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The endocannabinoid system in vertebrate male reproduction: a comparative overview

Prevailing studies emphasize on endocannabinoid activity in brain. However, sporadic evidences hint that endocannabinoid system controls male reproduction ranging from invertebrates to vertebrates. Although N-arachidonoylethanolamine is described in rat testis, its activity is still poorly known. Type-1 cannabinoid receptor and fatty acid amide hydrolase are particularly expressed in elongating spermatids and spermatozoa suggesting that endocannabinoids affect spermiogenesis and sperm physiology. Aim of this paper is to provide an analysis of the information available in vertebrates on male germ cell progression and sperm maturation mediated by the endocannabinoid system.
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Endocannabinoid system

Endogenous cannabinoids (endocannabinoids) are an emerging class of lipid mediators isolated from brain [START_REF] Devane | Isolation and structure of a brain constituent that binds to the cannabinoid receptor[END_REF], peripheral tissues [START_REF] Sugiura | Biosynthesis and degradation of anandamide and 2-arachidonoylglycerol and their possible physiological significance[END_REF] and reproductive fluids (Schuel et al., 2002) with psychotropic, hypnotic and analgesic effects matching cannabinoids A c c e p t e d M a n u s c r i p t [START_REF] Ledent | Unresponsiveness to cannabinoids and reduced additive effects of opiates in CB1 receptor Knock out mice[END_REF]. To date, at least four brain-derived compounds have been identified and designed as endocannabinoids [START_REF] Devane | Isolation and structure of a brain constituent that binds to the cannabinoid receptor[END_REF][START_REF] Sugiura | Biosynthesis and degradation of anandamide and 2-arachidonoylglycerol and their possible physiological significance[END_REF][START_REF] Stella | A second endogenous cannabinoid that modulates long-term potentiation[END_REF][START_REF] Hanus | 2-Arachidonoyl-glyceril ether, an endogenus agonist of the cannabinoid CB1 receptor[END_REF][START_REF] Porter | Characterization of a novel endocannabinoid, virodhamine, with antagonist activity at the CB1 receptor[END_REF]: arachidonoylethanolamide, (AEA or anandamide), 2-arachidonylglycerol (2-AG), 2-arachidonyl-glyceryl ether and virodhamine. Furthermore, several additional lipid mediators, such as N-oleoylethanolamine (OEA) and N-palmitoylethanolamine (PEA), are now considered endocannabinoid-like molecules or entourage compounds being able to improve the activity of AEA and 2-AG by inhibiting their degradation [START_REF] Ben-Shabat | An entourage effect : inactive endogenous fatty acid glycerol esters enhance 2-arachidonoyl-glycerol cannabinoidi activity[END_REF][START_REF] Lambert | The palmitoyethanolamide and oleamide enigmas: are these two fatty acid amides cannabimimetic?[END_REF][START_REF] Petrocellis | The endocannabinoid system: a general view and latest additions[END_REF]. AEA and 2-AG are the endocannabinoids whose biological activity has been better characterized (Pertwee and Ross, 2002;[START_REF] Hillard | Cellular accumulation of anandamide: consensus and controversy[END_REF].

They bind to extracellular site of the G-protein coupled type-1 and type-2 cannabinoid receptors (CB1 and CB2) [START_REF] Matsuda | Structure of a cannabinoid receptor and functional expression of the cloned cDNA[END_REF][START_REF] Munro | Molecular characterization of a peripheral receptor for cannabinoids[END_REF] matching some effects of D 9tetrahydrocannabinol (THC), the primary psycho-active component of marijuana [START_REF] Howlett | International Union of Pharmacology XXVII Classification of cannabinoid receptors[END_REF]. These two compounds have different affinities for CB1 and CB2, being AEA more selective for the former and 2-AG equally potent and efficacious at both binding sites [START_REF] Howlett | International Union of Pharmacology XXVII Classification of cannabinoid receptors[END_REF].

Unlike 2-AG, AEA also acts on intracellular sites of ion channels such as those of the transient receptor potential vanilloid type 1 (TRPV1 or VR1) protein (also activated by the pungent compound of hot chilli pepper, capsaicin) and the T-type calcium channels [START_REF] Van Der Stelt | Anandamide as an intracellular messenger regulating ion channel activity[END_REF]. The effects of AEA and 2-AG, via CB1 and CB2 receptors, depend on their concentration in the extracellular space which is controlled by: i) Ca 2+ -dependent biosynthesis occurring on demand by membrane precursors and requiring the sequential action of specific enzymes [e.g Nacyltransferase (NAT) [START_REF] Hansen | Determination of the fospholipid precursor of anandamide and other N-acylethaanolamine phospholipids before and after sodium azide-induced toxicity in cultured neocortical neurons[END_REF] and N-acylphosphatidylethanol-amine (NAPE)-specific phospholipase-D (PLD) for AEA [START_REF] Okamoto | Molecular characterization of phospholipase D generating anandamide and its congeners[END_REF], and phosphatidic acid phosphohydrolase or phosphoinositide-selective phospholipase C (PI-PLC) as well as sn-1-diacylglicerol lipase (DAGL) for 2-AG [START_REF] Stella | A second endogenous cannabinoid that modulates long-term potentiation[END_REF]]; ii) cellular uptake requiring a hypothesized endocannabinoid membrane transporter (EMT) [START_REF] Beltramo | Carrier-mediated transport and enzymatic hydrolysis of the endogenous cannabinoid 2-Arachidonoyl-glycerol[END_REF] and iii) intracellular degradation requiring fatty acid amide hydrolyse (FAAH), to degrade both AEA and 2-AG, as well as monoacylglycerol lipase (MAGL), to degrade specifically 2-AG [START_REF] Dinh | Brain monoglyceride lipase participating in endocannabinoid inactivation[END_REF][START_REF] Ho | Monoacilglycerol metabolism in human intestinal Caco-2 cells: evidence for metabolic compartmentation and hydrolysis[END_REF].

Altogether, endocannabinoids, receptors, transporter, enzymes for their synthesis and degradation constitute the "endocannabinoid system" [START_REF] Beltramo | Functional role of high-affinity anandamide transport as revealed by selective inhibition[END_REF][START_REF] Hillard | Accumulation of Narachidono-ylethanolamine (anandamide) into cerebellar granule cells occurs via facilitated diffusion[END_REF]Di Marzo et al., 1999;Pertwee et al., 2002).

Endocannabinoid system and spermatogenesis

A c c e p t e d M a n u s c r i p t

It is now well established that cannabinoids/endocannabinoids influence the male reproductive function [START_REF] Maccarrone | Endocannabinoids, hormone-cytokine networks and human fertility[END_REF][START_REF] Brown | Endocrine effects of marijuana[END_REF]. Cannabinoids inhibit spermatogenesis, reduce the weight of reproductive organs, and also production, motility and viability of sperm cells [START_REF] Kolodny | Depression of plasma testosterone levels after chronic intensive marihuana use[END_REF]. Furthermore, they regulate testosterone production by Leydig cells both in vivo and in vitro [START_REF] Dalterio | Cannabinoids stimulate and inhibit testosterone production in vitro and in vivo[END_REF] and cause impotency in male rat [START_REF] Murphy | Effects of delta 9-tetrahydrocannabinol on copulatory behavior and neuroendocrine responses of male rats to female conspecifics[END_REF].

Endocannabinoids are synthesised by gonads. Rat testis produces AEA [START_REF] Sugiura | Enzymatic synthesis of anandamide, an endogenous cannabinoid receptor ligand, through Nacylphosphatidylethanolamine pathway in the testis: involvement of Ca2+-dependent transacylase and phosphodiesterase activities[END_REF].

Feasible testicular AEA sources are Sertoli and germ cells since isolated mammalian immature Sertoli cells [START_REF] Maccarrone | Anandamide activity and degradation are regulated by early postnatal aging and folliclestimulating hormone in mouse Sertoli cells[END_REF] and mammalian and non mammalian spermatozoa (SPZ) [START_REF] Maccarrone | Characterization of the endocannabinoid system in boar spermatozoa and implications for sperm capacitation and acrosome reaction[END_REF][START_REF] Cobellis | Endocannabinoid system in frog and rodent testis: type-1 cannabinoid receptor and fatty acid amide hydrolase activity in male germ cells[END_REF] produce endocannabinoids. The presence of AEA in the testis suggests that endocannabinoids are implicated in spermatogenesis and/or steroidogenesis.

Accordingly, orthologues of CB receptors and FAAH have been evidenced in testis of the invertebrate, Ciona intestinalis [START_REF] Matias | Occurrence and possible biological role of the endocannabinoid system in the sea squirt Ciona intestinalis[END_REF], CB receptors have been localized in germinal compartment cells of mammalian male gonad [START_REF] Gye | Expression of cannabinoid receptor type-1 in mouse testes[END_REF], and CB1-knockout (CB1-KO) mice show low secretion of testicular testosterone in in vitro study [START_REF] Wenger | The central cannabinoid receptor inactivation suppresses endocrine reproductive functions[END_REF]. However, few data exist to establish physiology of endocannabinoids in testicular activity.

Spermatogenesis is a process highly conserved throughout vertebrate species (Perantoni et al., 2002;[START_REF] Cobellis | Intratesticular signals for progression of germ cell stages in vertebrates[END_REF]. Thus, committed spermatogonia (SPG) develop in spermatocytes (SPCs) and enter meiosis to produce spermatids (SPTs). These undergo a morphological transformation (spermiogenesis) into mature elongated SPT (also indicated as SPZ) which are differentially released from Sertoli cells (spermiation) depending on the species. Therefore, spermatogenesis involves mitosis, meiosis and differentiation events in spermiogenesis. These events are driven by gonadotropin and by a network of local signals whose presence is suggested by testicular morphology (Pierantoni et al., 2002;[START_REF] Cobellis | Intratesticular signals for progression of germ cell stages in vertebrates[END_REF]. In mammals, two compartments are distinguishable in the testis: 1) the vascularized interstitial compartment (O'Donnel et al 2001;Pierantoni et al., 2002), with steroidogenic Leydig cells, producing androgens, mainly testosterone (fibroblasts and macrophages are also present) and 2) the tubular compartment constituted by outer peritubular cells and by Sertoli cells surrounding and nursing germ cells at different developmental stages (Russell LD 1998). The association between Sertoli cells and a specific set of germ cells changes along the tubule and identify the single stages (I-XIV in rat) of spermatogenesis [START_REF] Leblond | Definition of the stages of the cycle of the seminiferous epithelium in the rat[END_REF]. This complex testicular organization, as well as the presence of local communications, makes difficult to approach mammalian spermatogenesis through in vivo and in vitro study. The use of experimental animal models different from mammals, as well as that of knock out (KO) mice, has given the opportunity to study local cell-to-cell communications and factors involved in endocrine control mechanisms directly in vivo. Indeed, non mammalian A c c e p t e d M a n u s c r i p t vertebrate models show anatomical organizations that allow access to tissues not readily approachable in mammals. Thus, the testicular zonation in elasmobranches (Fig. 1A) (Pratt 1988;[START_REF] Pierantoni | Functional morphology and regulation of the hypothalamushypophysis-gonadal axis: a comparative overview[END_REF], or the compartimentalization in urodeles (Fig. 1B) [START_REF] Lofts | Testicular function[END_REF]Pierantoni et al., 2002), as well as the cyclic regeneration of the interstitium, including differentiating Leydig cells, in the reptile, Podarcis s. sicula [START_REF] Andò | Plasma sex hormone concentrations durino the reproductive cycle in the lizard Podarcis s. sicula[END_REF], may facilitate analysis of signals promoting differentiation of testicular cells. The anuran amphibian, the frog Rana esculenta, represents a powerful tool to easily delineate the molecular signalling implicated in the control of spermatogenesis (Pierantoni et al., 2002a;Pierantoni et al,. 2002b;[START_REF] Cobellis | Intratesticular signals for progression of germ cell stages in vertebrates[END_REF]. Spermatogenesis occurs in cysts consisting of Sertoli cells enveloping clusters of germ cells at a synchronous stage (Fig. 1C) [START_REF] Rastogi | The control of spermatogenesis in the green frog, Rana esculenta[END_REF]. During the annual sexual cycle new cysts monthly appear and progress throughout spermatogenesis stages depending on endocrine and local events (Pierantoni et al., 2002b). This conveys the considerable advantage to have in each period of the year a defined and well known population of germ cysts. As a consequence, during the year, when in February-March period spermatogenesis resumes and SPG proliferate, the cystic organization of spermatogenesis progressively enriches the testis of clusters of SPC (May-June) followed by SPT appearance (September-October) and SPZ, retained in the tubules until March, when spermiation and sperm release occur [START_REF] Rastogi | The control of spermatogenesis in the green frog, Rana esculenta[END_REF].

Using a comparative approach, we have recently evidenced CB1 and FAAH in the testis of frogs [START_REF] Cobellis | Endocannabinoid system in frog and rodent testis: type-1 cannabinoid receptor and fatty acid amide hydrolase activity in male germ cells[END_REF] and rats (Cacciola G., Chioccarelli T., Mackie K., Meccariello R., Fasano S., Pierantoni R., Cobellis G., unpublished). Data confirm and/or extend previous studies carried out in mice demonstrating the presence of FAAH in isolated immature Sertoli cells [START_REF] Maccarrone | Anandamide activity and degradation are regulated by early postnatal aging and folliclestimulating hormone in mouse Sertoli cells[END_REF] and CB1 in Leydig (Wenger et al.2001;[START_REF] Gye | Expression of cannabinoid receptor type-1 in mouse testes[END_REF] and germ cells (from spermatogonia to SPZ) [START_REF] Gye | Expression of cannabinoid receptor type-1 in mouse testes[END_REF]. In frogs [START_REF] Cobellis | Endocannabinoid system in frog and rodent testis: type-1 cannabinoid receptor and fatty acid amide hydrolase activity in male germ cells[END_REF], the expression profile of CB1 and FAAH during the annual sexual cycle (Fig. 2) shows higher levels of both proteins in September-October period, when the cystic organization of spermatogenesis enriches testis of a massive number of elongating (e) SPT and newly formed SPZ. Immunocytochemistry (ICC) shows a weak CB1 signal in SPG and SPC and a more intense signal in elongating SPT and SPZ. The same kind of immunolocalization is observed for FAAH in SPC, SPT and SPZ. In rats, ICC localizes CB1 in interstitial and tubular compartments (Cacciola G., Chioccarelli T., Mackie K., Meccariello R., Fasano S., Pierantoni R., Cobellis G., unpublished) and in particular in Leydig cells, in Sertoli cells and in round (r) SPT during their differentiation in SPZ. In rSPT the signal is concentrated around the nucleus where acrosome is. Signal is retained in eSPT and, in particular, in the head, always near the acrosome region. The same kind of immunolocalization is observed for FAAH in rSPT and eSPT. In addition, FAAH is also expressed in SPC and in Leydig cells. The system in spermiogenesis (probably in acrosome and cellular shape configuration) and also hints that FAAH, controlling endocannabinoid levels, establishes the endocannabinoid tone needed for a right morphology of these cells. Accordingly, marijuana smokers show morphological alterations of SPZ (Hembree et al., 1978;[START_REF] Issidorides | Observations in cronic hashish users: nuclear aberrations in blood and sperm and abnormal acrosomes in spermatozoa[END_REF]. Localization of CB1 in Sertoli cells, here reported, does not agree with data obtained by [START_REF] Maccarrone | Anandamide activity and degradation are regulated by early postnatal aging and folliclestimulating hormone in mouse Sertoli cells[END_REF]. However, results can be reconciled.

In fact, it is well know that functional activity of Sertoli cells depends on the associated germ cell stages. Maccarrone used immature Sertoli cells from 4-16 dpp old mice. Since at that time only SPG and SPC are present in the testis while more mature stages of germ cells are almost absent [START_REF] Bellvé | Spermatogenic cells of the prepuberal mouse. Isolation and morphologycal characterization[END_REF], it is possible to postulate that CB1 switches on in Sertoli cells later in development to support mature germ cells (from rSPT to SPZ). Accordingly, in adult rat, CB1 stained Sertoli cells appear in stages with elongating SPT (Cacciola G., Chioccarelli T., Mackie K., Meccariello R., Fasano S., Pierantoni R., Cobellis G., unpublished). The immunolocalization of CB1 in the testis during the first wave of spermatogenesis could reveal when CB1 appears in Sertoli cells. Further experiments should be carried out in this respect.

Endocannabinoid system and acquisition of sperm motility

After spermatogenesis, the mature SPT are released from Sertoli cells into the tubule lumen (spermiation) and proceed through the excurrent duct system, differentially organized according to the species [START_REF] Pierantoni | Male reproductive system, amphibians[END_REF][START_REF] Birkhead | Male reproductive system, birds[END_REF]Le Gac and Lair 1998;[START_REF] Johnson | Male reproductive system, non human mammals[END_REF]. In amphibians (Fig. 4A), we observe a simple excurrent duct system with several efferent ducts, leaving testis and entering only one external duct (properly indicated as spermatic duct) which confluences in cloaca. In mammals (Fig. 4B), a more complex excurrent duct system, where sperm maturation occurs, is present; it includes: rete testis, efferent ducts, epididymus, vas deferens, ejaculatory duct and a segment of the urethra. Some of the main events of sperm maturation (i.e membrane remodelling, motility acquisition, chromatin condensation and the movement of cytoplasmic droplet from the neck to the head of mid piece) occur in the epididymus [START_REF] Redman | Male reproductive system, human[END_REF]).

Recently, it has been shown that endocannabinoids are present in amphibian cloacal fluid [START_REF] Cobellis | Endocannabinoid system in frog and rodent testis: type-1 cannabinoid receptor and fatty acid amide hydrolase activity in male germ cells[END_REF] and in human seminal plasma (Schuel et al., 2002), suggesting that endocannabinoids may influence important steps controlling sperm maturation or function [START_REF] Wang | Jekyll and hyde: two faces of cannabinoid signaling in male and female fertility[END_REF].

Consistently, a complete endocannabinoid system has been characterized in boar SPZ. These cells produce AEA and express TRPV1, FAAH, CB2 and CB1 [START_REF] Maccarrone | Characterization of the endocannabinoid system in boar spermatozoa and implications for sperm capacitation and acrosome reaction[END_REF]. CB1 has also been evidenced in human sperm [START_REF] Rossato | Human sperm express cannabinoid receptor CNR1, the activation of which inhibits motility, acrosome reaction and mitochondrial function[END_REF] while in frog, rat [START_REF] Cobellis | Endocannabinoid system in frog and rodent testis: type-1 cannabinoid receptor and fatty acid amide hydrolase activity in male germ cells[END_REF] and demonstrates that CB1 is present in the head and tail of human [START_REF] Rossato | Human sperm express cannabinoid receptor CNR1, the activation of which inhibits motility, acrosome reaction and mitochondrial function[END_REF], boar [START_REF] Maccarrone | Characterization of the endocannabinoid system in boar spermatozoa and implications for sperm capacitation and acrosome reaction[END_REF] and rat SPZ (Cacciola G., Chioccarelli T., Mackie K., Meccariello R., Fasano S., Pierantoni R., Cobellis G., unpublished). Unlike boar, where CB1 is localized in postacrosomal region, in rats the confocal analysis shows the protein near the acrosome. Altogether these findings support the observation concerning the endocanabinoid influence on acrosome reaction ( Schuel et al., 2002;[START_REF] Maccarrone | Characterization of the endocannabinoid system in boar spermatozoa and implications for sperm capacitation and acrosome reaction[END_REF][START_REF] Schuel | A tale of two cells: endocannabinoid-signalling regulates functions of neurons and sperm[END_REF] and sperm motility [START_REF] Rossato | Human sperm express cannabinoid receptor CNR1, the activation of which inhibits motility, acrosome reaction and mitochondrial function[END_REF][START_REF] Cobellis | Endocannabinoid system in frog and rodent testis: type-1 cannabinoid receptor and fatty acid amide hydrolase activity in male germ cells[END_REF]) through CB1.

In vitro studies show that AEA inhibits motility of human [START_REF] Rossato | Human sperm express cannabinoid receptor CNR1, the activation of which inhibits motility, acrosome reaction and mitochondrial function[END_REF] and frog SPZ [START_REF] Cobellis | Endocannabinoid system in frog and rodent testis: type-1 cannabinoid receptor and fatty acid amide hydrolase activity in male germ cells[END_REF]. In particular, the inhibitory effect on frog SPZ is mediated by CB1 (as in humans) and is counteracted by sperm washing (Fig. 5A) or dilution (Fig. 5B); furthermore, motility is counteracted by CB1 antagonist in cloacal fluid (Fig. 5C), suggesting that endocannabinoids control the number of motile SPZ, via CB1, keeping sperm motility quiescent until their release in aquatic environment ("dilution mechanism"). Since the endocannabinoid system has been demonstrated to be highly conserved in evolution [START_REF] Matias | Occurrence and possible biological role of the endocannabinoid system in the sea squirt Ciona intestinalis[END_REF], the new perspective coming from the above described data is that, besides frogs, a change of CB1 receptor activity and/or endocannabinoid levels might control sperm motility acquisition also in mammals along the epididymus from the caput to the cauda [START_REF] Ricci | Endocannabinoid control of sperm motility: the role of epididymus[END_REF]. In mammals, the mechanism of sperm motility acquisition, needed for fertilization, is a two step mechanism: 1) the former occurs in the epididymus; 2) the latter occurs in the female reproductive tract. In fact, after spermiation, immotile SPZ reach the epididymus by passive transport and here, moving from caput to cauda, acquire motility (Cobellis et al., 2005 and references there in). The phenotype analysis of wild type (WT) and CB1-KO male mice [START_REF] Ricci | Endocannabinoid control of sperm motility: the role of epididymus[END_REF] demonstrates that endocannabinoid/CB1 signalling affects sperm motility in the epididymus. Indeed, lack of CB1 clearly increases the percentage of motile SPZ in caput which becomes comparable to that observed in the cauda. These results let to hypothesise that CB1 signalling control number of motile SPZ along the epididymus (low in caput and high in cauda) keeping quiescent sperm motility in the caput.

Concluding remarks

Male reproduction requires a network of endocrine, paracrine as well as autocrine mechanisms and comparative studies indicate that highly conserved processes are active among phylogenetically distant species.

A c c e p t e d M a n u s c r i p t Data here reported suggest that the endocannabinoid system regulates male reproduction from C. intestinalis to mammals. Moreover, sperm motility acquisition mechanism seems to be conserved in both amphibians and mammals. Indeed, endocannabinoids play a central inhibitory role in either animal systems but, of course, they adapt actions depending on the environment. In amphibians, where external (aquatic) fertilization occurs, a "dilution mechanism" evolved to enhance sperm motility; in mammals, living in the terrestrial environment, a mechanism generated into epididymus and involving CB1 activity is generated to trigger sperm motility in cauda. 
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Fig. 1

 1 Fig. 1 (a) Testis of the dogfish, Scyliorhinus canicula, showing the typical zonation. A, ampullogenic zone containing unit made up of one spermatogonium and Sertoli cells; B, zone containing ampullae with spermatocytes; C, zone containing ampullae with early stage spermatids; D, zone containing ampullae with latest stage spermatids and spermatozoa. (b) Schematic representation of cephalocaudal zonation in the urodele amphibian testis. (c) Hematoxylin-eosin stain showing testicular section of Rana esculenta. The cystic organization of spermatogenesis is schematically depicted in the inset. n: Sertoli cell nucleus.

Fig. 2 (

 2 Fig. 2 (A) Western blot analysis showing testicular expression of CB1, FAAH and MAPK1 during the annual reproductive cycle of Rana esculenta. (B) CB1/MAPK1 values are expressed in optical density (OD) units and graphed. (C) FAAH/MAPK1 values are expressed in optical dentisity (OD) units and graphed.

Fig. 3

 3 Fig. 3 Immunocytochemistry for CB1 or FAAH presence in Rana esculenta (A-B) and rat (C-D) testis. Scale bar: 10µm.
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