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Heart and brain development occur simultaneously during the embryogenesis, and both organ development and injuries are interconnected. Early neuronal and cardiac injury share mutual cellular events, such as angiogenesis and plasticity that could either delay disease progression or, in the long run, result in detrimental health effects. For this reason, the common mechanisms provide a new and previously undervalued window of opportunity for intervention.

Because angiogenesis, cardiogenesis and neurogenesis are essential for the development and regeneration of the heart and brain, we discuss therein the role of prokineticin as an angiogenic neuropeptide in heart-brain development and injuries. We focus on the role of prokineticin signaling and the effect of drugs targeting prokineticin receptors in neuroprotection and cardioprotection, with a special emphasis on heart failure, neurodegenerative Parkinson's disease and ischemic heart and brain injuries. Indeed, prokineticin triggers common pro-survival signaling pathway in heart and brain.

Our review aims at stimulating researchers and clinicians in neurocardiology to focus on the role of prokineticin signaling in the reciprocal interaction between heart and brain. We hope to facilitate the discovery of new treatment strategies, acting in both heart and brain degenerative diseases.

Heart and brain development and injury

Heart and brain development occur concurrently, and error in cardiac development affect neuronal development during the embryogenesis. Moreover, congenital heart diseases are the most common birth defect often associated with impaired neuro developmental disorders [START_REF] White | Recent advances in our understanding of neurodevelopmental outcomes in congenital heart disease[END_REF]. Cardiac abnormalities can also alter the circulation, leading to flow disturbances affecting brain development. Cardiovascular and neurological diseases are also interconnected. For example, stress-related pathology and depression are associated with myocardial infarction and heart failure and vice versa [START_REF] Zou | Neurocardiology: Cardiovascular Changes and Specific Brain Region Infarcts[END_REF].

Environmental risk factors such as psychosocial stress and diet-induced obesity can also induce cardiovascular and cerebral remodeling that result in the systolic and diastolic dysfunction and behavioral abnormalities (e.g., extreme anxiety and a diminished cognitive capacity) [START_REF] Agrimi | Obese mice exposed to psychosocial stress display cardiac and hippocampal dysfunction associated with local brain-derived neurotrophic factor depletion[END_REF]. Moreover, ageing also triggers the remodeling of the heart and brain leading to degenerative diseases. A molecular mechanism is shared between angiogenesis, cardiogenesis and neurogenesis can be essential for functional recovery from development defects as well as heart and brain injuries. Thus, identification of the common mediators of heart and brain development and damage will help to better understand the occurrences of these co-pathologies and develop new strategies to improve patient managements.

Cardiogenesis during development and injury

The first developing organ in the embryo is the heart that consists of three layers: the myocardium, the endocardium and the epicardium. Heart development is comprised of several rounds of epithelial-to-mesenchymal transition (EMT) and mesenchymal-toepithelial transition (MET). The epicardium is not yet present at this tubular heart stage and originates from the proepicardium (PE). PE undergoes EMT and MET to form a type of epithelial layer called epicardium, and remains an intact layer [START_REF] Tan | The Transitional Heart: From Early Embryonic and Fetal Development to Neonatal Life[END_REF]. Some of the epithelial cells will endure a second round of EMT and generate epicardium derived progenitor cells (EPDCs) that play a key role for proper myocardial development. EPDCs and epicardium play an important role on the transition of avascular hearts to heart with coronary circulatory system [START_REF] Kapuria | Coronary Vasculature in Cardiac Development and Regeneration[END_REF]. Indeed, most of the congenital heart diseases are resulted from errors in this EMT processes.

However, in the adult heart after myocardial infarction, EMT processes may exert deleterious effects on the heart and circulation [START_REF] Callender | Heart failure care in low-and middle-income countries: a systematic review and meta-analysis[END_REF]. EPDCs can differentiate into several cardiovascular cells in the mature heart [START_REF] Nebigil | The role of GPCR signaling in cardiac Epithelial to Mesenchymal Transformation (EMT)[END_REF]. Indeed, EPDCs also produces growth factors and cytokines that support myocardial growth and survival after myocardial infarction [START_REF] Duenas | More than Just a Simple Cardiac Envelope; Cellular Contributions of the Epicardium[END_REF]. Myocardial regeneration requires the formation of the new vasculature that is essential for the survival of the cardiac tissue and to adapt to the changing environment after traumatic damage.

Therefore, activation of survival signaling in cardiomyocytes to protect the remaining cardiomyocytes, and activation of resident progenitor (e.g., EPDCs) to increase angiogenesis in failing hearts are crucial therapeutic approaches for treatment of heart failure [START_REF] Samak | Stem Cells in Cardiovascular Medicine: Historical Overview and Future Prospects[END_REF].

Neurogenesis during development and injury

Neurogenesis mainly occurs during embryonic to early postnatal stages. However, in the adult mammalian brain, neurogenesis occurs in two neural niches in the hippocampus, more specifically in the subgranular layer (SGL) of the dentate gyrus (DG), and in the olfactory bulb (OB) throughout life and during the remodeling as a recovery process after stroke [START_REF] Bond | Adult Mammalian Neural Stem Cells and Neurogenesis: Five Decades Later[END_REF].

In the developing olfactory system, OB interneuron precursors are generated in the lateral ganglionic eminences, subventricular zone (SVZ), and septum of the embryonic forebrain, and migrate rostrally to the OB through a migration pathway known as the rostral migratory stream (RMS) [START_REF] Wichterle | In utero fate mapping reveals distinct migratory pathways and fates of neurons born in the mammalian basal forebrain[END_REF]. The location of heterogeneous progenitor/stem cells has been shown within the adult SVZ to generate the types of OB interneurons [START_REF] Azim | Early decline in progenitor diversity in the marmoset lateral ventricle[END_REF][START_REF] Merkle | Mosaic organization of neural stem cells in the adult brain[END_REF]. Indeed, after traumatic brain injury, the cells migrate from the SVZ via RMS to the injured cortex. The primary precursors in the SVZ have the characteristics of astrocytes and express glial fibrillary acidic protein (GFAP) [START_REF] Laywell | Identification of a multipotent astrocytic stem cell in the immature and adult mouse brain[END_REF]. GFAP + cells can maintain a neurogenic potential and act as neural stem cells (NSCs) [START_REF] Magnusson | Stars from the darkest night: unlocking the neurogenic potential of astrocytes in different brain regions[END_REF]. These cells can generate new neurons under normal conditions or after chemical removal. Indeed, acute stroke induces neuronal regeneration and migration from a GFAP + progenitor/ stem cells [START_REF] Garcia | GFAP-expressing progenitors are the principal source of constitutive neurogenesis in adult mouse forebrain[END_REF] of the SVZ into a unique "neurovascular niche" in the peri-infarct cortex [START_REF] Ohab | A neurovascular niche for neurogenesis after stroke[END_REF]. During functional recovery from brain injury, both angiogenesis and neurogenesis occur in this niche, indicating these events may provoke each other. In accord with this finding, systematic delivery of pro-angiogenic factors such as fibroblast growth factor 2 [START_REF] Woodbury | Fibroblast growth factor-2 signaling in neurogenesis and neurodegeneration[END_REF], stromal-derived factor-1 [START_REF] Cui | Stromal cell-derived factor-1 and its receptor CXCR4 in adult neurogenesis after cerebral ischemia[END_REF], and angiopoietin-1 [START_REF] Rosa | The angiogenic factor angiopoietin-1 is a proneurogenic peptide on subventricular zone stem/progenitor cells[END_REF] have been shown to enhance neurogenesis as well as angiogenesis in the peri-infarct cortex during functional recovery from brain injury [START_REF] Wang | Treatment of stroke with erythropoietin enhances neurogenesis and angiogenesis and improves neurological function in rats[END_REF]. Here we focus on prokineticin an angiogenic neuropeptide in cardiogenesis, angiogenesis and neurogenesis, during heart and brain development and injury.

Prokineticins (PROKs) and their receptors

Prokineticins (PROK) are considered as neuropeptides [START_REF] Cheng | Prokineticin 2 transmits the behavioural circadian rhythm of the suprachiasmatic nucleus[END_REF] or angiogenic hormones [START_REF] Shojaei | Role of Bv8 in neutrophil-dependent angiogenesis in a transgenic model of cancer progression[END_REF][START_REF] Ferrara | Endocrine gland vascular endothelial growth factor (EG-VEGF) and the hypothesis of tissue-specific regulation of angiogenesis[END_REF]. They are comprised of 44% identical two groups: prokineticin-1 (PROK1, PK1; also called EG-VEGF,) and prokineticin-2 (PROK2, PK2; also called Bv8) with an N-terminal AVITGA sequence and ten cysteines forming five disulfide bridges [START_REF] Lecouter | 8. a novel family of tissue-selective mediators of angiogenesis, endothelial phenotype, and function[END_REF]. The N-terminus is necessary for agonistic effect, and mutation in this region leads to antagonistic effect, whereas C-terminus is essential for its biological activity [START_REF] Chen | Identification and pharmacological characterization of prokineticin 2 beta as a selective ligand for prokineticin receptor 1[END_REF].

The PROK1 gene is located on human chromosomal regions of 1p13.1 and mouse chromosomal regions of 3. It does not have any splicing product. The PROK2 gene maps to regions of human chromosome 3p21 and mouse chromosome 6. Indeed, PROK2 has two splicing isoforms: a small form of PROK2 is composed of 3 exons, exon 1, 2, and 4. The long-form of PROK2 (PROK2L) has an additional 21 amino acids, composed of all four exons [START_REF] Marsango | The Bv8 gene from Bombina orientalis: molecular cloning, genomic organization and functional characterization of the promoter[END_REF]. The PROK1 protein is composed of 86 amino acids, while its precursor has 105 amino acids. The PROK2 is composed of 81 amino acids, and the long-form PROK2L has 102 amino acids. The secreted PROK2L peptide can be cleaved by proteases to form PROK2β peptide with 47 amino acids that binds explicitly to prokineticin type 1 receptor [START_REF] Chen | Identification and pharmacological characterization of prokineticin 2 beta as a selective ligand for prokineticin receptor 1[END_REF].

PROK1 and PROK2 are ubiquitously expressed in many tissues and regulated by different stimuli [START_REF] Negri | Targeting the Prokineticin System to Control Chronic Pain and Inflammation[END_REF]. Expressions of PROK1 can be positively regulated by estrogen, progesterone, follicle stimulating hormone (FSH) and human chorionic gonadotropin (hCG), as well as hypoxia-inducible factor-1α (HIF-1α), peroxisome proliferator-activated receptor gamma (PPARγ ) [START_REF] Traboulsi | Prokineticins in central and peripheral control of human reproduction[END_REF], and insulin [START_REF] Ujvari | Prokineticin 1 is up-regulated by insulin in decidualizing human endometrial stromal cells[END_REF]. Homeobox transcriptional factors (distal-less homeobox 1 and 2) can repress expression of PROK1. Expression of PROK2 is positively regulated by circadian rhythm genes, Bmal, and clock, olfactory neurogenesis basic helix-loop-helix factors, neurogenin1 (Ngn1) and Mash, [START_REF] Cheng | Regulation of prokineticin 2 expression by light and the circadian clock[END_REF], hypoxia and oxidative stress via CACGTG-E box elements on PROK2 promoters, [START_REF] Watthanasurorot | Astakine 2--the dark knight linking melatonin to circadian regulation in crustaceans[END_REF] and angiogenesis via VEGF/Tbmx20 pathway [START_REF] Meng | TBX20 Regulates Angiogenesis Through the Prokineticin 2-Prokineticin Receptor 1 Pathway[END_REF] (Fig. 1). Granulocyte colony stimulating factor in human monocytes, lymphocytes and neurons also regulates PROK2 [START_REF] Abou-Hamdan | Scalable 9-Step Synthesis of the Splicing Modulator NVS-SM2[END_REF]. Both PROKs exert their biological activity by interacting with two highly related G protein-coupled receptors (GPCRs), namely prokineticin receptor 1 (PROKR1, PKR1) and 2 (PROKR2, PKR1) [START_REF] Masuda | Isolation and identification of EG-VEGF/prokineticins as cognate ligands for two orphan G-proteincoupled receptors[END_REF]. The PKRs are 85% identical in their amino acid sequences and consist of an extracellular N-terminus, seven transmembrane helices, three intracellular loops, three extracellular loops, and cytoplasmic C-terminal tails. PROK1 and PROK2 bind and activate both PRKR1 (393 amino acids) and PROKR2 (384 amino acids). However, PROK2 has a higher affinity to PKR1 than PKR2 [START_REF] Soga | Molecular cloning and characterization of prokineticin receptors[END_REF].

PROKs and their receptors (PKRs) are expressed in all mammalian tissues. Although PKR1 and PRKR2 are co-expressed in specific tissues [START_REF] Lecouter | The endocrine-glandderived VEGF homologue Bv8 promotes angiogenesis in the testis: Localization of Bv8 receptors to endothelial cells[END_REF][START_REF] Urayama | The prokineticin receptor-1 (GPR73) promotes cardiomyocyte survival and angiogenesis[END_REF][START_REF] Guilini | Divergent roles of prokineticin receptors in the endothelial cells: angiogenesis and fenestration[END_REF], PKR1 is predominantly expressed in peripheral tissues, including the reproductive organs [START_REF] Kisliouk | Presence and regulation of endocrine gland vascular endothelial growth factor/prokineticin-1 and its receptors in ovarian cells[END_REF][START_REF] Gorowiec | Prokineticin 1 induces inflammatory response in human myometrium: a potential role in initiating term and preterm parturition[END_REF], endocrine glands [START_REF] Lecouter | 8. a novel family of tissue-selective mediators of angiogenesis, endothelial phenotype, and function[END_REF], the gastrointestinal tract [START_REF] Bassil | Prokineticin-2, motilin, ghrelin and metoclopramide: prokinetic utility in mouse stomach and colon[END_REF][START_REF] Wade | Prokineticin-1 evokes secretory and contractile activity in rat small intestine[END_REF], spleen, pancreas, lungs, heart [START_REF] Nebigil | Prokineticin receptors in cardiovascular function: foe or friend?[END_REF], and blood cells [START_REF] Dorsch | PK1/EG-VEGF induces monocyte differentiation and activation[END_REF][START_REF] Lecouter | Bv8 and endocrine gland-derived vascular endothelial growth factor stimulate hematopoiesis and hematopoietic cell mobilization[END_REF]. On the other hand, PKR2 is mainly expressed in the central nervous system (CNS), including olfactory regions, cortex, thalamus and hypothalamus, septum and hippocampus, habenula, amygdala, nucleus tractus solitarius, and circumventricular organs such as subfornical organ (SFO), median eminence, area postrema, mammillary nuclei, periaqueductal gray (PAG), and dorsal raphe [START_REF] Ingves | Prokineticin 2 modulates the excitability of area postrema neurons in vitro in the rat[END_REF][START_REF] Qiu | Prokineticin 2 potentiates acid-sensing ion channel activity in rat dorsal root ganglion neurons[END_REF][START_REF] Ren | Prokineticin 2 regulates the electrical activity of rat suprachiasmatic nuclei neurons[END_REF][START_REF] Xiong | Prokineticin 2 suppresses GABA-activated current in rat primary sensory neurons[END_REF][START_REF] Cottrell | Prokineticin 2 modulates the excitability of subfornical organ neurons[END_REF]. Because the pattern of PKR2 expression in the amygdala has a sexual dimorphism [START_REF] Mohsen | Sexually dimorphic distribution of Prokr2 neurons revealed by the Prokr2-Cre mouse model[END_REF], PKR2 may have roles in a sexually dimorphic manner potentially on growth and development of CNS, the reproductive function and the motivated behaviors needs to be investigated. In contrast, PKR1 was found in fewer brain regions, such as the olfactory regions, dentate gyrus, zona incerta, and dorsal motor vagal nucleus [START_REF] Cheng | Expression of prokineticins and their receptors in the adult mouse brain[END_REF].

PROK receptor (PKR) ligands and signaling

Several small molecules that modulate PKR1 and PKR2 have been identified (Fig. 2). At the current only two types of PKR antagonists have been reported: some triazinediones, such as PC-27, and PKR-A that are respectively selective for PKR1 and PKR2 [START_REF] Congiu | A new convenient synthetic method and preliminary pharmacological characterization of triazinediones as prokineticin receptor antagonists[END_REF][START_REF] Thompson | Preparation of morpholinecarboxamides as prokineticin 2 receptor antagonists[END_REF]. PC-27 was found to alleviate the Bv8-induced thermal hyperalgesia, and PKR-A to reduce infarct volume and central inflammation, while improving functional outcome in a mouse model of cerebral ischemic injury [START_REF] Cheng | Prokineticin 2 is an endangering mediator of cerebral ischemic injury[END_REF].

Using computational approaches and in vitro assays for drug screening, followed by validation of hits in ex vivo neonatal rat cardiomyocyte culture, a specific non-peptide PKR1 agonist (IS20) has been identified [START_REF] Brogi | Discovery of GPCR ligands for probing signal transduction pathways[END_REF][START_REF] Gasser | Discovery and cardioprotective effects of the first non-Peptide agonists of the G protein-coupled prokineticin receptor-1[END_REF]. Administration of IS20 in mice does not display any signs of toxicity.

PKR signaling includes the accumulation of inositol phosphate and mobilization of intracellular Ca 2+ , stimulation, or inhibition of cAMP [START_REF] Ngan | Prokineticin-signaling pathway[END_REF], stimulation of mitogen-activated protein kinases (ERK), phospholipase Cβ and protein kinase B also called AKT [START_REF] Guilini | Divergent roles of prokineticin receptors in the endothelial cells: angiogenesis and fenestration[END_REF]. PROK signaling has been implicated in several essential physiological functions, including gastrointestinal smooth muscle contraction, circadian rhythm regulation, neurogenesis, angiogenesis, pain perception, mood regulation, and reproduction [START_REF] Zhao | Prokineticins and their G protein-coupled receptors in health and disease[END_REF]. PROK signaling is involved in several pathophysiologic events, including obesity, diabetes [START_REF] Hunolstein | Can prokineticin prevent obesity and insulin resistance?[END_REF][START_REF] Dormishian | Prokineticin receptor-1 is a new regulator of endothelial insulin uptake and capillary formation to control insulin sensitivity and cardiovascular and kidney functions[END_REF], and heart failure [START_REF] Nebigil | Prokineticin receptors in cardiovascular function: foe or friend?[END_REF]. Here, we discuss only neuroprotective and cardioprotective effects of the PROK system. Role of PROK axes in cardiac and neuronal cell functions is summarized in table 1.

Role of the PROK signaling in cardiac development and cardiac cell functions

PKR1 and PKR2 both are expressed in cardiovascular tissues, including cardiomyocytes, epicardial progenitor cells, endothelial cells, and fibroblasts [START_REF] Boulberdaa | Prokineticin receptor 1 (PKR1) signalling in cardiovascular and kidney functions[END_REF]. PKR1 appears to be involved in heart development.

PKR1 signaling promotes EMT during heart development

Overexpression or activation of PKR1 by PROK2 in isolated embryonic EPDCs promotes EMT [START_REF] Arora | Prokineticin receptor-1 signaling promotes Epicardial to Mesenchymal Transition during heart development[END_REF]. Genetic ablation of PKR1 in epicardium using cre-loxP technology (epicardial specific Wt1 and gata4 transgenic mice intercrossed by PKR1 loxP mice) induces abnormal heart development, leading to partial embryonic and postnatal lethality. These epicardial restricted PKR1 knockout mice in the adult stage displayed ischemic dilated cardiomyopathy and impaired cardiac functions. These genetic models of congenital cardiac dysfunction provide evidence that epicardial-PKR1 signaling is a key player in the coronary vascular network formation, and EPDC-cardiomyocytes interaction, regulating cardiomyocyte proliferation and rhythmicity.

Interestingly, hEPDCs derived from atrial appendage in culture spontaneously undergo EMT. They are not predetermined to differentiate into the vascular lineages. However, a new epigenetic pathway of PKR1 involves histone modifications by a demethylase (KDM6A) to overcome the intrinsic limitations of hEPDCs [START_REF] Qureshi | A prokineticin-driven epigenetic switch regulates human epicardial cell stemness and fate[END_REF]. Thus, PROK2/PKR1 signaling inhibits EMT through activating a histone demethylase KDM6A and induces asymmetric division. This event promotes self-renewal and formation of vascular and epithelial/endothelial precursors. These precursors have angiogenic potential and are capable of differentiating into vascular smooth muscle and endothelial cells.

On the other hand, PROK2 via KDM6A inactivates histone H3K27me3-mediated repressive marks on the promoters of vascular genes that regulate the vascular lineage commitment and maturation. PROK2 via KDM6A stabilizes and accumulates β-catenin in the cytoplasm to repress peroxisome proliferator-activated receptor-γ (PPARγ) expression and activity, thereby inhibiting adipogenic signaling [START_REF] Qureshi | A prokineticin-driven epigenetic switch regulates human epicardial cell stemness and fate[END_REF]. Thus, PKR1 is a promising target to manipulate hEPDCs-mediated cardiac repair/regeneration events in cardiovascular and metabolic diseases.

PKR1 controls fate of adult cardiac tcf21 + fibroblast progenitor cells originated from epicardium

Although cardiac fibroblasts and progenitors (CFPs) are derived from both epicardium and endothelium during embryogenesis, the majority of CFPs express the basic helix-loop-helix (bHLH) transcription factors tcf21, Wt1, and Tbx18 in the epicardium of developing heart [START_REF] Ivey | Defining the Cardiac Fibroblast[END_REF]. Tcf21 continues to be expressed in the resting adult CPFs. Tcf + CFPs can be found in the epicardium, the perivascular and interstitial areas, depending on the injury type [START_REF] Acharya | The bHLH transcription factor Tcf21 is required for lineage-specific EMT of cardiac fibroblast progenitors[END_REF] and may be involved in the reparation of the heart. Indeed, a recent study has shown that adipogenesis and vasculogenesis share a common epicardial derived tcf21 + CFPs, and PROK2 regulates a switch that controls CFP-vasculogenic-and CFP-adipocyte-transformation in the adult heart [START_REF] Qureshi | Prokineticin receptor-1dependent paracrine and autocrine pathways control cardiac tcf21(+) fibroblast progenitor cell transformation into adipocytes and vascular cells[END_REF]. Under a high fat diet exposure, CFP-restricted inducible knockout mice (PKR1 tcf-/-) exhibited a high level of fat deposition in the atrioventricular groove, perivascular area, and pericardium of adult mice. These mice had an impaired vascular network and cardiac dysfunction. Thus, targeting PKR1 could provide a novel therapeutic approach for the treatment of metabolic, cardiac diseases, and atherosclerosis.

PROK signaling in cardiomyocytes

Activation or overexpression of PKR1 in cardiomyocytes promotes survival pathway via AKT to protect cells against hypoxic insult [START_REF] Urayama | The prokineticin receptor-1 (GPR73) promotes cardiomyocyte survival and angiogenesis[END_REF][START_REF] Su | Prokineticin 2 relieves hypoxia/reoxygenationinduced injury through activation of Akt/mTOR pathway in H9c2 cardiomyocytes[END_REF]. Transgenic mice overexpressing PKR1 in cardiomyocytes (TG-PKR1) displayed no spontaneous structural and functional abnormalities in the cardiomyocytes [START_REF] Urayama | Prokineticin receptor-1 induces neovascularization and epicardial-derived progenitor cell differentiation[END_REF]. However, these mice showed an increased number of EPDCs, with an increase of capillary density and coronary arterioles. Indeed, cardiaomyocyte-PKR1 signaling upregulates its own ligand expression PROK2 that acts as a cardiocrine factor and promotes EPDC differentiation into endothelial and smooth muscle cells to generate new vessels. On the other hand, activation or overexpression of PKR2 in cardiomyocytes induces hypertrophy [START_REF] Urayama | Transgenic myocardial overexpression of prokineticin receptor-2 (GPR73b) induces hypertrophy and capillary vessel leakage[END_REF].

Transgenic mice overexpressing PKR2 in the cardiomyocytes (TG-PKR2) displayed eccentric hypertrophy and impaired endothelial integrity in a paracrine regulation. Thus, two PROK receptors have divergent roles in the cardiomyocytes [START_REF] Urayama | Transgenic myocardial overexpression of prokineticin receptor-2 (GPR73b) induces hypertrophy and capillary vessel leakage[END_REF].

PROK signaling in endothelial cells

Activation or overexpression of PKR1 in coronary ECs promotes angiogenesis [START_REF] Guilini | Divergent roles of prokineticin receptors in the endothelial cells: angiogenesis and fenestration[END_REF] as a consequence of the stimulation of EC proliferation, migration and branching [START_REF] Nebigil | Updates on Endothelial Functions of Proangiogenic Prokineticin[END_REF]. Gα11 appears to regulate the activity of MAPK and AKT in angiogenic signaling of PKR1. The role of PKR1 in EC function in vivo has been demonstrated in endothelial-PKR1-deficient (PKR1 ec-/-) mice [START_REF] Dormishian | Prokineticin receptor-1 is a new regulator of endothelial insulin uptake and capillary formation to control insulin sensitivity and cardiovascular and kidney functions[END_REF] using Tie2-cre mice. These mice displayed severe lipid deposition and macrophage infiltration in their intima, leading to aortic aneurysms and impaired endothelium-dependent relaxation. Their blood pressure remained unaltered, probably due to altered cardiac output. More specifically, these mice displayed capillary rarefaction, apoptosis in their cardiomyocytes, interstitial fibrosis, leading to impaired diastolic function. Interestingly, these mice had abnormal insulin signaling in their hearts, leading to ectopic lipid deposition [START_REF] Dormishian | Prokineticin receptor-1 is a new regulator of endothelial insulin uptake and capillary formation to control insulin sensitivity and cardiovascular and kidney functions[END_REF].

PKR2 signaling, unlike that of PKR1, does not induce angiogenesis [START_REF] Guilini | Divergent roles of prokineticin receptors in the endothelial cells: angiogenesis and fenestration[END_REF][START_REF] Brouillet | Molecular characterization of EG-VEGF-mediated angiogenesis: differential effects on microvascular and macrovascular endothelial cells[END_REF]. Activation or overexpression of PKR2 in ECs results in a fenestrated EC phenotype. PKR2 signaling causes loss of Zonula occludens protein-1 (ZO-1), a cell-cell adhesion molecule, at tight junctions, thereby inducing an abnormal organization of ECs. PKR1 and PKR2 can coexpress in the cardiac capillary endothelial cells. PKR1 expression levels is dominant in the physiological condition, whereas PKR2 becomes dominant with the pathological stimuli [START_REF] Nebigil | Updates on Endothelial Functions of Proangiogenic Prokineticin[END_REF]. Thus, the role of PKR2-specific antagonists on endothelial cell function remains to be investigated.

Role of PROK signaling in neuronal development and neuronal cell functions 4.1. Role of PROKs in neurogenesis

Indeed, PKR2 expression has been found in the SVZ, RMS, and the ependymal and subependymal layers of the olfactory ventricle (OV) [START_REF] Ng | Dependence of olfactory bulb neurogenesis on prokineticin 2 signaling[END_REF] in the areas active in neurogenesis during adulthood. PROK2 acts as a chemoattractant for SVZ-derived neuronal progenitors. PROK2 is expressed in the granular and periglomerular layers of the OB. A recent study utilizing PROK2 EGFP transgenic and PKR2 LacZ/+ knock-in mice has demonstrated the presence of PROK2 + cells in the medial part of the RMS [START_REF] Wen | The PROK2/PROKR2 signaling pathway is required for the migration of most olfactory bulb interneurons[END_REF]. Moreover, in the OB, PROK2 is expressed in a subset of granule cells and tufted cells. Although co-expression of PROK2 and PKR2 in the OB cells were not found, PROK2 null mice (PROK2 -/-) have reduced OB, along with the accumulation of neuronal progenitors in the RMS [START_REF] Prosser | Olfactory bulb hypoplasia in Prokr2 null mice stems from defective neuronal progenitor migration and differentiation[END_REF]. In accord with this data, PKR2 null mice (PKR2 -/-) had hypoplasia and abnormal architecture of the OB [START_REF] Matsumoto | Abnormal development of the olfactory bulb and reproductive system in mice lacking prokineticin receptor PKR2[END_REF] and no Gonadotropin-releasing hormone (GnRH) neurons was found in their hypothalamus. These findings indicate that PKR2 system may also be involved in the migration and survival of GnRH neurons in the hypothalamus [START_REF] Prosser | Olfactory bulb hypoplasia in Prokr2 null mice stems from defective neuronal progenitor migration and differentiation[END_REF]. Similarly, knockdown and knockout of PKR2 in zebrafish leads to abnormal development of GnRH3 fibers that was rescued by injection of PKR2 mRNA [START_REF] Bassi | Knocking-down of the Prokineticin receptor 2 affects reveals its complex role in the regulation of the hypothalamus-pituitary-gonadal axis in the zebrafish model[END_REF]. These phenotypes are similar to the clinical features of Kallmann syndrome [START_REF] Dode | Kallmann syndrome: mutations in the genes encoding prokineticin-2 and prokineticin receptor-2[END_REF], a human disease characterized by the association of hypogonadotropic hypogonadism and anosmia. Importantly, several PROK2 and PKR2 mutations are found in Kallmann syndrome [START_REF] Dode | PROK2/PROKR2 Signaling and Kallmann Syndrome[END_REF].

Indeed, development and maturation of OB interneurons depend on the zinc finger homeodomain factor teashirt zinc finger family member 1 (TSHZ1) that binds and regulates expression of PKR2 [START_REF] Kuerbitz | Loss of Intercalated Cells (ITCs) in the Mouse Amygdala of Tshz1 Mutants Correlates with Fear, Depression, and Social Interaction Phenotypes[END_REF]. Conditional deletion of Tshz1 in mice resulted in OB hypoplasia and severe olfactory deficits, similar to PKR2 deficient mice. The loss of intercalated cells (ITCs) in the mouse amygdala of Tshz1 mutant mice is associated with fear, depression, and social interaction phenotypes. The PKR2 gene was associated with not only a major depressive disorder [START_REF] Kishi | Possible association of prokineticin 2 receptor gene (PROKR2) with mood disorders in the Japanese population[END_REF] but also methamphetamine dependence [START_REF] Kishi | PROKR2 is associated with methamphetamine dependence in the Japanese population[END_REF]. The human patients with congenital aural atresia that were heterozygous for TSHZ1 loss-of-function mutations displayed hyposmia characterized by impaired odor discrimination and reduced olfactory sensitivity via negatively controlling the expression of PKR2 [START_REF] Kuerbitz | Loss of Intercalated Cells (ITCs) in the Mouse Amygdala of Tshz1 Mutants Correlates with Fear, Depression, and Social Interaction Phenotypes[END_REF]. Indeed, PKR2 signaling modulates the electrical activity of neurons in the area postrema, subfornical organ, and paraventricular nucleus of the hypothalamus [START_REF] Ingves | Prokineticin 2 modulates the excitability of area postrema neurons in vitro in the rat[END_REF] and PROK2 suppresses GABA-activated current in sensory neurons [START_REF] Xiong | Prokineticin 2 suppresses GABA-activated current in rat primary sensory neurons[END_REF].

Recently, it has been shown that severe tangential and radial migration defects of neuroblasts in the SVZ-RMS-OB result in loss of ~75% of GABAergic interneurons in the OB of PROK2 and PKR2 mutant mice. These interneurons are one of the few neuronal subpopulations that are continuously renewed throughout life from progenitors located in the adult SVZ [START_REF] Wen | The PROK2/PROKR2 signaling pathway is required for the migration of most olfactory bulb interneurons[END_REF]. These analyses demonstrate that PROK2/PROKR2 signaling is a key regulator of survival and migration of GnRH neurons and is crucial for the tangential and radial migration of OB interneurons rather than affecting OB neurogenesis [START_REF] Ng | Dependence of olfactory bulb neurogenesis on prokineticin 2 signaling[END_REF].

Role of PROK signaling in enteric neural crest cells

PROK signaling cross-talks with glial cell line-derived neurotrophic factor (GDNF)/RET receptor tyrosine kinase (Ret) signaling in enteric neural crest cells (NCC) [START_REF] Ngan | Prokineticin-1 (Prok-1) works coordinately with glial cell line-derived neurotrophic factor (GDNF) to mediate proliferation and differentiation of enteric neural crest cells[END_REF][START_REF] Ngan | Prokineticin-1 modulates proliferation and differentiation of enteric neural crest cells[END_REF]. These cells are multipotent progenitors, which give rise to neurons and glia of the enteric nervous system (ENS) during fetal development. Their survival, migration and differentiation are regulated by mainly (GDNF)/RET signaling. GDNF up-regulates PKR1 in enteric NCCs [START_REF] Ruiz-Ferrer | Expression of PROKR1 and PROKR2 in human enteric neural precursor cells and identification of sequence variants suggest a role in HSCR[END_REF].

Furthermore, c-Ret deficient mice display a lower level of PKR1 in the enteric ganglions. Subsequently, functional analysis showed that GDNF potentiates the proliferative and differentiation effects of PROK1 via PKR1 in enteric NCCs. Moreover, PROK1 and GDNF signaling share some common downstream targets. Interestingly, in the c-Ret deficient NCCs, PROK1 signaling could induce the expression of both proliferation and differentiation markers, suggesting that the PROK1/PRKR1 pathway can be a compensatory/complementary pathway to GDNF signaling [START_REF] Ngan | Implications of endocrine gland-derived vascular endothelial growth factor/ prokineticin-1 signaling in human neuroblastoma progression[END_REF]. Indeed, PROK2 can compensate the loss of signaling from the GDNF/RET complex in Hirschsprung's disease by controlling the differentiation and proliferation of neural crest cells [START_REF] Ruiz-Ferrer | Expression of PROKR1 and PROKR2 in human enteric neural precursor cells and identification of sequence variants suggest a role in HSCR[END_REF]. These findings demonstrate that PROK1 cross-talks with GDNF/Ret signaling. PROK1 signaling also provides a compensatory mechanism to maintain proliferation and differentiation of enteric NCCs.

Targeting PROK receptors as therapeutic options in heart and brain injuries

PKR1 signaling protects heart against myocardial infarct-induced heart failure

Increased levels of PROK2 and their receptors were found after myocardial injury in mice model of heart failure [START_REF] Nguyen | Role of Prokineticin Receptor-1 in Epicardial Progenitor Cells[END_REF]. However, the signaling pathways mediated by PKR1 and PKR2 act in diverse directions in the postnatal heart [START_REF] Nebigil | Prokineticin receptors in cardiovascular function: foe or friend?[END_REF]. PROK system is associated with the pathologies of various cardiovascular and metabolic diseases, including heart failure [START_REF] Urayama | The prokineticin receptor-1 (GPR73) promotes cardiomyocyte survival and angiogenesis[END_REF], and abdominal aortic aneurysm [START_REF] Choke | Whole genome-expression profiling reveals a role for immune and inflammatory response in abdominal aortic aneurysm rupture[END_REF].

Myocardial infarction and anticancer drugs [START_REF] Nebigil | Updates in Anthracycline-Mediated Cardiotoxicity[END_REF] in humans cause cardiac injury, resulting in loss of myocardial cells, formation of fibrotic scar tissue, damaged progenitor cell plasticity and defective vessel networks. PKR1 gene transfer after coronary ligation in a mouse model of myocardial infarction (MI) increased the survival rate and improved the heart functions by promoting cardiac angiogenesis, cardiomyocyte survival, and the proliferation of EPDCs [START_REF] Urayama | Prokineticin receptor-1 induces neovascularization and epicardial-derived progenitor cell differentiation[END_REF][START_REF] Arora | Prokineticin receptor 1 is required for mesenchymal-epithelial transition in kidney development[END_REF]. The intraperitoneal administration of IS20, a PKR1 agonist, activated AKT survival pathway in the heart. Furthermore, IS20 decreased mortality and the size of the scar area, and improved heart function, similar to the effects of PKR1 gene transfer in mice with MI. Indeed, IS20 reduced apoptosis in cardiac cells, provoked EPDC proliferation and increased capillary formation [START_REF] Gasser | Discovery and cardioprotective effects of the first non-Peptide agonists of the G protein-coupled prokineticin receptor-1[END_REF].

PKR1 signaling inhibits dose and time-dependent doxorubicin-induced cardiovascular toxicity via myocardial and vascular protection

Heart failure occurrence during and following cancer treatments remains a subject of intense research and therapeutic interest. Doxorubicin (DOX) is one of the widely used anthracycline family of anticancer drugs and has a severe adverse effect on cardiovascular system [START_REF] Nebigil | Updates in Anthracycline-Mediated Cardiotoxicity[END_REF]. Recently, Gasser and her colleagues have been shown that a low concentration of DOX (0.1 μM) inhibits angiogenesis and EPDC plasticity [START_REF] Gasser | Prokineticin Receptor-1 Signaling Inhibits Dose-and Time-Dependent Anthracycline-Induced Cardiovascular Toxicity Via Myocardial and Vascular Protection[END_REF]. DOX at 1 μM induces apoptosis in all cardiac cells, including cardiomyocytes, endothelial cells and EPDCs. However, a high concentration (10-15 μM) of DOX promotes ROS accumulation in the cardiomyocytes. A PKR1 agonist, IS20, alleviates these effects of DOX in isolated cardiac cells. This effect of IS20 is due to the activation of PKR1 because genetic or pharmacological inactivation of PKR1 subdues these effects of IS20 in cardiac cells [START_REF] Gasser | Prokineticin Receptor-1 Signaling Inhibits Dose-and Time-Dependent Anthracycline-Induced Cardiovascular Toxicity Via Myocardial and Vascular Protection[END_REF].

In a chronic mouse model of DOX-cardiotoxicity, IS20 has been shown to normalize an elevated serum marker of cardiotoxicity and vascular and EPDC deficits, attenuates apoptosis and fibrosis, and improves survival rate and cardiac function. Indeed, IS20 does not interfere with the cytotoxicity of DOX in breast cancer lines and in a mouse model of breast cancer. In addition, IS20 improves the decreases in LV diastolic volume induced by acute DOX treatments in mice [START_REF] Gasser | Prokineticin Receptor-1 Signaling Inhibits Dose-and Time-Dependent Anthracycline-Induced Cardiovascular Toxicity Via Myocardial and Vascular Protection[END_REF]. This study identifies PKR1 as a promising target to protect the heart from the cardiac adverse effect of cancer treatments.

PROK/PKR1 pathway in diabetes-induced cardiomyopathy

Diabetic cardiomyopathy is the diabetes-associated cardiac complications manifested by structural, functional and metabolic changes, which often leads to heart failure. Recently studies in vitro and in vivo have shown that metformin, a widely used drug for the treatment of type 2 diabetes exerts a cardioprotective effect via PROK2/PKR1 signaling [START_REF] Yang | Metformin Ameliorates Diabetic Cardiomyopathy by Activating the PK2/PKR Pathway[END_REF]. Reduced expression levels of PROK2, PKR1, and PKR2 and low p-AKT/AKT and p-GSK3β/GSK3β ratios have been found in diabetic mice. These anomalies were alleviated by Metformin treatment. Metformin or PROK2 [START_REF] Yang | Prokineticin 2 (PK2) Rescues Cardiomyocytes from High Glucose/High Palmitic Acid-Induced Damage by Regulating the AKT/GSK3beta Pathway In Vitro[END_REF] have cardioprotective effect against the high glucosemediated injury in cardiomyocytes that was blocked by a PKR1 antagonist (PC7) or an AKT inhibitor [START_REF] Yang | Metformin Ameliorates Diabetic Cardiomyopathy by Activating the PK2/PKR Pathway[END_REF]. This finding is in accord with a previous study showing that PROK2 and PKR1 inhibit the development of diabetes and obesity [START_REF] Szatkowski | Prokineticin receptor 1 as a novel suppressor of preadipocyte proliferation and differentiation to control obesity[END_REF] and related cardiovascular disorders. Whether PKR1 agonists protect heart against diabetes-associated cardiac remodeling remain to be studied.

PROK/PKR1 pathway links obesity and cardiovascular diseases

The reciprocal interaction in the heart-brain axis can play key role in metabolic diseases such as obesity. Prokineticin-2 is an anorexic peptide that intracranial injection of PK2 in rats reduces food intake [START_REF] Gardiner | Prokineticin 2 Is a Hypothalamic Neuropeptide That Potently Inhibits Food Intake[END_REF]. Contrarily, a neutralizing antibody for prokineticin-2 increases the food intake. Anorexic effect of PK2 was completely absent in the PKR1 deficient mice, indicating that the anorexic effects of PK2 are mediated by PKR1 in the hypothalamus. Interestingly, both PKR1 null mice and adipose tissue-restricted PKR1 knockout mice exhibit obesity. The peripheral effect of PKR1 signaling is due to suppression of proliferation and differentiation of preadipocytes into adipocytes [START_REF] Szatkowski | Prokineticin receptor 1 as a novel suppressor of preadipocyte proliferation and differentiation to control obesity[END_REF]. Indeed, peripheral administration of PK2 act as an adipokine reduces food intake and body weight in diet-induced obesity models [START_REF] Beale | Peripheral administration of prokineticin 2 potently reduces food intake and body weight in mice via the brainstem[END_REF]. The polymorphism of PROK2 gene and the metabolic diseases (obesity and diabetes) have been correlated in human [100].

Therapeutic strategies targeting PKR1 could be important to treat obesity and obesityassociated insulin resistance and cardiovascular complications [101], because PKR1 signaling suppresses appetite, reduces adipocyte expansion, regulates visceral fat storage, and increases cardiovascular insulin sensitivity [START_REF] Nebigil | Prokineticin Is a New Linker between Obesity and Cardiovascular Diseases[END_REF]. Thus improving the brain-heart axis function by PKR1 signaling can recover the risk of cerebral-cardiac disorders in obese individuals.

Controversy functions of PROK2 in ischemic models of cerebral injury

In a murine model of stroke (occlusion of middle cerebral artery), PROK2 expression was increased in the ischemic cortex and striatum. Intracranial administration of PROK2 (10 pmol) after the stroke increased the infarct volume and CD68 + inflammatory cells in mice brain [103]. However, the administration of a PROK2 receptor antagonist reduced infarct volume and central inflammation.

On the contrary, at higher concentrations (10-100nM), PROK2 exerts a protective role in an in vitro cerebral ischemia model, using oxygen-glucose deprivation (OGD) in the primary murine cortical cell cultures [104]. Neuroprotective effect of PROK2 is mediated by an activation of ERK1 and AKT survival pathway. When the ischemic tolerance had been experimentally induced by exposing hippocampal slices to subtoxic pharmacological stimulus NMDA, before the exposure to OGD, the development of OGD tolerance was associated with an increase in the expression of PROK2, PKR1 and PKR2 mRNA and proteins [104]. PROK2 at nM concentration attenuated the injury that was reversed by the PKR antagonist PC7. This study also showed that the PROK system is up-regulated during the cerebral injury [104]. PROK2 activates the ERK1/2 and AKT in the neuroprotective pathway.

These discrepancies have been explained by several mechanisms: A) At low doses PROK2 may use stress activated protein kinase (SAPK)/JNK, transducers of death signals, to induce the neuronal damage [103, 105], however, at the high doses PROK2 uses ERK/AKT survival pathway to prevent from cerebral injury [104, 106] as observed with nM scale of PROK2 for cardioprotection [START_REF] Nebigil | Prokineticin receptors in cardiovascular function: foe or friend?[END_REF]. B) An altered balance of the expression levels PKR2 versus PKR1 may be detrimental during the stroke as observed in the heart [START_REF] Nebigil | Prokineticin receptors in cardiovascular function: foe or friend?[END_REF]. The involvement PKR1 and PKR2 in ischemic stroke events and the mechanisms still needs to be fully elucidated. C) Stroke levels or type of the brain injury models could be also important controlling the expression of PROK2 and its receptors PKR1 and PK2 (Fig. 3) and off-target effects of PK antagonist needs to be clarified.

Neuroprotective role of PROK2 in the model of traumatic brain Injury

In a traumatic brain injury (TBI) mice model by physical trauma of the cortex, the migration of SVT cells to the olfactory bulb was not impaired. Indeed, mobilization of proliferating cells from the SVZ neurogenic niche to injured cortex and lack of alteration in the RMS migration depends on the extent and type of the injury. The high expression of PROK2 was found only after the traumatic cortical injury in the mice cortical microglia of the cortex, but not in the GFAP positive astrocytes, doublecortin (DCX) positive immature neurons and CD45 positive leucocytes [107]. Note that the intact brain does not express PROK2. However, high levels of PROK have been found in the astrocytes and neurons in the glutamate-[105] and amyloid-beta-induced toxicity models, where a PKR antagonist has beneficial effects [108,109].

Contrarily, administration of a PKR antagonist is detrimental in TBI model, because it inhibits the SVT cell migration [107]. When the neurospheres [107] or SVZ explants [START_REF] Ng | Dependence of olfactory bulb neurogenesis on prokineticin 2 signaling[END_REF] were cocultured with the PROK2-expressing cells, the migration of cells from the neurospheres or SVZ demonstrated that PROK2 is essential in recruiting SVZ cells to injured areas.

The activation of PROK2 to promote the migration of SVZ cells to injured areas during brain injuries and neurodegenerative diseases is an important finding. However, which receptor is involved in the beneficial effects of PROK2 in the traumatic brain injury needs to be clarified (Fig. 3).

Protective role of PROK signaling in Parkinson's disease

The nigral dopaminergic neurons are the other neuronal targets of the PROK system. Although PROK2 expression has been found at a low level in the nigral system, its receptors PROKR1 and PROKR2 are constitutively expressed on nigrostriatal neurons. PROK expression is increased in surviving nigral dopaminergic neurons of brains of patients with Parkinson's disease [110]. Recently, an elevated PROK2 expression has also been found in nigral dopaminergic neurons during the early stages of neurodegeneration in mouse models of Parkinson's disease such as toxin-induced PROK2 reporter mice and MitoPark transgenic mice [110]. Indeed, elevated PROK2 levels have also been found in an experimental model of Parkinson's disease induced by the dopaminergic cell death following in vitro tumor necrosis factor α (TNFα) treatment [111].

PROK2 overexpression or PROK2 treatment protects dopaminergic neurons against oxidative stress, mitochondrial dysfunction, and neurodegeneration induced by the parkinsonian neurotoxicant (MPTP) [112]. Indeed, PROK2 activates ERK and AKT survival signaling pathways and promotes mitochondrial biogenesis, thereby exerting potent neuroprotection [110]. In accord with these findings, PROK overexpression plays a protective role, whereas antagonist of PKRs exacerbates dopaminergic degeneration in experimental Parkinson's disease. Altogether, these data identify PROK2 as a novel player secreted from dopaminergic neurons during degeneration, acting as a compensatory neuroprotective cytokine in nigral dopaminergic neurons.

Protective effect of PROK2 in astrocytes against neurotoxicity induced damage

Astrocytes regulate the migration of postnatal neuroblasts and promote functional coordination of the brain [113]. The dysfunction of astrocytes may contribute to either neuronal death or the process of neural disturbances [114,115]. Neuroinflammation and ischemia can elicit two different types of reactive astrocytes, termed pro-inflammatory A1s and anti-inflammatory A2s that reduces excitotoxicity and promotes long-term neuronal survival [116]. Astrocytes also express a high level of PKRs. Overexpression of PROK2 in cultured astrocytes or in mouse brain promotes the A2 type of astrocyte phenotype confirmed with the expression of A2 type markers such as Arginase-1, Nrf2, PTX3, SPHK1, and TM4SF1 [117]. PROK2 also elevates astrocyte A2 phenotype, increases mitochondrial energy metabolism and antioxidant pathway, while decreases inflammatory factors [117]. Furthermore, PROK2, through its receptor PKR1 on astrocytes, promotes directed chemotaxis.

A small-molecule PKR1 agonist, IS20, mimics the neuroprotective effect of PROK2 in primary astrocyte cultures [117]. It also increases astrocyte migration and glutamate uptake by upregulating the glutamate aspartate transporter (GLAST). PROKR1 signaling appears to favor the A2 astrocyte phenotype versus A1 in neurodegenerative diseases such as Parkinson's disease. Notably, IS20 blocks MPTP-induced reductions in the A2 phenotype. It also mitigates the elevation of the A1 phenotype in this in vitro Parkinson's disease model [117]. PROK2 via PKR1 regulates a novel neuron-astrocyte signaling mechanism in Parkinson's disease. Thus, these findings could be exploited for the development of novel therapeutic strategies targeting PKR1 for Parkinson's disease and other related chronic neurodegenerative diseases.

Although astrocytes develop stem cell properties during brain ischemic events, the multipotency of astrocytes is reliant on growth factors as observed in in vitro settings [118]. In vitro assays have shown that some of the reactive astrocytes in the traumatic or ischemic brain acquire neurosphere (NS)-forming ability, multipotency, and long-term self-renewal, while others remain within their astrocyte lineage in vivo [118]. Whether PROK/PKRs promote NS-forming ability remains unknown.

CONCLUDING REMARKS AND FUTURE PERSPECTIVES

Therapeutic angiogenesis is a key component to combat neurodegenerative diseases and heart failure as it plays a critical role in supplying the high metabolic demand of neuronal activity and myocardial contractility. Angiogenesis can be a compensatory mechanism triggered by ischemic injuries, associated with improved functional outcomes after ischemic stroke. In contrast, defective capillary network compromises tissue oxygen availability and is associated with neuronal loss in the animal models of heart failure and neurodegenerative disorders [119]. However, the role of angiogenesis in acute and chronic neurodegenerative disorders is not fully characterized, which may contribute to the clinical trial failures of some neuroprotective agents. Current available data supporting the role of angiogenesis in neuronal damage are mainly derived from experimental animal models. However, therapeutic angiogenesis and vasculogenesis can be a promising tool to improve the treatment of cerebral ischemia and neuronal damage in clinical settings.

Similarly, therapeutic angiogenesis and vasculogenesis are essential for the regeneration of the heart. Promoting PROK signaling is a promising approach to provide angiogenesis cardiac and neuronal protection in an autocrine/paracrine fashion in cardiac and neuronal cells. A further interrogation into the PROK signaling on functions of stem progenitor cells in CNS and cardiovascular system will be very important to further determine pro-survival role of PROK. The ability of PROK to form neurospheres or cardiospheres, promoting transformation into specific neuronal or cardiac cells remains to be investigated.

Another question concerns the efficacy neuroprotective effect of PROK signaling in multiple models of CNS injuries in different species. Altered expression of the PROK axes in the preclinical models and human neuronal and cardiovascular diseases are listed in table 2 and table 3. Whether two different PKRs involved in PROK2 mediated beneficial and detrimental effects in the stroke models needs to be clarified. PKR agonists and antagonists have been identified as powerful tools to investigate the functions of PKRs. However, additional studies will be required to characterize their off-target effects.

A new discipline, "neurocardiology", examines the reciprocal interaction between heart and brain [120] For example; cardiac arrhythmias and congestive heart failure can lead to cerebral accidents or ischemic attacks. Cerebrovascular dysfunction can cause electrocardiographic disorders or cardiac rhythm disturbances. Since the hippocampal formation particularly DG plays a pivotal role in the regulation of the brain-heart axis [START_REF] Agrimi | Obese mice exposed to psychosocial stress display cardiac and hippocampal dysfunction associated with local brain-derived neurotrophic factor depletion[END_REF], whether PROK system contributes to heart-brain interaction remains to be confirmed.

Recent studies have been shown that GPCRs are delivered by exosomes, smallest extracellular vesicles [121], which are alternative biomarker sources, drug delivery carriers and therapeutic approaches for protection of organs in several diseases [122]. It is possible that PKR1 carrying exosomes can play a key role in the reciprocal interaction between heart and brain, and can be potential therapeutic approaches for the heart-brain axis-related diseases.

Nevertheless, PKR signaling drives neurogenesis and cardiogenesis during development, and promotes survival signaling against heart injuries (e.g., myocardial infarction, anti-cancer drug and diabetes induced injuries) and brain injuries (e.g., Parkinson's disease and traumatic brain injury) (Fig. 4).

G protein coupled seven transmembrane domain receptors involved in transmission of signal from extracellular space by binding to the ligands (Neuropeptides, cytokines etc.) to exert biological response. They are target of approximately 40% of clinically used drugs

Enteric neural crest cells (NCC)

neural crest cells form the entire enteric nervous system, including neurons and glia of the gastrointestinal tract

Glial fibrillary acidic protein (GFAP)

It is an intermediate filament protein that is expresses in astrocytes Hyposmia reduced ability to smell and to detect odors Kallmann syndrome genetic disorder causes incompletion of puberty due to hypogonadotropic hypogonadism Olfactory bulb (OB) neural structure composed of neuronal cell bodies, astrocytes and oligodendrocytes synapse and capillaries in the forebrain responsible for the sense of smell

Subgranular layer (SGL) hippocampus brain region where adult neurogenesis occurs

Dentate gyrus (DG) hippocampal formation part in the temporal lobe

Subventricular zone (SVZ) proliferative zone containing neural progenitor cells responsible of the neurogenesis during embryogenesis and repair in adult brain

Rostral migratory stream (RMS) migratory pathway of neuronal progenitor and precursors derived from SVZ located between SVZ and OB

Myocardial infarction

Heart attack due to mainly sudden blockage in a coronary artery leading to ischemia and lack of blood supply and eventually heart failure Cardiotoxicity damage in the heart muscle due to anticancer drugs Vasculogenesis the de novo formation of a primitive vascular network via differentiation of angioblast or endothelial precursors into endothelial cells Angiogenesis formation of new capillaries from pre-existing vessel throughout life in both health and disease Parkinson's disease A neurodegenerative disease due to the cell death in the substantia nigra and midbrain, affecting motor system Structure of small molecules that regulate PKR1 and PKR2 signaling Overall PROK2 (nM concentration) promotes a survival pathway to protect the neuron and cardiac cells against injury. However low dose (pM) of PROK2 may induces proapoptotic signaling that is detrimental for neuronal injury. Whether these contrary roles of PROK2 in CNS are depending on the different concentration, injury type or receptors have not been clarified yet. PKR1 signaling is beneficial, whereas PKR2 signaling detrimental in heart injuries. . Prokineticin receptors (mostly PKR1) signaling drives neurogenesis and cardiogenesis during development, and promotes survival signaling against heart and brain injuries. Prokineticin signaling may represent a common mechanism in neuroprotection and cardioprotection. Application of integrative medicine in neuro-cardiology will provide future therapeutic approach to treat chronic neurodegenerative and cardiovascular disorders. Global PKR1 knockout -PKR1-KO)

Dilated cardiomyopathy, kidney atrophy urine retention [START_REF] Boulberdaa | Prokineticin receptor 1 (PKR1) signalling in cardiovascular and kidney functions[END_REF].

Obesity, diabetes [START_REF] Szatkowski | Prokineticin receptor 1 as a novel suppressor of preadipocyte proliferation and differentiation to control obesity[END_REF].

Knockout mice models Adipose restricted PKR1-KO Obesity [START_REF] Szatkowski | Prokineticin receptor 1 as a novel suppressor of preadipocyte proliferation and differentiation to control obesity[END_REF].

Endothelial restricted PKR1-KO Lipodyslipidemia, insulin insensitivity, CV and renal disorders [START_REF] Dormishian | Prokineticin receptor-1 is a new regulator of endothelial insulin uptake and capillary formation to control insulin sensitivity and cardiovascular and kidney functions[END_REF]. 
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 1 Figure 1. Regulation of expression of PROK1 (A) and PROK2 (B)Expressions of PROK1 can be positively regulated by estrogen, progesterone, follicle stimulating hormone (FSH) and human chorionic gonadotropin (hCG), as well as hypoxiainducible factor-1α (HIF-1α), peroxisome proliferator-activated receptor gamma (PPARγ), and insulin. Homeobox transcriptional factors (distal-less homeobox 1 and 2) can repress expression of PROK1. Expression of PROK2 is positively regulated by circadian rhythm genes (Bmal and clock), olfactory neurogenesis proneuronal basic helix-loop-helix factors (neurogenin1 (Ngn1), hypoxia and oxidative stress via CACGTG-E box elements on PROK2 promoters, and angiogenesis via vascular endothelial growth factor (VEGF)/ Tbmx20, a T-box gene, pathway. Granulocyte colony stimulating factor in human monocytes, lymphocytes and neurons also regulates PROK2. PKR1 or NMDR also regulates expression of PROK2.
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 3 Figure 3. The role of PROK2 via its receptors PKR1 and PKR2 in brain and heart injuries

Figure 4 .

 4 Figure 4. Role of prokineticin (PROK) signaling in development and injury of brain and heart

  

Table 2 .

 2 Role of PROK in preclinical models of cardiac and neuronal diseases

	System	Models	Functions
	Cardiovascular (CV) system	
		MI Infarction	PKR1 agonist IS20 has cardiovascular (CV) protective effect, increases
	Preclinical CV disease		capillary network Preclinical CV development, increases EPDCs number and
	models		disease models improves CV functions [58].
		Doxorubicin (DOX)-mediated	IS20 protects cardiomyocytes endothelial cells and EPDCs, provides vascular
		cardiotoxicity	stability, by increasing AKt survival and antioxidant pathways and improves
			CV functions [123].
		Breast cancer mice models	No alteration on antitumor efficacy of DOX by PKR1 agonist [123].

  Development of epicardial adipose tissue (EAT) perivascular adipose tissue (PAT), loss of vascular network, impaired cardiac function, arrhythmia[START_REF] Arora | Prokineticin receptor-1 signaling promotes Epicardial to Mesenchymal Transition during heart development[END_REF].

		Epicardium restricted PKR1-KO	Embryonic lethality due to error in epicardial cardiomyocyte communication
		prenatal	and lack of EMT
		Epicardial originated fibroblast	
		progenitor restricted PKR1-KO	
		postnatal	
		Epicardin positive renal	Abnormal glomerular structure, atrophic kidney, urine retention [93].
		progenitor restricted PKR1-KO	
		Overexpression of PKR1	No abnormalities in cardiomyocytes, but increased vascularization and
		cardiomyocytes of transgenic	activation of adult EPDCs proliferation and differentiation into vascular cell
		mice hearts	type [70].
	Transgenic	Overexpression of PKR2 in	Hypertrophic cardiomyopathy and endotheliopathy [71]
	overexpression mice	cardiomyocytes of transgenic	
	models	mice hearts	
	CNS		
	Cerebral disease models Cerebral ischemia	PROK2 at high dose plays neuroprotective role models via activating ERK/Akt signaling [104], while at low dose increases the infarct volume [103].
	Neurodegenerative		PROK2 via PKR1 protects dopaminergic neurons and prevents
	models	Parkinson's diseases	neurodegeneration [110]. PKR1 agonist, IS20 controls neuron-astrocyte A2 protective signaling, leads to an increase in antioxidant and anti-inflammatory
			proteins [117].
			OB defects, Kalmann syndrome like phenotype [80].
			Low circadian rhythmicity [126] affecting physiological and behavioral
	Knockout mice models	PROK2 null mice	parameters, including sleep/wake cycle [125], locomotor activity, and anxiolytic and antidepressant-like effects [127], food intake and
			thermoregulation [128].
			Partial deletion of PROK2 in the MOB promotes insulin resistance, and
			increases food intake in vivo [100]
		PKR1 null mice	Feeding [98] [99]
		PKR2 deficient mice	OB developmental abnormalities [77], circadian rhythm dysregulation [129],
			Kalmann syndrome like phenotype, abnormal pain sensation [130].
	Transgenic	PK2 overexpressing transgenic	Augmentation of sleep in light and suppression of sleep in dark [131] via
	overexpressing models	mice and zebrafish	PKR2[132]

Table 3 .

 3 Altered expression of the prokineticin axes in neuronal and cardiovascular diseases

	Diseases	Mutated/Altered Expression
	Kallmann syndrome, idiopathic hypogonadotropic hypogonadism PKR2, PROK2 [133]
	Hirschsprung disease	PROK1, PROK2, PKR1, PKR2 [88]
	Neuroblastoma progression	PROK1, PROK2, PKR1, PKR2 [134]
	Parkinson's disease	PROK2 [111]
	Circadian Rhythm / sleep and Mood disorders	PROK2, PKR2 [135] [82, 125]
	Autoimmune demyelination/Multiple sclerosis	PROK2[135]
	Heart failure	PKR1, PROK2 [38]
	Abdominal aortic aneurysm	PROK2 [91]
	Metabolic diseases (Obesity and diabetes)	PROK2 [100]
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Glossary

Prokineticin A small peptide hormone/cytokine/neuropeptide

GPCR

Highlights

•

Angiogenesis and vasculogenesis are essential for the regeneration of the heart and brain.

• prokineticin 2 (PROK2) as an angiogenic neuropeptide has a key role on cardiac and neuronal development.

•

The activation of neuropeptide PROK2 promotes the migration of SVZ cells to injured areas during brain injuries and neurodegenerative diseases.

•

PROK receptor agonists may have potential therapeutic implications for mitigating dopaminergic neuron loss in Parkinson diseases.

•

The prokineticin signaling pathways involved in the heart development specifically proliferation and differentiation of epicardial derived progenitor cells and the communication between epicardial cells and cardiomyocytes that regulates cardiomyocyte proliferation and rhythmicity.

•

PKR1 agonist is a promising target to protect the heart from the cardiac adverse effect of cancer treatments, myocardial infarction mediated ischemic damage and diabetes-induced cardiomyopathy.

• Some antagonists of PKR1 and PKR2 have been discovered.

• Some biased PKR1 agonist display neuro-protectant activities in Parkinson's diseases.

•

Advances in medicinal chemistry are determining the future clinical development of PKR1 agonist.

• A new discipline "neurocardiology", may focus on role of PROK signaling on the reciprocal interaction between heart and brain.
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Table 1.

Role of PROK in cardiac and neuronal cell functions

Role in cells Cell type Function

Cell survival Endothelial cells Survival, proliferation, insulin uptake [START_REF] Urayama | The prokineticin receptor-1 (GPR73) promotes cardiomyocyte survival and angiogenesis[END_REF][START_REF] Guilini | Divergent roles of prokineticin receptors in the endothelial cells: angiogenesis and fenestration[END_REF][START_REF] Gasser | Discovery and cardioprotective effects of the first non-Peptide agonists of the G protein-coupled prokineticin receptor-1[END_REF][START_REF] Dormishian | Prokineticin receptor-1 is a new regulator of endothelial insulin uptake and capillary formation to control insulin sensitivity and cardiovascular and kidney functions[END_REF][START_REF] Nebigil | Updates on Endothelial Functions of Proangiogenic Prokineticin[END_REF]123] Neuronal cells Survival of GnRH neurons in the hypothalamus, activation of progenitor cells [START_REF] Prosser | Olfactory bulb hypoplasia in Prokr2 null mice stems from defective neuronal progenitor migration and differentiation[END_REF], dopaminergic neurons [110].

Haematopoietic cells

Survival [START_REF] Lecouter | Bv8 and endocrine gland-derived vascular endothelial growth factor stimulate hematopoiesis and hematopoietic cell mobilization[END_REF] Cardiomyocytes Antioxidant, antiapoptotic [START_REF] Urayama | The prokineticin receptor-1 (GPR73) promotes cardiomyocyte survival and angiogenesis[END_REF][START_REF] Su | Prokineticin 2 relieves hypoxia/reoxygenationinduced injury through activation of Akt/mTOR pathway in H9c2 cardiomyocytes[END_REF][START_REF] Yang | Prokineticin 2 (PK2) Rescues Cardiomyocytes from High Glucose/High Palmitic Acid-Induced Damage by Regulating the AKT/GSK3beta Pathway In Vitro[END_REF]123,[START_REF] Qureshi | Prokineticin receptor-1-dependent paracrine and autocrine pathways control cardiac tcf21(+) fibroblast progenitor cell transformation into adipocytes and vascular cells[END_REF] Cell motility Angiogenesis Akt/ERK activation, vascular structure stability [START_REF] Meng | TBX20 Regulates Angiogenesis Through the Prokineticin 2-Prokineticin Receptor 1 Pathway[END_REF][START_REF] Lecouter | The endocrine-glandderived VEGF homologue Bv8 promotes angiogenesis in the testis: Localization of Bv8 receptors to endothelial cells[END_REF][START_REF] Guilini | Divergent roles of prokineticin receptors in the endothelial cells: angiogenesis and fenestration[END_REF][START_REF] Brouillet | Molecular characterization of EG-VEGF-mediated angiogenesis: differential effects on microvascular and macrovascular endothelial cells[END_REF] Neurogenesis Migration of GnRH neurons [START_REF] Ng | Dependence of olfactory bulb neurogenesis on prokineticin 2 signaling[END_REF] and directed chemotaxis of astrocytes via PKR1 [117] Neural crest cells Differentiation and proliferation [START_REF] Ngan | Prokineticin-1 (Prok-1) works coordinately with glial cell line-derived neurotrophic factor (GDNF) to mediate proliferation and differentiation of enteric neural crest cells[END_REF][START_REF] Ngan | Prokineticin-1 modulates proliferation and differentiation of enteric neural crest cells[END_REF] Cardiogenesis Asymmetric division, activation of EMT, cellular communications

Cell differentiation EPDCs and tcf+fibroblast progenitors
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