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1. Foreword 
 
During my PhD I studied mainly the morphological features of some male and 
female reproductive organs. The studies were carried on in domestic as well as in 
laboratory species, taking into account the water movement control operated by 
a peculiar class of proteins, the so-called Aquaporins (AQPs), the effects of 
hyponutrition and environmental influences in fetal and prepubertal life, and the 
possible role of metabolism regulator factors, such as leptin, in the reproductive 
phisiology. 
The landmark discovery of AQPs starts the era of molecular water channels, 
which has permeated virtually every branch of biology and medicine. Since 
multiple isoforms of AQPs are differentially expressed in cells and tissues, their 
localization to specific cells and membrane domains is critical to understanding 
the role of each AQP in the transfer of water and small solutes. 
A number of recent studies have revealed the importance of mammalian AQPs 
in both physiology and pathophysiology and have suggested that 
pharmacological modulation of aquaporin expression and activity may provide 
new tools for the treatment of variety of human disorders, such as brain edema, 
glaucoma, abnormal secretion of lacrimal and salivary glands, tumour growth, 
fertility and obesity in which water and small solute transport may be involved. 
On the other hand, the effects of nutrition on reproduction and fertility are well 
known and widely reported. They occur not only in the ruminant species 
(Lindsay et al., 1991; Lucy, 2003) but in monogastric species as well (I‟Anson et 
al., 1991; Cox, 1997; Sharpe and Franks, 2001; Hazeleger et al., 2005;). Nutrition 
affects all aspects of the chain of reproductive events from gametogenesis to 
puberty in both males and females. The reason for this close association between 
nutrition and reproduction is to ensure that reproduction is very closely aligned 
with the food supply. Such an alignment is essential to ensure the success of 
reproduction by timing lactation and neonatal growth, both of which are intense, 
energy demanding processes, to the expected availability of a high quality food 
supply. Several factors should be considered as links between the nutritional 
status and the reproductive processes. Leptin has been proposed as the most 
notable modulator in this mechanism (Magni et al., 2000). 
  

1.1 Aquaporin water channels 
 
An appropriate regulation of membrane water-permeability is a fundamental 
requirement of all living organisms. In contrast to the prevailing view of simple 
diffusion through a lipid bilayer, studies performed over several decades have 
predicted the existence of a water-specific channel protein in certain 
membranes(King and Agre, 1996). Investigation of the Rh protein of the 
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erythrocyte membrane led to the serendipitous identification of a novel 28 kDa 
protein (Denker et al., 1988). This protein has been called Aquaporin-1 (AQP1) 
and has been proved to be the first molecular water channel (Preston et al., 
1992).  
Eleven mammalian aquaporins have been reported so far (Koyama et al., 1997; 
Borgnia et al., 1999) (table 1). Each has a unique cellular and subcellular 
distribution, with little overlap between homologues. The aquaporin family can 
be divided into two groups on the basis of their permeability characteristics, 
which generally coincide with specific amino-acid-sequence patterns. Most 
members of the first group (aquaporins) are only permeated by water, and this 
group includes AQP0, AQP1, AQP2, AQP4, AQP5, AQP6 and AQP8. AQP6 
and AQP8 are in this group on the basis of sequence analysis, although AQP6 is 
permeated by anions (Yasui et al., 1999) and AQP8 might be permeated by water 
and urea (Ishibashi et al., 1997; Ma et al., 1997). Members of the second group 
(aquaglyceroporins), which includes AQP3, AQP7, AQP9 and AQP10, are 
permeated by water to varying degrees, but are also permeated by other small 
solutes, in particular, glycerol. The bacterium Escherichia coli has been used as a 
model for this categorization, as it contains two aquaporin homologues - AqpZ, 
which is a water-permeable channel, and GlpF, which is a glycerol transporter. 
Different cells and organs have diverse requirements for the regulation of water 
homeostasis. However, across the aquaporin family, differences have been 
identified in the transcriptional regulation of the genes, as well as in the post-
translational modification, stability and polarized distribution of the proteins. 
The characteristics of permeability differ among some members of the family as 
well. The complexity in the regulation of expression, membrane targeting and 
permeability necessitates the existence of more than just a single water-channel 
gene. It should expect to find new and surprising physiological functions for the 
aquaporins that require complex patterns of expression and regulation. 
 
Table 1: Permeability characteristics and predominant distribution for the known mammalian 
aquaporin homologues 

Aquaporin Permeability Tissue Distribution Subcellular 
Distribution 

AQP0 Water (low) Lens Plasma membrane 
AQP1 Water (high) Red blood cell, kidney, lung, 

vascular endothelium, brain, 
eye 

Plasma membrane 

AQP2 Water (high) Kidney, vas deferens Apical plasma 
membrane, intracellular 
vesicles 

AQP3 Water (high), glycerol 
(high,  urea (moderate) 

Kidney, skin, lung, eye, colon Basolateral plasma 
membrane 

AQP4 Water (high) Brain, muscle, kidney, lung, 
stomach, small intestine 

Basolateral plasma 
membrane 

AQP5 Water (high) Salivary gland, lacrimal gland, Apical plasma membrane 
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sweat gland, lung, cornea 
AQP6 Water (low), anions (NO3

-

> Cl-) 
Kidney Intracellular vesicles 

AQP7 Water (high), glycerol 
(high), urea (high), arsenite 

Adipose tissue, kidney, testis Plasma membrane 

AQP8 Water (high), Urea Testis, kidney, liver, pancreas, 
small intestine, colon 

Plasma membrane, 
intracellular vesicles 
 

AQP9 Water (low), glycerol 
(high), urea (high), arsenite 

Liver, leukocytes, brain, testis Plasma membrane 

AQP10 Water (low), glycerol 
(high), urea (high) 

Small intestine Intracellular vesicles 

Table taken form Landon et al., 2004 Review. 
 

1.1.1 The aquaporin structure 
Biochemical analyses of AQP1 revealed that the 28-kDa polypeptide that was 
evident on immunoblots represented the monomeric form of the protein, but 
that AQP1 (as well as other aquaporins) is present as a tetramer in the cell 
membrane (Smith and Agre, 1991). Freeze–fracture studies also highlighted a 
tetrameric arrangement of the protein (Verbavatz et al., 1993). 
Monomer structure. The signature sequence motif of the aquaporins is the 
three-amino-acid sequence NPA (Asn-Pro-Ala). One NPA motif is found in the 
aminoterminal half of each monomer, and a second NPA motif is found in the 
carboxy-terminal half1 (Fig.1). When their amino termini are aligned, the overall 
percentage sequence identity among the aquaporin-family members is ~25–40%. 
In addition to the similarity between the different aquaporins, the amino- and 
carboxy-terminal halves of AQP1 are related by their sequence, although these  
halves are oriented in opposite directions across the membrane bilayer (Fig. 1). 
Hydropathy analysis of AQP1 indicated the presence of six transmembrane 
helices in each monomer (Preston and Agre, 1991). 
In addition, mutational analysis of residues around the conserved NPA motifs 
and structural studies led to predictions of an „hourglass‟ structure, with the 
intracellular loop B and the extracellular loop E folding into the membrane to 
form the pore (Jung et al., 1994) (Fig. 1). In addition, these studies have greatly 
advanced our understanding of the unique permeability characteristics of the 
aquaporins. 
Tetramer formation. Aquaporins are present in the membrane as tetramers, 
but, unlike ion channels, the channel for water permeability is not located at the 
fourfold axis (the centre of the tetramer) because each monomer contains a 
channel (Jung et al., 1994) (Fig. 1). The helices of each AQP1 monomer that are 
positioned on the outside face of the tetramer are hydrophobic, whereas those 
that are placed towards the centre of the tetramer are hydrophilic (Kozono et al., 
2002). 
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Fig. 1: Left: structure of the aquaporin-1 (AQP1) monomer is shown, with membrane-spanning 
helices numbered 1–6 and displayed as rods. The amino-terminal half of the molecule is shown in 
purple and light blue, and the carboxy-terminal half is shown in red and pink. Loops B and E, which 
fold into the membrane to form the pore, are labelled, as are the conserved NPA motifs (shown in 
light grey). Portions of loops B and E form α-helices, and are therefore shown as rods. The arrow 
highliths the route taken by water, which can move in both directions through the channel. Right: The 
AQP1 tetramer, as seen from above. Asterisks denote the location of the water pore in each subunit. 
These structures are based on the Protein Data Bank RCBS. C, carboxyl terminus; N, amino terminus. 
Fig. taken form Landon et al., 2004 Review. 

 
1.1.2 Channel selectivity and gating  
Structural studies revealed that the restriction of AQP1 permeability to water  
excluding even hydronium (H3O+) ions arises from two principal mechanisms 
(Sui et al., 2001; de Groot and Grubmuller, 2001; Tajkhorshid, E. et al.; 2002; 
Kozono et al., 2002). First, the channels narrow to a diameter of 2.8 Å 
approximately 8Å above the centre of the bilayer, which physically limits the size 
of molecules that can pass through them. Second, the walls formed from trans-
membrane domains TM1, 2, 4 and 5 are hydrophobic, whereas the two highly 
conserved Asn-76 and Asn-192 in the NPA motifs are juxtaposed, as predicted 
in the hourglass model, providing the polar residues for hydrogen bonding. In 
addition, the terminal parts of the pore-forming loops B and E each contain 
short α-helices which create positive charge in the centre of the membrane. The 
his-180 residue is uncharged at neutral pH, but becomes protonated at lower pH, 
providing a second positive charge. The functional separation of water molecules 
eliminates the possibility of H+ transfer through a channel. The combination of 
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size and charge restrictions provides the basis for the unique permeability 
characteristics of the aquaporins. 
Chemical inhibitors of diffusion are not known and diffusion occurs with high 
Arrhenius activation energy (Ea). in contrast, most mammalian aquaporins are 
inhibited by mercurials and the Ea is equivalent to diffusion of water in bulk 
solution (~ 5 kcal mol-1) (Agre et al., 2002). 
Structural studies and molecular dynamics simulations have brought a 
remarkably high level of atomic understanding to the process of membrane 
water transport. 
Investigators in diverse fields of biomedical research now recognize that 
aquaporins provide the mechanism for rapid and selective movement of water 
through biological membranes. 
 

1.2 Function of Aquaporins in the reproductive systems 
 
More than 10 years ago we had the first reported confirmation of AQP in the 
female reproductive system achieved by isolating the complementary DNA 
(cDNA) encoding a water channel from a human uterus cDNA library template. 
The cloned cDNA had high (99.8%) homology to the 28 kDa human 
erythrocyte CHIP28 (channel-forming integral membrane protein) water channel 
gene (Li et al., 1994). The reading frames of both cDNAs were of same length, 
showing 99% identity, only with valine in place of alanine at position 45 of the 
human erythrocyte CHIP28 sequence (Li et al., 1994). This variant might be 
unique to the human uterus (Li et al., 1994). Subsequently, the presence of 
AQP1 messenger RNA (mRNA) was observed in rat uterus (Li et al., 1997).  
To date, at least nine AQP isoforms (AQP1–AQP9) have been confirmed to be 
expressed in the female reproductive tract or in cells involved in assisted 
reproductive technology procedures. Their specific expression pattern suggests 
that they play a role in water movement between the intraluminal, interstitial, and 
capillary compartments. In addition, there is evidence that the expression of 
various AQPs can be regulated by steroid sex hormones (Jablonski et al., 
2003; Richard et al., 2003; He et al., 2006; Lindsay and Murphy, 2006).  
Water and solute movement across the epithelium of the male reproductive tract 
is responsible for balancing the luminal environment for spermatogenesis; for 
the maturation, storage, transport and liberation of sperm; and for increasing 
sperm concentration. At present, multiple AQPs have been recognized in the 
testis (AQP0, AQP1, AQP7, AQP8 and AQP9), efferent ducts (AQP1, AQP9 
and AQP10), epididymis (AQP1, AQP3, AQP9 and AQP10), vas deferens 
(AQP1, AQP2 and AQP9) and accessory glands (AQP1 and AQP9) of adult 
mammals. Some of them in specific tissues are regulated by sex steroid 
hormones (Zaniboni and Bakst, 2004; Zaniboni et al., 2004). The heterogeneous, 

http://humupd.oxfordjournals.org.pros.lib.unimi.it/content/12/6/785.full#ref-75
http://humupd.oxfordjournals.org.pros.lib.unimi.it/content/12/6/785.full#ref-75
http://humupd.oxfordjournals.org.pros.lib.unimi.it/content/12/6/785.full#ref-75
http://humupd.oxfordjournals.org.pros.lib.unimi.it/content/12/6/785.full#ref-76
http://humupd.oxfordjournals.org.pros.lib.unimi.it/content/12/6/785.full#ref-61
http://humupd.oxfordjournals.org.pros.lib.unimi.it/content/12/6/785.full#ref-61
http://humupd.oxfordjournals.org.pros.lib.unimi.it/content/12/6/785.full#ref-112
http://humupd.oxfordjournals.org.pros.lib.unimi.it/content/12/6/785.full#ref-47
http://humupd.oxfordjournals.org.pros.lib.unimi.it/content/12/6/785.full#ref-78
http://humupd.oxfordjournals.org.pros.lib.unimi.it/content/12/6/785.full#ref-148
http://humupd.oxfordjournals.org.pros.lib.unimi.it/content/12/6/785.full#ref-147
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segment-specific and developing expression of AQPs along the male 
reproductive system suggests that fluid transport in these tissues could be locally 
modulated by physiological regulation of the expression and/or function of 
AQPs. The pathological expression and regulation of AQPs might cause several 
disorders of male reproductive system.  
Together, these results provide indirect evidence of a role for AQPs in 
reproductive physiology. 
 

1.2.1 Aquaporins in female genital tract 
Uterine water imbibition 
Dramatic changes in the uterus occur in response to ovarian steroid hormones, 
including hyperemia (Finlay et al., 1983), increased capillary permeability 
(Cullinan-Bove and Koos, 1993), recurrent stromal oedema (Okada et al., 2001) 
and fluctuation of uterine fluid volume (Maier and Kuslis, 1988). To gain insight 
into the mechanisms responsible for balancing water concentration within the 
uterus, Jablonski et al. (2003) explored the expression profile and functionality of 
AQPs in the ovariectomized mouse uterus treated with ovarian steroid 
hormones. AQP1 is in the myometrium and maybe slightly regulated by ovarian 
steroid hormones. AQP2 appeared strongly upregulated by estrogen in the 
epithelial cells and myometrium of the uterus (Jablonski et al., 2003). AQP3 was 
also detected in the uterine epithelial cells. AQP8 is present in the stroma and 
myometrium, where it may shuttle water and play an important role in limiting 
water flow into the stroma and protecting the myometrial layer from oedema 
(Jablonski et al., 2003). In human the expression of endometrial AQP2 is 
menstrual cycle-dependent and reaches a high level at the mid-secretory phase, 
the time of embryo implantation (He et al., 2006) because is correlated to serum 
E2 and progesterone concentrations (He et al., 2006). AQP5 in rat uterus was 
shown to be up-regulated by progesterone (Lindsay and Murphy, 2006).  
The expression of AQPs in uterus is regulated by ovarian steroid hormones, 
suggesting that these AQPs may play important roles in hormone-mediated 
water and other small molecules transport in uterine imbibition. 
Moreover, the presence of AQP3, AQP4, AQP5 and AQP8 in the mouse cervix 
may contribute to the biochemical changes, such as progressive disorganization 
of the collagen network and increased water content, that occur in the cervical 
connective tissue during gestation to allow for cervical dilatation during labor 
(Anderson et al., 2006). Altered expression of AQPs in models of preterm and 
delayed cervical ripening could also shed light on distinct aspects of cervical 
water balance during pregnancy and parturition (Anderson et al., 2006).  
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Aquaporins and amniotic fluid regulation 
Amniotic fluid (AF) provides the fluid-filled compartment that is essential for 
normal fetal growth, movement and development. Disorders of AF volume 
could be associated with perinatal morbidity and mortality. The sheep has been 
deeply studied as a model for AF regulation and in this species the transcellular 
route for water passage has been recognized as a critical regulatory path for 
amniotic fluid resorption (Hedriana et al., 1995). This way is facilitated by AQPs 
that increase plasma membrane permeability and provide a route for rapid fluid 
movement (Verkman et al., 1996; Verkman and Mitra, 2000). To date the 
expression of only four AQPs (AQP1, AQP3, AQP8 and AQP9) has been 
demonstrated in mammalian chorioamniotic membranes and placenta. AQP1 is 
expressed in murine syncytiotrophoblasts and placental and chorionic 
endothelium (Hasegawa et al., 1994; Johnston et al., 2000). In human, AQP1 was 
found in amnion and chorion from both membrane locations, but no AQP1 was 
seen in the trophoblast cells of the chorion (Mann et al., 2002). Moreover, AQP1 
was localized in the amniotic epithelium of both the chorionic plate and reflected 
region of the fetal membranes. The strongest signal was detected in the 
epithelium of the chorionic plate amnion (Mann et al., 2002). The presence of 
AQPs in the epithelium suggests how rapid and facilitated could be the water 
transport between the amniotic cavity and the fetal circulation (Mann et al., 
2002). It has been also utilized t an AQP1 knockout mouse model to determine 
what effect the absence of this water channel would have on amniotic fluid 
volume and composition (Mann et al., 2005). Indeed, with complete knockout of 
the water channel, the fetal mice showed increases in amniotic fluid volume and 
decreases in osmolality, further confirming that the AQP water channels are 
important in the regulation of amniotic fluid volume. AQP3 is expressed in the 
epithelia of ovine placenta and chorion, but not in amnion (Johnston et al., 
2000). AQP3 is also expressed in fibroblasts of the amnion and allantois, but not 
in the epithelia of these membranes (Johnston et al., 2000). In human, AQP3 
protein was not found in the fetal membranes, while AQP3 mRNA was faintly 
detected in the chorion from both membrane regions but not the amnion (Mann 
et al., 2002). Another study reported the presence of AQP3 in the apical 
membranes of syncytiotrophoblast of human term placenta (Damiano et al., 
2001). AQP3 is the most highly expressed AQP quantitatively, thus revealing 
that AQP3 may facilitate water transport across the trophoblast barrier. The 
similar expression of AQP8 in the ovine trophoblast and membrane epithelial 
cells was reported (Liu et al., 2004). Wang et al. (2001) have demonstrated that 
AQP8 is expressed in human epithelial cells of chorion and amnion and of the 
syncytiotrophoblasts and outer layer trophoblasts of placenta. That is the first 
study demonstrating the expression of the AQP8 water channel in human 
chorioamniotic membranes. Using RT-PCR, immunoblotting and 
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immunohistochemistry, Damiano et al. (2001) found that AQP9 was present in 
the apical membranes of syncytiotrophoblast of human term placenta. Wang et 
al. (2005) reported AQP9 mRNA expression in ovine amnion and allantois and 
AQP9 protein localization in epithelia of amnion and allantois, indicating that 
AQP9 may be a major water channel for intramembranous amniotic fluid 
resorption in sheep. Thus, the presence of AQP3, AQP8 and AQP9 represents a 
molecular mechanism of amniotic water absorption through intramembranous 
pathways, contributing to the high water permeability of the placenta. Although 
the functional importance of AQPs in amniotic fluid transport remains to be 
determined, its presence in human fetal membranes suggests potential 
therapeutic strategies for the treatment of amniotic fluid volume disorders and 
inhibitors of AQP water channels could also be useful for managing 
oligohydramnios and polyhydramnios. 
 

1.2.2 Aquaporins in male genital tract 
Water and solute movement across the epithelium of the male reproductive tract 
is responsible for balancing the luminal environment for spermatogenesis, for 
the maturation, storage, transport and liberation of sperm and for increasing 
sperm concentration. At present, multiple AQPs have been recognized in the 
testis (AQP0, AQP1, AQP7, AQP8 and AQP9), efferent ducts (AQP1, AQP9 
and AQP10), epididymis (AQP1, AQP3, AQP9 and AQP10), vas deferens 
(AQP1, AQP2 and AQP9) and accessory glands (AQP1 and AQP9) of adult 
mammals. Some of them in specific tissues are regulated by sex steroid 
hormones. The heterogeneous, segment-specific and developing expression of 
AQPs along the male reproductive system suggests that fluid transport in these 
tissues could be locally modulated by physiological regulation of the expression 
and/or function of AQPs. The pathological expression and regulation of AQPs 
might cause several disorders of male reproductive system. 
Efferent ductules are very important reabsorptive segments of the male 
reproductive tract, where between 50 and 90% of the luminal fluid secreted by 
seminiferous tubules is reabsorbed (Levine and Marsh, 1971; Clulow et al., 1994, 
1998). The high rate of resorption of luminal fluid requires various water and ion 
transporters in absorptive epithelial cells of efferent ductules. Besides ion 
transporters - including basolateral Na+/K+- ATPase (Ilio and Hess, 1992, 
1994), the apical Na+/H+ exchanger-3 (Hansen et al., 1999; Lee et al., 2001), Cl-

/HCO3 - exchanger (Lee et al., 2001) and chloride channel cystic fibrosis 
transmembrane regulator (CFTR) (Lee et al., 2001) - water channels (AQP1, 
AQP9 and AQP10) may contribute to the transepithelial water movement. 
AQP1 was expressed intensely [to a degree comparable with that for estrogen 
receptor (ERα)] in efferent ductules of rats and marmoset monkeys at all ages 
from late fetal life through puberty to adulthood (Fisher et al., 1998). Once the 
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epithelial cells had differentiated, AQP1 was mainly localized in the brush-border 
and, to a lesser extent, the basolateral membranes and apical endosomes of non-
ciliated cells and the cilia of ciliated cells (Brown et al., 1993; Fisher et al., 1998; 
Badran and Hermo, 2002; Oliveira et al., 2005). However, no impaired fluid 
resorption in efferent ductules was observed in AQP1-null mouse (Zhou et al., 
2001), suggesting the existence of other AQPs in this epithelium, proven later. 
AQP9 was enriched on the microvilli of non-ciliated cells (Pastor-Soler et al., 
2001; Badran and Hermo, 2002; Oliveira et al., 2005). Recently, another AQP 
(AQP10) was found to be expressed over the epithelium in the efferent ductules 
(Hermo et al., 2004). AQP1 and AQP10 were both intensely detected at the 
endothelial cells of vascular channels in this region (Badran and Hermo, 2002; 
Hermo et al., 2004). The expression of AQP1 and AQP9 in the efferent ductules 
might be regulated by estrogen because the expression of these two isoforms of 
AQPs was significantly reduced in the efferent ductules of mice deficient in ERα 
(Ruz et al., 2006). In addition to the efferent ductules, considerable fluid 
resorption also occurs in the distal segments of the male excurrent duct system, 
notably in epididymis, where concentration of sperm increases significantly 
(Wong and Yeung, 1978) and a hypertonic luminal fluid is established (Levine 
and Marsh, 1971). Several members of AQP family expressed in a region-specific 
pattern in the epididymal epithelial cells may be of importance in the 
transepithelial water movement and in postnatal development of this organ as 
well. AQP9 is the first and main AQP detected in the epididymis. In rat, the 
stereocilia of the principal cells, not the basal cells, exhibit strong AQP9 protein 
labelling (Badran and Hermo, 2002; Elkjaer et al., 2000; Pastor-Soler et al., 2001, 
2002; Oliveira et al., 2005; Da Silva et al., 2006). Human epididymis (Pastor-Soler 
et al., 2001) has an expression pattern similar to that found in rats. As a broadly 
selective neutral solute and water channel, AQP9 probably enables the rapid 
cellular movement of metabolites required by fast-growing spermatocytes. As for 
other AQPs, mRNA for AQP2, AQP5, AQP7 and AQP11 are also detected in 
epididymal epithelium (Da Silva et al., 2006). However, AQP5 co-localized with 
AQP9 in the apical membrane of a subpopulation of principal cells in the corpus 
and cauda regions. Surprisingly, AQP2 mRNA is present throughout the 
development of rats up to adulthood, while the protein was detected in the distal 
region of the epididymis only in young rats, not in adult ones. Maybe a post-
transcriptional mechanism is involved in the regulation of AQP2 expression. As 
a basolateral water channel, AQP3 is localized exclusively and intensely in basal 
cells of epididymis (Hermo et al., 2004). The AQP8 expression in epididymis is 
controversial. Several studies showed that neither AQP8 transcript nor protein 
was detected (Calamita et al., 2001; Da Silva et al., 2006), but others interestingly 
demonstrated the localization of AQP8 in the basal cells in the ductus 
epididymis (Elkjaer et al., 2001). Basolateral expression of AQPs leading to 
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transepithelial flow remains unknown. Maybe they are involved in the 
differentiation from basal cells to more differentiated cell types in these epithelia. 
Moreover, AQP1 is absent from the epithelium of the epididymis, but it was 
expressed over the endothelial cells of the vascular channels of epididymis 
(Badran and Hermo, 2002; Oliveira et al., 2005) as well as AQP10 (Hermo et al., 
2004). The vas deferens also plays a significant role in transepithelial water 
resorption of the reproductive tract (Wong and Yeung, 1978; Wong et al., 1978) 
and is responsible for maintaining the luminal environment during maturation of 
sperm. AQP1 has been reported to be present at plasma membranes of epithelial 
cells in the ampulla of the vas deferens, not the cells in proximal parts, in rats 
(Brown et al., 1993). Unexpectedly, AQP2 was found to be present at the 
epithelial cells of the vas deferens by a transgenic mouse approach, which was 
used to examine the mechanism of the principal cell-specific expression of 
AQP2 within the renal collecting duct. The AQP2 expression in vas deferens 
was confirmed in normal rats (Nelson et al., 1998). AQP2 (Stevens et al., 2000) 
began to appear in some epithelial cells of the middle vas deferens and was 
concentrated on the apical plasma membrane of principal cells in the distal vas 
deferens (ampulla), where AQP1 (Brown et al., 1993) was highly expressed. No 
expression was detected in the proximal region, and very little was observed on 
intracellular vesicles. The variable expression of AQP1 and AQP2 in different 
regions of the vas deferens may be due to the marked structural differences of 
principal cells along the vas deferens (Andonian and Hermo, 1999), reflective of 
diverse functional activities. In contrast, AQP9 is present throughout the entire 
length of the vas deferens (Pastor-Soler et al., 2001). Therefore, AQP9 is the 
only AQP detected in the proximal vas deferens. 
We have just approached a new research to verify if it could exist a relationsheep 
between water imbibitions and the regression of the cranial suspensory ligament 
during foetal development allowing the descent of the testis. The Leydig insulin-
like peptide or relaxin-like factor (INSL3), is supposed to induce the growth of 
the gubernaculum in male foetuses, thus being directly responsible for the 
testicular descent in humans and rodents. Arrighi et al. (2009) demonstrated the 
immunolocalization of INSL3 in the Leydig cells of dog male foetuses and of 
LGR8 receptor in different tissues of the gubernaculums testis of the same 
foetuses. AQPs appeared also involved in the water imbibition of gubernaculum 
testis: dog foetuses gubernacula showed a high expression of AQP1, AQP3, 
AQP4 and AQP9 respectively in blood vessels, smooth muscles, connective 
tissue and fat. 
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1.3 What is the relationship between nutrition and reproduction? 
 
One way of viewing the relationship between nutrition and reproduction is 
through energy balance. When the animals‟net nutrient requirement is more than 
the net nutrient intake the animals will use their energy stores (glycogen, 
triglycerides and protein) to meet the deficit. When an animal is in this state, it is 
in “negative energy balance”. Similarly, when the net nutrient requirement is less 
than the net nutrient intake, the animal will store the excess nutrients (as 
glycogen and triglycerides) and/or disperse the excess nutrients as metabolic 
heat. When an animal is in this state it is in “positive energy balance”. These 
metabolic states and the accompanying alterations in appetite and nutrient 
partitioning within the body are regulated by a series of complex interactions 
among the blood concentrations of metabolic hormones and various whole-
body nutrient fluxes. Many of the metabolic hormones and nutrients that help 
to maintain whole-body nutrient homeostasis also affect the reproductive 
system. Consequently, there are well-defined associations between metabolic 
state and reproduction. The effects of negative energy balance on reproduction 
are primarily at the hypothalamo-pituitary level of reproductive control (Wade 
and Jones, 2005) and are characterized by hypoglycaemia, hypoinsulinaemia, 
suppressed plasma IGF-I and elevated plasma GH, changes that are associated 
with the inhibition of GnRH pulsatility, anovulation and anoestrus in the female. 
There is little evidence to suggest that negative energy balance has any direct 
ovarian effects in the ewe that are independent of its effects on the 
hypothalamo-pituitary axis (Lozana et al., 2003; Kiyma et al., 2004). However, in 
the lactating dairy cow there is strong evidence to suggest that negative energy 
balance has some direct inhibitory effects on folliculogenesis and oocyte quality 
(Gong et al., 2002; Wates et al., 2003). Positive energy balance leads to increased 
leptin and insulin concentrations in the blood and increased glucose uptake; 
these changes appear to affect the ovary directly and are associated with 
increased folliculogenesis and increased ovulation rate for exemple in sheep 
(Scramuzzi et al., 2006). Positive energy balance is also associated with 
alterations in the hepatic metabolism of steroids (Parr et al., 1987, 1993) that can 
lead to disturbances in negative feedback between the ovary and the 
hypothalamo-pituitary system and theoretically, to increased folliculogenesis. 
There is little evidence to suggest that positive energy balance has a specific 
stimulatory action on the hypothalamo-pituitary axis (Wade and Jones 2005). It 
is worth noting that because of the strong negative feedback interrelationship 
between the hypothalamo-pituitary axis and the ovary, the task of identifying the 
anatomical sites in the reproductive axis that are influenced by nutrition is 
proving to be exceedingly difficult. Positive energy balance, if it persists, will 
inevitably increase body weight. However, the stimulatory effect of nutrition on 
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folliculogenesis can occur before there is any detectable increase in body weight. 
The links between the metabolic-nutritional system and the reproductive system 
almost certainly involves one or more of the metabolic hormones and nutrient 
fluxes that are an integral part of nutrient utilisation and whole body nutrient 
homeostasis. Strong contenders among many for the “link” between nutrition 
and the follicle are the glucose-insulin system, IGF system and leptin system. 
However, the nutrient requirement for other reproductive events such as foetal 
growth, lactation and pubertal growth are all very high and significant in the 
context of whole body energy utilisation. In these later states the effect of 
nutrition on reproduction is a question of nutrient supply, particularly energy. In 
these reproductive states, failure to meet the nutrient demand will compromise 
reproduction. The mechanisms of nutritional effects on folliculogenesis are 
probably not effects of quantitative nutrient supply per se; it is much more likely 
that they are specific nutrient signalling effects that link reproduction with 
favourable environmental conditions for reproduction. For spermatogenesis and 
folliculogenesis, nutrition acts as a metabolic signalling mechanism.  
In summary, dietary nutrients influence expression of metabolic pathways that 
allow animals to achieve their full genetic potential for reproduction and growth. 
These pathways are complex and involve appetite regulation along with 
regulation of the reproductive and growth axis, as well as gonadal function 
(Muller et al., 1999). 
 
 

1.3.1 Prenatal needs during pregnancy 
The nutritional status of females during pregnancy is essential in the post-natal 
growth and development of the offspring, often leading to permanent changes 
(foetal programming, Lucas 1991). This concept, originally related to the 
propensity of humans to disease, has now been extended and includes the effects 
of foetal malnutrition on pre- and post-natal development, including the 
development of the reproductive system before puberty (Engelbregt et al. 
2000; Rhind et al. 2001). Gonadotrophin secretion has been shown to be lower 
both in underfed lamb foetuses (Deligeorgis et al. 1996). Furthermore, 
nutritional restrictions can influence the activity of the hypothalamo-pituitary 
axis and thus reduce Gonadotrophin levels in ram lambs (review Brown 1994). 
Thus, nutrition during early life could affect the development of the testes and, 
in some circumstances, have permanent effect on their future capacity to 
produce spermatozoa. 
Sertoli cells appear early in foetal life and divide until pre-pubertal age (rats: Orth 
1982; sheep: Hochereau de Reviers et al. 1987). Sertoli cells are a particularly 
strong candidate for foetal programming of future performance, because the 
number of Sertoli cells is highly correlated with adult testicular size and the 
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maximum rate of germ cell production (review: Sharpe et al. 2003). That is, 
foetal nutrition, particularly during gonadal differentiation, may be a determinant 
of maximum capacity for sperm output. In undernourished rat pups testes 
(Bansal-Rajbanshi and Mathur 1985) the cell generation cycle of spermatogonial 
germ cells and supporting cells (future Sertoli cells) on day 9 of age showed 
marked prolongation of DNA synthetic phase, and shortening of the pre-DNA 
synthetic phase indicating a depression in DNA synthesis in undernutrition. 
However, no information regarding Sertoli cell numbers and adult sperm 
producing capacity is available. 
In a previous study of sheep grazing under rangeland conditions, Bielli et al. 
tested whether supplementation of the lamb-ewe unit during intrauterine and 
post-natal life would affect Sertoli cell numbers. In supplemented animals, the 
male lambs tended to have more Sertoli cells than did controls (Bielli et al. 2001). 
In a later experiment under better controlled conditions, undernutrition (70% vs 
110% of metabolizable energy intake requirements) during pregnancy reduced 
testicular development in the newborn lamb, the absolute volume of testicular 
cords and the number of Sertoli cells (Bielli et al. 2002).  
 
Human Amniotic Fluid (AF) results from the diffusion of metabolites and water 
from foetal plasma through foetal skin, which acts as a permeable barrier. 
Throughout gestation, there is an increased contribution of foetal urine to 
amniotic fluid and the concentration of many of its constituents is determined by 
the synergistic equilibrium between mother and foetus. As AF composition 
reflects the metabolic status of both mother and foetus during pregnancy, this 
biofluid is an important target for metabolic studies to monitor mother and 
foetus‟s health. 
Balancement of water concentration within the uterine environment is important 
in every reproductive moment of a female mammal life. Disorders of AF 
volume, either in deficient or excessive amounts, are associated with significant 
perinatal morbidity and mortality. 
AF is created by the flow of fluid from the fetal lung and bladder and reabsorbed 
in part by fetal swallowing and in part by the transfer across the amnion to the 
fetal circulation. The amniotic volume absorption across foetal membrane is a 
significant regulatory path for AF homeostasis, balancing foetal fluid production 
and resorption and reaching volume homeostasis. 
Rapid transcellular water movements are facilitated by Aquaporins that increase 
plasma membrane permeability. Previous results from our laboratory showed 
that AQP-mediated water movement between the intraluminal, interstitial, and 
capillary compartments is crucial in the uterine imbibition mechanism in the 
bitch, including periodic stromal oedema in preparation for embryo 
implantation, with evidence that the expression of different AQPs can be 

http://onlinelibrary.wiley.com.pros.lib.unimi.it/doi/10.1111/j.1439-0531.2008.01244.x/full#b17
http://onlinelibrary.wiley.com.pros.lib.unimi.it/doi/10.1111/j.1439-0531.2008.01244.x/full#b1
http://onlinelibrary.wiley.com.pros.lib.unimi.it/doi/10.1111/j.1439-0531.2008.01244.x/full#b3
http://onlinelibrary.wiley.com.pros.lib.unimi.it/doi/10.1111/j.1439-0531.2008.01244.x/full#b4


25 

 

regulated by steroid sex hormones. Also, the importance of the AQP-mediated 
fluid regulation in uterine environment in the peri-implantation period is known 
in the woman and laboratory mammals, to assure the successful implantation of 
blastocyst and its survival. The establishment of pregnancy and its maintenance 
is dependent on strict synchronization of uterine receptivity with embryonic 
maturation. Water homeostasis during foetal development is of crucial 
physiologic importance. Amniotic fluid provides the fluid-filled compartment 
that is essential for normal foetal growth, movement and development. AF 
changes during gestation may be dependent on modulations in solute as well as 
water permeability and changes in AQPs during gestation suggest their role in 
mediating placental and membrane water flow. 
 

1.3.2 Energy metabolism and Leptin  
Leptin is the 167-aminoacids product of the ob gene expression and is classically 
secreted by the adipose tissue. Other organs such as stomach, placenta and ovary 
are also able to synthesize this important satiety and reproductive hormone. 
Leptin receptor (ObR) mRNA transcripts has been found in the arcuate (ARC) 
and ventromedial (VMN) nuclei of the hypothalamus, two areas involved in the 
regulation of feeding behaviour and reproductive processes (Magni et al., 2000). 
Leptin circulates in the blood proportionally to the body adiposity becoming the 
peripheral humoral signal carrying information about energy reserves of the 
organism. Recent studies demonstrated that leptin is essential in maintaining 
normal reproductive function as mice deficient in leptin (ob/ob) are not only 
obese but are also infertile (Zhang et al., 1994). After treatment with human 
recombinant leptin, these ob/ob mice recovered fertility (Chehab et al., 1996). 
The mechanism by which leptin transfers metabolic information to the 
reproductive axis is not fully elucidated. Leptin acts in the ARC where the 
neurons producing neuropeptide Y (NPY), a nervous and peripheral 
transdurcers, express leptin receptors. NPY is considered a powerful orexigenic 
factor and is also involved in reproductive processes (Hauseknecht and 
Portocarrero, 1998; Li et al., 1999): it has been demonstrated that changes in 
leptin/NPY ratio may affect the activity of the hypothalamo-pituitary-
gonadotropic (HPG) axis hormones, particularly in underfed animals (Caprio et 
al., 2001). 
Leptin protein has been identified in mouse and human oocytes and in 
preimplantation stage embryos, and appears playing a critical role in early 
mammalian development (Antczak and Van Blerkom, 1997). Leptin and its 
receptor have been localized in cultured ovarian cells from the granulose, 
cumulus cells of preantral follicles, and mature oocytes from in vitro-fertilized 
women (Cioffi et al., 1997). Leptin expression has been also recently detected in 
histological sections of normal and polycystic human (Löffler et al., 2001) and 
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murine (Ryan et al., 2002) ovaries. Löffler et al. (2001) detected leptin-like 
immunoreactivity in the developing corpus luteum and also in oocytes, 
granulose, and theca, but not in all stages. Ryan et al. (2002) observed strong 
immunostaining in oocytes and weaker staining in granulose, stroma, theca, and 
corpora lutea. Leptin has significant direct effects on ovarian granulose and and 
thecal cells. In vitro leptin stimulates bovine insulin-induced thecal cell 
proliferation and inhibits insulin-induced progesterone and estradiol production 
by granulose cells and insulin-induced progesterone and androstenedione 
production by thecal cells (Spicer and Francisco, 1998). 
Leptin amount in the blood is proportional to body energy stores and/or body 
mass, so, inadequate nutrition might impair reproductive function leading, for 
example, to the delayed onset of puberty. Indeed, the onset of puberty in 
humans and animals is associated with an increase in fat and consequent increase 
in circulating leptin, suggesting that leptin may be required for normal growth 
and development of reproductive organs. A similar relationship between 
nutrition and reproductive efficiency is not understood in the mare where, 
besides many reports quantifying the correlation of circulating concentration of 
leptin with body condition scores (Buff et al., 2002; Gentry et al., 2002), only few 
informations exist about the presence of leptin (Ob) and leptin receptor (Ob-R) 
in the ovary or in the oocyte. 
The direct role of leptin in the ovary of human and mammals remains to be fully 
elucidated. A better knowledge of the histological localization of this hormone in 
the ovary may be of particular interest from the functional point of view. 
  

1.4 Animal models 
 
Until the seventies, experiments examining the relationship between nutrition 
and reproduction used animal models. To date, the main animal models that 
have been utilised to investigate the impact of maternal diet on long-term 
programming have been rats and sheeps (McMillen and Robinson, 2005). 
Research investigating the early programming of adult metabolic disease has in 
recent years provided much mechanistic insight into how the early environment 
impacts on long-term health. It includes studies addressing the roles of 
intrauterine nutrient availability, which is determined by maternal nutrition, 
maternal exposure to oxygen, toxic events, and infection; the placental interface; 
and also the early postnatal environment. 
The advantage of using rats for example is their very short gestational length. 
Appreciable placental growth continues up to term in the rat which is necessary 
in part to meet the much higher protein demands for fetal growth compared 
with that seen in human subjects or sheep (Widdowson, 1950). In large 
mammals, the maximal period of placental growth is early in pregnancy and is 
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normally necessary to meet the increased fetal nutrient requirements in late 
gestation when fetal growth is exponential (Symonds and Gardner 2006). 
Furthermore, rats produce large litters whereas sheep and human subjects 
normally produce only one (or two) offspring of comparable birth weight per 
pregnancy. 
Otherwise sheep is also a good model particularly for the nutrition-reproduction 
interactions because of the huge amount of nutritional research for this species 
and an extensive database on the requirements of sheep for energy, protein and 
specific dietary components such as amino acids, fatty acids and trace elements. 
The sheep model has also an intrinsic economic relevance and findings from 
sheep can be transposed readily to other agricultural mammals. The sheep model 
is also relevant to human biology, often directly, but also indirectly because it 
often leads us to question the significance of findings from studies with rodents.  
Therefore animal models, including mice, rats, sheep, pigs and rabbits, remain a 
vital tool for studying the influence of early nutritional events on adult health 
and disease. Most epigenetic studies have addressed the long-term effects on a 
small number of epigenetic marks, at the global or individual gene level, of 
environmental stressors in humans and animal models. They have demonstrated 
the existence of a self-propagating epigenetic cycle. In parallel, an increasing 
number of studies based on high-throughput technologies and focusing on 
humans and mice have revealed additional complexity in epigenetic processes, by 
highlighting the importance of crosstalk between the different epigenetic marks. 
In recent months, a number of studies focusing on the developmental origin of 
health and disease and metabolic programming have identified links between 
early nutrition, epigenetic processes and long-term illness.Maternal infection, 
poor or excess nutrition, and stressful events can negatively influence the 
development of different cell types, tissues and organ systems ultimately 
predisposing the organism to pathological conditions.  
The inappropriate programming of developing organ systems by exposure to 
excess native or environmental steroids, particularly the contamination of our 
environment and our food sources with synthetic endocrine disrupting chemicals 
that can interact with steroid receptors, is a major concern. 
 
 

1.5 Reproduction, fertility and environmental pollutants 
 
Exposure to pollutants, and in particular to endocrine disrupting compounds 
(EDCs) and potentially toxic metals (PTMs) can induce adverse physiological 
changes in animals. Many of the effects pertain to the reproductive system (Paul 
et al. 2005; Fowler et al. 2008) but other physiological systems can be perturbed 
by exposure. These include the thyroid gland (Hansen 1998), neuroendocrine 
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system (Lein et al. 2007) and therefore behaviour (Erhard and Rhind 2004), the 
immune system (Vine et al. 2000; Daniel et al. 2001) and systems that control 
adipogenesis and nutrient partitioning (Newbold et al. 2007); disruption of these 
physiological systems may also impinge on reproductive fitness. 

Evidence of relationships between exposure to pollutants and reproductive 
effects is derived from observational studies of wildlife exposed, unintentionally, 
to pollutants (Guillette et al. 1994; Institute for Environment and Health 1999) 
and from empirical studies of laboratory and domestic animals or cell cultures 
(Gray et al. 2000; Evans et al. 2004).  

Developing animals are particularly sensitive to pollutants, even when the 
embryo comprises only a few cells, e.g. concentrations of a PCB mixture 
(Arochlor) as low as 0.001 μg/ml have been found to disrupt bovine oocyte and 
embryo development (Pocar et al. 2001; Gandolfi et al. 2002). Thus, early 
exposure has the potential to disrupt the development of all tissues, including 
yet-to-be-differentiated germ cells, and associated gene expression. Furthermore, 
disruption of the germ cell line in one generation can be expressed in subsequent 
generations (Edwards and Myers 2007), probably through altered gene 
methylation, and therefore gene expression, during the period of sex 
differentiation of the developing gonad (Anway and Skinner 2006).  

As already indicated, exposure during development is particularly important in 
immature animals. „Food ingestion‟ for these may be very different from that of 
adults, e.g. mammalian foetuses are nourished via maternal blood and developing 
birds by egg yolk and while young mammals consume milk, adults eat animal or 
plant material. In addition to differences in food source, differences in 
metabolism with age mean that it is unwise to extrapolate from effects of 
exposure in adults to those in immature animals, because the relationship 
between the amounts of pollutants „ingested‟ at the different stages and the 
respective tissue concentrations may differ with differences in metabolism. 
Furthermore, indirect measures of exposure of immature animals to pollutants, 
for example, through measurements in mammalian milk or umbilical cord blood 
may be of less value than tissue concentrations in the foetus/immature animal 
for the prediction of physiological effects since the former does not take account 
of effects of metabolism and excretion in the offspring. 

While concentrations of pollutants in human (Dekoning and Karmaus 2000; 
Darnerud et al. 2001) and sheep milk (Rhind et al. 2007), and human umbilical 
cord blood, amniotic fluid and meconium (Dallaire et al. 2003; Barr et al. 2007) 
have been measured, there are relatively few reports of foetal tissue 
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concentrations (Bosse et al. 1996; Dekoning and Karmaus 2000) in any species 
and so direct assessment of risk to the foetus is not possible.  

However, related studies have also shown that very small increases in maternal 
exposure to pastures fertilized with sewage sludge which contains multiple 
pollutants, result in changes in structure and function of the foetal testis (Paul 
et al. 2005) and ovary (Fowler et al. 2008). Collectively, these observations show 
that the relationships between pollutant exposure and effect are highly complex, 
that foetal exposure cannot be extrapolated from adult profiles, and that small 
increases in exposure to multiple pollutants can adversely affect foetal 
reproductive development. 

There is no doubt that exposure to pollutants can adversely affect reproductive 
function in animals and that food is likely to be the most important route of 
exposure for many or most species, particularly for those near the top of the 
food chain. However, assessment of the risk is complicated by the fact that in 
the „real world‟ food contains many different classes of pollutants, each at low 
and variable concentrations, and exposure to them occurs throughout life, 
including during developmental stages which are particularly sensitive to their 
effects. In short, dietary pollutants represent a significant risk factor for 
reproduction, under certain circumstances, but precise quantification of these 
risks for individuals is extremely difficult with current knowledge. 

 

1.6 Salivary glands 
 
The plasma membrane is a major barrier to water transport. The apical plasma 
membrane of the serous cells in the salivary glands is also impermeable to water 
which is the main component of saliva (King and Agre, 1996). Fluid transport in 
salivary glands is thought to be driven osmotically in response to transepithelial 
salt gradients that are generated by ion transport systems localized to the apical 
and basolateral membranes of the secretory cells. Acinar cells generate a primary 
fluid containing plasma-like electrolyte concentrations subsequently modified by 
solute resorption and secretion as it passes along the ductal system, resulting in 
the final hypotonic solution that enters the mouth. Hence, the principal site of 
water transport is likely to be the acini with relatively little transepithelial water 
movement occurring in the ducts.  
In situ hybridization showed that AQP5 is expressed in the secretory lobules in 
the submandibular gland (Raina et al., 1995). By immunohistochemistry, AQP5 
is present in the major salivary glands, i.e., the submandibular gland, parotid 
gland, and sublingual gland (Nielsen et al., 1997; He et al., 1997; Funaki et al., 
1998; Matsuzaki et al., 1999). AQP5 was detected in the secretory acinar cells of 
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submandibular, parotid, and sublingual glands in the rat (Matsuzaki et al., 1999). 
Expression of AQP5 is restricted to the lobuli; the interlobular tissues including 
large ducts and blood vessels are negative for AQP5. In the submandibular 
gland, AQP5 is present in the acinar secretory cells where it is localized at the 
apical membrane (Matsuzaki et al., 1999). The abundance of AQP5 at the apical 
membrane of the secretory acinar cells suggests that the secretion of water is 
carried out transcellularly rather than paracellularly. In the submandibular gland 
of the rat, much more AQP5 was detected along the apical membrane of the 
intercalated duct cells in addition to acinar cells (Matsuzaki et al., 1999). This 
observation suggests that the intercalated ducts may participate in the secretion 
of water. In the parotid and sublingual glands, AQP5 is restricted to the acinar 
cells. AQP5 stored in the intracellular compartment moves to the plasma 
membrane upon stimulation. In the parotid, cholinergic stimulation induced the 
translocation of AQP5 from the intracellular membrane fraction to the apical 
membrane fraction (Ishikawa et al., 1998). However, immunohistochemical 
examination showed that AQP5 is restricted to the plasma membrane, and no 
intracellular pool of AQP5 has so far been identified. In human parotid, 
submandibular, sublingual, and labial glands, northern blot analysis showed the 
abundance of AQP5 transcript (Gresz et al., 2001). Immunoperoxidase labeling 
of paraffin sections revealed that AQP5 is localized to the apical membrane of 
both mucous and serous acinar cells. In combination with AQP3 localized along 
the basolateral membrane, it may provide a pathway for the transcellular osmotic 
water flow in the formation of the primary saliva (Gresz et al., 2001). To explore 
the role of AQP5 in saliva secretion, AQP5-null mice were generated (Ma et al., 
1999; Krane et al., 2001). The knockout mice have a grossly normal appearance 
but pilocarpine-stimulated secretion of saliva was reduced by more than 60% 
(Ma et al., 1999). Marked reduction of osmotic water permeability was seen in 
the parotid and sublingual acinar cells isolated from AQP5-null mice (Krane et 
al., 2001). The saliva of AQP5-null mice was hypertonic and more viscous, 
whereas the secretion of amylase and protein secretion were not affected (Ma et 
al., 1999; Krane et al., 2001).  
All of these observations show that AQP5 plays an important role in the saliva 
secretion, but data concerning AQP5 expression in domestic animal species are 
lacking and could be useful to better understand the mechanisms underlying the 
digestive processes and study the impact on animal performances. 
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2. Objectives 
 
The aim of this thesis was to carry on studies in domestic as well as in laboratory 
species, taking into account the water movement control operated by a peculiar 
class of proteins, the so-called Aquaporins (AQPs), the effects of hyponutrition 
and environmental influences in fetal and prepubertal life, and the possible role 
of metabolism regulatory factors, such as leptin, in the reproductive physiology. 
AQPs are a class of small, hydrophobic, integral membrane proteins that are able 
to make the cell membrane 10 to 100 fold more permeable than the membranes 
lacking such channels. Based on studies with AQP1, it appears that AQPs exist 
in the plasma membrane as homotetramers. Each AQP monomer contains 2 
hemi-pores, which fold together to form a water channel.  
 

2.1 First functional trial: the water transport inhibition in a 
bovine granulosa cell model 
 
Water transport activity of AQP1 is inhibited by mercurial ion, and the site of 
mercurial inhibition is the cysteine in the E loop. I have personally verified that 
using the bovine ovary granulosa cell swelling and shrinkage as a model for 
mercurial inhibition. The shortest pathway for water to reach the follicle antral 
cavity is the transcellular pathway directly through the cytoplasm of granulosa 
cells. In this first experiment we have considered the functional presence of 
Hg2+-sensitive AQPs in isolated granulosa cells assessing changes in cell volume 
in presence or absence of HgCl2. 
 

2.2 Redistribution of aquaporins in the bitch uterus 
 
Fluid movement through uterine cell membranes is crucial, as it can modulate 
the tissue imbibition pattern in the different phases of the estrous cycle. To gain 
insight into the mechanisms underlying steroid-controlled water handling, the 
presence and distribution of aquaporins (AQPs), integral membrane channel 
proteins permitting rapid passive water movement, was explored in bitch uterine 
tissues. Immunohistochemistry and Western immunoblot analysis were used to 
study the presence of AQP1, AQP2, and AQP5 in the layers of the bitch uterine 
wall during the different estrous phases. Presence of endothelial nitric oxide–
generating enzyme NO synthase (NOS3) was also investigated, as it is known 
that the vasodilator NOS3 might be involved in the development of uterine 
edema.  We can hypothesize that a functional and distinctive collaboration exists 
among diverse AQPs in water handling during the different functional uterine 
phases. 
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2.3 Role of aquaporins in foetal membranes throughout 
pregnancy 

 
Balancement of water concentration within the uterine environment is important 
in every reproductive moment of a female mammal life. Previous results from 
our laboratory showed that AQP-mediated water movement between the 
intraluminal, interstitial, and capillary compartments is crucial in the uterine 
imbibition mechanism in the bitch, including periodic stromal oedema in 
preparation for embryo implantation, with evidence that the expression of 
different AQPs can be regulated by steroid sex hormones. Also, the importance 
of the AQP-mediated fluid regulation in uterine environment in the peri-
implantation period is known in the woman and laboratory mammals, to assure 
the successful implantation of blastocyst and its survival. The establishment of 
pregnancy and its maintenance is dependent on strict synchronization of uterine 
receptivity with embryonic maturation. Water homeostasis during foetal 
development is of crucial physiologic importance. Amniotic fluid provides the 
fluid-filled compartment that is essential for normal foetal growth, movement 
and development. Amniotic fluid (AF) is created by the flow of fluid from the 
fetal lung and bladder and reabsorbed in part by fetal swallowing and in part by 
the transfer across the amnion to the fetal circulation. Placental water flux is an 
important factor in determining AF volume and fetal hydration, too. In addition 
fetal membranes might be involved in fluid composition. To understand the 
mechanisms responsible for maintaining a correct balance of AF volume we 
evaluated the role of aquaporins (AQPs). Immunohistochemistry were 
performed to assess the presence of AQP1, 3, 8 and 9 in canine placenta and 
fetal membranes. Uterine samples were collected on early, middle and late-
gestation during ovariohysterectomies (n= 13) performed with owners‟ 
acceptance. Changes in AF composition were also analyzed in the different 
stages of pregnancy. AF changes during gestation may be dependent on 
modulations in solute as well as water permeability and changes in AQPs during 
gestation suggest their role in mediating placental and membrane water flow. 
 

2.4 Absorptive activities in the efferent ducts of adult cat studied 
by Aquaporin immunohistochemistry and lectin histochemistry 
 
AQPs are channel proteins expressed in cell membranes of many epithelia 
involved in fluid transport and several AQPs have been identified in adult rat 
excurrent ducts, where considerable fluid resorption occurs. Concerning the 
morphological changes allowed by the AQP influence in the male reproductive 
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tract I considered first of all the role of AQPs in the epididymis of a domestic 
species, the cat, and two animal models, the rat and the lamb. 
Ultrastructural features of the epithelium lining the efferent ducts (ED) in the 
cat, as in other mammalian species, are strongly indicative of an absorptive 
activity taking place towards the intraluminal fluids. It is well-known that more 
than 95% of the fluid leaving the testis is reabsorbed by the ED, but the cell 
structures involved in the resorption processes are still a matter of debate. 
Previous ultrastructural studies of the epithelium lining the cat epididymal duct 
indicated that principal cells could be involved in the fluid absorption as well as 
glycoprotein secretion1. It is known that modifications of the surface 
glycoproteins occur during maturation, capacitation and acrosome reaction of 
spermatozoa, being these glycoconjugates most probably of epithelial origin by a 
secretory process into the lumen2. Therefore, the purpose of the present work 
was to study the possible absorptive and secretory events taking place in the cat 
epididymis by 1) the immunohistochemical localization of four different 
isoforms of Aquaporins (AQP1, 2, 5 and 9), integral membrane water channels 
that facilitate rapid passive movement of water, and 2) the carbohydrate 
expression and localization in the epithelial lining, by means of lectin 
histochemistry, utilizing a panel of 12 lectins in association with sialidase (s) 
treatment, as previously published3. The study was carried on fragments of adult 
cat epididymides obtained at orchiectomy, fixed in neutral formalin and paraffin 
embedded.  
 

2.5 Immunolocalization of insl3 in the dog foetal leydig cells and 
lgr8 receptor in the gubernaculum testis 

 
During foetal development, growth of the gubernaculum testis and regression of 
the cranial suspensory ligament results in transabdominal descent of the testes. 
INSL3, also known as Leydig insulin-like peptide or relaxin-like factor, is 
supposed to induce the growth of the gubernaculum in male foetuses, thus being 
directly responsible for the testicular descent in humans and rodents. This is 
believed to happen with the LGR8 receptor intervention. This work provides 
evidence of the immunolocalization of INSL3 in the Leydig cells of dog male 
foetuses and of LGR8 receptor in different tissues of the gubernaculums testis 
of the same foetuses. LGR8 was localized at the peripheral cell membrane of 
muscle and connective cells, as well as of the epithelial cells of the developing 
excurrent ducts. In parallel, the endocrine compartment of the foetal testis was 
evaluated for the antimüllerian activity of Sertoli cells and for the androgen-
synthetic activity of the Leydig, which were both present in foetuses at term. 
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2.6 Undernutrition during fetal to prepubertal life affects 
aquaporin expression in the male genital tract of adult rats 
 
Several AQPs have been identified in adult rat excurrent ducts, where 
considerable fluid resorption occurs. Their expression in the male excurrent 
ducts, where water movements mainly take place, is of major importance. It has 
been demonstrated that testicular and epididymal morphology in adult rats is 
affected by undernutrition during fetal to prepubertal life (Genovese et al., 
Reprod Dom Anim, 43 suppl 3, 161). To study the influence of pre- and 
postnatal undernutrition on AQP-expression in the adult male genital tract, 4 
pregnant female rats were fed ad libitum (control group) and 4 with 33.5% of 
gestational feed requirements (underfed group). Feeding restriction of pups born 
from underfed mothers continued up to weaning (25 days of age), then they 
were fed ad libitum until 100 days of age, and slaughtered. Epididymides were 
sampled and processed for aquaporin immunohistochemistry. Results 
demonstrated a similar expression of AQP1 either in the control and underfed 
groups of rats, strongly evidenced at the apical and lateral plasma membrane of 
the efferent ducts non-ciliated cells, in the smooth muscle cells surrounding 
epididymal duct and at the level of blood vessel endothelium throughout the 
epididymis. On the contrary AQP9 expression was modified by early life 
undernourishment, as it was weakly evidenced at the microvilli in the principal 
cells and completely lacked in the clear cells at the cauda level, in underfed group 
epididymides. Since it is known that clear cells are involved in luminal fluid 
acidification, it can be hypothesized that this function might be altered in 
animals, which were underfed during early life. 
 

2.7 Immunolocalization of leptin (Ob) and leptin receptor (Ob-r) 
in the ovary and in pre and post in vitro matured horse oocytes: 
prepuberty and  breed effect 
 
Leptin, the hormone product of ob gene expression, is an important endocrine 
indicator of adipose mass and nutritional status, as well as an important regulator 
of various aspects of feed intake, growth, metabolism and reproduction. Leptin 
amount in the blood is proportional to body energy stores and/or body mass, 
so, inadequate nutrition might impair reproductive function leading, for example, 
to the delayed onset of puberty. Indeed, the onset of puberty in humans and 
animals is associated with an increase in fat and consequent increase in 
circulating leptin, suggesting that leptin may be required for normal growth and 
development of reproductive organs. A similar relationship between nutrition 
and reproductive efficiency is not understood in the mare where, besides many 
reports quantifying the correlation of circulating concentration of leptin with 
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body condition scores1,2, only few informations exist about the presence of 
leptin (Ob) and leptin receptor (Ob-R) in the ovary or in the oocyte. Taking this 
into account, we carried out a study to investigate the immunolocalization of Ob 
and Ob-R in ovaries and compact cumulus oocytes recovered from fillies and 
from mares of light or heavy body weight breeds after slaughtering. Both Ob 
and Ob-R, detected in immature oocytes of all kinds of animals analyzed, were 
uniformly distributed throughout the ooplasm, but the intensity of reaction was 
lower either in light weight mares or in fillies oocytes, than in oocytes of heavy 
weight mares. After IVM, heavy breed mares had a higher proportion of oocytes 
that reached metaphase II than light mares and fillies (35.23±0.006%, 
19.63±0.028% and 15.00±0.06 respectively; P<0.05). In matured oocytes both 
Ob and Ob-R were localized to the oocyte cortex and concentrated at one pole 
of the oocyte. This distribution within the oocytes was independent from animal 
group and once again with weaker immunopositivities in light mares and in 
fillies. Moreover, we localised the presence of Ob in blood vessels within the 
ovary as well as within the corpora lutea in all kinds of animals analyzed. The 
results of the present study support the hypothesis that in the horse leptin is 
differently localized during oocyte IVM showing different immunoreaction 
intensity related either to the horse breed or to the reproductive puberal 
development. The presence of leptin in the ovary could suggest a possible 
involvement in oocyte maturation, angiogenesis, follicle rupture or subsequent 
corpus luteum formation3. Moreover, leptin may be involved in the 
determination of the animal pole of the oocyte and in the establishment of the 
inner cell mass and trophoblast in the embryo. 
 
 

2.8 The expression of aquaporin 7 in the ovine fetal epididymis is 
perturbed by in-utero exposure to a cocktail of chemicals 
contained in sewage sludge fertiliser 
 
Exposure to environmental endocrine disrupting chemicals (EDCs) during 
pregnancy in animals and humans is associated with reduced sperm counts and 
increased incidences of testicular cancer and reproductive tract abnormalities. 
Although male fetuses from pregnant ewes exposed to EDCs contained in 
sewage sludge fertiliser (a “real life” exposure model) exhibit fewer testicular 
Sertoli and Leydig cells, the epididymis has not been investigated. The 
movement of fluids and small solutes in the epididymis is critical for adult sperm 
maturation and this process is regulated, in part, by the aquaporins. The current 
study examined the effects of sewage sludge exposure on the expression of 
aquaporins in the late gestation fetal epididymis.  
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Pregnant ewes were exposed to sewage sludge fertiliser or control pastures from 
0-140 days of gestation. Epididymides were collected post mortem at day 140 of 
gestation (term = day 145), Bouins-fixed and subjected to 
immunohistochemistry for Aquaporins 1,4 and 7. Staining intensity was visualy 
assessed (blinded) by 2 observers on an arbitrary 4 point scale. [Animal studies 
approved by local ethical committee and covered by UK Animals Scientific 
Procedures (1986)]. 
Sewage sludge exposure significantly reduced AQP7 immunostaining (P=0.012) 
but had no effect on AQP1 or AQP4 in terms of localisation or immunostaining 
intensity. These results suggest that exposure to environmental chemicals may 
affect the capacity of efferent ducts to transport water and small solutes thus 
influencing fluid resorption, protein synthesis and secretion. Ultimately, this may 
impact on sperm viability in the adult. 
 

 

2.9 Preliminary Data on the aqp5 immunodetection in sheep 
salivary glands related to the pasture vegetative cycle 
 
As well known AQPs are ubiquitarly distributed in the body maintaining all the 
same the specific function as channels to permeate water and small solutes. I 
collaborated with the University of Perugia regarding the immunolocalization of 
AQP5 in the sheep salivary glands in relation to the pasture vegetative cycle. 
AQP5 is widely expressed in exocrine glands; in particular, in the rat salivary 
glands AQP5 is highly expressed in the apical plasma membrane of serous acinar 
cells, in the secretory canaliculi and in the intercalated duct cells, while it is 
lacking in mucous acinar cells and in striated ducts, indicating its important role 
in the saliva production (further supported by the observation of markedly 
depressed rates of salivary secretion in APQ5-deficient mice. Data concerning 
AQP5 expression in domestic animal species are lacking. In this study the 
presence of AQP5 was investigated in sheep parotid and mandibular glands, and 
its expression in the different stages of pasture vegetative cycle was evaluated 
too. AQP5 was expressed in parotid serous acini and mandibular serous 
demilunes. In particular, parotid acinar cells showed AQP5 positive sites at the 
level of apical plasma membrane and intercellular canaliculi; the reactivity was 
higher when animals were fed on grasslands at the end of vegetative cycle than 
on grasslands at the maximum of vegetative development. AQP5 was less 
expressed in the mandibular gland than in the parotid gland and restricted to 
intercellular canaliculi; variation in reactivity related to diet wasn‟t observed. 
AQP5 expression is likely due to its involvement to provide for an appropriate 
saliva fluidity.
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3.1 Introduction 
 
Gonadotropin stimuli assure the development of primordial follicle into a 
preantral and antral follicle.  
Antrum formation is a very rapid process characterized by a remarkable increase 
in size that requires a rapid and massive transport of water. 
Granulosa cells have been previously characterized as so-called leaky epithelia 
and water moves from the follicular blood supply to the antrum flowing around 
them (pericellular transport). 
Nevertheless the shortest pathway for water to reach the follicle antral cavity is 
the transcellular pathway directly through the cytoplasm of granulosa cells. 
McConnell et al [1] suggest that 70% of fluid movement across the follicular wall 
occurs by the transcellular route. 
We recognize two mechanisms for transcellular water movement: the simple 
diffusion, a slow and unregulated process; and through a class of small, 
hydrophobic integral membrane proteins that facilitate rapid passive movement 
of water termed aquaporins (AQPs). Indentification of ovarian follicular AQPs 
in incomplete but McConnell et al [1] suggest that fluid movement is mediated 
by AQPs -7, -8 and -9. 
Each of the mammalian AQPs (except AQP4 and -7) contains extracellular 
mercurial-sensitive sites in which Hg2+ binds an extracellular cysteine residue 
and inhibits water movement through the pore. 
In this first experiment we have considered the functional presence of Hg2+-
sensitive AQPs in isolated granulosa cells assessing changes in cell volume in 
presence or absence of HgCl2. 
 

3.2 Materials And Methods 
 

 Make up 16 incubation chambers [2] and name them (A Iso-Hg, B 
Iso+Hg, C Hypo-Hg, D Hypo+Hg) 
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 Prepare 16 dishes, some jars, a loop, some needles and a syringe 
 
Buffers 

  ISOTONIC MEDIUM: McCoy‟s 5a + Hepes (MH) 

 100 ml McCoy‟s 5a 

 0, 47 g Hepes (20 mM) 

 319 mOsm 

 HYPOTONIC MEDIUM (5ml) 

 70% dH2O 

 30% MH 

 95 mOsm 

 MERCURIAL AGENT: McCoy‟s 5a + HgCl2 (50 µM) 5ml 

 7 mg HgCl2 dil. In 1 ml MH (25 mM)  10 µl HgCl2 dil. In 5 ml 
MH (50 µM) 

 
Granulosa cells collection 

 Choose ovaries (growing follicles) 

 Choose 4 best ones (PBS) 

 Suck up follicular fluid from the follicle with a syringe 

 Pinch the follicle, cut it on the surface and fill it up with MH 

 Brush the follicle wall with a loop and suck up the fluid (MH and 
granulosa cells) with a sterile Pasteur pipette 

 Put the fluid into a plastic tube 

 Repeat it 4 times and check that none of the aspirated cell preparations 
coagulate 

 Put the whole collected fluid in a single tube and analyze the cellular 
aspect with a specific count chamber 

 Distribute the granulosa cells obtained in each incubation chamber.  

 Incubate the cells with MH for 1h at 37°C 
 

 

 
 

Poly-
L-

lysine 

Poly-
L-

lysine Cover-slide 

2 layers of double-sided tape 

Poly-
L-

lysine 
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 Divide the 16 chambers in 4 groups depending on treatment (Isotonic or 
Hypotonic medium; with or without incubation with HgCl2), as shown in 
the schedule below. 

 4 X ISOISO - HgCl2          A 1-4      

 4 X ISOISO + HgCl2         B 1-4      

 4 X ISOHYPO – HgCl2      C 1-4      

 4 X ISOHYPO + HgCl2      D 1-4     
 

 A B  C  D  

1 ISOISO    – 
HgCl2 

ISOISO    + 
HgCl2 

ISOHYPO              
– HgCl2 

ISOHYPO + 
HgCl2 

2 ISOISO    – 
HgCl2 

ISOISO    + 
HgCl2 

ISOHYPO              
– HgCl2 

ISOHYPO + 
HgCl2 

3 ISOISO    – 
HgCl2 

ISOISO    + 
HgCl2 

ISOHYPO               
– HgCl2 

ISOHYPO + 
HgCl2 

4 ISOISO    – 
HgCl2 

ISOISO    + 
HgCl2 

ISOHYPO              
– HgCl2 

ISOHYPO + 
HgCl2 

 

 Medium                   HgCl2                    Medium 
1 h   15‟   30‟‟ 
Iso   +/-   Hypo 

 

 Start off with 1 group (A1, B1, C1, D1...and so on)  

 Take a picture of the earlier state (Isotonic medium for all of the slides) 
and after 15 mins (+HgCl2, -HgCl2). Wash the slides with isotonic 
medium any treatment change. When the hypotonic medium is infused 
into the chamber (C and D groups) take the second photograph 30 
second after infusion. 

 Ensure that photographs contain an appropriate scale marker 

 Measure the diameter of six cells for each photograph taken 
 Analyse the combined data with Two Way ANOVA  

 

 

3.3 Results 
 

Two-way ANOVA: Diameter versus Isotonic Medium and in presence of Hg  
 

Source       DF       SS       MS            F      P 
Iso              1      21.6148  21.6148  64.07  0.000 
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Hg               1    13.9814  13.9814  41.45  0.000 
Interaction   1    11.4695  11.4695  34.00  0.000 
Error        12      4.0481   0.3373 
Total        15      51.1137 
 
S = 0.5808   R-Sq = 92.08%   R-Sq(adj) = 90.10% 
 

 

              Individual 95% CIs For Mean Based on 
                Pooled StDev 
Iso      Mean  -----+---------+---------+---------+---- 
0     2.22563                                 (---*----) 
1    -0.09896  (---*---) 
                      -----+---------+---------+---------+---- 
                           0.0           1.0          2.0        3.0 
 

 

             Individual 95% CIs For Mean Based on 
              Pooled StDev 
Hg     Mean  -----+---------+---------+---------+---- 
0   1.99813                                           (------*-----) 
1   0.12854  (------*-----) 
                    -----+---------+---------+---------+---- 
                         0.00        0.70       1.40        2.10 
 

 

 

LEAST SIGNIFICANT DIFFERENCE TEST (LSD) 
 
LSD =         Error MS         x2             x tx = 0.41067 x tx 
      n 
 
t 12 =      2.179   P<0.05       0.8949 
  3.055   P<0.01       1.2546 
  4.318   P<0.001     1.773 

    A Average -0.01083 
  B Average -0.18708 
  C Average 4.007083 
 

*** 

D Average 0.444167 
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3.4 Discussion  
 
Granulosa cells showed a significant (p<0.001) swelling when incubated with 
hypotonic medium in absence of HgCl2 (group C).  
HgCl2 prevented granulosa cell swelling in hypotonic medium as showed in D 
group in all likelihood because of mercurial inhibition on Aquaporins action. 
Nevertheless HgCl2 was unable to totally block the swelling in D group 
suggesting an alternative remaining way of simple diffusion of water through the 
lipid bilayer. Despite that data demonstrated that the changing in volume in D 
group is not statistically relevant in comparison to A and B group. 
Our data confirmed functional activity of Aquaporins in granulosa cells as 
previously verified by McConnel et al. in rats [1]. 
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5.1 Abstract 
 
Amniotic fluid (AF) is created by the flow of fluid from the fetal lung and 
bladder and reabsorbed in part by fetal swallowing and in part by the transfer 
across the amnion to the fetal circulation. Placental water flux is an important 
factor in determining AF volume and fetal hydration, too. In addition the fetal 
membranes might be involved in fluid composition. To understand the 
mechanisms responsible for maintaining a correct balance of AF volume we 
evaluated the role of aquaporins (AQPs). AQPs are a class of integral membrane 
proteins permitting rapid passive transcellular water movement. 
Immunohistochemistry was performed to assess the presence of  AQP1, 3, 5, 8 
and -9 in canine placenta and fetal membranes. Uterine samples were collected 
on early, middle and late-gestation during ovariohysterectomies performed with 
owners‟ acceptance. Changes in AF volume and composition were also 
evaluated. Our results show distinct expression pattern in both membranes and 
placenta in relation to pregnancy period. AQP1 was localized in placental vessel 
endothelia, allantochorion, yolk sac and the strongest signal was detected in the 
amnion. AQP3 was present at the level of placenta, amnion and yolk sac. AQP8 
was evident on the trophoblast, allantois and yolk sac. AQP9, a water channel 
highly permeable to water and urea, was observed in epithelia of amnion, 
allantois and yolk sac. AF changes during gestation may be dependent on 
modulations in solute as well as water permeability and changes in AQPs during 
gestation suggest their role in mediating placental and membrane water flow. 
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5.2 Introduction 
 
Aquaporins (AQPs) are a class of small, hydrophobic, integral membrane 
proteins that are able to make the cell membrane 10 to 100 fold more permeable 
than the membranes lacking such channels. 
They organize in the cell membranes as tetramers, however, each monomer 
form a hydrophilic pore in its centre and functions independently as a water 
channel. Selectivity is a central property of the channel (Borgnia et al., 1999; 
Landon et al., 2004). To date up to 11 different types of AQPs have been 
identified in mammals, although this number pales in comparison to the greater 
than 100 related proteins found in plants and bacteria. On the basis of their 
permeability characteristics, that normally correspond with a particular amino-
acids-sequence pattern, aquaporin water channels are divided into two groups: 
the members of the first group, Aquaporins, are only permeated by water and 
they are AQP0, AQP1, AQP2, AQP4, AQP5, AQP6 and AQP8. AQP6 is an 
intracellular channel gated and permeated by anions as well as water (Yasui et al., 
1999); AQP8 might be permeated by water and urea. They are both in this group 
because of the sequence analysis (Ishibashi et al., 1997; Ma et al., 1997). The 
members of the second group are the Aquaglyceroporins (AQP3, AQP7, AQP9 
and AQP10) which are permeable to small uncharged solutes such as lactate, 
glycerol and urea in addition to water. 
AQPs regulate water flux dependent upon cellular location. Aquaporin1 (AQP1) 
is the first aquaporin to be named and was originally discovered in human 
erythrocytes. Further studies demonstrated that AQP1 is widely distributed 
throughout the body, including kidney, brain, heart and lung (Knepper et al., 
2003). Aquaporin 3 (AQP3), permeable to water, glycerol and urea, was 
originally identified in the rat kidney to be expressed in the basolateral 
membrane of the renal collecting duct (Isibashi et al., 1994). AQP3 is also 
expressed in skin, lung, colon, skeletal muscle, salivary glands, peritoneum, and 
eyes (Hamman et al., 1998). The Aquaporin 8 (AQP8) transcript has been 
identified in testis, pancreas and liver by homology cloning (Isibashi et al., 1997; 
Koyama et al., 1997). Northern blot analysis revealed that Aquaporin 9 (AQP9) 
transcripts are present in the rat liver, testis and brain (Tsukaguchi et al., 1998) 
and in human leukocytes, liver, lung and spleen (Ishibashi et al., 1998).  
We have already verified the importance of AQPs on water homeostasis in the 
bitch uterus (Aralla et al., 2009) and recent studies have demonstrated 
AQP1,3,8,9 expression in human, sheep and mice fetal membranes (Wang et al., 
2005; Beall et al., 2006; Shioji et al., 2006; Zhu et al., 2009). These results suggest 
that these channels may all contribute to the regulation of gestational water flow.  
Dogs possess endotheliochorial placentation. The endotheliochorial placenta is 
characterized as having a complete erosion of the endometrial epithelium and 



86 

 

underlying interstitium in such a way to offer a total exposure of maternal 
capillaries to the chorial epithelial cells. 
The chorion is the fetal contribution to the placenta. The functional unit of the 
fetal placenta is the chorionic villus. The tiny villi protrude away from the 
chorion toward the uterine endometrium. 
The dog zonary placenta includes a prominent region of exchange that forms a 
broad zone around the chorion equatorially disposed around the conceptus. A 
second zone consists of a pigmented ring and is made up of small hematomas 
(marginal hematoma). This zone is also called paraplacenta, an important 
pathway in iron transport from the dam to the foetus. A third region is the 
transparent one on the distal ends of the chorion that has poor vascularity and 
that could be involved in absorption of materials straight from the uterine lumen 
(Senger 2005). 
It is well-known that the placenta regulates the exchange between the foetus and 
dam. Gases and water pass from high to low concentrations by simple diffusion, 
sodium and potassium traverse thanks to active transport pumps, as well as 
calcium. Glucose and other important molecules such as amino acids are carried 
on by facilitated diffusion with specific carriers. Lipids do not cross the placenta, 
but placenta is able to hydrolyze triglycerides and maternal phospholipids and to 
synthesize new lipid materials available for the foetus. Fat soluble vitamins do 
not cross the placenta easily, while water soluble vitamins such as B and K pass 
through the placenta quite simply. Nutrients move by pinocytosis and 
phagocytosis. Areolae form from the chorion over the openings of the uterine 
glands and are thought to absorb the secretions of these glands. 
The regulation of placental water transfer and intramembranous resorption are 
imperfectly understood. 
Amniotic fluid (AF) volume is essential for healthy foetal movement, growth and 
development. During embryogenesis, AF volume increases faster than 
embryonic size. Disorders of AF volume are associated with significant perinatal 
morbidity and mortality. After 35 days, in the dog, increased amniotic fluid 
volume distends the vesicles and makes them confluent, obscuring their 
characteristic shape and turgidity (Root Kustritz 2005).  
Amniotic fluid is created by the flow of fluid from the fetal lung and bladder and 
reabsorbed in part by fetal swallowing and in part by the transfer across the 
amnion to the fetal circulation. 
Five pathways of exchange have been identified between the amniotic space and 
the surrounding tissues. Intramembranous absorption takes place against a 
hydrostatic gradient and had been alleged to be determined by passive diffusion 
due to an osmotic gradient. Furthermore, studies illustrate that passive diffusion 
accounts for only part of the intramembranous fluid absorption and that many 
solutes diffuse in the opposite direction (from fetus to AF). It is possible that a 
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good deal of transfer of fluid and solutes occur by massive transport of AF into 
the fetal circulation perhaps via a trans-cellular transport mechanism. In this way 
aquaporin water channels should play a pivotal role as their expression 
demonstrated in fetal membranes (Underwood et al., 2005).   
To understand the mechanisms responsible for maintaining amniotic fluid 
volume in the dog the proposal is to demonstrate the presence of AQP1, 3, 5, 8, 
9 in canine placenta and fetal membrane and seek the correlation of AQPs with 
AF volume and composition changes across gestation in the dog, a species with 
endotheliochorial placenta. 
 
5.3 Materials and Methods 
 
The canine placenta and fetal membranes were obtained with the owners‟ 
approval during natural delivery, ovario-hysterectomies performed at any stage 
of undesired pregnancies and in case of caesarean sections due to dystocyc 
parturitions, at the Reproduction Unit of the Faculty of Veterinary Medicine of 
Milan (Italy). The specimens  were collected from 12 pregnant bitches of 
medium sized breed. Gestational age estimate was obtained by the day of mating 
and by ultrasonography measurement of uterine and fetal diameters, according 
to Yeager et al. (1992), England et al. (1990) and Kutzler et al. (2003). As such, 
the specimens were included into three groups: aged up to 35 days of gestation 
(N=4), from 35 to 45 days of gestation (N=3), from 45 days of gestation to 
delivery (N= 5).  
 
Immediately after ovario-hysterectomy, AF was gathered by needle aspiration. 
Soon after, tissue specimens were collected from placenta (fetal and maternal 
side) and from fetal membranes after careful separation onto amnion, allantois, 
allantochorion and yolk sac. A part of the pieces were fixed in formalin 10% for 
24 h at 4 °C. After fixation, fragments were dehydrated in a graded series of 
ethanol and embedded in paraffin. Serial sections were cut at 4 μm thickness, de-
waxed, and stained with routine hematoxylin and eosin (H&E) for histologic 
examination. Another part of the pieces were instantly frozen and stored at -
80°C to perform protein extraction and western blot analysis as described below. 
 
5.3.1 Immunohistochemistry 
Immunohistochemical staining was performed using a DakoCytomation 
EnVision + Dual Link System-HRP (DAB+) kit (code K4065, 
DakoCytomation, Denmark), a two-step technique that takes advantage of the 
superior sensitivity of a horseradish peroxidise-labeled polymer conjugated with 
secondary antibodies. The labelled polymer does not contain avidin or biotin so 
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that non-specific staining resulting from endogenous avidin-biotin activity in 
tissues is eliminated. 
After de-waxing, formalin-fixed serial sections (4 μm thick) were washed and 
immersed in a freshly prepared 3% H2O2 solution for 15 min to block the 
endogenous peroxidase activity, followed by incubation for 30 min at room 
temperature with 2% protease-free bovine serum albumin (BSA) (Sigma-Aldrich) 
in PBS-Tween to block non-specific antibody binding. Sections were then 
incubated overnight in a humidity chamber at 4°C using rabbit polyclonal 
antibodies against rat AQP1 (Alpha Diagnostic International, San Antonio, TX, 
USA; cat. no. AQP11), AQP3 (Chemicon International), AQP5 (Alpha 
Diagnostic International, San Antonio, TX, USA; cat. no. AQP15) AQP8 
(developed in the laboratory of Prof. Mobasheri) and AQP9 (developed in the 
laboratory of Prof. Mobasheri) diluted 1:200 in PBS containing 2% of BSA. 
Subsequently, the sections were rinsed 3 X 5 min in PBS-Tween before 
incubation with horseradish peroxidase-labeled polymer conjugated to affinity 
purified goat anti-rabbit and goat anti-mouse immunoglobulins for 30 min at 
room temperature. The sections were washed 3 X 5 min with PBS before 
applying liquid DAB+ Chromogen (DAKO; 3,3′-diaminobenzidine solution) for 
up to 10 min. Sections were counterstained with Mayers‟ haematoxylin, 
dehydrated, and mounted using Eukitt (Bioptica, Milan, Italy). 
 
5.3.2 Staining controls 
Sections of dog kidney, salivary gland, pancreas and liver, similarly processed as 
above, served as positive controls for immunoreactions respectively of AQP1 
and AQP3, AQP5, AQP8 and AQP9 antisera. The specificity of the 
immunostainings was tested by negative controls, performed by (1) use of non-
immune rabbit serum (DakoCytomation; code no. X0903) in place of specific 
antisera; and (2) omission of the first layer. All of them resulted in the absence of 
immunoreaction. 
The evaluation of staining intensities was based on subjective estimates of at 
least two authors. Slides were observed and photographed under an Olympus 
BX51 photomicroscope equipped with a digital camera and DP software 
(Olympus, Tokio, Japan) for computer-assisted image acquirement and 
managing. 
 
5.3.3 Amniotic Fluid Biochemical Analysis 
AF was collected from vesicles at day 19th, 30th, 40th, 55th, 60th, 62th and 70th.  
After AF collection, a part of the samples (2-3 mL) were centrifuged (177.4 x g, 
22 °C, 10 min.) and supernatants collected and stored at -70 ºC for up to 1 
months until determination of urea, electrolytes and total protein content using 
the Cobas Mira Plus Chemistry Analyzer (Roche Diagnostic, italy). AF  Na+, 
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K+ and protein content and osmolarity were not evaluated at day 19 as the AF 
volume was insufficient at early pregnancy. 
The other part of the AF samples (1 mL) were not centrifuged and used for 
measuring Osmolality by freezing-point depression (Authomatic osmometer 
Osmomat model 030 Gonotec).  
All samples were analyzed in one batch.  
Data obtained were evaluated with ANOVA using the PROC GLM of SAS 
package (9.2 version). 
 

5.4 Results 
 
5.4.1 Immunohistochemistry 
AQP1 
As shown in Fig.. 1 in the dog AQP1 expression is strongly expressed in the 
vascular endothelium of placenta (A), in the amnion (B), allanto-chorion (C) and 
yolk sac epithelia (D) at all the stages of pregnancy.  
AQP3 
AQP3 was associated with trophoblast cells (Fig. 2 A) in the labyrinth and a 
strong staining was found in amniocytes (Fig. 2 C and D) and in the in 
basolateral membrane of allantois (Fig. 2 E).  
AQP5 
Immunoreactivity of amniocytes (Fig. 3 A) has been detected with anti-AQP5 
antibody throughout pregnancy. AQP5 is also present at the level of basolateral 
membrane of allantochorion (Fig. 3 B, C, D). 
AQP8 
A slight intracellular immunostaining for AQP8 was found in amniotic (Fig. 4 C) 
and allantoic sac (Fig. 4 D), while AQP8 is diffusely expressed in the placenta 
(Fig. 4 A and B) and in the trophoblast.  
AQP9 
Immunohistochemical staining with anti-AQP9 antibody has been detected in 
basolateral membranes of epithelial cells of amnion (early, middle and late 
pregnancy, Fig. 5 A, B, C respectively), allantois and yolk sac, but there is no 
evidence of AQP9 immunoreactivity in any structure of the placenta. 
In the allantochorion AQP9 is expressed at the level of apical cell membrane and 
also in cytoplasmatic vescicles. 
 
Table 1 
Canine amniotic fluid composition 

 From d30 to d40 From d40 to d62 

Osm 
(mOsm) 

296±17.45 260.63±7.44 

Na 144.38±9.71 122.22±4.14a 
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(mEq/dl) 
K (mEq/dl) 4.9±0.89 5±0.38 
PT (g/dl) 0.28±0.18 0.34±0.08 
Urea (mg 46.5±6.9 38.23±2.9 
Mean ± SEM amniotic fluid (AF) at middle (day 30 to 40) and late (day 40 to 62) pregnancy. 
a Significant difference from middle pregnancy (p= 0,05) 
Data obtained by ANOVA using the PROC GLM of SAS package (9.2 version). 

 
5.4.2 Osmolality, Solutes, urea and Total protein of Amniotic Fluid 
Data (mean ± SEM) for each solute in amniotic fluids are presented in Table 1. 
Amniotic fluid osmolality decreases when the end of the pregnancy is 
approaching but the means are not significantly different. Regarding Na and K 
solutes only the Na amount is significantly higher (p=0,05) in the middle 
pregnancy despite the last period. Na concentrations in intra- and extracellular 
fluids tend to vary inversely with the concentration of K. 
Amniotic urea concentration is higher in mid than in late pregnancy while total 
protein concentrations increase at the end of gestation. In both cases no 
statistically significant differences have been demonstrated. 
 

  

  
Fig. 1: Aquaporin 1 (A) Transverse section of labirynth shows AQP1 immunoreactivity of the 
endothelium of a huge foetal blood vessel. Scale bar = 1000 µm. (B) AQP1 immunoreactivity is 
present in the amniocytes that at the stage of early pregnancy appear like flattened cells. Scale bar = 
100 mm. (C) AQP1 is evident on the allantois side of the allantochorion. Scale bar = 1000 µm. (D) At 
about 55 days of gestation the cuboidal cells of the yolk sac appear supported by a thin layer of 
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connective tissue. AQP1 is strongly expressed on the basal membrane of cuboidal cells. Scale bar = 
1000 µm. 
 

  
 

  
 

  
Fig. 2: Aquaporin 3. (A) Middle pregnancy. AQP3 is expressed at the level of apical cell membrane of 
the placendal deep glands. Scale bar = 200 µm. (B) About 22 days of gestation: early pregnancy. AQP3 
immunoreactivity in amniocytes. Scale bar = 200 µm. (C) Trasverse sections of amnion collected at 
time of parturition (62 days): amniocytes (positive for AQP3) become cuboidal as pregnancy 
progresses and the number of microvilli increases allowing fluid exchange. Scale bar = 200 µm. (D) 
Middle pregnancy. Specific AQP3 staining of the basolateral membranes of cylindrical cells of allantois. 
Scale bar = 100 µm. (E) Middle pregnancy. AQP3 is present in the allantochorion. Scale bar = 100 µm. 
(F) Early pregnancy. In the yolk sac are visible blood vessels plentyful of aemocytoblasts and 
lymphocytes. The cuboidal cells are positive for AQP3. Scale bar = 100 µm. 
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5.5 Discussion 
 
This study demonstrates dynamic changes in placental and fetal membranes aqp 
expression throughout the dog pregnancy related to the increasing fetal water 
needs. 
Our results suggest that aqp1-3-5-8-9 may all contribute to the regulation of the 
intramembranous water flow.  
 

  
 

  
Fig. 3: Aquaporin 5. (A) Early pregnancy. AQP5 immunostaining of amniocytes. Scale bar = 50 µm. 
(B) AQP5 is expressed on the allantois cells. Scale bar = 1000 µm. (C) and (D) Very clear and specif 
staining at the level of basal membrane of cylindric cells in the allantochorion. Scale bar = 50 µm. 

 
Water permeability in the placenta appears to be regulated at the level of 
syncytiotrophoblat and to vary with gestational age (AQP1, blood vessels, AQP3 
and AQP8). 
Once in gestational vesicle water is exchanged between the fetus, placenta and 
AF. 
Urea is the secreted end product of nitrogen metabolism and is made in the liver 
from ammonia by an energy-requiring process. Urea concentrations in allantoic 
and amniotic fluid and in fetal and maternal plasma were essentially similar; thus, 
urea formed by the fetus is removed constantly and disposed of through the 
maternal circulation. We found increasing AF urea concentration at the 45th day 
of gestation. As this increase occurred at a time when the amniotic fluid volume 
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was also increasing, this represented a marked increase in the total amount of 
urea in the AF, likely a result of the increased contribution of fetal urine to the 
amniotic cavity. 
Besides, the permeability of canine amnion to urea decreases with advancing 
gestation, while AF urea concentration increases. Water and solutes may be 
absorbed into fetal vasculature after crossing the canine amnion epithelial cells. 
In the dog, we found urea in both, amniotic and allantoic sacs. 
The observations that AQP3 and 9, both permeable to urea, are expressed in 
canine amnion, allantois, chorion are consistent with the notion that these AQPs 
are important for both AF and allantoic fluid water and solute absorption across 
fetal membranes. Concerning the expression of AQP8 in fetal membranes we 
first demonstrated in the dog that is diffusely expressed in the epithelial cells of 
the amnion, allantois, and trophoblast according to Wang et al. that found AQP8 
expression in human membranes. They in fact suggested that AQP8 may 
mediate amniotic fluid absorbtion by the intramembranous pathway.  
Amniotic fluid is 98-99% water. The chemical composition of its substances 
varies with gestational age. The fluid composition changes differently with stage 
of gestation suggesting that the primary determinants of amniotic and allantoic 
fluid composition are the fetal components that directly contribute to the fluid. 
Differences in the permeability of the two membranes to various solutes also 
could influence the fluid composition. 
Both Na and K, because of their relative abundance, are the most important 
electrolytes regulating the movement and retention of body water, whereas Cl 
tends to track with Na transport. The ability to regulate intra- and extracellular 
Na, K, and Cl levels is an intrinsic requirement for fluid homeostasis.  
When fetal urine begins to enter the amniotic sac, amniotic osmolarity decreases 
slightly compared with fetal blood. After keratinization of the fetal skin, amniotic 
fluid osmolarity decreases further with advancing gestational age, reaching values 
of 250-260 mOsm near term. The low amniotic fluid osmolarity, which is 
produced by the inflow of markedly hypotonic fetal urine, provides a large 
potential osmotic force for the outward flow of water across the 
intramembranous and transmembranous pathways. Within certain limits, 
amniotic fluid mirrors the metabolic status of the fetoplacental unit; for that 
reason, a study of its components and their respective variations in the different 
periods of pregnancy provides useful indications for a correct assessment of fetal 
maturation. 
Placental water flow may be equally important in regulating AF volume, as the 
majority of fetal water is derived from the maternal circulation through the 
placenta. In human placental permeability has been observed to increase during 
gestation, with a decrease near term (Jansson et al., 1999), and the structure 
limiting placental water flow is presumed to be the trophoblast based on 
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membrane permeability studies. In the present study, AQP3 expression was 
evident in the placenta at middle pregnancy and less expressed near term, AQP8 

expression also increased with advancing gestation, consistent with facilitation of 
fluid flow to support fetal requirements. AQP1 expression was found in the 
endothelia of placental blood vessels but AQP9, a urea as well as water channel, 
was not evident in the placenta, while may contribute to increasing of AF urea 
concentrations seen in mid gestation. A recent study found urea flux in human 
placenta to be associated with expression of AQP9, although placental water flux 
did not demonstrate an AQP9 association (Damiano et al., 2006). 
AQP5 has never been demonstrated in foetal membranes. We obtained a 
specific staining of AQP5 in the amniocytes and in cylindric cells of 
allantochorion. Interestingly the basolateral immune-localization of AQP5 in the 
allantoic epithelium is in contrast with the apical expression of AQP9 in the 
same membrane, suggesting the collaboration of these two aquaporins on 
transporting large amount of water.  
In conclusion, AQPs are expressed in canine placenta and fetal membranes 
similar to findings described in other species, such as sheep (Johnston et al., 
1999) and mice (Beal et al., 2007), suggesting a common mechanism for 
regulating placental and membrane water flow. 
 

  
 

  
Fig. 4: Aquaporin 8. (A) AQP8 immuno-expression in the deep glandular layer in a placenta at the last 
stage of pregnancy. Scale bar = 1000 µm. (B) Late pregnancy: AQP8 is expressed at the level of apical 
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membrane of epithelial cells belonging to the glandular structures of the placental spongy zone. Scale 
bar = 200 µm. (C) Late pregnancy. AQP8 staining is evident in the amniocytes. Scale bar = 100 µm. 
(D) Middle pregnancy. Faint immunostaining of AQP8 in the allantoic membrane. Scale bar = 100 µm. 

 
 

  
 

 

  
 

  
Fig. 5: Aquaporin 9. (A) Early pregnancy: AQP9 is strongly expressed in the cell membrane 
surrounding amniocytes. Scale bar = 200 µm. (B) and (C) Middle and late pregnancy respectively: 
specific but faint staining for AQP9 in the amniocytes. Scale bar = 100 µm. (D) Middle pregnancy: 
basolateral cell membrane of allantochorion strongly expressed AQP9 immunoreactivity. Scale bar = 
100 µm. (E) Strong and specific immunostaining for AQP9 at the level of apical cell membrane and in 
the cytoplasmatic vescicles of the allantochorion. Scale bar = 50 µm. (F) Middle pregnancy: AQP9 
immunoreactivity in the epithelial cuboid cells of the yolk sac. Scale bar = 100 µm. 
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9.1 Abstract 
 
Several factors, including leptin, could be considered as links between nutritional 
status and reproductive processes. In the horse, no information about the 
presence of leptin (Ob) and leptin receptor (Ob-R) in the ovary or in the oocyte 
is available. The present study investigated the immunolocalization of Ob and 
Ob-R and the profile expression of Ob and Ob-R mRNA in immature and 
matured compact cumulus oocytes recovered after slaughtering from fillies and 
from mares of light or heavy body weight breeds. Moreover, we examined the 
immunolocalization of Ob and Ob-R in ovaries tissue from these three different 
kind of animals. Our results showed that both Ob and Ob-R, detected in all 
immature oocytes, were uniformly distributed throughout the ooplasm, but the 
intensity of reaction was lower in light weight mares and in fillies oocytes 
compared to oocytes of heavy weight mares. After IVM, heavy breed mares had 
higher proportion of oocytes that reached the metaphase II than light mares and 
fillies and both Ob and Ob-R were localized to the oocyte cortex. This 
distribution within the oocytes was independent from the animal group and 
again with weaker immunopositivities in light mares and in fillies. These 
intensities are confirmed by the profile expression of Ob and Ob-R mRNA. 
Moreover, we detected the presence of Ob in blood vessels within the ovary as 
well as within the corpora lutea in all kinds of animals analyzed. The results of 
the present study support the hypothesis that, in the horse, the different 
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immunoreaction intensity can be related either to the horse breed or to the 
reproductive puberal development and that the presence of leptin in the corpora 
lutea could suggest a possible involvement in oocyte maturation, angiogenesis, 
follicle rupture or subsequent corpus luteum formation. 
 

9.2 Introduction 
 
Leptin, a lately discovered hormone, is the 167-aminoacids product of the ob 
gene expression (Zhang et al., 1994) which takes part in the regulation of energy 
metabolism. It is mainly synthesized by fat cells in the adipose tissue but also in 
the stomach, liver and placenta (Meier and Gressner 2004). 
Leptin may be found in the circulation in the free form or complexed with leptin 
binding proteins, and this characteristic appears to be species-specific and 
dependent upon physiological status (Garcia et al., 2002; Houseknecht et al., 
1996; Zieba et al., 2005). 
Circulating leptin concentrations have been reported to closely correlate with 
both the body mass index and the total amount of body fat (Banks, 2004; 
Fruhbeck et al., 1998; Fruhbeck, 2001) and this underlines the important role of 
leptin as a peripheral humoral signal carrying information about energy reserves 
of the organism (Maffei et al., 1995). The reproductive system of mammals is 
very sensitive to the availability of energy from an external environment. Acute 
changes in the energetic status of animals affects the hypothalamo-pituitary-
gonadotropic (HPG) axis activity (Cunningham et al., 1999). It has been 
documented that fasting or food restriction resulted in the suppression of 
pulsatile luteinizing hormone (LH) secretion in rodents and farm animals 
including sheep, cows and horses (Cunningham et al., 1999). Similar changes 
were also observed in humans (Cameron et al., 1991). Food restriction, acting via 
influence on the HPG axis hormones, resulted in a delay of the onset of puberty 
and evoked temporary or permanent infertility (Foster and Olster 1985; Garcia-
Lopez et al., 2005). Fasting-induced LH suppression, is believed, to be a 
consequence of a reduced release of GnRH from the hypothalamus (Kile et al., 
1991). Several studies showed that also leptin is involved in the control of 
reproductive functions. In 1996, Chehab et al. (1996) studied ob/ob mice (mice 
with a mutated leptin gene and resulting hormone insufficiency). Both male and 
female ob/ob mice were obese and infertile but food limitation and loss of 
weight did not lead to reinstatement of fertility. On the contrary, fertility was 
reinstated with the administration of recombinant leptin (Barash et al., 1996; 
Wade et al., 1997; Chehab et al., 1996; Mounzih and Chehab, 1997). 
Administration of leptin to normal mice prior to puberty resulted in the onset of 
their reproductive function with subsequent maturation of their reproductive 
system 9 days earlier. This remark led researchers to the conclusion that leptin, in 
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addition to its role in the normal function of the reproductive system of mature 
mice, could also fire the processes for the onset of puberty (Chehab et al., 1997; 
Goumenou et al., 2003). In humans and animals the onset of puberty is 
associated with an increase in fat and consequent increase in circulating leptin, 
suggesting that this hormone may be required for normal growth and 
development of reproductive organs. So, inadequate nutrition might impair 
reproductive function leading, for example, to the delayed onset of puberty 
(Short and Bellows, 1971; Day et al., 1986), induction of anestrus (Richards et al., 
1989; Rhodes et al., 1996), and prolonged postpartum anestrus (Wiltbank et al., 
1964; Selk et al., 1988; Gentry et al., 2002). Moreover, it is well known that 
increasing feed intake and ad libitum feeding of gilts or sows for 11–14 days 
before ovulation, a process known as flushing, increases ovulation rate (Cox et 
al., 1987; Flowers et al., 1989; Zak et al., 1997; Ashworth et al., 1999) also if it is 
not known whether this increase is a response to a higher intake per se or to an 
increased intake of a specific nutrient. It is proposed that the flushing response is 
mediated by an increase in IGF-I release and augmented clearance of steroids by 
the liver, which would mediate effects on follicular fluid composition and on 
oocyte maturation. Metabolic hormones such as insulin, IGF-I, and leptin are 
likely mediators between nutritional status and reproductive performance. Leptin 
may serve as a signal of nutritional status and may act directly on the brain or 
may possibly have a direct effect on the ovary and on the oocyte, as leptin 
receptors have been found in the pig (Ruiz-Cortes et al., 2000; Fergusson et al., 
2003) and mouse (Ryan et al., 2003) ovary and in pig (Craig et al., 2004) and 
mouse (Kawamura et al., 2003) oocytes. 
The relationship between nutrition and reproductive hormones is less 
understood in the mare (Hines et al., 1987). In this species there are some works 
about the possible role of leptin during transition from seasonal anestrus and 
throughout the oestrous cycle (Robalo et al., 2001), in the seasonal anovulatory 
period (Gentry et al., 2002), on maintenance of ovarian activity during seasonal 
anestrus (Fitzgerald et al., 2002; McManus and Fitzgerald, 2003) and during 
foaling and lactation (Heidler et al., 2003; Ferreira et al., 2005). These reports 
quantify the correlation of circulating concentration of leptin with body 
condition scores. For example, Kearnes (2006) reported that level of plasma 
leptin is proportional to adiposity in the horse: 1.90 ± 0.34 ng/ml in weaning 
fillies of 4 months and 3.47 ± 0.50 ng/ml in mature horse of 10 years. 
Gentry (2002) showed that mares with high body condition score (BCS) (7.5 to 
8.5) continued to ovulate or have follicular activity during the winter, whereas 
mares with low BCS (3.0 to 3.5) entered into the anovulatory period. In this 
study leptin concentrations were very low in mares with low BCS but higher in 
well-fed mares. 
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In this context is known that, also in the horse, leptin may serve as an important 
endocrine signal of nutritional status and body fat-mass that is reflected on the 
reproductive characteristics (Fitzgerald et al., 2000; Buff et al., 2002; Ferreira et 
al., 2005; Gentry et al., 2002) but there are no informations whether leptin has a 
direct role in the reproductive physiology of the adult ovary and if Ob and Ob-R 
are present in the ovary or in the oocyte.  
The aim of the present study was examined the immunolocalization of Ob and 
Ob-R in ovaries tissue recovered after slaughtering from fillies and from mares 
of light or heavy body weight breeds, and investigated the immunolocalization of 
Ob and Ob-R and the profile expression of Ob and Ob-R mRNA in immature 
and matured compact cumulus oocytes of these three different kind of animals, 
for the purpose of correlating nutritional status with reproductive efficiency. 
 

9.3 Materials and methods 
 
Chemicals were purchased from Sigma Chemical (Milano, Italy) unless otherwise 
indicated. 
 
9.3.1 Animals 
The ovaries of 111 mares of heavy body weight breeds, 17 mares of light body 
weight breeds and 24 fillies were obtained from a commercial abattoir. 
The animals were weighed before slaughtering and body condition score was 
determined for each animal.  
Rump fat thickness was measured using B-mode ultrasonography (Aloka SSD-
500) used to calculate percent body fat (% fat) as previously published (Kearns et 
al., 2001, 2002a,b,c). The site was determined by placing the probe over the 
rump at approximately 5 cm lateral from the midline at the centre of the pelvic 
bone (Westervelt et al., 1976). The region was scanned and the position of 
maximal fat thickness was used as the measured site. Percent fat was estimated 
from the equations of Kane et al. (1987). 
The animals were categorized into fat (average BW of 800 Kg with body 
condition score ≥6 mean; age = 10-12 yr) or thin (average BW of 450 Kg with 
body condition score ≤5; mean age 7-10 yr). 
 
9.3.2 Recovery and culture of oocytes 
Horse ovaries were transported to the laboratory within 6h in phosphate buffer 
saline (PBS) supplemented with antibiotics (100 IU/ml penicillin and 100 μg/ml 
streptomycin sulphate) at 30°C. 
Upon arrival, ovaries were washed in PBS containing antibiotics and any extra 
tissue and most of the tunica albuginea were removed. Thereafter, ovaries were 
mantained at 30°C in PBS with penicillin/streptomycin while being processed. 
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Cumulus oocytes complex (COCs) were harvested by opening and scraping all 
the surface readly detectable follicles and afterward, the ovary was bisected along 
its midline at 10 mm intervals, from ovulation fossa to the greater curvature, and 
any newly exposed follicles were scraped. Only compact cumulus oocytes (CCO) 
with at least three layers of cumulus cells were used for this study. 
Recovered CCO oocytes in all kinds of animals analyzed were washed three 
times in basic TCM199 medium, HEPES modification with Earle's salts, L-
glutamine, supplemented with 10% fetal bovine serum and 25 μg/ml gentamicin 
(M199) and then were divided randomly into different groups for 
immunocytochemistry analysis and for analysis of expression of leptin and its 
receptor: one group of oocytes were denuded of cumulus cells and assigned to 
be examined immediately; another group of oocytes with a complete, compact, 
multilayered cumulus investment were selected for in vitro maturation 
performed in 100 μl droplets (15-20 oocytes for droplet) of the appropriate 
medium under mineral oil, at 38.5°C under an atmosphere of 5% CO2 in air 
with maximum humidity. The maturation medium (IVM) consisted of M199 
supplemented with 0.1 IU/ml of each FSH (Folltropin, Bioniche Teo, Inverin, 
Co.Galway, Ireland) and LH (Lutropin, Bioniche, Teo, Inverin, Co.Galway, 
Ireland), 1 µl/ml of ITS (insulin, transferrin, sodium selenite), 1 mM sodium 
pyruvate, 100 ng/ml of IGF1 and 50 ng/ml of EGF. 
At the end of maturation also this oocytes were denuded of cumulus and 
assigned to be screened for the evaluation of immunolocalization of leptin (Ob) 
and leptin receptor (Ob-R) or for analysis of expression of leptin and its 
receptor.  
 
9.3.3 Expression profile of leptin and leptin-receptor mRNA 
Oocytes mRNA isolation and cDNA synthesis  
Polyadenylated [poly(A)+] RNA from pooled compact immature and in vitro 
matured oocytes was extracted using the Dynabeads mRNA DIRECT kit 
(Deutsche Dynal, Hamburg, Germany) according to the methods of Pocar et al. 
(2004). Briefly, compact COCs underwent cumulus and corona cells removal by 
incubation in TCM 199 containing 80 IU hyaluronidase/mL and aspiration in 
and out of finely drawn glass pipettes. Pools of 30–40 oocytes were lysed for 10 
min at room temperature in 50 µl lysis buffer [100 mmol Tris-HCl (pH 8.0), 500 
mmol LiCl, 10 mmol EDTA, 1% (wt/vol) sodium dodecyl sulfate, and 5 mmol 
dithiothreitol]. After lysis, 10 µl prewashed Dynabeads-oligo(deoxythymidine)25 
were pipetted into the tube, and binding of poly(A)+ RNAs to 
oligo(deoxythymidine) was allowed for 5 min at room temperature. The beads 
were then separated with a Dynal MPC-E magnetic separator and washed twice 
with 50 µl washing buffer A [10 mmol Tris-HCl (pH 8.0), 0.15 mmol LiCl, 1 
mmol EDTA, and 0.1% (wt/vol) sodium dodecyl sulfate] and three times with 
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50 µl washing buffer B [10 mmol Tris-HCl (pH 8.0), 0.15 mmol LiCl, and 1 
mmol EDTA]. Poly(A)+RNAs were then eluted from the beads by incubation in 
11 µl diethylpyrocarbonate-treated sterile water at 65 C° for 2 min. Aliquots were 
immediately processed for RT using the PCR Core Kit (PerkinElmer, Wellesley, 
MA), employing 2.5 µmol random hexamers to obtain the widest array of 
cDNAs. The RT reaction was carried out in a final volume of 20 µl at 25 C° for 
10 min and 42 C° for 1 h, followed by a denaturation step at 99 C° for 5 min and 
immediate cooling on ice.  
 
Semiquantitative PCR 
To normalize signals from different RNA samples, GAPDH transcripts were co-
amplified as an internal standard. The amplification reaction was stopped before 
leaving the exponential phase. Amplifications were performed on 1 µl first 
strand cDNA in a 30-µl final volume containing 0.2 µM of the primer 
combinations listed above, 1 U Taq polymerase (Invitrogen S.R.L. Milano, Italy), 
0.2 mM deoxy-NTPs, 1.5 mM MgCl2, and 1x PCR buffer. Amplification cycles 
comprised a 30-sec step at 94 C° for denaturation, a 30-sec step at 57 C° for 
annealing, and a 45-sec step at 72 C° for elongation. A water control was 
included to identify possible contamination. In addition, all samples were 
amplified with an intron-exon spanning primer pair to detect possible genomic 
DNA contamination. Nested PCR was performed for both, Leptin and Leptin-R 
at the same conditions as above, as sample 1 µl of a 1:1 dilution of primary PCR 
product was added to a total volume of 30 µl PCR mix. Thermocycling 
conditions were the same as for the primary reactions.   
Oligonucleotide primers are shown in table 1. 
A volume of 20 µl/reaction was subjected to electrophoresis on a 1.3% agarose 
gel in Tris-acetate-EDTA buffer, containing 0.2 µg/ml ethidium bromide. After 
separation, the fragments were visualized on a 312-nm UV transilluminator. The 
image of each gel was digitalized using a CCD camera, and the intensity of each 
band was quantified by densitometric analysis using a computer-assisted image 
analysis system (Bio-Rad, Quantity One, US). The relative amount of the mRNA 
of interest was calculated as a percentage of the intensity of the GAPDH band 
for the corresponding sample. For each mRNA, experiments were replicated at 
least three times.  
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Table 1: Sequence of primers for horse leptin, leptin receptors and GAPDH. 

 
 

Target gene 
 
 

 
Sequence 

Product size 
(bp) 

 

Leptin sense 5‟-TCCGAAAAGTCCAGGATGAC-3‟ 347 

 antisense 5‟- CTCAGGGCTACCACCTCTGT-3‟  

 
Leptin - nested 

 
sense 

 
5‟-GACTTCATTCCTGGGCTTCA-3‟ 

 

 antisense 5‟-GGCTACCACCTCTGTGGAGT-3‟ 258 

 
Leptin R  

 
sense 

 
5‟-GTGAATGCCGAGTGCCTGTG-3‟ 

 

 antisense 5‟-TGCCCACCAGCAGAGATGTC-3‟ 309 

 
Leptin R - nested 

 
sense 

 
5‟-GTGAATGCCGAGTGCCTGTG-3‟ 

 

 antisense 5‟-GGTAAAAGTGTTGGGCTGGA-3‟ 211 

 
GAPDH 

 
sense 

 
5‟-TCACCATCTTCCAGGAGCG-3‟ 

 
 

 antisense 5‟-CTGCTTCACCACCTTCTTGA-3‟ 572 

 

 
9.3.4 Immunohistochemistry 
Appropriate portions of three ovaries of all kinds of animals were fixed in 10% 
formalin for 24 hours, dehydrated and included in paraffin.  

After de-waxing, formalin-fixed serial sections (4 m thick) were washed and 
immersed in a freshly prepared 3% H2O2 solution for 15 min to block the 
endogenous peroxidase activity, followed by incubation in 1:20 normal goat 
serum (DakoCytomation, Denmark, code # X 0907) in Tris-Buffered Saline 
(TBS: 0.05 M Tris/HCl, 0.15 M NaCl) for 30 min to prevent background prior 
to incubation with primary antiserum. Sections were then incubated overnight in 
a humidity chamber at room temperature using anti-leptin (A-20) and anti-leptin 
receptor (M-18) affinity purified rabbit polyclonal antibody (sc-842 and sc-1834 
respectively; Santa Cruz Biotech. Inc., Santa Cruz, CA) diluted 1:50 in TBS . The 
detection system used was Envision System Labelled polymer-HRP 
(Dakocytomation code # K 4002). Immunoreactive sites were visualized using a 
freshly prepared solution of 4 mg 3,3'-diaminobenzidine tetrahydrochloride 
(DAB, Sigma) in 10 mL of a 0.5 M TBS at pH 7.6 containing 0,1 mL of 3% 
H2O2 for 13-20 min. Sections were counterstained with Mayers' haematoxylin, 
dehydrated and mounted using Eukitt. 
To ensure antigenic specificity, two types of controls were performed: 1) no 
primary antibody, replaced with PBS-NGS; and 2) preincubation of antibody 
with peptide raised against the primary antibody to compete for binding sites. 
Three sections were examined for each ovary. 
Sections were observed under an Olympus BX51 photomicroscope connected 
to a digital camera and equipped with the AxioVision Rel 4.5 (Zeiss, Germany) 
software for image analysis. 
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9.3.5 Immunocytochemistry 
According to the procedures described by Kim et al. (2006) a group of 
immatured and matured denuded oocytes of all kinds of animals were fixed for 2 
h in 3.7% paraformaldehyde at 4°C. Unless otherwise stated, incubations were 
carried out at 4°C. Oocytes were washed for 20 min in four changes of PBS 
containing 1% Triton X-100 (PBS-T). Oocytes were placed in a blocking 
solution overnight. Blocking solution consisted of  0.1 M glycine, 1% goat 
serum, 0.01% Triton X-100, 1% powdered nonfat dry milk, 0.5% BSA, and 
0.02% sodium azide in PBS. Primary rabbit antibody for leptin was raised against 
the N-terminal region of the ob gene product of human and to a lesser extent, 
mouse and rat (sc-842; Santa Cruz Biotech. Inc., Santa Cruz, CA) and primary 
antibody for leptin receptor was raised against a recombinant protein 
corresponding to amino acids 541-840 mapping within an internal domain of 
OB-R of human origin (sc-1834, Santa Cruz Biotech. Inc., Santa Cruz, CA). 
After blocking, oocytes were incubated with the primary antibodies diluted to 
1:100 in PBS-T overnight. Oocytes incubated without primary antibody were 
used for the negative control. Oocytes were then washed for 15 min in four 
changes of PBS-T and placed in secondary antibody [goat anti-rabbit fluorescein 
isothiocyanate (FITC)-conjugate, 1:100 in PBS-T, Santa Cruz Biotech Inc., Santa 
Cruz, CA] for 4 h.  
 
9.3.6 Fluorescence and confocal laser scanning microscopy (CLSM) 
Oocytes for CLSM analysis were mounted on microscope slides with glycerol 
and, to avoid excess pressure being exerted on the oocytes, the coverslides were 
supported with thick droplets of a Vaseline-wax mixture placed in each corner. 
Ocytes were examined using a laser scanning confocal microscope Olympus 
Fluoview 300, provided with an argon–krypton ion laser for excitation of FITC 
using 488nm excitation/barrier filter combination.  
 
9.3.7 Statistical analysis 
The statistical significance of the results was evaluated by the Chi-square-test 
with the Yates correction for continuity and by Fisher‟s exact test. Fisher's exact 
test was used when a value of less than 5 was expected in any cell. Proportions 
of matured were compared between animal groups. Values with P<0.05 were 
considered to be statistically significantly different. 
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9.4 Results and discussion 
 

9.4.1 In Vitro Maturation  
After IVM, heavy breed mares had a higher proportion of oocytes that reached 
metaphase II than light mares and fillies (35.23% vs 19.63 and 15% respectively).  
The maturation rates of oocytes collected from examined animal groups are 
presented in table 2 and Figure 1.  
 
Table 2: maturation rate of CCO oocytes after in vitro maturation  
 

ANIMALS N° oocytes in 
IVM 

% maturation (MII) 
± DS 

 

Heavy body weight breeds 427 35.23±0.006 a 
Light body weight breeds 25 19.63±0.03 b 
Fillies 84 15.00±0.06 b 

 
Percentages with different superscripts statistically differ at P < 0.05 (Chi-square-test). 

 

 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 1: maturation rate of CCO oocytes after in vitro maturation 

 

9.4.2 Expression profile of leptin and leptin-receptor mRNA 
Ob-R mRNA was detectable in oocytes during in vitro maturation in heavy 
breed mares. Furthermore, during IVM of oocytes from heavy breed mares, Ob-
R was expressed in a significantly higher level of MII-stage oocytes (3.2 fold 
compared to GV). In contrast, expression of Ob-R in light weight mares and 
fillies was not detectable by primary PCR at any of the stages investigated. 
However, further analyses demonstrated that Ob-R mRNA was also detectable 

in light weight mares and fillies oocytes via nested RT-PCR at all stages of 
oocyte maturation investigated (Fig. 2A, B). 
To study whether Ob is locally available in a autocrine/paracrine way, expression 
of Ob mRNA was analyzed in immature equine oocytes and after in vitro 
maturation. Results indicated that Ob transcript is expressed in the oocytes from 
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heavy breed mares at both GV and MII stages. Furthermore, Ob transcript was 
detected by primary PCR in MII light weight mares‟ oocytes. Finally, analysis by 
nested RT-PCR demonstrated that Ob mRNA was also detectable in immature 
oocytes from light weight mares and fillies oocytes, both at GV and MII stages 
(Figure 2C). 
Figure 2. A: expression profile of leptin receptor; B: semi-quantitative analyse of 
Ob-R in immature and matured oocytes of heavy mares;  C:  expression profile 
of leptin.  
 

 

9.4.3 Immunohistochemistry 
The presence of Ob in blood vessels within the ovary (Figure 3A) as well as 
within the corpora lutea (Fig. 3B,C) was found in light and heavy mares, 
indicating that there is a high level of immunoreactive leptin within these 
structures. 
Staining for leptin protein was negative in oocytes included in follicles of 
primordial stage in all kind of animals and for thecal cell layer of preovulatory 
follicles of light and heavy mares (Fig. 3D,E). 
Ob-R was not identified in all samples analyzed. 
The intensity of expression and the positivity were unrelated to kind of animal. 
The negative controls did not stain for Ob Ob-R (Fig. 3F). 
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Fig. 3. A: section of a horse ovary with positive staining of blood vessels to leptin protein. Original magnification 
200x; B: presence of Ob in corpora lutea. Original magnification 200x; C: presence of Ob in corpora lutea. 
Original magnification 400x. D: negative oocytes to Ob in primary follicles. Original magnification 400x; E: 
negative thecal cell layer of preovulatory follicle to Ob. Original magnification 200x;  3F: negative ovary controls. 
Original magnification 200x. 

 

9.4.4 Immunocytochemistry 
Both Ob and Ob-R, detected in immature oocytes of all kinds of animals 
analyzed, were uniformly distributed throughout the ooplasm, but the intensity 
of reaction was lower either in light weight mares or in fillies oocytes, than in 
oocytes of heavy weight mares (Fig. 4 a,b,c). 
 

c 
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Fig. 4: Confocal laser scanning photomicrographs of immunocytochemical analysis of leptin ligand (Ob) in 
immatured compact cumulus horse oocytes. a) immatured oocytes of heavy weight mares b) immatured oocytes 
of light weight mares. c) immatured oocytes of  fillies.  
Bars = 50 μm. 

 

In matured oocytes both Ob and Ob-R were localized to the oocyte cortex and 
concentrated at one pole of the oocyte. This distribution within the oocytes was 
independent from animal group and once again with weaker immunopositivities 
in light mares and in fillies (Fig. 5 a,b,c). 

 
Fig. 5: Confocal laser scanning photomicrographs of immunocytochemical analysis of leptin ligand (Ob) in 
matured compact cumulus horse oocytes. a) matured oocytes of heavy weight mares b) mautred oocytes of light 
weight mares. c) matured oocytes of  fillies.  
Bars = 50 μm. 

 

9.5 Discussion 
 

To our knowledge, this is the first report that studies the immunolocalization of 
leptin (Ob) and leptin receptor (Ob-R) and of their expression in horse ovary 
and in oocyte for the purpose of correlating nutritional status with reproductive 
efficiency. 
We localized the presence of Ob immunohistochemically and found that there 
were high levels of leptin in blood vessels within the ovary and within the 
corpora lutea of recently ovulated ovaries, while leptin receptor was not 
identified in all samples analyzed although the literature reported that the Ob-R 
is found on many cells within the ovary, including theca, granulosa and oocytes 
(Tartaglia et al., 1995; Kim et al., 1999). 
There is currently speculation about the role of leptin within the ovary, without 
any clear evidence to indicate its precise function in this organ. It is known that 
leptin induces angiogenesis (Bouloumie et al., 1998) and affects ovulation in vivo 
and in vitro as well as oocyte maturation, indicating that this hormone has broad-
ranging effects within the ovarian environment (Ryan et al, 2003). Barkan et al. 

a c b 

a 
b 

c 
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(2005) have shown that leptin, in vivo, in unovulating mice due to GnRH 
deficiency, rapidly induces follicular development and formation of corpora lutea 
and ovulation concluding that in addition to its role in inducing GnRH, leptin 
can also mimic LH in its actions on the reproductive system. These findings 
suggest a possible use of leptin in treatment of female infertility, particularly in 
subjects who do not respond properly to LH.  
It was suggested that leptin acts on the ovary via its specific receptors at 
ovulation and/or immediately after ovulation and may act on 1) the oocyte, to 
promote postovulation maturation in readiness for fertilization; 2) the ovarian 
macrophages or infiltrating monocytes, to promote cytokine production and 
phagocytosis that occurs during tissue remodelling throughout ovulation and 
corpus luteum production; and 3) the blood vessels within the ovary, to promote 
angiogenesis, follicle rupture or subsequent corpus luteum formation (Ryan et 
al., 2003). 
In our study, there was no Ob in horse oocytes included in histological sections 
of primordial follicles stage but in the scraped immature oocytes, of all kinds of 
animals analyzed, Ob and Ob-R were immunocytochemically detected with 
uniform distribution throughout the ooplasm. Ob and Ob-R were also showed 
in horse oocytes matured in vitro, but with cortical distribution.  
Ob was highly expressed in the mouse oocytes at all stages of follicular 
development (Ryan et al., 2002), in all stages of porcine IVF embryos (Craig et 
al., 2005), in human matured oocytes and in all stages of human embryos (Cioffi 
et al., 1997; Antczak and Van Blerkom, 1997).  
Ob-R is expressed in pig oocytes from all stages of follicular development and 
oocyte maturation, with the highest level of expression occurring in oocytes 
from medium follicles and at germinal vesicle breakdown (GVBD), indicating 
that its expression is dependent on follicular stage and oocyte maturation (Craig 
et al., 2004). In human oocytes, Ob-R was not detected but leptin receptor-
specific epitope was identified by immunofluoresence in the cytoplasm and 
nuclei of GV-stage oocytes and cleavage stage embryos (Antczak and Van 
Blerkom, 1997). Moreover, leptin receptor mRNAs were detected in mouse 
oocytes, 1-cell, 2-cell, morula, blastocysts and hatched blastocyst stage embryos 
(Kawamura et al., 2002). In mouse preimplantation embryos, two types of leptin 
receptor (OB-Ra and OB-Rb) mRNAs was expressed (Kawamura et al., 2002), 
and exogenously secreted leptin was shown to cause ligand receptor-mediated 
effect mainly through OB-Rb. 
Our results showed that in immature and matured horse oocytes, leptin and 
leptin receptor were expressed and detected by immunocytochemistry but with 
different distribution. The localization of Ob-R within the cytoplasm of 
immatured oocytes could simply represent the nascent receptor protein even if 
cannot be excluded that it could have other biological functions, while the Ob-R 
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localized at the plasma membrane in matured oocytes could correspond to a 
small fraction of the total Ob-R and could represent the mature form of the 
receptor. It has been estimated that, under normal conditions, only 5–25% of the 
total OB-R isoforms are located at the cell surface, with the majority contained 
in intracellular pools (Barr et al., 1999). Although in vitro studies with transfected 
Ob-R have shown the existence of a large intracellular receptor pool (Barr et al., 
1999; Lundin et al., 2000; Sweeney, 2002), the functional meaning of this 
distribution and the exact in vivo trafficking dynamics have not been fully 
established.  
As pointed out previously, in the horse oocytes, leptin and leptin receptor are 
present and are differently localized during oocyte IVM but they also showed 
different immunoreaction intensity related either to the horse breed or to the 
reproductive puberal development: the intensity of reaction was lower either in 
immature or matured oocytes of fillies and light weight mares than in oocytes of 
heavy weight mares. The analyse of expression of Ob and Ob-R mRNA 
confirmed these data because immature and mature oocytes of heavy mares and 
mature oocytes of light mares showed expression of Ob and Ob-R immediately 
by PCR, but the positivity in other oocytes stage and kinds of animals was 
obtained only after nested PCR. These analysis evidence that after maturation 
the expression of Ob and Ob-R increased respectively in matured oocyte of 
heavy and light, mares while remained lower in fillies oocytes. 
The increase of Ob-R expression in matured oocytes of light mares may be 
necessary to a greater transport of leptin into the oocyte during the maturation. 
The leptin receptor is known to mediate transport of leptin across cellular 
membranes in vitro (Uotani et al., 1999; Hileman et al., 2000; Craig et al., 2004). 
The increase in Ob expression in matured oocytes of heavy mares demonstrates 
the need of oocytes to store leptin probably required for oocyte maturation, 
steroidogenesis alteration or macrophage functionality at ovulation. 
Little information is available concerning the effect of nutrition and puberal 
development on ovulation and rates of oocytes maturation in the horse. After 
IVM, in our study, heavy breed mares had a higher proportion of oocytes that 
reached metaphase II than light mares and fillies and had also more intensity of 
immunoreaction of leptin and leptin receptor . 
We did not measure the serum leptin concentration in the animals under our 
experiments but, from literature, is well documented that adipocytes secrete 
leptin (Hamilton et al., 1995; Lonnqvist et al., 1995), that body mass index and 
serum leptin levels are highly positively correlated (Butzow et al., 1999; Maffei et 
al., 1995; Swain et al., 2004) and that in vivo leptin levels are influenced by the 
energy balance with an elevation in plasma leptin following an increase in the 
plane of nutrition. Increased dietary intake for a relatively short time prior to 
mating increased the ovulation rate and oocyte quality, and consequently 
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produced good quality embryos in sheep (Blache et al., 2000, 2000a). These data 
suggest that leptin may be an important factor in regulating early pregnancy but 
the requirement of this hormone appears to be within a limited range, with too 
much or too little being detrimental to the oocyte quality and embryo 
development. Indeed, Herrid et al. (2006) in cattle showed that the effect of the 
feeding level on oocyte quality is dependent on the body condition of the animal, 
with the high level of feeding being beneficial to oocytes from animals of low 
body condition but detrimental to oocytes from animals of moderately high 
body condition. Also in vitro, physiological leptin doses enhance oocyte 
maturation effect (Paula-Lopes et al., 2007; Lange-Consiglio et al., 2009) and 
differentially regulate gene expression in oocytes and cumulus cells while higher 
doses have no effect (Paula-Lopes et al., 2007). It is probably that only at 
physiological concentrations leptin exerts a beneficial effect during maturation of 
oocytes. 
As with the other mammalian species examined, plasma leptin concentrations in 
horse are related to body fatness and level of feeding (Huff et al, 2008). Buff et 
al. (2002) showed that serum concentrations of leptin tended to be greater in the 
fat animals (6.99 ± 1.77 ng/ml of leptin and body condition score >6) than in 
the thin animals (2.33 ± 1.88 ng/ml of leptin and body condition score <5) and 
that there was a linear relationship between body condition score and serum 
concentration of leptin in all animals. Also Kearns et al. (2006) positively 
correlated plasma leptin concentration to percent body fat. 
Body condition and level of feeding influence a number of factors that regulate 
ovarian follicular development, granulosa cell proliferation and steroidogenesis. 
The highest rate of maturation in the present study were for the heavy breed 
mares that we had classified with BCS >6. It is tempting to speculate that 
moderate plasma concentrations of this metabolic hormone are associated with 
improved oocyte quality and maturation rate whereas low concentrations, as in 
light mares, are associated with impaired in vitro maturation rate (Adamiak et al., 
2005). Our data suggest that moderate concentrations of leptin in these animals 
may have had a more direct, positive impact on the follicle enclosed oocyte, thus 
improving the rate of maturation. The precise mechanisms of such an effect are 
not understood but Kim et al. (2006) showed that the coincubation of leptin 
with pig oocyte-granulosa cell complexes derived from preantral follicles 
improved the oocyte developmental competence in a dose-dependent manner 
and this observation confirms the stimulating effect of leptin on oocyte 
maturation and it is broadly in keeping with that reported here. The 
improvement of maturation rate of oocytes may be related to some potential 
action mechanisms exerted by leptin on oocyte cytoplasmic maturation. These 
mechanisms may include direct or indirect cumulus cell-mediated effects such as 
restructuring oocyte cytoskeleton, reprogramming protein synthesis, or inhibiting 
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apoptosis (Almog et al., 2001). In bovine, it can be hypothesized that leptin may 
rescue oocytes that could potentially undergo apoptosis (Boelhauve et al., 2005). 
The beneficial effect of leptin during oocyte maturation suggests a role for leptin 
as a survival factor minimizing cellular damage to oocyte and/or cumulus cells. 
The developmental competency of the oocyte is acquired during the follicular 
growth period (Sun et al., 2001; Yoon et al., 2000; Marchal et al., 2002), and 
follicular development is dependent on the action of hormones, growth factors, 
and cytokines (Craig et al., 2004). In our contexts, maturation rates and 
immunoreaction intensity seem to be related with the nutritional status and 
different serum concentration of leptin in heavy and light body weight mares.  
In fillies, the serum concentrations of leptin is low: Buff et al. (2002) show that 
this concentration tend to increase with age of the horse (P = 0.08), with mean 
concentrations consisting of 2.38±0.32, 2.64±0.55, 2.93±0.39, and 3.67± 0.38 
ng/ml for horses less than 2 yr, 2 to 4 yr, 5 to 12 yr, and greater than 12 yr in 
age, respectively. Young horses are in the growth phase of development and thus 
lower concentrations of leptin would be indicative of an animal with lower body 
fat and requiring greater nutritional resources. Mature horses generally have 
greater body fat mass and only need resources to match their level of activity 
(Buff et al., 2002). Consequently, in fillies the low rate of maturation and the low 
expression of leptin and leptin receptor can be considered as physiological 
compared to the sexually mature animals. 
At last, in matured oocytes both Ob and Ob-R were localized to the oocyte 
cortex and concentrated at one pole of the oocyte. The finding that leptin 
immunofluorescence is localized to the oolemma and immediate 
subplasmalemmal cytoplasm in mature oocytes suggests that some putative 
cytoplasmic rotations may significantly affect or alter the distribution of this 
protein. However, Antczak et al. (1997) suggested the possibility that leptin may 
be involved in the determination of the animal pole of the oocyte and in the 
establishment of the inner cell mass and trophoblast in the preimplantation stage 
embryo.  
In conclusion, to our knowledge, for the first time, the present study identified 
and localized Ob and the Ob-R in the horse ovary and oocytes, and evidenced 
that the effects of oocyte quality are dependent on the nutritional status of the 
animal: high levels of feeding improve rates of in vitro maturation and impaired 
oocyte quality is associated with low nutritional status in the horse. The data 
presented here enable an experimental assessments of future dietary effects on 
oocyte quality in horse and form the basis for further detailed studies into the 
underlying mechanisms of such effects (Adamiak et al, 2005).
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10.1 Abstract 
 
Introduction: Exposure to environmental endocrine disrupting chemicals 
(EDCs) during pregnancy in animals and humans is associated with reduced 
sperm counts and increased incidences of testicular cancer and reproductive tract 
abnormalities. Although male fetuses from pregnant ewes exposed to EDCs 
contained in sewage sludge fertiliser (a “real life” exposure model) exhibit fewer 
testicular Sertoli and Leydig cells, the epididymis has not been investigated. The 
movement of fluids and small solutes in the epididymis is critical for adult sperm 
maturation and this process is regulated, in part, by the aquaporins. The current 
study examined the effects of sewage sludge exposure on the expression of 
aquaporins in the late gestation fetal epididymis.  
Methods: Pregnant ewes were exposed to sewage sludge fertiliser or control 
pastures from 0-140 days of gestation. Epididymides were collected post mortem 
at day 140 of gestation (term = day 145), Bouins-fixed and subjected to 
immunohistochemistry for Aquaporins 1,4 and 7. Staining intensity was visually 
assessed (blinded) by 2 observers on an arbitrary 4 point scale.  
Results and Discussion: AQP1 immunoreactivity was detected in the apical 
and lateral plasma membranes of non-ciliated cells in efferent ducts; smooth 
muscle cells surrounding epididymal ducts and microvascular endothelia 
throughout the epididymis. AQP4 was immunolocalised to the efferent ducts 
and throughout the epididymis and AQP7 was detected primarily in the efferent 
ducts. Sewage sludge exposure significantly reduced AQP7 immunostaining 
(P=0.012) but had no effect on AQP1 or AQP4 in terms of localisation or 
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immunostaining intensity. These results suggest that exposure to environmental 
chemicals may affect the capacity of efferent ducts to transport water and small 
solutes thus influencing fluid resorption, protein synthesis and secretion. 
Ultimately, this may impact on sperm viability in the adult. 
 

10.2 Introduction 
 
It is well known that each individual's phenotype, even if based on a specific 
genetic programme, is influenced by epigenetic and environmental factors, most 
of them occurring earlier in life, either in utero and/or during infancy. The so-
called "Barker hypothesis" (Barker, 1997) proposes that adverse events in utero 
induce compensatory responses in the foetus that reflect "developmental 
plasticity" during this critical period (Bateson et al., 2004) and persist 
permanently. Among these factors, early-life diet and endocrine exposure may 
predispose or induce late-onset disease during postnatal life. As far as 
reproduction is concerned, a relationship was demonstrated between fecundity 
and early-life nutrition (Gardner et al., 2009). Developmental maturation of the 
hypothalamic-pituitary-gonadal axis has been shown to be susceptible to foetal 
programming, too (reviews in Rhind et al., 2001; Rhind, 2004). 
Exposure to environmental endocrine disrupting chemicals (EDCs) during 
pregnancy is associated with reduced sperm counts, increased incidence of 
testicular cancer and reproductive tract abnormalities either in human (for a 
review see Main et al., 2010) and in laboratory (Welsh  et al., 2008; Jacobsen et 
al., 2010) as well as domestic mammals (Rhind et al., 2010). Among reproductive 
organs, the testis is the most studied in consideration of its obvious function in 
gamete production and in endocrine secretory activity. The male genital tract was 
almost neglected by the literature on this item, however it has a relevant and 
pivotal role in male fertility control, which has been known for many years 
(Hamilton, 1973). Far from being unvarying conduits, the different portions of 
the extratesticular excurrent duct are environments with highly specialized 
regional differentiation at the basis of modulated secretory and absorptive 
functions. Next to a starting portion known to be highly absorptive, i.e. ductuli 
efferentes, the very elongated epididymal duct follows, whose proximo-distal 
histophysiologic variations have been a matter of discussion for a long time in 
the different animal species (for reviews see Gatti et al., 2004; Cornwall, 2009). 
Sperm maturation, a process which may require different microenvironments in 
relation to specific needs, takes place in the duct lumen, under the hormonal 
control. It is known that the epididymis (and maturing spermatozoa) are 
hormonally supplied by at least three different pathways: i) via blood 
vessels/systemic circulation; ii) directly from the lumen, since testicular 
androgens bombard the epididymis as lumicrine factors, bound to the androgen 
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binding protein produced by the Sertoli cells; iii) by synthesis by the epididymal 
epithelium itself, through the action of 5-alpha-reductase. 
The movement of fluids and small solutes in the epididymis is critical for adult 
sperm maturation and this process is regulated, in part, by the aquaporins. 
Aquaporins (AQPs) are channel proteins facilitating the rapid passive movement 
of water throughout the cell membranes (Jung et al., 1994). Aquaporin water 
channels are found in epithelia with a 10- to 100-fold higher capacity for water 
permeation in comparison with those devoid of these proteins (Agre et al., 
2002). The presence of AQPs in the male genital tract, where significant 
movements of fluids and molecules useful to sperm maturation are known to 
take place (Levine and Marsh, 1971), is therefore of primary importance (Huang 
et al., 2006). Many AQPs are known to be present in the rat male genital tract 
(AQP1, AQP2, AQP5, AQP8) (Badran and Hermo, 2002; Hermo et al., 2004, 
2008; Da Silva et al., 2006a,b), also belonging to the aquaglyceroporin group 
(AQP3, AQP7, AQP9, AQP10) (Pastor-Soler et al., 2001; Badran and Hermo, 
2002; Hermo et al., 2004, 2008), known to be permeable even to small solutes 
such as urea and glycerol. AQPs have been detected also in the genital tract of 
other mammals, such as the dog (Domeniconi et al., 2007, 2008) and the cat 
(Arrighi et al., 2010b). Some AQP molecules are known to be sexual steroid-
dependent (Fisher et al., 1998; Badran and Hermo, 2002; Pastor-Soler et al., 
2002; Oliveira et al., 2005; Picciarelli-Lima et al., 2006; Aralla et al., 2009). 
Impaired AQP expression can be a consequence of hormonal failure, as was 
hypothesized for AQP9 in rats suffering from diminished hormonal supply 
caused by hyponutrition during the fetal and neonatal life (Arrighi et al., 2010a).  
The potential adverse reproductive effects of in utero and lactational exposure to 
EDCs were investigated in rats with emphasis on epididymis (Scarano et al., 
2010), including immunohistochemical investigation of AQP9 expression, which 
was not significantly altered. 
 
Male fetuses from pregnant ewes exposed to EDCs contained in sewage sludge 
fertiliser (a “real life” exposure model) exhibit fewer testicular Sertoli and Leydig 
cells (Lea et al., 2010).  
It is conceivable that a minor hormonal contribution from these cell types might 
have worse rebounds over the epididymal histophysiology, which could be a 
further, indirect cause of diminished fertility in exposed subjects. The current 
study examined the effects of sewage sludge exposure on the expression of 
aquaporins in the late gestation fetal epididymis.  
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10.3 Materials and Methods 
 
10.3.1 Animals 
Pregnant ewes were exposed to sewage sludge fertiliser pastures from 0 to 140 
days of gestation. Never-exposed pregnant ewes served as controls. [Animal 
studies approved by local ethical committee and covered by UK Animals 
Scientific Procedures (1986)]. 
 
10.3.2 Tissue collection and processing 
Testes were promptly collected post mortem at day 140 of gestation (term = day 
145) from both exposed and control fetuses, after Cesarean deliver. Fetal 
epididymides were gently dissected free, then fragments of caput (including 
efferent ducts, EDs), corpus, cauda epididymis and proximal vas deferens were 
immediately immersed in Bouin‟s fluid and fixed for 24 h. Samples were stocked 
in ethanol 70%, then dehydrated and embedded in paraffin. Blocks were 
sectioned at 6 µm thickness and serial sections were stained with Haematoxylin–
Eosin for morphologic purposes or processed for immunohistochemistry. 
 
10.3.3 AQP-Immunohistochemistry 
Previously described immunohistochemical methods (Aralla et al., 2009; Arrighi 
et al., 2010a,b) were used for this study. 
Tris-buffered saline (TBS: 0.05 M Tris/HCl, 0.15 M NaCl) buffer was used for 
rinses throughout the whole procedure.  
After de-waxing and stocking in ethanol 70% overnight at 4°C, Bouin-fixed 
sections were washed and immersed in a freshly prepared 3% H2O2 solution for 
15 min to block the endogenous peroxidase activity, followed by incubation in 
1:20 normal goat serum (DakoCytomation, Denmark, code # X 0907) in TBS 
for 30 min to prevent background prior to incubating with primary antiserum. 
Sections were then incubated 24 hours in a humidity chamber at 4°C using the 
following antisera diluted in a specific antibody diluent (DakoCytomation, code 
# S 302283): rabbit polyclonal antibody against rat AQP1 (Alpha Diagnostic 
International, San Antonio, TX; Cat # AQP11-A) diluted 1:500; rabbit 
polyclonal antibodies against rat AQP4 produced in partnership with Sigma-
Genosys in the laboratory of Dr. Ali Mobasheri (Nottingham University), diluted 
1:1000; rabbit polyclonal antibodies against rat AQP7 produced in partnership 
with Sigma-Genosys in the laboratory of Dr. Ali Mobasheri (Nottingham 
University), diluted 1:500. 
The sections were then washed and incubated for 30 min with biotinilated goat 
anti-rabbit immunoglobulins (DakoCytomation, code # E 0432) diluted 1:200. 
Streptavidin-Biotin Complex (Vectastain® ABC Kit, code # PK-4001, Vector 
Laboratories, Inc., UK) was employed as revelation system. Immunoreactive 
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sites were visualized using a freshly prepared solution of 4 mg 3,3'-
diaminobenzidine tetrahydrochloride (DAB, Sigma) in 10 ml of a 0.5 M Tris 
buffer at pH 7.6 containing 0,1 ml of 3% H2O2 for 13-20 min. Sections were 
counterstained with Mayers' haematoxylin, dehydrated and mounted using 
Eukitt® (Bioptica, Milan, Italy). 
 
10.3.4 Staining controls 
Sections of adult sheep kidney served as positive controls for immunoreactions 
to AQP1. Positive control for AQP4 immunoreaction was performed utilizing 
sections of lamb lung (Fig. 2E). Sections of lamb spleen were employed as 
positive control for AQP7 immunoreactions (Fig. 3E). The specificity of the 
immunostainings was tested by negative controls, performed by (i) the use of 
non-immune rabbit serum (DakoCytomation, code # X 0903) in place of 
specific antisera; (ii) omission of the first layer. All of them resulted in the 
absence of immunoreaction (Figs. 1F, 2D, 3D). 
 
10.3.5 Evaluation of staining intensity  
Slides were observed and photographed under an Olympus BX50 
photomicroscope equipped with a digital camera (Axiocam MRc5) and 
AxioVision software for computer-assisted image acquirement and managing.  
The evaluation of staining intensities was based on subjective, blind estimates of 
two observers and visually assessed on an arbitrary 4 point scale (0 = negative, 
no staining; 1= very faint staining; 2= stain; 3= strong staining; 4= very strong 
staining). 
T test was employed to evaluate whether the means of the staining intensity 
values for the Exposed Group and the Control Group were statistically different 
from each other. Differences were considered to be significant at P<0.05. 
 

10.4 Results 
 
10.4.1 AQP1-immunoreactivity (Fig. 1) 

 CONTROL GROUP 

Strong AQP1 immunostaining was observed in the epithelium of the efferent 
ducts (EDs) (Figs. 1A, B, C), localized at the apical surface of the non-ciliated 
cells, corresponding to the microvilli projecting into the lumen. AQP1 
immunoreactivity IR was also present in the lateral plasma membranes of 
adjacent non-ciliated cells (Fig. 1C). No reaction was observed over the epithelial 
cells of any epididymal region or proximal vas deferens of foetal sheep (Fig. 1B, 
D). Otherwise, a decreasing intensity of immunoreactivity from the caput region 
to the vas deferens was noticed at the level of the smooth muscle cells 
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surrounding the duct (Fig. 1D). Intense AQP1-immunoreactivity was evidenced 
in the endothelial cells of blood vessels throughout all the genital tract from EDs 
to vas deferens (Fig. 1B, D, E).  

 EXPOSED GROUP 

AQP1-immunostaining was present with the same localizations observed in the 
Control Group, e.g. in the apical surface epithelium of the non-ciliated cells in 
the EDs, and at the level of the smooth muscle cells surrounding the epididymal 
duct, from the caput region to the vas deferens. As in the Control Group, 
intense AQP1-immunoreactivity was evidenced in the endothelial cells of blood 
vessels throughout all the genital tract from EDs to vas deferens.  
 

10.4.2 AQP4-immunoreactivity (Fig. 2) 

 CONTROL GROUP 

Intense immunoreactivity was present in the lateral plasma membranes of ED 
epithelial cells (Fig. 2A, arrows) and, most of all, a strong AQP4 immunostaining 
encircled the cell nuclei all around. 
No staining was observed in the region of the caput and corpus of epididymis 
(Fig. 2C). 

 EXPOSED GROUP 

Intense immunoreactivity was present in the lateral plasma membranes of ED 
epithelial cells (Fig. 2B, arrows), encircling the cell nuclei all around, similarly to 
the Control Group. 
No staining was observed in the region of the caput and corpus of epididymis. 
 

10.4.3 AQP7-immunoreactivity (Fig. 3) 

 CONTROL GROUP 

The ED epithelium showed an intense immunoreactivity, largely localized at the 
apical membrane and supranuclear cytoplasm (Fig. 3A). In the epididymis, 
AQP7-immunoreactivity was mainly expressed in the epithelium of the corpus 
region, localized in the baso-lateral membrane of the principal cells (Fig. 3C).  

 EXPOSED GROUP 

In the ED epithelium, no staining was present in the apical surface of the 
principal cells (Fig. 3B). 

In the epididymis, faint AQP7-immunoreactivity was expressed in the epithelium 
of the corpus region, localized in the baso-lateral membrane of the principal 
cells.  
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10.4.4. Evaluation of staining intensity  

AQP1, 4 and 7-immunoreactivities were evaluated at a level of blood vessels, 
efferent ducts, head, body and tale of epididymis and vas deferens, and also in 
myoid cells and connective tissue in the Exposed Group and the Control Group.  
Fig. 1 shows the statistical difference of the staining intensity values in the two. 
Differences were considered to be significant at P<0.05.  

A B

C D

E F
Fig. 1 AQP1 expression in Exposed and Control Groups:

 A, B, C: Aqp1 is expressed on the apical surface of Efferent Ducts non-ciliated cells and lateral plasma 
membranes; D: muscular layer surroung epididymal duct shows AQP1-immunoreactivity; B, D, E: AQP1 is 

evident in the endothelial cells of blood vessels from EDs to vas deferens; F:negative control

ED

EP
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A B

C D
Fig 2: AQP4 expression in Exposed and Control Groups:
A and B: Efferent Ducts (ED): epithelial cells showed an intense immunoreactivity of the lateral plasma membrane  

either in control (A) and in exposed group (B). Strong AQP4 immunostaining seemed to encircle epithelial nuclei all 

around (arrows); C:  No staining was observed in the region of the caput and corpus of epididymis; D: negative 
control; E: lamb lung, positive control.

E
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Fig. 4: The staining intensity of AQP7 was evaluated significantly stronger (p=0,012) in the ED of the 
Control Group. 
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10.5 Discussion 

 
Environmental chemicals similar in structure to estrogen or androgen can bind 
to steroid receptors and interfere with the endocrine functions.  The effects of 
the exposure to these chemicals in the fetal stage are responsible of reproductive 
abnormalities in adulthood.  
The presence of Aquaporins (AQPs) in the male genital tract, where significant 
movements of fluids and molecules useful to sperm maturation take place, is of 
primary importance and it seems regulated by estrogen (Fisher et al., 1998).  
In this study we supposed that the exposure to environmental chemicals during 
gestation could modulate hormonal functions and influence Aquaporins 
expression in male sheep fetal epididymis. 
AQP1 immunoreactivity was detected in the apical and lateral plasma 
membranes of non-ciliated cells in efferent ducts; smooth muscle cells 
surrounding epididymal ducts and microvascular endothelia throughout the 
epididymis. For the first time in sheep we reported that AQP4 was 
immunolocalised to the efferent ducts and throughout the epididymis and AQP7 
was detected primarily in the efferent ducts.  
The high incidence of reproductive abnormalities in human males at birth 
(cryptorchidism and hypospadias) and in adulthood (e.g. low-sperm counts), 
together with the evidence of temporal changes in incidence of these disorders, 
especially of falling/low-sperm counts (Swan et al., 2000), is at least consistent 
with environmental impacts (Skakkebaek et al., 2001).  
The first report (Saito et al., 2004) on AQP7 expression in the human testis and 
ejaculated sperm from fertile men and from infertile patients suggests the 
possible roles of AQP7 in male infertility. AQP7 may be involved in the 
maintenance of sperm motility, and a lack of AQP7 expression in sperm may be 
an underlying mechanism of male infertility. The role of AQP7 in the transfer of 
water and/or glycerol in sperm differentiation and function is still not clear.  
Our data give the first indication of the presence of AQP7 in EDs of sheep; this 
must be confirmed by additional appropriate controls but can be considered as 
original with respect to investigations carried out on the male reproductive tract 
of ruminants. Efferent ductules are very important reabsorptive segments of the 
male reproductive tract, where between 50 and 90% of the luminal fluid secreted 
by seminiferous tubules is reabsorbed (Levine and Marsh, 1971). In our study we 
found that the expression ao AQP7 in the Control Group was significantly 
higher than in the Exposed ones. We suppose that the exposure to EDCs may 
affect hormonal regulation decreasing functional reabsorptive activity in the 
EDs. Sudies on  effects of EDC mixture in rodents have not so far addressed 
effects on sperm counts/sperm production, although the reported adverse 
effects on foetal testis development including suppression of androgen 
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production/ action would be expected to reduce Sertoli cell proliferation in 
foetal life (Scott et al., 2008). Similar results have also been found in the foetal 
sheep after pregnant ewes were reared on pasture fertilised with sewage sludge 
(Paul et al., 2005); specifically, foetal blood testosterone levels were reduced 
alongside of reductions in Leydig, Sertoli and germ cell numbers. Although these 
effects were considerable, they did not allow dissection of mechanisms and of 
cause and effect relationships. Fetal plasma testosterone measurements could be 
useful. On the basis of rodent studies, it would be expected that reduced intra-
testicular testosterone concentrations during development would result in 
reduced Sertoli cell number in the adult (Scott et al., 2007). However, studies in 
the rat have also shown that even when Sertoli cell number is reduced at birth by 
40% to 50%, compensation occurs rapidly after birth so that normal Sertoli cell 
numbers are restored by puberty and maintained into adulthood (Scott et al., 
2008). However, this recovery occurred following cessation of the causal 
treatment (in this instance, dibutyl phthalate) and so it could be argued that 
continued EDC exposure through foetal and postnatal life, which is more akin 
to „real world‟ exposures, might interfere with compensatory Sertoli cell 
proliferation; this possibility remains to be tested.  
AQP1 was mainly localized in the apical membrane of non-ciliated cells (Badran 
and Hermo, 2002) at all ages from late fetal life through puberty to adulthood 
(Fisher et al., 1998). Fisher et al. (1998) also demonstrated in marmoset the role 
of estrogen in modulating fluid resorption from the EDs during fetal/neonatal 
development and in development of EDs and rete testis. Our results did not show 
significant differences in expression of AQP1 staining between Exposed and 
Coltrol Group. It should be important in the future compare the expression of 
ERα and ERβ with AQP1. 
All the results obtained suggest that exposure to environmental chemicals may 
affect the capacity of efferent ducts to transport water and small solutes thus 
influencing fluid resorption, protein synthesis and secretion. Ultimately, this may 
impact on sperm viability in the adult 
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12. Summary 
 
The discovery of aquaporins has greatly enhanced our understanding of the 
molecular basis of the transport of water across membranes, and has prompted a 
reconsideration of the determinants of the water permeability of membranes. It 
is now evident that membrane water permeability can be regulated independently 
of solute permeability. Elucidation of the structural determinants of pore 
specificity should facilitate the design and discovery of channel-modulating 
agents. Studies of gene expression, as well as studies of protein stability, might 
reveal mechanisms for manipulating the level of aquaporin expression. The 
degree to which aquaporins determine membrane water permeability in specific 
tissues probably varies depending on both the organ and the context. However, 
as their physiological roles are defined, it will become increasingly appealing to 
consider aquaporins as specific therapeutic targets for various pathophysiological 
conditions in which the disruption of water homeostasis is a principal 
manifestation. 
The landmark discovery of AQPs starts the era of molecular water channels, 
which has permeated virtually every branch of biology and medicine. 
A number of recent studies have revealed the importance of mammalian AQPs 
in both physiology and pathophysiology and have suggested that 
pharmacological modulation of aquaporin expression and activity may provide 
new tools for the treatment of variety of human disorders, such as brain edema, 
glaucoma, tumour growth, fertility and obesity in which water and small solute 
transport may be involved. 
Since multiple isoforms of AQPs are differentially expressed in cells and tissues, 
their localization to specific cells and membrane domains is critical to 
understanding the role of each AQP in the transfer of water and small solutes. 
 
Balancement of water concentration within the uterine environment is important 
in every reproductive moment of a female mammal life. Rapid transcellular water 
movements are facilitated by AQPs that increase plasma membrane permeability. 
The results from my research showed that AQP-mediated water movement 
between the intraluminal, interstitial, and capillary compartments is crucial in the 
uterine imbibition mechanism in the bitch, including periodic stromal oedema in 
preparation for embryo implantation, with evidence that the expression of 
different AQPs can be regulated by steroid sex hormones. Also, the importance 
of the AQP-mediated fluid regulation in uterine environment in the peri-
implantation period is known in the woman and laboratory mammals, to assure 
the successful implantation of blastocyst and its survival. The establishment of 
pregnancy and its maintenance is dependent on strict synchronization of uterine 
receptivity with embryonic maturation. Water homeostasis during foetal 
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development is of crucial physiologic importance. Amniotic fluid (AF) provides 
the fluid-filled compartment that is essential for normal foetal growth, 
movement and development. Placental water flux is an important factor in 
determining AF volume and fetal hydration, too.  AF changes during gestation 
may be dependent on modulations in solute as well as water permeability and 
changes in AQPs during gestation suggest their role in mediating placental and 
membrane water flow. 
AQPs are channel proteins expressed in cell membranes of many epithelia 
involved in fluid transport and several AQPs have been identified in adult rat 
excurrent ducts, where considerable fluid resorption occurs. Concerning the 
morphological changes allowed by the AQP influence in the male reproductive 
tract I considered first of all the role of AQPs in the epididymis of a domestic 
species, the cat, and two animal models, the rat and the lamb. 
Ultrastructural features of the epithelium lining the efferent ducts (ED) in the 
cat, as in other mammalian species, are strongly indicative of an absorptive 
activity taking place towards the intraluminal fluids. It is well-known that more 
than 95% of the fluid leaving the testis is reabsorbed by the ED, but the cell 
structures involved in the resorption processes are still a matter of debate. The 
purpose of the present work was to study the absorptive pathways in the ED of 
adult cats by means of 1) the immunohistochemical localization of different 
isoformes of the AQPs and 2) the localization and the carbohydrate 
characterization of the endocytotic apparatus by means of the lectin 
histochemistry.  AQP-mediated trans-cellular route together with fluid phase 
glycocalix-mediated endocytosis.  
Maternal undernutrition and, under certain circumstances, overnutrition, during 
pregnancy or during early postnatal life can alter reproductive function of the 
offspring. It is known that epididymal morphology in adult rats is affected by 
undernutrition during fetal to prepubertal life. For this study I tested the 
influence of pre- and postnatal undernutrition on AQP-expression in the adult 
male genital tract.  
Exposure to environmental endocrine disrupting chemicals (EDCs) during 
pregnancy in animals and humans is associated with reduced sperm counts and 
increased incidences of testicular cancer and reproductive tract abnormalities. 
Although male fetuses from pregnant ewes exposed to EDCs contained in 
sewage sludge fertiliser (a “real life” exposure model) exhibit fewer testicular 
Sertoli and Leydig cells, the epididymis has not been investigated. The 
movement of fluids and small solutes in the epididymis is critical for adult sperm 
maturation and this process is regulated, in part, by the AQPs. I examined the 
effects of sewage sludge exposure on the expression of AQPs in the late 
gestation fetal epididymis.  
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The results I obtained suggest that exposure to environmental chemicals may 
affect the capacity of efferent ducts to transport water and small solutes thus 
influencing fluid resorption, protein synthesis and secretion. Ultimately, this may 
impact on sperm viability in the adult. 
Another research item was the study of some factors which control the growth 
of the gubernaculum testis and regression of the cranial suspensory ligament 
during foetal development, resulting in transabdominal descent of the testes. 
INSL3, also known as Leydig insulin-like peptide or relaxin-like factor, is 
supposed to induce the growth of the gubernaculum in male foetuses, thus being 
directly responsible for the testicular descent in humans and rodents. This is 
believed to happen with the LGR8 receptor intervention. A study led during my 
PhD provides evidence of the immunolocalization of INSL3 in the Leydig cells 
of dog male foetuses and of LGR8 receptor in different tissues of the 
gubernaculums testis of the same foetuses. AQPs are also involved in the water 
imbibition of gubernaculum testis: dog foetuses gubernacula showed a high 
expression of AQP1, AQP3, AQP4 and AQP9 respectively in blood vessels, 
smooth muscles, connective tissue and fat. 
As well known AQPs are ubiquitarly distributed in the body maintaining all the 
same the specific function as channels to permeate water and small solutes. I 
collaborated with the University of Perugia regarding the immunolocalization of 
AQP5 in the sheep salivary glands in relation to the pasture vegetative cycle. 
AQP5 is widely expressed in exocrine glands; in particular, in the rat salivary 
glands AQP5 is highly expressed in the apical plasma membrane of serous acinar 
cells, in the secretory canaliculi and in the intercalated duct cells, while it is 
lacking in mucous acinar cells and in striated ducts, indicating its important role 
in the saliva production (further supported by the observation of markedly 
depressed rates of salivary secretion in APQ5-deficient mice. I studied the 
presence of AQP5 in sheep parotid and mandibular glands, and its expression in 
the different stages of pasture vegetative cycle. AQP5 is expressed in parotid 
gland and the reactivity was higher when animals were fed on grasslands at the 
end of vegetative cycle than on grasslands at the maximum of vegetative 
development.  
Ultimately I collaborated to a study created by the Reproduction Unit of the 
University of Milan regarding the relationship between nutrition and 
reproductive efficiency in the mare. 
Leptin, the hormone product of ob gene expression, is an important endocrine 
indicator of adipose mass and nutritional status, as well as an important regulator 
of various aspects of feed intake, growth, metabolism and reproduction. Leptin 
amount in the blood is proportional to body energy stores and/or body mass, 
so, inadequate nutrition might impair reproductive function leading, for example, 
to the delayed onset of puberty. Indeed, the onset of puberty in humans and 
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animals is associated with an increase in fat and consequent increase in 
circulating leptin, suggesting that leptin may be required for normal growth and 
development of reproductive organs. In the mare, besides many reports 
quantifying the correlation of circulating concentration of leptin with body 
condition scores1,2, only few informations exist about the presence of leptin 
(Ob) and leptin receptor (Ob-R) in the ovary or in the oocyte. The results 
support the hypothesis that in the horse leptin is differently localized during 
oocyte IVM showing different immunoreaction intensity related either to the 
horse breed or to the reproductive puberal development. The presence of leptin 
in the ovary could suggest a possible involvement in oocyte maturation, 
angiogenesis, follicle rupture or subsequent corpus luteum formation. Moreover, 
leptin may be involved in the determination of the animal pole of the oocyte and 
in the establishment of the inner cell mass and trophoblast in the embryo. 
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