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Prologue 

This thesis has been carried out at the group of Comparative Molecular 

Physiology of the Institut de Recerca i Tecnologia Agroalimentàries (IRTA), supervised 

by Joan Cerdà Luque, during the period 2011 to 2015. The objective of this thesis was 

study in detail the expression of aquaporins during spermatogenesis and 

spermiogenesis, and also provide evidences of their role in sperm physiology. For this 

purpose were employed different biochemical and molecular approaches using the 

marine teleost gilthead seabream (Sparus aurata) as model organism. The results have 

revealed the repertoire of aquaporins present in the testis of the gilthead seabream, and 

have shown for the first time the mechanisms of hormonal regulation of these 

aquaporins during spermatogenesis. Moreover, the findings have demonstrated the 

essential role that aquaporins perform allowing the initiation and maintenance of sperm 

motility. 

The work presented here is structured into four chapters, which correspond to the 

four scientific papers published: 

Chapter I: Chauvigné F, Boj M, Vilella S, Finn RN, Cerdà J. 2013. Subcellular 

localization of selectively permeable aquaporins in the male germ line of a marine 

teleost reveals spatial redistribution in activated spermatozoa. Biology of 

Reproduction 89(2): 37. 

Chapter II: Boj M, Chauvigné F, Zapater C, Cerdà. 2015. Gonadotropin-

Activated Androgen-Dependent and Independent Pathways Regulate Aquaporin 

Expression during Teleost (Sparus aurata) Spermatogenesis. PLoS One 10(11): 

e0142512. 

Chapter III: Chauvigné F, Boj M, Finn RN, Cerdà J. 2015. Mitochondrial 

aquaporin-8-mediated hydrogen peroxide transport is essential for teleost 

spermatozoon motility. Scientific Reports 5: 7789. 

Chapter IV: Boj M, Chauvigné F, Cerdà J. 2015. Coordinated action of 

aquaporins regulates sperm motility in a marine teleost. Biology of Reproduction 

93(2): 40 

In addition, during the execution of this thesis, a review has also been published, 

which provides a comparative point of view of the existing information on the biology 

of aquaporins in the male reproductive systems of mammals and teleosts: 

Boj M, Chauvigné F, Cerdà J. 2015. Aquaporin biology of spermatogenesis and 
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Introduction 
 

 

1. Introduction 

 

Spermatogenesis is the process occurring in the testis by which germ cells divide 

and transform into spermatozoa, the mature male haploid gamete that fertilizes the egg. 

After differentiation, the spermatozoa are transported along the efferent duct, where 

they concentrate, mature and are stored until they are ejaculated into the female oviduct. 

In teleosts, sperm is directly ejaculated from the spermatic ducts to the external aquatic 

environment, where the subsequent osmotic shock is the signal to trigger spermatozoa 

motility. In mammals, the different steps during the spermatogenic process are 

associated with fluid secretion and/or absortion mechanisms for the control of fluid 

homeostasis, which is essential for successful fertility. Because of the importance of 

such mechanisms for fluid transport and efficient cell volume regulation during germ 

cell development and sperm motility, the potential role of cellular membrane channels 

such as aquaporin water channels has received particular consideration during the last 

years. Thus, studies in different mammalian species have now demonstrated the 

presence of classical, water-selective aquaporins as well as water and solute-permeable 

aquaporins, also known as aquaglyceroporins, in the male reproductive tract and 

spermatozoa. In this chapter, I will provide a comparative view of the endocrine and 

physiological mechanisms controlling spermatogenesis and sperm activation in 

mammals and teleosts, and review current knowledge on aquaporin expression, 

regulation, and function in the mammalian reproductive tract. 

 

2. Functional Organization and Endocrine Control of Spermatogenesis 

 

In vertebrates, spermatogenesis occurs in the male testis and the morphology of 

the adult testis is remarkably similar (Schulz et al., 2010). The testis is constituted by 

two main compartments, the seminiferous tubules and the interstitium, which are 

separated by a basal membrane, a layer of collagen, and the peritubular cells 

(myofibroblasts) (Weinbauer et al., 2010). These cells allow the contractility necessary 

for the release of the immotile testicular sperm into the collecting ducts (Wistuba et al., 

2007). Within the seminiferous tubules, Sertoli cells provide the structural, nutritional 

and regulatory support for the proper development of the germ cells (Mruk and Cheng, 

2004), while in the interstitium the Leydig cells surrounding the blood vessels are the 
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main source of the sexual steroids (Weinbauer et al., 2010). The basal membrane 

together with the Sertoli cells compose the blood-testis barrier (Weinbauer et al., 2010). 

In the teleost testis, the seminiferous lobules are compose by cysts formed by 

cytoplasmic extensions of Sertoli cell that surround a group of germ cells arising from a 

single spermatogonium, giving a clonal and synchronous germ cell development  

(Billard et al., 1982; Engel and Callard, 2007; Nóbrega et al., 2009). Moreover, the 

incomplete cytokinesis during the mitotic divisions produces that the spermatogonial 

clonal cells are interconnected by cytoplasmic bridges (Schulz et al., 2010) (Fig. 1). At 

the basal zone of the seminiferous tubules are found the primary diploid spermatogonia 

type A, which are undifferentiated cells, which can either renew themselves by mitotic 

divisions or differentiate into type B spermatogonia (Phillips et al., 2010). Each type B 

spermatogonia subsequently differentiate into the spermatocytes, which after two 

meiotic divisions form the haploid round spermatids. These cells transcribe high levels 

of messenger ribonucleic acids (mRNAs) that are translated during spermiogenesis 

(O’Donnell et al., 2006). The spermiogenesis consists of a series of morphological 

changes that transform mature round spermatids into spermatozoa. One of the most 

dramatic changes occurring during spermiogenesis is the remodelling of the sperm 

chromatin, in which transcription stops while the histones are replaced by protamines 

(Rathke et al., 2014; Frehlick et al., 2006). Spermatozoa formation continues until the 

complete formation of the flagellum, which is accompanied by the elimination of 

organelles and cytoplasm, known as residual body, that are phagocytosed by the Sertoli 

cells (Weinbauer et al., 2010; Ribes et al., 2015). Finally, during spermiation 

differentiated spermatozoa are released from Sertoli cells into the lumen of the 

seminiferous tubules (O’Donnell et al., 2011). In some teleost species, however, haploid 

germ cells are released into the tubular lumen where the spermiogenesis occurs without 

direct contact with the Sertoli cells (Mattei et al., 1993, Schulz et al., 2010). This type 

of germ cell development is known as semicystic spermatogenesis and may lead to 

asynchronous germ cell development producing a reduced number of simultaneously 

mature gametes compared to cystic spermatogenesis (Mattei et al., 1993). In mammals, 

spermatozoa are transported from the tubular lumen through the efferent ducts to the 

epididymis, where they are concentrated and mature (Hess, 2002; Robaire et al., 2006). 

In contrast, in teleost fish the processes of storage, nutrition, and resorption of 

spermatozoa, as well as the regulation of the composition of the seminal fluid, occur 
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along the efferent duct system of the testis, since they lack a real epididymis 

(Lahnsteiner, 2003). 

 

2.1. The hyphotalamic-pituitary-gonadal axis  

 

Reproduction in all vertebrates is controlled by the highly conserved 

hypothalamic-pituitary-gonadal (HPG) axis. In this axis, gonadotropin-releasing 

hormone (GnRH), produced in the hypothalamus, binds membrane- bound G-protein-

coupled receptors (GnRHR) expressed in the pituitary gland, stimulating the synthesis 

and release of the two gonadotropins, follicle-stimulating hormone (FSH) and 

luteinizing hormone (LH), which control the synthesis of sex steroids in the testis and 

the progression of gametogenesis (Maruska and Russell, 2011). Gonadotropins are 

glycoproteins that form heterodimers composed of a common α subunit noncovalently 

linked to a specific β subunit (Pierce and Parsons, 1981; Levavi-Sivan et al., 2010), and 

 
 

Figure 1. Spermatogenic tubule segment showing cystic spermatogenesis in teleost fish. The germinal 

epithelium is formed by Sertoli cells (SE) and germ cells: Type A spermatogonium (SGA), Type B 

spermatogonium (SGB), spermatocytes (SC), spermatids (SD) and spermatozoa (SZ); and is delimitated 

by the basal lamina (BL) and myoid cells (MY). In the interstitial compartment Leydig cells (LE) and 

blood vessels (BV) are shown. 
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exert their biological actions through the binding to specific receptors, the FSH receptor 

(FSHR) and the LH/choriogonadotropin receptor (LHCGR), which belong to the 

rhodopsin-like 7-transmembrane G-protein-coupled receptors (GPCR) family (Gether, 

2000). The binding of the ligands to their cognate receptors activates the cAMP/PKA 

signaling pathway, which initiate the transcription of genes potentially involved in 

spermatogenesis (Simoni et al., 1997). While in mammals the affinity of each 

gonadotropin for its receptor is highly specific (Bogerd, 2007), in many teleost species, 

such as the gilthead seabream (Sparus aurata), Senegalese sole (Solea senegalensis), 

African catfish (Clarias gariepinus), Japanese eel (Anguilla japonica) and zebrafish 

(Danio rerio), the Fshr is also activated by Lh, although with lower effectiveness (So et 

al., 2005; Kazeto et al., 2008; García-López et al., 2009; Chauvigné et al., 2012).  

In teleosts, regardless of the type of spermatogenesis, Fsh is the predominant 

circulating hormone during the fast testicular growth at early spermatogenic stages, 

whereas Lh levels are elevated at the final stages of maturation and during spawning 

(Aizen et al., 2007; Shimizu et al., 2012; Chauvigné et al., 2015). In the testis, the Fsh 

and Lh have common and distinct effects on gene expression during spermatogenesis 

(Sambroni et al., 2012; Chauvigné et al., 2014b). Fsh mainly regulates the proliferation 

and activity of Sertoli cells via Fshr to produce cellular factors, such as insulin-like 

growth factor 3 (Igf3), anti-Müllerian hormone (Amh), and gonadal-soma derived factor 

(Gsdf), which support germ cell proliferation and differentiation (Sambroni et al., 2013; 

Nóbrega et al., 2015; Melo et al., 2015; Chauvigné et al., 2014b), while Lh promotes 

steroid production by stimulating the Lhcgr in the steroidogenic Leydig cells (Schlatt 

and Ehmcke, 2014; Schulz et al., 2010; Sambroni et al., 2007). In some teleost species, 

however, both gonadotropins are potent steroidogenic hormones (Planas and Swanson 

1995) due to expression of their cognate receptors in Leydig cells (Ohta et al., 2007; 

Garcia-Lopez et al., 2009; Alam et al., 2010; Chauvigné et al., 2012, 2014a; Sambroni 

et al., 2012). Morever, Lh has been suggested to have a role mediating steroidogenesis 

directly in germ cells (Caulier et al., 2015; Hinfray et al., 2013; Chauvigné et al., 

2014b), since it has been shown that in zebrafish and gilthead seabream the Lhcgrba is 

expressed in spermatocytes and spermatids (Chauvigné et al., 2014a), which in some 

teleosts also express steroidogenic enzymes and their regulators (Caulier et al., 2015; 

Hinfray et al., 2013; Chauvigné et al., 2014b). However, the expression of steroid 

receptors (Wu et al., 2001, Hanna et al., 2010, Zhou et al., 2010, Pu et al., 2013; 
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Chauvigné et al., 2014b) together with the steroidogenic enzymes (Caulier et al., 2015; 

Hinfray et al., 2013; Chauvigné et al., 2014b) in germ cells could also indicate a role of 

steroids during spermatid differentiation, since in mice loss of the cytochrome P450 

17alpha hydroxylase/17,20 lyase (CYP17) in germ cells is associated with sperm 

abnormalities and infertility (Liu et al., 2005). Interestingly, a recent study in sole 

provides strong evidence for a nonsteroidal Lh mechanism during spermatogenesis, in 

which Lh-activated Lhcgr in mature spermatids promotes their differentiation into 

spermatozoa and the upregulation of genes potentially involved in spermatozoon 

differentiation (Chauvigné et al., 2014b). 

 

2.2. Steroid synthesis and function during spermatogenesis  

 

Steroidogenesis is a multistep process consisting of a serie of enzymatic reactions 

by which steroid hormones are synthesized (Fig. 2). In the testis, this process occurs in 

the Leydig cells. The first step in steroidogenesis takes place within mitochondria 

(Miller and Auchus, 2011), where the steroidogenic acute regulatory protein (StAR), 

under phosphorylation by cAMP-dependent PKA, which rises in response to Fsh and Lh 

(Miller and Bose, 2011; Clark and Stocco, 2014), facilitates the translocation of 

cholesterol across the mitochondrial membranes (Clark and Stocco, 2014). In the inner 

mitochondrial membrane, the side-chain cleavage enzyme (P450scc) (Lizardo-Daudt et 

al., 2008; Griswold and Behringer, 2009) converts cholesterol to pregnenolone 

(Lizardo-Daudt et al., 2008). Then, pregnenolone is converted by the 3β-hydroxysteroid 

dehydrogenase (3ß-HSD) to progesterone, the first biologically important steroid in the 

pathway (Griswold and Behringer, 2009). Progesterone is transformed by the 

cytochrome P450c17 (CYP17), which posses both 17α-hydroxylase and 17, 20-lyase 

activities, into androstenedione (Wang and Ge, 2004) (Fig. 2)  that is converted into 

testosterone (T) (Scott et al., 2010) by the 17β-hydroxysteroid dehydrogenase (17β-

HSD) enzyme (Zhou et al., 2005). In modern teleost fish, a novel type of cytochrome 

P450, Cyp17a2, has been found, which only has 17α-hydroxylase activity and is 

originated from a teleosts-specific genome duplication event (Zhou et al., 2007). This 

enzyme seems to be involved in the shift from estrogen to progestin production during 

ovarian follicle development (Zapater et al., 2012; Su et al., 2015). 

Steroid hormones play key roles during spermatogenesis. Androgens are 
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responsible for the male sexual differentiation, and also for the initiation and 

maintenance of spermatogenesis (Schulz et al., 2010). In teleosts, besides T, the most 

important androgen is 11-ketotestosterone (11-KT) (Borg, 1994), which is synthesized 

from T via 11β-hydroxysteroid dehydrogenase (Weltzien, 2002) (Fig. 2). While T 

action seems to influence spermatogonial multiplication and spermatocyte formation 

and maturation (Billard et al., 1982), 11-KT has a broader range of action and seems to 

be involved in spermatogenesis initiation, sperm production and spermiation (Miura and 

Miura, 2011; Amer et al., 2001). Both T and 11-KT act through the nuclear androgen 

receptor (AR) (Wang et al., 2009). In fish, two types of androgen receptors have been 

reported, ARα and Arβ (Ikeuchi et al., 1999), which are expressed in Sertoli cells, and 

possibly also in Leydig and germ cells (Cavaco et al., 1999; Miura et al., 1999; Caires 

 
 

Figure 2. Main steroidogenic pathways in teleost Leydig cells. Under gonadotropin-receptor activation, 

StAR facilitates the translocation of free cholesterol to the inner mitochondria, where it is converted by 

the P450ssc into pregnenolone, the first intermediate in androgens, estrogen and progestins biosynthesis. 

Modified from Young et al., (2005). 
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et al., 2010; Chauvigné et al., 2014b). Estrogens are also essential for the testicular 

functions and development. T is converted into estradiol-17β (E2) by the cytochrome 

P450 aromatase (or CYP19) (Uno et al., 2012) (Fig. 2), which is expressed in Leydig 

cells, germ cells and spermatozoa (Carreau et al., 2011; Hinfray et al., 2013). In the 

teleost testis, E2 controls the renewal and proliferation of spermatogonia (Amer et al., 

2001; Kobayashi et al., 2011; Miura and Miura, 2011). Estrogens exert their actions 

through the binding to nuclear estrogen receptors (ERα, β, γ) (Nagler et al., 2007; 

Hawkins et al., 2000) that are expressed in the Sertoli and Leydig cells, and also in 

haploid male germ cells (Miura et al., 1999, Bouma and Nagler, 2001; Wu et al., 2001, 

Schulz et al., 2010, Chauvigné et al., 2014b). Finally, teleosts have specific 

progestogens, such as 17α,20β-dihydroxy-4-pregnen-3-one (17,20β-P) and 17α,20β,21-

trihydroxy-4-pregnen-3-one (20b-S), which are involved in the initiation of meiosis in 

germ cells, spermiation, milt production, and sperm maturation (Amer et al., 2001: 

Schulz et al., 2010; Miura and Miura, 2011; Chen et al.,2013). The biological activity 

of progestins is mediated via specific nuclear progesterone receptors expressed in 

Sertoli cells, Leydig cells and germ cells (Chen et al., 2010; 2011a; 2012; Miura et al., 

2006; Hanna et al., 2010). Progestogens also could act through the binding to specific 

membrane progestin receptors, which are members of the progesterone and adipoQ 

receptor (PAQR) family, composed by 5 subtypes (mPRα, -β, -γ, -δ, and -c) (Thomas et 

al., 2014). These seven-transmembrane receptors activate G proteins to regulate 

adenylyl cyclase and MAP kinases (Tubbs and Thomas, 2008; Thomas and Pang, 

2012). In the testis, while mPRβ has been localized in spermatogonia and spermatocytes 

(Hanna and Zhu, 2009), the mPRα is localized in interstitial and Leydig cells (Tubbs et 

al., 2010) and also appears localized in the sperm where it has been suggested regulates 

sperm motility (Hanna and Zhu, 2009; Tubbs and Thomas, 2008). 

 

3. The Mammalian and Teleost Spermatozoa 

 

3.1. General structure 

 

Mammalian spermatozoa consist of a head, neck, and tail. The head contains the 

nucleus, which is surrounded by the cytoskeletal structures and a thin cytoplasm. The 

nucleus is characterized by a highly condensed chromatin and its shape is species-

15



Introduction 
 

 

specific, although usually flattened dorsoventrally (Pesch and Bergmann, 2006). The 

anterior tip of the nucleus is covered by the acrosome, which contains hydrolytic 

enzymes necessary for the penetration of sperm into the oocyte during fertilization 

(Eddy, 2006). In the continuity of the head, the flagellum developed from a centriole is 

the motile apparatus implicated in sperm movement (Inaba, 2003; Jan et al., 2012). The 

spermatozoon flagellum is divided into four distinct segments: the connecting, middle, 

principal, and end pieces, and it is composed of four major structural components: the 

axoneme that spans the whole length of the flagellum, the outer dense fibers 

surrounding the axoneme in the middle and principal pieces, the mitochondrial sheath 

located in the middle piece surrounding the outer dense fibers and axoneme, and the 

fibrous sheath in the principal piece (Inaba, 2011). Usually, the axoneme is formed by 

nine outer doublet microtubules and two central singlet microtubules (the 9+2 pattern); 

the active sliding of microtubules by axonemal dyneins and proper assembly of all 

cytoskeletal elements is critical for sperm motility (Inaba, 2003). Moreover, the 

mitochondrial sheath plays an important role in generating the necessary energy to 

sustain flagellar motility (Sun and Yang, 2010). Finally, the spermatozoon plasma 

membrane contains glycoproteins and lipids, which form domains with regional 

compositions that confer specific functions (Pesch and Bergmann, 2006). 

The general structure of teleost spermatozoa is more diverse than in mammals. 

They can be aflagellate to biflagellate, and vary in shape, size, structure, and number 

and location of organelles (Jamieson et al., 1991). In general, the teleost spermatozoon 

has a head with a small ovoid or spherical nucleus, and a short midpiece containing one 

or few mitochondria (Lahnsteiner and Patzner, 2008). However, depending on 

ultrastructural features, teleost sperm can be classificated into two groups, the 

introsperm group, typical of internal fertilizers, in which spermatozoa present an 

elongated nucleus and a large midpiece with numerous mitochondria, and the 

aquasperm group, characteristic of external fertilizers, in which spermatozoa exhibit a 

flagellar axis perpendicular or parallel to the nucleus depending on whether nuclear 

rotation occurs during spermiogenesis (Jamieson et al., 1991). In general, teleost 

spermatozoa do not develop a proper acrosome since for fertilization they penetrate the 

egg through the micropyle (Amanze and Iyengar, 1990; Nóbrega et al., 2009), unlike in 

mammals, in which spermatozoa need the hydrolytic enzymes of the acrosome to 

penetrate into the egg (Eddy, 2006). As in mammals, however, the mitochondria are 
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localized in the midpiece (Lahnsteiner and Patzner, 2008) and are the main source of 

energy for sperm motility (Figueroa et al., 2015). Also as in mammals, in teleost 

spermatozoa the flagellum is the motile apparatus which is formed by the axoneme with 

the common 9+2 microtubular pattern, and under hydrolysis of ATP the sliding process 

of microtubule by dyneins allows the flagellar beating (Cosson et al., 2008ab). In some 

teleostean groups, such as in Anguilliforms and Elopiforms, the sperm flagellum 

presents a 9+0 pattern without the central microtubules (Lahnsteiner and Patzner, 2008). 

The spermatozoon plasma membrane also plays an important role during activation of 

sperm motility in teleosts, since it is the primary detector of changes in the 

environmental osmolarity and ion concentration, and is the key component in the 

sperm-egg fusion mechanism (Cosson, 2004). 

 

3.2. Activation of sperm motility 

 

3.2.1. Mammalian sperm 

In the mammalian cauda epididymis, sperm acquires the ability to move 

progressively, but the functional maturation of spermatozoa is not completed at this 

stage as they are still unable to fertilize the egg (Eddy, 2006). Following ejaculation into 

the female reproductive tract, the spermatozoa go through several physiological changes 

that make them competent for fertilization. During this process, known as capacitation, 

spermatozoa experience a cholesterol efflux from the plasma membrane, which 

hyperpolarizes and increases its fluidity, resulting in the modulation of the ion 

concentration in the sperm and an increased protein phosphorylation (Visconti et al., 

2002). Spermatozoa also acquire vigorous swimming activity in the vicinity of the ova, 

the so-called hyperactivation phase, which is needed to traverse the zona pellucida after 

the acrosome reaction to fertilize the egg (Baldi et al., 1996; Suarez, 2008). 

Hyperactivation is triggered by an increase in flagellar Ca
2+

, which enters through 

plasma membrane cation channels of the sperm, also known as CatSper channels, as 

well as by the release of Ca
2+

 from intracellular stores (Suarez, 2008). Sperm 

hyperactivation also requires an increase in pH and ATP production, the latter being 

synthesized from glycolysis and/or mitochondrial oxidative phosphorylation 

(OXPHOS), depending on the species (Piomboni et al., 2012). 

 

17



Introduction 
 

 

3.2.2. Sperm motility in freshwater and marine teleosts  

While in mammals spermatozoa acquire the ability to move progressively in the 

cauda epididymis although still not able to fertilize the egg (Eddy, 2006), in teleosts the 

composition of the seminal plasma prevents activation of motility, and consequently, 

the spermatozoa are quiescent in the testes and efferent ducts (Billard, 1986; Cosson, 

2004). When teleost sperm is ejaculated into the aquatic environment, the sperm plasma 

membrane is responsible for detecting the external stimuli, such as the osmotic shock or 

ion fluxes (Billard, 1986; Cosson, 2004). Many molecules and molecular complexes 

participate in this process, and second messengers, such as cAMP, cGMP, Ca
2+

, and 

reactive oxygen species (ROS), transduce the external signals to generate the flagellar 

motility (Dzyuba and Cosson, 2014). In freshwater salmonidae, the decrease of the 

external K
+
 when spermatozoa is released into the hyposmotic external medium, 

induces a membrane hyperpolarization, leading to a K
+
 efflux and a transient increase of 

intracellular Ca
2+

 and cAMP (Morisawa and Suzuki, 1980; Morisawa et al., 1983b; 

Cosson et al., 1989; Tanimoto et al., 1994). The subsequent cAMP-dependent 

phosphorylation of axonemal proteins and dynein light chain triggers the movement of 

the flagellum (Hayashi et al., 1987; Inaba et al., 1998). However, in freshwater 

cyprinidae spermatozoa, the hypoosmotic shock is responsible for triggering the 

initiation of calcium-dependent flagellar motility (Morisawa et al., 1983a; Krasznai, 

2003). By contrast, in marine teleosts sperm motility is activated by the osmotic shock 

caused by the increase in osmolality of the seawater respect to seminal plasma (from 

~350 mOsm to ~1000 mOsm), which increases the intracellular Ca
2+

 concentration as a 

consequence of stretch-activated channel (SAC) or Ca
2+

 channel activation, the release 

of Ca
2+

 from intracellular stores, or as a result of cytosol concentration following 

massive water efflux (Cosson et al., 2008ab; Zilli et al., 2012). The increase of Ca
2+ 

activates the sperm motility by inducing the phosphorylation/dephosphorylation of 

structural components of axonemal dyneins, kinases, and phosphatases anchored in the 

axoneme and in the radial spoke proteins (Zilli et al., 2012). Pacific herring (Clupea 

pallasi), is a particular case, in which sperm motility is initiated by peptides derived 

from the egg (Cherr et al., 2008), which activate Na
+
/Ca

2+ 
exchange pumps that cause 

Na
+
 efflux and an influx of Ca

2+
 which initiates sperm motility (Vines et al., 2002). 
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3.2.3. ATP requirement for motility 

In marine teleosts, sperm motility activation in seawater is fast and seems to occur 

in a two-stage process. The first involves water exit from the cell upon contact with the 

higher osmolality of seawater, which rapidly (<20 ms) drives the local activation of 

strech-activated channels and an increase of the internal ionic concentration, followed 

(at ~1 s) by the stimulation of the axonemal machinery (Cosson et al., 2008a). A 

prerequisite for axonemal beating is the ATP hydrolysis catalyzed by dynein ATPases 

coupled to the sliding of adjacent microtubules (Gibbons, 1981). Mitochondrial 

OXPHOS seems to be a major source of ATP in fish spermatozoa during the motility 

phase (Dreanno et al., 1999, 2000; Lahnsteiner and Caberlotto, 2012). However, the 

cellular site of energy production is not the same site where energy is used, and must be 

transferred from the mitochondria located into the mid-piece to the axonemal dynein 

ATPases. In the teleost bluegill (Lepomis macrochirus), it has been shown that in sperm 

the concentration of phosphocreatine decrease during the motility phase (Dreanno et al., 

2000). Also, in turbot (Scophthalmus maximus), it has been reported that individuals 

with high creatine kinase activity had high levels of ATP in sperm at 20 s postactivation 

(Burness et al., 2005). These results lead to hypothesize the existence of an alternative 

mechanism of energy transfer, the phosphocreatine shuttle, in which creatine kinase 

catalyses the reversible conversion of phosphocreatine to creatine with the associated 

production of ATP, transporting energy-rich phosphate molecules from the 

mitochondria to the dynein ATPase (Burness et al., 2005; Dzyuba and Cosson, 2014). 

However, although ATP is the substrate necessary to sustain sperm flagellar movement, 

in fish, is found in a limited amounts ( Lahnsteiner et al., 1999), and ATP levels rapidly 

decrease upon activation, together with a the decline in flagellar beat frequency and 

sperm swimming velocity (Perchec et al.,1995; Burness et al.,2005). The low amount or 

the fast use of ATP could explain the short duration of the progressivity of motility of 

spermatozoa in external fertilizing species (from 40 s to 20 min) (Cosson et al., 2008a).  

 

3.2.4. ROS generation during sperm motility 

One limiting factor during flagellar beating could be the increase in the levels of 

ROS, including the superoxide anion (O2
-
), hydrogen peroxide (H2O2) and nitric oxide 

(NO), which are produced by electron leakage from the mitochondrial electron transport 

chain during OXPHOS and ATP generation (Ford, 2004), and as a result of the osmotic 
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stress occurring during activation (Burnaugh et al., 2010; Gazo et al., 2015). In 

mammalian spermatozoa, low concentrations of ROS could be important to trigger 

sperm cell signalling events by cAMP production, and could also regulate capacitation 

and the acrosome reaction (O’Flaherty et al., 2006; Ichikawa et al., 1999). However, 

when ROS is produced in excess, depolarisation of the mitochondrial membrane 

potential (ΔΨm) occurs which lead to mitochondrial malfunction (Aitken et al., 2012). 

As a result, spermatozoa enter into oxidative stress, characterized by peroxidative 

damage to the sperm plasma membrane and DNA, which may accelerate the process of 

cell apoptosis (Figueroa et al., 2015), depletion of ATP, and axoneme damage, thus 

affecting sperm motility (de Lamirande and Gagnon, 1992). In teleosts, it has been also 

demonstrated that oxidative stress can impair sperm motility and velocity, may be 

through a decrease of ATPase, creatine kinase, and of the antioxidant defense, such as 

the superoxide dismutase (Figueroa et al., 2015), which could disturb intracellular 

signalling pathways changing tyrosine phosphorylation and acid phosphatase activity 

(Zhou et al., 2006; Gazo et al., 2015). Thus, spermatozoa need to acquire specific 

detoxification mechanisms in order to decrease the levels of ROS in the mitochondria 

and sustain ATP and motility. 

 

4. Role of Fluid Homeostasis During Spermatogenesis and Sperm Activation 

 

It is known that fluid secretion and absorption are vital processes to regulate fluid 

homeostasis during spermatogenesis and sperm maturation, and thus assure male 

fertility (Huang et al., 2006). During spermatogenesis in mammals, Sertoli cells secrete 

the seminiferous tuburar fluid which provides the nutritional and hormonal environment 

essential for spermatogenesis (Rato et al., 2010). Moreover, a dramatic decrease in the 

volume size is one of the most distinct morphological changes that occurs along the 

series of divisions that undergo germ cells, especially during the spermiogenesis (de 

França et al., 1995; Sohara et al., 2007, 2009; Huang et al., 2006; Suzuki-Toyota et al., 

1999; Calamita et al., 2001ab; Yeung et al., 2009a). It has been proposed that the 

marked reduction of germ cell volume and cytoplasm condensation is a consequence of 

the fluid efflux osmotically driven (Huang et al., 2006). Moreover, the water loss from 

the germ cells has also been proposed to contribute the composition of the seminiferous 

tubular fluid (Sprando and Rusell, 1987). Luminal fluid is also needed for the transport 
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of the sperm from the testis to the epididymis (Clulow et al., 1998) and its reabsorption 

in the efferent duct is a crucial step to concentrate the sperm (Hess, 2002). Finally, the 

control of the fluid composition of the lumen of the seminiferous tubules by Sertoli 

cells, as well as of that of the efferent ducts and epididymis by the epithelial cells, is 

also essential for the transport, maturation and concentration of spermatozoa (Setchell et 

al., 1969; Hermo et al., 2004). It has been shown that knockout mice for some 

membrane and water transporters in Sertoli cells develop tubular fluid accumulation, 

which results in infertility, pointing out the relevance of the fluid homeostasis in the 

male reproductive tract (Rato et al., 2010). In teleosts, testicular fluid transport 

presumably is also essential during spermatogenesis, and during hormone-induced 

hydration of the seminal fluid at spermiation, which may increase the interlobular 

pressure in the testis, thereby aiding in transport of the sperm through the seminiferous 

tubules while maintaining the correct osmolality of the seminal plasma (Coward et al., 

2002). 

In the spermatozoa, osmotic changes associated with water and ion fluxes are also 

vital for the activation of motility and subsequent fertilization (Cooper and Yeung, 

2003; Cosson et al., 2008ab). In mammals, when sperm is ejaculated into the female 

reproductive tract, the lower physiological osmolality induces a hyposmotic shock 

driving cell swelling, which provokes a regulatory volume decrease response by the 

efflux of osmolytes and water to counteract the osmotic stress (Callies et al., 2008; 

Chen et al., 2011b; Chen and Duan, 2011). This mechanism is essential, since its 

affectation impair the sperm fertilization potential, decreasing sperm velocity and its 

capacity to penetrate and migrate through the oviductal mucus (Yeung and Cooper, 

2001; Cooper et al., 2004). However, once released from the epididymis, the hypotonic 

stress is required to become the spermatozoa competent for fertilization throughout the 

capacitation process (Visconti et al., 2002), and also to activate sperm hyperactivation 

close to the ova (Willoughby et al., 1996; Chen and Duan, 2011; Shukla et al., 2012). 

Moreover, this hypotonic environment facilitates the acrosome reaction in the sperm 

through Ca
2+

 increase and acrosome swelling (Rossato et al., 1996; Zanetti and 

Mayorga, 2009). In freshwater and marine teleosts, activation of motility is respectively 

induced by the osmotic changes associated to the hypo- or hyperosmotic aquatic 

environment into which the sperm are ejaculated (Morisawa and Suzuki, 1980; Cosson 

et al., 2008a), and therefore mechanisms for efficient fluid transport in spermatozoa 
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may also be essential. 

 

5. Aquaporin-Mediated Control of Fluid Transport in Testis and Sperm 

 

Because of the importance of fluid transport and efficient cell volume regulation 

during germ cell development and sperm motility, the potential role of cellular 

membrane channels such as aquaporin water channels has received particular 

consideration, particularly in mammals. 

 

5.1. Aquaporin structure and function  

 

Aquaporins are small (25-34 kDa) hydrophobic integral membrane proteins, 

members of the superfamily of major intrinsic proteins (MIPs), that allow the rapid 

passive transport of water and other small, uncharged solutes across cell membranes 

following an osmotic gradient (King et al., 2004). Aquaporins are present in all 

kingdoms of life, from bacteria to humans, where they form a superfamily with up to 17 

subfamilies in vertebrates and up to 71 paralogs in plants (Abascal et al., 2014; Finn and 

Cerdà, 2015). Although these proteins are present in the membrane as tetramers, the 

functional unit of aquaporin is the monomer, which is formed by six transmembrane 

helices connected by five loops, two of which hold the highly conserved asparagine-

proline-alanine (NPA) motif involved in the formation of the water pore  (King et al., 

2004) (Fig. 3). In vertebrates, the aquaporins can be divided into four major groups: the 

classical water selective aquaporins (AQP0, -1, -2, -4, -5, -6, -14 and -15), the water and 

glycerol transporting aquaporins, known as aquaglyceroporins (AQP3, -7, -9, -10 and -

13), the AQP8-type aquaammoniaporins, and the unorthodox aquaporins (AQP11 and -

12) (Abascal et al., 2014; Finn et al. , 2014; Finn and Cerdà, 2015). It is now well 

established, however, that aquaporins are also permeable to unconventional solutes such 

as ammonia, metalloids, hydrogen peroxide, and cryopreservants (i.e. propylene glycol, 

ethylene glycol, and dimethyl sulfoxide), as well as nitrite, chloride, and other anions 

(Yamaji et al., 2006; Carbrey and Agre, 2009; Bhattacharjee et al., 2009; Chauvigné et 

al., 2011; Bienert and Chaumont, 2014). Aquaporins play important roles in fluid 

secretion and absorption in different tissues, and in other unexpected processes 

including cell migration and neural signaling (King et al., 2004; Carbrey and Agre, 

22



Introduction 
 

 

2009). Genetic alterations in aquaporins, leading to channel malfunction or defects in 

their intracellular trafficking, have been related to several pathophysiological 

conditions, including nephrogenic diabetes insipidus, brain edema, obesity, wound 

healing, and congenital cataracts (Verkman, 2009). 

Teleost fish harbor a larger repertoire of aquaporins than mammals due to the 

retention in the genome of two, or in some cases three, orthologs of the human 

counterparts (Cerdà and Finn, 2010; Tingaud-Sequeira et al., 2010; Finn and Cerdà, 

2011), which originated by both tandem and genomic duplication events early in the 

evolution of the lineage (Finn et al., 2014; Finn and Cerdà, 2015). Thus, 18 aquaporin  

paralogs have been reported in the zebrafish (Tingaud-Sequeira et al., 2010), whereas 

the tetraploid Atlantic salmon (Salmo salar) shows the highest aquaporin gene copy 

number, with 42 paralogs (Finn et al., 2014). Although many of the teleost aquaporins 

show some consensus on the expression pattern in tissues (Cerdà and Finn, 2010), many 

duplicated genes are redundantly expressed in some tissues, which may reflect the 

 
 

Figure 3. Aquaporin structure. A: Schematic diagram of aquaporins depicting the six transmembrane a-

helices (1, 2, 4, 5, 6, 8), the two Asn-Pro-Ala (NPA) motifs (3,7), and the five loops (A, B,C, D, E). B, 

C: Three-dimensional reconstructions of zebrafish classical water selective aquaporins Aqp1a (B) and 

aquaglyceroporin Aqp3a (C). The central pore is indicated by double-ended arrows, and shows water 

and solutes permeability. Reproduced from Cerdà and Finn, (2010). 
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existence of teleost aquaporin paralogs with specialized functions. This, for instance, 

seem to be the case for the teleost Aqp1ab paralog, which in marine pelagic spawners is 

highly accumulated in the ovary and plays an essential role during oocyte hydration 

(Fabra et al., 2005; Zapater et al., 2011). 

 

5.2. Aquaporins in the mammalian male reproductive tract 

 

5.2.1. Testis 

 The cellular localization of aquaporins in the testis of mammals has been 

investigated in a number of species, using immunocytochemical approaches (Table 1). 

These studies have revealed the presence of most of the aquaporin paralogs, including 

the water-selective aquaporins AQP0, -1, -2, -4, and -5; AQP8; the aquaglyceroporins 

AQP3, -7, -9, and -10; and the unorthodox AQP11, which is an intracellular, water-

permeable channel (Ikeda et al., 2011; Yakata et al., 2011; Ishibashi et al., 2014). For 

some aquaporins, species specific expression has been reported, although in these cases 

the identities of aquaporins have not been validated at the mRNA level, or subcellular 

localization of the protein products has not been investigated, and therefore differences 

among species may be related to the lack of specificity of the antibodies employed. In 

the rat and stallion testis, interstitial Leydig cells express AQP0 (Table 1), whereas 

AQP2 and -5 have also been detected in stallion Leydig cells (Hermo et al., 2004; Klein 

et al., 2013). Nevertheless, the presence of water-selective aquaporins in Leydig cells 

may indicate the requirement of these channels for water homeostasis in these 

steroidogenic cells (Hermo et al., 2004). The Leydig cells of most mammals studied, 

except the bat and dog, also express the aquaglyceroporin AQP9, suggesting that this 

channel could also allow the passage of solutes across these cells (Elkjaer et al., 2000; 

Nihei et al., 2001; Badran and Hermo, 2002; Arena et al., 2011; Klein et al., 2013; 

Arrighi and Aralla, 2014). In rat Sertoli cells, immunolocalization studies have shown 

the presence of AQP0, -4, and -8, the latter also being found in human but not in mouse 

(Calamita et al., 2001a; Badran and Hermo, 2002; Hermo et al., 2004; Yeung et al., 

2010; Jesus et al., 2014b). In rat, the synthesis of AQP0 and -8 in Sertoli cells seems to 

be differentially regulated during spermatogenesis, while AQP8 is present in all phases 

of the spermatogenic cycle (Calamita et al., 2001a; Badran and Hermo, 2002), AQP0 is 

strongly upregulated in tubules at the round spermatid stage (Hermo et al., 2004). 
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Table 1: Distribution of aquaporins in the male reproductive tract of mammals 

  Testis     

Aquaporin Species Int Lc Sc Spg Spc Spd ED EP  References1 

AQP0 Rat - + + - - - - -  (1) (2) 

 Stallion - + - - - + nr +  (3) 

AQP1 Mouse - - - - - - + -  (4) (5) 

 Rat - - - - - - + +  (2) (4) (6) (7) (8)  

 Hamster nr nr nr nr nr nr + -  (9) 

 Bat - - - - - + + +  (10) 

 Cat + - - - - - + -  (11) 

 Dog nr nr nr nr nr nr + -  (12) 

AQP2 Rat nr nr nr nr nr nr nr +  (2) (13) 

 Cat - + - - - - - +  (11) 

 Dog nr nr nr nr nr nr + +  (12) 

 Stallion - + - - - + nr +  (3) 

AQP3 Human nr nr nr nr nr nr nr nr  (14) 

 Mouse - - - - - - nr -  (14) 

 Rat - - - - - - - +  (1) 

AQP4 Rat nr nr + nr nr nr nr -  (2) (15) 

AQP5 Rat nr nr nr nr nr nr - +  (2) (13) (16) 

 Cat - - - - - - - -  (11) 

 Stallion - + - - - + nr +  (3) 

AQP7 Human - - - - - + nr nr  (17) 

 Mouse - - - - - + nr -  (18) 

 Rat - - - - + + + +  (16) (19) (20) (21) 

(22) (23) 

 Dog nr nr nr nr nr nr - +  (12) 

 Boar nr nr nr nr nr nr nr nr  (24) 

AQP8 Human - - + + + + nr nr  (17) 

 Mouse - - - + + + nr -  (25) (26) 

 Rat - - + + + + - +  (7) (21) (22) (23) 

(25) (27)  

AQP9 Human - + + - + + nr +  (17) (28) (29) 

 Mouse nr nr nr nr nr nr + +  (2) (4) 

 Rat - + + - + - + +  (2) (7) (8) (16) 

(27) (28) (30) (31) 

(32) (33) (34) 

 Hamster nr nr nr nr nr nr + +  (9) 

 Bat - - - - - - - +  (10) 

 Cat - + - - - - + +  (11) 

 Dog - - - - - - + +  (12) 

 Stallion - + - - - + nr +  (3) 

AQP10 Rat - - - - - - + +  (1) 

AQP11 Mouse - - - - - + nr nr  (35) 

 Rat - - - - - + + +  (16) (35) 

 Boar nr nr nr nr nr nr nr nr  (24) 

The table is based on immunolocalization data using specific antibodies (-, not detected; +, detected; nr, not 

reported). Abbreviations: Int, uncharacterized interstitial cells; Lc, Leydig cell; Sc, Sertoli cell; Spg, spermatogonia; 

Spc, spermatocyte; Spd, spermatid; Spz, spermatozoa; ED, efferent ducts; EP, epididymis. 
1References: (1) Hermo et al., 2004; (2) Da Silva et al., 2006b; (3) Klein et al., 2013; (4) Ruz et al., 2006; (5) Lu et 

al., 2008; (6) Fisher et al., 1998; (7) Badran and Hermo 2002; (8) Oliveira et al., 2005; (9) Ford et al., 2014; (10) 

Oliveira et al., 2013; (11) Arrighi and Aralla, 2014; (12) Domeniconi et al., 2008; (13) Da Silva et al., 2006a; (14) 

Chen et al., 2011b; (15) Jesus et al., 2014b; (16) Hermo et al., 2008; (17) Yeung et al., 2010; (18) Skowrosnki et al., 

2007; (19) Ishibashi et al., 1997; (20) Suzuki-Toyota et al., 1999; (21) Kageyama et al., 2001; (22) Calamita et al., 

2001a; (23) Calamita et al., 2001b; (24) Prieto-Martínez et al., 2014; (25) Yeung et al., 2009a; (26) Yang et al., 2005; 

(27) Elkjaer et al., 2001; (28) Pastor-Soler et al., 2001; (29) Arena et al., 2011; (30) Nihei et al., 2001; (31) 

Belleannée et al., 2009; (32) Jesus et al., 2014a; (33) Elkjaer et al., 2000; (34) Tsukaguchi et al., 1998; (35) Yeung 

and Cooper, 2010. 
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Interestingly, AQP0 and -4 have been suggested to mediate membrane junctions (Engel 

et al., 2008; Kumari and Varadaraj, 2009), and therefore these channels might 

contribute to cell adhesion structures in Sertoli cells that are part of the testis-blood 

barrier that is formed at this stage (Russell et al., 1989). The redundant expression of 

AQP0, -4, and -8 in Sertoli cells, as well as of AQP9, as shown in human and rat 

(Yeung et al., 2010; Jesús et al., 2014a), could also suggest a role of the various 

channels in the movement of water and solutes through the seminiferous epithelium into 

the lumen (Rato et al., 2010). In rat Sertoli cells, AQP4 and -9 interact with the Cl
-
/ 

HCO3
-
 transporter cystic fibrosis transmembrane conductance regulator (CFTR) 

(Jesuset al., 2014ab), and it is believed that this interaction contributes to the control of 

the seminiferous tubular secretion, as is suggested to occur in the epididymis.  

 Germ cells of most mammalian species express AQP7 and -8, although in the 

stallion spermatids AQP0, - 2, -5  and -9 have been detected (Klein et al., 2013), and 

AQP1 has been found in bat spermatids (Oliveira et al., 2013)  (Table 1). In human, 

mouse, and rat, different studies reported that AQP8 immunolabeling is present in all 

germ cells (Yeung et al., 2010; Yeung et al., 2009a; Yang et al., 2005; Calamita et al., 

2001ab), whereas AQP7 is restricted to round and elongating spermatids and in rat 

residual bodies (Calamita et al., 2001ab; Kageyama et al., 2001; Skowrosnki et al., 

2007; Yeung et al., 2010). However, AQP7 has also been found in rat spermatocytes 

(Kageyama et al., 2001). In rodents, expression of the intracellular AQP11 in the caudal 

cytoplasm of elongated spermatids and in the residual bodies just before spermiation is 

also well conserved (Yeung and Cooper, 2010). Germ cells also express AQP9, 

although the expression of this channel appears to be more variable. In humans, it is 

found in primary spermatocytes and maturing spermatids (Yeung et al., 2010, Arena et 

al., 2011), but only in spermatocytes in the rat (Tsukaguchi et al., 1998), and 

exclusively in spermatids in stallion (Klein et al., 2013). 

The presence of AQP8, -9, and -11 in the plasma membrame of late germ cells, 

and particularly of AQP7, which is up-regulated specifically in spermatids, suggests that 

these channels might be involved in mediating the water loss and cytoplasmic 

condensation that occurs during spermatozoa differentiation (Suzuki-Toyota et al.,   

1999; Calamita et al., 2001ab; Yeung et al., 2009a, 2010; Sohara et al., 2009). For 

AQP11, it has recently been shown that siRNA-mediated AQP11 knockdown in the 

hamster testis affects the expression of genes involved in spermatogenesis and androgen 
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production, suggesting a role for this intracellular channel in the coordinated regulation 

of signaling pathways during testis development (Shannonhouse et al., 2014). However, 

the functions and mechanisms of action of these aquaporins during spermatogenesis still 

remain poorly understood because AQP7- or AQP8-deficient mouse models are fertile 

and show no evident phenotype (Yang et al., 2005; Sohara et al., 2007). AQP11-

knockout models also do not clarify the role of AQP11 in the testis, because animals die 

of renal failure before puberty, by postnatal day 60, with cysts forming in their renal 

cortices and large vacuoles of endoplasmic reticulum origin forming in proximal tubule 

cells (Morishita et al., 2005). Although it might be necessary to investigate in more 

detail the testicular and sperm phenotypes of these transgenic models, these 

observations, and the fact that redundant expression of aquaporin paralogs occurs in 

both somatic and germ cells of the testis, suggest that aquaporins might compensate for 

each other in these cells (Suzuki-Toyota et al., 2010). Therefore, to avoid potential 

genetic compensation mechanisms, other approaches aimed at affecting aquaporin 

function and/or trafficking at the protein level in the cell are necessary to elucidate the 

role of aquaporins during spermatogenesis. 

 

5.2.2. Efferent ducts and epididymis 

The efferent ducts are the major sites of water reabsorption (up to 90%) entering 

the lumen from the seminiferous tubules (Clulow et al., 1998). This water loss would 

serve to concentrate the sperm, allowing interactions of the sperm surface with the 

secretory products of the epididymal epithelial cells needed for sperm maturation. 

Disruption of this process leads to an abnormal luminal environment resulting in a 

decrease in sperm maturation and concentration, and the loss of fertility (Clulow et al., 

1998; Hess, 2002). 

Anatomically, the epithelium of the efferent ducts is classified as pseudostratified 

columnar and is composed of ciliated, nonciliated, and basal cells (Hess, 2002). In many 

mammals, AQP1 is present in the apical microvilli, basolateral plasma membranes, and 

apical endosomes of the nonciliated cells and the cilia of ciliated cells of the efferent 

duct epithelia (Badran and Hermo 2002; Oliveira et al., 2005, 2013; Ruz et al., 2006; 

Domeniconi et al., 2008; Ford et al., 2014; Arrighi and Aralla, 2014) (Table 1). AQP1 

is also expressed in the apical membrane of endothelial cells, where it might mediate 

removal of water from the intertubular space of the efferent ducts to the vasculature 
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(Badran and Hermo, 2002; Oliveira et al., 2005). AQP9 (Ruz et al., 2006; Belleannée et 

al., 2009; Hermo et al., 2008) and AQP10 (Hermo et al., 2004) are present in the 

microvilli of nonciliated and ciliated cells, whereas AQP7 and -11(Hermo et al., 2008) 

are also found in the rat. The presence of different classical aquaporins and 

aquaglyceroporins in the efferent duct epithelia suggest that these channels may be 

involved in the rapid movement of both water and solutes between the lumen and the 

efferent duct cells (Hermo et al., 2004; Hermo and Smith, 2011). One of these solutes 

may be glycerol, which has been proposed as a metabolic substrate for sperm and thus 

could contribute to sperm maturation (Da Silva et al., 2006ab). The role of aquaporins 

in these processes is supported by the finding that estrogens and androgens can regulate 

the expression of AQP1 and/or -9 in the rat efferent duct epithelia (Fisher et al., 1998; 

Pastor-Soler et al., 2002, 2010; Oliveira et al., 2005). Accordingly, mice deficient in 

estrogen receptor alpha show a dramatic reduction of AQP1 and -9 immunoreaction in 

the efferent ductules and impaired water reabsorption, which leads to water 

accumulation in the testis and a decrease in sperm concentration and motility (Ruz et 

al., 2006). However, the role of AQP10 in the rat efferent ducts remains unknown, 

although it is possible that its function is redundant to that of AQP9. 

In mammals, the efferent ducts are connected to the epididymis, a highly coiled 

tube where 55%-65% of total sperm is stored (Turner, 1995; Robaire et al., 2006). The 

epididymis is divided into three main regions: the initial segment or head (caput), which 

receives spermatozoa via the efferent ducts, the body (corpus), and the tail (cauda), 

which is involved in fluid absorption to concentrate the sperm. The epididymal 

epithelium consists of different cell types, narrow/apical cells, clear cells, principal and 

basal cells, and lymphocytes and monocytes/macrophages, termed halo cells, which are 

present in one, several, or all regions of the epithelium, respectively (Robaire et al., 

2006). Nonfunctional spermatozoa mature during their migration from the proximal to 

the distal epididymis to acquire their motile and fertile properties (Cornwall and 

Horsten, 2007). This process involves modifications in composition of the flagellum 

plasma membrane (Dacheux and Dacheux, 2013), and regulation of fluid movement in 

the epididymal lumen, during which water reabsorption increases sperm and protein 

concentration, creating a hypertonic microenvironment (Turner, 1995; Hermo et al., 

2008; Dacheux and Dacheux, 2013). 

Immunolocalization studies suggest a complex spatial distribution of many 
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aquaporins in the epididymis (Table 1). AQP0 is found in the epididymis of the stallion 

(Klein et al., 2013) but not in the rat (Da Silva et al., 2006b), whereas AQP1 is found in 

the bat and rat myoid cells surrounding the epididymal tubules of the caput region and 

endothelial cells of the vascular channels throughout the epididymis (Oliveira et al., 

2013; Hermo et al., 2008), but is not found in the mouse (Ruz et al., 2006; Lu et al., 

2008). Similarly, AQP3 (Hermo et al., 2004) and -8 (Elkjaer et al., 2001) are localized 

in the epididymal basal cells of the rat, which also shows expression of AQP5 in the 

apical membrane of principal cells of the corpus and cauda regions (Da Silva et al., 

2006ab). In the rat (Hermo et al., 2004) and dog (Domeniconi et al., 2008), but not in 

mouse (Skowrosnki et al., 2007), AQP7 is expressed in the lateral and/or basal plasma 

membranes of principal cells in a region-specific manner, and in some basal, clear, and 

halo cells, as well as in myoid cells enveloping the periphery of epididymal tubules. 

AQP9 is considered the major aquaglyceroporin of the rat epididymis (Hermo et al., 

2008; Pastor-Soler et al., 2001; Da Silva et al., 2006ab; Domeniconi et al., 2008; Klein 

et al., 2013; Oliveira et al., 2013; Arrighi and Aralla, 2014), and together with AQP2 it 

is expressed in the principal cells of most epididymal regions and in the cauda clear 

cells (Da Silva et al., 2006b; Domeniconi et al., 2008; Klein et al., 2013; Arrighi and 

Aralla, 2014), a pattern of expression that seems to be conserved among mammals. Full 

expression of AQP9 in principal and clear cells, and of AQP3 in basal cells, requires 

both testosterone and a lumicrine factor (Badran and Hermo, 2002; Pastor-Soler et al., 

2002; Hermo et al., 2004; Oliveira et al.,  2005). Products of the kininkallikrein system 

such as bradykinin might also regulate AQP9 expression in the rat efferent ducts and 

epididymis through a calcium-dependent mechanism (Belleanneé et al., 2009). As 

shown in Sertoli cells, AQP9 physically interacts with the CFTR and the Na/H 

exchanger regulatory factor (NHERF1) via a PDZ binding motif in its C-terminus 

portion in cells of the rat epididymal tubules; this interaction regulates water and 

glycerol transport through AQP9 (Cheung et al., 2003; Pietrement et al., 2008). Finally, 

AQP10 (Hermo et al., 2004) has been noted in endothelial cells of vascular channels of 

the rat epididymis, whereas AQP11 is present mainly on the microvilli of principal cells 

and some basal and halo cells (Hermo et al., 2008). As in the efferent ducts, the 

simultaneous expression of aquaporins and aquaglyceroporins in the epididymal 

epithelium possibly ensures maximum efficiency, redundancy, and selectivity to 

transport water, glycerol, and glycerylphosphorylcholine (Turner,1991) to the lumen, 
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thus helping to support and maintain sperm maturation (Hermo and Smith, 2011; 

Arrighi, 2014). 

 

5.2.3. Spermatozoa  

It is well known that mammalian sperm has a higher water permeability than other 

cell types (Noiles et al., 1993; Curry et al., 1995a), and ion channel-controlled water 

influx/efflux is involved in postcopulatory sperm volume regulation (Petrunkina et al., 

2004; Yeung et al., 2005; Callies et al., 2008). Since water permeability of the 

spermatozoa of some mammals is sensitive to mercury and phloretin (Curry et al., 

1995b; Yeung et al., 2009a), which are known inhibitors of aquaporin conductance 

(Haddoub et al., 2009), a potential role of aquaporins in volume regulation has been 

suggested. In mouse and human, but not in rat, AQP3 is found in the principal piece of 

the sperm tail membrane (Fig. 4), a region where volume regulatory processes occur.  

The role of AQP3 in these processes was recently demonstrated using AQP3-null 

mice (Chen et al., 2011b). In this model, the sperm shows normal motility activation in 

response to hypotonicity upon ejaculation, but it displays impaired sperm volume 

regulation and progressive cell swelling at the level of the cytoplasmic droplet, which 

increases tail bending and hampers sperm migration in the oviduct, resulting in reduced 

fertilization (Chen et al., 2011b). However, the molecular mechanism by which AQP3 

prevents swelling in normal sperm is unclear, because in AQP3-mutant sperm, in which 

water influx and efflux are supposed to be equally diminished during regulatory volume 

decrease if AQP3 is considered an inert pore, the progressive sperm cell swelling should 

not have been observed (Chen and Duan, 2011). As suggested for other biological 

systems (Hill and Shachar-Hill, 2015), AQP3 may function as an 

osmosensor/mechanosensor in spermatozoa to detect early events in cell swelling and to 

convey signals to stimulate the regulatory volume decrease response through interaction 

with volume-sensitive ion channels or cytoskeletal components (Chen et al., 2011b; 

Chen and Duan, 2011). This hypothesis has not yet been demonstrated, but it is 

supported by the finding that AQP4 or -5 can interact with the volume-sensitive calcium 

channel TRPV4 in mouse astrocytes and salivary glands for the regulation of cell 

volume under hypotonic stimulation (Liu et al., 2006; Benfenati et al., 2011), as well as 

by the direct interaction of AQP2 with the cytoskeletal protein actin (Noda and Sasaki, 

2006).  
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Mammalian spermatozoa also express AQP7, -8, and AQP11 (Fig. 4), although in 

human only AQP11 mRNA has been demonstrated in the testis (Yeung and Cooper, 

2010). In rat (Kageyama et al., 2001; Calamita et al., 2001b) and boar (Prieto-Martínez 

et al., 2014), AQP7 is detected at the level of the midpiece, including the cytoplasmic 

droplet, and the most anterior region of the tail, whereas in human ejaculated sperm 

AQP7 localizes in the pericentriolar region of the neck, midpiece, and different regions 

along the tail (Yeung, 2010). In the boar, AQP7 is more localized in the connecting 

piece of spermatozoa, the most anterior region of the midpiece below the head, which 

may be important for oscillation of sperm flagella (Ounjai et al., 2012). Interestingly, in 

human swim-up motile sperm, part of AQP7 seems to relocalize to the mitochondria of 

the midpiece (Moretti et al., 2012). In contrast, AQP8 is present exclusively in the 

midpiece of rat spermatozoa (Calamita et al., 2001b; Yeung et al., 2009a) or along the 

tail as granular patches in human and mouse sperm (Yeung et al., 2010; Yeung, 2010), 

and AQP11 appears at the distal tail of rat and murine spermatozoa (Yeung and Cooper, 

2010). In boar spermatozoa, however, AQP11 has been described in the head and 

midpiece, and diffuse labeling is also seen along the tail (Prieto-Martínez et al., 2014). 

The physiological roles of AQP7, -8, and -11 in sperm remain unknown. In 

human ejaculated sperm, low AQP7 levels seem to correlate with impaired progressive 

motility (Yeung et al., 2009b), and it has been suggested that AQP7 might have a role in 

the transport of glycerol as an energy substrate during sperm maturation and storage 

 

 

 

 

 

 

 

 

 

Figure 4. Aquaporin localization in spermatozoa. The 

diagram shows the differential localization of distinct 

aquaporin paralogs in mammalian epididymal and motile 

spermatozoa based on published studies using 

immunofluorescence microscopy and specific antibodies. 

Ac, Acrosome; Cd, cytoplasmic droplet; Ep, end piece; 

H, head; Mc, mitochondria; Mp, midpiece; N, nucleus; 

T, tail. Species: B, boar; H, human; M, mouse; R, rat. 
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(Yeung, 2010). Studies using quinine and mercury on wild-type and AQP7-null mice 

sperm suggest that AQP8, but not AQP7, is involved in volume regulation (Yeung et 

al., 2009a), and therefore AQP8 might function together with AQP3 to regulate this 

process. This view is reinforced by the observation that sperm volume increase and 

partial recovery occurred faster in the AQP7 knockout mice that showed a higher 

expression of testicular AQP8 mRNA, which can be interpreted as an indication of 

more AQP8 water channels in the knockout spermatozoa (Yeung et al., 2009a). 

 

5.3.  Aquaporins in the teleost testis and spermatozoa  

 

In teleosts, some studies have reported the mRNAs expression of different 

aquaporin paralogs in the testis. In the Japanese eel, Kagawa et al., (2011) showed low 

transcript levels of aqp1ab in the testis, whereas in the Atlantic halibut (Hippoglossus 

hippoglossus), testicular expression of Aqp1ab mRNA and protein has also been 

reported (Zapater et al., 2011). In the zebrafish testis, Tingaud-Sequeira et al., (2010) 

reported the presence of aqp1aa,-1ab,-3a,-3b,-4,-7,-8aa,-10b, and -12 transcripts, while 

in the salmonid rainbow trout (Oncorhynchus mykiss) expression of aqp1aa but not of 

aqp3a has been detected in the testis (Takei et al., 2015). These results suggest that in 

teleosts it is plausible that multiple water channels have regulatory roles associated with 

the control of fluid homeostasis during spermatogenesis, spermiogenesis, and sperm 

physiology, as it occurs in mammals. However, nothing is known yet about the cellular 

localization of the aquaporin channels in the teleost testis, and their possible function 

during spermatogenesis. 

The potential role of aquaporins during activation of sperm motility in teleosts 

was first suggested by Cosson and collaborators, based on the fact that sperm motility of 

marine teleosts such as the turbot and European seabass (Dicentrarchus labrax) is 

sensitive to low levels of mercury (Cosson et al., 1999; Alavi and Cosson, 2006; 

Abascal et al., 2007). The mercurial inhibition of sperm motility has also been reported 

for freshwater fishes, such the catfish Clarias gariepinus (Rurangwa et al., 1998), the 

European perch Perca fluviatilis (Hatef et al., 2011), rainbow trout (Dietrich et al., 

2010; Takei et al., 2015), and the chum salmon Oncorhynchus keta (Takei et al., 2015). 

In some of these species, the concentrations of mercury that were effective on intact 

sperm had no effect on the axonemal apparatus of demembranated spermatozoa (Cosson 
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et al., 1999) or on glycerol-activated sperm (Takei et al., 2015), suggesting that the 

motile apparatus is not directly compromised by low concentrations of HgCl2. 

Therefore, it is possible that sperm water fluxes triggered by hypo- and hyperosmotic 

shock may be mediated by aquaporins of the spermatozoon plasma membrane (Alavi 

and Cosson, 2006).  

However, to date, only a single study has shown that aquaporin proteins are 

expressed in the spermatozoa of a marine teleost, the gilthead seabream (Zilli et al., 

2009). This study revealed that the water-specific channel Aqp1aa and the glycerol-, 

urea-, and water-transporting channel Aqp10b are both present in the head and 

flagellum of ejaculated spermatozoa. According to these observations, exposure of 

seabream sperm to mercury inhibited seawater-activated motility, which could be 

reversed by the reducing agent b-mercaptoethanol, to which mercury-inhibited Aqp1aa 

but not Aqp10b is sensitive (Santos et al., 2004; Zilli et al., 2009). In addition, 

mercurial treatment partially or completely blocked the phosphorylation of some 

proteins in the head and flagellum of the spermatozoon after motility activation (Zilli et 

al., 2011). Based on these observations, it has been hypothesized that Aqp1aa possibly 

mediates the water efflux during the hyperosmotic shock, followed by an increase of the 

intracellular Ca
2+

 and further activation of cAMP-mediated phosphorylation of proteins 

required for sperm motility (Zilli et al., 2009, 2012). However, it is well known that 

mercurial compounds are not aquaporin-specific and can affect the function of ion 

channels (Sirois et al., 1996; Hisatome et al., 2000), which may also play a role in the 

reception of the activation signal (Dzyuba and Cosson, 2014). Therefore, the 

physiological roles that the different aquaporin paralogs play during the activation or 

maintenance of sperm motility in marine teleosts remain yet unknown. 
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Objectives 

 

Water transport during gametogenesis is an essential physiological process 

associated with the successful reproduction of vertebrates. In the mammalian male 

reproductive tract, several studies have highlighted the key role that aquaporins could 

play during the differentiation of spermatozoa in the germinal epithelium, in the 

concentration and maturation of sperm in the testicular ducts, and in the regulation of 

osmotically induced volume changes in ejaculated spermatozoa. In teleosts, several 

studies have reported the expression of aquaporin mRNAs in the testis, but their role is 

completely unknown. In the marine teleost gilthead seabream (Sparus aurata), 

aquaporin-1aa and -10b (Aqp1aa and -10b) have been localized in ejaculated 

spermatozoa, and it has been hypothesized that Aqp1aa possibly mediates the water 

efflux during the hyperosmotic shock in seawater, which is required for the activation of 

sperm motility. Using a combination of molecular and biochemical approaches, the 

main objective of this thesis was to identify the aquaporin paralogs present in the testis 

and spermatozoa of the gilthead seabream, and investigate the potential physiological 

role of these channels during sperm motility. The following objectives have been 

addressed: 

 

1. To isolate and functionally characterize the repertoire of the aquaporins present in 

testis, and to identify the cell types, including spermatozoa, in which they are 

expressed (Chapter 1). 

 

2. To study the in vivo developmental expression of testicular aquaporins, and to 

examine the in vitro regulatory effects of recombinant piscine gonadotropins, 

follicle-stimulating (rFsh) and luteinizing (rLh) hormones, and sex steroids, on 

aquaporin expression during the spermatogenic cycle (Chapter 2). 

 

3. To investigate the potential physiological role of sperm aquaporins controlling 

volume changes and/or solute transport occurring during sperm motility activation 

(Chapters 3 and 4). 
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ABSTRACT

In oviparous vertebrates such as the marine teleost gilthead
seabream, water and fluid homeostasis associated with testicular
physiology and the external activation of spermatozoa is
potentially mediated by multiple aquaporins. To test this
hypothesis, we isolated five novel members of the aquaporin
superfamily from gilthead seabream and developed paralog-
specific antibodies to localize the cellular sites of protein
expression in the male reproductive tract. Together with
phylogenetic classification, functional characterization of four
of the newly isolated paralogs, Aqp0a, -7, -8b, and -9b,
demonstrated that they were water permeable, while Aqp8b
was also permeable to urea, and Aqp7 and -9b were permeable
to glycerol and urea. Immunolocalization experiments indicated
that up to seven paralogous aquaporins are differentially
expressed in the seabream testis: Aqp0a and -9b in Sertoli and
Leydig cells, respectively; Aqp1ab, -7, and -10b from spermato-
gonia to spermatozoa; and Aqp1aa and -8b in spermatids and
sperm. In the efferent duct, only Aqp10b was found in the
luminal epithelium. Ejaculated spermatozoa showed a segregat-
ed spatial distribution of five aquaporins: Aqp1aa and -7 in the
entire flagellum or the head, respectively, and Aqp1ab, -8b, and
-10b both in the head and the anterior tail. The combination of
immunofluorescence microscopy and biochemical fractionation
of spermatozoa indicated that Aqp10b and phosphorylated
Aqp1ab are rapidly translocated to the head plasma membrane
upon activation, whereas Aqp8b accumulates in the mitochon-
drion of the spermatozoa. In contrast, Aqp1aa and -7 remained
unchanged. These data reveal that aquaporin expression in the
teleost testis shares conserved features of the mammalian
system, and they suggest that the piscine channels may play
different roles in water and solute transport during spermato-

genesis, sperm maturation and nutrition, and the initiation and
maintenance of sperm motility.

aquaporin, mitochondria, motility, sperm, spermatogenesis,
teleost

INTRODUCTION

Water transport during gametogenesis is an essential
physiological process associated not only with successful
reproduction of vertebrates [1–3], but also with their adaptive
evolution in the oceanic environment [4]. While several studies
have highlighted the key role played by transmembrane water
channels (aquaporins) during oocyte hydration of marine
teleosts [5], the function of aquaporins in the reproductive
physiology of the male germ line of fishes remains virtually
unknown. This is despite the fact that the majority of marine
teleosts are oviparous and the hyperosmotic seawater to which
the ejaculate is exposed is a key signal in sperm motility
activation [1, 6].

To date, only a single study has shown that aquaporin
proteins are expressed in the spermatozoa of a marine teleost,
the gilthead seabream (Sparus aurata) [7]. This study revealed
that the water-specific channel aquaporin-1aa (Aqp1aa) and the
glycerol-, urea-, and water-transporting channel Aqp10b are
both present in the head and flagellum of ejaculated
spermatozoa, and that mercury, an inhibitor of Aqp1aa and
-10b water transport [7–10], blocks sperm motility in seawater
[7]. These findings suggest that the proposed activation of
adenylyl cyclase and the initiation of sperm motility that
coincides with water efflux from spermatozoa exposed to
seawater [6, 11] may be mediated via aquaporins.

A role for multiple classes of aquaporins in the male
reproductive physiology of fishes can be further inferred from
data available for mammals. For example, in the somatic cells
of the mammalian testis, AQP0 and -9 are expressed in the
Leydig cells [12–14], while AQP0 and -8 are expressed in
Sertoli cells, where they are suggested to facilitate water
transport across the blood-testis barrier [12, 15–17]. AQP1, -9,
and -10 have also been found in the epithelial cells of the
efferent duct, where they are assumed to mediate water
reabsorption [12, 13], whereas AQP1, -3, and -9 in the
epididymis may help to maintain the composition of the
seminal fluid, ensuring proper sperm maturation [12, 13, 18,
19]. In the germ line, the differentiating germ cells may express
AQP7, -8, and -11, with AQP8 found in all spermatogenic cell
types [20–23]. Subcellular localization studies have further
shown that AQP7 is commonly localized in the plasma
membrane and, to a weaker extent, in the cytoplasm of round
and elongated spermatids [21, 23, 24], whereas AQP11 is
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found in the caudal cytoplasm of elongating spermatids.
Although the function of AQP11 in the testis is not yet known,
because knockout mice die of renal failure before puberty [25],
it has been suggested that this channel could be involved in the
release of the residual body during spermiogenesis [22]. AQP7,
-8, and -11, together with AQP3, are also present in
spermatozoa [26–28], but they are spatially separated in the
head and along the sperm flagellum. In spermatozoa, AQP3
has been suggested to play a role in osmoadaptation and
migration [28], AQP7 in sperm energy metabolism and
motility [21, 26], and AQP8 in spermatozoan volume
regulation in response to osmotic challenge [27].

Based on the above information available from mammalian
models and the initial studies in gilthead seabream [7, 29],
together with recent observations that mRNAs encoding
different classes of aquaporins are expressed in the testes of
several species of teleosts [30, 31], it is plausible that multiple
water channels have regulatory roles associated with the
testicular homeostasis, spermatogenesis, spermiogenesis, and
sperm physiology of fishes. Compared to mammals, however,
teleosts are known to harbor a larger repertoire of aquaporins
due to the retention in the genome of two, or in some cases
three, orthologs of the human counterparts [30, 32, 33]. Given
that some teleost aquaporins, such as Aqp1ab expressed in the
female germ line, are evolving more rapidly than the
mammalian counterparts [34], it remains to be established
whether the increased copy number of piscine aquaporins have
evolved redundant or novel functions associated with the male
reproductive biology of teleosts.

In the present work, therefore, we isolated and functionally
characterized five additional members of the aquaporin
superfamily from the gilthead seabream. By combining
immunofluorescence microscopy and immunohistochemistry
using paralog-specific antibodies as well as biochemical
fractionation of spermatozoa, we show for the first time in a
nonmammalian vertebrate that up to seven classes of
aquaporins are differentially expressed during spermatogenesis
and spermiogenesis, with several paralogs being spatially
redistributed in the plasma membrane upon the activation of
sperm motility.

MATERIALS AND METHODS

Animals and Sperm Collection

Adult gilthead seabream males and females were raised in captivity at
Institut de Recerca i Tecnologia Agroalimentàries (IRTA) aquaculture facilities
in San Carlos de la Rápita (Tarragona, Spain) and transported to the laboratory.
For the present experiments, the adults were maintained in 12 000-L tanks
under natural conditions of photoperiod and temperature and fed three times a
week with a mixture of pellets and squid. In the autumn and winter (November
and February, respectively), milt was recovered from males sedated with 500
ppm of phenoxyethanol (Sigma-Aldrich, St. Louis, MO). The procedure
involved the application of soft pressure to the abdominal area and removal of
sperm from the gonopore with a syringe in order to avoid contamination with
seawater or urine. The sperm sample was transferred to an Eppendorf tube and
kept on ice until further analysis. Some males were euthanized by decapitation,
and samples of testis and other tissues were immediately frozen in liquid
nitrogen and stored at -808C until RNA and protein extraction. Additional
pieces of the testis and efferent duct were taken for histological analysis and
immunohistochemistry. Procedures relating to the care and use of animals were
approved by the Ethics Committee from IRTA in accordance with the European
Union regulations.

Cloning of Gilthead Seabream Aquaporin cDNAs

Aquaporin-encoding cDNAs were isolated by RT-PCR. Total RNA was
extracted from different tissues, including testis and sperm, using the RNeasy
Minikit (Qiagen GmbH, Hilden, Germany) and treated with DNAse using the
RNase-Free DNase kit (Qiagen) following the manufacturer’s instructions.

Total RNA (5 lg) was reverse transcribed using 0.5 lg oligo(dT)
17
, 1 mM

deoxynucleotide triphosphates (dNTPs), 40 IU RNAse inhibitor (Roche
Applied Science, Mannheim, Germany), and 10 IU SuperScript II Reverse
Transcriptase enzyme (Life Technologies Corp., Carlsbad, CA) for 1.5 h at
428C. The PCR was carried out with 0.5–2 ll of the RT reaction in a final
volume of 50 ll containing 13PCR buffer plus Mg2þ, 0.2 mM dNTPs, 1 IU of
Taq polymerase (Roche), and 1 lM of primers. Degenerated primers were used
to amplify products for Aqp0a (forward ¼ 50-GTGGGAGYTSMRNTC
NATGWHBTTYTGG-3 0 and reverse ¼ 5 0-GCMGGRGCRAAV
GAYCKNGCDGGGTTCA-30), Aqp3a (forward ¼ 50-CTCATCCTKGTRTGT
TYGG-30 and reverse¼50-CCRGARTTRAAGCCCATRGA-30), Aqp7 (forward
¼ 5 0-GTBGCBATGGGDRTNCAYGTTG-3 0 and reverse ¼ 5 0-
GCVCCYAAAAMTCCTCCRAT-3 0), and Aqp9b (forward ¼ 5 0-
AACCCBGCBGTBTCYYTGGCBATGGT-3 0 and reverse ¼ 5 0-
CCNRCMACHGGRAYCCACCACCAG-30). Reactions were amplified using
one 5-min cycle of 958C; then 35 cycles of 958C for 30 sec, 508–588C (depending
on primer Tm) for 30 sec, and 728C for 1 min; and a final 7-min elongation at
728C. The products were cloned into the pGEM-T Easy Vector (Promega) and
sequenced by BigDye Terminator v3.1 cycle sequencing on ABI PRISM 377
DNA analyzer (Applied Biosystems [Life Technologies]). Full-length cDNAs for
Aqp0a, -3a, -7, and -9b were amplified using 30- and 50-RACE kits (Life
Technologies Corp.), followed by a final amplification using the Easy-ATM
High-Fidelity PCR cloning enzyme (Agilent Technologies, Santa Clara CA). A
partial cDNA encoding seabream Aqp4a carrying the 30UTR was isolated by 30-
RACE using specific primers designed based on an available sequence (GenBank
accession number FM146410). The nucleotide sequences of gilthead seabream
Aqp0a, -3a, -4a, -7, and -9b were deposited in GenBank under accession numbers
KC589385, KC788197, KC788198, KC589386, and KC589387, respectively.

Phylogenetic Analyses

Phylogenetic analyses of the gilthead seabream sequences were conducted
using Bayesian and maximum-likelihood protocols as described previously [4,
32]. Two data sets consisting of full-length classical aquaporins (Aqp0, -1, and
-4) and aquaglyceroporins (Aqp3, -7, -9, and -10) were constructed from 228
vertebrate orthologs obtained via BLAST from nonredundant protein,
expressed sequence tags, and whole genome databases (NCBI GenBank,
Ensembl). To improve the resolution and to validate the novel teleost
subclusters, several sequences (see Supplemental Table S1; all Supplemental
Data are available online at www.biolreprod.org) were assembled from whole-
genome shotgun contigs as described by Zapater et al. [34]. Deduced amino
acid sequences of each data set were aligned using MAFFT version 7.037b [35]
and converted to codon alignments using PAL2NAL [36] prior to phylogenetic
analyses. For Bayesian analyses, 5 million MCMC generations were run with
aamodel¼mixed for amino acid alignments and nucmodel¼ 4by4 with nst¼ 2
for the codon alignments. All runs were examined for convergence using Tracer
version 1.5 (www.beast.bio.ed.ac.uk/Tracer) and majority rule consensus trees
summarized with a burnin of 3500.

RT-PCR Analysis of Aquaporin Gene Expression

Extraction of total RNA from testis and sperm and cDNA synthesis was
carried out as described above. PCR reactions were carried out with 1 ll of
cDNA reaction in a volume of 50 ll containing 13 PCR buffer plus Mg2þ, 0.2
mM dNTPs, 1 IU Taq polymerase, and 0.05–0.4 lM of aquaporin isoform-
specific oligonucleotide primers (Supplemental Fig. S1A). When possible,
oligos were designed to flank one intron. Reactions were amplified using one
cycle at 958C for 2 min; 40 cycles at 958C for 30 sec, 608–628C (depending on
primer Tm) for 30 sec, and 1 min at 728C; and a final 7-min elongation at 728C.
Genomic DNA and plasmids containing the aquaporin cDNAs were used as
controls.

Functional Analysis in Xenopus laevis Oocytes

Full-length aquaporin cDNAs were subcloned into the pT7Ts vector for ex
vivo expression in X. laevis oocytes. The cRNAs for microinjection of oocytes
were synthesized with T7 RNA polymerase (Roche) from XbaI or SalI-
linearized plasmids (depending on the restriction sites identified in the
aquaporin sequences). Isolation of stage V oocytes and microinjection were
performed as previously described [37]. Oocytes were transferred to modified
Bart Solution (MBS; 88 mM NaCl, 1 mM KCl, 2.4 mM NaHCO

3
, 0.82 mM

MgSO
4
, 0.33 mM Ca(NO

3
)
2
, 0.41 mM CaCl

2
, 10 mM HEPES, and 25 lg/ml

gentamycin; pH 7.5) and injected with 50 nl of distilled water (negative control)
or 50 nl of water solution containing 1 (Aqp0a and -9b), 5 (Aqp8b), or 10 ng
(Aqp7) of cRNA. One day after injection, oocytes were manually defolliculated
and subsequently maintained in MBS at 188C.
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The osmotic water permeability (P
f
) was determined 2 days after injection

at room temperature. Oocytes were transferred to 10-fold-diluted MBS (20
mOsmol), and oocyte swelling was recorded by video microscopy using serial
images at 2-sec intervals during the first 20 sec using a Nikon Color view video
camera coupled to a stereomicroscope (SMZ1000; Nikon Corp., Tokyo, Japan).
The P

f
values were calculated by taking into account the time-course changes in

relative oocyte volume [d(V/V
0
)/ dt], the molar volume of water (V

W
¼ 18 cm3/

ml), and the oocyte surface area (S) using the formula V
0
[d(V/V

0
)/dt]/

[SV
W
(Osm

in
� Osm

out
)]. The surface area of the oocyte was considered to be

nine times the apparent area due to membrane folding [38]. Inhibition of water
transport by mercury was investigated by incubating oocytes in MBS
containing 0.1 mM HgCl

2
for 15 min before and during the swelling assays.

The reversibility of the mercury inhibition was determined by rinsing the same
oocytes three times with fresh medium and incubating further with 5 mM b-
mercaptoethanol for 15 min prior to the swelling assays.

Glycerol and urea uptake of X. laevis oocytes expressing aquaporins were
determined under isotonic conditions. Groups of 10 oocytes injected with water
or 25 ng aquaporin cRNA were incubated at room temperature in 200 ll of
isotonic MBS containing 5 lM (20 lCi) of [1,2,3-3H]glycerol (50 Ci/mmol) or
[14C]urea (58 mCi/mmol) (American Radiolabelled Chemicals Inc., St Louis,
MO) and cold glycerol or urea at 1 mM final concentration. After 10-min
exposure to radioactive compounds (including zero time for subtraction of the
signal from externally bound solute), oocytes were washed rapidly in ice-cold
MBS three times, and individual oocytes were dissolved for 1 h in 400 ll of
10% SDS before scintillation counting.

Antibodies

Antisera were raised in rabbits against synthetic peptides corresponding to the
C-terminus amino acid residues of Aqp0a (CAEGQQETRGEPIELKTQAL),
Aqp7 (CLVEEETAPLGKKENI), and Aqp9b (CPEKQEEKNVQDKYEI)
(AbBcn S.L., Barcelona, Spain), as well as of Aqp8b (LGDRKMRLILK;
GenBank accession no. DQ889225; Agrisera AB, Vännäs, Sweden), with the
predicted initiation codon (methionine, ATG) designated as residue 1. All
antisera were affinity purified against the synthetic peptides. Previously
characterized antibodies against gilthead seabream Aqp1aa [9], Aqp1ab [39],
and Aqp10b [7] were also employed.

Activation of Sperm Motility and Computer-Assisted Sperm
Analysis

Two 50-ll aliquots of each sperm sample were gently centrifuged (12003
g, 10 min, 48C), the seminal plasma was discarded, and the pellet was frozen in
liquid nitrogen and kept at -808C for protein extraction. An additional sperm
aliquot was diluted 1:100 with nonactivating medium (NAM; in mg/ml: 3.5
NaCl, 0.11 KCl, 1.23 MgCl

2
, 0.39 CaCl

2
, 1.68 NaHCO

3
, 0.08 glucose, 1

bovine serum albumin [BSA]; pH 7.7), further activated by dilution 1:10 in
filtered seawater, and loaded under a cover slip before being video-recorded for
1 sec. Videotapes were analyzed using the Integrated Semen Analysis System
software (ISAS version 1; Proiser, Valencia, Spain). For each sperm sample, at
least two aliquots were analyzed. Only sperm samples with at least 75% motile
spermatozoa were used for further experiments.

Protein Extraction from Testis and Sperm

Testis and sperm samples were processed for protein extraction as
previously described [7]. Testis biopsies were dissociated with a glass dounce
homogenizer in lysis buffer (50 mM Tris-HCl [pH 7.4], 1% Triton X-100,
0.25% sodium deoxycholate, 150 mM NaCl, 1 mM ethylenediaminetetraacetic
acid [EDTA], 1 mM PMSF, protease inhibitors [EDTA-free Protease Inhibitor
Cocktail Tablets; Roche], 1 mM Na

3
VO

4
, and 1 mM NaF) and centrifuged at

18 000 3 g for 15 min at 48C. Nonactivated (NAM-diluted) and seawater-
activated spermatozoa were recovered by centrifugation at 12003 g for 10 min
at 48C, and pellets were treated as above. One aliquot of testis and sperm
supernatants was removed to determine the protein concentration with the Bio-
Rad Protein Assay kit (Bio-Rad Laboratories Inc., Hercules, CA). The rest of
the supernatants were mixed with 43 Laemmli sample buffer, frozen in liquid
nitrogen, and stored at -808C until Western blot analysis. To determine the
phosphorylation state of the proteins, some sperm samples were homogenized
directly in NEBuffer 3 (New England Biolabs Inc., Ipswich, MA), and a protein
extract (60 lg) was digested with 1 U/lg protein of calf intestine alkaline
phosphatase (CIP; New England Biolabs Inc.) for 1–2 h at 378C.

Plasma Membrane Purification of Intact Spermatozoa,
Head, and Flagellum

Plasma membrane extraction from sperm was carried out following an
adapted protocol from de Curtis et al. [40] and Labbé and Loir [41]. For total
sperm, activated and nonactivated spermatozoa were recovered as above;
homogenized in a buffer containing 20 mM Tris-HCl (pH 7.8), 3 mM MgCl

2
,

0.25 M sucrose, and protease inhibitors; and centrifuged at 10003g for 20 min
at 48C. The supernatant was centrifuged again at 100 0003g for 45 min at 48C,
and the pellet was resuspended in PBS containing protease inhibitors. Protein
concentration was determined, and the rest of the extract was mixed with 43
Laemmli sample buffer and stored at -808C.

Isolation of spermatozoa heads and flagella was performed following the
methods described in Zilli et al. [29] and Beirão et al. [42]. Briefly, sperm
samples (0.25 ml) were activated in seawater or diluted in NAM, and
centrifuged at 40003 g for 15 min at 48C. Pellets were washed once with 5 ml
of 1% NaCl, and finally diluted 1:30 with 1% NaCl. Head and flagellum were
separated by passing 10 times through a capillary (0.5 mm diameter) attached to
a 20-ml syringe. The proper separation of heads and flagella was verified under
a microscope. The total suspension (heads plus flagella) was centrifuged at
50003 g for 15 min at 48C. The pellet was resuspended in 8 ml of 1% NaCl,
placed on top of a sucrose gradient (2 M, 1.5 M, 1 M, and 0.5 M), and
centrifuged at 28 0003 g for 45 min at 48C. Heads and flagella were recovered
separately with a micropipette from the 2 M–1.5 M interface and the top of the
gradient, respectively. Samples were diluted in a final volume of 40 ml in 1%
NaCl, and the heads suspension was centrifuged at 30003 g for 20 min at 48C,
while the flagella suspension was centrifuged at 50003 g for 20 min at 48C.
Finally, the plasma membrane fraction from both pellets was isolated as
described above.

Western Blotting

Laemmli-mixed protein samples from total testis and sperm (60 lg) and
from plasma membrane fractions (40 lg) were denatured at 958C and subjected
to 12% SDS-PAGE. To determine whether some aquaporins were glycosylated,
Laemmli samples were treated or not with 10 U/lg protein of N-Glycosidase F
(PNGase F; New England Biolabs Inc.) for 3 h at 378C before electrophoresis.
Electrophoresed proteins were blotted onto nitrocellulose membranes (Sigma-
Aldrich), and after blocking in 5% nonfat dry milk in TBST (20 mM Tris, 140
mM NaCl, 0.1% Tween; pH 7.6), membranes were incubated overnight at 48C,
with each anti-aquaporin antibody diluted in blocking solution: 1:400 for
Aqp1aa, -0a, -7, and -9b antisera; 1:600 for Aqp1ab and -8b antisera; and 1:500
for the Aqp10b antiserum. Bound antibodies were detected with horseradish
peroxidase (HRP)-coupled anti-rabbit IgG antibody (1:2000; Rockland
Immunochemicals Inc., Gilbertsville, PA), and reactive protein bands were
detected using Picomax Sensitive Chemiluminescent HRP Substrate (Rockland
Immunochemicals Inc.). For the semiquantitative determination of aquaporin
abundance in the spermatozoa plasma membrane during motility activation, the
intensity of the aquaporin immunoreactive bands in the plasma membrane
fraction of total sperm, head, and flagellum—determined by densitometry using
the Quantity-One software (Bio-Rad Laboratories Inc.)—was normalized to
that in the total protein fraction. This analysis was carried out on sperm from
five different males.

Histology

Testis biopsies were fixed in Bouin solution for 16–24 h, dehydrated, and
embedded in paraplast (Sigma-Aldrich). Sections 7 lm thick were stained with
hematoxilin and eosin (Sigma-Aldrich), dehydrated, and mounted with Fluka-
Eukitt mounting medium (Sigma-Aldrich).

Immunofluorescence Microscopy and
Immunohistochemistry on Tissue Sections

For immunofluorescence, testis samples were fixed in 4% paraformalde-
hyde (PFA), washed, dehydrated, and embedded in paraffin. Sections (7 lm)
were then rehydrated in decreasing ethanol solutions and subsequently
permeabilized using different protocols depending on the antibody used: 10
min in cold acetone (�208C) followed by two washes in PBST (0.1% Tween in
PBS) and demasking in boiling citrate buffer (10 mM, pH 6) three times for 5
min each, then washing in PBST (Aqp7); or 10 min in PBS containing 0.2%
Triton X-100 (Aqp0a, -1aa, -8b, -9b, and -10b) or 0.2% SDS (Aqp1ab). In all
cases, sections were blocked in 5% goat serum and 0.1% BSA in PBST for 1 h.
Incubation with the antibodies (1:400 for Aqp0a, -1aa, -8b, -9b, and -7 antisera;
1:200 for Aqp1ab and -10b antisera) was performed overnight at 48C in PBST
containing 1% goat serum and 0.1% BSA. A set of slides was incubated with
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the antibodies preadsorbed with the respective immunizing peptides as negative
controls. After washing, sections were incubated with a secondary Cy3-coupled
anti-rabbit IgG sheep antibody for 1 h at room temperature and washed in PBS.
The nuclei were counterstained with 40,6-diamidino-2-phenylindole (DAPI;
1:3000, 3 min in PBS; Sigma-Aldrich) and finally mounted with fluoromount
aqueous anti-fading medium (Sigma-Aldrich).

For immunohistochemistry of Aqp10b in the efferent duct, the protocol was
the same as above except that sections were incubated with a secondary anti-
rabbit IgG HRP-coupled goat antibody for 2 h. The reaction was made visible
by using a mixture of 0.06% 3,30-diaminobenzidine (DAB; Sigma-Aldrich) in
0.05 M Tris-HCl (pH 7.6) and 0.03% hydrogen peroxide for 20 min in the dark.
Sections were then rinsed in PBS and counterstained with methylene blue,
dehydrated, and mounted with Fluka-Eukitt mounting medium.

Immunofluorescence Microscopy on Spermatozoa

Spermatozoa diluted in NAM and activated with seawater for ;2 min were
attached to UltraStick/UltraFrost Adhesion slides (Electron Microscopy
Sciences, Hatfield, PA) at room temperature, fixed in 4% PFA for 5 min,
and processed for immunofluorescence as described previously. For the
visualization of potential colocalization of aquaporins with the mitochondria,
NAM-diluted spermatozoa were incubated with 250 ng/ml of the mitochon-
drion-specific vital dye MitoTracker Red CMXRos (Life Technologies Corp.)
for 45 min at room temperature under agitation. The samples were then
centrifuged for 10 min at 12003 g, washed twice in NAM, and either activated
in seawater or diluted in NAM before immunofluorescence processing. In this
case, the secondary antibody used to reveal the reaction was a sheep anti-rabbit
fluorescein isothiocyanate-coupled antibody (Sigma-Aldrich). The percentage
of spermatozoa showing colocalization of aquaporin and MitoTracker signals
(yellow color) in each group was determined on 150 spermatozoa from six
males.

Measurement of Fluorescence Intensity in Spermatozoa

Immunofluorescence microscopy images for each aquaporin were acquired
with a Zeiss Axio Imager Z1/ApoTome fluorescence microscope (Carl Zeiss
Corp., Jena, Germany) using the same fluorescence intensity and exposure for
nonactivated and activated spermatozoa. The changes in aquaporin expression
in different regions of the spermatozoa were estimated by measuring the mean
fluorescence intensity of the immunoreactions in the head and the anterior and
posterior tail using the ImageJ software (National Institutes of Health, USA;
http://rsb.info.nih.gov/ij/). Color images were split for the different colors (blue
[DAPI] to stain nuclei vs. green or red for aquaporin immunostaining) and
converted to 8-bit images in gray scale. For the head, the selected area
corresponding to the DAPI staining was 0.06 pixels square. The aquaporin
fluorescence intensity of the anterior flagellum protruding into the head, the
area of which was 0.005 pixels square, was subtracted and added to the anterior
tail measurement. In the tail, the fluorescence intensity was measured, for a
total of 0.2 pixels square, with 0.04 pixels square corresponding to the most
anterior part of the tail and 0.16 pixels square to the posterior region. Mean
fluorescence intensities were expressed in arbitrary units, after subtraction of
the net fluorescence intensity of the background for the same corresponding
area. For each aquaporin, fluorescence was determined for 25–50 activated and
nonactivated spermatozoa per male (n¼ 4–5 males).

Statistics

Data are presented as the mean 6 SEM. For all experiments, sperm
samples from a minimum of four different males were used. Data were
statistically analyzed by the Student t-test or by one- or two-way ANOVA,
followed by Tukey pairwise comparison. Percentage data that fell between the
ranges of 0%–20% or 80%–100% were square-root transformed prior to
statistical analyses. P , 0.05 was considered statistically significant.

RESULTS

Cloning and Phylogenetic Analysis of Gilthead Seabream
Aquaporins

To expand the repertoire of seabream aquaporin transcripts
available for experimentation, we first cloned the cDNAs
encoding Aqp0a, -3a, -4a, -7, and -9b. Total RNA from
different tissues—eye (Aqp0a), gills (Aqp3a), muscle (Aqp4a),
and testis (Aqp7 and -9b)—was extracted and used for initial
RT-PCR experiments with degenerate oligonucleotide primers

to clone partial sequences. By using 50 and 30 RACE methods,
full-length cDNAs for aqp0a, -3a, -7, and -9b were isolated
and found to encode proteins of 263, 302, 308, and 288 amino
acids, respectively. The deduced amino acid sequences of each
of the newly cloned seabream aquaporins contain six predicted
transmembrane helices and two NPA boxes that are the
hallmark of the membrane integral protein (MIP) superfamily
[43]. The only exception was Aqp7, in which Pro is substituted
by Ala in the first box, and Ala is substituted by Thr in the
second box, as found in other teleost Aqp7 orthologs [32, 44].

Phylogenetic analyses of the previously cloned classical
aquaporins [10] confirmed their identities as Aqp1aa and
Aqp1ab and revealed that the newly cloned Aqp0 paralog is
Aqp0a, while the partial Aqp4a sequence represents a duplicate
of Aqp4 (Fig. 1A). Since this analysis represents the first
evidence that teleost genomes retain more than one Aqp4
paralog, several transcripts and proteins were assembled de
novo from whole-genome shotgun contigs available for
Atlantic salmon (Salmo salar), Atlantic cod (Gadus morhua),
and four cichlids: Zebra Mbuna (Maylandia zebra), Red
mwanza (Pundamilia nyererei), Lyretail cichlid (Neolampro-
logus brichardi), and Burton’s mouthbrooder (Haplochromis
burtoni). Both the maximum likelihood and Bayesian analyses
confirmed that the partial seabream Aqp4 sequence can be
designated as Aqp4a, while the single zebrafish (Danio rerio)
Aqp4 sequence previously isolated [32] is the Aqp4b ortholog.
Phylogenetic analysis of the aquaglyceroporins confirmed the
identity of the previously cloned seabream Aqp10b paralog [8]
and revealed that the newly cloned sequences are Aqp3a, -7,
and -9b, respectively (Fig. 1B).

Expression of Aquaporin Transcripts and Proteins in
Seabream Testis and Sperm

The expression of aquaporin genes in the testis and
ejaculated sperm was assessed by RT-PCR using paralog-
specific primers designed from the previously and newly
cloned cDNAs. The experiments indicated that aqp0a, -1aa, -7,
-8b, -9b, and -10b were positively expressed in testis, whereas
in sperm only aqp1aa and -10b transcripts were detected
(Supplemental Fig. S1B). Interestingly, in contrast to our
previous studies [10, 39], we also found low but detectable
testicular expression levels of aqp1ab in the gilthead seabream.
In contrast, neither aqp3a or -4a transcripts were detected in
the testis or sperm, even with low stringency conditions for the
PCR (i.e., reduced annealing temperature and/or increased
cycle number; Supplemental Fig. S1B).

To investigate whether aquaporin mRNA expression in
sperm and gonads correlated with that of the corresponding
proteins, we produced affinity-purified antibodies for gilthead
seabream Aqp0a, -7, -8b, and -9b. The specificity of these
antibodies for the corresponding paralog, as well as of the
antibodies against Aqp1aa, -1ab, and -10b previously pro-
duced, was tested by Western blot analysis of total membrane
preparation from X. laevis oocytes expressing the different
aquaporins (Supplemental Fig. S2). This analysis indicated that
each antibody only recognized its target paralog, with no
apparent cross-reaction with any of the other aquaporin
polypeptides.

Western blots on protein extracts from testes using these
antibodies showed reactive bands for Aqp0a, -1aa, -1ab, -7,
-8b, -9b, and -10b of approximately the same molecular mass
as the predicted monomers (28.7, 27.1, 28.2, 32.6, 27.9, 31.0,
and 31.6 kDa, respectively; Fig. 2, A–G, arrowheads), thus
supporting the RT-PCR data. Expression of the previously
reported Aqp1aa and -10b paralogs in the ejaculated sperm
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extracts [7] was confirmed here (Fig. 2, B and G), while the
new findings show that Aqp1ab, -7, and -8b were also clearly
detected (Fig. 2, C–E). These immunological results were
consistent despite the fact that the corresponding transcripts
could not be amplified from sperm total mRNA. In contrast,
Aqp0a and -9b polypeptides were not detected in sperm (Fig. 2,
A and F).

The Aqp1aa, -1ab, and -10b immunoblots showed addi-
tional reactive bands of higher molecular mass than the
corresponding monomers, both in the testis and sperm protein
extracts, which ranged from 45 to 60 kDa, 45 to 80 kDa, and
40 to 55 kDa, respectively (Fig. 2, B, C, and G). The specificity
of these reactions was confirmed by the preincubation of the
antisera with the corresponding immunizing peptides (Fig. 2,
B, C, and G). Although these high-molecular-mass bands may
correspond to aquaporin oligomers in sperm that are stable
under reducing conditions, we tested whether they could also
contain phosphorylated or N-linked glycosylated aquaporin
forms by treating the protein extracts with CIP or PNGase F,
respectively. After treatment with CIP, the 60-kDa sperm band
detected with the Aqp1aa antibody was strongly reduced (Fig.
2B), suggesting that this band likely corresponds to a
phosphorylated form. Moreover, a faint band of ;35 kDa
appeared after PNGase F treatment (Fig. 2B), indicating that
upper bands also include partially N-glycosylated Aqp1aa
forms. For the sperm Aqp1ab, CIP treatment clearly reduced
the 31-kDa band, as found for X. laevis oocytes expressing
seabream Aqp1ab [10], but also induced the de novo detection
of a ;28-kDa band (Fig. 2C). A band of a similar molecular
mass also appeared after PNGase F treatment, suggesting that
Aqp1ab and Aqp1aa are both phosphorylated and glycosylated
in seabream sperm (Fig. 2, B and C). Aqp10b in sperm was
detected as a major reactive band of ;31 kDa and various 40-
to 55-kDa immunoreactive bands (Fig. 2G). The 55-kDa band
disappeared with CIP treatment, and all of the 40- to 55-kDa
bands were lowered with PNGase F treatment, while a de novo
33-kDa band appeared, suggesting that sperm Aqp10b may be
highly phosphorylated and glycosylated (Fig. 2G).

Functional Characterization of Seabream Aquaporins

Previous studies using the X. laevis oocyte-swelling and
radioactive uptake assays have determined that gilthead
seabream Aqp1aa and �1ab are water-selective [9, 39],
whereas Aqp10b is permeable to water, glycerol, and urea [7,
8]. The same experimental approaches were used to determine
the permeation preferences of seabream Aqp0a, -7, -8b, and
-9b (Fig. 3). Oocytes were injected with water as control or the
aquaporin cRNA and exposed to hyposmotic shock, and the P

f
was determined volumetrically. All aquaporins were efficiently
translated and functional in oocytes, as their expression
induced a significant 8- to 11-fold increase in the oocyte P

f
,

with water transport being significantly inhibited in the

3

FIG. 1. Summarized maximum likelihood tree of the codon alignments
of orthologous vertebrate classical aquaporins (A) and aquaglyceroporins
(B). The classical aquaporin tree is rooted with Inshore hagfish aqp4,
while the aqualyceroporin tree is midpoint rooted. The seabream
sequences cloned in the present study are indicated by black triangles,
while the previously cloned seabream sequences are indicated with white
triangles. Numbers within the summarized clusters represent the number
of taxa analyzed. Statistical values at each node represent Bayesian
posterior probabilities resulting from 5 million MCMC generations of full-
length codon/amino acid alignments. Scale bars represent the rate of
nucleotide substitution per site. A full list of taxa and accession numbers
used in the study is provided in Supplemental Table S1.
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presence of 0.1 mM HgCl
2
(Fig. 3A). However, while the P

f
of

oocytes expressing Aqp0a and -7 was only partially blocked by
mercury, Aqp8b and -9b oocytes appear to be more sensitive to
mercurial inhibition, since in these oocytes, 0.1 mM HgCl

2
reduced the P

f
to near control levels. The mercurial inhibition

of the P
f
of Aqp0a- and -7-expressing oocytes was partially

reversed by exposure to the reducing agent b-mercaptoethanol,
but as previously observed for oocytes expressing seabream
Aqp10b [7, 8], the inhibition of Aqp8b and -9b could not be
recovered (Fig. 3A).

Isotope-labeled urea- and glycerol-uptake assays under
isotonic conditions showed that oocytes injected with the
water-specific Aqp0a were not permeable to either glycerol or
urea (Fig. 3B). In contrast, oocytes expressing the aquaglycer-
oporins Aqp7 and -9b were permeable to both solutes, although
in both cases urea permeability was somewhat lower (;6-fold
with respect to controls) than that of glycerol (;8- to 9-fold
with respect controls; Fig. 3B). Interestingly, oocytes express-
ing Aqp8b were also highly permeable to urea (;8-fold higher
than controls), but this channel did not transport glycerol (Fig.
3B).

Cellular Localization of Aquaporins in the Seabream Testis
and Efferent Duct

The cellular localization of the seven aquaporins in the
seabream testis was determined by immunofluorescence
microscopy using the affinity-purified antibodies (Figs. 4 and
5). The histological sections used for these studies were from
testes of animals close to the spermiating period, and thus all
stages of spermatogenic cells could be observed within the
seminiferous tubules (Fig. 4, A–C). Some cysts contained
mostly spermatogonia and type I and II spermatocytes (Fig.

4B), while most of the germ cells in other cysts were
differentiated into spermatids and/or spermatozoa (Fig. 4C).
Each cyst was delimited by the Sertoli cells, which in some
cases had a flattened nucleus (Fig. 4, B and C). Aqp0a was the
only aquaporin paralog observed in Sertoli cells, being strongly
detected in the basal membrane and also in the cytoplasmic
digitations enclosing the germ cells (Fig. 4, D and D’).
Immunoreaction for Aqp1aa was specifically found in haploid
germ cells, first appearing in the plasma membrane of
spermatids and later found in the flagellum of spermatozoa
released into the seminiferous tubule (Fig. 4, F and F’). In
contrast, Aqp1ab was detectable in all germ cells from
spermatogonia up to spermatozoa (Fig. 4, H and H’). The
strong Aqp1ab staining in spermatogonia appeared predomi-
nantly intracellular, possibly in vesicles, whereas in spermato-
cytes and spermatids, the labeling became more concentrated in
the plasma membrane. Spermatozoa inside the tubule did not
show strong Aqp1ab staining, whereas a close examination of
the sperm cells within the efferent duct revealed that Aqp1ab
was present both in the head and the anterior region of the
flagellum (Fig. 4H’, inset).

As noted for Aqp1ab, Aqp7 immunoreaction was found in
all germ cells (Fig. 5, A and A’). However, while the Aqp7
signals were the strongest in spermatogonia and spermatocytes,
both in the cytoplasm and the plasma membrane, the signals
decreased in spermatids and were detected only in the head of
tubular spermatozoa (Fig. 5A’, inset). Aqp8b polypeptides
were first observed in the plasma membrane of spermatids and
further strongly detected as a dotted-like pattern surrounding
the nucleus of spermatozoa (Fig. 5, C and C’). The
immunoreaction for Aqp9b was restricted to the plasma
membrane and cytoplasm of isolated or grouped interstitial

FIG. 2. Western blot analysis of aquaporins in gilthead seabream testis and spermatozoa. Approximately the same amount of protein (60 lg) of total
testis (T) and sperm (S) was loaded in each lane, and membranes were probed with the different seabream aquaporin-specific antibodies as indicated in
the top of each panel (A–G). Duplicated blots were run in parallel where immuno-incubation was performed using primary antibodies that had been
preadsorbed (Pread.) by the antigenic peptides to test for specificity. For Aqp1aa, -1ab, and -10b, additional protein extracts from sperm were also digested
with CIP or PNGase F prior to electrophoresis as indicated with plus or minus. Arrows indicate the target bands of the expected sizes based on in silico
determination of molecular masses. The arrowheads point to CIP and/or PNGase F products. Molecular mass markers (kDa) are on the left.
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cells, and based on their distribution and nucleus morphology,
they were most likely Leydig cells (Fig. 5, E and E’). Finally,
the expression pattern of Aqp10b in the testis was similar to
that of Aqp1ab and -7, with a strong staining in the plasma
membrane of spermatogonia, spermatocytes, and spermatids,
and also in both the head and flagellum of spermatozoa (Fig. 5,
G and H). The specificity of the staining for each aquaporin
was demonstrated by preincubation of antibodies with the
immunizing peptides, which completely abolished the immu-
noreactions in all cases (Fig. 4, E, G, and I, and Fig. 5, B, D, F,
and H). Altogether, the immunolocalization experiments
showed a complex pattern of aquaporin expression and

localization in the seabream testis (Table 1), where water as
well as solute transport seems to be required at the onset of
spermatogenesis

The expression of aquaporins in the seabream efferent duct
was subsequently examined by immunohistochemistry (Fig. 6).
In seabream males close to the spermiating phase, the efferent
duct is characterized by a multilayered and folded epithelium
showing regions of flat cells with a large vacuolated cytoplasm
(Fig. 6A), as well as other regions in which the apical folds of
the epithelial cells extend into the lumen and make contact with
spermatozoa (Fig. 6C). Surprisingly, the only aquaporin we
found expressed in the efferent duct epithelia was Aqp10b,
since the other antibodies tested did not result in specific
immunoreactions. Aqp1aa was, however, extensively ex-
pressed in the endothelia of blood vessels of the efferent duct
(data not shown). The aquaglyceroporin Aqp10b was detected
in the apical plasma membrane of the flat epithelial cells (Fig.
6B) as well as in the fibrous digitations enclosing spermatozoa
(Fig. 6C). In both cell types, the membrane surrounding some
of the intracellular vacuoles appeared to show Aqp10b
immunoreaction (Fig. 6, white arrowheads in B and D insets).
Preadsorption of the antiserum with the peptide led to a
complete absence of staining (Fig. 6, E and F).

Aquaporin Localization in Seabream Spermatozoa and
Changes During Motility Activation

The apparent differential expression of Aqp1aa, -1ab, -7,
-8b, and -10b in sperm cells was investigated in more detail by
immunofluorescence microscopy in ejaculated nonactivated
and seawater-activated spermatozoa (Fig. 7, A–O). As an
estimation of potential changes in aquaporin localization
during activation of sperm motility, the fluorescence intensity
of the immunoreaction for each antisera was measured in the
head, as well as in the anterior and posterior regions of the
flagellum (Fig. 7, P–T). The experiments indicated that Aqp1aa
was specifically present in the flagellum of spermatozoa being
homogenously distributed along its entire length (Fig. 7, A and
B). No changes in Aqp1aa fluorescence intensity could be
observed before or after motility activation (Fig. 7P). In
contrast, although apparently less abundant than Aqp1aa,
Aqp1ab was detected both in the plasma membrane of the head
as well as dispersed along the flagellum (Fig. 7D). Upon
activation, the immunostaining in the head appeared more
intense, whereas the midpiece (basal to the head) became
strongly labeled (Fig. 7E). Fluorescence measurements con-
firmed that Aqp1ab intensity in the head increased significant-
ly, whereas no changes were observed either in the anterior or
posterior tail (Fig. 7Q). Aqp7 was specifically located in the
head of nonactivated and activated spermatozoa as dots in the
plasma membrane, and its intensity or localization did not
appear to change upon motility activation (Fig. 7, G, H, and R).
Aqp8b was observed as diffuse areas around the nucleus in the
head, with additional signal intensity of the immunoreaction
stronger in the anterior part of the flagellum compared to the
posterior region, but with no apparent concentration in the
plasma membrane (Fig. 7J). After activation, total Aqp8b
presence in the head did not change, but the immunoreaction
almost completely relocated into the midpiece, with signifi-
cantly reduced signal in both the anterior and posterior tail
regions (Fig. 7, K and S). Finally, Aqp10b was observed in the
plasma membrane of the head, midpiece, and along the entire
flagellum, with slightly more abundance in the anterior part
(Fig. 7M). As noted for Aqp1ab, a strong increase in Aqp10b
immunofluorescence was observed in the head upon motility

FIG. 3. Functional characterization of gilthead seabream aquaporins in
X. laevis oocytes. Osmotic water permeability (P

f
; A) and glycerol and urea

uptake (B) of X. laevis oocytes injected with water as control or expressing
different seabream aquaporins. The P

f
was assayed in the presence or

absence of 0.1 mM HgCl
2
, and further incubation with 5 mM b-

mercaptoethanol (ME), before and during the swelling assays. In A and B,
values (mean 6 SEM; n¼ 10–15 oocytes) with an asterisk are significantly
(P , 0.01) different from water-injected oocytes, or between indicated
treatments, in a representative experiment.
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activation in seawater, whereas the immunoreaction in the
midpiece or the tail did not change (Fig. 7, N and T).

Since some of the aquaporins seemed to concentrate in the
midpiece of the spermatozoa, approximately where the single
mitochondrion of the seabream spermatozoon is confined [45],
we next studied whether aquaporins may colocalize with the
mitochondrion before or after activation. For these experi-
ments, nonmotile and motile spermatozoa were preincubated
with the mitochondrion-specific vital dye MitoTracker Red
CMXRos prior to immunofluorescence microscopy. The
results showed that Aqp1aa, -1ab, -7, and -10b were not found
in the mitochondrion, either in NAM-diluted (data not shown)
or in seawater-activated spermatozoa (Fig. 8, A–D). The same
observation was noted for Aqp8b in nonmotile spermatozoa
(Fig. 8E, left panel), but when motility was activated, Aqp8b

seemed to translocate to the inner membrane of the
mitochondrion (Fig. 8, E, right panel, and F).

Aquaporin Translocation to the Spermatozoa Plasma
Membrane During Activation

The previous experiments suggested that some aquaporins
are translocated into the spermatozoa plasma membrane during
the activation of motility. Western blots of protein extracts
from the plasma membrane of the head and flagella of
spermatozoa were conducted to confirm the existence of this
mechanism (Fig. 9). In these trials, the relative amount of each
aquaporin in the plasma membrane was estimated from
densitometric analyses of the reactive bands that corresponded
to the monomers (including both phosphorylated and non-
phosphorylated forms for Aqp1ab) in the plasma membrane

FIG. 4. Cellular localization of aquaporins in the gilthead seabream testis detected by immunofluorescence microscopy. A–C) Representative
histological sections of testes stained with hematoxylin and eosin. Bright field (D, F, and H) and immunofluorescence (D’, F’, and H’) microscopy images
of Aqp0a (D andD’), Aqp1aa (F and F’), and Aqp1ab (H andH’) localization. Sections were labeled with affinity-purified rabbit polyclonal antibodies. The
reactions were visualized with Cy3-conjugated sheep IgG (red) and the nuclei were counterstained with DAPI (blue). Aqp0a expression was confined to
Sertoli cells (arrows in D’), whereas Aqp1aa immunoreaction was found exclusively in spermatids and in the tail of spermatozoa (arrows in F’). Aqp1ab
polypeptides were detected in all the germ cells, from spermatogonia to spermatids (H’). Spermatozoa inside the seminiferous tubule were negative for
Aqp1ab (H’), but staining was detected in the head and tail of spermatozoa within the efferent duct (inset in H’). Arrowheads in D’ (inset), F’, and H’ point
to the plasma membrane. E, G, I) Control sections incubated with preabsorbed antisera were negative. src, Sertoli cell; lc, Leydig cell; sg, spermatogonia;
scI, spermatocyte type I; scII, spermatocyte type II; sd, spermatid; sz, spermatozoa.
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and total protein extracts (Fig. 9, A–D, right panels). As noted
in the immunofluorescence microscopy experiments, the
relative amount of Aqp1aa in the plasma membrane of the
flagella was much higher than in the head, and it did not
change after seawater activation (Fig. 9A). The same
observation was made for Aqp7 in the head, where the relative
amount in the plasma membrane remained unaffected by the
hyperosmotic shock (Fig. 9C). The positive Aqp1aa reaction in
the plasma membrane extract of the head, which was negative
in previous immunocytochemical experiments, was possibly
caused by the small contamination of the head preparation with
short fragments of the anterior part of the flagella attached to
the head, which were very difficult to separate (data not
shown).

FIG. 5. Cellular localization of aquaporins in the gilthead seabream testis detected by immunofluorescence microscopy. Bright field (A, C, E, and G) and
immunofluorescence (A’, C’, E’, and G’) microscopy images of Aqp7 (A and A’), Aqp8b (C and C’), Aqp9b (E and E’), and Aqp10b (G and G’) localization.
Sections were labeled with affinity-purified rabbit polyclonal antibodies, except the anti-Aqp10b antiserum, and reactions were visualized as in Figure 4.
Aqp7 and�10b immunoreactivities were found in all germ cells (A’ and G’, respectively). In spermatozoa, Aqp7 staining was restricted to the head (A’
inset), whereas that of Aqp10b was detected in the head and tail (arrows in G’). In contrast, Aqp8b polypeptides were detected only in spermatids and in
the head of spermatozoa (C’), while Aqp9b immunoreactions were specific to Leydig cells surrounding the seminiferous tubules (E’ and inset). Arrowheads
in A’, C’, E’ (inset), and G’ point to the plasma membrane. B, D, F, and H) Control sections incubated with preabsorbed antisera were negative.
Abbreviations as in Figure 4.

TABLE 1. Permeability properties and distribution of aquaporins in the
gilthead seabream testis.

Aquaporin Permeation preference Cell type*

Aqp0a Water Src
Aqp1aa Water Sd, Sz
Aqp1ab Water Sg, Sc, Sd, Sz
Aqp7 Water, glycerol, and urea Sg, Sc, Sd, Sz
Aqp8b Water and urea Sd, Sz
Aqp9b Water, glycerol, and urea Lc
Aqp10b Water, glycerol, and urea Sg, Sc, Sd, Sz

* Lc, Leydig cells; Src, Sertoli cells; Sg, spermatogonia; Sc, spermatocyte;
Sd, spermatid; Sz, spermatozoa.
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Unlike Aqp1aa and -7, seawater activation of spermatozoa
seemed to control the translocation of Aqp1ab, -8b, and -10b
into the plasma membrane. Thus, the relative amount of
Aqp1ab in the plasma membrane of the head, but not in the
flagella, was higher in activated compared to nonmotile
spermatozoa (Fig. 9B). In addition, although Aqp1ab in the
plasma membrane of spermatozoa seems to be partially
phosphorylated both in the head and flagellum independently
of activation, it appeared to be fully phosphorylated exclu-
sively in the head upon the hyperosmotic shock. A similar
scenario was observed for Aqp10b, which increased signifi-
cantly in the plasma membrane of the head, but not in the
flagella, during seawater activation (Fig. 9E). In the flagellum,
the Aqp10b polypeptides in the plasma membrane seem to be
more posttranslationally modified than in the head. In contrast
to Aqp1ab and -10b, the Aqp8b channel in the head of
spermatozoa appeared to be mostly intracellular, whereas in the
flagellum this aquaporin was inserted in the plasma membrane,
where its amount decreased in activated spermatozoa (Fig. 9D).

DISCUSSION

In the present study, we isolated five novel members of the
aquaporin superfamily in gilthead seabream in order to
investigate the potential role of multiple water channels in
the testicular physiology of marine teleosts. Bayesian and
maximum-likelihood analyses of the five novel members and

the previously isolated aquaporin transcripts and encoded
proteins [8, 32, 39] revealed that the seabream channels can be
classified as either classical aquaporins, Aqp0a, -1aa, -1ab, and
-4a, or as aquaglyceroporins, Aqp3a, -7, -9b, and -10b. To
validate the phylogenetic classification, the permeability
properties of the newly isolated channels were examined using
ex vivo expression in X. laevis oocytes. Accordingly, these
experiments confirmed that seabream Aqp0a is a water-
selective channel, whereas Aqp3a (data not shown), -7, and
-9b are permeable to water, glycerol, and urea. These data
show that the seabream aquaporins have the same permeability
preferences as the orthologs isolated from zebrafish [32] and
mammals [20, 46, 47]. An interesting result was that seabream
Aqp8b was highly permeable to urea in addition to water, but
failed to transport glycerol. Mammalian aquaglyceroporins and
AQP8 are known to be permeable to ammonia [48], but
whether AQP8 also transports urea is controversial [49–51].
The high urea permeability of seabream Aqp8b is, however,
not completely surprising, because zebrafish Aqp8aa, -8ab
[32], and -8b (Chauvigné, Boj, and Cerdà, unpublished data),
as well as the orthologs of Atlantic salmon [52], are all
permeable to urea. In addition, some of the zebrafish
(Chauvigné, Boj, and Cerdà, unpublished data) and Atlantic
salmon [52] Aqp8 paralogs, such as Aqp8ab and -8b, can also
transport glycerol, which is consistent with the fact that site-
directed mutagenesis can convert a strictly water-permeable
aquaporin into a channel permeable to ammonia alone or to

FIG. 6. Morphology of the testicular efferent duct of the gilthead seabream and immunohistochemical localization of Aqp10b. A, C) Histological
sections of the columnar epithelial cells (ec) of the efferent duct including spermatozoa (arrows) stained with hematoxylin and eosin. The multilayered and
folded duct epithelium shows regions with flat cells (A and inset) and other regions in which the apical folds of the epithelial cells extend into the lumen
(C), indicative of a highly active epithelium. Note the vacuolated cytoplasm (asterisks) of the epithelial cells in both cases. B, D) Localization of Aqp10b in
the duct epithelium. Sections were labeled with the anti-Aqp10b rabbit antiserum, and the presence of the antigen was visualized by the DAB method.
Brownish peroxidase reaction product indicates the location of Aqp10b. The Aqp10b immunoreaction (arrowheads) was restricted to the apical
membrane of flat and elongated epithelial cells (B and inset; D and inset). Aqp10b-positive signals were also noted apparently in the membrane of
cytoplasmic vesicles (B and D insets, white arrowheads). E and F) Control sections incubated with preabsorbed antisera (arrows point to spermatozoa).
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FIG. 7. Localization of aquaporins in ejaculated and seawater-activated spermatozoa of the gilthead seabream. Spermatozoa were diluted in NAM or
activated in seawater (SW) for;2 min and processed for immunofluorescence microscopy. Reactions were detected as in Figure 4. Representative bright field
(A–O, left panels) and immunofluorescence (A–O, right panels) microscopy images of Aqp1aa (A, B), Aqp1ab (D, E), Aqp7 (G, H), Aqp8b (J, K), and Aqp10b
(M,N) in NAM or SW-activated spermatozoa as indicated. In nonactivated spermatozoa, Aqp1aa and -7 immunoreactions were primarily localized to the tail
and head, respectively, whereas those of Aqp1ab, -8b, and -10b appeared in both the tail and head. In SW-activated spermatozoa, Aqp1aa and -7 did not
change significantly, whereas the Aqp1ab and -10b staining in the head was more prominent. In contrast, the Aqp8b immunoreaction in the tail decreased in
SW, while the staining concentrated completely in the basal region of the head, presumably where the sperm mitochondria is localized. C, F, I, L, and O)
Spermatozoa diluted in NAM probed with preadsorbed antibodies (Ab-P). P–T) Intensity of the immunofluorescence reactions (FI; arbitrary units) in the head
(H), anterior flagellum (AF), and posterior flagellum (PF) for each antibody. Data are the mean 6 SEM (n ¼ 25–50 spermatozoa from four to five males).
Values with an asterisk are significantly (P , 0.05) different between NAM- and SW-treated spermatozoa.
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ammonia, urea, and glycerol [48, 53]. However, the molecular
basis for seabream Aqp8b discriminating between urea and
glycerol permeation is yet unknown.

Expression of aqp0a, -1aa, -7, -8b, -9b, and -10b mRNAs
were each detected in the gilthead seabream testis by RT-PCR,
while the corresponding protein expression was demonstrated
by Western blotting using affinity-purified, paralog-specific
antibodies. The specificity of each antibody was confirmed by
the disappearance of target bands after adsorption with excess
antigen peptides. Immunoblotting, thus, revealed major bands
for all aquaporins at the expected monomer size around 25–32
kDa, but also a number of reactive polypeptides of higher
molecular mass for Aqp1aa, -1ab, and -10b but not for Aqp0a,
-7, -8b, and -9b. Such high-molecular-mass bands have been
previously observed for seabream Aqp1aa [7, 9] and for other
species of fish, including Aqp1ab in Atlantic halibut (Hippo-
glossus hippoglossus) [34], Aqp1aa and -8ab in Atlantic
salmon [54], Aqp11 in zebrafish [55], and Aqp4 in the spiny
dogfish (Squalus acanthias) [56]. These high–molecular-mass
bands appear to represent oligomers as well as variable
glycosylated and phosphorylated forms of the proteins. The
present results show that seabream Aqp1aa and -10b are
expressed in the testis and confirm the earlier report of their
expression in the ejaculated sperm of seabream [7]. In addition,
we found that the seabream Aqp1ab, which is highly expressed
in the oocyte and mediates oocyte hydration during meiotic
maturation [34, 37, 39, 57], is also synthesized and extensively
posttranslationally modified in the testis, as observed in the
ovary [37, 57]. This new finding agrees with the detection of
aqp1ab transcripts in the testis of the zebrafish [32], Japanese
eel (Anguilla japonica) [58], and Atlantic halibut [34], but
contrasts with data for the European eel (Anguilla anguilla)

[10], Senegalese sole (Solea senegalensis) [10], Stinging
catfish (Heteropneustes fossilis) [59], and half-smooth tongue
sole (Cynoglossus semilaevis) [60], in which the testicular
expression of aqp1ab has not been noted. These discrepancies
may be related to the much lower level of aqp1ab expression in
the testis compared to the ovary in species that produce highly
or moderately hydrated eggs (e.g., gilthead seabream, Europe-
an eel, or Stinging catfish), which may prevent the amplifica-
tion of aqp1ab transcripts when the same PCR conditions are
used for both tissues. The gilthead seabream thus expresses at
least seven distinct aquaporin paralogs in the testis, which
represents a slightly lower number than in the zebrafish, where
expression of aqp1aa, -1ab, -3a, -3b, -4, -7, -8aa, -10b, and -12
was reported [32]. Interestingly, the prevalence of aqp7 and
aqp8-like paralogs in the testis of both mammals and teleosts,
as well as the expression of aqp1aa, -1ab, and -10b between
evolutionary distant teleosts, indicates that their roles may be
conserved. However, because the complete genomic repertoire
of aquaporins in the gilthead seabream is not yet available, the
exact number of aquaporin paralogs expressed in the seabream
testis remains to be determined.

Immunofluorescence microscopy revealed that among the
seven aquaporins investigated in the seabream testis, only
Aqp0a and -9b are specifically localized in the Sertoli and
Leydig cells, respectively. The presence of these orthologs in
seabream Sertoli and Leydig cells is conserved with respect to
mammals since this has been previously reported in rats (Rattus
norvegicus) [12–14, 19, 61], although the expression of AQP9
was undetectable in the testis of the dog (Canis lupus
familiaris), fruit-eating bat (Artibeus lituratus), mouse (Mus
musculus), and human [47, 62–64]. Mammalian Sertoli and
Leydig cells also express the AQP8 and -0 orthologs,
respectively [12, 16, 65], and in avian species AQP5, which
is not conserved in the zebrafish genome [32], is specifically
found in Leydig cells [66]. Although Aqp8b protein expression
could not be demonstrated in seabream Sertoli cells, it is still
possible that other Aqp8 paralogs, such as Aqp8aa, which is
phylogenetically closer to the tetrapod AQP8 than to Aqp8b
[30], are present in these cells. Similarly, other seabream
aquaporin paralogs, including Aqp0b, which is detected in the
zebrafish testis at the mRNA level [32], may also be present in
Leydig cells. In the seabream, the function of Aqp9b in the
steroid-secreting Leydig cells is unknown, but in the Sertoli
cells, it is possible that Aqp0a is involved in the process of
hormone-induced hydration of the seminal fluid that occurs
during the spermiating phase in teleosts [67]. In addition, a
function of Aqp0a to maintain the barrier between the
interstitial/blood compartment and the lumen of the seminif-
erous tubules may also be considered, since this aquaporin also
plays a role in cell adhesion [68]. In rats, however, AQP0 is
mainly expressed in Sertoli cells delimitating seminiferous
tubules containing elongated spermatids [12], whereas in
seabream, Aqp0a is detected in Sertoli cells of cysts containing
all stages of the spermatogenic cells. Since we only studied
testes at the spermiating phase in the present study, it is
unknown whether seabream Aqp0a can be specifically up-
regulated in Sertoli cells at this stage.

The testicular pattern of germ cell growth from diploid
spermatogonia to spermatocytes and haploid spermatids, and
the subsequent differentiation into spermatozoa, are in general
similar between teleosts and mammals [69, 70]. The present
data for aquaporin expression in the seabream germ cells reveal
that the pattern is reminiscent of that in mammals [21]. In the
seabream, five different aquaporins, Aqp1aa, -1ab, -7, -8b, and
-10b, are expressed in differentiating germ cells, which may
highlight the importance of water and solute transport during

FIG. 8. Immunolocalization of aquaporins in mitochondria-labeled
gilthead seabream spermatozoa. Sperm diluted in NAM and preincubated
with the mitochondrion-specific vital dye MitoTraker Red CMXRos (red)
were processed directly, or after activation in seawater (SW), for
immunofluorescence microscopy (green). A, B) Neither Aqp1aa,-1ab, -7
nor -10b polypeptides (arrowheads) appeared to localize in the
mitochondria (arrows) of activated (A, B, C, and D, respectively) or
nonactivated (not shown) spermatozoa. E) In contrast, dilution of sperm
with SW induced the colocalization of the MitoTraker (arrows) and Aqp8b
(arrowheads) fluorescent signals (yellow) in the head, suggesting the
translocation of Aqp8b into the mitochondria in motile sperm. F)
Percentage of NAM and SW spermatozoa showing complete accumula-
tion of Aqp8b in the mitochondria. Data are the mean 6 SEM (n ¼ 150
spermatozoa from six males). ***P , 0.001 versus NAM-treated
spermatozoa.
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spermatogenesis. Their pattern of expression was, however, not
completely redundant, because although Aqp1ab, -7 and -10b
were detected in all germ cells, from spermatogonia to
spermatozoa, Aqp1aa and -8b were first noted only in haploid
spermatids and sperm. These findings suggest that Aqp1aa and
-8b may be needed during the spermiogenic phase of strong
cytoplasmic reduction and flagella formation, presumably
caused by an intense water efflux [71]. In line with this notion
is the observation that Aqp1aa is the only aquaporin found
abundantly distributed along the entire flagella of ejaculated
spermatozoa. Such a pattern of aquaporin expression in the
male germ cells of seabream is similar to that described in
tetrapods, since in these species AQP1 and -7 are localized in
round and/or elongated spermatids [21, 23, 24, 64, 66].
However, in mammals, it is quite likely that species-specific
differences in AQP8 localization in germ cells exist, including
restriction to certain spermatogenic cell types or to all germ
cells, or even exclusive expression in Sertoli cells [3]. In
addition, AQP11, an ortholog that has not been investigated in
the present study, is found in the caudal cytoplasm of

elongating spermatids of rodents, where it might be involved
in the release of the residual body [22].

Aquaporin expression in the seabream efferent duct was
also investigated in the present study. In mammals, the efferent
duct, together with the epididymis, are responsible for the
reabsorption of seminal fluid and the release of nutritional
factors that allow sperm concentration and cell survival [72].
Teleosts do not develop a proper epididymis but show
spermatic ducts and testicular efferent ducts, which are also
involved in the storage, nutrition, and resorption of spermato-
zoa [73]. In the mammalian efferent duct and epididymis, a
broad expression of aquaporins is found, where AQP1, -3, -9,
and -10 are detected in ciliated and nonciliated epithelial cells
[12, 13, 18, 19]. In the efferent duct of spermiating seabream,
we could only consistently detect Aqp10b polypeptides, which
were localized in the plasma membrane of the luminal
epithelial cells. As suggested for the rat epididymis [74], the
expression of the glycerol-transporting Aqp10b paralog in the
seabream efferent duct may mediate water transport and
provide glycerol as an aerobic metabolic substrate for
spermatozoa [75, 76].

FIG. 9. Relative amount of aquaporin polypeptides in the plasma membrane of gilthead seabream spermatozoa before and after motility activation. A–E)
Representative Western blots of sperm total protein extracts (S-TP; 60 lg) and plasma membrane extracts (PM; 40 lg) of intact sperm (S) and spermatozoa
head (H) and flagellum (F) probed with the different aquaporin antibodies as indicated. Samples were taken from NAM and SW sperm. A 30-kDa
molecular mass marker is shown on the left of each blot. On the right of each panel is the relative amount (mean 6 SEM; n¼ 5 males) of each aquaporin
monomer in the PM with respect to its amount in the total protein extract determined by densitometric analysis of the reactive bands. For Aqp1ab, both
phosphorylated and nonphosphorylated forms were taken for the analysis. Values with an asterisk are significantly (P, 0.05) different between NAM- and
SW-treated spermatozoa.
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Immunolocalization and Western blotting confirmed that the
five aquaporins present in seabream intratubular spermatozoa,
Aqp1aa, -1ab, -7, -8b, and -10b, persisted in the ejaculated
sperm, even though aqp1ab, -7, and -8b mRNAs were not
detectable. Such differences in positive detection between PCR
and Western blotting have been observed previously in human
ejaculated spermatozoa [21] and may be related to the
degradation of the aqp1ab, -7, and -8b mRNAs after synthesis
of the proteins in the testis. In any event, our immunofluores-
cence microscopy studies showed specific spatial distributions
of the aquaporins in ejaculated spermatozoa of seabream,
where Aqp1aa and -7 are restricted to the flagellum and head,
respectively, whereas Aqp1ab, -8b, and -10b are present in
both regions, although in the flagellum they appeared to be
more accumulated in the anterior region. In addition, the
Western blot analyses indicated that in nonactivated sperma-
tozoa the amount of Aqp1ab and -10b in the plasma membrane
seems to be lower than that of Aqp1aa, -7, or -8b. The
spermatozoa of mammals also express the AQP7 and -8
orthologs, but their localization differs from that in the
seabream, since AQP7 is localized in the cytoplasmic droplet
and/or the middle piece of the tail and AQP8 is present as a
punctuated pattern in the cytoplasmic droplet and along the tail
[21, 24, 26, 77]. The expression of Aqp10b in the head and
flagella of seabream spermatozoa agrees with our previous
report [7], but this is not the case for Aqp1aa, which was
previously detected in the head and tail. In the present study we
found the Aqp1aa protein exclusively localized along the entire
flagellum. This inconsistency is most likely caused by the
immunohistochemical protocol employed, since in the previous
study we used peroxidase staining, whereas the present work
employed immunofluorescence, which is more sensitive and
allowed us to use a 100-fold higher dilution of the same
primary antibody with respect to the previous report. In
addition, in the present study, preincubation of the antiserum
with the antigenic peptide completely removed positive
immunofluorescence signals in the flagellum. These data
strongly suggest that seabream Aqp1aa is present only in the
flagellum of spermatozoa, which differs from mammals, where
the expression of AQP1 in spermatozoa has not been
consistently demonstrated except for canine spermatozoa,
although there was no report on the localization of the protein
[78]. In mice and humans, AQP11 is localized at the end piece
of the sperm flagellum just prior to spermiation [22], and
AQP3 is in the principal piece of the sperm tail, where it is
possibly involved in sperm volume regulation during oviductal
migration [28]. In the seabream, we could not confirm aqp3a
expression at the mRNA level in the testis or sperm, but
whether the Aqp3b protein is present in seabream spermatozoa
needs to be conclusively determined using specific antibodies.

The spatial segregation of aquaporins in the ejaculated
sperm of seabream is consistent with the hypothesis that these
channels may play different roles during the seawater
activation or maintenance of sperm motility in marine teleosts
[1, 7, 11, 79–81]. In our previous work, we confirmed that both
Aqp1aa and -10b were present in seabream spermatozoa and
concluded that Aqp1aa possibly mediates the water efflux
during the hyperosmotic shock required for sperm activation,
whereas Aqp10b may be involved in the maintenance of
motility [7]. This conclusion was based on the observation that
mercury inhibited Aqp1aa- and -10b-mediated water transport
in X. laevis oocytes [7–9], as well as sperm activation and the
associated phosphorylation and dephosphorylation events [7,
29]. Both effects can be recovered with b-mercaptoethanol, to
which HgCl

2
-inhibited Aqp10b is not sensitive [7, 8]. In the

present study, however, we demonstrated that seabream

spermatozoa express not only Aqp1aa and -10b but also
Aqp1ab, -7, and -8b. In addition, immunofluorescence
microscopy and Western blotting of purified plasma mem-
branes of head- and tail-enriched fractions indicate that Aqp1aa
and -7 localization do not change during activation of
spermatozoa motility in seawater, whereas the amount of
Aqp1ab and -10b in the head plasma membrane is significantly
increased. These findings show that rather than Aqp1aa and
-10b being translocated to the plasma membrane, as suggested
by Zilli et al. [7], it is the Aqp1ab and -10b channels that are
inserted into the plasma membrane during spermatozoan
activation. This observation, together with the fact that
mercurial inhibition of seabream Aqp1ab and -7 can be
reversed by b-mercaptoethanol as in Aqp1aa [10, 39] and that
phosphorylated Aqp1ab accumulates in the plasma membrane
upon activation, uncovers a role of Aqp1ab rather than of
Aqp1aa in the hyperosmotic activation of sperm motility in
seabream. However, because Aqp1aa polypeptides are distrib-
uted along the entire flagellum of both nonmotile and motile
spermatozoa, it is still plausible that Aqp1aa plays an important
role in activating or maintaining the flagella movement.
Interestingly, the phosphorylated form of Aqp1ab is retained
in the cytoplasm when ectopically expressed in X. laevis
oocytes, which is contrary to what seems to be the case in
seabream spermatozoa [10]. Future studies will, therefore, be
required to elucidate the specific contribution of Aqp1aa and
-1ab in the mechanism of initiation and maintenance of sperm
motility in the gilthead seabream, as well as their trafficking
regulation.

The occurrence of AQP7 and -8 orthologs in seabream
spermatozoa, as well as in the testis, is conserved with respect
to mammals, suggesting that these channels may be essential
for sperm physiology in vertebrates. However, the roles of
testicular AQP7 and -8 in tetrapods remain intriguing because
knockout mice models show normal spermatogenesis, sperm
morphology, and kinematic characteristics [82, 83], although
AQP8 may be a candidate for the control of volume regulation
of murine spermatozoa [27]. In seabream, there is redundant
expression of two aquaglyceroporins in ejaculated sperm,
Aqp7 and -10b, which are differentially regulated during sperm
activation. The physiological significance of this dual expres-
sion is unknown, although the presence of Aqp7 might be
reminiscent of its role in glycerol utilization in energy
metabolism in sperm of the seminiferous tubules or in the
efferent duct. Nevertheless, in this study we found that during
seawater activation, seabream Aqp8b is relocated from the
plasma membrane of the anterior flagellum into the mitochon-
drion of spermatozoa, which did not occur for the other
aquaporins. Although such a mechanism for AQP8 has not
been previously observed in mammalian sperm, the accumu-
lation of AQP7 in the mitochondria of human activated
spermatozoa [26], as well as the presence of AQP8 in the inner
membrane of the mitochondria of several tissues [84–87], has
been reported. Since AQP7 and -8 are permeable to ammonia
in addition to water and solutes [48, 88], and AQP8 does not
appear to contribute greatly to the facilitated transport of water
across the mitochondrial membrane [82, 89, 90], it is plausible
that the major function of mitochondrial AQP8 is ammonia
diffusional transport [90]. In the liver and renal proximal tubule
cells, AQP8 may be involved in mitochondrial ammonia
detoxification during amino acid metabolism via ureagenesis
(urea cycle) [90] or by facilitating ammonia excretion by the
apical Naþ/Hþ

exchanger NHE3, thus restoring the acid-base
balance [87]. However, because AQP8 is also permeable to
hydrogen peroxide (H

2
O
2
), the potential relevance of mito-

chondrial AQP8 in the generation of reactive oxygen species

CHAUVIGNÉ ET AL.
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(ROS) can also be considered [91, 92]. Teleost Aqp8 orthologs
are potentially permeable to ammonia and H

2
O
2
, since they

show the structural features common to mammalian AQP8,
which allow these molecules to pass [30]. Therefore, in spite of
its high urea conductance, it is possible that Aqp8b in the
mitochondria of activated seabream sperm is involved in the
release from the mitochondrial matrix of H

2
O
2
and ammonia,

which are generated from oxidative phosphorylation and amino
acid metabolism occurring during the swimming phase of
marine fish spermatozoa [93]. This mechanism would help to
prevent the deleterious consequences of hyperammonemia in
swimming spermatozoa, as well as ROS-induced mitochondrial
dysfunction and subsequent cell death [90, 94]. The ability of
teleost Aqp8 orthologs to permeate ammonia or H

2
O
2
has,

however, not yet been demonstrated and, therefore, this
hypothesis should be investigated.

In conclusion, by using both immunohistochemical and
biochemical approaches, we established for the first time the
presence of up to seven different aquaporin paralogs in the
male reproductive tract of a nonmammalian vertebrate. The
data show that the expression pattern and localization of
several aquaporins in the testis as well as in ejaculated and
activated spermatozoa is strikingly similar to that described in
mammals. Our findings strongly suggest that aquaporins may
play different but overlapping roles during spermatogenesis
and spermiogenesis in marine teleosts, with selected paralogs
being rapidly redistributed to the spermatozoan plasma
membrane for the initiation and maintenance of sperm motility.
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21. Yeung CH, Callies C, Tüttelmann F, Kliesch S, Cooper TG. Aquaporins in
the human testis and spermatozoa—identification, involvement in sperm
volume regulation and clinical relevance. Int J Androl 2010; 33:629–641.

22. Yeung CH, Cooper TG. Aquaporin AQP11 in the testis: molecular identity
and association with the processing of residual cytoplasm of elongated
spermatids. Reproduction 2010; 139:209–216.

23. Calamita G, Mazzone A, Cho YS, Valenti G, Svelto M. Expression and
localization of the aquaporin-8 water channel in rat testis. Biol Reprod
2001; 64:1660–1666.

24. Saito K, Kageyama Y, Okada Y, Kawakami S, Kihara K, Ishibashi K,
Sasaki S. Localization of aquaporin-7 in human testis and ejaculated
sperm: possible involvement in maintenance of sperm quality. J Urol
2004; 172:2073–2076.

25. Morishita Y, Matsuzaki T, Hara-chikuma M, Andoo A, Shimono M,
Matsuki A, Kobayashi K, Ikeda M, Yamamoto T, Verkman A, Kusano E,
Ookawara S, et al. Disruption of aquaporin-11 produces polycystic
kidneys following vacuolization of the proximal tubule. Mol Cell Biol
2005; 25:7770–7779.

26. Moretti E, Terzuoli G, Mazzi L, Iacoponi F, Collodel G. Immunolocal-
ization of aquaporin 7 in human sperm and its relationship with semen
parameters. Syst Biol Reprod Med 2012; 58:129–135.

27. Yeung CH, Callies C, Rojek A, Nielsen S, Cooper TG. Aquaporin
isoforms involved in physiological volume regulation of murine
spermatozoa. Biol Reprod 2009; 80:350–357.

28. Chen Q, Peng H, Lei L, Zhang Y, Kuang H, Cao Y, Shi QX, Ma T, Duan
E. Aquaporin3 is a sperm water channel essential for postcopulatory sperm
osmoadaptation and migration. Cell Res 2011; 21:922–933.

29. Zilli L, Beirão J, Schiavone R, Herraez MP, Cabrita E, Storelli C, Vilella
S. Aquaporin inhibition changes protein phosphorylation pattern following
sperm motility activation in fish. Theriogenology 2011; 76:737–744.
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Cerdà J. The zebrafish genome encodes the largest vertebrate repertoire of
functional aquaporins with dual paralogy and substrate specificities similar
to mammals. BMC Evol Biol 2010; 10:38.
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proteolysis and aquaporin-1o play essential roles to regulate fish oocyte
hydration during meiosis resumption. Dev Biol 2006; 295:250–262.

38. Zampighi GA, Kreman M, Boorer KJ, Loo DDF, Bezanilla F, Chandy G,

AQUAPORINS IN TELEOST TESTIS AND SPERM

75



Hall JE, Wright EM. A method for determining the unitary functional
capacity of cloned channels and transporters expressed in Xenopus laevis
oocytes. J Membr Biol 1995; 148:65–78.
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Supplemental FIG. S1. RT-PCR analysis of aquaporin gene expression. (A) Oligonucleotide primers used for RT-
PCR. (B) Representative RT-PCR analysis of aquaporin gene expression in gilthead seabream testis and 
spermatozoa. In all panels: lane 1, cDNA plasmid; lane 2, RNA from testis; lane 3, RNA from spermatozoa; lane 
4, genomic DNA; lane 5, plasmid with a partial genomic sequence. The arrows indicate transcripts, whereas the 
arrowheads indicate PCR genomic products. The size (kb) of PCR products and molecular markers are indicated 
on the left. 
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Supplemental FIG. S2. Western blot of total membranes of X. laevis oocytes injected with water (control) or 
expressing different seabream aquaporins. Control and aquaporin (15 ng cRNA)-injected oocytes were 
homogenized in HbA buffer (20 mM Tris, pH 7.4, 5 mM MgCl2, 5 mM NaH2PO4, 1 mM EDTA, 80 mM sucrose, 
and cocktail of protease inhibitors (Roche), and centrifuged at 300 x g twice for 5 min each at 4°C. The 
supernatant containing total membranes was pelleted by 20 min centrifugation at 18,000 x g at 4°C, and 
resuspended in Laemmli sample buffer (5 μl per oocyte). Three oocyte equivalents were loaded per lane. 
Membranes were probed with different anti-aquaporin antibodies as indicated. Note that none of the antisera 
showed cross-reactivity with another aquaporin. Molecular mass markers (kDa) are on the left. 
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Supplemental TABLE S1. List of accession numbers used in the study 

Accession # ortholog Animal Species Rank Order Family 

AQP0 
ENSP00000257979 AQP0 Human Homo sapiens Euarchontoglires Primates Hominidae 

ENSSHAP00000002808 AQP0 Tasmanian devil Sarcophilus harrisii Metatheria Dasyuromorphia Dasyuridae 
ENSACAP00000016272 AQP0 Green anole Anolis carolinensis Lepidosauria Squamata Iguanidae 

ENSXETP00000047158 AQP0 Western clawed frog Xenopus (Silurana) tropicalis Amphibia Anura Pipidae 

ENSTRUP00000040095 Aqp0a Torafugu Takifugu rubripes Acanthopterygii Tetraodontiformes Tetraodontidae 
ENSTNIP00000018156 Aqp0a Green-spotted pufferfish Tetraodon nigroviridis Acanthopterygii Tetraodontiformes Tetraodontidae 

KC589385 Aqp0a Gilthead seabream Sparus aurata Acanthopterygii Perciformes Sparidae 

ENSONIP00000015031 Aqp0a Nile tilapia Oreochromis niloticus Acanthopterygii Perciformes Cichlidae 
ENSGACP00000011234 Aqp0a Three-spined stickleback Gasterosteus aculeatus Acanthopterygii Gasterosteiformes Gasterosteidae 

ENSORLP00000025045 Aqp0a Japanese medaka Oryzias latipes Acanthopterygii Beloniformes Adrianichthyidae 

AAF04146 Aqp0a Common mummichog Fundulus heteroclitus Acanthopterygii Cyprinodontiformes Fundulidae 
ENSXMAP00000010636 Aqp0a Southern platyfish Xiphophorus maculatus Acanthopterygii Cyprinodontiformes Poeciliidae 

ENSGMOP00000008858 Aqp0a Atlantic cod Gadus morhua Paracanthopterygii Gadiformes Gadidae 

AFQ36921 Aqp0a Chum salmon Oncorhynchus keta Protacanthopterygii Salmoniformes Salmonidae 
AGKD01164501 Aqp0a1 Atlantic salmon Salmo salar Protacanthopterygii Salmoniformes Salmonidae 

AGKD01193927 Aqp0a2 Atlantic salmon Salmo salar Protacanthopterygii Salmoniformes Salmonidae 

DT359524 Aqp0a Fathead minnow Pimephales promelas Ostariophysi Cypriniformes Cyprinidae 
FJ666326/ENSDARP00000054237 Aqp0a Zebrafish Danio rerio Ostariophysi Cypriniformes Cyprinidae 

ENSTRUP00000009786 Aqp0b Torafugu Takifugu rubripes Acanthopterygii Tetraodontiformes Tetraodontidae 

ENSTNIP00000015570 Aqp0b Green-spotted pufferfish Tetraodon nigroviridis Acanthopterygii Tetraodontiformes Tetraodontidae 
ENSONIP00000021524 Aqp0b Nile tilapia Oreochromis niloticus Acanthopterygii Perciformes Cichlidae 

ENSGACP00000020083 Aqp0b Three-spined stickleback Gasterosteus aculeatus Acanthopterygii Gasterosteiformes Gasterosteidae 

ENSORLP00000015228 Aqp0b Medaka Oryzias latipes Acanthopterygii Beloniformes Adrianichthyidae 
ES379168 Aqp0b Guppy Poecilia reticulata Acanthopterygii Cyprinodontiformes Poeciliidae 

ENSXMAP00000017496 Aqp0b Southern platyfish Xiphophorus maculatus Acanthopterygii Cyprinodontiformes Poeciliidae 

ENSGMOP00000001121 Aqp0b Atlantic cod Gadus morhua Paracanthopterygii Gadiformes Gadidae 
AGKD01047775 Aqp0b1 Atlantic salmon Salmo salar Protacanthopterygii Salmoniformes Salmonidae 

AGKD01117189 Aqp0b2 Atlantic salmon Salmo salar Protacanthopterygii Salmoniformes Salmonidae 

FJ655389/ENSDARP00000005361 Aqp0b Zebrafish Danio rerio Ostariophysi Cypriniformes Cyprinidae 

AQP1 
ENSP00000311165 AQP1 Human Homo sapiens Euarchontoglires Primates Hominidae 

ENSMEUP00000007054 AQP1 Tammar wallaby Macropus eugenii Metatheria Diprotodontia Macropodidae 
ENSGALP00000008350 AQP1 Chicken Gallus gallus Aves Galliformes Phasianidae 

NP_001085391 AQP1 African clawed frog Xenopus laevis Amphibia Anura Pipidae 

ENSTRUP00000034715 Aqp1aa Torafugu Takifugu rubripes Acanthopterygii Tetraodontiformes Tetraodontidae 
ADG86337 Aqp1aa Mefugu Takifugu obscurus Acanthopterygii Tetraodontiformes Tetraodontidae 

ENSTNIP00000011311 Aqp1aa Green-spotted pufferfish Tetraodon nigroviridis Acanthopterygii Tetraodontiformes Tetraodontidae 

HQ185294 Aqp1aa Atlantic halibut Hippoglossus hippoglossus Acanthopterygii Pleuronectiformes Pleuronectidae 
FE042295 Aqp1aa Japanese flounder Paralichthys olivaceus Acanthopterygii Pleuronectiformes Paralichthyidae 

ABK20157 Aqp1aa Senegalese sole Solea senegalensis Acanthopterygii Pleuronectiformes Soleidae 

ADG21868 Aqp1aa Half-smooth tongue sole Cynoglossus semilaevis Acanthopterygii Pleuronectiformes Cynoglossidae 
AAV34610 Aqp1aa Gilthead seabream Sparus aurata Acanthopterygii Perciformes Sparidae 

AEG78286 Aqp1aa Silver seabream Rhabdosargus sarba Acanthopterygii Perciformes Sparidae 

AEU08496 Aqp1aa White seabream Diplodus sargus Acanthopterygii Perciformes Sparidae 
ABO38816 Aqp1aa Black porgy Acanthopagrus schlegelii Acanthopterygii Perciformes Sparidae 

ADO60022 Aqp1aa Fire clownfish Amphiprion melanopus Acanthopterygii Perciformes Pomacentridae 

GW669182 Aqp1aa Mi-iuy croaker Miichthys miiuy Acanthopterygii Perciformes Sciaenidae 
AAV34607 Aqp1aa Black seabass Centropristis striata Acanthopterygii Perciformes Serranidae 

GO570422 Aqp1aa Yellow perch Perca flavescens Acanthopterygii Perciformes Percidae 

ABI95464 Aqp1aa European seabass Dicentrarchus labrax Acanthopterygii Perciformes Moronidae 
ENSONIP00000011870 Aqp1aa Nile tilapia Oreochromis niloticus Acanthopterygii Perciformes Cichlidae 

AGF30363 Aqp1aa Climbing perch Anabas testudineus Acanthopterygii Perciformes Anabantidae 

FE196516 Aqp1aa Antarctic toothfish Dissostichus mawsoni Acanthopterygii Perciformes Nototheniidae 
EW976757 Aqp1aa Grass rockfish Sebastes rastrelliger Acanthopterygii Scorpaeniformes Gasterosteidae 

ENSGACP00000022980 Aqp1aa Three-spined stickleback Gasterosteus aculeatus Acanthopterygii Gasterosteiformes Gasterosteidae 

ENSORLP00000022052 Aqp1aa Japanese medaka Oryzias latipes Acanthopterygii Beloniformes Adrianichthyidae 
ACI49538 Aqp1aa Common mummichog Fundulus heteroclitus Acanthopterygii Cyprinodontiformes Fundulidae 

ENSXMAP00000005883 Aqp1aa Southern platyfish Xiphophorus maculatus Acanthopterygii Cyprinodontiformes Poeciliidae 

ENSGMOP00000012296 Aqp1aa Atlantic cod Gadus morhua Paracanthopterygii Gadiformes Gadidae 

80



ACO09149 Aqp1aa Rainbow smelt Osmerus mordax Protacanthopterygii Osmeriformes Osmeridae 

CA378544 Aqp1aa Rainbow trout Oncorhynchus mykiss Protacanthopterygii Salmoniformes Salmonidae 
AGKD01005533/ACI66426 Aqp1aa1 Atlantic salmon Salmo salar Protacanthopterygii Salmoniformes Salmonidae 

AGKD01009244/ACI67627 Aqp1aa2 Atlantic salmon Salmo salar Protacanthopterygii Salmoniformes Salmonidae 

ACO13816 Aqp1aa Northern pike Esox lucius Neognathi Esociformes Esocidae 
DT351671 Aqp1aa Fathead minnow Pimephales promelas Ostariophysi Cypriniformes Cyprinidae 

AY626937/ENSDARP00000036702 Aqp1aa Zebrafish Danio rerio Ostariophysi Cypriniformes Cyprinidae 

CAD92027 Aqp1aa European eel Anguilla anguilla Elopomorpha Anguilliformes Anguillidae 
BAC82110 Aqp1aa1 Japanese eel Anguilla japonica Elopomorpha Anguilliformes Anguillidae 

BAC82109 Aqp1aa2 Japanese eel Anguilla japonica Elopomorpha Anguilliformes Anguillidae 

ENSTRUP00000034674 Aqp1ab Torafugu Takifugu rubripes Acanthopterygii Tetraodontiformes Tetraodontidae 
ENSTNIP00000001573 Aqp1ab Green-spotted pufferfish Tetraodon nigroviridis Acanthopterygii Tetraodontiformes Tetraodontidae 

HQ185295 Aqp1ab Atlantic halibut Hippoglossus hippoglossus Acanthopterygii Pleuronectiformes Pleuronectidae 

AAV34612 Aqp1ab Senegalese sole Solea senegalensis Acanthopterygii Pleuronectiformes Soleidae 
EF011740 Aqp1ab Gilthead seabream Sparus aurata Acanthopterygii Perciformes Sparidae 

EG630605 Aqp1ab Northern bluefin tuna Thunnus thynnus Acanthopterygii Perciformes Scombridae 

XP_003438132 Aqp1ab Nile tilapia Oreochromis niloticus Acanthopterygii Perciformes Cichlidae 
ENSGACP00000022968 Aqp1ab Three-spined stickleback Gasterosteus aculeatus Acanthopterygii Gasterosteiformes Gasterosteidae 

EV383061 Aqp1ab Sockeye salmon Oncorhynchus nerka Protacanthopterygii Salmoniformes Salmonidae 

AGKD01338342 Aqp1ab1 Atlantic salmon Salmo salar Protacanthopterygii Salmoniformes Salmonidae 
ACI33306/NP_001133472/AGKD01009244 Aqp1ab2 Atlantic salmon Salmo salar Protacanthopterygii Salmoniformes Salmonidae 

EU327345/ENSDARP00000110131 Aqp1ab Zebrafish Danio rerio Ostariophysi Cypriniformes Cyprinidae 

CK418363 Aqp1ab Channel catfish Ictalurus punctatus Ostariophysi Siluriformes Ictaluridae 
HM051492 Aqp1ab Stinging catfish Heteropneustes fossilis Ostariophysi Siluriformes Heteropneustidae 

ABM26906/CAD92028 Aqp1ab European eel Anguilla anguilla Elopomorpha Anguilliformes Anguillidae 

BAK53383 Aqp1ab Japanese eel Anguilla japonica Elopomorpha Anguilliformes Anguillidae 

AQP3 
ENSP00000297991 AQP3 Human Homo sapiens Euarchontoglires Primates Hominidae 
ENSSHAP00000003616 AQP3 Tasmanian devil Sarcophilus harrisii Metatheria Dasyuromorphia Dasyuridae 

ENSGALP00000003859 AQP3 Chicken Gallus gallus Aves Galliformes Phasianidae 

NP_001081876 AQP3 African clawed frog Xenopus laevis Amphibia Anura Pipidae 

ENSTRUP00000012922 Aqp3a Torafugu Takifugu rubripes Acanthopterygii Tetraodontiformes Tetraodontidae 

ADG86338 Aqp3a Mefugu Takifugu obscurus Acanthopterygii Tetraodontiformes Tetraodontidae 

ENSTNIP00000006428 Aqp3a Green-spotted pufferfish Tetraodon nigroviridis Acanthopterygii Tetraodontiformes Tetraodontidae 
KC589386 Aqp3a Gilthead seabream Sparus aurata Acanthopterygii Perciformes Sparidae 

DQ333306 Aqp3a Gold-lined seabream Rhabdosargus sarba Acanthopterygii Perciformes Sparidae 

ENSONIP00000020098 Aqp3a Nile tilapia Oreochromis niloticus Acanthopterygii Perciformes Cichlidae 
BAD20708 Aqp3a Mozamique tilapia Oreochromis mossambicus Acanthopterygii Perciformes Cichlidae 

DY630346 Aqp3a Burton's mouthbrooder Haplochromis burtoni Acanthopterygii Perciformes Cichlidae 

BJ686705 Aqp3a Victoria thick-lips mouthbrooderHaplochromis chilotes Acanthopterygii Perciformes Cichlidae 
BJ690402 Aqp3a Redtail sheller Haplochromis sp. Acanthopterygii Perciformes Cichlidae 

ENSGACP00000013694 Aqp3a Three-spined stickleback Gasterosteus aculeatus Acanthopterygii Gasterosteiformes Gasterosteidae 

ENSORLP00000012759 Aqp3a Japanese medaka Oryzias latipes Acanthopterygii Beloniformes Adrianichthyidae 
ACI49539 Aqp3a Common mummichog Fundulus heteroclitus Acanthopterygii Cyprinodontiformes Fundulidae 

ES375494 Aqp3a Guppy Poecilia reticulata Acanthopterygii Cyprinodontiformes Poeciliidae 

ENSXMAP00000019454 Aqp3a Southern platyfish Xiphophorus maculatus Acanthopterygii Cyprinodontiformes Poeciliidae 
FF416557/ENSGMOP00000000666 Aqp3a Atlantic cod Gadus morhua Paracanthopterygii Gadiformes Gadidae 

AGKD01094322/AGKD01056897 Aqp3a1 Atlantic salmon Salmo salar Protacanthopterygii Salmoniformes Salmonidae 

AGKD01068849/AGKD01149541 Aqp3a2 Atlantic salmon Salmo salar Protacanthopterygii Salmoniformes Salmonidae 
EX885773 Aqp3a Common carp Cyprinus carpio Ostariophysi Cypriniformes Cyprinidae 

AM928312 Aqp3a Goldfish Carassius auratus Ostariophysi Cypriniformes Cyprinidae 

BAB83082 Aqp3a Big-scaled redfin Tribolodon hakonensis Ostariophysi Cypriniformes Cyprinidae 
EU341833/ENSDARP00000018463 Aqp3a Zebrafish Danio rerio Ostariophysi Cypriniformes Cyprinidae 

CV987951 Aqp3a Channel catfish Ictalurus punctatus Ostariophysi Siluriformes Ictaluridae 

ENSONIP00000020110 Aqp3b Nile tilapia Oreochromis niloticus Acanthopterygii Perciformes Cichlidae 
FF411765/CAEA01538197/ENSGMOP000
00008635 Aqp3b Atlantic cod Gadus morhua Paracanthopterygii Gadiformes Gadidae 

CU071888 Aqp3b Rainbow trout Oncorhynchus mykiss Protacanthopterygii Salmoniformes Salmonidae 

AGKD01002624 Aqp3b1 Atlantic salmon Salmo salar Protacanthopterygii Salmoniformes Salmonidae 
AGKD01215587 Aqp3b2 Atlantic salmon Salmo salar Protacanthopterygii Salmoniformes Salmonidae 

DT136147 Aqp3b Fathead minnow Pimephales promelas Ostariophysi Cypriniformes Cyprinidae 

EU341832/ENSDARP00000092015 Aqp3b Zebrafish Danio rerio Ostariophysi Cypriniformes Cyprinidae 
CAC85286 Aqp3b European eel Anguilla anguilla Elopomorpha Anguilliformes Anguillidae 

BAH89253 Aqp3b Japanese eel Anguilla japonica Elopomorpha Anguilliformes Anguillidae 

AQP4 
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ENSP00000372654 AQP4 Human Homo sapiens Euarchontoglires Primates Hominidae 

ENSSHAP00000017636 AQP4 Tasmanian devil Sarcophilus harrisii Metatheria Dasyuromorphia Dasyuridae 
ENSGALP00000024367 AQP4 Chicken Gallus gallus Aves Galliformes Phasianidae 

NP_001124421 AQP4 African clawed frog Xenopus laevis Amphibia Anura Pipidae 

ENSTRUP00000021667 Aqp4a Torafugu Takifugu rubripes Acanthopterygii Tetraodontiformes Tetraodontidae 
BAL44699 Aqp4a Mefugu Takifugu obscurus Acanthopterygii Tetraodontiformes Tetraodontidae 

ENSTNIP00000018275 Aqp4a Green-spotted pufferfish Tetraodon nigroviridis Acanthopterygii Tetraodontiformes Tetraodontidae 

FM156410 Aqp4a Gilthead seabream Sparus aurata Acanthopterygii Perciformes Sparidae 
FM027211 Aqp4a European seabass Dicentrarchus labrax Acanthopterygii Perciformes Moronidae 

ENSONIP00000012221 Aqp4a Nile tilapia Oreochromis niloticus Acanthopterygii Perciformes Cichlidae 

CBH76623 Aqp4a Mozamique tilapia Oreochromis mossambicus Acanthopterygii Perciformes Cichlidae 
AFNZ01000609 Aqp4a Burton's mouthbrooder Haplochromis burtoni Acanthopterygii Perciformes Cichlidae 

AGTA02006339 Aqp4a Zebra mbuna Maylandia zebra Acanthopterygii Perciformes Cichlidae 

AFNX01002653 Aqp4a Red mwanza Pundamilia nyererei Acanthopterygii Perciformes Cichlidae 
AFNY01017713 Aqp4a Lyretail cichlid Neolamprologus brichardi Acanthopterygii Perciformes Cichlidae 

ENSGACP00000017439 Aqp4a Three-spined stickleback Gasterosteus aculeatus Acanthopterygii Gasterosteiformes Gasterosteidae 

ENSORLP00000021288 Aqp4a Japanese medaka Oryzias latipes Acanthopterygii Beloniformes Adrianichthyidae 
AGAJ01002422/ENSXMAP00000016690 Aqp4a Southern platyfish Xiphophorus maculatus Acanthopterygii Cyprinodontiformes Poeciliidae 

ENSGMOP00000003113 Aqp4a Atlantic cod Gadus morhua Paracanthopterygii Gadiformes Gadidae 

BX885214 Aqp4a Rainbow trout Oncorhynchus mykiss Protacanthopterygii Salmoniformes Salmonidae 
AGKD01106121 Aqp4a1 Atlantic salmon Salmo salar Protacanthopterygii Salmoniformes Salmonidae 

AGKD01009294 Aqp4a2 Atlantic salmon Salmo salar Protacanthopterygii Salmoniformes Salmonidae 

ENSONIP00000009148 Aqp4b Nile tilapia Oreochromis niloticus Acanthopterygii Perciformes Cichlidae 
AFNZ01011199 Aqp4b Burton's mouthbrooder Haplochromis burtoni Acanthopterygii Perciformes Cichlidae 

AGTA02032263 Aqp4b Zebra mbuna Maylandia zebra Acanthopterygii Perciformes Cichlidae 

AFNX01020326 Aqp4b Red mwanza Pundamilia nyererei Acanthopterygii Perciformes Cichlidae 
AFNY01027610 Aqp4b Lyretail cichlid Neolamprologus brichardi Acanthopterygii Perciformes Cichlidae 

AGKD01074371 Aqp4b Atlantic salmon Salmo salar Protacanthopterygii Salmoniformes Salmonidae 

FJ666327/ENSDARP00000021578 Aqp4b Zebrafish Danio rerio Ostariophysi Cypriniformes Cyprinidae 
BAE93686 Aqp4 Inshore hagfish Eptatretus burgeri Hyperotreti Myxiniformes Myxinidae 

AQP7 
ENSP00000368821 AQP7 Human Homo sapiens Euarchontoglires Primates Hominidae 

ENSSHAP00000013186 AQP7 Tasmanian devil Sarcophilus harrisii Metatheria Dasyuromorphia Dasyuridae 

ENSGALP00000003857 AQP7 Chicken Gallus gallus Aves Galliformes Phasianidae 
ENSACAP00000012359 AQP7 Green anole Anolis carolinensis Lepidosauria Squamata Iguanidae 

ENSTRUP00000039522 Aqp7 Torafugu Takifugu rubripes Acanthopterygii Tetraodontiformes Tetraodontidae 

BAL44696 Aqp7 Mefugu Takifugu obscurus Acanthopterygii Tetraodontiformes Tetraodontidae 

ENSTNIP00000013592 Aqp7 Green-spotted pufferfish Tetraodon nigroviridis Acanthopterygii Tetraodontiformes Tetraodontidae 
KC589386 Aqp7 Gilthead seabream Sparus aurata Acanthopterygii Perciformes Sparidae 

CBN81126 Aqp7 European seabass Dicentrarchus labrax Acanthopterygii Perciformes Moronidae 

ENSONIP00000024506 Aqp7 Nile tilapia Oreochromis niloticus Acanthopterygii Perciformes Cichlidae 
ENSGACP00000011600 Aqp7 Three-spined stickleback Gasterosteus aculeatus Acanthopterygii Gasterosteiformes Gasterosteidae 

ENSORLP00000011130 Aqp7 Japanese medaka Oryzias latipes Acanthopterygii Beloniformes Adrianichthyidae 

DN951591 Aqp7 Common mummichog Fundulus heteroclitus Acanthopterygii Cyprinodontiformes Fundulidae 
ES380999 Aqp7 Guppy Poecilia reticulata Acanthopterygii Cyprinodontiformes Poeciliidae 

ENSXMAP00000018206 Aqp7 Southern platyfish Xiphophorus maculatus Acanthopterygii Cyprinodontiformes Poeciliidae 

ENSGMOP00000009366 Aqp7 Atlantic cod Gadus morhua Paracanthopterygii Gadiformes Gadidae 
AGKD01021376/AGKD01033103/AGKD01
065234 Aqp7 Atlantic salmon Salmo salar Protacanthopterygii Salmoniformes Salmonidae 

EE396397 Aqp7 Rare gudgeon Gobiocypris rarus Ostariophysi Cypriniformes Cyprinidae 
FJ655385/ENSDARP00000037835 Aqp7 Zebrafish Danio rerio Ostariophysi Cypriniformes Cyprinidae 

ADO28207 Aqp7 Blue catfish Ictalurus furcatus Ostariophysi Siluriformes Ictaluridae 

NP_001188011 Aqp7 Channel catfish Ictalurus punctatus Ostariophysi Siluriformes Ictaluridae 

AQP9 
ENSP00000219919 AQP9 Human Homo sapiens Euarchontoglires Primates Hominidae 
ENSSHAP00000013384 AQP9 Tasmanian devil Sarcophilus harrisii Metatheria Dasyuromorphia Dasyuridae 

ENSGALP00000038464 AQP9 Chicken Gallus gallus Aves Galliformes Phasianidae 

ENSXETP00000023755 AQP9 Western clawed frog Xenopus (Silurana) tropicalis Amphibia Anura Pipidae 

ENSTRUP00000021028 Aqp9a Torafugu Takifugu rubripes Acanthopterygii Tetraodontiformes Tetraodontidae 
ENSTNIP00000016703 Aqp9a Green-spotted pufferfish Tetraodon nigroviridis Acanthopterygii Tetraodontiformes Tetraodontidae 

ENSONIP00000010493 Aqp9a Nile tilapia Oreochromis niloticus Acanthopterygii Perciformes Cichlidae 

ENSGACP00000008112 Aqp9a Three-spined stickleback Gasterosteus aculeatus Acanthopterygii Gasterosteiformes Gasterosteidae 
BAAE01185479 Aqp9a Japanese medaka Oryzias latipes Acanthopterygii Beloniformes Adrianichthyidae 

ENSXMAP00000006643 Aqp9a Southern platyfish Xiphophorus maculatus Acanthopterygii Cyprinodontiformes Poeciliidae 

ENSGMOP00000004525 Aqp9a Atlantic cod Gadus morhua Paracanthopterygii Gadiformes Gadidae 
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AGKD01252585/AGKD01126390/AGKD01
010521 Aqp9a1 Atlantic salmon Salmo salar Protacanthopterygii Salmoniformes Salmonidae 

AGKD01109773/AGKD01265939/AGKD01
211321/AGKD01370165/AGKD01142451 Aqp9a2 Atlantic salmon Salmo salar Protacanthopterygii Salmoniformes Salmonidae 

FJ655387 Aqp9a Zebrafish Danio rerio Ostariophysi Cypriniformes Cyprinidae 

ENSTRUP00000045656 Aqp9b Torafugu Takifugu rubripes Acanthopterygii Tetraodontiformes Tetraodontidae 
ENSTNIP00000012198 Aqp9b Green-spotted pufferfish Tetraodon nigroviridis Acanthopterygii Tetraodontiformes Tetraodontidae 

KC589387 Aqp9b Gilthead seabream Sparus aurata Acanthopterygii Perciformes Sparidae 

ENSONIP00000007337 Aqp9b Nile tilapia Oreochromis niloticus Acanthopterygii Perciformes Cichlidae 
ENSGACP00000020886 Aqp9b Three-spined stickleback Gasterosteus aculeatus Acanthopterygii Gasterosteiformes Gasterosteidae 

ENSORLP00000010364 Aqp9b Japanese medaka Oryzias latipes Acanthopterygii Beloniformes Adrianichthyidae 

ENSXMAP00000014456 Aqp9b Southern platyfish Xiphophorus maculatus Acanthopterygii Cyprinodontiformes Poeciliidae 
ENSGMOP00000016698 Aqp9b Atlantic cod Gadus morhua Paracanthopterygii Gadiformes Gadidae 

ABG24574 Aqp9b Rainbow smelt Osmerus mordax Protacanthopterygii Osmeriformes Osmeridae 

AGKD01025380/AGKD01043301 Aqp9b1 Atlantic salmon Salmo salar Protacanthopterygii Salmoniformes Salmonidae 
AGKD01037951/AGKD01133133/AGKD01
006400 Aqp9b2 Atlantic salmon Salmo salar Protacanthopterygii Salmoniformes Salmonidae 

DT167910 Aqp9b Fathead minnow Pimephales promelas Ostariophysi Cypriniformes Cyprinidae 

EU341835/ENSDARP00000069995 Aqp9b Zebrafish Danio rerio Ostariophysi Cypriniformes Cyprinidae 

AQP10 
ENSP00000318355 AQP10 Human Homo sapiens Euarchontoglires Primates Hominidae 
ENSMEUP00000001059 AQP10 Tammar wallaby Macropus eugenii Metatheria Diprotodontia Macropodidae 

XP_002188060 AQP10 Zebra finch Taeniopygia guttata Aves Passeriformes Estrildidae 

ENSXETP00000049658 AQP10 Western clawed frog Xenopus (Silurana) tropicalis Amphibia Anura Pipidae 

ENSTNIP00000021508 Aqp10a Green-spotted pufferfish Tetraodon nigroviridis Acanthopterygii Tetraodontiformes Tetraodontidae 
ENSONIP00000007893 Aqp10a Nile tilapia Oreochromis niloticus Acanthopterygii Perciformes Cichlidae 

ENSGACP00000016074 Aqp10a Three-spined stickleback Gasterosteus aculeatus Acanthopterygii Gasterosteiformes Gasterosteidae 

ENSORLP00000012050 Aqp10a Japanese medaka Oryzias latipes Acanthopterygii Beloniformes Adrianichthyidae 
ENSXMAP00000007174 Aqp10a Southern platyfish Xiphophorus maculatus Acanthopterygii Cyprinodontiformes Poeciliidae 

ENSXMAP00000007179 Aqp10a Southern platyfish Xiphophorus maculatus Acanthopterygii Cyprinodontiformes Poeciliidae 

ENSGMOP00000008513 Aqp10a Atlantic cod Gadus morhua Paracanthopterygii Gadiformes Gadidae 
AGKD01044249 Aqp10a1 Atlantic salmon Salmo salar Protacanthopterygii Salmoniformes Salmonidae 

AGKD01200314 Aqp10a2 Atlantic salmon Salmo salar Protacanthopterygii Salmoniformes Salmonidae 

EW688162 Aqp10a Grass carp Ctenopharyngodon idella Ostariophysi Cypriniformes Cyprinidae 
FJ655388/ENSDARP00000012559 Aqp10a Zebrafish Danio rerio Ostariophysi Cypriniformes Cyprinidae 

CK402696 Aqp10a Blue catfish Ictalurus furcatus Ostariophysi Siluriformes Ictaluridae 

FD105608 Aqp10a Channel catfish Ictalurus punctatus Ostariophysi Siluriformes Ictaluridae 

ENSTRUP00000024382 Aqp10b Torafugu Takifugu rubripes Acanthopterygii Tetraodontiformes Tetraodontidae 

ENSTNIP00000020714 Aqp10b Green-spotted pufferfish Tetraodon nigroviridis Acanthopterygii Tetraodontiformes Tetraodontidae 

AAR13054 Aqp10b Gilthead seabream Sparus aurata Acanthopterygii Perciformes Sparidae 
ENSONIP00000024860 Aqp10b Nile tilapia Oreochromis niloticus Acanthopterygii Perciformes Cichlidae 

DQ889224 Aqp10b European seabass Dicentrarchus labrax Acanthopterygii Perciformes Moronidae 

ACQ58348 Aqp10b Sablefish Anoplopoma fimbria Acanthopterygii Scorpaeniformes Anoplopomatidae 
ENSGACP00000005841 Aqp10b Three-spined stickleback Gasterosteus aculeatus Acanthopterygii Gasterosteiformes Gasterosteidae 

ENSORLP00000000413 Aqp10b Japanese medaka Oryzias latipes Acanthopterygii Beloniformes Adrianichthyidae 

ENSXMAP00000015292 Aqp10b Southern platyfish Xiphophorus maculatus Acanthopterygii Cyprinodontiformes Poeciliidae 
ENSGMOP00000011541 Aqp10b Atlantic cod Gadus morhua Paracanthopterygii Gadiformes Gadidae 

EL537770 Aqp10b Rainbow smelt Osmerus mordax Protacanthopterygii Osmeriformes Osmeridae 

BX910627 Aqp10b Rainbow trout Oncorhynchus mykiss Protacanthopterygii Salmoniformes Salmonidae 
AGKD01090696 Aqp10b1 Atlantic salmon Salmo salar Protacanthopterygii Salmoniformes Salmonidae 

AGKD01157343 Aqp10b2 Atlantic salmon Salmo salar Protacanthopterygii Salmoniformes Salmonidae 

EV249895 Aqp10b Lake whitefish Coregonus clupeaformis Protacanthopterygii Salmoniformes Salmonidae 
DT173352 Aqp10b Fathead minnow Pimephales promelas Ostariophysi Cypriniformes Cyprinidae 

EU341836/ENSDARP00000076033 Aqp10b Zebrafish Danio rerio Ostariophysi Cypriniformes Cyprinidae 

FD177421 Aqp10b Channel catfish Ictalurus punctatus Ostariophysi Siluriformes Ictaluridae 
CAH04573 Aqp10b European eel Anguilla anguilla Elopomorpha Anguilliformes Anguillidae 

BAH89255 Aqp10b Japanese eel Anguilla japonica Elopomorpha Anguilliformes Anguillidae 
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Abstract
Themediation of fluid homeostasis by multiple classes of aquaporins has been suggested to

be essential during spermatogenesis and spermiation. In the marine teleost gilthead seab-

ream (Sparus aurata), seven distinct aquaporins, Aqp0a, -1aa, -1ab, -7, -8b, -9b and -10b, are
differentially expressed in the somatic and germ cell lineages of the spermiating testis, but the

endocrine regulation of these channels during germ cell development is unknown. In this

study, we investigated the in vivo developmental expression of aquaporins in the seabream

testis together with plasma androgen concentrations.We then examined the in vitro regulatory

effects of recombinant piscine gonadotropins, follicle-stimulating (rFsh) and luteinizing (rLh)

hormones, and sex steroids on aquaporin mRNA levels during the spermatogenic cycle. Dur-

ing the resting phase, when plasma levels of androgens were low, the testis exclusively con-

tained proliferating spermatogonia expressing Aqp1ab, whereas Aqp10b and -9b were

localized in Sertoli and Leydig cells, respectively. At the onset of spermatogenesis and during

spermiation, the increase of androgen plasma levels correlated with the additional appearance

of Aqp0a and -7 in Sertoli cells, Aqp0a in spermatogonia and spermatocytes, Aqp1ab, -7 and

-10b from spermatogonia to spermatozoa, and Aqp1aa and -8b in spermatids and spermato-

zoa. Short-term in vitro incubation of testis explants indicated that most aquaporins in Sertoli

cells and early germ cells were upregulated by rFsh and/or rLh through androgen-dependent

pathways, although Aqp1ab in proliferating spermatogonia was also activated by estrogens.

However, expression of Aqp9b in Leydig cells, and of Aqp1aa and -7 in spermatocytes and

spermatids, was also directly stimulated by rLh. These results reveal a complex gonadotropic

control of aquaporin expression during seabream germ cell development, apparently involving

both androgen-dependent and independent pathways, whichmay assure the fine tuning of

aquaporin-mediated fluid secretion and absorption mechanisms in the seabream testis.
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Introduction
Spermatogenesis is a coordinated process in which a series of mitotic and meiotic cell divisions
of primordial germ cells and differentiating spermatocytes give rise to mature haploid sperma-
tozoa [1, 2]. During this process, drastic morphological and cytological changes occur, and
mechanisms involved in rapid fluid transport and efficient cell volume regulation are critical
[3]. Thus, during the development of germ cells within the seminiferous epithelium formed by
Sertoli cells, fluid secretion is necessary to create a suitable environment for spermatogenesis
[4–6]. Changes in the seminiferous tubule fluid also occur as a result of water efflux in round
spermatids during their differentiation to spermatozoa (spermiogenesis) [2, 7, 8]. In addition,
the control of the fluid composition of the lumen of the efferent ducts and epididymis of mam-
mals is essential for the transport, maturation and concentration of spermatozoa [9–12].

Due to the importance of fluid homeostasis during spermatogenesis, the role of molecular
water channels (aquaporins) during these processes has received particular attention [13]. The
aquaporins are pore-forming membrane channels that primarily allow the passage of water
and other non-charged solutes across biological membranes following an osmotic gradient
[14]. In vertebrates, these channel proteins form a superfamily with up to seventeen subfamilies
which can be divided into four major groups: the classical water-selective aquaporins (AQP0,
-1, -2, -4, -5, -6, -14 and -15), the water and glycerol transporting aquaporins, known as aqua-
glyceroporins (AQP3, -7, -9, -10 and -13), the AQP8-type aquaammoniaporins, and the unor-
thodox aquaporins (AQP11 and -12) [15–17]. Numerous studies in mammals have shown that
different types of aquaporins are abundant in the testis, including in the interstitial Leydig cells
(AQP0, -2, -5, and -9), which are the major source of androgens [18], the Sertoli cells (AQP0,
-4, and AQP8-10), the developing germ cells (AQP0, -1, -2, -5, AQP7-9, and -11), and sperma-
tozoa (AQP3, AQP7-9, and -11) [3, 19, 20]. Similarly, multiple aquaporins are found in the dif-
ferent types of epithelial cells of the efferent ducts and epididymis, in which expression can be
modulated by steroid hormones such as estrogens and androgens [13]. These findings there-
fore suggest that aquaporins possibly play important roles controlling the fluid environment
needed for germ cell development and the maturation of spermatozoa. However, the specific
functions of most aquaporins of the male reproductive tract remain yet unknown.

In teleost fish, testicular fluid transport is also presumably essential during spermatogenesis,
as well as during the hydration of the seminal fluid during spermiation, which aids the trans-
port of the sperm through the seminiferous tubules and efferent duct while maintaining the
correct osmolality of the seminal plasma [21]. Teleosts harbor a larger repertoire of function-
ally conserved aquaporin paralogs than mammals as a result of teleost-specific gene duplica-
tions [16, 22–24]. A number of studies in evolutionary distant teleosts, such as salmonids,
cyprinids, perciforms and flatfishes, have reported the conserved expression of mRNAs encod-
ing different aquaporin paralogs in the testis regardless of their reproduction in freshwater or
seawater [22, 23, 25–27]. In the marine teleost gilthead seabream (Sparus aurata), Western blot
and immunolocalization studies using paralog-specific antibodies indicated the presence of up
to seven classes of aquaporins in the testis [28]. In the seabream, Aqp0a and -9b are expressed
by Sertoli and Leydig cells, respectively, Aqp1ab, -7, and -10b are in all germ cells from sper-
matogonia to spermatozoa, and Aqp1aa and -8b are expressed only by haploid spermatids and
sperm [28]. These observations indicate a complex pattern of aquaporin localization in the tele-
ost testis as reported for mammals, and suggest that piscine channels may play different roles
in water and solute transport during germ cell development.

In order to gain insight into the endocrine control of aquaporin expression in the gilthead
seabream testis, in this study we investigated the dynamics of the cell-type-specific expression
of Aqp0a, -1aa, -1ab, -7, -8b, -9b and -10b during the spermatogenic cycle. We further
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investigated their regulation in vitro by recombinant piscine gonadotropins, follicle-stimulat-
ing (Fsh) and luteinizing (Lh) hormones, as well as by the major steroid hormones involved in
teleost spermatogenesis, testosterone (T), the teleost androgen 11-ketotestosterone (11-KT)
[29], 17β-estradiol (E2), and the progestin 17α,20β-dihydroxy-4-pregnen-3-one (17,20β-P).
Our results reveal an intricate gonadotropic regulation of the different aquaporin paralogs in
somatic and germ cells during seabream spermatogenesis which involves steroid-dependent
and independent mechanisms.

Materials and Methods

Fish and sample collection
Adult gilthead seabream males and females (700 ± 80 g), raised in captivity at the aquaculture
facilities of the Institut de Recerca i Tecnologia Agroalimentàries (IRTA) in San Carlos de la
Rápita (Tarragona, Spain), were transported to the laboratory and maintained as previously
described [28]. At three time points during the natural reproductive cycle, resting period
(June-July), initiation of spermatogenesis (September), and spermiation (December), selected
males (9, 10 and 3, respectively) were sedated with 500 ppm of phenoxyethanol (Sigma-
Aldrich, USA), weighed, and a blood sample taken from the caudal peduncle with a syringe
treated with 0.5 M ethylene-diamine-tetraacetic acid (EDTA). Fish were immediately eutha-
nized by decapitation, and the testes removed and weighed in order to determine the gonado-
somatic index (GSI; testis weight/body weight x 100). Different biopsies of the testes were
deep-frozen in liquid nitrogen and stored at -80°C, used for in vitro culture, or processed for
histology and immunofluorescence microscopy. Plasma samples were obtained by centrifuga-
tion of blood at 10000 x g for 10 min at 4°C, and immediately frozen and stored at -80°C. Pro-
cedures relating to the care and use of animals and sample collection were carried out in
accordance with the protocols approved by the Ethics Committee (EC) of the Institut de
Recerca i Tecnologia Agroalimentàries (IRTA, Spain) following the European Union Council
Guidelines (86/609/EU). The present study was also specifically approved by IRTA EC.

Primary antibodies and reagents
The affinity-purified rabbit antisera against seabream Aqp0a, -1aa, -1ab, -7, -8b and -9b have
been characterised elsewhere [28, 30, 31]. The antiserum for seabream Aqp10b was raised in
rabbits against a synthetic peptide corresponding to amino acid residues 36–50
(AAQVTTSQDKNGQYL; predicted first extracellular domain; GenBank accession no.
AAR13054), with the predicted initiation codon (methionine, ATG) designated as residue 1
(Cambridge Research Biochemicals, UK). The serum was further affinity purified against the
synthetic peptide. The mouse monoclonal antibodies against rat proliferating cell nuclear anti-
gen (PCNA) and chicken tubulin were purchased from Genetex Inc. (GTX-20029; USA) and
Sigma-Aldrich (T9026; USA), respectively. All other reagents and kits were purchased from
Sigma-Aldrich unless stated otherwise.

In vitro culture of testicular explants
Testis fragments (10–30 mg) were washed in phosphate-buffered saline (PBS) containing 137
mMNaCl, 2.7 mM KCl, 10 mM Na2HPO4, and 2 mM KH2PO4, and transferred to 48-well
plates with 300 μl/well of Leibovitz's L-15 culture medium without phenol red (Life Technolo-
gies Corp., Spain) supplemented with 10 mMHepes, 0.5% bovine serum albumin (BSA), 0.4
mg/ml fungizone, and 200 μg/ml penicillin/streptomycin (Life Technologies Corp.). The
explants were incubated in quadruplicate or quintuplicate (one explant per well) with 100 ng/
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ml of European seabass (Dicentrarchus labrax) recombinant Fsh or Lh (rFsh and rLh, respec-
tively), or 10 ng/ml of T, E2, 11-KT or 17,20β-P, at 18°C in a temperature-controlled incubator.
The methods for the production of seabass rFsh and rLh, and their characterization on seab-
ream gonadotropin receptors, have been published elsewhere [32]. In some experiments,
explants were incubated with 5 μM trilostane (TRIL; Selleck Chemicals, USA), an inhibitor of
3β-hydroxysteroid dehydrogenase (Hsd3b), 1 h before the rFsh and rLh treatments. The con-
trol explants were incubated with the same concentration of hormone and drug vehicle. After
24h of culture, the medium was collected in two 100-μl aliquots and the testis explants were
weighted. Different replicate samples were deep-frozen in liquid nitrogen and stored at -80°C,
or processed for immunofluorescence microscopy. For the resting stage, three independent
experiments on different pools of three males were carried out, whereas for the spermatogenic
stage two individual trials were performed each including a pool of five animals. For the sper-
miation period, three independent experiments on three different males were carried out.

Histological analysis
Testis samples from each male collected during the reproductive cycle were fixed in Bouin’s
solution (70% picric acid, 20% formaline, 10% acetic acid) for 16 h at room temperature, and
dehydrated in increasing ethanol solutions and xylene before embedding in paraplast. Sections
of ~8 μm in thickness were attached to UltraStick/UltraFrost Adhesion slides (Electron Micros-
copy Sciences, USA), deparaffinized with xylene, rehydrated, stained with hematoxilin-eosin,
and mounted with Fluka-Eukitt mounting medium. The occurrence of spermatogonia, sper-
matocytes, spermatids, and spermatozoa, was scored on at least 10 different seminiferous lob-
ules in five different histological sections per fish.

Steroid determination
The levels T and 11-KT in plasma and culture medium were determined by commercial
enzyme immunosorbent assay (EIA; Cayman Chemical Company, USA) as previously
described [33]. Free steroids from plasma (100 μl) were extracted in methanol and resuspended
in 500 μl of EIA buffer (0.1 M K2HPO4/KH2PO4, 1.54 mM sodium azide, 0.4 M NaCl, 1 mM
EDTA, and 0.1% BSA, pH 7.4), whereas the culture medium was diluted 1:5 in EIA buffer. All
samples were analyzed in duplicate, and for each EIA plate, a separate standard curve was run.
Steroid levels in the culture medium were normalized with respect to the weight of the testis
explants. The interassay coefficients of variation for T and 11-KT were 2.0 and 4.2%, respec-
tively, whereas the intraassay coefficients of variation for T and 11-KT were 2.5 and 4.4%,
respectively.

RNA extraction and real-time PCR
Total RNA was extracted from the testis using the GenElute™Mammalian Total RNAMini-
prep Kit, treated with DNase I, and a 500-ng aliquot reverse transcribed using 0.5 μg oligo
(dT)17, 1 mM dNTPs, 40 IU RNAse inhibitor, and 10 IU SuperScript II (Life technologies
Corp.) for 1.5 h at 42°C. Real-time quantitative RT-PCR (qRT-PCR) was carried out using 5 μl
of SYBR Green qPCR master mix (Life Technologies Corp.), 1 μl of diluted cDNA (1:25 for
aqp0a and -8b, 1:50 for aqp7, -9b, and -10b, and 1:150 for aqp1aa, and -1ab), and 0.5 μM of
each primer (S1 Table). The reference gene was 18s ribosomal protein (rps18) and the cDNA
was diluted 1:150 (S1 Table). Each sample was assayed in duplicate on 384-well plates using
the ABI PRISM 7900HT sequence detection system (Applied Biosystems, Life technologies
Corp.). The amplification protocol was an initial denaturation and activation step at 50°C for 2
min and 95°C for 10 min, followed by 40 cycles of 95°C for 15 s and 63°C for 1 min. After the
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amplification phase, a temperature-determining dissociation step was carried out at 95°C for
15 s, 60°C for 15 s, and 95°C for 15 s. To estimate the primer efficiencies, a standard curve was
generated for each primer pair from 10-fold serial dilutions (from 1 to 0.00001) of a pool of
mixed testis cDNA templates. All calibration curves exhibited correlation coefficients >0.99,
and the corresponding quantitative qRT-PCR efficiencies ranged from 1.9 to 2.1 (S1 Table).
Changes in gene expression in testicular explants cultured in vitro were determined as fold-
changes with respect to untreated explants at time zero using the 2-ΔΔCt method [34].

Immunofluorescence microscopy
Testis explants were fixed in 4% paraformaldehyde (PFA) for 6 h, washed, dehydrated, and
embedded in paraffin as previously described [28]. Sections were blocked in 5% goat serum
and 0.1% BSA in PBS with 0.1% Tween-20 (PBST) for 1 h, and incubated with PBS containing
0.2%Triton X-100 for 10 min at room temperature (Aqp1aa, -8b and -9b antibodies), or PBS
containing 0.2% SDS for 10 min at room temperature (for Aqp1ab, -0a, -7 and -10b antibod-
ies). Incubation with the antibodies was performed overnight at 4°C in PBS at 1:400 (for
Aqp0a, -1aa, -8b, -9b, and -7 antisera) or 1:200 (for Aqp1ab and -10b antisera). A set of slides
was incubated with the antibodies preadsorbed with the respective immunizing peptides as
negative controls. After washing, sections were probed with a sheep Cy3-coupled anti-rabbit
IgG secondary antibody (1:600; Sigma-Alrich, C2306) for 1 h at room temperature. The nuclei
were counterstained with 4’,6-diamidino-2-phenylindole (DAPI) at 1:3000 in PBS for 3 min,
and mounted with fluoromount aqueous anti-fading medium. Sections were examined and
photographed with a Zeiss Axio Imager Z1/ApoTome fluorescence microscope (Carl Zeiss
Corp.). Images from sections at different spermatogenic stage or after hormone treatments
were taken with the same fluorescence intensity and exposure than those used for the controls.

PCNA assay
Histological sections were incubated in boiling citrate buffer (10 mM sodium citrate, pH 6) for
20 min. The sections were subsequently probed with the PCNA antibody (1:300) overnight at
4°C, and then with a goat Alexa Fluor 488-coupled anti-rabbit IgG secondary antibody (1:600;
Life Technologies Corp., A-11008). Negative controls were incubated with the secondary anti-
body only. The percentage of proliferative germ cells (spermatogonia only) per tubule was
quantified by manually counting the PCNA-positive cells in 5 different testicular regions per
replicate treatment under a fluorescence microscope.

Protein extraction and immunoprecipitation
Replicate testis fragments were dissociated with a glass dounce homogenizer in ice-cold lysis
buffer containing 150 mMNaCl, 50 mM Tris-HCl, pH 7.4, 1% Triton X-100, 0.25% sodium
deoxycholate, 1 mM EDTA, 1 mM Pefablock, EDTA-free protease inhibitors (Roche, Spain), 1
mMNa3VO4, and 1 mMNaF, and centrifuged at 14000 x g for 5 min at 4°C. One aliquot of
supernatant was removed to determine the protein concentration with the Bio-Rad Protein
Assay kit (Bio-Rad Laboratories Inc., USA), and the rest of the supernatant was mixed with 2x
Laemmli sample buffer, frozen in liquid nitrogen, and stored at -80°C. For the spermatogenic
period, testis explants from two experiments on two different pools of fish were combined for
each treatment before homogenization.

Direct immunoprecipitation (IP) using the seabream Aqp1ab antibody was carried out to
concentrate Aqp1ab protein in the resting stage. For this, testis explants from three experi-
ments were pooled for each treatment, homogenized in cold IP buffer (50 mg/ml) containing
150 mMNaCl, 50 mM Tris-HCl pH 7.4, 1% Triton X-100, 0.5% sodium deoxycholate, 5 mM
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EDTA, 5 mM ethylene glycol tetraacetic acid (EGTA), 1 mM Pefablock, 0.1% SDS, and EDTA-
free protease inhibitors, and mixed with the same amount of antibody-coupled Pure Prote-
ome™ Protein G Magnetic Beads (Merck Millipore, Spain) following the manufacturer’s
instructions.

Western blotting
Total (20–60 μg) and immunoprecipitated proteins were denatured at 95°C for 10 min, electro-
phoresed in 12% SDS-PAGE, and blotted onto nitrocellulose membranes as previously
described [28]. The membranes were blocked with 5% nonfat dry milk diluted in TBST (20
mM Tris, 140 mMNaCl, 0.1% Tween; pH 8) for 1 h at room temperature, and subsequently
incubated overnight at 4°C with the different aquaporin and alpha-tubulin antibodies diluted
in TBST with 1% nonfat dry milk (1:400 for anti-Aqp1aa, -7, and -10b; 1:500 for Aqp0a and
-9b; 1:800 for Aqp1ab and -8b; and 1:4000 for anti-alpha-tubulin). Horseradish peroxidase
(HRP)-coupled anti-rabbit or mouse IgG secondary antibodies (1:5000; Santa Cruz Biotech-
nology Inc., sc-2004 and sc-2005, respectively) were applied for 1 h at room temperature, and
reactive bands were detected using the Immobilon™Western chemiluminescent HRP substrate
(Merck Millipore). For semi-quantitative determination of aquaporin abundance in explants at
the spermatogenic and spermiation stages, the intensity of the immunoreactive bands was
determined by densitometry using the Quantity-One software (Bio-Rad Laboratories Inc.) and
normalized to that of alpha-tubulin. For explants at the resting stage, the intensities of the
Aqp1ab-immunoprecipitated bands were normalized to that of the IgG heavy chain. Data were
represented as fold-changes with respect to untreated explants at time zero.

Statistics
Data are the mean ± S.E.M. and were statistically analyzed by the one- or two-way ANOVA,
after log-transformation of the data when needed, followed by the Duncan’s multiple range
test. Statistical analyses were carried out using the Statgraphics Plus 4.1 software (Statistical
Graphics Corp., USA). A P value< 0.05 was considered statistically significant.

Results

Germ cell development and androgen plasma levels during the
seabream spermatogenic cycle
The spermatogenic stages investigated in the present study, resting, spermatogenic and sper-
miation, were characterized histologically to establish the progression of germ cell develop-
ment. At the resting stage, the testis was formed by small seminiferous tubules, which did not
show a continuous lumen and predominantly contained spermatogenic cysts formed by groups
of spermatogonia only (Fig 1A and 1D). In the spermatogenic testis meiosis was initiated, and
accordingly the tubules contained a decreased relative number of spermatogonia and increased
number of spermatocytes and spermatids, together with some spermatozoa within the lumen
of the cysts which starts to open (Fig 1B and 1D). In spermiating males, the lumen of the testic-
ular tubules prominently enlarged and was filled by a high number of spermatozoa, whereas
spermatocytes and spermatids, and a few spermatogonia, remained in the periphery of the lob-
ules (Fig 1C and 1D). The progression of spermatogenesis from the resting to the spermiating
stage was associated with an increase of ~100-fold in the GSI (Fig 1E), and with a surge of the
plasma levels of T and 11-KT of ~11- and ~44-fold, respectively (Fig 1F and 1G).
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Cellular localization of aquaporins during spermatogenesis in vivo
The cell type-specific expression of Aqp0a, -1aa, -1ab, -7, -8b, -9b and -10b in the seabream tes-
tis during the three spermatogenic stages was determined by immunofluorescence microscopy
using paralog-specific antibodies (Fig 2). During the resting period, Aqp0a, -7 and -8b were
not detected (Fig 2A, 2D and 2E), whereas Aqp1aa was restricted to the endothelia of blood
vessels (Fig 2B) and Aqp1ab appeared to be distributed mostly in the cytoplasm of spermatogo-
nia (Fig 2C). Aqp9b was detected exclusively in the plasma membrane and cytoplasm of iso-
lated or grouped interstitial cells, which were classified as Leydig cells based on their
distribution and nuclear morphology (Fig 2F). In contrast, Aqp10b was immunolocalized in
Sertoli cells sustaining the spermatogonial cysts (Fig 2G).

With the progression of germ cell development during the spermatogenic stage, Sertoli cells
started to weakly express Aqp0a (Fig 2H) and -7 (Fig 2K), in addition to Aqp10b (Fig 2N),
whereas Aqp9b remained in Leydig cells (Fig 2M). The entry into meiosis of germ cells during
spermatogenesis appeared to be associated with the translational activation of Aqp0a (Fig 2H),
-7 (Fig 2K) and -10b (Fig 2N) in spermatogonia, together with that of Aqp1ab, which persisted
from the resting stage (Fig 2J). However, only Aqp1ab and -7 polypeptides continued to be
clearly expressed in spermatocytes and spermatids at this stage (Fig 2J and 2K). The expression
of Aqp1aa and -8b was activated late during the spermatogenic stage since specific immunos-
taining for these channels was only observed in spermatocytes and spermatids (Fig 2I and 2L).

During the spermiation period, intense Aqp0a signals further appeared in spermatocytes as
well as in spermatogonia and Sertoli cells (Fig 2O). The expression of Aqp1aa (Fig 2P), -1ab
(Fig 2Q), -7 (Fig 2R) and -8b (Fig 2S) in germ cells, and of Aqp7 and -9b in Sertoli (Fig 2R) and
Leydig (Fig 2T) cells, respectively, remained unchanged with respect to that observed in the

Fig 1. Characterization of the gilthead seabream spermatogenesis stages investigated in this study. (A-C) Representative histological sections of
testis at the resting (A), spermatogenic (B) and spermiation (C) stages stained with hematoxylin and eosin. Scale bars, 20 μm. (D) Percentage of germ cells
per seminiferous lobule in each of the three spermatogenic stages. In A-D, Sec, Sertoli cells; Lc, Leydig cells; Sg, spermatogonia; Sc, spermatocytes; Sd,
spermatids; Sz, spermatozoa. (E-G) GSI (E), and T (F) and 11-KT (G) plasma levels, of males showing testes at the resting, spermatogenic and spermiation
stages. In D-G, bars (mean ± S.E.M.; n = 6, 8 or 3 fish, for the resting, spermatogenic and spermiation stages, respectively) with different superscript letters
are significantly different (P < 0.05).

doi:10.1371/journal.pone.0142512.g001

Endocrine Regulation of Testicular Aquaporins

93



Fig 2. Cellular localization of aquaporins in the gilthead seabream testis at different spermatogenesis stages detected by immunofluorescence
microscopy. Representative bright field (left panels) and immunofluorescence (right panels) microscopy images of Aqp0a, -1aa, -1ab, -7, -8b, -9b and -10b
localization in testes at the resting, spermatogenic and spermiation stages as indicated. Sections were labeled with affinity-purified paralog-specific rabbit
polyclonal antibodies. The reactions were visualized with Cy3-coupled anti-rabbit IgG secondary antibodies (red) and the nuclei were counterstained with
DAPI (blue). Control sections at the spermiation stage (V-AC) were incubated with preabsorbed antisera. The same results were obtained on control sections
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spermatogenic stage, but in general with more intense fluorescence signals. In contrast,
Aqp10b was found for the first time abundantly expressed in spermatocytes and spermatids, in
addition to spermatogonia and Sertoli cells, during spermiation (Fig 2U). At this stage, sperma-
tozoa accumulating in the tubule lumen were immunostained only for Aqp1aa (Fig 2P), -1ab
(Fig 2Q), -7 (Fig 2R), -8b (Fig 2S) and -10b (Fig 2U).

The preincubation of the antibodies with the corresponding immunizing peptides
completely abolished the immunoreactions in all spermatogenic stages (Fig 2V–2AC), demon-
strating the specificity of the staining and thus supporting the differential spatial and temporal
expression of aquaporins during seabream spermatogenesis in vivo.

Transcriptional regulation of testicular aquaporins by gonadotropins and
steroids in vitro
To investigate the gonadotropic control of aquaporin expression in the seabream testis, rFsh
and rLh from another perciform teleost, the European seabass, were used as gonadotropin
sources, since previous studies have shown that these hormones are able to activate the gilthead
seabream Fsh and Lh receptors [32]. Initial experiments were designed to establish the potency
of rFsh and rLh at inducing androgen release in the culture medium by testicular explants incu-
bated in vitro for 24 h. In explans at the resting period, both rFsh and rLh stimulated the pro-
duction of T by ~3-fold above basal levels (Fig 3A), but not that of 11-KT (Fig 3B). At the
spermatogenic stage, the basal androgen production was higher than in the previous period,
but in this case rFsh and rLh induced a similar increase of both T and 11-KT by ~3-fold (Fig
3A and 3B). Finally, at the spermiation phase the steroidogenic capability of explants appeared
to decrease, since the basal production of T and 11-KT was lower than during the spermato-
genic period (Fig 3A and 3B). At this stage, the rFsh and rLh also induced a slightly lower
increase of T of ~2.5-fold, but they were completely ineffective at stimulating 11-KT secretion
(Fig 3A and 3B).

The gonadotropic regulation of the expression of aqp0a, -1aa, -1ab, -7, -8b, -9b and -10b
was investigated by qRT-PCR using paralog-specific oligonucleotide primers in testes explants
at the resting, spermatogenic and spermiation periods, incubated in the presence of rFsh and
rLh, as well as of different steroid hormones such as T, E2, 11-KT and 17,20β-P, for up to 24 h.
Before the expression levels were evaluated, however, we investigated whether these hormone
treatments could stimulate the proliferation of germ cells in vitro using a PCNA antibody (S1
Fig). During the resting period, both rFsh and rLh, as well as E2, significantly but moderately
stimulated the percentage of proliferative spermatogonia in the testis explants (~2-fold above
control levels), whereas T was the most potent hormone at incrementing cell proliferation
(~4-fold increase with respect the controls). In contrast, at the spermatogenic stage only T elic-
ited a small increase of proliferative spermatogonia (~2.5-fold with respect the controls), while
at the spermiation stage both rFsh and T induced a considerable increase of proliferative cells
(~3- and ~5-fold above basal levels, respectively).

The results of the qRT-PCR experiments showed a differential regulation of aquaporin tran-
scripts by gonadotropins and steroids which changed depending on the developmental stage of
the testes. Thus, aqp0a expression was not affected by the hormones at the resting stage, while
at the spermatogenic stage it was upregulated by rFsh and particularly by rLh, as well as by
11-KT (Fig 3C). In contrast, during spermiation aqp0a was activated only by T (Fig 3C).

at the resting or spermatogenic stages (data not shown). Sec, Sertoli cell; Lc, Leydig cell; Sg, spermatogonia; Sc, spermatocyte; Sd, spermatid; Sz,
spermatozoa. Scale bars, 10 μm.

doi:10.1371/journal.pone.0142512.g002
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Testicular aqp1aa (Fig 3D) and -7 (Fig 3F) transcripts were not affected during the resting
period, whereas both mRNAs were stimulated by rLh and 11-KT during spermatogenesis, and
in the case of aqp7, also at the spermiation stage. aqp1ab was the only transcript strongly up-
regulated by rFsh, rLh, T, and E2 at the resting period (Fig 3E). However, while the stimulation
of aqp1ab by rFsh and rLh was of similar magnitude, that of E2 was significantly more potent
than that elicited by T (Fig 3E). Interestingly, the levels of aqp1ab were no longer regulated by
hormones at the spermatogenic or spermiation stages. aqp8b was only activated by gonadotro-
pins and T at the spermiation stage (Fig 3G), whereas the levels of the Leydig cell-specific

Fig 3. Hormone control of steroid production and aquaporin gene expression in the seabream testis in vitro. (A-B) Amounts of T (A) and 11-KT (B)
released into the incubation media by explants at the resting, spermatogenic and spermiation stages after 24 h exposure to 100 ng/ml of rFsh or rLh, or
hormone vehicle (control; C). (C-I) Effect of 100 ng/ml of rFsh or rLh, or of 10 ng/ml of steroid hormones (T, E2, 11-KT or 17,20β-P) on aqp0a (C), aqp1aa (D),
aqp1ab (E), aqp7 (F), aqp8b (G), aqp9b (H) and aqp10b (I) expression during spermatogenesis. Histograms represent relative mean expression values
normalized to rps18 gene expression, and expressed as fold-changes with respect to untreated explants at time zero. Dashed line at mRNA level 1 indicates
no change with respect time zero. In A-I, values (mean ± S.E.M.) from the resting and spermiation stage are from three independent experiments on three
different pools of males or individual males, respectively, each with two replicates per condition. For the spermatogenic stage, values (mean ± S.E.M.)
represent compiled data from two experiments on two different pools of males, each with three replicates per hormone treatment. *, P < 0.05; **, P < 0.01,
with respect the control group, or as indicated in brackets.

doi:10.1371/journal.pone.0142512.g003
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aqp9b were stimulated by rLh, E2, 11-KT and 17,20β-P during spermatogenesis, but only by T
and 17,20β-P during spermiation (Fig 3H). Finally, expression of aqp10b was stimulated by
rFsh, rLh and 11-KT during spermatogenesis, but it was activated only by T during spermia-
tion (Fig 3I). These data therefore indicated that aqp1ab and -8b are specifically regulated dur-
ing spermatogonia proliferation and spermiation, respectively, whereas the expression of
aqp0a, -1aa, -7, -9b and -10b is mainly controlled during spermatogenesis.

Androgen-dependent and -independent actions of Fsh and Lh on
aquaporin gene expression in vitro
To determine whether the effects of gonadotropins on aquaporin gene expression were depen-
dent on steroid production, the transcript levels of the rFsh- and rLh-regulated genes observed
earlier were re-evaluated in explants cultured in vitro in the presence of gonadotropins and the
steroidogenesis inhibitor TRIL by qRT-PCR (Fig 4). As expected, TRIL abolished the rFsh and
rLh stimulation of T production at the resting period (Fig 4A), as well as the rFsh and rLh
induction of aqp1ab expression (Fig 4B), indicating that the effects of both gonadotropins were
mediated by T. During the spermatogenic stage, TRIL also reduced gonadotropin-stimulated T
(Fig 4C) and 11-KT (Fig 4D) secretion to basal levels, but the inhibitor had different effects on
aquaporin expression. While TRIL completely prevented the rFsh and rLh activation of aqp10b
(Fig 4I) and the rFsh-induced aqp0a (Fig 4E), and partially blocked the accumulation of aqp0a
caused by rLh (Fig 4E), it did not affect the stimulation of aqp1aa (Fig 4F) and -9b (Fig 4H) by
rLh. At the spermiation stage, the presence of TRIL reduced the basal and gonadotropin-stimu-
lated production of T (Fig 4J). However, the rLh-induced aqp7 upregulation was not affected
by TRIL (Fig 4K), whereas the rFsh and rLh activation of aqp8b, as well as its basal expression,
were completely inhibited (Fig 4L). These and previous data suggested that aquaporin expres-
sion in the seabream testis is regulated by steroid-dependent and independent mechanisms.

Translational control of testicular aquaporins in vitro
To investigate whether the endocrine regulation of aquaporin mRNA expression in the testis
correlates with the corresponding proteins, the explants previously stimulated with gonadotro-
pins and steroids were further analyzed by Western blot. Although not quantified, the explants
were also examined by immunofluorescence microscopy after hormone treatments as a prelim-
inary indication of potential changes in the cell type-specific expression of the different
aquaporins.

Due to the small size of the testis explants at the resting period, IP using the Aqp1ab anti-
body was carried out prior to the immunoblot to concentrate the target protein (S2 Fig). These
experiments confirmed that both gonadotropins and T incremented the total amount of phos-
phorylated and dephosphorylated Aqp1ab in the testis (Fig 5A and S2 Fig), while the immu-
nostaining indicated that the Aqp1ab polypeptides accumulated mainly in spermatogonia (Fig
5B–5G). The effect of E2 on Aqp1ab protein abundance was not significant due to the large
variation of the intensity of the Aqp1ab immunoreactive bands in the immunoblots (Fig 5A
and S2 Fig), although a more intense Aqp1ab staining was seen in the spermatogonia from
estrogen-treated explants (Fig 5G).

In explants at the spermatogenic stage, semiquantitation of aquaporin expression by West-
ern blot showed significantly higher levels of Aqp0a, -1aa and -10b after treatment with rFsh
and rLh, and of Aqp7 after rLh exposure, while the translation of all these aquaporins was also
upregulated with 11-KT although to a different extent (Fig 6A–6C and 6E, and S3 Fig). These
data thus agree with the qRT-PCR data. For Aqp9b, however, the total protein levels did not
change after gonadotropin or steroid treatments (Fig 6D and 6U–6AB), despite that each of
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these hormones, except T, upregulated the corresponding transcripts in the testis. Immunos-
taining of treated explants revealed a more intense Aqp0a signal in Sertoli cells (Fig 6H) and
spermatogonia (Fig 6I) after rFsh and rLh exposure, respectively, while 11-KT was apparently
increasing Aqp0a immunoreacton in both cell types (Fig 6J). In contrast, rFsh seemed to
enhance Aqp1aa staining in the endothelia of intratesticular blood vessels (Fig 6M), despite
that this gonadotropin was not found to significantly increase aqp1aa expression in the testis,
whereas rLh apparently elevated Aqp1aa immunostaining in spermatocytes (Fig 6N). The
androgen 11-KT had the same effect that rFsh on Aqp1aa in blood vessels, but had no apparent
effect on the protein expression of the channel in germ cells (Fig 6O). The rLh and 11-KT
appeared to increase the translation of Aqp7 in spermatogonia (Fig 6S and 6T), whereas both
hormones, and apparently also rFsh, incremented the Aqp7 signals in the basal region of the
Sertoli cells (Fig 6R–6T). Both gonadotropins and 11-KT also enchanced Aqp10b immunos-
taining in spermatogonia at this stage, whereas the signal in Sertoli cells was unchanged (Fig
6AE–6AG).

During the spermiation period, immunoblot analyses did not show significantly different
levels of the total amounts of Aqp0a, -7, -8b, -9b and -10b polypeptides in explants treated
with gonadotropins or steroids (Fig 7A–7E and S4 Fig), even though the corresponding tran-
scripts were upregulated by these hormones. However, immunofluorescence microscopy of the

Fig 4. Effect of the steroidogenesis inhibitor TRIL on gonadotropin-induced androgen production and aquaporin transcriptional regulation in
vitro. (A, C-D, J) Amounts of T (A, C, J) and 11-KT (D) released into the incubation media by explants at the resting, spermatogenic and spermiation stages
after 24 h exposure to 100 ng/ml rFsh or rLh, or hormone vehicle (control; C), in the presence or absence of 5 μM TRIL. (B, E-H, K-L) Effect of TRIL on rFsh
and rLh-induced aquaporin gene expression during spermatogenesis. Data are represented as in Fig 3. Dashed line at mRNA level 1 indicates no change
with respect time zero. Values (mean ± S.E.M.) represent compiled data from two experiments on two different pools of males or individual males, each with
three replicates per treatment. *, P < 0.05; **, P < 0.01, with respect the control group not treated with TRIL, or as indicated in brackets.

doi:10.1371/journal.pone.0142512.g004
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explants revealed that T enhanced Aqp0a staining in spermatocytes (Fig 7J), whereas Aqp7
positive signals in Sertoli cells, spermatocytes and spermatids (Fig 7N and 7O), and specifically
those for Aqp8b in spermatids (Fig 7S and 7T), were stronger after rLh and 11-KT stimulation.
Similarly, rLh and T increased Aqp10b signals in spermatogonia, spermatocytes and sperma-
tids (Fig 7AE and 7AF). Finally, as observed during the spermatogenic period, no differences in
Aqp9b staining in Leydig cells were detected after the hormone treatments (Fig 7U–7AA).

Discussion
The present study reveals a complex pattern of cell-type specific expression and endocrine reg-
ulation of seven different aquaporin paralogs, Aqp0a, -1aa, -1ab, -7, -8b, -9b and -10b, during
spermatogenesis of a marine teleost. The combined data sets allowed us to propose the first
model of the differential short-term regulation of testicular aquaporins by gonadotropins and
sex steroids in a non mammalian vertebrate (Fig 8). This model is based on the corroborative
results of aquaporin mRNA and protein expression levels, except during the spermiation stage,
during which presumably high endogenous expression of most of the aquaporins investigated
likely masked the effects observed in the in vitro studies.

Aquaporins in testicular somatic cells and blood vessels endothelia
In mammals, it has been proposed that different aquaporins present in Sertoli cells, such as
AQP0, -4, and AQP8-10, may play an important role for the absorption/secretion of the semi-
niferous tubular fluid, which provides the necessary nutritional and hormonal environment for

Fig 5. Effect of gonadotropins and steroid hormones on Aqp1ab protein synthesis in explants at the
resting stage in vitro. (A) Fold increase (mean ± S.E.M; n = 3 replicates) in the relative amount of Aqp1ab
protein in explants treated with 100 ng/ml of rFsh or rLh, or 10 ng/ml of T or E2. *, P < 0.05 with respect the
control group. See S2 Fig for the individual immunoblots. (B-G) Representative Aqp1ab immunostaining in
explants treated as above. Arrowheads point to the spermatogonia. Reactions were visualized as in Fig 2.
Scale bar, 20 μm. Images from sections at different spermatogenic stage or after hormone treatments were
taken with the same fluorescence intensity and exposure time than those used for the controls.

doi:10.1371/journal.pone.0142512.g005

Endocrine Regulation of Testicular Aquaporins

99



Fig 6. Effect of gonadotropins and steroid hormones on aquaporin protein synthesis in explants at the spermatogenic stage in vitro. (A-E) Fold
increase (mean ± S.E.M; n = 3 replicates) in the relative amount of Aqp0a, -1aa, -7, -9b and -10b protein in explants treated with 100 ng/ml of rFsh or rLh, or
10 ng/ml of E2, 11-KT or 17,20β-P. **, P < 0.01; *, P < 0.05 with respect the control group. See S3 Fig for the individual immunoblots. (F-AG) Representative
immunostaining of explants treated as above using the corresponding antibodies. Reactions were visualized as in Fig 2. Scale bar, 10 μm. Images from
sections at different spermatogenic stage or after hormone treatments were taken with the same fluorescence intensity and exposure time than those used
for the controls. Sec, Sertoli cell; Lc, Leydig cell; Sg, spermatogonia; Sc, spermatocyte; Sd, spermatid; Sz, spermatozoa; Bv, blood vessel.

doi:10.1371/journal.pone.0142512.g006
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Fig 7. Effect of gonadotropins and steroid hormones on aquaporin protein synthesis in explants at the spermiation stage in vitro. (A-E) Fold
increase (mean ± S.E.M; n = 3 males) in the relative amount of Aqp0a, -7, -8b, -9b and -10b protein in explants treated with 100 ng/ml of rFsh or rLh, or 10 ng/
ml of T, 11-KT or 17,20β-P. **, P < 0.01; *, P < 0.05 with respect the control group. See S4 Fig for the individual immunoblots. (F-AF) Representative
immunostaining of explants treated as above using the corresponding antibodies. Reactions were visualized as in Fig 2. Scale bar, 10 μm. Images from
sections at different spermatogenic stage or after hormone treatments were taken with the same fluorescence intensity and exposure time than those used
for the controls. Sec, Sertoli cell; Lc, Leydig cell; Sg, spermatogonia; Sc, spermatocyte; Sd, spermatid; Sz, spermatozoa; Bv, blood vessel.

doi:10.1371/journal.pone.0142512.g007
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Fig 8. Schematic representation of the expression and endrocrine regulation of testicular aquaporins
during seabream spermatogenesis.Colored cell types at each stage indicate aquaporin expression
demonstrated by immunofluorescence microscopy. Hormones involved in aquaporin mRNA and/or protein
regulation are in red letters. Whether the Fsh and Lh regulation is mediated by steroids is indicated in
parenthesis. Sec, Sertoli cell; Lc, Leydig cell; Sg, spermatogonia; Sc, spermatocyte; Sd, spermatid; Sz,
spermatozoa; Bv, blood vessel.

doi:10.1371/journal.pone.0142512.g008
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spermatogenesis, as well as for the progression of sperm from the testis to the epididymis [6].
In this study, we found that seabream Sertoli cells also express several aquaporins, Aqp0a, -7
and -10b; however, while Aqp10b is already detected in Sertoli cells before spermatogenesis,
Aqp0 and -7 expression is activated specifically when germ cells enter into meiosis (Fig 8). In
our previous study, expression of Aqp7 and -10b in Sertoli cells was not detected [28], possibly
because this study was carried out on spermiating testes only, where the strong immunoreac-
tion for these two aquaporins in germ cells could mask additional positive reaction in the
underlying Sertoli cells.

Before and during spermatogenesis, Aqp10b in Sertoli cells was not regulated in vitro by
gonadotropins, androgens, estrogen or progestin, which may suggest that short-term in vitro
cultures were not long enough to detect the effect of these hormones, or that Aqp10b in Sertoli
cells may be regulated by other signals such as growth factors [35, 36]. In contrast, when
plasma levels of T and 11-KT increase during spermatogenesis, Aqp0a in Sertoli cells was upre-
gulated by 11-KT produced in response to rFsh, which was likely mediated by the stimulation
of Fsh cognate receptors in the steroidogenic Leydig cells [33, 37], which in turn can activate
androgen nuclear receptors expressed in Sertoli cells [38, 39, 40]. For Aqp7, however, no
changes in the testicular transcript or protein level were recorded after rFsh stimulation during
spermatogenesis, although an increased accumulation of the channel at the basal region of Ser-
toli cells apparently occurred at this stage after rFsh exposure. By contrast, during spermiation
the aqp7 transcript levels in the testis and Aqp7 immunostaining in Sertoli cells were upregu-
lated by rLh, possibly through the local production of 11-KT, since this androgen alone elicited
the same effects even though the activation by rLh was not sensitive to TRIL. These observa-
tions could therefore suggest the regulation of Aqp7 intracellular trafficking in Sertoli cells by
direct Fsh stimulation during spermatogenesis, and the Lh-triggered activation of the expres-
sion of this channel specifically during spermiation. Although these potential mechanisms
remain to be demonstrated, the specific positive regulation of Aqp0a, -7 and -10b in seabream
Sertoli cells may indicate a role of these channels in the movement of water and solutes across
the seminiferous epithelium during germ cell development as well as during spermiation, when
an increase of the tubular fluid and the hydration of the seminal fluid occurs [21]. However, in
mammals AQP0 and -4 have been suggested to mediate membrane junctions [41, 42], and
therefore Aqp0a channels might also contribute to cell adhesion structures in seabream Sertoli
cells that are part of the testis-blood barrier, which in teleosts is generally formed during the
transition from spermatocytes to early spermatids, when tight junctions are established
between Sertoli cells [43].

In seabream Leydig cells, only Aqp9b was found to be expressed throughout the spermato-
genic cycle, and this channel appeared to be Leydig cell-specific since it was not detected in any
other cell type of the testis. This finding is in contrast to that reported in mammals, where Ley-
dig cells seem to express AQP0 and the tetrapod-specific AQP2 and -5, in addition to AQP9,
which is also found in germ cells [3, 19, 20, 44, 45]. In seabream, testicular aqp9bmRNA levels,
but not those of the protein product, were upregulated upon rLh, E2, 11-KT and 17,20β-P
treatment at the spermatogenic stage, while during spermiation aqp9b was upregulated by T
and 17,20β-P (Fig 8). The positive effect on aqp9b expression by rLh was not dependant on
androgens, suggesting the presence of Lh regulated pathways in Leydig cells controlling aqp9b
transcription. However, the observation that 11-KT, E2 and 17,20β-P alone could upregulate
aqp9b expression suggest that autocrine and/or paracrine mechanisms, through steroidogenic
enzymes expressed in germ cells [40, 46], may also exist. The existence of these mechanisms is
supported by the presence of androgen and estrogen nuclear receptors in fish Leydig cells [38,
40, 47, 48], and by the reported effect of androgens and estrogens on Leydig cell ultrastructure
and/or steroidogenesis [49, 50], previously observed in teleosts. The activation of aqp9b
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transcription in seabream Leydig cells by the progestin 17,20β-P is more intriguing, since
expression of the progestin nuclear receptor in these cells has been reported in zebrafish
(Danio rerio) [51] but not in other teleosts [40, 52, 53], although membrane-bound progestin
receptors [54] may be involved, as it might occur in rat Leydig cells [55]. However, despite that
aqp9b in seabream Leydig cells is transcriptionally regulated by gonadotropins and steroids
during spermatogenesis, the role of this channel is unclear, although it may be involved in the
transport of water and non-charged solutes in these interstitial cells, as suggested for mammals
[56, 57].

In addition to the Leydig cells, the only cells in the seabream testicular interstitial tissue
showing aquaporin expression were the endothelial cells of blood vessels close to the seminifer-
ous tubules, which were found to express Aqp1aa throughout the spermatogenic cycle (Fig 8).
The presence of Aqp1aa in blood vessels may contribute to the transcellular water transport
from the blood stream to the seminiferous tubules. This hypothesis would be consistent with
the increased Aqp1aa translation by Fsh and 11-KT that seemed to occur during spermatogen-
esis. Although this mechanism is unclear because no changes in testicular aqp1aa transcription
were also noted after rFsh stimulation, it may agree with the expression of the Fsh and andro-
gen receptors in mammalian endothelial cells [58, 59].

Aquaporins in germ cells
During seabream germ cell development, the first aquaporin to be expressed in proliferating
spermatogonia was Aqp1ab, whereas activation of Aqp0a, -7 and -10b was associated with the
increased testicular secretion of 11-KT and the entry into meiosis of diploid cells, and that of
Aqp1aa and -8b was specific of haploid cells (Fig 8). Such tight developmental regulation of
aquaporins suggest the role of these channels for fluid efflux during the decrease of cell volume
occuring during the series of cell divisions from spermatogonia to spermatids and spermatozoa
[60], and for the transport of nutrient molecules from Sertoli cells that may be required during
cell differentiation. However, aquaporins expressed in germ cells, except Aqp0a, are prevalent
in mature spermatozoa [28], and therefore the coordinated synthesis and storage of these chan-
nels in intracellular vesicles during spermatogenesis can be an additional mechanism involved.

The regulation of the different aquaporin paralogs in seabream germ cells was different dur-
ing the spermatogenic cycle, and both steroid-dependent and -independent mechanisms were
observed (Fig 8). In spermatogonia at the resting stage, Aqp1ab was the only channel expressed
and was upregulated by gonadotropins through T production, although the stimulation of
aqp1ab expression by E2 was stronger than that of T suggesting that the effect of T could be
mediated by the rapid aromatization of the androgen in Leydig cells [46]. However, at this stage
we noted that both gonadotropins, E2, and T, induced spermatogonia proliferation in vitro,
according to the known role of estrogens in spermatogonial renewal through the activation of
estrogen receptors in Sertoli cells [37, 61], and therefore whether androgens and/or estrogens
directly or indirectly stimulate aqp1ab transcription in spermatogonia remains to be addressed.
In any event, the early expression of Aqp1ab during seabream spermatogenesis is very similar to
the developmental control of this paralog during oogenesis, where Aqp1ab is synthesized already
in meiosis-arrested primary growth (previtellogenic) oocytes and later transported to the oocyte
plasma membrane where it mediates oocyte hydration associated with meiosis reinitiation [25,
30, 62, 63]. However, Aqp1ab synthesis in seabream early oocytes is activated by Fsh-triggered
progestins [32, 63], whereas spermatogonial aqp1ab was apparently not affected by short-term
exposure to 17,20β-P. These observations may suggest a different endrocrine control of aqp1ab
in male and female germ cells, but experiments with longer incubation times of seabream sper-
matogonia in the presence of progestins would be necessary to confirm this hypothesis.
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During the progression of spermatogenesis, spermatogonia start to express Aqp0a, -7 and
-10b (Fig 8), together with Aqp1ab. However, while expression of Aqp1ab, -7 and -10b is main-
tained in differentiating spermatocytes and spermatids, and in spermatozoa through the sper-
miation period, that of Aqp0a remains only up to the spermatocyte stage. In contrast, Aqp1aa
and -8b expression was detected only in spermatocytes and spermatids, as well as in spermato-
zoa during spermiation, suggesting that these channels were upregulated late in germ develop-
ment possibly for a later role during the activation and maintenance of sperm motility [64, 65].
Transcription of Aqp1ab was not regulated by gonadotropins or sex steroids during spermato-
genesis or spermiation, and thus this channel appears to be stored throughout germ cell differ-
entiation as it occurs during oogenesis [62, 63]. The qRT-PCR and immunostaining data
suggested however that spermatogonial Aqp0a and -10b were upregulated by 11-KT produced
in response to Fsh and/or Lh during spermatogenesis, whereas Aqp8b in spermatids was acti-
vated by gonadotropin-triggered T only during spermiation (Fig 8). These findings indicate
that most aquaporins in seabream germ cells are controlled by androgen-dependent mecha-
nisms, through androgen receptors expressed either in Sertoli cells or in the germ cells them-
selves [40, 66] as reported for mammals [67, 68]. The upregulation of Aqp0a and -10b in
spermatogonia by 11-KT may be concomitant with the entry into meiosis of these cells, since
in several teleosts it has been shown that 11-KT stimulates spermatogonial proliferation toward
meiosis [37]. In our study, we did not observe significantly increased PCNA-based spermato-
gonia proliferation by 11-KT in any of the spermatogenic stages investigated, possibly because
longer times of incubation with the androgen are needed to elicit an effect [69].

Our data also indicate, however, that some aquaporins expressed in seabream germ cells, such
as Aqp1aa, -7, and partially Aqp0a, can be regulated by Lh through steroid-independent mecha-
nisms. This finding would agree with the recently reported presence of the Lh receptor in seab-
ream spermatocytes and spermatids [70]. In the flatfish Senegalese sole (Solea senegalensis), it
has been shown that ligand-activated Lh receptor in spermatids released into the tubular lumen
directs the expression of genes involved in spermiogenesis [70]. Therefore, our observations sug-
gest that Aqp1aa and -7 in germ cells could be under direct Lh regulation as part of the transcrip-
tional reprogramming process occurring during the transformation of haploid spermatids into a
highly specialized, motile and fertile spermatozoa [8]. However, we also noted that during sper-
miation, T or 11-KT alone can upregulate Aqp0a, -1aa, -7 and -10b expression in germ cells (Fig
8), suggesting that androgens might also be involved in the control of seabream spermiogenesis,
as reported for mammals [71], as well as regulating aquaporin expression during this process.

Conclusions
The results of the present study confirm the presence of a complex aquaporin network in the
testis of a teleost fish, and indicate that the expression of the different aquaporin paralogs in
somatic and germ cells during spermatogenesis is differentially regulated by Fsh and Lh
through androgen-dependent and independent mechanisms. These findings emphasize the
potential importance of aquaporin-mediated water and solute transport for the control of the
local fluid balance during teleost germ cell development. Our data suggest that androgens are
the major steroids regulating aquaporin expression in the seabream testis, although the specific
molecular mechanisms involved should be investigated in further studies. Also, the regulatory
pathways for the aquaporins showing dual expression in Sertoli and germ cells, such as Aqp0a,
-7 and -10b, need to be confirmed in the future using isolated cell preparations. Nevertheless,
the present work provides the first model of aquaporin regulation during the spermatogenesis
of a non mammalian vertebrate as a step forward towards the elucidation of the physiological
roles of these important channels in the reproductive systems.
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Supporting Information
S1 Fig. Localization of proliferative germ cells after hormone treatments in vitro. (A-H)
Representative PCNA immunostaining of testis explants at the resting stage after stimulation
with 100 ng/ml of rFsh or rLh, or hormone vehicle (control; C), or 10 ng/ml of steroid hor-
mones (T, E2, 11-KT and 17,20β-P), for 24 h. (I) Quantification of percent PCNA-positive
germ cells in explants at the resting, spermatogenic and spermiation stages. Data (mean ± S.E.
M.) are from six testicular samples and represent the results of three separate experiments on
three different pools of male fish. �, P< 0.05; ��, P< 0.01, with respect the control group at
time zero.
(TIF)

S2 Fig. Western blot analysis of the effects of gonadotropins and steroid hormones on
Aqp1ab protein synthesis in explants at the resting stage in vitro. (A) Representative immu-
noprecipitation (IP) experiment on testis extracts using rabbit IgG or the seabream Aqp1ab
antibody showing the specific precipitation of Aqp1ab. (B) Aqp1ab immunoblots of testis
explants before (Time 0) and after treatment with 100 ng/ml of rFsh or rLh, 10 ng/ml of T or
E2, or hormone vehicle (control; C), and immunoprecipitated with Aqp1ab. The three blots
are technical replicates. The arrows indicate Aqp1ab monomer and the arrowheads phosphor-
ylated Aqp1ab. The IgG heavy chain (IgG-HC) is indicated. Molecular mass markers are on
the left.
(TIF)

S3 Fig. Western blot analysis of the effects of gonadotropins and steroid hormones on
aquaporin protein synthesis in explants at the spermatogenic stage in vitro. (A) Immuno-
blots for Aqp0a, -1aa, -7, -9b or -10b of testis explants before (Time 0) and after treatment with
100 ng/ml of rFsh or rLh, 10 ng/ml of E2, 11-KT or 17,20β-P, or hormone vehicle (control; C).
Alpha-tubulin (Tuba) was used as loading control. The three blots are technical replicates. The
arrows indicate aquaporin monomers whereas the arrowheads indicate potential posttransla-
tional modifications. Molecular mass markers are on the left.
(TIF)

S4 Fig. Western blot analysis of the effects of gonadotropins and steroid hormones on
aquaporin protein synthesis in explants at the spermiation stage in vitro. (A) Immunoblots
for Aqp0a, -7, -8b, -9b and -10b of testis explants before (Time 0) and after treatment with 100
ng/ml of rFsh or rLh, 10 ng/ml of T, 11-KT or 17,20β-P, or hormone vehicle (control; C).
Alpha-tubulin (Tuba) was used as loading control. The three blots correspond to three differ-
ent fish. The arrows indicate aquaporin monomers whereas the arrowheads indicate potential
posttranslational modifications. Molecular mass markers are on the left.
(TIF)

S1 Table. Primer sequences used for qRT-PCR.
(PDF)
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S1 Fig. Localization of proliferative germ cells after hormone treatments in vitro. 

(A-H) Representative PCNA immunostaining of testis explants at the resting stage after stimulation with 

100 ng/ml of rFsh or rLh, or hormone vehicle (control; C), or 10 ng/ml of steroid hormones (T, E2, 11-

KT and 17,20β-P), for 24 h. (I) Quantification of percent PCNA-positive germ cells in explants at the 

resting, spermatogenic and spermiation stages. Data (mean ± S.E.M.) are from six testicular samples and 

represent the results of three separate experiments on three different pools of male fish. *, P < 0.05; **, P 

< 0.01, with respect the control group at time zero. 

(TIF) 
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S2 Fig. Western blot analysis of the effects of gonadotropins and steroid hormones on Aqp1ab 

protein synthesis in explants at the resting stage in vitro. (A) Representative immunoprecipitation (IP) 

experiment on testis extracts using rabbit IgG or the seabream Aqp1ab antibody showing the specific 

precipitation of Aqp1ab. (B) Aqp1ab immunoblots of testis explants before (Time 0) and after treatment 

with 100 ng/ml of rFsh or rLh, 10 ng/ml of T or E2, or hormone vehicle (control; C), and 

immunoprecipitated with Aqp1ab. The three blots are technical replicates. The arrows indicate Aqp1ab 

monomer and the arrowheads phosphorylated Aqp1ab. The IgG heavy chain (IgG-HC) is indicated. 

Molecular mass markers are on the left. 

(TIF) 
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S3 Fig. Western blot analysis of the effects of gonadotropins and steroid hormones on aquaporin 

protein synthesis in explants at the spermatogenic stage in vitro. (A) Immunoblots for Aqp0a, -1aa, -7, 

-9b or -10b of testis explants before (Time 0) and after treatment with 100 ng/ml of rFsh or rLh, 10 ng/ml

of E2, 11-KT or 17,20β-P, or hormone vehicle (control; C). Alpha-tubulin (Tuba) was used as loading

control. The three blots are technical replicates. The arrows indicate aquaporin monomers whereas the

arrowheads indicate potential posttranslational modifications. Molecular mass markers are on the left.

(TIF)
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S4 Fig. Western blot analysis of the effects of gonadotropins and steroid hormones on aquaporin 

protein synthesis in explants at the spermiation stage in vitro. (A) Immunoblots for Aqp0a, -7, -8b, -

9b and -10b of testis explants before (Time 0) and after treatment with 100 ng/ml of rFsh or rLh, 10 ng/ml 

of T, 11-KT or 17,20β-P, or hormone vehicle (control; C). Alpha-tubulin (Tuba) was used as loading 

control. The three blots correspond to three different fish. The arrows indicate aquaporin monomers 

whereas the arrowheads indicate potential posttranslational modifications. Molecular mass markers are on 

the left. 

(TIF) 
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S1 Table. Primer sequences used for qRT-PCR 

Gene GenBank # Forward/Reverse 
Amplicon 

(bp) Efficiency 

aqp0a KC589385 CAGGGGCCTCTCTCTCTCTT/ 
GGAAAAGCATGCAGAAGTCC 

118 2.11 

aqp1aa AY626939 TCCTGAACAATTTCACGAACC/ 
GCCTCCGTTAACGTCGTAGT 

171 1.89 

aqp1ab AY626938 GCGACGGAGTGATGTCAAAGG/ 
AGATAAGAGCCGCCGCTATGC 

203 1.89 

aqp7 KC589386 TGAAGGACTTGGTGCAGTCA/ 
CCTAGGCCAAACACCATCAT 

148 2.01 

aqp8b DQ889225 TCCGGCTTTAGTGAGCAACT/ 
TCCTGTCTCCAAGCAGGAGT 

110 2.11 

aqp9b KC589387 ATCCTGGCCATCACTGACA/ 
GGTTGATCGGATAGCCACAG 

124 1.99 

aqp10b AY363261 GTGCTGGTAATCGGCGTCT/ 
GGCCTTGAAAACATCCACTC 

120 1.96 

rps18 AY587263 ACTAAGAACGGCCATGCACCACCAC/ 
GAATTGACGGAAGGGCACCACC 

149 1.96 

All primers are flanking at least one intron (based on zebrafish genomic organization). 
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Reactive oxygen species (ROS), particularly hydrogen peroxide (H2O2), cause oxidative cell damage and
inhibit sperm function. Inmost oviparous fishes that spawn in seawater (SW), spermatozoamay be exposed
to harmful ROS loads associated with the hyperosmotic stress of axonemal activation and ATP synthesis
from mitochondrial oxidative phosphorylation. However, it is not known how marine spermatozoa can
cope with the increased ROS levels to maintain flagellar motility. Here, we show that a marine teleost
orthologue of human aquaporin-8, termed Aqp8b, is rapidly phosphorylated and inserted into the inner
mitochondrial membrane of SW-activated spermatozoa, where it facilitates H2O2 efflux from this
compartment. When Aqp8b intracellular trafficking and mitochondrial channel activity are
immunologically blocked in activated spermatozoa, ROS levels accumulate in the mitochondria leading to
mitochondrial membrane depolarisation, the reduction of ATP production, and the progressive arrest of
spermmotility. However, the decreased sperm vitality underlying Aqp8b loss of function is fully reversed in
the presence of a mitochondria-targeted antioxidant. These findings reveal a previously unknown
detoxification mechanism in spermatozoa under hypertonic conditions, whereby mitochondrial
Aqp8b-mediated H2O2 efflux permits fuel production and the maintenance of flagellar motility.

S
permatozoon motility is a major physiological determinant of male fertility. Amongst external fertilizers,
such as freshwater and marine fishes, activation of motility is respectively induced by the hypo- or hyper-
osmotic aquatic environment into which the sperm are ejaculated1–4. Spermatozoon flagellar motility is

primarily driven by the hydrolysis of ATP, which is synthesised from glycolysis and/or mitochondrial oxidative
phosphorylation (OXPHOS) depending on the species5–9. Due to electron leakage from the mitochondrial
electron transport chain during OXPHOS10, however, or directly resulting from the osmotic stress of activa-
tion11–15, reactive oxygen species (ROS), such as hydrogen peroxide (H2O2), may be produced in excess causing
depolarisation of the mitochondrial membrane potential (DYm) and mitochondrial malfunctioning10,16,17. As a
result, spermatozoa enter into oxidative stress, which may lead to membrane lipid peroxidation, depletion of
ATP, or axoneme damage, thus inhibiting sperm motility18–22.

In marine teleosts, oxidative damage in spermatozoa linked to osmotic stress may be particularly critical since
these cells face a strong hyperosmotic shock (from,300 to,1100 mOsm) when they are released into seawater
(SW). Such osmotically-inducedH2O2may subsequently diffuse into themitochondrion further exacerbating the
toxic effects of ROS. As in mammals, however, the normal detoxification pathways involving antioxidants,
enzymes and peroxisomes that are present in somatic cells23, are more limited in spermatozoa24–26, due in part
to the relatively low cytoplasmic volume following spermiogenesis and the transcriptional quiescence of the germ
cells27. Consequently, it is not known how marine fish spermatozoa maintain motility and thus a fertilisation
potential during high endogenous production of ROS.

In recent years, aquaporin homologues fromplants and animals that facilitate transmembrane water transport,
have also been identified as H2O2 channels28–33. Amongst these homologues is human aquaporin-8 (AQP8),
which also transports ammonia34, and has been shown to be present in the inner mitochondrial membrane of
hepatic35 and renal proximal tubule cells36, where it is suggested to mediate ammonia and H2O2 transport37,38

rather thanwater fluxes37,39. However, direct evidence thatmitochondrial AQP8mitigates cellular oxidative stress
in a physiological framework has not yet been reported.
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In the oviparous marine teleost, gilthead seabream (Sparus aur-
ata), a recent study revealed that upon SW activation of spermato-
zoa, the teleost orthologue of AQP8, termed Aqp8b, is rapidly
accumulated in the single mitochondrion of these cells40. In the pre-
sent work, we therefore selected the seabream as a model to test the
hypothesis that H2O2 transport through mitochondrial Aqp8b may
be essential for the maintenance of motility of marine spermatozoa.
Our data show that seabream Aqp8b operates as a mitochondrial
peroxiporin in activated sperm and that immunological inhibition of
channel function causes mitochondrial failure and the decline of
motility, whereas these effects are fully reversed using a mitochon-
dria-targeted antioxidant. These findings uncover a novel aqua-
porin-mediated detoxification mechanism in spermatozoa and
demonstrate a physiological role of mitochondrial AQP8-facilitated
H2O2 transport.

Results
Seabream Aqp8b is phosphorylated and transported to the sper-
matozoon mitochondrion upon activation. The mature spermato-
zoon of seabream is a uniflagellated cell, differentiated into an
acrosome-less head, a short midpiece and a long cylindrical flagel-
lum bearing the microtubule-forming axoneme41 (Fig. 1a). In the
midpiece region, a single large mitochondrion is present, which is
typical of the spermatozoa of many members of the family Spari-
dae41. Both the flagellum and mitochondrion can be respectively
labelled with anti-a-tubulin antibodies and the mitochondria-speci-

fic vital dyeMitoTracker (Fig. 1b). Immunofluorescence microscopy
of ejaculated spermatozoa maintained in non-activating medium
(NAM), using the MitoTracker and an affinity-purified antibody
against the seabream Aqp8b C-terminus (Aqp8b-Ab)40, indicated
that Aqp8b is located in the midpiece region and anterior part of
the flagellum in immotile sperm, whereas the channel accumulates in
themitochondrion upon SW activation (Fig. 1c). Immunoblotting of
whole sperm in NAM detected a single reactive band with the ex-
pected size of the Aqp8b monomer (28 kDa), while an additional
band of slightly higher molecular mass (,30 kDa) was seen already
within 1 s of exposure of spermatozoa to SW (Fig. 1d). Subcellular
fractionation of spermatozoa and further immunoblotting of Aqp8b
together with markers for the inner and outer mitochondrial mem-
brane and mitochondrial matrix, prohibitin (Phb), hexokinase 1
(Hk1) and heat shock protein 60 (Hsp60), respectively, revealed a
higher prevalence of both Aqp8b immunoreactive bands in the
mitochondrion of activated sperm, thus confirming the immuno-
staining data, while only a single higher molecular mass band was
detected in the inner mitochondrial membrane subcompartment
(Fig. 1e). Further treatment of the whole mitochondrial extract
from SW spermatozoa with alkaline phosphatase reduced the
intensity of the 30-kDa Aqp8b reactive band (Fig. 1f), suggesting
that this band most likely corresponds to a phosphorylated form of
Aqp8b. These data indicate that Aqp8b is phosphorylated and
rapidly trafficked (,1 s) to the inner mitochondrial membrane of
the seabream spermatozoon upon SW activation.

Figure 1 | Aqp8b is phosphorylated and rapidly accumulated in the mitochondrion of the seabream spermatozoa upon SW activation. (a) Schematic

diagram of the seabream spermatozoa. (b, c) Immunolocalisation of a-tubulin (Tuba) in immotile spermatozoa (green in b), and Aqp8b (green in c) in

non-activated and SW-activated spermatozoa. In (b) and (c), the spermatozoon nucleus and mitochondrion were counterstained with DAPI (blue) and

themitochondrial dyeMitoTracker (red), respectively. Scale bars, 1 mm. (d) RepresentativeWestern blot of Aqp8b, and Tuba as loading control, in non-

activated and activated spermatozoa for 1, 5 or 10 s. (e) Aqp8b immunoblot ofmitochondria andmitochondrial innermembrane isolated from immotile

and motile spermatozoa. Phb and Hk1 were used as markers of inner and outer mitochondrial membrane, respectively, and Hsp60 as marker of the

mitochondrial matrix. (f) Dephosphorylation of mitochondrial Aqp8b by phosphatase treatment. Phosphorylated (p-Aqp8b) and dephosphorylated

Aqp8b are indicated. Hk1 was used as loading control. Full-length blots in (d–f) are presented in Supplementary Fig. S3 online. H, head; F, flagellum;Mp,

midpiece; N, nucleus; Mc, mitochondria; IMM, inner mitochondrial membrane; CIP, calf intestine alkaline phosphatase; MTR, MitoTracker.
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Seabream Aqp8b facilitates H2O2 uptake in oocytes and sperm
mitochondria. Previous studies have shown that the seabream
Aqp8b is permeable to water and urea, but not to glycerol40.
Amino acid alignment of seabream Aqp8b with human AQP8,
which has been shown to transport H2O2

30,32, revealed that three of
the four Aqp8b residues (H72, C208 and R213) in the aromatic
arginine region (ar/R) at the extracellular pore mouth that have
been suggested to allow the passage of H2O2

32 are conserved40. To
experimentally test whether the seabream Aqp8b can conduct H2O2,
we used the Xenopus laevis oocyte expression system, which yields
good expression of the channel at the oocyte plasma membrane
(Fig. 2a, b). We first evaluated volumetrically whether the Aqp8b-
Ab was able to block Aqp8b-mediated water transport. The osmotic
water permeability (Pf) of Aqp8b-expressing oocytes increased by
seven-fold with respect to water-injected (control) oocytes, while
mercury reduced the Pf by 93 6 4% (Fig. 2c; Supplementary Fig.
S1 online). Interestingly, externally added Aqp8b-Ab in the presence
of 0.5% Me2SO (DMSO) inhibited oocyte water permeability in a
dose-dependent manner up to 67 6 10%, whereas rabbit IgG was
ineffective (Fig. 2c; Fig. S1). The effect of the Aqp8b-Ab was specific
since the Pf of oocytes expressing Aqp1aa, -1ab, -7 or -10b, also
present in the seabream spermatozoa40, was not affected by the
Aqp8b-Ab treatment, whereas the Pf was inhibited (59–74%) when
oocytes were exposed to the corresponding antibodies (Fig. 2d).
Staining of Aqp8b-expressing oocytes treated with IgG or Aqp8b-
Ab using only fluorescein (FITC)-labelled anti-IgG secondary anti-

bodies revealed specific signals in the plasma membrane and the
cytoplasm, indicating that exogenously added antibody was able to
bindAqp8b in both compartments (Fig. 2e, right panel). The binding
of the antibody was confirmed by protein G coprecipitation experi-
ments, which detected Aqp8b-Ab-Aqp8b complexes only in oocytes
expressing Aqp8b and treated with Aqp8b-Ab (Fig. 2f). Immuno-
blotting of total and plasmamembrane fractions of these oocytes also
showed lower amounts of Aqp8b in the plasma membrane when
compared with those exposed to IgG (Fig. 2g), suggesting that the
Aqp8b-Ab partially prevented the insertion of the channel into the
oocyte surface.
The uptake of H2O2 by control and seabream Aqp8b-expressing

oocytes was subsequently determined using the ROS-sensitive, cell-
permeable fluorescent dye 5-(and-6)-chloromethyl-29,79-dichloro-
dihydrofluorescein diacetate, acetyl ester (CM-H2DCFDA), which
has previously been employed to evaluate H2O2 transport in yeast
cells transformedwith heterologous aquaporins28 as well as inAQP3-
expressing mice T cells31. For these experiments, control and Aqp8b
oocytes were loaded with CM-H2DCFDA and the increase in oocyte
fluorescence following exposure to increasing concentrations of
external H2O2 was determined spectroscopically. Exogenous H2O2

supplementation for 30 min significantly increased fluorescence
intensity in a dose-response manner in Aqp8b oocytes, the increase
being approximately three-fold higher with respect to controls upon
addition of 100 mM H2O2 (Fig. 3a). The increase in fluorescence of
Aqp8b oocytes was significantly reduced by 726 5% and 906 4% by

Figure 2 | Specific immunological inhibition of Aqp8b channel function in X. laevis oocytes. (a) Western blot of total and plasma membrane (2 oocyte

equivalents/lane) of oocytes injected with water (control) or 2 ng Aqp8b cRNA. (b) Immunolocalisation of Aqp8b (green) in water and cRNA-injected

oocytes. The arrow points to the plasma membrane labelled for Aqp8b. Scale bar, 20 mm. (c) Percentage of water permeability of Aqp8b oocytes treated

with increasing amounts of exogenous Aqp8b-Ab, mercury (100 mM) or IgG (0.3 mM). See Supplementary Fig. S1 online for the original Pf data.

(d) Percentage of water permeability of oocytes injected with seabream Aqp1aa, -1ab, -7 or -10b cRNAs (1–5 ng) and exposed to 0.3 mM of the

corresponding antibodies or the Aqp8b-Ab. In (c), and (d), data are the mean6 SEM of three independent experiments using different oocyte batches

(n5 12 oocytes/treatment). *P, 0.05; **P, 0.01, with respect to control oocytes not exposed to antibodies, IgG or mercury. (e) Immunodetection of

Aqp8b (green) in Aqp8b-expressing oocytes treated with 0.3 mM IgG or Aqp8b-Ab using only fluorescein isothiocyanate-labelled anti-IgG secondary

antibodies. The arrow points to the plasma membrane and arrowheads the cytoplasm. Scale bar, 20 mm. (f) Protein G coprecipitation and immunoblot

(2 oocyte equivalents/lane) of Aqp8b-Ab-Aqp8b complexes from oocytes treated with 0.3 mM IgG or Aqp8b-Ab. (g) Western blot of total and plasma

membrane (2 oocyte equivalents/lane) of Aqp8b oocytes treated as in (e). Full-length blots in (a), (f) and (g) are presented in Supplementary Fig. S4

online. FITC, fluorescein isothiocyanate, TM, total membrane; PM, plasma membrane; Ig-HC, immunoglobulin heavy chain.
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Aqp8b-Ab and HgCl2, respectively, while IgG had no effect (Fig. 3a),
suggesting the involvement of Aqp8b in H2O2 transport in oocytes.
To corroborate that Aqp8b inserted in the mitochondrion of the

seabream spermatozoa was able to facilitate H2O2 transport, the
uptake of exogenous peroxide by isolated and CM-H2DCFDA-
loaded mitochondria from SW-activated sperm or from immotile
sperm maintained in NAM, was estimated as for oocytes. Exogenous
peroxide addition resulted in a significant increase of fluorescence
intensity of both SW and NAM mitochondria in a dose-response
manner, but the increase in fluorescence was much higher in mito-
chondria from SW-activated sperm (4896 18%) compared to mito-
chondria from NAM spermatozoa (131 6 2%) (Fig. 3b). Also as
observed in oocytes, the fluorescence intensity of SW-activated mito-
chondria stimulated with 300 mM H2O2 was respectively blocked by
78 6 1% and 84 6 2% by the Aqp8b-Ab and mercury, and un-
affected by the DMSO vehicle or IgG treatment (Fig. 3c). In contrast,
the peroxide-induced slight increase in fluorescence of mitochondria
from immotile sperm remained unchanged after addition of either of
the Aqp8b inhibitors (Fig. 3c). Protein-G precipitation from SW

mitochondrial extracts treated with the Aqp8b-Ab pulled down
the phosphorylated and dephosphorylated Aqp8b bands, dem-
onstrating the binding of the antibody with endogenous Aqp8b
(Fig. 3d). These findings demonstrate that mitochondrial Aqp8b in
activated seabream spermatozoa facilitates H2O2 transport. In addi-
tion, these and previous data indicate that the Aqp8b-Ab can block
the trafficking of Aqp8b when heterologously expressed in oocytes,
as well as the permeability of the endogenous channel inserted in the
spermatozoan inner mitochondrial membrane.

Mitochondrial Aqp8b is required for spermatozoa motility. It has
been established that spermatozoa have a limited amount of RNA
and are transcriptionally silent27, although long-lasting mRNA
molecules transcribed during spermatogenesis can be translated in
spermatozoa by mitochondrial ribosomes42. However, in the
ejaculated sperm of seabream, aqp8b transcripts have not been
detected40. Therefore, we employed the Aqp8b-Ab to investigate
the functional role of Aqp8b during sperm motility in SW. Initial
trials indicated that the same concentrations of exogenous antibody

Figure 3 | Seabream Aqp8b facilitates H2O2 transport in oocytes and in the mitochondrion of activated spermatozoa. (a) Representative experiment

showing H2O2 uptake (mean6 SEM, n5 12 oocytes) into control and Aqp8b-expressing X. laevis oocytes incubated with H2O2 determined using the

CM-H2DCFDA reagent. Oocytes exposed to 100 mMH2O2were incubated in the presence or absence of IgG or Aqp8b-Ab (0.3 mM), or HgCl2 (100 mM).

(b) Accumulation of H2O2 inmitochondria isolated from non-activated and activated spermatozoa and exposed to H2O2. Bars with different superscript

are significantly (P, 0.01) different. (c) H2O2 uptake intomitochondria incubated with 300 mMH2O2 in the presence or absence of 0.5%DMSO, IgG or

Aqp8b-Ab (0.3 mM), or mercury (10 mM). (d) Protein G coprecipitation of Aqp8b-Ab-Aqp8b complexes frommitochondria treated with 0.3 mMIgG or

Aqp8b-Ab. In (b) and (c), data are the mean 6 SEM (n 5 3 experiments). In (a) and (c), *P , 0.05; **P , 0.01, with respect to control oocytes

or mitochondria from immotile spermatozoa, or respect to Aqp8b oocytes or SWmitochondria not exposed to the inhibitors (brackets). Full-length blot

in (d) is presented in Supplementary Fig. S5 online. Mc, mitochondria; TM, total membrane; PM, plasma membrane; Ig-HC, immunoglobulin heavy

chain.
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tested on oocytes specifically reduced both the percentage of motile
and progressive spermatozoa during the 5–10 s interval post-
activation in a dose-response manner (Fig. S2). Subsequent time-
course experiments up to 3 min revealed that the Aqp8b-Ab
drastically reduced the temporal motility (Fig. 4a) and progressivity
(Fig. 4b) of activated spermatozoa with respect DMSO- and IgG-
treated sperm (controls). In addition, the Aqp8b-Ab affected other
kinetic parameters related to the vigour of spermatozoa, such as
curvilinear velocity and beat cross frequency (Fig. 4c, d), and
progressiveness, such as the straight-line velocity and linearity (Fig. 4e, f).
The staining of spermatozoa treated with IgG or Aqp8b-Ab with

MitoTracker and either FITC-labelled anti-IgG or Alexa fluor-
labelled Aqp8b-Ab (Fig. 4g), as well as protein G coprecipitation
assays of whole sperm and mitochondrial extracts (Fig. 4h), con-
firmed that the antibody was able to bind extra- and intra-mitochon-
drial Aqp8b. Further, Aqp8b immunoblotting of mitochondrial
extracts from activated spermatozoa showed that the amount of
mitochondrial Aqp8b was lower in spermatozoa exposed to the
Aqp8b-Ab than in those treated with IgG (Fig. 4i, j), suggesting that
the antibody also partially prevented the accumulation of the channel
into the mitochondrion.
To investigate the causes for the lower sperm motility found in

Aqp8b-Ab-treated spermatozoa, we initially determined the levels of
ATP in the whole sperm and mitochondria of spermatozoa exposed
to DMSO, IgG or Aqp8b-Ab before and after activation. As expected
from studies in other marine fish3, the total ATP levels in sperm and
mitochondria dropped abruptally by 796 2% and 646 5%, respect-
ively, in control sperm at ,1 min post-activation (Fig. 5a). Sperm
treated with the Aqp8b-Ab for 1 h in NAM showed the same sperm
and mitochondrial ATP levels compared to the control groups, but
the decrease of ATP in both sperm (916 2%) and mitochondria (83
6 2%) of SW-activated spermatozoa was significantly greater than in
the DMSO- and IgG-treated sperm (Fig. 5a).
Further, ROS accumulation in spermatozoa was monitored using

the CM-H2DCFDA probe. Spermatozoa loaded with the probe and
maintained inNAMdid not show detectable levels of fluorescence by
microscopy, whereas the compound’s fluorescence was strongly and
specifically enhanced in the mitochondria within ,10 s of dilution

of sperm in SW (Fig. 5b), indicating that this organelle is the major
intracellular compartment accumulating ROS upon activation of
flagellar motility. Spectroscopic measurement of the intensity of
CM-H2DCFDA fluorescence confirmed the increase of mitochon-
drial ROS accumulation in control spermatozoa (1176 6% and 107
6 6%, in DMSO and IgG sperm, respectively) (Fig. 5c). However, in
Aqp8-Ab-treated sperm the increase in fluorescence was signifi-
cantly higher (2156 13%) (Fig. 5c), suggesting a potential oxidative
stress scenario in spermatozoa linked to the inhibition of mitochon-
drial Aqp8b. Interestingly, evaluation of the DYm with the lipophilic
cationic compound 5,59,6,69-tetrachloro-1,19,3,39tetraethylbenzy-
midazolyl carbocyanine iodine (JC-1), which was specific for the
sperm mitochondrion (Fig. 5d), revealed that the increase in mito-
chondrial ROS in DMSO- and IgG-treated sperm during SW activa-
tion was not associated with a change in the DYm (Fig. 5e). In
contrast, the JC-1 red:green fluorescence ratio significantly declined
by 336 1% in Aqp8b-Ab-treated sperm (Fig. 5e), indicating that the
increased accumulation of ROS in the mitochondrion of these sper-
matozoa led to a decrease of the DYm and probable mitochondrial
damage.
These findings suggested that Aqp8b function in the spermato-

zoon mitochondrion is necessary to prevent ROS accumulation and
depolarisation of the DYm in order to facilitate ATP production.

Aqp8b functions as a mitochondrial peroxiporin for H2O2 efflux
duringOXPHOS in vitro.To investigate further whether Aqp8b can
mediate mitochondrial ROS efflux, we measured the production of
ATP, the concomitant ROS generation and the variations in the
DYm, during OXPHOS in vitro by mitochondria isolated from acti-
vated sperm. A robust production of ATP was observed after addi-
tion of exogenous ADP, that was completely abolished by the ATP
synthase inhibitor oligomycin, which confirmed the functionality of
the ATP assay (Fig. 6a). The addition of the Aqp8b-Ab however
reduced the production of ATP by 38 6 3%, whereas IgG had no
effect (Fig. 6a).
The generation of ROS estimated with the CM-H2DCFDA dye

during ATP production in vitro, indicated that DMSO- and IgG-
treated mitochondria enhanced both ROS accumulation (by 176 6

Figure 4 | Mitochondrial Aqp8b is required for spermatozoa motility. (a–f) Kinetic parameters of spermatozoa treated with 0.5% DMSO, in the

presence or absence of IgGor Aqp8b-Ab (0.3 mM), after SWactivation. Data are themean6 SEM (n5 8 fish). Values of the Aqp8b-Ab-treated groups are

significantly different (P indicated in each panel). (g) Merged images of IgG- and Aqp8b-Ab-treated spermatozoa, labelled with MitoTracker (red) and

DAPI nuclear stain (blue), which were immunostained (green) with only fluorescein isothiocyanate-labelled anti-IgG or Alexa fluor 488-conjugated

Aqp8b-Ab. Scale bars, 2 mm. (h) Protein G coprecipitation of Aqp8b-Ab-Aqp8b complexes in whole sperm and mitochondria from activated

spermatozoa treated with 0.3 mM IgG or Aqp8b-Ab. (i) Immunoblot of mitochondrial Aqp8b from SW-activated sperm treated as in (h) using Hsp60 as

loading control. In (h) and (i), the immunoglobulin heavy chain (Ig-HC), phosphorylated Aqp8b (p-Aqp8b) and dephosphorylated Aqp8b are indicated.

(j) Quantitation (mean6 SEM; n5 5 fish) of mitochondrial Aqp8b in (i) normalised to Hsp60, which did not change between treatments (P5 0.291).

*P , 0.05. Full-length blots in (h) and (i) are presented in Supplementary Fig. S6 online. MTR, MitoTracker; Mc, mitochondria; FITC, fluorescein

isothiocyanate; AF488, Alexa fluor 488; VCL, curvilinear velocity; BCF, beat cross frequency; VSL, straight-line velocity; LIN, linearity.
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15% and 1736 20%, respectively) and release (by 2206 19% and 221
6 25%, respectively) (Fig. 6b). In contrast, ROS efflux appeared to be
impaired in mitochondria exposed to the Aqp8b-Ab with respect to
the controls (1476 15%), leading to a higher increase in ROS accu-
mulation (2236 10%) (Fig. 6b). Suchmitochondrial ROS accumula-
tion was associated with a decrease of the DYm (by 22 6 2%)
compared to the control groups (Fig. 6c). Addition of the mitochon-
dria-targeted antioxidant mito-TEMPO, which has superoxide and
alkyl scavenging properties, reduced the generation of ROS in all
treatment groups (Fig. 6b), but interestingly had no effect on the
DYm (Fig. 6c) and the production of ATP (Fig. 6d) in DMSO- and
IgG-treated mitochondria. However, in mitochondria treated with
the Aqp8b-Ab the antioxidant restored both the DYm (Fig. 6c) and
the production of ATP (Fig. 6d) to control levels.

The antioxidant mito-TEMPO rescues ATP production and
motility of Aqp8b-Ab-treated spermatozoa. Treatment with mito-
TEMPO completely reversed the Aqp8b-Ab inhibition on mito-
chondrial ATP production in vitro, and we therefore tested further
if this antioxidant could prevent the negative actions of Aqp8b-Ab on
sperm functions during activation. Consistent with previous results
on isolated mitochondria, addition of the antioxidant to IgG-treated
spermatozoa was able to reduce the ROS levels (Fig. 7a), but had no

effect on theDYm (Fig. 7b), theATP content (Fig. 7c), or the different
parameters related to spermatozoa motility (Fig. 7d–i). On the
contrary, mito-TEMPO-mediated reduction of ROS in Aqp8b-Ab-
treated sperm reversed the decrease of the DYm and ATP content
induced by the antibody (Fig. 7a–c), and fully rescued all
spermatozoa motility parameters (Fig. 7d–i). These data therefore
suggest that the harmful effect on flagellar motility resulting from the
inhibition of the Aqp8b function is caused by the accumulation of
ROS in the spermatozoa mitochondrion.

Discussion
In this study, we show that mitochondrial Aqp8b plays a vital detoxi-
fication role in activated marine teleost spermatozoa. The SW-acti-
vated trafficking of Aqp8b to the inner mitochondrial membrane
facilitates ROS efflux and thus the maintenance of DYm and ATP
production, which are essential for flagellar motility under hyper-
tonic conditions. Although a previous study has shown H2O2 chan-
nel activity ofmitochondrial AQP8 in human hepatic cultured cells38,
the physiological significance of this mechanism remains unknown.
The present study demonstrates the downstream physiological func-
tion of an aquaporin orthologue as a mitochondrial peroxiporin.
The expression of aquaporins in seabream spermatozoa, including

the water-selective Aqp1aa and -1ab, and water, glycerol and urea-

Figure 5 | Inhibition of Aqp8b mitochondrial function increases ROS levels and reduces ATP content in activated spermatozoa. (a) ATP content in

spermatozoa and mitochondria before and after activation in SW in the presence of 0.5% DMSO, and 0.3 mM of IgG or Aqp8b-Ab. (b) Epifluorescence

photomicrographs of non-activated and activated spermatozoa labelled with the CM-H2DCFDA dye (green). The nucleus and mitochondrion were

counterstained with Hoechst 33342 (blue) and MitoTracker (red), respectively. Scale bar, 1 mm. (c) ROS levels in non-activated and activated

spermatozoa treated as in (a) determined using CM-H2DCFDA. (d) Epifluorescence images of spermatozoa treated as in (b) loaded with the cationic dye

JC-1 (green and red) and Hoechst 33342 (blue). Green fluorescence corresponds to JC-1 monomer (M) whereas the formation of red fluorescent J-

aggregates (A) is an indicator of the DYm. (e) JC-1 red:green fluorescence intensity ratio of spermatozoa treated as in A. In (a), (c) and (e), data are the

mean6 SEM (n5 4–6 fish). *P , 0.05; **P, 0.01, with respect to spermatozoa in non-activating medium (brackets) or respect to spermatozoa not

treated with the Aqp8b-Ab. Mc, mitochondria; MTR, MitoTracker.
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transporting Aqp7 and -10b paralogues40,43, is similar to mammalian
spermwhere there is convincing evidence for the presence of AQP3, -
7, -8 and -1144,45. However, although Aqp1ab, -8b and -10b appear to
be phosphorylated upon SW activation of seabream spermatozoa40,
only Aqp8b is rapidly (, 1 s) inserted into the inner mitochondrial
membrane. The immediacy of Aqp8b accumulation in the mito-
chondrion is consistent with the extremely fast activation of marine
teleost sperm, which is thought to occur in a two-stage process3. The
first involves water efflux upon contact with the hyperosmotic SW,
which rapidly (, 20 ms) creates an expansion of flagellar mem-
branes driving the local activation of strech-activated channels and
the stimulation of the axoneme, followed (at,1 s) by an increase of
the internal ionic concentration and ATPase activation3. Our data
suggest that it is the second event that coincides with the recruitment
of Aqp8b in the seabream spermatozoan mitochondrion.
This study thus shows that one of the antioxidant systems present

in the seabream spermatozoa, presumably in addition to ROS scav-
enging enzymes26,46, is precisely the accumulation of the peroxiporin
Aqp8b in themitochondrion upon SWactivation. As in othermarine
teleosts, most of the energy required for seabream sperm motility is
obtained from endogenous ATP stores pre-accumulated during
spermatogenesis, as well as produced de novo by mitochondrial
OXPHOS during the motility phase, rather than glycolysis, which
probably plays a minor role during this time6–8,47. Additional evid-
ence that supports this model is our finding that mito-TEMPO,
which can also inhibit the glycolytic pathway48, did not affect the
ATP content or the motility of activated control spermatozoa.
However, OXPHOS-produced ATP also generates ROS as a by-
product, which are accumulated in mitochondria possibly together
with peroxide generated in the cytoplasm as a result of osmotic stress.
Our data in the seabream suggest that to avoid oxidative damage and
prolong spermatozoonmotility, Aqp8b is specifically delivered to the
mitochondrion, where it facilitates the efflux of accumulated H2O2.
When this pathway is distorted by the alteration of Aqp8b trafficking

and/or channel function, increased mitochondrial ROS levels induce
the decrease of the DYm and inhibit the production of ATP, leading
to the decline of sperm motility. The existence of this mechanism is
further supported by the observation that treatment of immunolo-
gically impaired spermatozoa with mito-TEMPO restores the DYm

and the production of ATP, and fully rescues sperm motility.
Marine fish spermatozoa are considered hypermotile, showing a

high velocity and a fast consumption of energy, when compared to
mammalian spermatozoa, which may be an adaptation to the short
period during which the micropyle remains open in fish eggs after
contact with SW3. However, mammalian spermatozoa acquire a vig-
orous swimming activity in the vicinity of the ova, the so-called
hyperactivation process, which is needed to traverse the zona pellu-
cida and fertilize the egg49. Hyperactivation is triggered by a rise in
flagellar Ca21 and requires increased pH and ATP production49.
Therefore, the process of hyperactivation occurring in mammalian
spermatozoa under hypotonic conditions is reminiscent of the high
motility of marine fish sperm2,3, and might require the presence of
specific mitochondrial detoxification mechanisms. In rodent and
human sperm, however, AQP8 is apparently not found in the mito-
chondria, rather it is specifically localised in the cytoplasmic droplet,
where it is suggested to regulate cell volume upon ejaculation in the
oviduct35,44,50. A potential candidate for mitochondrial peroxide
transport might be AQP7, since this aquaglyceroporin can poten-
tially facilitate H2O2 transport32, as shown for AQP330,31, and is loca-
lised in the mitochondria of human swim-up motile sperm51. Thus,
the potential role of aquaporins as functional peroxide channels in
mammalian spermatozoa, particularly during hyperactivation, is
intriguing and merits further investigation.
In summary, the present data provide the first evidence for the

physiological role of a mitochondrial aquaporin-mediated ROS-
detoxification pathway in male germ cells. This pathway is essential
for the prevention of oxidative damage to activated marine teleost
spermatozoa, and may have evolved as a selective advantage for

Figure 6 | Mitochondrial Aqp8b mediates ROS release during OXPHOS in vitro. (a) Production of ATP by mitochondria isolated from SW-activated

spermatozoa in the presence of absence of ADP (2.5 mM), oligomycin (2 mM), IgG or Aqp8b-Ab (0.3 mM). (b) ROS accumulation and release during

ATP production by isolated mitochondria treated as in (a), with or without antioxidant mito-TEMPO (50 mM), determined with CM-H2DCFDA.

(c) JC-1 red:green fluorescence intensity of mitochondria treated as in A during ATP production. (d) Production of ATP in the presence of ADP, with or

without addition of mito-TEMPO. Data (mean6 SEM; n5 3–4 separate experiments on different fish) in (a), (c) and (d) with asterisks are significantly

(P, 0.01) different with respect to mitochondria without ADP, or respect to mitochondria treated with ADP and DMSO alone (brackets). In (b), bars

with different superscript are significantly different (P , 0.01). Omy, oligomycin; MitoT, mito-TEMPO.
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increased sperm competition. These results uncover a previously
unknown mechanism in sperm physiology and open additional ave-
nues for understanding the impact of oxidative stress on fertilisation.

Methods
Animals and sperm collection. Adult seabream males raised in captivity were
maintained as previously described40. Milt was recovered from the gonopore of fish
sedated with 500 ppm of phenoxyethanol, avoiding SW or urine contamination,
stored at 4uC, and used within 24–48 h after collection. Fish samplings were carried
out in accordance with the protocols approved by the Ethics Committee of the Institut
de Recerca i Tecnologia Agroalimentàries (IRTA, Spain) following the European
Union Council Guidelines (86/609/EU).

Fluorescent probes and antibodies. The dyes CM-H2DCFDA (C6827), JC-1 (T-
3168) andMitoTrackerH Red CMXRos (M-7512) were from Life Technologies Corp.
The Aqp8b-Ab and other affinity-purified antisera against seabream Aqp1aa, -1ab, -
7, and -10b have been characterised elsewhere40,43,52,53. Antibodies for Hk1, Phb and
Hsp60 were from GeneTex (GTX124425, GTX124491 and GTX110039,
respectively). Anti-a-tubulin was from Sigma-Aldrich (T9026).

Aquaporin-mediated water and H2O2 transport in X. laevis oocytes. Ectopic
expression of full-length seabream aquaporin cDNAs in oocytes and determination of
the Pf was carried out as described previously40. For H2O2 uptake assays, oocytes were
incubated with isotonic modified Bart’s solution (MBS; 88 mM NaCl, 1 mM KCl,
2.4 mM NaHCO3, 0.82 mM MgSO4, 0.33 mM Ca(NO3)2, 0.41 mM CaCl2, 10 mM
HEPES, 25 mg/ml gentamycin, pH 7.5)1 0.5%DMSO1 200 mMof CM-H2DCFDA
for 1 h at 18uC. After two washes in MBS, each oocyte was exposed to H2O2 (0–
100 mM) dissolved in MBS for 30 min at 18uC. Oocytes were washed again and the

CM-H2DCFDA fluorescence of eachwell (oocyte1MBS)wasmeasured at excitation
and emission wavelengths of 495 nm and 525 nm, respectively, using a multiwell
plate reader (InfiniteM200, Tecan). Data were background corrected to remove non-
specific signals of the MBS alone and of oocytes not exposed to the dye. Mercurial
inhibition of water and H2O2 transport was investigated by incubating oocytes in
MBS 1 100 mM HgCl2 for 15 min before and during the assays. Aquaporin
antibodies and rabbit IgGwere tested at 0.003–0.3 mM in the presence of 0.5%DMSO
for 1 h before the assays.

Sperm-motility assays. Freshly collected sperm was diluted in NAM (in mg/ml: 3.5
NaCl, 0.11 KCl, 1.23 MgCl2, 0.39 CaCl2, 1.68 NaHCO3, 0.08 glucose, 1 BSA, pH 7.7;
280 mOsm) to 109 cells/mL. Sperm motility and different parameters of sperm
movement after 1510 dilution in filtered SW for 3 min were determined at room
temperature by computer-assisted sperm analysis (CASA) using the Integrated
Semen Analysis System software (ISASv1, Proiser) as previously described40. For
antibody inhibition, immotile sperm was incubated in NAM1 0.5%DMSO1 rabbit
IgG or the Aqp8b-Ab (0.003–0.3 mM), or with DMSO alone, for 1 h, with or without
50 mM mito-TEMPO (Santa Cruz Biotechnology Inc., sc-221945), before SW
activation. Treatments were run in triplicate.

Biochemical fractionation of spermatozoa. Sperm mitochondria were isolated
following previous protocols54,55 slightly modified. Briefly, activated and non-
activated sperm (109–1010 cells/ml) were centrifuged at 1000 3 g during 1 min and
the pellet sonicated for 30 s in 500 ml of the isolation buffer (IB; 0.01 MTris/Mops pH
7.4, 1 mM EGTA/Tris pH 7.4, 0.25 M sucrose). The cell debris and nuclei were
pelleted at 600 3 g for 10 min at 4uC, and the supernatant centrifuged at 7000 3 g
(10 min, 4uC). The pellet corresponding to the mitochondrial extract was washed
once with IB and kept for further experiments. To isolate inner mitochondrial
membranes, the mitochondrial pellet was resuspended in 300 ml of 0.3 M sucrose

Figure 7 | The mitochondria-targeted antioxidant mito-TEMPO rescues the Aqp8b-Ab-induced decline of sperm motility. (a–c) ROS levels (a),
DYm (b) and ATP content (c) of activated spermatozoa treated with 0.3 mM IgG or Aqp8b-Ab in the presence or absence of 50 mM mito-TEMPO.

(d–i) Antioxidant rescue of the Aqp8b-Ab-mediated inhibition of sperm kinetic parameters at 35 s (d-f and h) or 75 s (g and i) post-activation time. Data

are themean (n5 4–5 fish). *P, 0.05; **P, 0.01, with respect to IgG-treated sperm, or as indicated in brackets.MitoT,mito-TEMPO; VCL, curvilinear

velocity; BCF, beat cross frequency; VSL, straight-line velocity; LIN, linearity.
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containing 0.6% digitonin and incubated on ice for 15 min38. The extract was diluted
3-fold in 0.3 M sucrose and kept for 15 min on ice before centrifugation at 150003 g
(10 min, 4uC). The pellet was resuspended in 300 ml IB, sonicated, dilutedwith 300 ml
of 0.3 M sucrose, and centrifuged as above. The pellet was finally resuspended in
10 ml of 0.3 M sucrose and centrifuged at 100000 3 g for 1 h, washed, and
centrifuged again at 100000 3 g for 1 h.

Mitochondrial H2O2 uptake. Mitochondria were resuspended in 10 ml IB 1 0.5%
DMSO1 200 mMCM-H2DCFDA for 1 h, with or without 0.3 mMof IgG or Aqp8b-
Ab, or HgCl2 (10 mM; only during the last 15 min), and centrifuged at 70003 g for
5 min at 4uC. Samples were resuspended in equal volumes of fresh IB containing
H2O2 (0–300 mM) 1 0.5% DMSO in the presence of 0.3 mM IgG or Aqp8b-Ab, or
HgCl2 (10 mM), as described above. After 30 min, mitochondria were centrifuged,
resuspended in fresh IB, and disposed in triplicate in 96-well plates. The fluorescence
was measured as indicated previously, and the data were background corrected and
normalised to the protein concentration determined by a protein assay.

ATP measurement. ATP content was determined in the whole sperm and
mitochondria of non-activated and activated spermatozoa for ,1 min using a
bioluminescence ATP determination Kit (Life Technologies Corp., A22066). Sperm
and mitochondria were lysed in 50 ml of 2% trichloroacetic acid (TCA) 1 2 mM
EDTA. After strong vortex, 50 ml of the kit reaction buffer were added to the
homogenates. The samples were vortexed again and centrifuged at 14000 3 g for
5 min at 4uC. Duplicated 10-ml aliquots of the supernatant was used for ATP
measurement following the manufacturer’s instructions and using a Orion II
microplate luminometer (Titertek-Berthold). Data were normalised to the number of
cells or the protein content.

Determination of ROS levels in spermatozoa. Sperm in NAM was loaded with
200 mM of the CM-H2DCFDA dye for 1 h, during which antibodies and drugs were
added as described above, centrifuged 1 min at 1000 3 g, and resuspended in fresh
NAM to wash out the dye. Triplicates of 10 ml were loaded in 96-well plates and
diluted 1510 in NAM or SW prior to measurement of fluorescence intensity. The
background signal of NAM or SW sperm not loaded with the dye was subtracted to
each value.

Membrane-potential assays. Sperm samples in NAM were loaded with the JC-1
probe (1 mg/ml) for 30 min, centrifuged and resuspended either in NAM or SW.
Fluorescence intensity was measured at an excitation wavelength of 490 nm and
emission wavelengths of 535 nm (green) and 595 nm (red), corresponding to the
fluorescence peak of the JC-1 monomer (low DYm) and that of the multimeric
aggregates (highDYm), respectively. For the calculation of the red:green fluorescence
intensity ratio the background fluorescence intensity of samples not incubated with
JC-1 was subtracted.

Mitochondrial OXPHOS in vitro. Mitochondria isolated from SW spermatozoa
were incubated for 1 h in IB containing DMSO, IgG or Aqp8b-Ab, with or without
mito-TEMPO (as described above for sperm), or with oligomycin (2 mM) for
10 min. Mitochondria were centrifuged at 7000 3 g for 5 min, and resuspended in
50 ml fresh IB supplemented with 1 mM pyruvate and 1 mMmalate, with or without
2.5 mMADP for 1 min. Samples were centrifuged at 80003 g for 30 s at 4uC, and the
pellet lysed in TCA for ATP measurement. Mitochondrial ROS generation and
changes in the DYm were determined with the CM-H2DCFDA and JC-1 reagents,
respectively, after 1 min of ATP production as previously described. For ROS
detection, the fluorescence intensity of the supernatant (ROS released) and of the
pellet resuspended in an equal volume of IB (ROS accumulated) were measured
separately and normalised to the protein content.

Protein extraction, antibody precipitation and immunoblotting.Total and plasma
membrane fractions of X. laevis oocytes were isolated as described previously56.
Sperm, mitochondria and inner mitochondrial membranes were homogenised in 2x
Laemmli sample buffer supplemented with protease (EDTA-free Protease Inhibitor
Cocktail, Roche) and phosphatase inhibitors (2 mM Na3VO4 and 2 mM NaF), and
immediately heated at 95uC for 10 min. In some experiments, mitochondria were
digested with calf intestine alkaline phosphatase (NewEngland Biolabs Inc.) for 1 h at
37uC prior to Laemmli sample buffer addition. For coprecipitation experiments,
samples treated with IgG or Aqp8b-Ab were homogenised in 50 mM Tris-HCl pH
7.4, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 5 mM MgCl2, 1 mM NaF, 1 mM
Na3VO4, 0.5%Triton X-100, and protease inhibitors. After separation of,10% of the
homogenate (input), the rest was mixed with Pure ProteomeTM Protein G Magnetic
Beads (Merck Millipore) overnight at 4uC, washed three times with PBS 1 0.1%
Tween-20, and resuspended in Laemmli sample buffer. Protein electrophoresis (12%
SDS-PAGE) and immunoblotting was performed as previously described40. Primary
antibodies were diluted 151500 (Aqp8b) or 151000 (Hsp60, Phb and Hk1). For
quantitation of mitochondrial Aqp8b abundance normalised to that of Hsp60, the
intensity of the immunoreactive bands was determined by densitometry using the
Quantity-One software (Bio-Rad Laboratories Inc.).

Fluorescence microscopy. Immunofluorescence microscopy on fixed spermatozoa
previously labelled with MitoTracker was carried out as described40. Antibodies for
Aqp8b and a-tubulin were used at 15600 and 151000 dilution, respectively. In some
experiments, 15100 diluted Aqp8b antibodies labelled with Alexa Fluor 488 using the

ZenonHTricolor Rabbit IgG Labeling Kit #1 (Life Technologies Corp., Z-25360) were
used. Live spermatozoa labelled with the nucleic acid stain Hoechst 33342 (Life
Technologies Corp., H3570) and MitoTracker together with CM-H2DCFDA or JC-1
were immobilised on UltraStick/UltraFrost Adhesion slides (Electron Microscopy
Sciences). Images were acquired with a Zeiss Axio Imager Z1/ApoTome fluorescence
microscope (Carl Zeiss Corp.) using the same fluorescence intensity and exposure for
nonactivated and activated spermatozoa.

Statistics. Results are expressed as the means6 SEM. Comparisons between groups
were made by the Student t test or by one- or two-way ANOVA, followed by Tukey’s
pairwise comparison. Time-course curves of sperm motility parameters were
compared by theMann-Whitney U test. Statistical analysis were carried out using the
Statgraphics Plus 4.1 software (Statistical Graphics Corp.). P, 0.05was considered as
statistically significant. For all experiments, sperm samples from at least three
different males (one ejaculated per male) were used.
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Figure S1 | Specific immunological inhibition of Aqp8b-mediated water transport in 
X. laevis oocytes. Osmotic water permeability (Pf) of water-injected (control) and Aqp8b-
expressing oocytes, in the presence or absence of 0.5% DMSO, and increasing amounts of
exogenously added Aqp8b antibody (Aqp8b-Ab), 0.3 µM rabbit IgG or 100 µM mercury.
Data are the mean ± SEM of three independent experiments using different oocyte batches
(n = 12 oocytes/treatment). *P < 0.05; **P < 0.01, with respect to Aqp8b oocytes not
exposed to Aqp8b-Ab, or between groups indicated in brackets.
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Figure S2 | Effect of increasing doses of IgG or Aqp8b-Ab on seabream spermatozoa 
motility and progressivity upon activation in SW for 5-10 s. Data are the mean ± SEM 
(n = 8 fish). *P < 0.05; **P < 0.01, with respect to spermatozoa treated with IgG. 
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Figure S3 | Full-length blot images for Figure 1. The boxes indicate the part of the blot 
shown in the main figures. 
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Figure S4 | Full-length blot images for Figure 2. The boxes indicate the part of the blot 
shown in the main figures. 
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Figure S5 | Full-length blot images for Figure 3. The boxes indicate the part of the blot 
shown in the main figures. 
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Figure S6 | Full-length blot images for Figure 4. The boxes indicate the part of the blot 
shown in the main figures. Note than in Figure 4h (Mc blot), the lines IgG and Aqp8b-Ab 
in the original blot were inverted. 
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ABSTRACT

In marine teleosts, such as the gilthead seabream, several
aquaporin paralogs are known to be expressed during the
hyperosmotic induction of spermatozoon motility in seawater.
Here, we used immunological inhibition of channel function to
investigate the physiological roles of Aqp1aa, Aqp1ab, and Aqp7
during seabream sperm activation. Double immunofluorescence
microscopy of SW-activated sperm showed that Aqp1aa and
Aqp7 were respectively distributed along the flagellum and the
head, whereas Aqp1ab accumulated in the head and in discrete
areas toward the anterior tail. Inhibition of Aqp1aa reduced the
rise of intracellular Ca2+, which is independent of external Ca2+

and normally occurs upon activation, and strongly inhibited
sperm motility. Impaired Aqp1aa function also prevented the
intracellular trafficking of Aqp8b to the mitochondrion, where it
acts as a peroxiporin allowing H2O2 efflux and ATP production
during activation. However, restoring the Ca2+ levels with a
Ca2+ ionophore in spermatozoa with immunosuppressed Aqp1aa
function fully rescued mitochondrial Aqp8b accumulation and
sperm motility. In contrast, exposure of sperm to Aqp1ab and
Aqp7 antibodies did not affect motility during the initial phase of
activation, but latently compromised the trajectory and the
pattern of movement. These data reveal the coordinated action
of spatially segregated aquaporins during sperm motility
activation in a marine teleost, where flagellar-localized Aqp1aa
plays a dual Ca2+-dependent role controlling the initiation of
sperm motility and the activation of mitochondrial detoxifica-
tion mechanisms, while Aqp1ab and Aqp7 in the head and
anterior tail direct the motion pattern.

aquaporin, calcium, mitochondria, motility, spermatozoa, teleost,
trafficking

INTRODUCTION

The activation of the spermatozoon motility is crucial for
successful fertilization. Similar to mammals, where physiolog-
ical hypotonicity is required for the activation of spermatozoon
motility once released from the epididymis [1], in oviparous
fishes, the initiation of motility is triggered by the hypo- or
hyperosmotic aquatic environment into which the sperm are
ejaculated [2–5]. In marine teleosts, spermatozoa experience a
strong hyperosmotic shock (D ;700–900 mOsm) upon release

into seawater (SW), which in most cases is the signal for the
activation of motility [6–8]. In some species, it is believed that
the external osmotic pressure drives an efflux of water from the
spermatozoon, causing a rise of the internal concentrations of
calcium and potassium, that is, [Ca2þ]i and [Kþ]i, respectively,
and a change in the pH, which together activate the axonemal
machinery and flagellar movement [7, 8].

The osmotic response of marine teleost spermatozoa upon
SW exposure has been estimated to occur within milliseconds
[6]. This rapid mechanism suggests the presence of transmem-
brane water channels (aquaporins) in the spermatozoon plasma
membrane, which may facilitate a fast water flux following the
osmotic gradient [9]. This hypothesis was first tested by
Cosson and collaborators who reported that sperm motility of
marine teleosts, such as turbot (Scophthalmus maximus) and
European seabass (Dicentrarchus labrax), is sensitive to low
levels of mercury chloride (HgCl2) [5, 9, 10], a known inhibitor
of aquaporins [11]. The concentrations of mercury effective on
intact sperm had no effect on the axonemal apparatus of
demembranated spermatozoa, suggesting that the motile
apparatus is not directly compromised by low concentrations
of HgCl2 [9]. Therefore, these data suggest that the
spermatozoon water efflux triggered by the hyperosmotic
shock may be mediated by aquaporins localized in the
spermatozoon plasma membrane [5]. However, direct evidence
of the presence of aquaporin paralogs in fish spermatozoa has
not been obtained until recently.

In the marine teleost gilthead seabream (Sparus aurata),
immunohistochemical and immunofluorescence microscopy
studies using paralog-specific antibodies have demonstrated
that immotile spermatozoa express the water-selective aqua-
porins Aqp1aa and Aqp1ab, the water and glycerol channels
(aquaglyceroporins) Aqp7 and Aqp10b, and Aqp8b [12, 13].
These aquaporins show a segregated spatial distribution in the
sperm [13], as noted for AQP3, AQP7, AQP8, and AQP11 in
murine and human spermatozoa [14, 15]. In seabream, Aqp1aa
and Aqp7 are respectively distributed along the flagellum or
the head of ejaculated spermatozoa, while Aqp1ab, Aqp8b, and
Aqp10b are both in the head and the anterior tail. Upon SW
activation, Aqp1ab and Aqp10b are phosphorylated and
translocated mainly to the head plasma membrane, whereas
Aqp8b is also rapidly phosphorylated but inserted into the
inner mitochondrial membrane (IMM) [13, 16]. In contrast,
Aqp1aa and Aqp7 remain unchanged [13]. According to these
observations, exposure of seabream sperm to mercury inhibited
SW-activated motility, which could be reversed by the
reducing agent b-mercaptoethanol, to which mercury-inhibited
Aqp1aa but not Aqp10b is sensitive [12, 17]. In addition,
mercurial treatment partially or completely blocked the
phosphorylation of some proteins in the head and flagellum
of the spermatozoon after motility activation [18]. Based on
these observations, it has been hypothesized that Aqp1aa
possibly mediates the water efflux during the hyperosmotic
shock, followed by an increase of [Ca2þ]i and further activation
of cAMP-mediated phosphorylation of proteins required for
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sperm motility [8, 12]. However, it is well known that
mercurial compounds can affect the function of ion channels
[19, 20], which may also play a role in the reception of the
activation signal [21], and in addition it has been shown that
the mercurial inhibition of seabream Aqp1ab and Aqp7 can
also be reversed by b-mercaptoethanol as in Aqp1aa [13, 22].
Therefore, the physiological roles that the different aquaporin
paralogs play during the activation or maintenance of sperm
motility in marine teleosts remain yet unknown.

In a recent study on the gilthead seabream, we have shown
that an affinity-purified antibody against Aqp8b can specifi-
cally block the intracellular transport of the channel into the
spermatozoon mitochondrion, possibly through steric inhibi-
tion of the trafficking mechanism, as well as its solute
conductance once it is inserted in the IMM [16]. Using this
approach, we have found that mitochondrial Aqp8b plays an
essential role in the seabream spermatozoa by facilitating the
efflux of reactive oxygen species, such as hydrogen peroxide
(H2O2), from this compartment, to maintain flagellar motility
[16]. To begin to dissect the role of the other aquaporins during
motility activation of seabream spermatozoa, in this study, we
have employed a similar immunological approach using
affinity-purified antibodies against Aqp1aa, Aqp1ab, and
Aqp7. Our findings suggest a coordinated action of these
aquaporins for the activation and maintenance of flagellar
motility in which Aqp1aa mediates the increase of [Ca2þ]i and
Aqp8b trafficking to the mitochondrion, while Aqp1ab and
Aqp7 control the pattern of sperm movement.

MATERIALS AND METHODS

Sperm Collection

Sperm samples were obtained from adult gilthead seabream raised in
captivity during the natural reproductive season (November–February). Fish
were anesthetized with 2-phenoxyethanol (500 parts per million) and the genital
area was carefully cleaned and dried to avoid contamination by SW or urine
before sperm was extracted by applying a gentle abdominal massage. The milt
was collected from the gonopore with a syringe and stored at 48C for 24–48 h.
Fish samplings were carried out in accordance with the protocols approved by
the Ethics Committee of the Institut de Recerca i Tecnologia Agroalimentàries
(Spain) following the European Union Council Guidelines (86/609/EU).

Fluorescent Probes and Antibodies

The dyes MitoTracker Red CMXRos (M-7512), Fluo-3-AM (F14218), and
Hoechst 33342 (H3570) were purchased from Life Technologies Corp., while
40,6-diamidino-2-phenylindole (DAPI; D9564) was from Sigma-Aldrich. The
affinity-purified antisera against seabream Aqp1aa, Aqp1ab, Aqp7, and Aqp8b
(Aqp1aa-Ab, Aqp1ab-Ab, Aqp7-Ab, and Aqp8b-Ab, respectively) have been
characterized elsewhere [13, 22, 23]. Anti-prohibitin (Phb; GTX124491) was
purchased from Genetex Inc.

Functional Assays in Xenopus laevis Oocytes

Ectopic expression of full-length seabream aquaporin cDNAs in oocytes
and determination of the osmotic water permeability (Pf) was carried out as
described previously [13]. Oocytes were injected with 50 nl of distilled water
(negative control) or 50 nl of water solution containing 0.5 ng (Aqp1aa and
Aqp10b), 0.25 ng (Aqp1ab), 2 ng (Aqp8b), or 5 ng (Aqp7) of complementary
RNA (cRNA).

Specific immunological inhibition of aquaporin-mediated water transport
was tested by incubating cRNA-injected oocytes with modified Barth
solution—88 mM NaCl, 1 mM KCl, 2.4 mM NaHCO3, 0.82 mM MgSO4,
0.33 mM Ca(NO3)2, 0.41 mM CaCl2, 10 mM HEPES, and 25 lg/ml
gentamycin, pH 7.5—plus 0.5% dimethyl sulfoxide (DMSO) containing
increasing concentrations (0.003–0.3 lM) of Aqp1aa-Ab, Aqp1ab-Ab, and
Aqp7-Ab for 1 h before Pf determination [16]. To test the specificity of the
immunological inhibition, oocytes were also exposed to 0.3 lM rabbit
immunoglobulin G (IgG, I5006; Sigma-Aldrich) or to the antibodies for those
aquaporins that were not expressed. The specific effect of the antibodies was
also assessed by immunofluorescence microscopy of oocytes expressing

Aqp1aa, Aqp1ab, Aqp7, Aqp8b, or Aqp10b and exposed to IgG or Aqp1aa-Ab,
Aqp1ab-Ab or Aqp7-Ab for 1 h. After the incubations, oocytes were washed
twice with fresh modified Barth solution and processed as described previously
[24]. The histological sections were probed only with fluorescein isothiocy-
anate (FITC)-conjugated anti-rabbit IgG secondary antibodies (1:100; Sigma-
Aldrich) overnight at 48C, and subsequently mounted with fluoromount
aqueous anti-fading medium (Sigma-Aldrich). Images were acquired with a
Zeiss Axio Imager Z1/ApoTome fluorescence microscope (Carl Zeiss Corp.)
using the same fluorescence intensity and exposure time for all sections.

Sperm Motility Assays

Fresh sperm or stored at 48C for up to 48 h was diluted in nonactivating
medium (NAM, in mg/ml: NaCl 3.5, KCl 0.11, MgCl2 1.23, CaCl2 0.39,
NaHCO3 1.68, glucose 0.08, and 0.2% bovine serum albumin, pH 7.8, 270–
290 mOsm) at a concentration of 109 cells/ml. Sperm was activated by 1:10
dilution in SW at room temperature and different kinetic parameters were
analyzed in triplicate at 30 sec after activation, or every 10 sec during 3 min, by
computer-assisted sperm analysis using the Integrated Semen Analysis System
software (ISASv1; Proiser). In some experiments, sperm was also activated in
saline solution (SS; 550 mM NaCl) or SS containing 3 mM CaCl2 (SSþCa2þ)
as previously described [25]. The following characteristics of sperm motility
were determined: the percentage of total motile and progressively motile sperm
(MOT and PROG, respectively); the average velocity measured over the actual
point to point track followed by the sperm cell (curvilinear velocity, VCL); the
average velocity measured in a straight line from the beginning to the end of the
sperm track (straight-line velocity, VSL); the average value of the ratio VSL/
VCL, which measures the departure of the cell track from a straight line
(linearity, LIN); the frequency with which the sperm crosses the smoothed path,
which is an indirect measurement of the flagellar beat frequency (beat cross
frequency, BCF); the average path velocity of the smoothed cell path (VAP);
the average value of the ratio VSL/VAP, which measures the departure of the
sperm cell path from a straight line (path straightness, STR); the relationship
between the average and curvilinear paths calculated as VAP/VCL 3 100
(wobble, WOB); the amplitude of lateral head displacement (ALH); the
measurement of the pattern of sperm motion (dance, DNC); and the time
average of absolute values of the instantaneous turning angle of the sperm head
along its curvilinear trajectory (mean angular displacement, MAD). Sperma-
tozoa were considered progressive when demonstrating 80% or greater path
straightness (STR). Only sperm samples with at least 75% motile spermatozoa
and active for no less than 2 min were used for further experiments. No
differences in motility were observed between freshly activated sperm or after
storage at 48C up to 48 h.

To test the effect of aquaporin antibodies on sperm motility, immotile
sperm were incubated in NAM plus 0.5% DMSO containing 0.3 lM of
Aqp1aa-Ab, Aqp1ab-Ab, or Aqp7-Ab for 1 h at room temperature. Sperm was
subsequently washed twice with NAM and activated in SW, SS, or SSþCa2þ,
as described above. In some cases, 10 lM of the Ca2þ ionophore A23187
(Sigma-Aldrich) was added 1 min before activation. Control sperm was treated
with 0.3 lM rabbit IgG in 0.5% DMSO because previous experiments indicate
that spermatozoa treated with DMSO alone or DMSOþIgG do not show
differences in motility [16].

Measurement of [Ca2þ]i
Intracellular Ca2þ content in sperm was estimated using the Fluo-3-AM

vital dye. Motile and immotile sperm (109 cells/ml) incubated with the
aquaporin antibodies for 1 h were loaded during the last 15 min with a 1:200
diluted solution containing equivalent volumes (1:1) of 1 mM Fluo3-AM in
DMSO and 8% NP-40 in 20% DMSO (5 lM Fluo3-AM and 0.3% DMSO
final). In some experiments, 10 lM of the Ca2þ ionophore A23187 was added
at the end of the incubation period for 1 min as above. Sperm was then
centrifuged at 1000 3 g for 1 min and resuspended in fresh NAM. A 15-ll
aliquot of the sperm solution was loaded in each well (107 cells/well) of a black
96-well microplate (Nunc F96 MicroWell Black and White Polystyrene Plate;
Thermo Fisher Scientific Inc.) and diluted with 135 ll of either NAM, SW, SS,
or SSþCa2þ for 5 min prior to measurement of the fluorescence intensity at
excitation and emission wavelengths of 506 and 526 nm, respectively, using an
Infinite M200 microplate reader (Tecan Group Ltd.). Sperm fluorescence
intensity after 1 or 15 min postactivation did not change. The background
signal of sperm in NAM, SW, SS, or SSþCa2þ not loaded with Fluo3-AM was
subtracted from each value.
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Fluorescence Microscopy on Spermatozoa

Sperm maintained in NAM or activated in SW were left to attach to
UltraStick/UltraFrost Adhesion slides (Electron Microscopy Sciences) for 2
min at room temperature and fixed in 4% paraformaldehyde (PFA) for 10 min.
For double immunostaining, fixed sperm was permeabilized using different
protocols: 0.2% Triton X-100 (for Aqp1aa and Aqp8b) or 0.2% SDS (for
Aqp1ab and Aqp8b) in PBS for 10 min, or acetone at -208C for 10 min and then
boiling citrate buffer (10 mM, pH 6) for 15 min (for Aqp7 and Aqp8b).
Sections were blocked with 5% goat serum and 0.1% bovine serum albumin for
1 h at room temperature, and incubated for another hour with PBS-diluted
Aqp1aa, Aqp7 or Aqp8b antibodies (1:100), which were directly labeled with
Alexa fluor 555 (red color) or Alexa fluor 488 (green color) dyes using the
Zenon Alexa Fluor 555 or 488 Rabbit IgG Labeling Kits (Z-25305 and Z-
25302, respectively; Life Technologies Corp.). For Aqp1ab and Aqp1aa or
Aqp8b double immunofluorescence, sections were incubated with the Aqp1ab-
Ab (1:300) followed by tetramethylrhodamine (TRITC)-conjugated anti-rabbit
IgG secondary antibodies (1:600; Sigma-Aldrich). Sections were fixed in 4%
PFA for 15 min, and subsequently incubated with Aqp1aa or Aqp8b antibodies
directly labeled with Alexa fluor 488. Epifluorescence images were taken as
described above.

For double labeling after the immunological inhibition assays, immotile
sperm was incubated with or without 250 ng/ml of the mitochondrion-specific
vital dye MitoTracker, together with the Aqp1aa-Ab, Aqp1ab-Ab, or Aqp7-Ab,
for 1 h at room temperature. Sperm was washed in NAM, activated in SW for
1–2 min, fixed with PFA, and blocked as described above. Samples were
subsequently incubated with TRITC-conjugated anti-rabbit IgG secondary
antibodies (1:300), or Alexa Fluor 488-labeled Aqp8b-Ab (1:100), diluted in
PBS. For all the experiments, the nuclei were counterstained with DAPI
(1:3000 in PBS) for 3 min before mounting in the anti-fading medium.
Determination of the percentage of spermatozoa showing colocalization of
Aqp8b and MitoTracker fluorescence signals was carried out on at least 100
spermatozoa per male.

Finally, live spermatozoa in NAM and after SW activation were labeled
with the nucleic acid stain Hoechst 33342 and Fluo-3-AM to observe the sperm
compartments with high Ca2þ accumulation. Epifluorescence images were
taken directly on immobilized sperm on UltraStick/UltraFrost Adhesion slides.

Biochemical Fractionation of Spermatozoa

To isolate the mitochondria, activated and nonactivated sperm (109 cells/
ml) were centrifuged at 10003g for 1 min at room temperature. The pellet was
quickly resuspended in 500 ll of isolation buffer (0.01 M Tris/Mops pH 7.4, 1
mM ethylene glycol tetraacetic acid/Tris pH 7.4, 0.25 M sucrose,;280 mOsm)
and sonicated at an amplitude of 10% for 30 sec. The nuclei and cellular debris
were pelleted at 6003 g for 10 min at 48C, and the supernatant containing the
mitochondrial extract was centrifuged at 7000 3 g for 10 min at 48C. The
mitochondrial pellet was washed with isotonic buffer, resuspended in 13
Laemmli sample buffer [26] supplemented with ethylenediaminetetraacetic
acid-free Protease Inhibitor Cocktail (Roche Applied Science) and phosphatase
inhibitors (2 mM Na3VO4 and 2 mM NaF), and immediately heated at 958C for
15 min.

Antibody Precipitation

Activated sperm samples (1010 cells/ml) treated with either IgG or Aqp1aa-
Ab as previously described were centrifuged at 1000 3 g for 1 min and
homogenized in 50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1 mM
ethylenediaminetetraacetic acid, 1 mM ethylene glycol tetraacetic acid, 5 mM
MgCl2, 1 mM NaF, 1 mM Na3VO4, 0.5% Triton X-100, 1% SDS, and protease
inhibitors. An aliquot of the homogenate (input) was mixed in 13 Laemmli
sample buffer and frozen, and the rest was mixed with Pure ProteomeTM

Protein G Magnetic Beads (Merck Millipore) overnight at 48C. The beads were
washed three times with PBS containing 0.1% Tween-20 and finally
resuspended in 13 Laemmli sample buffer before Western blot analysis.

Immunoblotting

Mitochondria and protein G precipitated extracts were electrophoresed in
12% SDS-PAGE and blotted onto nitrocellulose membranes (Sigma-Aldrich)
as described previously [13]. Blocking was performed with 5% nonfat dry milk
(Sigma-Aldrich) in Tris-buffered/saline/Tween (20 mM Tris, 140 mM NaCl,
0.1% Tween, pH 8) for 1 h, and the membranes were incubated overnight at
48C, with either the Aqp8b-Ab (1:500–1:1000) or the prohibitin 1 (Phb)
antibody (1:1000), both diluted in Tris-buffered/saline/Tween with 1% milk.
The antibody-antigen reaction was detected with horseradish peroxidase-

coupled anti-rabbit IgG antibody (1:5000, sc-2004; Santa Cruz Biotechnology,
Inc.) using Immobilon Western Horseradish Peroxidase Substrate (Merck
Millipore).

Statistics

Results are expressed as the means 6 SEM. Ectopic aquaporin expression
experiments were carried out on three different oocyte batches. For the
experiments with sperm, samples were obtained from at least three different
males (one ejaculated per male), and all the treatments were run in triplicate.
Comparisons between groups were made by the Student t-test or by one- or
two-way ANOVA followed by Tukey pairwise comparison. Time-course
curves of sperm motility parameters were compared by the Mann-Whitney U
test after arcsine transformation of the data when needed. Statistical analyses
were carried out using the Statgraphics Plus 4.1 software (Statistical Graphics
Corp.). P , 0.05 was considered statistically significant.

RESULTS

Aquaporins Are Spatially Segregated in the Seabream
Activated Spermatozoon

Previous studies in the seabream have shown that Aqp1aa is
localized in the flagellum, Aqp1ab in the head and anterior
flagellum, Aqp7 in the head only, and Aqp8b in the single
large mitochondrion of the midpiece region of SW-activated
spermatozoa [13, 16]. To investigate the possible colocaliza-
tion of some of these channels, double immunofluorescence
microscopy was carried out using specific affinity-purified
rabbit antisera for Aqp1aa (Aqp1aa-Ab), Aqp1ab (Aqp1ab-
Ab), Aqp7 (Aqp7-Ab), and Aqp8b (Aqp8b-Ab) (Fig. 1). These
experiments confirmed that in activated spermatozoa for 1–2
min strong Aqp1aa immunostaining was detected along the
flagellum, while Aqp8b staining was restricted to the
mitochondrion (Fig. 1, A, B, and D). In contrast, Aqp1ab
and Aqp7 were immunolabeled in the cytoplasm and/or the
plasma membrane surrounding the nucleus in the head (Fig. 1,
B and D), whereas Aqp1ab was also detected in discrete areas
of the flagellum, which were more abundant toward the
anterior region (Fig. 1B). Aqp1ab appeared to colocalize with
Aqp1aa in the midpiece and few domains of the most anterior
flagellum, but not in the middle portion of the tail (Fig. 1C).
The potential colocalization of Aqp1ab and Aqp7 in the same
regions of the head could not be investigated, however,
because the permeabilization methods required for each of the
antibodies were not compatible. Based on these data, a
schematic diagram of the segregated spatial distribution of
Aqp1aa, Aqp1ab, Aqp7, and Aqp8b in seabream activated
spermatozoa is depicted in Figure 1E.

Specific Immunological Inhibition of Ectopically Expressed
Aquaporins

To evaluate the efficiency and specificity of the Aqp1aa-Ab,
Aqp1ab-Ab, and Aqp7-Ab to block aquaporin-mediated water
transport, X. laevis oocytes ectopically expressing Aqp1aa,
Aqp1ab, or Aqp7 cRNAs were exposed to increasing external
concentrations of the corresponding antibodies before Pf
measurements under hypotonic conditions (Fig. 2). The data
show that the water permeability of oocytes mediated by
Aqp1aa, Aqp1ab, or Aqp7 was inhibited by the corresponding
antibodies in a dose-response manner up to 64% 6 6%, 70%
6 4%, and 63% 6 5%, respectively, with a dose of 0.3 lM
(Fig. 2, A, B, D, E, G, and H). The effect of the antibodies was
specific because the permeability of oocytes expressing
Aqp1aa, Aqp1ab, or Aqp7 was not affected by rabbit IgG or
by the antibodies for the aquaporins that were not expressed
(Fig. 2, B, E, and H). This was confirmed by the staining of
Aqp1aa-, Aqp1ab-, Aqp7-, Aqp8b-, and Aqp10b-expressing
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oocytes treated with Aqp1aa-Ab, Aqp1ab-Ab, and Aqp7-Ab
with only FITC-labeled anti-rabbit IgG secondary antibodies,
which revealed specific signals in the plasma membrane and
the cytoplasm only in those oocytes matching the expressed
aquaporin and the external antibody (Fig. 2, C, F, and I). These
results therefore indicate that exogenously added Aqp1aa-Ab,
Aqp1ab-Ab, and Aqp7-Ab were able to specifically bind their
target channels and inhibit their function.

Aqp1aa, Aqp1ab, and Aqp7 Differentially Affect Sperm
Motility upon Activation

Using the Aqp1aa-Ab, Aqp1ab-Ab, and Aqp7-Ab, the
functional role of Aqp1aa, Aqp1ab, and Aqp7 during sperm
motility was investigated (Fig. 3). In these trials, immotile
sperm maintained in NAM was incubated with 0.3 lM
antibodies and subsequently activated in SW for 3 min, during
which the time-course variations in different sperm kinetic
parameters were determined at 10-sec intervals with a
computerized motility analyzer. Exposure to the Aqp1aa-Ab
drastically reduced the percentage of total motile and
progressive spermatozoa with respect the control sperm (Fig.
3, A and B), whereas other motility parameters related to the
vigor and progressiveness of the spermatozoa, such as LIN,
BCF, STR, WOB, and MAD, were not affected within
approximately the 60–90 sec interval postactivation but
strongly decreased thereafter (Fig. 3, E, F, H, I, and L). In
addition, the velocity of Aqp1aa-Ab-treated spermatozoa, as
indicated by VCL, VSL, and VAP, and the pattern of sperm
motion, as indicated by DNC, were also significantly reduced
with respect to the control sperm during most of the 3-min
activation period (Fig. 3, C, D, G, and K). In contrast, the
Aqp1ab-Ab and Aqp7-Ab slightly but significantly affected the
LIN, BCF, WOB, and MAD of spermatozoa but only from
;90 sec postactivation (Fig. 3, E, F, I, and L), while the Aqp7-

Ab also reduced the STR within the same period of time (Fig.
3H).

To confirm the specificity of the immunological inhibition
on sperm motility, activated spermatozoa treated with rabbit
IgG or the three different aquaporin antibodies were fixed and
labeled only with TRITC-coupled anti-rabbit IgG secondary
antibodies (Fig. 3M). For Aqp1aa-Ab treated sperm, fluores-
cence signals were observed along the flagellum, whereas
sperm exposed to Aqp1ab-Ab and Aqp7-Ab showed immuno-
staining in the head and anterior flagellum, or only in the head,
respectively. Sperm treated with IgG were negative. These
staining patterns mimicked the distribution of Aqp1aa,
Aqp1ab, and Aqp7 observed previously on fixed spermatozoa,
and therefore suggest that each antibody specifically bound its
target protein.

Aqp1aa Mediates the Increase of [Ca2þ]i During the
Hyperosmotic Shock

Experiments on seabream sperm using HgCl2 and the
reducing agent b-mercaptoethanol suggest that Aqp1aa could
mediate the efflux of water during the hyperosmotic shock in
SW and the subsequent increase in [Ca2þ]i and phosphoryla-
tion of proteins [12, 18]. To investigate this potential
mechanism, we employed the Aqp1aa-Ab, Aqp1ab-Ab and
Aqp7-Ab, as well as spermatozoa loaded with the cell-
permeable calcium-sensitive fluoroprobe Fluo-3-AM, a non-
fluorescent [Ca2þ]i indicator that sharply increases in fluores-
cence upon binding of Ca2þ. Under the fluorescence
microscope, immotile sperm maintained in NAM showed no
detectable fluorescence, whereas upon SW activation, sperm
exhibited a strong fluorescence signal in the head and less but
detectable signal in the flagellum (Fig. 4A). Fluorometric
quantification of [Ca2þ]i in sperm activated in SW, SS, or
SSþCa2þ in the presence of IgG revealed an ;3-fold increase
of [Ca2þ]i with respect to sperm in NAM, regardless of the

FIG. 1. Localization of aquaporins in gilthead seabream SW-activated spermatozoa. A–D) Double immunofluorescence microscopy images of
spermatozoa activated in SW for 1–2 min and stained with affinity-purified rabbit polyclonal antibodies specific for Aqp1aa, Aqp1ab, Aqp7, and Aqp8b.
The combinations of antibodies and fluorescent dyes (green or red) used in each case are indicated in the panels. The nucleus was stained with DAPI
(blue). The arrowheads point to the spermatozoon mitochondrion, whereas the arrows in C show a major accumulation of Aqp1ab-positive signals in
specific areas of the flagellum, which mostly do not colocalize with Aqp1aa. H, head; F, flagellum. Bar ¼ 5 lm (A–D) and 2 lm (insets in A–D). E)
Schematic representation of the segregated spatial distribution of aquaporins in seabream activated sperm where Aqp1aa is specifically distributed along
the flagellum, Aqp1ab is in the head and discrete areas of the flagellum but more abundant toward the anterior region, Aqp7 is in the head only, and
Aqp8b is accumulated in the mitochondrion.
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presence of external Ca2þ in the activation medium (Fig. 4B).
However, exposure of spermatozoa to the Aqp1aa-Ab partially
reduced the increase of [Ca2þ]i by 62% 6 4%, 53% 6 2%,
and 56% 6 4% in SW, SS, and SSþCa2þ, respectively (Fig.
4B). In contrast, activation of sperm in the presence of either
Aqp1ab-Ab or Aqp7-Ab did not affect the rise in [Ca2þ]i in any
of the activation media (Fig. 4C). The Aqp1aa-Ab-mediated
reduction of [Ca2þ]i in activated sperm was associated with a
decrease in motility (reduced by 55% 6 6%, 50% 6 7%, and
51% 6 7%, with respect to IgG-treated sperm in SW, SS, and
SSþCa2þ, respectively) and progressivity (reduced by 77% 6
10%, 73% 6 12%, and 76% 6 12%, with respect to IgG-
treated sperm in SW, SS, and SSþCa2þ, respectively), whereas
VCL was less but significantly impaired (reduced by 18% 6
8%, 26% 6 8%, and 24% 6 9%, with respect to IgG-treated
sperm in SW, SS, and SSþCa2þ, respectively) (Fig. 4D). These
results therefore indicate that an increase of [Ca2þ]i in
seabream SW spermatozoa is necessary for the activation of
motility and is independent of the external Ca2þ and mediated
by flagellar Aqp1aa.

Aqp1aa Controls Aqp8b Accumulation in the
Spermatozoon Mitochondrion During Activation

The preceding experiments showed that Aqp1aa-Ab inhib-
ited the percentage of total motility to the same extent as the
reduction of [Ca2þ]i, whereas the reduction of the ratio of
progressivity was stronger. These observations suggested that
Aqp1aa could mediate an additional mechanism to sustain the
progressivity of spermatozoa. We have previously reported that
in seabream spermatozoa the transport of Aqp8b into the IMM
is essential to prevent reactive oxygen species accumulation in
order to maintain sperm motility and progressivity in SW [16].
To investigate whether Aqp1aa could be involved in the
intracellular trafficking of Aqp8b to the mitochondrion, sperm
loaded with the mitochondria-specific vital dye MitoTracker
and treated with IgG, Aqp1aa-Ab, Aqp1ab-Ab, or Aqp7-Ab
were fixed and immunostained using the Aqp8b-Ab directly
labeled with Alexa Fluor 488. The results of these experiments
showed that treatment with IgG, Aqp1ab-Ab, or Aqp7-Ab did
not affect the accumulation of Aqp8b in the mitochondrion
normally observed upon SW activation (Fig. 5A). However, in
the presence of Aqp1aa-Ab, the mitochondria of SW

FIG. 2. Specific immunological inhibition of seabream Aqp1aa, Aqp1ab, and Aqp7 channel function in X. laevis oocytes. A, D, and G) Osmotic water
permeability (Pf) of water-injected (control) and aquaporin expressing oocytes. B, E, and H) Percentage of water permeability of Aqp1aa (B), Aqp1ab (E),
and Aqp7 (H) oocytes in the presence of 0.5% DMSO alone or with increasing exogenous amounts of the corresponding antibodies (Aqp1aa-Ab, Aqp1ab-
Ab, and Aqp7-Ab). To determine the specificity of the effects, oocytes were treated with IgG or with the antibodies for the noninjected aquaporins at a
dose of 0.3 lM. In A, B, D, E, G, and H, data are the mean 6 SEM of three independent experiments using different oocyte batches (n¼ 10–15 oocytes/
treatment). *P , 0.05; **P , 0.01. C, F, and I) Representative fluorescence microscopy of oocytes expressing Aqp1aa, Aqp1ab, Aqp7, Aqp8b, or Aqp10b
and exposed to the Aqp1aa (C), Aqp1ab (F), or Aqp7 (I) antibodies and further stained using only FITC-labeled (green) anti-rabbit IgG secondary
antibodies. The arrows point to the oocyte plasma membrane. Bar¼ 20 lm.
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spermatozoa did not show Aqp8b staining, but Aqp8b
remained at the anterior region of the flagellum as observed
in immotile spermatozoa (Fig. 5A). The quantification of
spermatozoa showing MitoTracker and Aqp8b colocalization
indicated an ;5-fold increase in the percentage of cells
showing Aqp8b mitochondrial accumulation upon SW activa-
tion, which was markedly reduced by 84% 6 2% in the
presence of the Aqp1aa-Ab but not by the other antibodies
(Fig. 5B).

These data were confirmed by Aqp8b immunoblotting of
mitochondrial extracts from activated spermatozoa treated with
IgG, Aqp1aa-Ab, Aqp1ab-Ab, or Aqp7-Ab, which showed that
the relative amount of mitochondrial Aqp8b was lower in
spermatozoa exposed to the Aqp1aa-Ab than in those treated
with IgG or the other antibodies, while the ratio of
phosphorylated and nonphosphorylated Aqp8b was apparently
unaffected (Fig. 5C). To rule out that these effects were not due
to the unspecific binding of the Aqp1aa-Ab to Aqp8b, protein
G coprecipitation assays of activated sperm treated with the
antibody were carried out, which confirmed that the Aqp1aa-

Ab was able to bind its target protein (Fig. 5D) but not Aqp8b
(Fig. 5E). Taken together, these findings suggested that
functional Aqp1aa is necessary for the intracellular trafficking
of Aqp8b into the sperm mitochondrion upon SW activation.

A Ca2þ Ionophore Increases [Ca2þ]i and Rescues Aqp8b
Mitochondrial Localization in Aqp1aa-Ab-Treated
Spermatozoa

To further explore whether the Aqp1aa-mediated increase of
[Ca2þ]i was involved in the signaling pathway controlling
Aqp8b transport to the mitochondria, sperm was activated in
SW in the presence of the calcium ionophore A23187, and the
[Ca2þ]i, Aqp8b mitochondrial localization, and motility were
subsequently evaluated. Consistent with previous results, SW
activation induced a 3-fold increase of [Ca2þ]i in spermatozoa,
which was inhibited by 70% 6 2% by the Aqp1aa-Ab (Fig.
6A). Interestingly, addition of A23187 increased the [Ca2þ]i by
1.5-fold in immotile sperm treated with either IgG or Aqp1aa-
Ab (Fig. 6A), but it did not activate motility. In activated sperm

FIG. 3. Immunological inhibition of Aqp1aa, Aqp1ab, and Aqp7 differentially affects the motility of SW-activated seabream spermatozoa. A–L) Time
course of the kinetic parameters of spermatozoa treated with 0.5% DMSO (control), in the presence or absence of 0.3 lM IgG or Aqp1aa-Ab, Aqp1ab-Ab,
or Aqp7-Ab, after activation. Data are the mean 6 SEM (n¼8–10 fish). The P-values with respect the control sperm are indicated in each panel (values ,
0.05 are underlined). MOT, motility; PROG, progressivity; VCL, curvilinear velocity; VSL, straight-line velocity; LIN, linearity; BCF, beat cross frequency;
VAP, average path velocity; STR, path straightness; WOB, wobble; ALH, amplitude of lateral head displacement; DNC, dance; MAD, mean angular
degree. M) Representative fluorescence images of activated spermatozoa treated in vivo with 0.3 lM IgG, Aqp1aa-Ab, Aqp1ab-Ab, or Aqp7-Ab, and
further stained using only tetramethylrhodamine (TRITC, red)-labeled anti-rabbit IgG secondary antibodies. Bars¼ 5 lm and 2 lm (insets).
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FIG. 4. Flagellar Aqp1aa mediates the increase in [Ca2þ]i and full activation of seabream sperm motility. A) Representative epifluorescence
photomicrographs of sperm loaded with 5 lM of the free Ca2þ indicator Fluo-3-AM maintained in NAM or activated in SW for 15 min. Bars¼ 5 lm. B)
Intracellular Ca2þ levels in nonactivated and activated sperm in SW, SS, or SSþCa2þ, in the presence of 0.3 lM IgG or Aqp1aa-Ab, determined using Fluo-
3-AM. C) Sperm [Ca2þ]i levels estimated as in B in the presence of 0.3 lM IgG, Aqp1a-Ab, or Aqp7-Ab. D) Sperm motility at 30 sec after activation in SW,
SS, or SSþCa2þ, in the presence of IgG or Aqp1aa-Ab. MOT, motility; PROG, progressivity; VCL, curvilinear velocity. Data are the mean 6 SEM (n¼6, 3,
and 5 fish, in A, B, and C, respectively). *P , 0.05 and **P , 0.01 with respect to spermatozoa in NAM (brackets) or respect to spermatozoa not treated
with the antibodies.

FIG. 5. Aqp1aa malfunction prevents mitochondrial Aqp8b accumulation in activated spermatozoa. A) Representative epifluorescence photomicro-
graphs of sperm in NAM or SW, treated with of 0.3 lM IgG, Aqp1aa-Ab, Aqp1ab-Ab, or Aqp7-Ab, labeled with MitoTracker (red) and DAPI nuclear stain
(blue), and immunostained (green) with Alexa fluor 488-labeled Aqp8b (green). The arrowheads point to the anterior flagellum. Bars ¼ 2 lm. B)
Percentage of spermatozoa (mean 6 SEM; n¼ 11 fish) treated as in A showing Aqp8b localization. **P , 0.01 with respect to spermatozoa in NAM or
respect to spermatozoa treated with IgG (brackets). C) Representative immunoblot of mitochondrial Aqp8b from SW-activated sperm treated as in A using
the IMM marker Phb as the loading control. D and E) Protein G coprecipitation of Aqp1aa-Ab-Aqp1aa (D), but not of Aqp1aa-Ab-Aqp8b (E), complexes in
activated sperm treated with 0.3 lM IgG or Aqp1aa-Ab. In C–E, the immunoglobulin heavy chain (Ig-HC), phosphorylated Aqp8b (p-Aqp8b), and
dephosphorylated Aqp8b are indicated.
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in the presence of IgG, the ionophore had no effect on the
[Ca2þ]i, while in Aqp1aa-Ab-treated sperm it restored the
[Ca2þ]i to the same levels of those measured in spermatozoa
exposed to IgG (Fig. 6A). Similarly, the A23187 completely
rescued the Aqp8b mitochondrial localization in activated
sperm impaired by the Aqp1aa-Ab (Fig. 6B) as well as the
motility, progressivity, and VCL of spermatozoa (Fig. 6C).
These data therefore suggest that the detrimental effect on
sperm motility induced by the inhibition of Aqp1aa is possibly
caused not only by preventing an intracellular Ca2þ surge in
SW but also by compromising Aqp8b mitochondrial function.

DISCUSSION

The present and previous data for aquaporin expression in
gilthead seabream spermatozoa show a spatially segregated
distribution of Aqp1aa, Aqp1ab, Aqp7, Aqp8b, and Aqp10b
[12, 13]; however, only the physiological role of Aqp8b as a
mitochondrial peroxiporin during activation has been recently
uncovered through immunological inhibition of the channel’s
function [16]. By using the same approach in the present study
for Aqp1aa, Aqp1ab, and Aqp7, we provide direct evidence
that Aqp1aa is the major mediator of the Ca2þ rise in seabream
spermatozoa upon SW activation. Our data reveal that the
Aqp1aa-mediated increase in [Ca2þ]i activates sperm motility
and drives Aqp8b trafficking to the mitochondria, whereas
Aqp1ab and Aqp7 control the pattern of sperm movement.
These findings thus reveal a coordinated action of aquaporins
regulating sperm motility in a marine teleost.

In the ejaculated sperm of seabream, Aqp1aa is distributed
along the entire flagellum, and this localization remains
unchanged upon SW activation [13]. The persistence of
Aqp1aa in the flagellum may suggest an immediate require-
ment of the channel for the water efflux and flagellar
membrane expansion events that are believed to occur in
milliseconds during the activation of marine teleost sperm [6].
The present data reinforce this hypothesis because the motility
assays on sperm treated with the different aquaporin antibodies
revealed that the Aqp1aa-Ab induced the strongest decline of
the percentage of both motile and progressive spermatozoa and
also of other sperm parameters related to the trajectory (LIN,
STR, WOB, MAD, DCN), progression (VCL, VSL, VAP), and

flagellar movement (ALH, BCF), suggesting that Aqp1aa is
essential to initiate sperm motility. These data therefore
confirm previous studies on seabream showing that nonspecific
inhibitors of aquaporin conductance, such as HgCl2, complete-
ly abolish sperm activation [12]. Mercurial inhibition of sperm
motility has also been reported for other marine and freshwater
teleosts [5, 9, 10, 27–30], although in these species the potential
aquaporin paralogs involved have yet to be identified.

Current information in echinoderms [31, 32], fish [6–8, 33–
35], and mammals [36–38] indicates that sperm flagellar
movement is regulated by Ca2þ, which directly, or indirectly
through protein phosphorylation and dephosphorylation events,
activates the axonemal dyneins. In teleost spermatozoa, the
increase of [Ca2þ]i can be caused by external influx via Ca2þ

channels, Ca2þ pumps, or Naþ/Ca2þ exchangers [33, 39–42],
as a consequence of the activation of stretch-activated channels
that can transport Ca2þ together with Kþ, activation of Ca2þ

channels [6, 7, 43, 44], or by the release of Ca2þ from
intracellular stores [43, 45–47]. A previous study reported that
the spermatozoa of gilthead seabream and striped seabream
(Lithognathus mormyrus) can be activated in nonionic
solutions and that several Kþ and Ca2þ channel blockers have
no effect on the initiation of sperm motility in SW, suggesting
that neither external Kþ nor Ca2þ play a significant role [25].
Rather, as noted for other marine teleosts [6], the osmolality
appears to be the key factor for motility activation [25]. The
data from the present study confirm that spermatozoon motility
initiation in seabream is independent of external Ca2þ, but by
using the fluorophore Fluo-3-AM, we show that the [Ca2þ]i in
the spermatozoa actually increases markedly upon activation
regardless of the presence of Ca2þ in the external medium. The
elevation of the [Ca2þ]i is partially prevented by specifically
altering Aqp1aa function, which also reduces the motility and
progressivity of spermatozoa. Our data therefore support the
hypothesis that the rapid water efflux mediated by Aqp1aa
upon the osmotic shock drives an intracellular Ca2þ wave,
which activates the flagellar movement of seabream sperma-
tozoa [7, 12]. This mechanism is further reinforced by our
observation that exposure of Aqp1aa-Ab-treated spermatozoa
to the Ca2þ ionophore A23187 restores the [Ca2þ]i and fully
rescues spermatozoon motility.

FIG. 6. Ca2þ ionophore A23187 rescues the Aqp1aa-Ab-induced decline of sperm motility. A and B) [Ca2þ]i (A) and percentage of spermatozoa showing
Aqp8b mitochondrial localization (B) of immotile and SW-activated sperm treated with 0.3 lM IgG or Aqp1aa-Ab in the presence or absence of 10 lM
A23187. C) Sperm motility at 30 sec after activation in SW in the presence of IgG or Aqp1aa-Ab. MOT, motility; PROG, progressivity; VCL, curvilinear
velocity. In all the panels, data are the mean6 SEM (n¼4, 9, and 12 fish, in A, B, and C, respectively). In A and B, *P, 0.05 and **P, 0.01 with respect
to spermatozoa in NAM or respect to spermatozoa not treated with A23187 (brackets). In C, *P , 0.05 and **P , 0.01 as indicated in brackets.
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The fluorometric determination of Ca2þ levels revealed,
however, that although A23187 was able to increase the
[Ca2þ]i by ;50% in immotile seabream spermatozoa main-
tained in NAM, it did not activate motility. In contrast, in SW
sperm treated with the Aqp1aa-Ab, the A23187 induced a
greater increase (;70%) in the [Ca2þ]i, that was able to restore
the motility of spermatozoa. Because A23187 can transport
extracellular Ca2þ into spermatozoa [37], the higher increment
of [Ca2þ]i in A23187-treated SW sperm is likely due to the
mobilization of Ca2þ from the SW, the concentration of which
is ;10 times higher than in NAM. These observations are thus
comparable to those reported in marine puffers (Takifugu
niphobles and T. pardalis) and the Japanese plaice (Kareius
bicolorutus) in which Ca2þ and A23187 are both needed to
induce motility under isotonic conditions [34]. Therefore, it is
likely that the modest increase of the [Ca2þ]i observed in
A23187-treated seabream sperm maintained in NAM was not
sufficient to activate the flagellar machinery. Our present data,
however, cannot establish whether the Ca2þ rise unleashed in
spermatozoa upon activation is simply caused by the reduction
in cell volume as a consequence of Aqp1aa-mediated water
efflux [7, 12], by the activation of Ca2þ release from
intracellular stores as suggested to occur in other marine and
euryhaline teleosts [34, 46], or by both mechanisms.

In seabream, mercury treatment of sperm upon SW
activation completely or partially inhibits the phosphorylation
of some proteins in the flagellum and head, suggesting the
existence of aquaporin-mediated transduction pathways that
could control flagellar motility [8, 18]. These pathways might
be regulated by Ca2þ-activated adenylyl cyclase, which can
elevate the levels of cAMP and trigger the phosphorylation of
proteins involved in sperm motility activation [8]. However,
direct evidence of this mechanism in seabream is lacking, even
though in this species it has been shown that inhibitors of both
adenylyl cyclase and protein kinase A can block the initiation
of sperm motility [25]. In the present study, we found that one
of the mechanisms controlled by Aqp1aa-facilitated increase of
the [Ca2þ]i is the trafficking of Aqp8b to the mitochondrion.
Recently, we have shown that in SW-activated seabream
spermatozoa mitochondrial Aqp8b allows the efflux of H2O2
accumulated in this compartment as a result of oxidative
phosphorylation-produced ATP and possibly osmotic stress,
thus avoiding oxidative damage and preserving sperm motility
under hypertonic conditions [16]. Our present findings
therefore suggest a dual role of the Aqp1aa-triggered Ca2þ-
dependent signaling pathway in the initiation and maintenance
of flagellar motility through the activation of the axoneme and
the mitochondrial Aqp8b-mediated detoxification mechanism.
However, the precise molecular events involved in these
processes downstream of Ca2þ mobilization are yet unknown.
Interestingly, though we observed that while Aqp1aa loss-of-
function prevented Aqp8b mitochondrial accumulation, the
phosphorylation of Aqp8b was unaffected, suggesting that both
mechanisms may be regulated independently. This hypothesis
would be consistent with the observation that upon SW
activation the phosphorylation state of numerous proteins of
seabream sperm is HgCl2 independent [18].

The role of Aqp1aa, or other aquaporin paralogs, during the
activation or maintenance of sperm motility could be a
conserved mechanism in freshwater teleosts in which this
process is mercury sensitive [27–30]. However, because sperm
activation occurs in the hypotonic environment via Kþ efflux
and Ca2þ influx in freshwater species [21], it has been
suggested that flagellar aquaporins would play a role mediating
the cell volume regulatory mechanism that is activated upon
ejaculation, thus preserving the sperm plasma membrane and

cell motility [30]. Such a putative function has been previously
anticipated for AQP3 and AQP8 in human and mouse
spermatozoa upon release into the relatively hyposmotic
microenvironment of the female reproductive tract [15, 48,
49]. The molecular mechanisms involved are, however,
unclear, although it has been proposed that aquaporin channels
may function as osmosensors/mechanosensors in spermatozoa
to detect early events in cell swelling under hypotonic
conditions and convey signals to stimulate the regulatory
volume decrease response through interaction with volume-
sensitive ion channels or cytoskeletal components [15, 49].
This hypothesis, while not yet demonstrated, is supported by
the finding that AQP4 or AQP5 can interact with the volume-
sensitive calcium channel transient receptor potential vanalloid
4 (TRPV4) to regulate cell volume under hypotonic stimulation
in mouse astrocytes and salivary glands [50, 51] and by the
direct interaction of AQP2 with actin described in rat kidney
cells [52]. In addition, TRP channels have been shown to play
functions during sperm capacitation, acrosome reaction
motility, and fertilization in mammals [53–55] as well as to
regulate sperm motility in freshwater teleosts [56].

In contrast to Aqp1aa, the exposure of seabream sperm to
Aqp1ab and Aqp7 antibodies did not affect the motility or
progressivity of the spermatozoa during the initial phase of
activation, but latently significantly compromised other kinetic
parameters related to the trajectory and the movement pattern
of spermatozoa, such as the LIN, BCF, STR, WOB, and MAD.
These data suggest that the role of Aqp1ab and Aqp7 during
motility is mainly involved in controlling the pattern of sperm
motion. Thus, the functional inhibition of these aquaporins
may distort the movement of the sperm head and the flagellum,
which could underlie the erratic path and the impairment of the
flagellar beating. The specific distribution of Aqp1ab and Aqp7
in the sperm head, and of Aqp1ab also toward the anterior and
middle portion of the flagellum, where in the latter instance it
appears to be localized in different membrane domains as
compared to Aqp1aa, could explain these effects. However, the
molecular mechanisms underlying the function of Aqp1ab and
Aqp7 in spermatozoa are intriguing. It might be possible, as
suggested for AQP3 and AQP8 present in the principal piece of
mammalian spermatozoa [15, 48], that Aqp1ab and Aqp7
function as mechanosensors in seabream sperm through
interactions with stretch-gated ion channels, which are believed
to be activated through the local distortion of the flagellar
membrane upon the hyperosmotic shock that stimulates the
axoneme [6]. Interestingly, in turbot sperm, mercury inhibits
the initiation of motility but also induces a twist of the
flagellum [6], which would be consistent with this view.
However, it has been reported that 0.02 mM gadolinium, a
well-known stretch-activated ion-channel blocker, does not
affect sperm motility in seabream [12], although potential long-
term harmful effects of this drug on motility or the motion
pattern of spermatozoa were not reported. Therefore, the role of
mechanosensitive channels in the activation of motility of sea
bream spermatozoa, and their possible interaction with
aquaporins, needs to be investigated further.

In summary, the present study provides evidence for the
specialized and coordinated role of aquaporins during sperm
motility initiation and maintenance in a marine teleost. Our
findings suggest a dual role of Aqp1aa in the initiation of
flagellar movement and the trafficking of Aqp8b to the
mitochondrion to sustain fuel production, whereas Aqp1ab
and Aqp7 may contribute to the pattern of spermatozoon
motility. However, although the effects of Aqp1aa appear to be
mediated by the Aqp1aa-facilitated Ca2þ wave during the
hypertonic shock, the downstream pathways involved as well
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as the molecular mechanisms underlying the function of
Aqp1ab and Aqp7 remain unknown. In addition, seabream
spermatozoa also express the aquaglyceroporin Aqp10b
paralog primarily in the head and anterior flagellum, which,
like Aqp1ab, is also regulated upon activation [13]. However,
the role of Aqp10b in teleost spermatozoa has not been yet
investigated. Further studies are therefore needed to uncover
the different roles of aquaporins and the signaling pathways
that regulate sperm motility in teleosts.
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To expand the repertoire of seabream aquaporin transcripts available for 

experimentation, we first cloned the cDNAs encoding Aqp0a, -3a, -4a, -7, and -9b. 

Total RNA from different tissues, eye (Aqp0a), gills (Aqp3a), muscle (Aqp4a), and 

testis (Aqp7 and -9b), was extracted and used for initial RT-PCR experiments, followed 

by 5’ and 3’ RACE methods to isolated the full-length cDNAs for aqp0a, -3a, -7, and -

9b. Phylogenetic analyses of the previously cloned seabream aquaporins and the newly 

isolated sequences confirmed their identities. Functional characterization of these 

channels in Xenopus laevis oocytes showed that Aqp0a was permeable to water, Aqp7 

and -9b were permeable to water, urea and glycerol, and Aqp8b was permeable to 

water, and surprisingly, also to urea. 

Immunolocalization experiments using paralog-specific antibodies indicated that 

Aqp0a, -1aa, -1ab, -7, -8b, -9b and -10b are differentially expressed in the seabream 

testis during the different stages of the reproductive cycle in vivo: resting, 

spermatogenic and spermiation periods. This study showed the expression of Aqp0a in 

spermatogonia during the spermatogenic stage, and also in Sertoli cells during the 

spermiation period. The Aqp1aa was only observed in the endothelia of testicular blood 

vessels during the resting stage, while during spermatogenesis and spermiation it was 

also expressed by spermatids and spermatozoa, in the later being localized along the 

flagellum. At the resting and spermatogenic stages, Aqp1ab was found in 

spermatogonia, while during spermatogenesis it was located in spermatocytes, and 

finally in all germ cells from spermatogonia to spermatozoa at the spermiation phase. 

Aqp7 was observed in spermatogonia and spermatocytes during the spermatogenic and 

spermiation phases, and at the spermiation stage, it was also detected in spermatids and 

spermatozoa. Aqp8b was detected in spermatocytes and spermatids at the 

spermatogenic stage, and also in spermatozoa during spermation, whereas Aqp9b was 

detected only in the interstitial Leydig cells at all stages studied. Finally, Aqp10b was 

present in Sertoli cells during the resting and spermatogenic periods, and during the 

spermatogenic stage it started to be expressed also in spermatogonia and spermatocytes, 

while at the spermiation stage, it was found in all germ cells and in the head and tail of 

spermatozoa. 

To investigate the in vitro hormonal regulation of aquaporin expression in the 

seabream testis, testicular explants at the resting, spermatogenic and spermiation stages 

were exposed to different hormone treatments: piscine (European seabass) recombinant 
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gonadotropins (rFsh and rLh), testosterone, 11 ketotestosterone, the progestin 17α,20β-

dihydroxy-4-pregnen-3-one and 17β-estradiol. The analysis of the relative levels of 

mRNA by real-time PCR, Western blot and immunolocalization indicated that most 

aquaporins in Sertoli cells and early germ cells were upregulated by rFsh and/or rLh 

through androgen-dependent pathways, although Aqp1ab in proliferating spermatogonia 

was also activated by estrogens. However, Aqp9b expression in Leydig cells, and 

Aqp1aa and -7 in spermatocytes and spermatids, were directly stimulated by rLh. These 

results therefore reveal a complex gonadotropic control of aquaporin expression during 

seabream germ cell development, apparently involving both androgen-dependent and 

independent pathways.  

Immunofluorescence microscopy studies on ejaculated seabream sperm showed 

the segregated spatial distribution of five aquaporins: Aqp1aa along the flagellum, Aqp7 

in the head, and Aqp1ab, -8b and 10b both in the head and the anterior part of the 

flagellum. The biochemical fractionation of spermatozoa revealed that Aqp10b and 

phosphorylated Aqp1ab were rapidly translocated to the head plasma membrane upon 

motility activation in seawater, while Aqp8b was phosphorylated and inserted into the 

inner mitochondrial membrane. To investigate the possible colocalization of aquaporins 

in activated spermatozoa , double immunofluorescence microscopy was carried out. 

These experiments confirmed that in activated spermatozoa for 1-2 min strong Aqp1aa 

immunostaining was detected along the flagellum, while Aqp8b staining was restricted 

to the mitochondrion. In contrast, Aqp1ab and Aqp7 were immunolabeled in the 

cytoplasm and/or the plasma membrane surrounding the nucleus in the head, whereas 

Aqp1ab was also detected in discrete areas of the flagellum, which were more abundant 

toward the anterior region. Aqp1ab appeared to colocalize with Aqp1aa in the midpiece 

and few domains of the most anterior flagellum, but not in the middle portion of the tail. 

To investigate the physiological roles of aquaporins during sperm motility, their 

function was inhibited by using affinity-purified antibodies specific for each paralog, 

able to block the intracellular trafficking of the channels and their water and solute 

conductance. These experiments showed that the immunological inhibition of Aqp1aa 

and -8b decreased sperm motility, and in case of Aqp8b it reduced the accumulation of 

the channel in the mitochondrion. When Aqp8b intracellular trafficking and 

mitochondrial channel activity were immunologically blocked in activated spermatozoa, 

H2O2 levels accumulate in the mitochondria leading to mitochondrial membrane 
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depolarisation, the reduction of ATP production, and the progressive arrest of sperm 

motility. This effect however was completely recovered in the presence of a 

mitochondrial antioxidant, suggesting that the harmful effect on flagellar motility 

resulting from the inhibition of the Aqp8b function is caused by the accumulation of 

H2O2 in the spermatozoa mitochondrion. 

The immunological inhibition of Aqp1aa reduced the increase of intracellular Ca
2+

 

levels in sperm that normally occurs upon activation. By using activation mediums with 

or without Ca
2+

, we demonstrated that the increase of intracellular Ca
2+ 

is independent 

of external Ca
2+

, and its lower levels upon Aqp1aa inhibition dramatically reduced both 

the trafficking of Aqp8b to the mitochondria and sperm motility. However, restoring the 

Ca
2+

 levels in sperm with immunosuppressed Aqp1aa function using a Ca
2+

 ionophore, 

rescued the Aqp8b mitochondrial accumulation and the motility and progressivity of 

spermatozoa. These data therefore suggested that the detrimental effect on sperm 

motility induced by the inhibition of Aqp1aa is possibly caused not only by preventing 

an intracellular Ca
2+

 surge in seawater but also by compromising Aqp8b mitochondrial 

function. By contrast, the exposure of seabream sperm to Aqp1ab and Aqp7 antibodies 

did not affect the motility or progressivity of the spermatozoa during the initial phase of 

activation, but latently significantly compromised other kinetic parameters related to the 

trajectory and the movement pattern of spermatozoa, suggesting that the role of Aqp1ab 

and Aqp7 during motility is mainly involved in controlling the pattern of sperm motion. 
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Overall Discussion 

The present thesis reports for the first time the presence of a complex aquaporin 

network in the testis of the marine teleost gilthead seabream and uncovers previously 

unknown mechanisms in sperm physiology and motility. The results indicate that the 

expression of the different aquaporin paralogs in testicular somatic and germ cells 

during spermatogenesis is differentially regulated by the pituitary gonadotropins, Fsh 

and Lh, through androgen-dependent and independent mechanisms, providing the first 

model of aquaporin regulation during the spermatogenesis of a non mammalian 

vertebrate as a step forward towards the elucidation of the physiological roles of these 

important channels in the reproductive systems. The findings also provide evidence for 

the specialized and coordinated role of aquaporins during sperm motility initiation and 

maintenance in a marine teleost. The data show that Aqp1aa facilitates the intracellular 

Ca
2+

 wave in spermatozoa during the hypertonic shock, which is needed for the 

initiation of flagellar movement and the trafficking of Aqp8b to the mitochondrion, 

where facilitates H2O2 efflux during ATP production.  

 

Aquaporins in testicular somatic cells and blood vessels 

 

The immunofluorescence microscopy experiments on the seabream testis showed 

that among the seven aquaporins investigated, Aqp0a is localized in the Sertoli cells, 

whereas Leydig cells exclusively express Aqp9b, which is conserved with respect to 

various mammals (Hermo et al., 2004; Elkjaer et al., 2000; Nihei et al., 2001; Badran 

and Hermo, 2002; Arena et al., 2011; Klein et al., 2013; Arrighi and Aralla, 2014). 

Seabream Aqp7 and -10b were also expressed in Sertoli cells, and their localization 

seems to be unique for the seabream. In addition, unlike in human (Yeung et al., 2010) 

and rat (Calamita et al., 2001; Badran and Hermo, 2002; Hermo et al., 2004), seabream 

Aqp0a and -8b proteins were not detected in Leydig or Sertoli cells. However, it is still 

possible that other Aqp0 and -8 paralogs, such as Aqp0b and -8aa, the latter being 

phylogenetically closer to the tetrapod AQP8 than Aqp8b (Cerdà and Finn, 2010), are 

present in seabream somatic cells. In the seabream testis, the expression of Aqp10b was 

already detected in Sertoli cells before spermatogenesis is initiated and this channel was 

not regulated in vitro by any hormone, which suggests that other testicular signals, such 

as growth factors, may regulate this aquaporin. However, the expression of Aqp0 and -7 

was activated specifically when germ cells enter into meiosis. In rats, AQP0 is mainly 
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expressed in Sertoli cells of seminiferous tubules containing elongated spermatids 

(Hermo et al., 2004), whereas in seabream aqp0a expression in Sertoli cells is 

upregulated in vitro by Fsh and Lh through 11-KT synthesis at the onset of 

spermatogenesis, suggesting the requirement of this channel during early germ cell 

development. Moreover, in seabream, Aqp7 intracellular trafficking in Sertoli cells 

seems to be directly stimulated by Fsh during spermatogenesis, and by Lh specifically 

during spermiation, may be through the local production of 11-KT. The specific 

positive regulation of Aqp0a, -7 and -10b in seabream Sertoli cells may indicate a role 

of these channels in the movement of water and solutes across the seminiferous 

epithelium during germ cell development as well as during spermiation, when the 

hydration of the seminal fluid occurs in the tubule (Coward et al., 2002). Moreover, 

since in mammals AQP0 and -4 have been suggested to mediate cell to cell membrane 

junctions (Engel et al., 2008; Kumari and Varadaraj, 2009), Aqp0a channels might also 

contribute to cell adhesion structures in seabream Sertoli cells that are part of the testis-

blood barrier, which in teleosts is generally formed during the transition from 

spermatocytes to early spermatids, when tight junctions are established between Sertoli 

cells (Schulz et al., 2005).  

The expression of the aquaglyceroporin Aqp9b in seabream Leydig cells was found 

throughout the spermatogenic cycle. This finding is in contrast to that reported in 

mammals, where Leydig cells seem to express AQP0 (Hermo et al., 2004; Klein et al., 

2013) and the tetrapod-specific AQP2 and -5 (Klein et al., 2013), in addition to AQP9, 

which is also found in germ cells (Huang et al., 2006; Yeung, 2010; Yeung et al., 2010; 

Klein et al., 2013; Arrighi and Aralla, 2014). In seabream, testicular aqp9b transcription 

levels were upregulated directly by rLh, suggesting the presence of Lh-regulated 

transcriptional pathways in Leydig cells. However, the observation that 11-KT and E2 

alone could upregulate aqp9b expression suggest the presence of androgen and estrogen 

nuclear receptors in seabream Leydig cells as found in other teleosts species (Ikeuchi et 

al., 2001; Chauvigné et al., 2014b; Bouma and Nagler, 2001), which could affect 

Leydig cell ultrastructure and/or steroidogenesis (Cavaco et al., 1999; de Waal et al., 

2009). The activation of aqp9b transcription in seabream Leydig cells by the progestin 

17,20β-P suggests the expression of the progestin nuclear receptor in these cells, which 

has been reported in zebrafish (Danio rerio) (Chen et al., 2010) but not in other teleosts 

(Chauvigné et al., 2014b; Chen et al., 2011; Chen et al., 2012), although membrane-
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bound progestin receptors (Thomas et al., 2012) may be involved, as it might occur in 

rat Leydig cells (Rossato et al., 1999). Although the role of Aqp9b in Leydig cells is 

unclear, it may be involved in the transport of water and non-charged solutes in these 

interstitial cells, as suggested for mammals (Nihei et al., 2001; Badran and Hermo, 

2002). 

In the seabream testicular interstitial tissue, Aqp1aa expression was found in the 

endothelial cells of blood vessels close to the seminiferous tubules throughout the 

spermatogenic cycle. Moreover, Aqp1aa translation was increased by Fsh and 11-KT, 

which may agree with the expression of the Fsh and androgen receptors in mammalian 

endothelial cells (Vu Hai et al., 2004; Chaves-Pozo et al., 2012). Thus, the presence of 

Aqp1aa in blood vessels might indicate its role in the transcellular water transport from 

the blood stream to the seminiferous tubules. 

 

Aquaporins in testicular germ cells 

 

During seabream germ cell development, the first aquaporin to be expressed in 

proliferating spermatogonia was Aqp1ab, whereas activation of Aqp0a, -7 and -10b was 

associated with the increased testicular secretion of 11-KT and the entry of germ cells 

into meiosis, and that of Aqp1aa and -8b was specific of haploid cells. Interestingly, 

translation of the teleost-specific Aqp1ab in spermatogonia before the onset of 

spermatogenesis, reflects the situation in oocytes where Aqp1ab is synthesized early in 

oogenesis and plays a crucial role later during hormone-induced meiosis reinitiation and 

hydration (Fabra et al., 2005; Zapater et al., 2011, 2013). However, Aqp1ab synthesis in 

early oocytes is activated by Fsh-triggered progestin synthesis (Zapater et al., 2012, 

2013), whereas spermatogonial Aqp1ab seems to be upregulated exclusively by 

androgens and estrogens produced in response to Fsh and Lh in vitro before 

spermatogenesis starts. Thus, this channel appears to be stored throughout germ cell 

differentiation as it occurs during oogenesis (Fabra et al., 2005; Zapater et al., 2013).  

Our findings indicate that spermatogonial Aqp0a and -10b, and Aqp8b in 

spermatids, were controlled by androgen-dependent mechanisms produced in response 

to gonadotropins during spermatogenesis. These effects could be mediated through 

androgen receptors expressed either in Sertoli cells or in the germ cells themselves, as  

reported in fish (Pu et al., 2013; Chauvigné et al., 2014b) and mammals (Zhou et 
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Figure 1. Schematic representation of the expression and endrocrine regulation of testicular aquaporins 

during seabream spermatogenesis. Colored cell types at each stage indicate aquaporin expression 

demonstrated by immunofluorescence microscopy. Hormones involved in aquaporin mRNA and/or 

protein regulation are in red letters. Whether the Fsh and Lh regulation is mediated by steroids is

indicated in parenthesis. Sec, Sertoli cell; Lc, Leydig cell; Sg, spermatogonia; Sc, spermatocyte; Sd, 

spermatid; Sz, spermatozoa; Bv, blood vessel.

al.,1996, Arenas et al., 2001). The upregulation of Aqp0a and -10b in spermatogonia 

by 11-KT may be concomitant with the entry into meiosis of these cells, since in 

severalteleosts it has been shown that 11-KT stimulates spermatogonial proliferation 

toward meiosis (Schulz et al., 2010). In addition, Aqp1aa, -7, and partially Aqp0a, in 

 seabream germ cells could be regulated by Lh through steroid independent 

mechanisms, which agrees with the recently reported presence of the Lh receptor in 
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seabream spermatocytes and spermatids (Chauvigné et al., 2014a). However, we also 

noted that during spermiation, T or 11-KT alone can upregulate Aqp0a, -1aa, -7 and -

10b expression in germ cells, suggesting that androgens might also be involved in the 

control of seabream spermiogenesis, as reported for mammals (Holdcraft and Braun, 

2004).  

The tight regulation of aquaporin expression during germ cell development 

(Figure 1) suggest the role of these channels for fluid efflux during the decrease of cell 

volume occuring during the series of cell divisions from spermatogonia to spermatids 

and spermatozoa (Kobayashi et al., 2011), and for the transport of nutrient molecules 

from Sertoli cells that may be required during cell differentiation. However, aquaporins 

expressed in germ cells, except Aqp0a, are prevalent in mature spermatozoa, and 

therefore the coordinated synthesis and storage of these channels in intracellular 

vesicles during spermatogenesis can be an additional mechanism involved. 

 

Aquaporins in the efferent duct 

 

In seabream, Aqp10b was the only aquaporin consistently detect on the apical 

membrane of flat and elongated epithelial cells in the efferent duct of spermiating 

males. Similar localization of AQP10 has been reported in the rat efferent ducts (Hermo 

et al., 2004). Interestingly, Aqp10b immunoreaction in the seabream epithelial cells was 

also detected in the membrane of cytoplasmic vesicles, which resembles the AQP9 

localization in endosomes of some clear cells of the rat cauda epididymis (Hermo and 

Smith, 2011). As suggested for mammals, Aqp10b in the teleost efferent ducts may be 

involved in water resorption mechanisms as well as to provide glycerol as an aerobic 

metabolic substrate during the maturation of spermatozoa (Cooper and Brooks, 1981). 

However, whether other aquaporins are expressed in the epithelial cells of the seabream  

efferent duct before and/or during the onset of spermatogenesis needs to be 

investigated, as well as their potential regulation by hormones. 

 

Aquaporin localization and function in spermatozoa 

 

Immunolocalization studies in the seabream have confirmed that multiple 

aquaporins are present in the spermatozoon as it occurs in the testis. In the seabream 
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model, ejaculated spermatozoa show a segregated spatial distribution of five 

aquaporins. Aqp1aa and -7 are in the entire flagellum or the head, respectively, whereas 

Aqp1ab, -8b, and -10b are both in the head and the anterior tail. Upon seawater 

activation, Aqp10b and phosphorylated Aqp1ab are rapidly translocated to the head 

plasma membrane, Aqp8b accumulates in the single spermatozoon mitochondrion, and 

Aqp1aa and -7 remain unchanged.  

As for other marine teleosts (Cosson et al., 2008a), the hyperosmotic shock 

appears to be the key factor for sperm motility activation in the seabream (Zilli et al., 

2008). Our studies on aquaporin function during this process suggest however that 

these channels may play additional roles beyond water transport. To investigate the 

roles of the different aquaporins in the seabream spermatozoa, we have used affinity-

purified antibodies, which we have shown can specifically block the intracellular 

transport of the channels, possibly through steric inhibition of the trafficking 

mechanisms, as well as their water and solute conductance. By using this approach, we 

have found that Aqp8b operates as a mitochondrial peroxiporin in seabream activated 

sperm to allow the efflux of H2O2 accumulated as a result of the osmotic stress 

(McCarthy et al., 2010), as well as during OXPHOS (Collins et al., 2012), which seems 

to be a major source of ATP in fish spermatozoa during the motility phase (Dreanno et 

al., 1999, 2000; Lahnsteiner and Caberlotto, 2012). Thus, mitochondrial Aqp8b in 

seabream spermatozoa plays an essential role regulating the mitochondrial membrane 

potential and the production of ATP needed for the maintenance of flagellar motility. 

The role of mitochondrial AQP8-like channels to alleviate oxidative stress in activated 

spermatozoa might be teleost-specific. In mammals, although AQP8 has been localized 

in hepatic (Calamita et al., 2005) and renal proximal tubule (Molinas et al., 2012) cells, 

where AQP8 is present in the inner mitochondrial membrane and is suggested to 

mediate ammonia and H2O2 transport (Soria et al., 2010; Marchissio et al., 2012), it has 

not been found specifically in the spermatozoa (Calamita et al., 2005; Yeung, 2010, 

Yeung et al., 2010). However, in human motile sperm AQP7 seems to be detected in 

the mitochondria (Moretti et al., 2012), and therefore it can potentially transport 

peroxide, as it has been shown for other mammalian aquaglyceroporins such as AQP3 

(Miller et al., 2010; Hara-Chikuma et al., 2012), to assure a proper sperm function 

(Amaral et al., 2013). Therefore, the potential role of aquaporins as functional peroxide 

channels in mammalian spermatozoa, particularly during hyperactivation, is intriguing 
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 and merits further investigation. 

Our data indicate that in the ejaculated sperm of seabream Aqp1aa is distributed 

along the entire flagellum, and this localization remains unchanged upon seawater 

activation, which may suggest an immediate requirement of the channel for the water 

efflux. Moreover, the immunological inhibition of the Aqp1aa in sperm revealed that 

the Aqp1aa antibody induced the strongest decline of all the motility parameters studied 

with respect to the other aquaporin antibodies, suggesting that Aqp1aa is essential to 

initiate sperm motility. These data therefore confirm previous studies on seabream 

showing that non-specific inhibitors of aquaporin conductance, such as HgCl2, 

completely abolish sperm activation (Zilli et al., 2009). Current information in 

echinoderms (Darszon et al., 2008), fish (Zilli et al., 2012; Cosson et al., 1989; Oda 

and Morisawa, 1993), and mammals (Inaba, 2003; Publicover et al., 2008) indicates 

that sperm flagellar movement is regulated by Ca
2+

, which directly, or indirectly 

through protein phosphorylation and dephosphorylation events, activates the axonemal 

dyneins (Zilli et al., 2012). The data from our study confirm that spermatozoon motility 

initiation in seabream is dependent on the increase of intracellular Ca
2+

 ( [Ca
2+

]i), since 

the immunological inhibition of Aqp1aa partially prevented the elevation of the [Ca
2+

]i, 

which reduces the motility and progressivity of spermatozoa. Thus, these results 

support the hypothesis that the rapid water efflux mediated by Aqp1aa upon the 

osmotic shock drives an intracellular Ca
2+

 wave, which activates the flagellar 

movement of seabream spermatozoa (Cosson et al., 2008b; Zilli et al., 2009). 

In the present study, we found that one of the mechanisms controlled by Aqp1aa-

facilitated increase of the [Ca
2+

]i is the trafficking of Aqp8b to the mitochondrion. 

These findings therefore suggest a dual role of the Aqp1aa-triggered Ca
2+

-dependent 

signaling pathway in the initiation and maintenance of flagellar motility through the 

activation of the axoneme and the mitochondrial Aqp8b-mediated detoxification 

mechanism (Figure 2). However, the precise molecular events involved in 

theseprocesses downstream of Ca
2+

 mobilization are yet unknown. Interestingly, though 

we observed that while Aqp1aa loss-of-function prevented Aqp8b 

mitochondrialaccumulation, the phosphorylation of Aqp8b was unaffected, suggesting 

that bothmechanisms may be regulated independently. This hypothesis would be 

consistent with the observation that upon SW activation the phosphorylation state of 

numerous proteins of seabream sperm is HgCl2 independent (Zilli et al., 2011). 

165



Overall Discussion 

Finally, the exposure of seabream sperm to the Aqp1ab and -7 antibodies did 

not affect the motility or progressivity of the spermatozoa during the initial phase of 

activation, but latently significantly compromised other kinetic parameters related to 

the trajectory and the movement pattern of spermatozoa. The specific distribution of 

Aqp1ab and -7 in the sperm head, and of Aqp1ab also towards the anterior and middle 

portion of the flagellum, could explain these effects, which could underlie the erratic 

path and the impairment of the flagellar beating. In addition, seabream spermatozoa 

also express the aquaglyceroporin Aqp10b primarily in the head and anterior flagellum, 

which, like Aqp1ab, is also regulated upon activation. However, the role of Aqp10b in 

teleost spermatozoa during motility activation has not been yet investigated. 
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1. The cDNAs of the gilthead seabream Aqp0a, -3a, -4a, -7, and -9b were isolated. In 

the testis, however, expression of only aqp0a, -7, and -9b mRNAs, and of aqp8b 

previously cloned, was detected. Together with phylogenetic classification, 

functional characterization of four of the newly isolated paralogs, Aqp0a, -7, -8b, 

and -9b, demonstrated that they were water permeable, while Aqp8b was also 

permeable to urea, and Aqp7 and -9b were permeable to glycerol and urea. 

2. Immunofluorescence microscopy employing paralog-specific antibodies revealed 

that Aqp0a, -1aa, -1ab, -7, -8b, -9b and -10b are differentially expressed in somatic 

and/or germ cells of the testis throughout spermatogenesis. 

3. During the resting phase, when plasma levels of androgens are low, the testis 

exclusively contains proliferating spermatogonia expressing Aqp1ab, whereas 

Aqp10b and -9b are localized in Sertoli and Leydig cells, respectively. At the onset 

of spermatogenesis and during spermiation, the increase of androgen plasma levels 

correlates with the additional appearance of Aqp0a and -7 in Sertoli cells, Aqp0a in 

spermatogonia and spermatocytes, Aqp1ab, -7 and -10b from spermatogonia to 

spermatozoa, and Aqp1aa and -8b in spermatids and spermatozoa. 

4. Short-term in vitro incubation of testis explants indicated that most aquaporins in 

Sertoli cells and early germ cells are upregulated by rFsh and/or rLh through 

androgen-dependent pathways, although Aqp1ab in proliferating spermatogonia 

also appears to be activated by estrogens. However, expression of Aqp9b in Leydig 

cells, and of Aqp1aa and -7 in spermatocytes and spermatids, is also directly 

stimulated by rLh. These results reveal a complex gonadotropic control of 

aquaporin expression during seabream germ cell development, apparently involving 

both androgen-dependent and independent pathways, which may assure the fine 

tuning of aquaporin-mediated fluid secretion and absorption mechanisms in the 

testis. 

5. In contrast to the testis, only Aqp10b has been consistently detected in the efferent 

duct of spermiating males. At this stage, Aqp10b is localized in the plasma 

membrane of the luminal epithelial cells, where it may play a role providing 

glycerol as a metabolic substrate during sperm maturation. 

6. In seabream ejaculated spermatozoa, five aquaporins show a segregated spatial 

distribution: Aqp1aa and -7 in the entire flagellum or the head, respectively, and 

Aqp1ab, -8b, and -10b both in the head and the anterior tail. Upon seawater 
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activation, Aqp10b and phosphorylated Aqp1ab are rapidly translocated to the head 

plasma membrane, whereas Aqp8b, which can permeate hydrogen peroxide (H2O2), 

accumulates in the inner mitochondrial membrane (IMM) of the single 

spermatozoon mitochondrion. 

7. The function of Aqp8b in seabream activated spermatozoa can be inhibited by 

using specific affinity-purified antibodies, which can block the intracellular 

transport of the channel into the mitochondrion, possibly through steric inhibition 

of the trafficking mechanism, as well as its solute conductance once it is inserted in 

the IMM. When Aqp8b function is immunologically inhibited, H2O2 levels 

accumulate in the sperm mitochondrion, leading to mitochondrial membrane 

depolarisation, the reduction of ATP production, and the progressive arrest of 

sperm motility. However, these effects are fully reversed in the presence of a 

mitochondria-targeted antioxidant. These findings reveal a novel detoxification 

mechanism in spermatozoa under hypertonic conditions, whereby mitochondrial 

Aqp8b-mediated H2O2 efflux permits fuel production and the maintenance of 

flagellar motility. 

8. Immunological inhibition of flagellar Aqp1aa during seabream sperm activation 

reduces the rise of intracellular Ca
2+

, which normally occurs upon seawater 

exposure, prevents the intracellular trafficking of Aqp8b, and strongly decreases 

sperm motility. However, restoring the Ca
2+

 levels with a Ca
2+

 ionophore in 

spermatozoa with immunosuppressed Aqp1aa function fully rescues mitochondrial 

Aqp8b accumulation and sperm motility. In contrast, exposure of sperm to Aqp1ab 

and Aqp7 antibodies does not affect motility during the initial phase of activation, 

but latently compromise the trajectory and the pattern of movement. These data 

reveal the coordinated action of spatially segregated aquaporins during sperm 

motility activation in a marine teleost, where flagellar-localized Aqp1aa plays a 

dual Ca
2+

-dependent role controlling the initiation of sperm motility and the 

activation of mitochondrial detoxification mechanisms, while Aqp1ab and Aqp7 in 

 the head and anterior tail possibly direct the motion pattern through yet unknown 

mechanisms 
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INTRODUCCIÓN GENERAL 

 

1. Espermatogéneis  

 

1.1. Organización funcional 

 

La espermatogénesis es un proceso que ocurre en la gonada masculina o testículo, 

durante cual las células germinales se dividen y se transforman dando lugar al 

espermatozoide, el gameto masculino capaz fecundar el óvulo (Schulz et al., 2010). El 

testículo está formado por dos compartimentos principales, los túbulos seminíferos y el 

tejido intersticial, ambos separados por la membrana basal, una capa de colágeno, y por 

las células peritubulares (miofibroblastos) (Weinbauer et al., 2010), las cuales permiten 

la contractilidad necesaria para la liberación de los espermatozoides inmóviles desde el 

testiculo a los conductos eferentes (Wistuba et al., 2007). Dentro de los túbulos 

seminíferos, las células de Sertoli son  las encargadas de proporcionar el soporte 

estructural, nutricional y de regulación para el correcto desarrollo de las células 

germinales (Mruk y Cheng, 2004), mientras que en el intersticio las células de Leydig, 

las cuales se encuentran rodeando los vasos sanguíneos, secretan los esteroides sexuales 

(Weinbauer et al., 2010). En la zona basal de los túbulos seminíferos se encuentran las 

espermatogonias tipo A, células diploides indiferenciadas capaces de renovarse a sí 

mismas por mitosis o diferenciarse en espermatogonias tipo B (Phillips et al., 2010). 

Cada espermatogonia tipo B se diferenciar posteriormente en espermatocitos, y estos, 

tras dos divisiones meióticas, dan lugar a las espermátidas redondas haploides 

(O'Donnell et al., 2006), las cuales durante la espermiogénesis y tras una serie de 

cambios morfológicos se transfoman en espermatozoides. Algunos de los cambios más 

importantes son el reemplazo de histonas por protaminas (Rathke et al., 2014; Frehlick 

et al., 2006) y la formación del flagelo, que esta acompañada por la eliminación de los 

restos de orgánulos y citoplasma (cuerpo residual), que son fagocitados por las células 

de Sertoli (Weinbauer et al., 2010; Ribes et al., 2015). Finalmente, durante la 

espermiación los espermatozoides diferenciados son liberados de las células de Sertoli 

al lumen de los túbulos seminíferos (O'Donnell et al., 2011).  

En peces teleósteos existen ciertas características que los diferencian de los 

mamíferos. Por un lado, los lóbulos seminíferos del testículo se componen por cistos, 

179



Resumen 

 

  

 

formados por extensiones citoplasmáticas de las células de Sertoli, las cuales rodean un 

grupo de células germinales derivadas de una sola espermatogonia, dando lugar a un 

desarrollo de las células germinales clonal y sincrónico (Billard et al., 1982; Engel y 

Callard, 2007; Nóbrega et al., 2009), además, las espermatogonias estan interconectadas 

por puentes citoplásmicos debido a la citocinesis incompleta durante las divisiones 

mitóticas (Schulz et al., 2010) (Fig. 1). Por otro lado, en algunas especies de teleósteos 

la espermatogénesis puede ser de tipo semicística, en la cual las espermátidas son 

liberadas en el lumen del túbulo, lugar donde ocurre la espermiogénesis sin que haya 

contacto directo con las células de Sertoli (Mattei et al., 1993, Schulz et al., 2010), 

provocando un desarrollo asincrónico de las células germinales, y reduciendose así el 

número simultáneo de gametos maduros producidos en comparación con la 

espermatogénesis cística (Mattei et al., 1993). Finalmente, en mamíferos los 

espermatozoides son transportados desde el lumen del túbulo a través de los conductos 

eferentes hasta el epididídimo, donde se concentran y maduran (Hess, 2002; Robaire et 

al., 2006). Sin embargo en teleósteos los procesos de almacenamiento, nutrición y 

reabsorción de los espermatozoides, así como la regulación de la composición del fluido 

seminal, se producen a lo largo del sistema de conductos eferentes del testículo, ya que 

carecen de verdadero epidídimo (Lahnsteiner, 2003).  

 

1.2. Control endocrino de la espermatogénesis  

 

Tanto en mamíferos como en teleósteos, el desarrollo de las células germinales y 

la espermiogénesis están altamente regulados por las gonadotropinas hipofisarias, la 

hormona foliculoestimulante (FSH) y la hormona luteinizante (LH) (Holdcraft y Braun, 

2004; Levavi-Sivan et al., 2010). En mamíferos, la FSH se une específicamente a su 

receptor en las células de Sertoli para controlar la producción de factores nutricionales y 

reguladores de las células germinales, mientras que la LH actúa a través del receptor de 

LH/ coriogonadotropina en las células de Leydig para estimular la secreción de 

andrógenos (Holdcraft y Braun, 2004; Schlatt y Ehmcke, 2014). En teleósteos, sin 

embargo, aunque sus funciones son similares, ambas son potentes hormonas 

esteroidogénicas y actúan a través de la expresión de sus receptores en las células de 

Leydig (Schulz et al, 2010; Levavi-Sivan et al, 2010; Sambroni et al, 2013; Chauvigné 

et al, 2012, 2014b).  
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Las hormonas esteroideas también desempeñan un papel clave durante la 

espermatogénesis. En teleósteos, además de la testosterona (T), el andrógeno más 

importante es la 11-ketotestosterona (11-KT) (Borg, 1994), sintetizado a partir de la T a 

través de la enzíma 11β-hidroxiesteroide deshidrogenasa (Weltzien, 2002) (Fig. 2). 

Estos andrógenos son responsables de la iniciación y el mantenimiento de la 

espermatogénesis a través de la activación de los receptores de andrógenos expresados 

en las células de Sertoli, y posiblemente también en las células de Leydig y germinales 

de teleósteos (Miura et al., 1991; Ikeuchi et al, 2001; Walker, 2011; Chauvigné et al., 

2014b). Los estrógenos, son producidos a partir de la testosterona por la aromatasa 

citocromo P450 (o CYP19) (Uno et al., 2012) (Fig. 2) en las células de Leydig y 

germinales. En mamíferos se encuentran en altas concentraciones en el fluido seminal y 

desempeñan un papel relevante en los conductos eferentes y el epidídimo (Hess y 

Carnes, 2004), mientras que en teleósteos los estrógenos parecen controlar la 

renovación y la proliferación de las espermatogonias (Amer et al., 2001; Kobayashi et 

al., 2011). Por último, la progesterona también es necesaria para el funcionamiento 

correcto de las células de Sertoli, la espermiogénesis y la biosíntesis de testosterona en 

 

 

Figura 1. Corte del túbulo espermatogénico mostrando la espermatogénesis cística en peces teleósteos. 

El epitelio germinal esta formado por las células de Sertoli (SE) y las células germinales: 

espermatogonia Tipo A (SGA), espermatogonia Tipo B (SGB), espermatocitos (SC), espermátidas (SD) 

y espermatozoides (SZ); y está delimitado por la lámina basal (BL) y las células mioides (MY). En el 

tejido intersticial se encuentran las células de Leydig (LE) y los vasos sanguíneos (BV). 
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mamíferos (Han et al., 2009), mientras que en peces, otros protágenos controlan la 

iniciación de la meiosis, la espermiación y producción del liquido seminal en 

 teleósteos (Miura et al, 2006; Scott et al, 2010; Chen et al, 2013). 

 

2. El Espermatozoide de Teleósteos 

 

2.1. Estructura general 

 

La estructura general del espermatozoide en teleósteos es más diversa que en mamíferos 

ya que pueden ser aflagellados o biflagelados, y varían en forma, tamaño, estructura, y 

el número y la ubicación de los orgánulos (Jamieson et al., 1991). Dependiendo de las 

características ultraestructurales pueden clasificarse en dos grupos, el grupo introsperm, 

típico de las especies con fecundación interna, en el que los espermatozoides presentan 

un núcleo alargado y una gran pieza intermedia con numerosas mitocondrias, y el grupo 

aquasperm, característico de las especies con fecundación externa, en el que los 

espermatozoides exhiben un eje flagelar perpendicular o paralelo al núcleo, en función 

de si la rotación nuclear se produce durante la espermiogénesis (Jamieson et al., 1991). 

En general, los espermatozoides de teleósteos no desarrollan acrosoma debido penetran 

a través del micropili para fecundar el óvulo (Amanzé y Iyengar, 1990; Nóbrega et al., 

2009), a diferencia de los espermatozoides de mamíferos, los cuales necesitan las 

enzimas hidrolíticas del acrosoma para penetrar en el huevo (Eddy, 2006). Sin embargo, 

al igual que en mamíferos, las mitocondrias estan localizadas en la pieza intermedia 

(Lahnsteiner y Patzner, 2008) y en teleósteos, son la principal fuente de energía para la 

motilidad del espermatozoide (Figueroa et al., 2015). Al igual que en mamiferos, en los 

teleósteos el flagelo es el aparato móvil formado por el axonema, compuesto por nueve 

dobletes de microtúbulos exteriores que rodean a los dos microtúbulos centrales (patrón 

común 9 + 2), y mediante la hidrólisis de ATP por las dineinas del axonema, se produce 

el deslizamiento activo de los microtúbulos que permite el batido flagelar (Inaba, 2003; 

Cosson et al., 2008ab). Aunque en algunos grupos de teleósteos, como en 

Anguiliformes y Elopiformes, el flagelo presenta un patrón 9 + 0, sin microtúbulos 

centrales (Lahnsteiner y Patzner, 2008). Por último, la membrana plasmática del 

espermatozoide juega un papel muy importante durante la activación de la motilidad en 

teleósteos, siendo el principal detector de los cambios de osmolaridad y concentración 
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de iones del entorno, y además es clave para la fusión entre el espermatozoide y el 

óvulo (Cosson, 2004). 

 

2.2. Activación de la motilidad espermática 

 

2.2.1. Motilidad espermática en teleósteos de agua dulce y marinos 

A pesar de que los espermatozoides de mamíferos adquieren la capacidad de 

avanzar progresivamente en la región caudal del epidídimo, no son capaces de fecundar 

el óvulo (Eddy, 2006), sin embargo en teleósteos la composición del plasma seminal 

previene la activación de la motilidad espermática permaneciendo quiescentes en el 

testículo y en los conductos eferentes (Billard, 1986; Cosson, 2004). En el momento en 

 

 

Figura 2. Principales vías esteroidogénicas en las células de Leydig de teleósteos. Tras la activación del 

receptor de gonadotropinas, la StAR facilita la translocación de colesterol libre al interior de la 

mitocondria, donde es convertido por la P450ssc en pregnenolona, el primer intermediario en la 

biosíntesis de andrógenos, estrógenos y progestinas. Modificado de Young et al., (2005). 
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que los espermatozoides de teleósteos son eyaculados en el medio acuático, la 

membrana plasmática detecta los cambios externos, como el choque osmótico o los 

flujos de iones (Billard, 1986; Cosson, 2004) y los segundos mensajeros trasnmiten 

estas señales para generar la motilidad flagelar (Dzyuba y Cosson, 2014). En 

salmónidos de agua dulce, la disminución del K
+
 en el medio externo hiposmótico, 

induce un aumento transitorio de Ca
2+

 y AMPc (Morisawa ySuzuki, 1980; Morisawa et 

al., 1983b; Cosson et al., 1989; Tanimoto et al., 1994), y la posterior fosforilación de 

las proteínas del axonema y de la cadena ligera de dineína dependiente de AMPc 

desencadena el movimiento del flagelo (Hayashi et al., 1987; Inaba et al., 1998). Sin 

embargo, en ciprínidos de agua dulce, el choque hiposmótico es el responsable de 

desencadenar la iniciación de la motilidad flagelar dependiente de calcio (Morisawa et 

al., 1983a; Krasznai, 2003). Por el contrario, en teleósteos marinos, la motilidad 

espermática se activa por el choque osmótico causado por el aumento de la osmolalidad 

del agua de mar respecto del seminal plasma (de ~ 350 mOsm a ~ 1.000 mOsm), lo cual 

aumentaría la concentración Ca
2+

 intracelular (Cosson et al., 2008ab; Zilli et al., 2012), 

activando la motilidad de los espermatozoides mediante la fosforilación/desfosforilación 

de las dineinas, quinasas, fosfatasas ancladas al axonema y de las fibras radiales (Zilli et 

al., 2012).  

 

2.2.2. ATP: un requisito para la motilidad 

En teleósteos marinos, la activación de la motilidad espermática por el agua de 

mar es rápida y parece ocurrir en dos etapas. La primera implica la salida de agua desde 

el espermatozoide tras el contacto con la alta osmolaridad del agua de mar, que 

rápidamente (<20 ms) acciona la activación local de los canales activados por 

estiramiento y el aumento de la concentración iónica interna, seguida (en ~ 1 s) por la 

estimulación de la maquinaria axonemal (Cosson et al., 2008a). Un requisito 

imprescindible para el movimiento flagelar es la hidrólisis de ATP catalizada por la 

actividad ATPasa de las dineínas del axonema (Gibbons, 1981). La fosforilación 

oxidativa (OXPHOS) mitocondrial parece ser una importante fuente de ATP en los 

espermatozoides de peces durante la motilidad flagelar (Dreanno et al., 1999, 2000; 

Lahnsteiner y Caberlotto, 2012). Sin embargo, aunque el ATP es el sustrato necesario 

para sostener el movimiento flagelar, en peces se encuentra en cantidades limitadas 

(Lahnsteiner et al., 1999), además, los niveles de ATP disminuyen rápidamente tras la 
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activación de la motilidad junto con la disminución de la frecuencia de batido y la 

velocidad de nado del espermatozoide (Perchec et al., 1995; Burness et al., 2005). Por 

lo tanto, la poca cantidad o el uso rápido de ATP podrían explicar la corta duración de la 

progresión de la motilidad de los espermatozoides en las especies con fecundación 

externa (de 40 s 20 min) (Cosson et al., 2008a). 

 

2.2.3. La generación de ROS durante la motilidad espermática 

Otro factor limitante durante el movimiento flagelar puede ser el aumento de los 

niveles de especies reactivas del oxígeno (ROS), tales como el anión superóxido (O2
-
), 

el peróxido de hidrógeno (H2O2) y el óxido nítrico (NO), los cuales son producidos 

durante la OXPHOS mitocondrial para la generación de ATP (Ford, 2004) y como 

resultado del estrés osmótico durante la activación de la motilidad (Burnaugh et al., 

2010; Gazo et al., 2015). Se sabe que la producción en exceso de ROS, provoca la 

despolarización del potencial de membrana (ΔΨm) llevando a un mal funcionamiento 

mitocondrial (Aitken et al., 2012). Como resultado, los espermatozoides entran en estrés 

oxidativo, el cual produce daños en la membrana plasmática y el ADN, acelerando el 

proceso de apoptosis (Figueroa et al., 2015), la reducción de ATP y daños en el 

axonema (de Lamirande y Gagnon, 1992). En teleósteos, se ha demostrado que el estrés 

oxidativo puede deteriorar la motilidad y la velocidad espermática (Figueroa et al., 

2015), mediante la alteración de las vías de señalización intracelulares, lo cual provoca 

cambios en la fosforilación de las tirosinas y en la actividad de la fosfatasa ácida (Zhou 

et al., 2006; Gazo et al., 2015). Por lo tanto, es probable que los espermatozoides 

adquieran mecanismos de detoxificación específicos con el fin de disminuir los niveles 

de ROS mitocondriales para sostener el ATP y la motilidad. 

 

3. Importancia de la Homeostasis de Fluidos Durante la Espermatogénesis y la 

Activación Espermática  

 

Se sabe que la secreción y absorción de líquidos son procesos vitales para regular 

la homeostasis de fluidos durante la espermatogénesis y la maduración espermática, y 

por lo tanto, para asegurar la fertilidad masculina (Huang et al., 2006). Durante la 

espermatogénesis en mamíferos, las células de Sertoli secretan el líquido seminífero que 

proporciona el ambiente nutricional y hormonal esencial para la espermatogénesis (Rato 
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et al., 2010). Además, la disminución drástica del volumen es uno de los cambios 

morfológicos más perceptible que se produce a lo largo de las sucesivas divisiones que 

sufren las células germinales, especialmente durante la espermiogénesis (de França et 

al., 1995; Sohara et al., 2007, 2009; Huang et al., 2006; Suzuki-Toyota et al., 1999; 

Calamita et al., 2001ab; Yeung et al., 2009a). Se ha propuesto que la marcada reducción 

de volumen de las células germinales junto con la condensación citoplasmática, son 

debidas a la salida osmótica de fluidos accionada (Huang et al., 2006). Igualmente, el 

fluido luminal es necesario para el transporte de los espermatozoides desde los 

testículos al epidídimo (Clulow et al., 1998) y su correcta reabsorción en los conductos 

eferentes es un paso crucial para concentrar los espermataozoides (Hess, 2002). Por 

último, el control de la composición del fluido luminar, tanto en los túbulos seminíferos 

como en los conductos eferentes y el epidídimo, es también esencial para el transporte, 

la maduración y la concentración de espermatozoides (Setchell et al., 1969; Hermo et 

al., 2004). En teleósteos, el transporte del fluido testicular también es esencial durante la 

espermatogénesis, y sobre todo durante la hidratación del fluido seminal durante la 

espermiación, ya que parece aumentar la presión interlobular en el testículo, ayudando 

de esta manera al transporte de los espermatozoides a través de los túbulos seminíferos 

mientras se mantiene la correcta osmolaridad del plasma seminal (Coward et al., 2002). 

En los espermatozoides, los cambios osmóticos asociados con los flujos de agua y 

de iones también son vitales para la activación de la motilidad y la subsiguiente 

fertilidad (Cooper y Yeung, 2003; Cosson et al., 2008ab). En mamíferos, existe en el 

espermatozoide eyaculado una respuesta reguladora que disminuye el volumen celular 

mediante la salida de osmolitos, para contrarrestar el estrés hiposmótico y el aumenteo 

del volumen celular povocado por la baja osmolaridad fisiológica del tracto reproductor 

femenino (Callies et al., 2008; Chen et al., 2011b; Chen y Duan, 2011). Este 

mecanismo es esencial para aseguarar la velocidad del espermatozoide y su capacidad 

para penetrar y migrar a través de la mucosa del oviducto, y de este modo, garantizar la 

fertilidad masculina (Yeung y Cooper, 2001; Cooper et al., 2004). Sin embargo, este 

estrés hipotónico también es necesario durante el proceso de capacitación (Visconti et 

al., 2002) y durante la hiperactivación espermática cerca del óvulo (Willoughby et al., 

1996; Chen y Duan, 2011; Shukla et al., 2012), y además facilita la reacción acrosómica 

en el espermatozoide a través del aumento de Ca
2+

 y la dilatación del acrosoma (Rossato 

et al., 1996; Zanetti y Mayorga, 2009). En teleósteos de agua dulce y marinos, la 
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activación de la motilidad es inducida por los cambios osmóticos asociados al medio 

acuático hipo o hiperosmótico, respectivamente, en el que los espermatozoides son 

eyaculados (Morisawa y Suzuki, 1980; Cosson et al., 2008a), y por lo tanto, son 

necesarios mecanismos para el transporte eficiente de fluidos. 

 

3.1. Implicación de las acuaporinas en el control de la homeostasis de fluidos en el 

sistema reproductor masculino y el espermatozoide.  

 

Las acuaporinas son pequeñas proteínas (25-34 kDa) integrales de membrana 

hidrófobas, que pertenecen a la superfamilia de las principales proteínas intrínsecas 

(MIPS), que permiten el rápido transporte pasivo de agua y otros solutos pequeños no 

cargados a través de las membranas celulares siguiendo un gradiente osmótico (King et 

al., 2004; Yamaji et al., 2006; Carbrey y Agre, 2009; Bhattacharjee et al., 2009; 

Chauvigné et al., 2011; Bienert y Chaumont, 2014). Estas proteínas forman tetrámeros 

en la membrana, sin embargo, la unidad funcional es el monómero formado por seis 

hélices transmembrana conectadas por cinco bucles, dos de los cuales contienen el 

motivo asparagina-prolina-alanina (NPA) altamente conservado e involucrado en la 

formación del poro (King et al., 2004) (Fig. 3). En los vertebrados, las acuaporinas se 

pueden dividir en cuatro grupos principales: las acuaporinas clásicas selectivas de agua 

(AQP0, -1, -2, -4, -5, -6, -14 y -15), las acuaporinas transportadoras de agua y glicerol, 

conocidas como acuagliceroporinas (AQP3, -7, -9, -10 y -13), los acuaammoniaporinas 

de tipo AQP8 y las acuaporinas no convencionales (AQP11 y -12) (Abascal et al., 2014; 

Finn et al., 2014; Finn y Cerdà, 2015). Las acuaporinas juegan un papel importante en la 

secreción y la absorción de fluidos en diferentes tejidos, así como en otros procesos, 

tales como la migración celular y la señalización neuronal (King et al., 2004; Carbrey y 

Agre, 2009). Debido a la importancia del transporte de fluidos y de la eficiente 

regulación del volumen celular durante el desarrollo de las células germinales y la 

motilidad de los espermatozoides, el posible papel de las acuaporinas ha recibido 

particular atención, principalmente en mamíferos. 

 

3.1.1 Las acuaporinas en el tracto reproductivo masculino mamíferos 

a) Testículo  

Usando métodos inmunocitoquímicos se ha investigado la localización celular de 
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las acuaporinas en el testículo de algunas especies de mamíferos (Tabla 1). Estos 

estudios han revelado la presencia de la mayoría de las acuaporinas, incluyendo las 

acuaporinas selectivas de agua: AQP0, -1, -2, -4, y -5; la AQP8; y las 

acuagliceroporinas AQP3, -7, -9, y -10; y la AQP11, que es un canal permeable al agua 

poco convencional al ser intracelular (Ikeda et al., 2011; Yakata et al., 2011; Ishibashi 

et al., 2014). 

En las células intersticiales de Leydig se ha detectado la expresión de las AQP0, 

AQP2 y -5  (Hermo et al., 2004; Klein et al., 2013). La presencia de estas acuaporinas 

selectivas de agua puede indicar el requerimiento de estos canales para la homeostasis 

del agua en estas células esteroidogénicas (Hermo et al., 2004). Además en la mayoría 

de mamíferos estudiados, la acuagliceroporina AQP9 también esta expresada en las 

células de Leydig, sugieriendo que este canal también podría permitir el paso de solutos 

a través de estas células (Elkjaer et al., 2000; Nihei et al., 2001; Badran y Hermo, 2002; 

Arena et al., 2011; Klein et al., 2013; Arrighi y Aralla, 2014). En las células de Sertoli 

 
 

Figura 3. Estructura de la acuaporina. A: Diagrama esquemático de las acuaporinas mostrando las seis 

α-hélices transmembrana (1, 2, 4, 5, 6, 8), los dos motivos Asn-Pro-Ala (NPA) (3,7), y los cinco bucles 

(A, B, C, D, E). B, C: Reconstrucción tridimensional de la acuaporina clásica selectiva de agua Aqp1a 

(B) y de la acuagliceroporina Aqp3a (C) del pez cebra. El poro central se indica mediante flechas y 

muestran la permeabilidad al agua y solutos. Cerdà y Finn, (2010). 
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se ha descrito la expresión redundante de las AQP0, -4, -8 (Calamita et al., 2001a; 

Badran y Hermo, 2002; Hermo et al., 2004; Yeung et al., 2010; Jesús et al., 2014b), así 

como de la AQP9 (Yeung et al., 2010; Jesús et al., 2014a), lo cual podría sugerir el 

papel de estos canales en el transporte de agua y solutos a través del epitelio seminífero 

hacia el lumen (Rato et al., 2010). 

En la mayoría de las especies de mamíferos las células germinales expresan las 

AQP7 y -8, aunque en las espermátidas también se han detectado las AQP0, - 2, -5 y -9 

en el semental, y la AQP1 en el murciélago (Oliveira et al., 2013; Klein et al., 2013) 

(Tabla 1). En humanos, ratón y rata, la  AQP8 está presente en todas las células 

germinales (Yeung et al., 2010; Yeung et al., 2009a; Yang et al., 2005; Calamita et al., 

2001ab), mientras que la AQP7 esta limitada a las espermátidas redondas y elongadas, 

aunque en la rata también se ha detectado en los cuerpos residuales (Calamita et al., 

2001ab; Kageyama et al., 2001; Skowrosnki et al., 2007; Yeung et al., 2010) y en los 

espermatocitos (Kageyama et al., 2001). En roedores, la expresión de la AQP11 en el 

citoplasma caudal de las espermátidas elongadas y en los cuerpos residuales justo antes 

de la espermiación parece estar conservada (Yeung y Cooper, 2010). Además, las 

células germinales también expresan AQP9, aunque su expresión parece ser más 

variable. En humanos, la AQP9 se encuentra en espermatocitos primarios y 

espermátidas en maduración (Yeung et al., 2010, Arena et al., 2011), mientras que en la  

rata este canal está presente sólo en espermatocitos (Tsukaguchi et al., 1998), y en el 

semental exclusivamente en las espermátidas (Klein et al., 2013).  

La presencia de las AQP8, -9, y -11 en las células germinales en fase de maduración, y 

en particular de la AQP7, la cual está regulada específicamente en las espermátidas, 

sugiere que estos canales podrían estar involucrados en la mediación de la pérdida de 

agua y la condensación citoplasmática que se produce durante la diferenciación de los 

espermatozoides (Suzuki-Toyota et al., 1999; Calamita et al., 2001ab; Yeung et al., 

2009a, 2010; Sohara et al., 2009). Sin embargo, las funciones y mecanismos de acción 

de estas acuaporinas durante la espermatogénesis todavía siguen siendo poco conocidos 

ya que los modelos de ratón knockout para las AQP8 y -7, siguen siendo fértiles y no 

muestran fenotipo evidente (Yang et al., 2005; Sohara et al., 2007). El modelo knockout 

para la AQP11 tampoco  aclara el papel de esta acuaporina en el testículo, ya que los 

animales mueren de insuficiencia renal antes de la pubertad (Morishita et al., 2005). 

Además, la expresión redundante de los parálogos de acuaporinas presentes tanto en las 
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células somáticas como en las células germinales del testículo, sugiere la compensación 

de unas acuaporinas por otras en estas células (Suzuki-Toyota et al., 2010). Por lo tanto, 

para evitar posibles mecanismos de compensación genéticos y dilucidar el papel de las 

acuaporinas durante la espermatogénesis, son necesarios otros enfoques dirigidos a 

afectar la función de la acuaporina y/o el su tráfico intracelular. 

 

b) Conductos eferentes y epidídimo 

Los conductos eferentes son los principales sitios de reabsorción del agua (hasta 

90%) que entra en el lumen de los túbulos seminíferos (Clulow et al., 1998). La 

eliminación del agua sirve para concentrar los espermatozoides, permitiendo 

sumaduración. Se ha visto que la interrupción de este proceso conduce a un entorno 

luminal anormal, el cual resulta en una disminución en la maduración y la concentración 

de los espermatozoides, con la consiguiente pérdida de fertilidad (Clulow et al., 1998; 

Hess, 2002). El estudio de la presencia de las acuaporinas en los conductos eferentes 

indica la AQP1 está presente en las células no ciliadas y  ciliadas del epitelio (Badran y 

Hermo 2002; Oliveira et al., 2005, 2013; Ruz et al., 2006; Domeniconi et al., 2008; 

Ford et al., 2014; Arrighi y Aralla, 2014) (Tabla 1). Además también se ha visto que 

este canal también se expresa en la membrana apical de las células endoteliales, donde 

podría mediar el transporte de agua desde el espacio intertubular de los conductos 

eferentes a la vasculatura (Badran y Hermo, 2002; Oliveira et al., 2005). Las AQP9 

(Ruz et al., 2006; Belleannée et al., 2009; Hermo et al., 2008) y AQP10 (Hermo et a.l, 

2004) también están presentes en las células ciliadas y no ciliadas, y las AQP7 y -11 

(Hermo et al., 2008) también se han reportado en rata. La presencia de diferentes 

acuaporinas clásicas y acuagliceroporinas en el epitelio del conducto eferente sugiere 

que estos canales podrían estar implicados en el movimiento rápido de agua y solutos 

entre el lumen y las células de los conductos eferentes (Hermo et al., 2004; Hermo y 

Smith, 2011). Uno de estos solutos puede ser el glicerol, propuesto como un sustrato 

metabólico que contribuye a la maduración del espermatozoide (Da Silva et al., 

2006ab). El papel de las acuaporinas en estos procesos se apoya en el descubrimiento de 

que los estrógenos y los andrógenos pueden regular la expresión de la AQP1 y/o -9 en 

el epitelio del conducto eferente de rata (Fisher et al., 1998; Pastor-Soler et al., 2002, 

2010; Oliveira et al., 2005). Además se ha visto que los ratones knockout para el 

receptor de estrógenos alfa muestran una reducción dramática de la inmunorreacción 
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para las AQP1 y -9 en los conductos eferentes y una reabsorción de agua deficiente, 

provocando la acumulación de agua en el testículo, y por lo tanto, 

una disminución en la concentración de espermatozoides y la motilidad (Ruz et al., 

2006). 

En los mamíferos, los conductos eferentes están conectados con el epidídimo, un 

tubo altamente enrollado donde se almacena el 55% -65% del total de los 

espermatozoides (Turner, 1995; Robaire et al., 2006). Durante su migración por el 

epidídimo, los espermatozoides no funcionales maduran adquierendo sus propiedades 

mótiles y fértiles (Cornwall y Horsten, 2007). Este proceso implica tanto 

modificaciones en la composición de la membrana plasmática del flagelo (Dacheux y 

Dacheux, 2013), como la regulación del movimiento de los fluidos en el lumen del 

epidídimo, durante la cual la reabsorción de agua aumenta la concentración de 

espermatozoides y proteínas, creando un microambiente hipertónico (Turner, 1995; 

Hermo et al., 2008; Dacheux y Dacheux, 2013). 

Estudios de inmunolocalización sugieren una distribución espacial compleja de 

muchas acuaporinas en el epidídimo (Tabla 1). La AQP0 se encuentra en el epidídimo 

del semental (Klein et al., 2013), mientras que en el murciélago y la rata, la AQP1 se 

expresa en las células mioides que rodean los túbulos de la región caput del epidídimo y 

en las células endoteliales de todo el epidídimo (Oliveira et al., 2013; Hermo et al., 

2008). Del mismo modo, las AQP3 (Hermo et al., 2004) y -8 (Elkjaer et al., 2001) se 

localizan en las células basales del epidídimo de rata, y la AQP5 en las células 

principales de las regiones del corpus y cauda (Da Silva et al., 2006ab). En la rata 

(Hermo et al., 2004) y el perro (Domeniconi et al., 2008), la AQP7 se expresa en células 

principales, pero de una forma región-específica, y también en algunas células basales, 

claras, halo, así como en las células mioides que envuelven la periferia de los túbulos 

del epidídimo. 

La AQP9 se considera la principal acuagliceroporina del epidídimo (Hermo et al., 2008; 

Pastor Soler et al., 2001; Da Silva et al., 2006ab; Domeniconi et al., 2008; Klein et al., 

2013; Oliveira et al., 2013; Arrighi y Aralla, 2014), junto con la AQP2, que se expresa 

en las células principales de la mayoría de las regiones del epidídimo y en las células 

claras del cauda (Da Silva et al., 2006b; Domeniconi et al., 2008; Klein et al., 2013; 

Arrighi y Aralla, 2014). La expresión de la AQP9 en las células principales y claras, y 

de la AQP3 en las células basales, requiere tanto testosterona como de factores del 
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Tabla 1: Distribucion de las acuaporinas en el tracto reproductivo masculino de mamíferos 

  Testículo     

Acuaporina Especie Int Lc Sc Spg Spc Spd CE EP  Referencias1 

AQP0 Rata - + + - - - - -  (1) (2) 

 Semental - + - - - + nr +  (3) 

AQP1 Ratón - - - - - - + -  (4) (5) 

 Rata - - - - - - + +  (2) (4) (6) (7) (8)  

 Hamster nr nr nr nr nr nr + -  (9) 

 Murciélago - - - - - + + +  (10) 

 Gato + - - - - - + -  (11) 

 Perro nr nr nr nr nr nr + -  (12) 

AQP2 Rata nr nr nr nr nr nr nr +  (2) (13) 

 Gato - + - - - - - +  (11) 

 Perro nr nr nr nr nr nr + +  (12) 

 Semental - + - - - + nr +  (3) 

AQP3 Humano nr nr nr nr nr nr nr nr  (14) 

 Ratón - - - - - - nr -  (14) 

 Rata - - - - - - - +  (1) 

AQP4 Rata nr nr + nr nr nr nr -  (2) (15) 

AQP5 Rata nr nr nr nr nr nr - +  (2) (13) (16) 

 Gato - - - - - - - -  (11) 

 Semental - + - - - + nr +  (3) 

AQP7 Humano - - - - - + nr nr  (17) 

 Ratón - - - - - + nr -  (18) 

 Rata - - - - + + + +  (16) (19) (20) (21) 

(22) (23) 

 Perro nr nr nr nr nr nr - +  (12) 

 Porcino nr nr nr nr nr nr nr nr  (24) 

AQP8 Humano - - + + + + nr nr  (17) 

 Ratón - - - + + + nr -  (25) (26) 

 Rata - - + + + + - +  (7) (21) (22) (23) 

(25) (27)  

AQP9 Humano - + + - + + nr +  (17) (28) (29) 

 Ratón nr nr nr nr nr nr + +  (2) (4) 

 Rata - + + - + - + +  (2) (7) (8) (16) (27) 

(28) (30) (31) (32) 

(33) (34) 

 Hamster nr nr nr nr nr nr + +  (9) 

 Murciélago - - - - - - - +  (10) 

 Gato - + - - - - + +  (11) 

 Perro - - - - - - + +  (12) 

 Semental - + - - - + nr +  (3) 

AQP10 Rata - - - - - - + +  (1) 

AQP11 Ratón - - - - - + nr nr  (35) 

 Rata - - - - - + + +  (16) (35) 

 Porcino nr nr nr nr nr nr nr nr  (24) 

La tabla se basa en datos de inmunolocalización con anticuerpos específicos (-, no detectada; +, detectada; nr, no 

reporatdo). Abreviaturas: Int, células intersticiales no caracterizadas; Lc, células de Leydig; Sc, células de Sertoli; 

Spg, espermatogonias; Spc, espermatocitos; Spd, espermátidas; Spz, espermatozoides; CE, conductos eferentes; EP, 

epidídimo. 
1Referencias: (1) Hermo et al., 2004; (2) Da Silva et al., 2006b; (3) Klein et al., 2013; (4) Ruz et al., 2006; (5) Lu et 

al., 2008; (6) Fisher et al., 1998; (7) Badran y Hermo 2002; (8) Oliveira et al., 2005; (9) Ford et al., 2014; (10) 

Oliveira et al., 2013; (11) Arrighi and Aralla, 2014; (12) Domeniconi et al., 2008; (13) Da Silva et al., 2006a; (14) 

Chen et al., 2011b; (15) Jesus et al., 2014b; (16) Hermo et al., 2008; (17) Yeung et al., 2010; (18) Skowrosnki et al., 

2007; (19) Ishibashi et al., 1997; (20) Suzuki-Toyota et al., 1999; (21) Kageyama et al., 2001; (22) Calamita et al., 

2001a; (23) Calamita et al., 2001b; (24) Prieto-Martínez et al., 2014; (25) Yeung et al., 2009a; (26) Yang et al., 

2005; (27) Elkjaer et al., 2001; (28) Pastor-Soler et al., 2001; (29) Arena et al., 2011; (30) Nihei et al., 2001; (31) 

Belleannée et al., 2009; (32) Jesus et al., 2014a; (33) Elkjaer et al., 2000; (34) Tsukaguchi et al., 1998; (35) Yeung y 

Cooper, 2010. 
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fluido luminal (Badran y Hermo, 2002; Pastor Soler et al., 2002; Hermo et al., 2004; 

Oliveira et al., 2005). Finalmente, la AQP10 (Hermo et al., 2004) se ha observado en 

las células endoteliales del epidídimo de rata, mientras que la AQP11 está presente 

principalmente en las células principales y algunas células basales y halo(Hermo et al., 

2008). Al igual que en los conductos eferentes, la expresión simultánea de las 

acuaporinas y acuagliceroporinas en el epitelio del epidídimo,posiblemente, asegura la 

máxima eficacia y selectividad en el transporte de agua, glicerol, y glicerilfosforilcolina 

(Turner, 1991) en el lumen, lo cual permite y manteniene la maduración de los 

espermatozoides (Hermo y Smith, 2011; Arrighi, 2014). 

 

c) Espermatozoide  

Se sabe que los espermatozoides de mamífero tienen una permeabilidad al agua 

más alta que otras células (Noiles et al., 1993; Curry et al., 1995a). Puesto que esta 

permeabilidad al agua del espermatozoide de algunos mamíferos es sensible al mercurio 

y floretina (Curry et al., 1995b; Yeung et al., 2009a.), los cuales son inhibidores de la 

conductividad de las acuaporinas (Haddoub et al., 2009), se ha sugerido el rol estos 

canales en la regulación del volumen celular. En ratón y humano (Chen et al., 2011b), la 

AQP3 se encuentra en la pieza principal de la membrana de la cola de los 

espermatozoides (Fig. 4), región donde se producen los procesos de regulación de 

volumen. El papel de esta aquaporina en este proceso se ha demostrado recientemente 

utilizando ratones knockout (Chen et al., 2011b). En este modelo, el espermatozoide 

muestra una activación normal de la motilidad en respuesta a la hipotonicidad al ser 

eyaculado, pero muestra un deterioro de la regulación del volumen y una progresiva 

hinchazón a nivel de la gota citoplasmática, provocando que la cola se doble 

dificultando su migración por el oviducto, lo que resulta en una redución de la 

fecundación (Chen et al., 2011b). Sin embargo, el mecanismo molecular por el cual la 

AQP3 impide que el espermatozoide se hinche no esta claro. Como se ha sugerido para 

otros sistemas biológicos (Hill y Shachar-Hill, 2015), la AQP3 podría funcionar como 

un osmosensor/mecanosensor detectando el comienzo del aumento del volumen celular 

y transmitiendo estas señales para estimular la respuesta reguladora que disminuye el 

volumen, a través de la interacción con canales iónicos sensibles a volumen o con 

componentes del citoesqueleto (Chen et al., 2011b; Chen y Duan, 2011).  

Además de la AQP3, los espermatozoides de mamíferos también expresan las 
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AQP7, -8, y -11 (Yeung y Cooper, 2010) (Fig. 4). En la rata (Kageyama et al., 2001; 

Calamita et al., 2001b) y en el porcino (Prieto-Martínez et al., 2014), la AQP7 se 

detecta a nivel de la pieza intermedia, incluyendo la gota citoplasmática, y la región más 

anterior de la cola, mientras que en espermatozoides eyaculados de humanos la AQP7 

se localiza en la región pericentriolar del cuello, en la pieza intermedia, y en diferentes 

regiones a lo largo de la cola (Yeung, 2010). Curiosamente en espermatozoides mótiles 

de humanos procedentes del swim-up, parte de la AQP7 parece relocalizarse en  las 

mitocondrias de la pieza intermedia (Moretti et al., 2012). Por el contrario, la AQP8 

está presente exclusivamente en la pieza intermedia de los espermatozoides de rata 

(Calamita et al., 2001b; Yeung et al., 2009a) o a lo largo de la cola en forma de parches 

granulares en humanos y ratón (Yeung et al., 2010; Yeung, 2010), y la AQP11 aparece 

en parte distal de la cola en ratas y murinos (Yeung y Cooper, 2010). Sin embargo, en 

espermatozoides de porcino, la AQP11 se ha descrito en la cabeza y la pieza intermedia, 

y un marcaje difuso también se observa a lo largo de la cola (Prieto-Martínez et al., 

2014).  

Las funciones fisiológicas de las AQP7, -8 y -11 en el espermatozoide siguen 

siendo desconocidas. En espermatozoides eyaculados de humano, niveles bajos de 

AQP7 parecen correlacionarse con una alteración de la motilidad progresiva (Yeung et 

al., 2009b), y se ha sugerido que la AQP7 podría tener un papel en el transporte de 

glicerol como sustrato energético durante la maduración y almacenamiento de los 

espermatozoides (Yeung, 2010). Estudios utilizando quinina y mercurio en 

espermatozoides de ratones de tipo silvestre y knockout para la AQP7, sugieren que la 

AQP8 está implicada en la regulación del volumen celular (Yeung et al., 2009a), y por 

lo tanto, podría actuar junto con la AQP3 para regular este proceso.  

 

3.1.2. Acuaporinas en el testículo de teleosteos y el espermatozoide  

En teleósteos, se ha descrito la expresión en el testículo del ARNm de diferentes 

parálogos de acuaporinas. En la anguila japonesa, Kagawa et al., (2011) se han 

mostrado bajos niveles de transcripción de la aqp1ab, mientras que en el fletán 

(Hippoglossus hippoglossus), se ha visto tanto la expresión del ARNm como de la 

proteína (Zapater et al., 2011). En el testículo del pez cebra, Tingaud-Sequeira et al., 

(2010) se ha reportado la presencia de transcritos de las aqp1aa, -1ab, 3a, -3b, -4, -7, - 
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8aa, -10b, y -12, mientras que en la trucha arcoíris (Oncorhynchus mykiss) se ha 

detectado la expresión de la aqp1aa pero no de la aqp3a (Takei et al., 2015). Sin 

embargo, no se sabe nada todavía acerca de la localización celular de las acuaporinas en 

el testículo teleósteos, y su posible función durante la espermatogénesis y 

espermiogénesis. 

La inhibición por mercurio de la motilidad espermática se ha descrito tanto en 

teleósteos marinos como el rodaballo y la lubina (Dicentrarchus labrax) (Cosson et al., 

1999; Alavi y Cosson, 2006; Abascal et al., 2007), como en peces de agua dulce tales 

como el bagre africano (Clarias gariepinus) (Rurangwa et al., 1998), la perca europea 

(Perca fluviatilis) (Hatef et al., 2011), la trucha arco iris (Oncorhynchus mykiss) 

(Dietrich et al., 2010; Takei et al., 2015), y el salmón chum (Oncorhynchus keta) (Takei 

et al., 2015). Se ha sugerido que las acuaporinas de la membrana plasmática del 

espermatozoide podrían mediar los flujos de agua provocados por el choque hipo e 

hiperosmótico (Alavi y Cosson, 2006). 

Sin embargo, hasta la fecha, solo un estudio ha demostrado la presencia de 

proteínas de acuaporina en el espermatozoide de un teleósteo marino, la dorada (Sparus 

aurata) (Zilli et al., 2009). En este estudio se ha encontrado que el canal específico de 

agua, Aqp1aa, y el canal  transportador de agua, glicerol y urea, Aqp10b, están 

presentes en la cabeza y el flagelo del espermatozoide eyaculado. Además, la 

 

 

 

 

 

 

 

 

 

 

 

 

Figura 4. Localización de las acuaporinas en el 

espermatozoide. El diagrama muestra la localización 

diferenciada de distintos parálogos de acuaporinas de 

mamíferos en los espermatozoides epidídimales y mótiles 

basado en estudios publicados utilizando microscopía de 

inmunofluorescencia y anticuerpos específicos. Ac, 

acrosoma; Cd, gota citoplasmática; Ep, pieza final; H, la 

cabeza; Mc, mitocondrias; Mp, pieza intermedia; N, 

núcleo; T, cola. Especie: B, porcino; H, humano; M, 

ratón; R, rata. 
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exposición de los espermatozoides al mercurio inhibe su motilidad cuando son 

activados con agua de mar, y esta inhibición puede ser revertida por el agente reductor 

β-mercaptoetanol, al cual la Aqp1aa inhibida por mercurio es sensible, pero no la 

Aqp10b (Santos et al., 2004; Zilli et al., 2009). Por otro lado, el tratamiento con HgCl2 

bloquea parcial o completamente la fosforilación de algunas proteínas de la cabeza y el 

flagelo del espermatozoide tras la activación de la motilidad (Zilli et al., 2011). En base 

a estas observaciones, se ha sugerido la hipótesis de que la Aqp1aa posiblemente media 

la salida de agua desde el espermatozoide durante el choque hiperosmótico, la cual esta 

seguida por el aumento del Ca
2+

 intracelular y la activación adicional de la fosforilación 

de proteínas mediada por AMPc requerida para la motilidad del espermatozoide (Zilli et 

al., 2009, 2012). Sin embargo, se sabe que los compuestos mercuriales no son 

inhibidores específicos de las acuaporinas, y además puden afectar la función de otros 

canales iónicos (Sirois et al., 1996; Hisatome et al., 2000), los cuales también pueden 

desempeñar un papel en la recepción de la señal de activación (Dzyuba y Cosson, 

2014). Sin embargo, las funciones fisiológicas que juegan los diferentes paralogos de 

acuaporinas durante la activación o el mantenimiento de la motilidad espermática en 

teleósteos marinos permanecen aún desconocidos. 

 

OBJETIVOS 

 

El transporte de agua durante la gametogénesis es un proceso fisiológico 

fundamental asociado con el éxito de la reproducción en vertebrados. En el tracto 

reproductor masculino de mamíferos, varios estudios han resaltado el papel fundamental 

que las acuaporinas podrían desempeñar durante la diferenciación de los 

espermatozoides en el epitelio germinal, la concentración y la maduración de los 

espermatozoides en los conductos testiculares, y en la regulación de los cambios de 

volumen inducidos osmóticamente en los espermatozoides eyaculados. En teleósteos, 

varios estudios han descrito la expresión de los ARNm de acuaporinas en el testículo, 

pero el papel fisiológico de estos canales es deconocido. En el teleósteo marino, la 

dorada (Sparus aurata), las acuaporinas 1aa y 10b (Aqp1aa y -10b) han sido localizadas 

en los espermatozoides eyaculados, y se ha propuesto la hipótesis de que la Aqp1aa 

medie la salida de agua durante el choque hiperosmótico inducido por el agua de mar, el 

cual es necesario para la activación espermática. Empleando una combinación de 
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enfoques moleculares y bioquímicos, el principal objetivo de esta tesis ha sido 

identificar los parálogos de acuaporinas presentes en el testículo y espermatozoide de la 

dorada, e investigar el posible papel fisiológico de estos canales durante la motilidad del 

espermatozoide. Para ello se han abordado los siguientes objetivos:  

 

1. Aislar y caracterizar funcionalmente el repertorio de acuaporinas presentes en el 

testículo, e identificar los tipos célulares, incluyendo los espermatozoides, en las 

que estan expresadas (Capítulo 1). 

2. Estudiar la de las acuaporinas testiculares durante la espermatogénesis in vivo, y 

examinar su posible regulación in vitro por las gonadotropinas, hormona folículo 

estimulante (Fsh) y luteinizante (Lh), y los esteroides sexuales (Capítulo 2). 

3. Investigar el posible papel fisiológico de las acuaporinas en el espermatozoide 

controlando los cambios de volumen y/o transporte de solutos que se producen 

durante la activación de la motilidad espermática (Capítulos 3 y 4). 

 

RESULTADOS GENERALES 

 

Para ampliar el repertorio de transcritos de acuaporinas presentes en la dorada, 

primero se clonaron los ADNc que codifican para las Aqp0a, 3a, -4a, -7 y -9b. El ARN 

total de diferentes tejidos: ojo (Aqp0a), branquias (Aqp3a), músculo (Aqp4a) y testículo 

(AQP7 y -9b), se extrajo y fue usado para los experimentos iniciales de RT-PCR, 

seguido de los métodos 5 'y 3' RACE para aislar los ADNc completos de las aqp0a, 3a, 

-7 y -9b. Los análisis filogenéticos tanto de las acuaporinas de dorada previamente 

clonadas como de las secuencias recién aisladas confirmaron sus identidades. 

Finalmente, la caracterización funcional de estos canales en ovocitos de Xenopus laevis 

mostraron que la Aqp0a era permeable al agua, que las AQP7 y -9b eran permeables al 

agua, urea y glicerol,  y sorprendentemente, qua la Aqp8b era permeable al agua y 

también a la urea. 

Los experimentos de inmunolocalización utilizando anticuerpos específicos para 

cada parálogo mostraron que las Aqp0a, -1aa, -1ab, -7, -8b, -9b y -10b están expresadas 

diferencialmente en el testículo de la dorada durante los diferentes periodos del ciclo 

reproductivo in vivo: reposo, espermatogénesis y espermiación. Este estudio mostró la 

expresión de la Aqp0a en las espermatogonias durante la etapa de la espermatogénesis, 
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y también en las células de Sertoli durante el periodo de espermiación. La Aqp1aa se 

observó sólo en el endotelio de los vasos sanguíneos testiculares durante la etapa de 

reposo, mientras que durante la espermatogénesis y la espermiación también se localizó 

en espermátidas y a lo largo del flagelo del espermatozoide. En las etapas de reposo y 

de espermatogénesis, la Aqp1ab se encontró en espermatogonias, mientras que durante 

la espermatogénesis también se vió en espermatocitos, y finalmente en todas las células 

germinales desde espermatogonias hasta espermatozoides en la fase de espermiación. 

Durante las fases de espermatogénesis y espermiación, la AQP7 se observó en 

espermatogonias y espermatocitos, y durante la etapa de espermiación, también se 

detectó en espermátidas y espermatozoides. La Aqp8b se detectó en espermatocitos y 

espermátidas en la etapa de espermatogénesis, y también en espermatozoides durante la 

espermiación, mientras que la Aqp9b sólo se detectó en las células intersticiales de 

Leydig durante todas las etapas estudiadas. Finalmente, la Aqp10b se detectó en las 

células de Sertoli durante los períodos de reposo y de espermatogénesis, y durante la 

etapa espermatogénica empezó a expresarse también en espermatogonias y 

espermatocitos, mientras que en la etapa de espermiación, se encontró en todas las 

células germinales y en la cabeza y la cola de los espermatozoides. 

Para investigar la regulación hormonal de la expresión de las acuaporinas en el 

testículo de la dorada in vitro, explantes testiculares procedentes de las etapas de reposo, 

espermatogénesis y espermiación fueron expuestos a diferentes tratamientos 

hormonales: gonadotropinas recombinantes de lubina (rFsh y rLh), Testosterona, 11 

Ketotestosterone, la progestina 17α,20β-dihidroxi-4-pregnen-3-ona y el 17β-estradiol. 

El  análisis de los niveles relativos de ARNm mediante PCR en tiempo real, del 

Western blot y de la inmunolocalización indicaron que la expresión de la mayoría de 

acuaporinas en las células de Sertoli y las células germinales en fase temprana de 

desarrollo aumentaba en presencia de Fsh y/o Lh a través de vías dependientes de 

andrógenos, aunque la Aqp1ab en espermatogonias proliferativas también se activaba 

en presencia de estrógenos. Sin embargo, se vió también que la expresión de la Aqp9b 

en las células de Leydig, y las Aqp1aa y -7 en los espermatocitos y espermátidas, se 

estimulaba directamente por Lh. Por lo tanto, estos resultados revelan un complejo 

control gonadotrópico sobre la expresión de las acuaporinas durante el desarrollo de las 

células germinales de la dorada, aparentemente implicando tanto vías dependientes 

como independientes de andrógenos. 
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Estudios de microscopía de inmunofluorescencia mostraron la distribución 

espacial segregada de cinco acuaporinas en los espermatozoides eyaculados de dorada: 

la Aqp1aa a lo largo del flagelo, la Aqp7 en la cabeza, y Aqp1ab, -8b y 10b, tanto en la 

cabeza como en la parte anterior del flagelo. El fraccionamiento bioquímico de los 

espermatozoides reveló que la Aqp10b y la Aqp1ab fosforilada se translocan 

rápidamente a la membrana plasmática de la cabeza tras la activación de la motilidad 

espermática con agua de mar, mientras que la Aqp8b se fosforila y se insertan en la 

membrana mitocondrial interna. Para investigar la posible colocalización de las 

acuaporinas en los espermatozoides activados, se llevó a cabo microscopía de 

inmunofluorescencia doble. Estos experimentos confirmaron que en espermatozoides 

activados durante 1-2 min, se detecta una fuerte inmunotinción de la Aqp1aa a lo largo 

del flagelo, mientras que la tinción Aqp8b se restringe a la mitocondria. Por el contrario, 

el inmunomarcaje de las Aqp1ab y Aqp7 se observó en el citoplasma y/o en la 

membrana plasmática que rodea al núcleo en la cabeza, mientras que Aqp1ab también 

se detectó en áreas discontinuas en el flagelo, que eran más abundantes hacia la región 

anterior. Además, la Aqp1ab parece colocalizar con la Aqp1aa en la pieza intermedia y 

en algunos dominios de la parte más anterior del flagelo. 

Para investigar las funciones fisiológicas de las acuaporinas durante la motilidad 

espermática, se inhibió su función mediante el uso de anticuerpos específicos de cada 

parálogo y purificados por cromatografía de afinidad. Estos anticuerpos eran capaces de 

tanto de bloquear el tráfico intracelular de las acuaporinas como su conductividad al 

agua y solutos. Estos experimentos mostraron que la inhibición inmunológica de las 

Aqp1aa y -8b disminuye la motilidad espermática, y en caso de la Aqp8b se reduce la 

acumulación del canal en la mitocondria. Además, cuando el tráfico intracelular y la 

actividad de la Aqp8b mitocondrial fueron bloqueados inmunológicamente en los 

espermatozoides activados, se acumularon niveles excesivos de H2O2 en la mitocondria, 

llevando a la despolarización de la membrana mitocondrial, la reducción de la 

producción de ATP, y la detención progresiva de la motilidad de los espermatozoides. 

Este efecto, sin embargo se recuperó por completo en presencia de un antioxidante 

mitocondrial, sugiriendo que el efecto nocivo sobre la motilidad flagelar resultante de la 

inhibición de la función de la Aqp8b es causada por la acumulación de H2O2 en la 

mitocondria de los espermatozoides. 

La inhibición inmunológica de la Aqp1aa redujo el aumento de los niveles 
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intracelulares de Ca
2+

 en el espermatozoide, el cual se produce normalmente tras la 

activación de la motilidad. Mediante el uso de medios capaces de inducir la motilidad, 

con o sin Ca
2+

, se demostró que el aumento de Ca
2+

 intracelular es independiente del 

Ca
2+

 externo. Los bajos niveles de Ca
2+

 en el espermatozoide tras la inhibición de la 

Aqp1aa redujeron drásticamente tanto el tráfico de la Aqp8b a la mitocondria como la 

motilidad del espermatozoide. Sin embargo, la recuperación de los niveles Ca
2+

 

utilizando un ionóforo de Ca
2+

 en los espermatozoides con la función de la Aqp1aa 

inmunosuprimida, restauró la acumulación mitocondrial de la Aqp8b y la motilidad y la 

progresividad de los espermatozoides. Por lo tanto, estos datos sugirieren que el efecto 

perjudicial sobre la motilidad del espermatozoide inducida por la inhibición de la 

Aqp1aa está posiblemente causado no sólo por la prevención del aumento del Ca
2+

 

intracelular durante la activación con agua de mar, sino también al comprometer la 

función mitocondrial de la Aqp8b. Por el contrario, la exposición de los 

espermatozoides de dorada a los anticuerpos de las Aqp1ab y Aqp7 no afectó a la 

motilidad o la progresividad de los espermatozoides durante la fase inicial de 

activación, pero significativamente comprometió otros parámetros cinéticos 

relacionados con la trayectoria y el patrón de movimiento del espermatozoide, 

sugieriendo que el papel de las Aqp1ab y Aqp7 durante la motilidad es principalmente 

el control del patrón de movimiento del espermatozoide. 

 

DISCUSIÓN GENERAL 

 

La presente tesis demuestra por primera vez la presencia de una compleja red de 

acuaporinas en el testículo de un teleósteo marino dorada y pone al descubierto 

mecanismos hasta ahora desconocidos en la fisiología del espermatozoide y su 

motilidad. Los resultados indican que la expresión de los diferentes parálogos de 

acuaporinas en las células somáticas y germinales en el testículo durante la 

espermatogénesis esta diferencialmente regulada por las gonadotropinas, Fsh y Lh, a 

través de mecanismos dependientes e independientes de andrógenos. Estos hallazgos 

proporcionan el primer modelo de la regulación de acuaporinas durante la 

espermatogénesis en un vertebrado no mamífero como un importante avance hacia el 

esclarecimiento de las funciones fisiológicas de estos importantes canales en los 

sistemas reproductivos. Los resultados también aportan pruebas de la función 
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especializada y coordinada de las acuaporinas durante el inicio y el mantenimiento de la 

motilidad del espermatozoide de un teleósteo marino. Los datos muestran que la 

Aqp1aa facilita la oleada de Ca
2+

 intracelular en el espermatozoide durante el choque 

hipertónico, el cual es necesario para la iniciación del movimiento flagelar y el tráfico 

de la Aqp8b a la mitocondria, donde este canal facilita la salida de H2O2 durante la 

producción de ATP. 

 

Acuaporinas en las Células Somáticas y los Vasos Sanguíneos del Testículo 

 

 Los experimentos de microscopía de inmunofluorescencia en el testículo de la 

dorada mostraron que entre las siete acuaporinas investigadas, la Aqp0a se localiza en 

las células de Sertoli, mientras que las células de Leydig expresan exclusivamente 

Aqp9b, lo cual esta conservado con respecto a varios diversos mamíferos (Hermo et al., 

2004; Elkjaer et al., 2000; Nihei et al., 2001; Badran y Hermo, 2002; Arena et al., 2011; 

Klein et al., 2013; Arrighi y Aralla, 2014). Las Aqp7 y -10b de la dorada también se 

expresan en las células de Sertoli, y su localización parece ser única en la dorada. 

Además, a diferencia del modelo en humanos (Yeung et al., 2010) y rata (Calamita et 

al., 2001a; Badran y Hermo, 2002; Hermo et al., 2004), las proteínas de las Aqp0a y -8b 

no se detectaron en las células de Leydig o de Sertoli de la dorada. Sin embargo, es 

posible que en las células somáticas de la dorada están presentes otros parálogos de las 

Aqp0 y -8, tales como la Aqp0b y -8aa, siendo este último más cercano 

filogenéticamente a la AQP8 de los tetrápodos que a la Aqp8b de la dorada (Cerdà y 

Finn, 2010). En el testículo de la dorada, la expresión de la Aqp10b en las células de 

Sertoli se detecta desde antes de iniciarse la espermatogénesis, y además, este canal no 

esta regulado por ninguna hormona in vitro, lo cual sugiere que otras señales 

testiculares, tales como factores de crecimiento, pueden regular esta acuaporina. Sin 

embargo, la expresión de las Aqp0 y -7 se activa específicamente cuando las células 

germinales entran en meiosis. En ratas, la AQP0 se expresa principalmente en las 

células de Sertoli de los túbulos seminíferos que contienen espermátidas alargadas 

(Hermo et al., 2004), mientras que en la dorada la expression de la aqp0a en células de 

Sertoli se ve aumentada in vitro en presencia de la Fsh y Lh a través de la síntesis de 11-

KT al inicio de la espermatogénesis, lo que sugiere el requerimiento de este canal 

durante el desarrollo temprano de células germinales. Además, en la dorada, el tráfico 
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intracelular de la Aqp7en las células de Sertoli parece estar estimulado directamente por 

la Fsh durante la espermatogénesis, y específicamente por la Lh durante la 

espermiación, tal vez a través de la producción local de 11-KT. La regulación positiva 

específica de las Aqp0a, -7 y -10b en las células de Sertoli puede indicar el papel de 

estos canales en el movimiento de agua y solutos a través del epitelio seminífero 

durante el desarrollo de células germinales, así como durante la espermiación, cuando la 

hidratación del fluido seminal se produce en el túbulo (Coward et al., 2002). Además, 

dado que en mamíferos se ha sugerido que las AQP0 y -4 podrían mediar las uniones 

entre células (Engel et al., 2008; Kumari y Varadaraj, 2009), es posible que en la dorada 

la Aqp0a contribuya como estructura de adhesión celular en las células de Sertoli que 

forman parte de la barrera hematotesticular, que en teleósteos se forma generalmente 

durante la transición de espermatocitos a espermátidas tempranas, cuando se establecen 

las uniones estrechas entre las células de Sertoli (Schulz et al., 2005). 

 La expresión de la acuagliceroporina Aqp9b en la dorada sólo se encuentra en 

las células de Leydig a lo largo de todo el ciclo espermatogénico. Este hallazgo con 

respecto a lo descrito en mamíferos, donde las células de Leydig parecen expresar la 

AQP0 (Hermo et al., 2004; Klein et al., 2013), las AQP2- y -5 específicas de tetrápodos 

(Klein et al., 2013), así como la AQP9, la cual también se encuentra en las células 

germinales (Huang et al., 2006; Yeung, 2010; Yeung et al., 2010; Klein et al., 2013; 

Arrighi y Aralla, 2014). En la dorada, los niveles de transcripción de la aqp9b testicular 

aumentan directamente por la Lh, lo cual sugiere la presencia de vías de transcripción 

reguladas por la Lh en las células de Leydig. Sin embargo, la observación de que la 11-

KT y el E2 pueden por sí solos regular positivamente la expresión aqp9b, sugiere la 

presencia de receptores nucleares de andrógenos y de estrógenos en las células de 

Leydig de la dorada como se ha descrito en otras especies de teleósteos species (Ikeuchi 

et al., 2001; Chauvigné et al., 2014b; Bouma y Nagler, 2001), lo cual puede afectar a la 

ultraestructura de las células de Leydig y/o la esteroidogénesis (Cavaco et al., 1999; de 

Waal et al., 2009). La activación de la transcripción de la aqp9b en las células de 

Leydig de la dorada por parte de la progestina 17,20β-P sugiere la expresión del 

receptor nuclear de progestina en estas células, el cual ha sido reportado en el pez cebra 

(Danio rerio) (Chen et al., 2010) pero no en otros teleósteos (Chauvigné et al., 2014b; 

Chen et al., 2011; Chen et al., 2012), aunque los receptores de membrana de progestina 

(Thomas et al., 2012) pueden estar involucrados, como ocurre en las células de Leydig 
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de rata (Rossato et al., 1999). Aunque el papel de la Aqp9b en las células de Leydig no 

está claro, este canal podría estar involucrado en el transporte de agua y solutos no 

cargados en estas células intersticiales, como se ha sugirido en mamíferos (Nihei et al., 

2001; Badran y Hermo, 2002). 

En el tejido intersticial del testículo de la dorada, se detectó la expresión de la 

Aqp1aa en las células endoteliales de los vasos sanguíneos cerca de los túbulos 

seminíferos a lo largo de todo el ciclo espermatogénico. La síntesis de la Aqp1aa se 

incrementó en presencia de la Fsh y 11-KT, lo cual parece corresponder con la trucha 

(Vu Hai et al., 2004; Chaves-Pozo et al., 2012). Por lo tanto, la presencia de la Aqp1aa 

en los vasos sanguíneos podría indicar su implicación en el transporte transcelular de 

agua desde el torrente sanguíneo a los túbulos seminíferos. 

 

Acuaporinas en las Células Germinales del Testículo de Dorada  

 

Durante el desarrollo de las células germinales de la dorada, la primera acuaporina 

que se expresa en las espermatogonias en proliferación es la Aqp1ab, mientras que la 

expresión los receptores de Fsh y de andrógenos en las células endoteliales de mamífero 

y la activación de las Aqp0a, -7 y -10b se asocia con el aumento de la secreción 

testicular de 11-KT y la entrada en meiosis de las células germinales. Además las 

Aqp1aa y -8b son específicas de las células haploides. Curiosamente, la traducción de la 

Aqp1ab en las espermatogonias antes de la aparición de la espermatogénesis refleja la 

situación en los ovocitos donde la Aqp1ab se sintetiza temprano en la ovogénesis y 

desempeña un papel crucial más tarde durante la inducción hormonal del reinicio de la 

meiosis y la hidratación (Fabra et al., 2005; Zapater et al., 2011, 2013). Sin embargo, la 

síntesis de la Aqp1ab en ovocitos en desarrollo temprano se activa por la síntesis de 

progestina inducida por Fsh (Zapater et al., 2012, 2013), mientras que en las 

espermatogonias la Aqp1ab parece estar regulada in vitro exclusivamente por 

andrógenos y estrógenos producidos en respuesta a la Fsh y a la Lh antes de que 

omience la espermatogénesis. Por lo tanto, este canal parece almacenarsea lo largo de la 

diferenciación de las células germinales al igual que ocurre durante la ovogénesis (Fabra 

et al., 2005; Zapater et al., 2013). 

Nuestros hallazgos indican que las Aqp0a y -10b en espermatogonias, y la Aqp8b 

en las espermátidas, estan controladas por mecanismos dependientes de andrógenos 
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producidos en respuesta a las gonadotropinas durante la espermatogénesis. Estos efectos 

pueden estar mediados a través de receptores de andrógenos expresados en las células 

de Sertoli o en las propias células germinales, como se ha  reportado en peces (Pu et al., 

al., 2013; Chauvigné et al., 2014b) y mamíferos (Zhou et al., 1996, Arenas et al., 2001). 

La regulación en espermatogonias de las Aqp0a y -10b por la 11-KT puede estar 

asociado con la entrada en meiosis de estas células, ya que en varios teleósteos se ha 

Figura 5. Representación esquemática de la expresión y la regulación endocrina de las acuaporinas 

testiculares durante la espermatogénesis de dorada. Los tipos celulares coloreados en cada etapa indican 

la expresión de la acuaporina demostrado por microscopía de inmunofluorescencia. Las hormonas que 

intervienen en la regulación del ARNm y/o proteínas de la acuaporina están en letras rojas. Si la 

regulación por Fsh y Lh está mediada por andrógenos se indica entre paréntesis. Sec, células de Sertoli; 

Lc, células de Leydig; Sg, espermatogonias; Sc, espermatocitos; Sd, espermátidas; Sz, espermatozoides; 

Bv, vasos sanguíneos. 
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demostrado que la 11-KT estimula la proliferación de espermatogonias hacia la meiosis 

(Schulz et al., 2010). Además, las Aqp1aa, -7, y parcialmente la Aqp0a en las 

células germinales de la dorada pueden estar reguladas por Lh a través de mecanismos 

independientes de esteroides, lo cual concuerda con la presencia de los receptores de Lh 

en espermatocitos y espermátidas de dorada que se ha descrito 

recientemente(Chauvigné et al., 2014a). Sin embargo, también se observa que durante 

la espermiación, la T o la 11-KT por si solas pueden regular positivamente la expresión 

de las Aqp0a, -1aa, -7 y -10b en las células germinales, lo cual sugiere que los 

andrógenos también podrían estar involucrados en el control de la espermiogénesis en la 

dorada al igual que ocurre en mamíferos (Holdcraft y Braun, 2004). 

La estricta regulación de la expresión de las acuaporinas durante el desarrollo de 

las células germinales (Fig. 5), sugiere la implicación de estos canales en la salida de 

fluido durante la disminución del volumen celular que se produce durante las sucesivas 

divisiones celulares que transforman las espermatogonias en espermátidas y 

espermatozoides (Kobayashi et al., 2011), así como en el transporte de nutrientes desde 

las  células de Sertoli que puedan ser necesarios durante la diferenciación celular. Sin 

embargo, las acuaporinas que se expresan en las células germinales prevalecen en el 

espermatozoide maduro, excepto la Aqp0a, y por lo tanto la síntesis y el 

almacenamiento coordinado de estos canales en vesículas intracelulares durante la 

espermatogénesis podría ser un mecanismo adicional implicado. 

 

Acuaporinas en el Conducto Eferente de Dorada 

 

En la dorada, la Aqp10b es la única acuaporina detectada consistentemente en la 

membrana apical de las células planas y alargadas del epitelio en el conducto eferente 

en machos espermiantes. Una localización similar de la AQP10 se ha reportado en el 

conducto eferente de rata (Hermo et al., 2004). Curiosamente, en la dorada también se 

detectó la Aqp10b en la membrana de las vesículas citoplasmáticas de las células 

epiteliales, lo cual es similar a la localización de la AQP9 en los endosomas de algunas 

células claras en la parte caudal del epidídimo de rata (Hermo y Smith, 2011). Al igual 

que se ha sugerido en mamíferos, la Aqp10b en el conducto eferente de teleósteos puede 

estar implicada en los mecanismos de reabsorción de agua, así como también para 

proporcionar glicerol como sustrato metabólico aeróbico durante la maduración de los 
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espermatozoides (Cooper y Brooks, 1981). Sin embargo, debe investigarse si otras 

acuaporinas se expresan en las células epiteliales del conducto eferente de la dorada 

antes y/o durante el inicio de la espermatogénesis, así como su regulación por 

hormonas. 

 Localización y Función de las Acuaporinas en el Espermatozoide de Dorada 

Los estudios de inmunolocalización en la dorada han confirmado que múltiples 

acuaporinas están presentes en el espermatozoide, al igual que ocurre en el testículo. En 

el modelo de la dorada, el espermatozoide eyaculado muestra una distribución espacial 

segregada de cinco acuaporinas. Las Aqp1aa y -7 están presentes en el flagelo o la 

cabeza, respectivamente, mientras que las Aqp1ab, -8b y -10b se detectan en la cabeza 

y la parte anterior de la cola. Tras la activación de la motilidad en agua de mar, la 

Aqp10b y la Aqp1ab fosforilada se translocan rápidamente a la membrana plasmática 

cabeza, mientras que la Aqp8b se acumula en la mitocondria del espermatozoide, y las 

Aqp1aa y -7 permanecen sin cambios. 

Como en otros teleósteos marinos (Cosson et al., 2008a), el choque hiperosmótico 

parece ser el factor clave para la activación de la motilidad espermática en la dorada 

(Zilli et al., 2008). Nuestros estudios sobre la función de las acuaporinas durante este 

proceso sugieren, sin embargo, que estos canales pueden desempeñar funciones 

adicionales más allá del transporte de agua. Para investigar la implicación de las 

diferentes acuaporinas en los espermatozoides de dorada, se han utilizado anticuerpos 

purificados por afinidad, lo cuales hemos visto que pueden bloquear específicamente el 

transporte intracelular de los canales, posiblemente a través de la inhibición estérica de 

los mecanismos de tráfico, así como su conductividad al agua y solutos. Usando este 

método, se ha encontrado que la Aqp8b actúa como una peroxiporina mitocondrial en el 

espermatozoide activado de la dorada permitiendo la salida de H2O2 acumulado como 

resultado del estrés osmótico (McCarthy et al., 2010), así como durante la fosforilación 

oxidativa (Collins et al., 2012), que parece ser el principal mecanismo para la 

generación de ATP en los espermatozoides de peces durante la fase de la motilidad 

(Dreanno et al., 1999, 2000; Lahnsteiner y Caberlotto, 2012). Por lo tanto, la Aqp8b 

mitocondrial en el  espermatozoide de dorada juega un papel esencial regulando el 

potencial de membrana mitocondrial y la producción de ATP necesario para el 
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mantenimiento de la motilidad flagelar. 

El papel de los canales mitocondriales tipo AQP8 para disminuir el estrés 

oxidativo en espermatozoides activados podrían ser específico de teleósteos. En 

mamíferos, la AQP8 se ha localizado en las células hepáticas (Calamita et al., 2005) y 

del túbulo proximal renal (Molinas et al., 2012), donde está presente en la membrana 

mitocondrial interna, y se ha sugerido que este canal podría mediar el transporte de 

amoniaco y H2O2 en estas células (Calamita et al., 2005; Yeung, 2010, Yeung et al., 

2010). Sin embargo, en espermatozoides humanos mótiles la AQP7 parece ser 

detectada en las mitocondrias de la pieza media (Moretti et al., 2012), donde podría 

transportar peróxido, al igual que se ha demostrado para otras acuagliceroporins de 

mamíferos tales como la AQP3 (Miller et al., 2010; Hara-Chikuma et al., 2012), 

asegurando la correcta función del espermatozoide (Amaral et al., 2013). Por lo tanto, 

el posible papel de las acuaporinas como canales de peróxido en los espermatozoides de 

mamíferos, particularmente durante la hiperactivación, merece ser investigado. 

Nuestros datos indican que en el espermatozoide eyaculado de dorada, la Aqp1aa se 

distribuye a lo largo de todo el flagelo, y esta localización se mantiene sin cambios 

después de la activación de la motilidad con agua de mar, lo cual puede sugerir un 

requisito inmediato de este canal para la salida de agua desde la célula. Por otra parte, la 

inhibición inmunológica de la Aqp1aa en el espermatozoide revela que el anticuerpo de 

la Aqp1aa, con respecto a los anticuerpos para las otras acuaporinas, induce una fuerte 

disminución de todos los parámetros de motilidad estudiados, sugiriendo que la Aqp1aa 

es esencial para iniciar la motilidad del espermatozoide. Por tanto, estos datos 

confirman los estudios previos en la dorada que muestra que los inhibidores no 

específicos de la conductividad de las acuaporinas, tales como el HgCl2, son capaces de 

abolir completamente la activación del espermatozoide (Zilli et al., 2009). La 

información actual en equinodermos (Darszon et al., 2008), peces (Zilli et al., 2012; 

Cosson et al., 1989; Oda y Morisawa, 1993), y mamíferos (Inaba, 2003; Publicover et 

al., 2008) indica que el movimiento flagelar en el espermatozoide está regulada por 

Ca
2+

, el cual directa o indirectamente a través de eventos de fosforilación y 

desfosforilación de proteínas, activa las dineinas del axonema (Zilli et al., 2012). Los 

datos de nuestro estudio confirman que la iniciación de la motilidad en el 

espermatozoide de dorada depende del aumento de Ca
2+

 intracelular ([Ca
2+

]i), ya que la  

inhibición inmunológica de la Aqp1aa impide parcialmente la elevación de la [Ca
2+

]i, 
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reduciendo la motilidad y la progresividad de los espermatozoides. Por lo tanto, estos 

resultados apoyan la hipótesis de que la rápida salida de agua mediada por Aqp1aa tras 

el choque osmótico conduce a un aumento de Ca
2+

 intracelular, lo cual que activa el 

movimiento flagelar en los espermatozoides de dorada (Cosson et al., 2008b; Zilli et 

al., 2009). En el presente estudio, se ha encontrado que uno de los mecanismos 

controlados por el incremento de [Ca
2+

]i facilitado por la Aqp1aa, es el tráfico de la 

Aqp8b a la mitocondria. Por tanto, estos resultados sugieren un papel doble de la vía de 

señalización dependiente de Ca
2+

 desencadenada por la Aqp1aa en la iniciación y 

mantenimiento de la motilidad flagelar a través de la activación del axonema y el 

mecanismo de desintoxicación mediado por la Aqp8b mitocondrial (Fig. 6). Sin 

embargo, los eventos moleculares implicados tras la movilización de Ca
2+

 son todavía 

desconocidos. Curiosamente, en este estudio se observa que mientras la pérdida de la 

función de la Aqp1aa impide la acumulación mitocondrial de la Aqp8b, la fosforilación 

de la Aqp8b no se ve afectada, sugieriendo que ambos mecanismos pueden estar 

regulados de forma independiente. Esta hipótesis sería consistente con la observación 

de que tras la activación con agua de mar, el estado de fosforilación de numerosas 

proteínas en el espermatozoide de dorada es independiente de HgCl2 (Zilli et al., 2011). 

Finalmente, la exposición del espermatozoide de dorada a los anticuerpos de las 

Aqp1ab y -7 no afecta a la motilidad o la progresividad del espermatozoide durante la 

fase inicial de activación, pero finalmente afecta significativamente otros parámetros 

cinéticos relacionados con la trayectoria y el patrón de movimiento de los 

espermatozoides. La distribución específica de las Aqp1ab y -7 en la cabeza del 

espermatozoide y de la Aqp1ab también hacia la parte anterior y media del flagelo, 

pueden explicar estos efectos, lo cual podría ser la base de la trayectoria errática y la 

afectación del batido flagelar. Los espermatozoides de dorada también expresan la 

acuagliceroporina Aqp10b principalmente en la cabeza y en la parte anterior del 

flagelo, que, como la Aqp1ab, también esta regulada tras la activación de la motilidad. 

Sin embargo, el papel de la Aqp10b en el espermatozoide del teleósteo durante la 

activación de la motilidad aún no ha sido investigado. 
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CONCLUSIONES 

 

1. Se han clonado los ADNc de las Aqp0a, -3a, -4a, -7 y -9b de la dorada. Sin 

embargo, en el testículo de esta especie sólo se ha detectado la expresión de los 

ARNm de las aqp0a, -7, y -9b, y de la aqp8b previamente clonada. El análisis 

filogenético junto con la caracterización funcional de cuatro de los parálogos 

aislados, Aqp0a, -7, -8b, y -9b, han demostrado que todas estas acuaporinas son 

permeables al agua, mientras que la Aqp8b es también permeable a la urea, y las 

AQP7 y -9b son permeables al glicerol y la urea. 

2. Los estudios de inmunofluorescencia empleando anticuerpos específicos para cada 

parálogo ha demostrado que las Aqp0a, -1aa, -1ab, -7, -8b, -9b y -10b se expresan 

de modo diferencial  en las células somáticas y/o germinales del testículo de la 

dorada durante la espermatogénesis. 

3. Durante la fase de reposo, cuando los niveles plasmáticos de los andrógenos son 

bajos, el testículo exclusivamente contiene espermatogonias en proliferación las 

cuales expresan la Aqp1ab, mientras que las Aqp10b y -9b están localizadas en las 

 

 

Figura 6. Diagrama esquemático del espermatozoide de dorada durante la activación de la motilidad. El 

choque hiperosmótico desencadena la salida de agua desde el espermatozoide a través de la Aqp1aa. La 

salida de agua reduce el volumen de la célula produciendo un aumento en la concentración intracelular 

de Ca
2+

. Este aumento de Ca
2+

podría conducir a la activación de la adenilato ciclasa (AC) y de la vía de 

señalización del AMPc, provocando la fosforilación de las proteínas flagelares por la proteína quinasa A 

(PKA) seguido de la iniciación de la motilidad del espermatozoide. El aumento de Ca
2+

 también 

desencdena la acumulación de la Aqp8b en la mitocondria, a través de mecanismos aún desconocidos, 

donde facilita la salida de H2O2 para evitar el daño oxidativo durante la síntesis de ATP necesaria para 

la motilidad flagelar.  
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células de Sertoli y de Leydig, respectivamente. Al inicio de la espermatogénesis y 

durante la espermiación, el aumento de los niveles plasmáticos de andrógenos se 

correlaciona con la aparición adicional de las Aqp0a y -7 en células de Sertoli, la 

Aqp0a en las espermatogonias y espermatocitos, las Aqp1ab, -7 y -10b desde 

espermatogonias a espermatozoides, y las Aqp1aa y -8b en espermátidas y 

espermatozoides. 

4. La incubación in vitro a corto plazo de los explantes de testículo indica que la

mayoría de las acuaporinas de las células de Sertoli y las células germinales en fase

de desarrollo temprano esta altamente reguladas por Fsh y/o Lh a través de vías

dependientes de andrógenos, aunque la Aqp1ab en las espermatogonias en

proliferación también parece ser activada por estrógenos. Sin embargo, la expresión

de la Aqp9b en las células de Leydig y de las Aqp1aa y -7 en espermatocitos y

espermátidas, también parece ser estimulada directamente por Lh. Estos resultados

revelan un complejo control gonadotrópico de la expresión de acuaporinas durante

el desarrollo de las células germinales de la dorada, aparentemente implicando tanto

vías dependientes e independientes de andrógenos, las cuales deben asegurar el

perfecto funcionamiento de los mecanismos de secreción y absorción de fluidos en

el testículo.

5. A diferencia del testículo, en el conducto eferente de machos espermiantes de

dorada sólo se ha detectado la Aqp10b de forma consistente. Durante esta fase

espermatógenica, la Aqp10b se localiza en la membrana plasmática apical de las

células epiteliales luminales, en las que podría desempeñar un papel

proporcionando glicerol como sustrato metabólico durante la maduración de los

esperamtozoides.

6. En el espermatozoide eyaculado de dorada, cinco acuaporinas muestran una

distribución espacial segregada: las Aqp1aa y -7 en el flagelo o la cabeza,

respectivamente, y las Aqp1ab, -8b y -10b tanto en la cabeza como en la parte

anterior de la cola. Tras la activación con agua de mar, la Aqp10b y la Aqp1ab

fosforilada son translocadas rápidamente a la membrana plasmática de la cabeza,

mientras que la Aqp8b, la cual puede transportar peróxido de hidrógeno (H2O2), se

acumula en la membrana mitocondrial interna (IMM) de la mitocondria del

espermatozoide.
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7. La función de la Aqp8b en el espermatozoide activado de dorada puede inhibirse 

mediante el uso de anticuerpos específicos purificados por cromatografía de 

afinidad, los cuales bloquearn el transporte del canal a la mitocondria, posiblemente 

a través de la inhibición estérica del mecanismo de tráfico intracelular, así como su 

conductividad a solutos una vez insertada en la IMM. Cuando la función de la 

Aqp8b es inmunológicamente inhibida, los niveles de H2O2 se acumulan en la 

mitocondria del espermatozoide, lo cual conduce a la despolarización de la 

membrana mitocondrial, la reducción de la producción de ATP, y la detención 

progresiva de la motilidad de los espermatozoides. Sin embargo, estos efectos se 

revierten completamente en presencia de un antioxidante dirigido a la mitocondria. 

Estos hallazgos revelan un nuevo mecanismo de desintoxicación en el 

espermatozoide en condiciones hipertónicas, donde la salida de H2O2 mediada por 

la Aqp8b mitocondrial permite la generación de energíay el mantenimiento de la 

motilidad flagelar. 

8. La inhibición inmunológica de la Aqp1aa flagelar durante la activación de la 

motilidad espermática de la dorada reduce el aumento de Ca
2+ 

intracelular, el cual 

ocurre normalmente con la exposición al agua de mar, lo cual bloquea el tráfico 

intracelular de la Aqp8b y disminuye fuertemente la movilidad del espermatozoide. 

Sin embargo, la recuperación de los niveles de Ca
2+ 

con un ionóforo de Ca
2+ 

 en el 

espermatozoide con la Aqp1aa inmunosuprimida restablece la acumulación de la 

Aqp8b mitocondrial y la motilidad. Por el contrario, la exposición de los 

espermatozoides a los anticuerpos para la Aqp1ab y Aqp7 no afecta la motilidad 

durante la fase inicial de activación, pero afecta la trayectoria y el patrón de 

movimiento posterior. Estos datos revelan una acción coordinada de las 

acuaporinas durante la activación de la motilidad espermática en un teleósteo 

marino, donde la Aqp1aa flagelar juega un papel doble, dependiente de Ca
2+

, 

controlando tanto la iniciación de la motilidad del espermatozoide como la 

activación de los mecanismos de desintoxicación mitocondriales, mientras que las 

Aqp1ab y Aqp7 en la cabeza y en la parte anterior de la cola posiblemente dirigen 

el patrón de movimiento a través de mecanismos aún desconocidos. 
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