyroglutamyl form of apelin-13 (pE13F) PERPRLSHKGPMPF
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Scientific name

Mammals

Homo sapiens

Bos taurus

Canis lupus familiaris
Cavia porcellus

Sorex araneus
Monodelphis domestica
Equus caballus

Sus scrofa

Oryctolagus cuniculus
Suncus murinus

Felis catus

Macaca mulatta

Ovis aries

Birds

Lonchura striata domestica
Gallus gallus

Aquila chrysaetos chrysaetos
Coturnix japonica
Apteryx rowi

Phasianus colchicus
Columba livia

Meleagris gallopavo
Reptiles

Alligator mississippiensis
Crocodylus porosus
Anolis carolinensis
Python bivittatus
Pogona vitticeps
Podarcis muralis
Pelodiscus sinensis
Chelonia mydas
Amphibians

Cynops pyrrhogaster
Ambystoma mexicanum
Cynops pyrrhogaster
Pleurodeles waltl

Fish

Gadus morhua
Latimeria chalumnae
Cyprinus carpio

Oryzias latipes
Oncorhynchus mykiss
Lateolabrax maculatus
Takifugu rubripes

Danio rerio

Labrus Bergylta

Common name

Human

Cattle

Dog

Domestic guinea pig
European shrew
Gray short-tailed opossum
Horse

Pig

Rabbit

House musks shrew
Domestic cat
Rhesus monkey
Sheep

Bengalese finch
Chicken

Golden eagle
Japanese quail
Okarito brown kiwi
Ring-necked pheasant
Rock pigeon

Turkey

American alligator

Australian saltwater crocodile
Green anole

Burmese python

Central bearded dragon
Common wall lizard

Chinese soft-shelled turtle
Green sea turtle

Gaboon caecilian
Axolotl

Japanese fire belly Newt
Iberian ribbed newt

Atlantic cod
Coelacanth
Common carp
Japanese medaka
Rainbow trout
Spotted sea bass
Torafugu
Zebrafish

Ballan wrasse

NCBI Transcript #

NM_002418
XM_010818020.3
XM_022425739
NM_001172860.2
XM_004617716
XM_007483690.2
XM_023624006
NM_214235
NM_001101699
AB325968
NM_001009278
NM_001032807
NM_001009439

XM_031506971
NM_001305129
XM_030000337
XM_015885100.2
XM_026056740
XM_031605951
XM_021281156
XM_010724334.3

XM_019484898
XM_019546714
XM_008109785
XM_015889024.2
XM_020794918
XM_028732029
XM_014571642.2
XM_027825953.2

XM_033918405

XM_030375104
XM_005995467
LN590830
XM_023955013
XM_036984493
MH046054
XM_029826583
NM_001386353

NCBI Protein #

NP_002409
XP_010816322
XP_022281447
NP_001166331.2
XP_004617773
XP_007483752
XP_023479774
NP_999400
NP_001095169
BAIB6099
NP_001009278
NP_001027979
NP_001009439

XP_031362831
NP_001292058
XP_029856197
XP_015740586
XP_025912525
XP_031461811
XP_021136831
XP_010722636

XP_019340443
XP_019402259
XP_008107992
XP_015744510
XP_020650577
XP_028587862
XP_014427128.2
XP_027681754

XP_033774296

XP_030230964
XP_005995529

XP_023810781
XP_036840388
AZM68775
XP_029682443
NP_001373282

Mature motilin sequence

FVPIFTYGELQRMQ-EKERNK-GQ
FVPIFTYGEVQRMQ-EKERYK-GQ
FVPIFTHSELQKIR-EKERNK-GQ
FIPIFTYSELRRTQ-EREQNK-GL
FVPIFTHSELQRMQ-EKEQNK-GR
FVPIFTYSDVQRMQ-EKERNK-GQ
FVPIFTYSELQRMQ-EKERNR-GQ
FVPSFTYGELQRMQ-EKERNK-GQ
FVPIFTYSELQRMQ-ERERNR-GH
FMPIFTYGELQKMQ-EKEQNK-GQ
FVPIFTHSELQRIR-EKERNK-GQ
FVPIFTYGELQRMQ-EKERSK-GQ
FVPIFTYGEVQRMQ-EKERYK-GQ

FMPFFTQSDFQKMQ-EKERNKAGQ
FVPFFTQSDIQKMQ-EKERNK-GQ
FVPFFTKSDFQKMQ-EKERNKGGQ
FVPFFTQSDFQKMQ-EKERNK-GQ
FLPFFTQSDFRKMQ-EKERNK-GQ
FVPFFTQSDIQKMQ-EKERIK-GQ
FVPFFTQSDRFKMQLQEKERNKAGQ
FVPFFTQSDIQKMQ-EKERIK-GQ

FLPIFTHSDMQRMQ-ERERNK-GQ
FLPIFTHSDIQRMQ-ERERNK-GQ
YTAFFTREDFRKMQ-ENEKNK-AQ
YLAFYSREDFRRMQ-EKEKNP-TQ
YTALYSWEDFRRMQ-ERERNQ-AQ
YLAFYTPDDFRKMQ-EKERNR-AQ
YLAFFTRSDIERMQ-ERERNK-AQ
YLAFFTRSDIERMQLQEKERNK-AQ

YISFVSHNDATKMK-DRERNR-LQ
FLPIFTISESMRMQ-EKMRNN-AM
FLPIFSPSDARRMQ-ERERNK-GM
FLPIFSPSDARRMQ-AKEKNR-AM

HITFFSPREMMLM— —KERDa#
FISFFSPSDMRRM-MEKEKSKALa
HIAFFSPKEMREL-REKEa
HITFFSPKELLHM-RLQEQQEFf##
HFSFFSPKEMREM-KALQNKLa
HITFFSPKEMMLM — —KEREa
HITFFSPKEMMVL— —KQEQEa
HIAFFSPKEMREL — —REKEa
HITFFSPKEMMLM — —KEREa*

Amino acids that differ from the human sequence are shown in red. The guinea pig genes shown in green is considered to be pseudogenized.
#, ## The small letter "a" and "f* indicate the C-terminal amidated and hydroxyl ternimi, respectively.
*Motilin structure is obtained from Zhou et al. (8)
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Responses

Increase

Decrease

No effect

Bioactive substances

Nutrients

Chemicals

Mechanics

Acetylcholine [direct action]{dog} (87, 88)

Bombesin [direct action]{dog} (88)

Serotonin [indirect ACh release]{dog} (91, 92)
Motilin [indirect serotonin and ACh release]{dog} (91)
Prostaglandin E2 [indirect ACh releasel{dog} (94)

Fat {dog} (95)

Alkalinization {dog, suncus} (97-99)

Acidfication {human, dog, pig, suncus} (96, 98, 99, 101, 102)

Increase in luminal pressure {dog} (17)
Gastric distension {human} (103)

Ghrelin {dog} (14)

Somatostatin {dog} (88, 90)

Insulin {dog} (93)

a-adrenerigic receptor {dog} (88)
Pancreatic polypeptide {human} (20)
Feeding {dog} (19)

Glucose {dog} (90)

Amino acid{dog} (90)

Acidification {dog} (100)

CCK [in vitro, in vivo] {dog} (87, 89)
Gastrin [in vivo] {dog} (89)

Secretin [in vitro, in vivo]{dog} (87, 89)
Serotonin [in vitro] {dog} (87)

Fat {human, dog} (90, 96)

Alkalinization {human} (96)

Vagotomy {dog} (93, 95)
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MRAP2, melanocortin receptor accessory protein 2; a-MSH, alpha melanocyte-stimulating hormone.
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Treatment

GH Detection method

Effect on GH secretion

Model

Ref.

i..p. LEAP-2 (doses range between
0.72~360 nmol/kg), 10 min later, i.v. 6
nmol/kg ghrelin

LEAP-2 overexpression by AAV

i.p. 10 mg/kg BW LEAP-2 monoclonal
antibodies following 24h fasting

iv. 15 nmol LEAP-2, 10 min later, i.v.
5 nmol ghrelin

1 uM LEAP-2 +/- 0.1 pM ghrelin add to
primary pituitary cells

At 0-, 5-, 10-, 15-, 80-, and
60-min post ghrelin injection

1-point GH detection under
the condition of a 40%
chronic caloric restriction

Sampling at an interval of
20 min for 2h

At 0, 15-, and 30-min post
ghrelin injection

1 point GH detection

Inhibited ghrelin-induced GH secretion
from a dose higher than 7.2 nmol/kg

Both GH and ghrelin levels were lower
than control

Increased total and peak GH

Inhibited ghrelin-induced GH secretion

Inhibited ghrelin-induced GH secretion

3-4 months old male C57BL/6 mice

8 weeks old male Wistar rats

©)

(19)

), intraperitoneal injection,

Iintravenous injection; AAV, Adeno-associated virus.
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Conditions LEAP-2 (nM) Ghrelin (nM) Molar ratio Ref.
Mouse

Lean Fed 24+04 0.29 + 0.025 ~10 (5

65~9.8 0.22 ~0.52 ~17 (10)

Fasting 0.75 £ 0.05 0.7 £ 0.05 ~1 (5)

Refeed after fasting 1.4 +0.05 0.36 + 0.025 ~4 (5)

Obese Fed 14.0~17.5 0.37 ~0.62 ~ 50 (10)
Human

Lean Fasting 26~389 0.07 ~0.09 10~ 30 (10)

Fed 218 ~3.71 0.11 ~0.37 10~ 20 (10)

Obese Fasting 33-~6.5 0.08 ~ 0.48 25 ~ 150 (10)

Fed 3.71 ~6.98 0.09 ~ 0.10 25~ 170 (10)
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LEAP-2
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Plasma level
Expression
Plasma level

Plasma level
Expression

Plasma level
Expression

Short-term post-surgery

-
1 small intestine
1
1

NA
1 in stomach
1 in duodenum
NA
1 in stomach
NA

Long-term post-surgery

Ref.

25

(10)

RYGB, Roux-en-Y gastric bypass; VSG, vertical sleeve gastrectomy; 1, increase; |, decrease; <, no change; NA, Not applicable.
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Sequence: Human (Mouse)

123022 77 (76)

PreproLEAP2
ProLEAP2

 Signal peptidase
23(22) 38(37) 77 (76)

Furin-like endoprotease

38.(37) 77 (76)

l Proteolytic processing

Metabolites:
LEAP24 ¢
LEAP245 47
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Treatment Orexigenic effect Model Age  Ref.
(Week)
LEAP-2 Interval Ghrelin Ghrelin-induced food Other effects on appetite
intake
LEAP-2 central administration
i.c.v. 10 pmol* 0 i.c.v. 60 pmol 1 NA C57BL/6 8-12 (29)
mice
i.c.v. 0.6 nmol** NA NA NA Reduced HFD intake in a binge-like eating protocol C57BL/6J 912 (33)
mice
i.c.v. co-administration of 1 nmol LEAP-2 ) Did not suppress dark-phase food intake or 14-h fasting- ~ Wistar rats 8 (19)
and 0.1 nmol ghrelin induced food intake
i.c.v. 1 nmol 30 min  ip. 5 nmol 1 NA Wistar rats 8 (19)
LEAP-2 peripheral administration
s.c. 3 pmolkg 10min  s.c.0.15 1 Can inhibit food intake without ghrelin C57BL/6 12-16 (5)
pmol/kg mice
s.c.0.15 umol/kg 10 min  s.c. 0.15 — NA C57BL/6 12-16 5)
pmol/kg mice
s.c. 0.6 nmol/g"*  NA NA NA Did not affect HFD intake in a binge-like eating protocol C57BL/6J 912 (33)
mice
s.c. 0.6 nmol/g 10min  s.c. 0.06 ) NA C57BL/6J 12-16 (7)
nmol/g mice
i.p. 15 nmol 30min ic.v.0.1 — NA Wistar rats 8 (19)
nmol
i.p. 15 nmol 30 min ip. 5 nmol 1 NA Wistar rats 8 (19)
s.c. 3 pmolkg™##*  NA NA NA - NMRI mice 56 (14)

i.c.v., intracerebroventricular administration; s.c., subcutaneous injection; i.p., intraperitoneal injection; i.v., intravenous injection; HFD, high fat diet; |, decrease; «», no change; NA, Not
applicable; *Delivering of LEAP-2 or fluorescent-labelled LEAP-2; **Delivering of full-length LEAP-2 and synthesized 12-residue N-terminal LEAP-2 (1~12-NH); **"Delivering of LEAP-2
(1-14), a synthesized 14-residue N-terminal LEAP-2 fragment peptide; ****Delivering of mature LEAP-2 and LEAP-2 fragments (LEAP23g.47, LEAP23.47, and LEAP24g.77).
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Presence or Migrating motor Migrating motor (myoelectric) Disruption  Action of motilin on GI motility Plasma motilin
absence of (myoelectric) complex complex in fasting period of MMC by concentration
motilin system in the fasting period [small intestine] feeding during MMC or
[stomach] In vivo study In vitro ROCs
study
Human Presence Observed Observed Yes Induction of gastric ~ Contraction Cyclic change
MMC. Increase in Neural and  consistent with MMC
gastric emptying myogenic
Monkey Presence Observed Observed Yes Induction of gastric ~ Myogenic ~ Not available
MMC. Increase in contraction
gastric emptying
Dog Presence Observed Observed Yes Induction of gastric  Ineffective ~ Cyclic change
MMC. Increase in consistent with MMC
gastric emptying
Suncus Presence Observed Observed Yes Induction of gastric ~ Neural Not available
MMC contraction
Rabbit Presence Not observed Observed No No effect on jejunum  Contraction Not available
MMC Neural and
myogenic
Opossum  Presence Observed Observed Yes Inducton of gastric Not Cyclic change
MMC. available consistent with MMC
Guinea-pig Absence Not observed Observed No Not determined Ineffective  Motilin not present
Rat Absence Observed Observed Yes Gastric MMC Ineffective  Motilin not present
mediated by ghrelin
Mouse Absence Observed Observed Yes Gastric MMC Ineffective  Motilin not present
mediated by ghrelin
Pig Presence Not observed Observed No No effect on Ineffective  No change during
duodenal MMC MMC
Sheep Presence Not observed Observed No No effect on Not No change during
duodenal MMC available MMC
Chicken Presence Not observed MMC and rhythmic No No effect on Contraction High level during
oscillating complex duodenal MMC. Neuraland ROCs
(ROCs) (fasting) ROC is produced. myogenic
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Target sites

Central nervous system

Cardiovascular system

Endocrine/Exocrine system

Intestinal mucosa

Gallbladder
Oesophagus

Effects (animals)

Increase in food intake (mouse, rat)

Anxiolytic behavior (mouse)

Increase in growth hormone release (rat)
Decrease in urinary bladder contraction (rat, icv)
Depolarization of Purkinje cells (rat)

Increase in c-fos expression of supraoptic nuclei and paraventricular nuclei (rat)

Increase in neural activity of the amyglada (rat)

Decrease in neural activity of the lateral vesitbular nucleus (rabbit)
Relaxation of blood vessels (dog)

Relaxation of aortic valve (pig)

Vasodilation of gastric blood flow (dog)

Vasodilation (rat)

No effects on heart rate (dog)

No effects on heart rate (rat)

Increase in gastric acid release (dog and suncus)

Increase in pepsinogen release (suncus)

Increase in insulin release (dog)

Increase in pancreatic water, bicarbonate and protein release (dog)
Decrease in ghrelin release (dog)

Increase in somatostatin release (dog)

Increase in L-leucine absorption (rabbit)

Decrease in L-proline absorption (rat)

Contraction (dog, human, opposum)

Contraction of lower esophageal sphincter (dog)

References

(200, 201)

(213, 214)
(©15)
(216, 217)
(18
(14)
219)
(151)
(220)
(104, 221, 222)
(223)
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Human ADNP: protease cleavage sites (CLV)

CLV_C14_cCaspase 3-7 - Cysteinyl aspartate specific proteases (caspases) play animportant role in development, differentiation,
apoptosis and inflammation in metazoa. The 12 known human caspases, members of peptidase family C14, can be classified in
4 groups based on their function and the length of their prodomain.

CLV_PCSK_PC1ET2_1, CLV_PCSK_SKI1_1- The members of the subtilisin-like family are proprotein convertases that process
latent precursor proteinsinto their biologically active products. The prohormone-processing yeast KEX2 protease can act as an
intracellular membrane protein or a soluble, secreted endopeptidase. The protein is required for processing of precursors of
alpha-factor and killer toxin. The subtilisin-like proprotein convertases are expressed extensively in mammalian neural and
endocrine cells and play a major role in the proteolytic processing of both neuropeptide and peptide hormone precursors.
CLV_Separin_Metazoa- Separases, caspase-like cysteine endopeptidases, are involved in the mitotic and meiotic processesin all
Eukaryotes from yeast to mammals. The protease is best known for its role in the irreversible separation of sister chromatids at
the end of metaphase, thereby initializing anaphase.

CLV Summary: 18 cleavage binding sites (10 inside intrinsically disordered regions, IDRs). The linear motif CLV_C14_Caspase 3-7
is found only in IDRs.

Ordered Region
Intrinsically Disordered Region
NAP  Neuroprotective peptide

HOX Homeobox

C2H2 Zinc-Finger

Caspases binding site 733DDSDS738

CLV_PCSK_SKI1_1

leavage site 366KQLLP341
Cleavage site KKILS
CLV_Separin_Metazoa mms sy
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Abbreviation

Description

Genes

ATP2B
CACNAT1-L
CAMK1
L1CAM
PLXNA
SRGAP
SYP

ATPase plasma membrane Ca2* transporting protein B
Voltage-gated Ca®* channel alpha-1 subunit, L-type
Calcium/calmodulin dependent protein kinase 1
L1-related cell-adhesion molecule

Plexin A

SLIT-ROBO Rho GTPase activating protein
Synaptophysin/synaptoporin family

ATP2B1, ATP2B2, ATP2B3, ATP2B4
CACNA1C, CACNATD, CACNATF, CACNA1S
CAMK1, CAMK1D, CAMK1G, PNCK

CHL1, L1CAM, NFASC, NRCAM

PLXNAT, PLXNA2, PLXNA3, PLXNA4
SRGAP1, SRGAP2, SRGAP3, ARHGAP4
SYP, SYPL1, SYPL2, SYNPR
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EDs5g EDs5o locomotor Therapeutic

Bias

formalin activity index factor?
AT-403 0.07 0.88 13 0.16
MCOPPB 1.10 10.88 10 0.97
Ro-656570 1.040 9.79 9 1.64

EDsg in mg/kg. Data from Ferrari et al. (2017). ®Data from Rizzi et al. (2016).
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Abbreviation Genus and species Common name Genome assembly
Hsa Homo sapiens Human GRCh38.p13

Mmu Mus musculus Mouse GRCm39

Sha Sarcophilus harrisii Tasmanian devil mSarHar1.11

Oan Ornithorhynchus anatinus Platypus mOmAnat.pri.v4

Gga Gallus gallus Chicken bGalGal1

Can Calypte anna Anna’s hummingbird bCalAnn1_v1.p

Ach Aquila chrysaetos chrysaetos European golden eagle bAquChr1.2

Tgu Taeniopygia guttata Zebra finch bTaeGut2.pat.W.v2
Ami Alligator mississippiensis American alligator ASM28112v4

Cpi Chrysemys picta bellii Western painted turtle Chrysemys_picta_BioNano-3.0.4
Dco Dermochelys coriacea Leatherback sea turtle rDerCor1.pri.v3

Spp Sphenodon punctatus Tuatara ASM311381v1

Gja Gekko japonicus Schlegel's Japanese gecko Gekko_japonicus_V1.1
Pmu Podarcis muralis Common wall lizard PodMur_1.0

Aca Anolis carolinensis Carolina anole lizard AnoCar2.0

Pbi Python bivittatus Burmese python Python_molurus_bivittatus-5.0.2
Cvi Crotalus viridis Western rattlesnake UTA_CroVir_3.0

Tel Thamnophis elegans Western terrestrial garter snake rThaEle1.pri

Rbi Rhinatrema bivittatum Two-lined caecilian aRhiBiv1.1

Nvi Notophthalmus viridescens Eastern newt reference_transcripts_v2
Xtr Xenopus tropicalis Western clawed frog UCB_Xtro_10.0

Bbu Bufo bufo Common toad aBufBuf1.1

Rte Rana temporaria European common frog aRanTem1

Lch Latimeria chalumnae Coelacanth LatChat

Eca Erpetoichthys calabaricus Reedfish fErpCall.1

Psp Polyodon spathula American paddlefish ASM1765450v1

Aru Acipenser ruthenus Sterlet ASM1064508v1

Loc Lepisosteus oculatus Spotted gar LepOcut

Acl Amia calva Bowfin AmiCal1

Sfo Scleropages formosus Asian arowana fSclFor1.1

Cha Clupea harengus Atlantic herring Ch_v2.0.2

Dre Danio rerio Zebrafish GRCz11

Pna Pygocentrus nattereri Red-bellied piranha fPygNat1.pri

Eel Electrophorus electricus Electric eel fEleEle1.pri

Phy Pangasiodon hypophthalmus Striped catfish GENO_Phyp_1.0

Pmg Periophthalmus magnuspinnatus Big-finned mudskipper fPerMag.pri

Hhi Hippoglossus hippoglossus Atlantic halibut fHipHip1.pri

Ola Oryzias latipes Japanese medaka ASM223467v1

Xca Xenentodon cancila Freshwater garfish fXenCan1.pri

Xma Xiphophorus maculatus Southern platyfish X_maculatus-5.0-male
Gac Gasterosteus aculeatus Three-spined stickleback BROAD S1

Pfl Perca fluviatilis European perch GENO_Pfluv_1.0

Dla Dicentrarchus labrax European sea bass seabass_V1.0

Mmo Mola mola Ocean sunfish ASM169857v1

Tru Takifugu rubripes Japanese pufferfish fTakRub1.2

Cmi Callorhinchus milii Elephant shark Callorhinchus_milii-6.1.3
Haf Hydrolagus affinis Small-eyed rabbitfish UP_Haf

Ara Amblyraja radiata Thorny skate sAmbRad1.1.pri

Ppe Pristis pectinata Smalltooth sawfish sPriPec2.pri

Rty Rhincodon typus Whale shark ASM164234v2

Cpl Chiloscyllium plagiosum Whitespotted bambooshark ASM401019v1

Cer Carcharodon carcharias White shark ASM360424v1

Sca Scyliorhinus canicula Small-spotted catshark sScyCan1.2

Cin Ciona intestinalis Vase tunicate KH

Ovu Octopus vulgaris Common octopus
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MAMMALS

Species Sex Receptor Ligand Reported Function References
Name Localization? Reproductive Metabolic Other
Horse F NPFFR-1  Hyp, Pit RFRP-3  No effect on GnRH or LH release (22)
(Equus caballus)
Syrian hamster M GPR147  Hyp, BNST, RFRP-3  Stimulates the HPG axis Potential role as an (23)
(Mesocricetus HbN, Hpc intermediate between
auratus) F GPR147  Hyp, BNST, RFRP-3  Inhibits LH release metabolic cues toward
HbN, Hpc central reproductive control
GPR147  GnRH neurons, RFRP-3  Inhibits gonadotropin release in (24)
Kiss neurons presence of GnRH stimulation
F GPR147  Pit RFRP-3  Mediates LH surge at the level of (25)
the Pit
M GPR147 B, T RFRP Regulates spermatogenesis (26)
Siberian hamster M GPR147  GnRH neurons RFRP-1  Inhibits LH release during LD; (27)
(Phodopus GPR147  GnRH neurons RFRP-3  promotes LH release during SD;
sungorus) no effect on FSH
Sheep NPFFR-1  SCN, PeVN, RFRP Potential role in photoperiodic time (28)
(Ovis aries) SON, PT measurement
Human GPR147  Adipose NPFF Slow antilipolytic effect (29)
(Homo sapiens) GPR147  Adipose NPSF Rapid antilipolytic effect
GPR147 Ov RFRP-3  Downregulates steroidogenesis (30)
GPR147  Hyp, Pit RFRP-3  Downregulates GnRH expression; )
directly inhibits gonadotropin
release
NPFFR-1  Hyp, Thal, Amyg, NPFF Potentially anorexigenic Pro- and anti- (13)
Cb, Hpc, SC opioid effects
Marmoset GPR147 Hyp RFRP Inhibits reproduction during the (31)
(Callithrix jacchus) prepubertal period
Pig F GPR147  Hyp, Pit, OB, GnlH Regulates the estrus cycle in (32)
(Sus scrofa) MO, Cb, Cbr, sexually mature animals at all
Hpc, Ov, MO, levels of the HPG axis
SC, spleen,
uterus, eye,
adrenal, kidney,
intestine
F GPR147  Hyp, Pit, Ov RFRP-3  Inhibits GnRH; downregulates (33)
gonadotropin synthesis;
downregulates estradiol secretion
NPFFR-1  Hyp, Pit RFRP-3  Suppresses LH pulses; regulates (34)
sexual maturation
Cat F NPFFR-1 Ov RFRP-3  Increases progesterone (35)
(Felis catus) production from preantral follicles
Rat GPR147 Hyp RFRP Controls the prepubertal state and (36)
(Rattus norvegicus) reproductive development
NPFFR-1  PVN, mPOA, NPVF Anti-opioid (16)
NPFFR-1  AHN, DMH, PMv, NPAF effects
LS, Thal, Amyg
NPFFR-1  Hyp, Pit, T, Ov, NPFF Potentially anorexigenic Indirect role in (13)
Thal, Amyg, OB, the
adrenal dopaminergic
system; pro-
and anti-
opioid effects
OT7T022 Hyp, Pit, T, Ov, RFRP-1  Increases prolactin secretion (15)
QT7T022 Cbr, BG, Hpc, RFRP-3
Thal, Mes, Cb,
MO, SC, optic
nerve, eye,
adrenal, placenta
M NPFF1R  Amyg RFRP-1 Anorexigenic @37)
GPR147 RP3V, Arc, MS,  RFRP-3  Regulates the central control of (38)
POA, Pit, Hpc reproduction in adults
Mouse M NPFF1R  Hyp RFRP-3 Orexigenic action likely via (39)
(Mus musculus) the modulation of the effects
of leptin and ghrelin on
feeding behavior; involved in
the regulation of glucose
homeostasis
F NPFF1R  Hyp RFRP-3 No effect on feeding
behavior; role in the
homeostatic control of body
weight and body
composition in basal
conditions; regulates energy
expenditure
GPR147 DS RFRP-3  Inhibits GhRH neurons (40)
GPR147  GnRH neurons, RFRP-3  Inhibits Kiss and GnRH neurons (24)
Kiss neurons,
PWN, LS
GPR147  GnRH neurons, ~ GnlH (1)
gonadotropes
GPR147  Gonadotropes RFRP-1/  Downregulates gene expression of (42)
3 LH-B, FSH-B, and common o~
subunits in presence of GnRH
stimulation; inhibits LH release
AVES
Species Sex Receptor Ligand Reported Function References
Name Localization Reproductive Metabolic Other
Japanese quail M GnlH-R  Pit, Cbr, Mes, SC GnIH Inhibits gonadotropin release; 5,8
(Coturnix japonica) suppresses testosterone
production and testicular
development; negatively regulates
the development of secondary sex
characteristics
GnlH-R  Dien, Pit, Ov, T,  GnlH Downregulates reproduction at all (10)
epididymis, vas levels of the HPG axis; regulates
deferens, germ steroid synthesis and release,
cells sperm maturation, and germ cell
differentiation
Chicken RFRPR  Dien, Pit, Tel, OT, GnlH Regulates gonadotropin release 7
(Gallus gallus) oB
NPFFR Dien, Pit, Ov, T,  GnlH
Tel, OT, Cb, OB,
MO, SC, eye,
heart, liver,
adrenal, spleen
NPFFR-1 Hyp GnlH (43)
F GnlH-R  Dien, Pit GnlH Control of the prepubertal state; (44)
regulates the termination of
reproduction
GniH-R  Hyp GnlH Orexigenic effects (45)
GnH-R T, O, GnIH Possibly downregulates gonadal (46)
prehierachiral steroids; functions in follicular
follicles selection and maturation
Turkey F GnH-R  Pit GnlH Reduces egg production efficiency 47)
(Meleagris
gallopavo)
European starling GniH-R  Mes, PO region,  GnlH Inhibits the GnRH system (18)
(Sturnus vulgaris) GnRH-| neurons,
GnRH-II neurons
GniH-R  Dien, Pit, T, Ov,  GnlH Downregulates reproduction at all (10)
Mes, oviduct levels of the HPG axis
White crowned F GnIH-R  Dien, GnRH-IIl GnlH Suppresses LH release; inhibits ©)
sparrow neurons, ME, copulation solicitation behavior
(Zonotrichia BNST, OMC
leucophrys) GniH-R  Pit,Ov, T GnlH Downregulates reproduction at the (10)
level of the gonad
House sparrow GnHR T GnlH Inhibits gonadotropin-induced (11)
(Passer domesticus) testosterone secretion
TELEOSTS
Species Sex Receptor Ligand Reported Function References
Name Localization Reproductive Metabolic Other
Goldfish GnlH- Hyp, Pl of Pit, GnlH *Directly downregulates GnRH (48)
(Carassius auratus) R1*t Thal, PeVN, NAT, expression; TSuppresses
NDTL, NDLI gonadotropin release
GnlH- Hyp, Pl of Pit, GnIH
R+t Thal, POA
GnIH- Hyp, Thal, POA  GnlH
R3*
GnH-R1 Ov, T GnlH No effect in females; increases (49)
GnH-R2 Ov, T GnlH testosterone, upregulates StAR
and 3BHSD, and downregulates
CYP19 in males
GnH-R  Pit GnlH Regulates gonadotropin release (50)
and mRNA expression of LH-B
and FSH-B subunits; may be
stimulatory or inhibitory to control
seasonal reproduction
Zebrafish GnlH- B, T, spleen, eye, GnlH *Downregulates GnlH; potentially (51)
(Danio rerio) R1* muscle, kidney downregulates steroidogenesis
GnlH- B, T, eye, kidney  GnlH and gametogenesis; "Role in
R2t embryonic and early larval
GnlH- B, Pit, T, Ov, GnlH development; *Mediates the
R3** spleen, eye, gill, hypophysiotropic action of GnlH
muscle
LPXRF-  Pit LPXRFa- Downregulates LH B-subunit and 52)
R2 1/2/3 CGA expression; no effect on FSH
LPXRF-  Pit LPXRFa- B-subunit expression
R3 1/2/3
NPFFR1-  Dien, Pit, Tel, LPXRFa  Upregulates GnRH-3 expression in (53)
1 Mes, Rhom, OB the Hyp and the FSH-B subunit in
NPFFR1-  Dien, Pit, Tel, LPXRFa the Pit
2 Mes, Rhom
NPFFR1-  Dien, Pit, Tel, LPXRFa
3 Mes, Rhom
Common carp GnlH- Hyp, T, Ov GnlH-ll *Downregulates GnRH-3; Tinhibits (54)
(Cyprinus carpio) R1* LH-B and FSH-B subunit
GnlH- Hyp, Pit, T, Ov GnIH-ll expression
Ro+t
GnlH- Hyp, Pit, T, Ov GnlIH-lll
R3*t
Catla GnIH-R1 B, G, kidney, GnlH Primary site for GnlH action in the (55)
(Catla catla) liver, heart, gill, brain
eye, stomach,
intestine
GnIH-R2 B, G, kidney, GnlH
muscle, heart,
eye, stomach
GnIH-R3 G, kidney, liver, GnIH
heart, gil, eye,
intestine
Nile tilapia F LPXRF-R Dien, Pit, T, Ov, LPXRFa Upregulates LH and FSH (56)
(Oreochromis Tel, Mes, liver,
niloticus) intestine,
adipose, muscle,
gill, heart,
stomach
Orange-spotted H GnlH-R  Hyp, Pit, G, OB, GnlIH-l/Il/ Decreases GnRH in brain and (19)
grouper Tel, OT, Cb, MO, 1l suppresses LH release
(Epinephelus gill, kidney,
coioides) stomach
Clownfish H GniH-R B, Pit, G, eye GnlH Downregulates gonadotropins; (57)
(Amphiprion potential role in sex change
melanopus) GnH-R  Dien GnlH Downregulates GnRH expression (58)
and suppresses LH and FSH
synthesis and release
Grass puffer LPXRFa- Dien, Pit, Tel, OT, LPXRFa Upregulates LH-B and FSH-B (59)
(Takifugu niphobles) R eye subunit expression
Tongue sole LPXRFa- B, Pit, Ov, gill, LPXRAa- Stimulatory action (60)
(Cynoglossus R heart, liver, 1
semilaevis) spleen, kidney,
stomach,
intestine, muscle
LPXRFa- B, Pit, Ov, gil, LPXRAa- Inhibitory action
R heart, liver, 2
spleen, kidney,
stomach,

intestine, muscle

"Sex abbreviations: M, Male; F, Female; H, Hermaphrodite.
?Localization abbreviations: Amyg, Amygdala; AHN, Anterior hypothalamic nucleus; Arc, Arcuate nucleus; BG, Basal ganglia; BNST, Bed nucleus of the stria terminalis; B, Brain; Cb,
Cerebellum; Cbr, Cerebrum; Dien, Diencephalon; DS, Dorsal septal nucleus; DMH, Dorsomedial hypothalamus; G, Gonad; HbN, Habenular nuclei; Hpc, Hippocampus; Hyp,
Hypothalamus; LS, Lateral septum; mPOA, Medial preoptic nucleus; MS, Medial septum; ME, Median eminence; MO, Medulla oblongata; Mes, Mesencephalon; NAT, Nucleus
anterior tuberis; NDLI, Nucleus diffuses lobi inferioris; NDLT, Nucleus diffuses tori lateralis; BNST, Nucleus stria terminalis; OMC, Oculomotor complex; OB, Olfactory bulb; OT, Optic
tectum; OV, Ovary; PVN, Paraventricular nucleus; Pl, Pars intermedia; PT, Pars tuberalis; PeVN, Periventricular nucleus; Pit, Pituitary; POA, Preoptic area; Rhom, Rhombencephalon;
RP3V, Rostral periventricular area of the third ventricle; SC, Spinal cord; SCN, Suprachiasmatic nucleus; SON, Supraoptic nucleus; Tel, Telencephalon; T, Testis; Thal, Thalamus; VMH,

Ventromedial hypothalamus.
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Receptor family Ligand example Type of receptor Actions on neuronal tissue

Secretin GPCRs CRH CRH-R1 Neurogenesis, differentiation of neuronal cells, development of neuronal circuits (21, 22)
Rhodopsin GPCRs Serotonin 5-HTa, 5-HToa, 5-HToc Development of neuronal circuits
Modulation of memory, emotions and cognition (20)
Oxytocin OT-R Myelination, anti-inflammatory actions, neuroprotection (18)

Adhesion GPCRs Architecture and wiring of cortical and subcortical brain areas (19)
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