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Abstract 





The placenta is considered to be the major organ for the regulation of the exchange of 

solutes and nutrients between the conceptus and the dam. Because of this function, 

during pregnancy, both uterus and placenta concomitantly undergo several structural 

changes to prepare the endometrium for further implantation and fetal development. 

Fluid balance and glucose metabolism are essential mechanisms to prepare the 

epithelium and stroma for embryo implantation and are also involved in the fetal 

development by providing nutrition to the developing conceptus. These mechanisms are 

accomplished by water transporters, named aquaporins (AQPs), and glucose 

transporters (GLUTs). AQPs and GLUTs have been widely studied in the female 

reproductive tract of many species.  

The aims of this study were: 

• To determine the expression and location of AQPs 1, 2, 3 and 8 and GLUTs 1 

and 3 in the queen uterus and placental transference zone. 

• To determine a possible correlation between the expression of these proteins 

with serum levels of progesterone. 

• To determine a possible correlation of these proteins between them at different 

sexual and gestational phases. 

• To determine variations in AQP2 activity during queen pregnancy by evaluating 

the changes in the tyrosine phosphorylation levels of AQP2. 

 

Queens were divided firstly into two groups: pregnant and non-pregnant queens. After 

that, pregnant queens were divided into 30, 40, 50 and 60 days of pregnancy according 

to the diameter of the fetal vesicle. Non-pregnant queens were divided into ovulated and 

non-ovulated queens according to serum levels of progesterone. Samples from 

endometrium and placental transference zone were evaluated by immunoblotting and 

immunohistochemistry techniques.  

AQPs 1, 2, 3, 8 were present in the cells from both endometrial luminal and glandular 

epithelia and the placental transference zone during different sexual and gestational 

phases by western blotting and immunochemistry. AQPs 2, 3 and 8 have been located in 

the chorionic layers while AQP1 was absent, contrary to what has been described by 

other authors. No statistically significant changes in AQPs expression was observed at 

the different sexual and gestational phases. However, changes in the location of AQP2 

and 8 related to serum progesterone levels were observed. Thus, when serum levels of 



progesterone were low (<1ng/ml), these AQPs were located only in the cell membrane 

of luminal and glandular epithelia.  When serum progesterone were high (>2ng/ml), 

these APQs were in both cell membrane and cytoplasm from luminal and glandular 

epithelia. Moreover, AQP2 activity was not regulated by tyrosine phosphorilation. 

GLUT1 and 3 were also present in luminal and glandular epithelial cells from the 

endometrium and in the chorionic layer of the placental transference zone. No 

statistically significant changes in GLUTs expression were observed among the 

different sexual and gestational phases.  

Finally, AQP2 showed a positive correlation with progesterone levels, while AQP1 and 

GLUT3 showed a negative correlation with serum progesterone levels. In addition, 

AQP1 and AQP3 showed a negative correlation between them in the evaluated phases. 

In conclusion, the present study confirms the presence of AQPs 1, 2, 3, 8 and GLUTs 1, 

3 in the queen endometrium and placental transference zone across different sexual and 

gestational phases as it has been previously described in other species, although with 

some specific differences. 



La placenta está considerada como el órgano principal encargado del transporte de 

solutos y nutrientes entre madre y feto. Por su característica función, durante la 

gestación, tanto el útero como la placenta sufren diversos cambios estructurales para la 

preparación del endometrio para la futura implantación y desarrollo fetal. 

El balance hidrológico y el metabolismo glucídico son mecanismos esenciales para la 

preparación del epitelio y del estroma para la implantación del embrión, estando 

también involucrados en el desarrollo fetal proporcionando una correcta nutrición al 

feto en desarrollo. Estos mecanismo son llevados a cabo mediante transportadores de 

agua denominados acuaporinas (AQPs) y transportadores de glucosa (GLUTs). Tanto 

las AQPs como los GLUTs han sido descritos ampliamente en el aparato reproductor 

femenino en una gran variedad de especies. 

Los objetivos de este estudio fueron: 

• Determinar la expresión y localización de las AQPs 1, 2, 3 y 8 además de los 

GLUTs 1 y 3 en el útero y la zona de transferencia placentaria de las gatas. 

• Determinar una posible correlación de estas proteínas con los niveles séricos de 

progesterona. 

• Determinar una posible correlación de estas proteínas entre ellas a diferentes 

fases sexuales y gestacionales. 

• Determinar variaciones en la actividad de la AQP2 durante la gestación de la 

gata mediante la evaluación de cambios en su fosforilación de residuos de 

tirosina. 

 

Las gatas se dividieron inicialmente en dos grupos: gestantes y no gestantes. Tras ello, 

las gatas gestantes se dividieron en 30, 40, 50 y 60 días de gestación según el diámetro 

de la vesicular embrionaria. Las gatas no gestantes se dividieron entre ovuladas y no 

ovuladas según sus niveles séricos de progesterona. Las biopsias realizadas de útero y 

zona de transferencia placentaria se evaluaron mediante técnicas de inmunoblotting e 

inmunohistoquímica. 

Las técnicas de inmunoblotting e inmunohistoquímica revelaron la expresión de las 

AQPs 1, 2, 3, 8 en las células epiteliales del endotelio laminar y glandular además de en 

la zona de transferencia placentaria durante las diferentes fases sexuales y gestacionales. 

Las AQPs 2, 3 y 8 se expresaron en las capas coriónicas, mientras que la AQP1 no 

mostró ninguna expresión en las células del córion, contrariamente a lo anteriormente 



descrito por otros autores. Estas AQPs no mostraron cambios estadísticamente 

significativos durante las diferentes fases sexuales y gestacionales. Sin embargo, se 

observaron cambios en la localización de las AQPs 2 y 8 relacionados con los niveles 

séricos de progesterona. Así, cuando los niveles de progesterona sérica eran bajos 

(<1ng/ml), éstas AQPs sólo mostraron su localización en la membrana citoplasmática 

de las células endoteliales del epitelio laminar y glandular. Cuando los niveles séricos 

de progesterona eran altos (>2ng/ml),  éstas acuaporinas se encontraron tanto en la 

membrana citoplasmática como repartidas por todo el citoplasma del epitelio laminar y 

glandular. Además, la actividad de las AQP2 no estaba regulada por la fosforilación de 

tirosina. 

Los GLUTs 1 y 3 también estaban presentes tanto en el epitelio laminar como en el 

epitelio glandular del endometrio y en las capas coriónicas de la zona de transferencia 

placentaria. No se encontraron cambios estadísticamente significativos en su expresión 

a lo largo de las distintas fases sexuales y gestacionales. 

Finalmente, la AQP2 mostró una correlación positiva y significativa con los niveles 

séricos de progesterona, mientras que la AQP1 y el GLUT3 mostraron una correlación 

negativa con los niveles de progesterona. Además, las AQPs 1 y 3 mostraron una 

correlación negativa y significativa entre ellas en todas las fases evaluadas. 

En conclusión, éste estudio confirma la presencia de las AQPs 1, 2, 3, 8 y de los GLUTs 

1 y 3 en el endometrio y en la zona de transferencia placentaria de la gata a lo largo de 

diferentes fases sexuales y gestacionales como ha sido previamente descrito en otras 

especies a pesar de ciertas diferencias específicas. 



La placenta està considerada com el principal òrgan encarregat del transport de soluts i 

nutrients entre la mare i el fetus. Per la seva funció característica, durant la gestació, tant 

l’úter com la placenta pateixen diversos canvis estructurals per a la preparació de 

l’endometri per la futura implantació y desenvolupament fetal.  

El balanç hidrològic y el metabolisme glucídic són mecanismes essencials per a la 

preparació de l’epiteli i de l’estroma per a l’implantació del embrió, estant també 

involucrats al desenvolupament fetal proporcionant una adequada nutrició al fetus en 

creixement. Aquests mecanismes són duts a terme mitjançant transportadors d’aigua 

denominats aquaporines (AQPs) i transportadors de glucosa (GLUTs). Tant les AQPs 

com els GLUTs s’han descrit ampliament a l’aparell reproductor femení a una gran 

varietat d’espècies.  

Els objectius d’aquest estudi van ser: 

• Determinar l’expressió i localizació de les AQPs 1, 2, 3 y 8 ademés dels GLUTs 

1 i 3 a l’úter i zona de transferència placentària de les gates. 

• Determinar una possible correlació d’aquestes proteïnes amb els nivells sèrics de 

progesterona.  

• Determinar una possible correlació d’aquestes proteïnes entre elles a diferents 

fases sexuals i gestacionals.  

• Determinar variacions en l’activitat de l’AQP2 durant la gestació de la gata 

mitjançant l’evaluació de canvis a la seva fosforilació de residus de tirosina. 

 

Les gates es van dividir inicialmente en dos grups: gestants i no gestants. Després 

d’això, les gates gestants es van dividir en 30, 40, 50 i 60 díes de gestación segons el 

diàmetre de la vesícula embrionaria. Les gates no gestants es van dividir entre ovulades 

i no ovulades segons els nivells sèrics de progesterona. Les biopsies realitzades d’úter i 

zona de transferència placentària es van evaluar mitjançant tècniques d’inmunoblotting i 

inmunohistoquímica.  

Les tècniques d’inmunobloting i inmunohistoquímica van revelar l’expressió de les 

AQPs 1, 2, 3, i 8 a les cèl.lules epitelials de l’endoteli laminar i glandular ademés de a la 

zona de transferència placentaria durant les diferents fases sexuals i gestacionals. Les 

AQPs 2, 3 i 8 es van expresar a les capes coriòniques mentres que l’AQP1 no va 

mostrar cap tipus d’expresió a les cèl.lules del còrion, contrariament al que van 

descriure anteriorment diversos autors. Aquestes AQPs no van mostrar canvis 



estadísticament significatius durant les diferents fases sexuals i gestacionals. D’altra 

banda, es van observar canvis de localització de les AQPs 2 i 8 relacionats amb els 

nivells sèrics de progesterona. D’aquesta manera, quan els nivells de progesterona 

sèrica eren baixos (<1ng/ml), aquestes aquaporines només estaven localitzades a la 

membrana citoplasmàtica de les cèl.lules endotelials de l’epiteli laminar i glandular. 

Quan els nivells de progesterona sèrica eren alts (>2ng/ml), aquestes aquaporines es van 

trobar localitzades tant a la membrana citoplasmàtica com repartides per tot el 

citoplasme de l’epiteli glandular i laminar. Ademés, l’activitat de l’AQPs no estava 

regulada per la fosforilació de tirosina. 

Els GLUTs 1 i 3 també estaven presents tant a l’epiteli laminar com a l’epiteli glandular 

i a les capes coriòniques de la zona de transferència placentària. No es van trobar canvis 

estadísticamente significatius en la seva expresió al llarg de les diferents fases sexuals i 

gestacionals.  

Finalment, l’AQP2 va mostrar una correlación positiva i significativa amb els nivells 

sèrics de progesterona, mentre que l’AQP1 i el GLUT3 van mostrar una correlació 

negativa. Ademés, les AQPs 1 i 3 van mostrar una correlació negativa i significativa 

entre elles a totes les fases evaluades. 

En conclusió, aquest estudi confirma la presència de les AQPs 1, 2, 3, 8 i els GLUTs 1 i 

3 a l’endometri i a la zona de transferència placentària de la gata al llarg de diferents 

fases sexuals i gestacionals com ha sigut previament descrit en altres espècies a malgrat 

de certes diferències específiques.  

 



 
 
 
 
 
General introduction





Pregnancy is the physiological event during which one or more offspring develops 

inside a female. It is considered the result of a very complex process that includes the 

production and ovulation of healthy oocytes, the fertilization with semen of good 

quality, the implantation of the embryos in a healthy uterus and the maintenance of the 

pregnancy until parturition (Carson et al., 2000; Jonhston et al., 2001). Queen 

pregnancy lasts approximately 65 days from fertilization to parturition with different 

size litters (Jonhston et al., 2001). 

 

1.- PLACENTATION 

 

For fetal development in mammals, placenta is mandatory. Placenta is considered an 

important communicating organ between the dam and the fetus that ensures the success 

of pregnancy by means of several changes as growth and differentiation (Carson et al., 

2000). Its principal function is to transport nutrients and waste products between the 

dam and the fetus (Damiano et al., 2011). Placenta is in charge of the hemotrophic 

nutrition, meaning the transfer of nutrients from the dam to fetal blood, which is 

complemented with the histotrophic nutrition (maternal blood cells, uterine secretion 

uptake or cellular debris) (Enders et al., 2006).  

 

The placenta regulates the exchange between the fetus and the dam by simple diffusion 

(gas and water), facilitated diffusion (glucose, amino acids), active transport (sodium, 

potassium and calcium pumps), pinocytosis and phagocytosis (Enders et al., 2006). 

Lipids are unable to cross the placenta. However, placenta is able to synthesize new 

lipid components for fetal use from hydrolyzed maternal triglycerides and 

phospholipids. Fat-soluble vitamins neither cross the placenta easily, while water-

soluble vitamins can pass through without any difficulty (Senger, 2003). In addition to 

nutrients transport, the placenta has also an endocrine function and it is able to produce 

a variety of hormones, which are important for the maintenance of pregnancy and 

parturition induction (Senger, 2003). 

 

Placenta is formed by a maternal component and a fetal component. The maternal 

component implies the modifications that the endometrium undergoes after 

implantation. As fetal components we can describe the amnion, allantoides and chorion. 



The chorion, the fetal contribution to the placenta, is composed of several chorionic 

villi, which are projections of the chorionic surface that invade the maternal 

endometrium and are considered as the functional part of the fetal placenta. 

 

The placenta can be classified, on the one hand, according to the number of layers that 

separate maternal and fetal blood. Thus, placentas can be classified as epitheliochorial, 

endotheliocorial and hemochorial (Senger, 2003). 

 

a) Epitheliochorial: Characteristic of sow and mare (Fig.1). This kind of placenta is the 

least intimate. The maternal endometrial epithelium is intact as the chorionic villi 

epithelium is. Ruminants also have an epitheliochorial placenta, but in this case, an 

erosion of the endometrial epithelium exists that later grows again exposing the 

maternal capillaries to the chorion. It is termed as syndesmochorial placenta. 

 

 
Fig.1 Epitheliochorial placenta. CC, Chorionic capillaries; CI, Chorionic 

interstitium; CE, Chorionic epithelium; EE, Endometrial epithelium; EI, 

Endometrial interstitium; EC, Endometrial capillaries. Image based on Senger. 

2003. 

 

b) Endotheliochorial: Characteristic of carnivores (Fig. 2). The endometrial epithelium 

is completely eroded and underlined by the interstitium. Because of that, the 



chorionic epithelium has a direct exposition to the maternal capillaries. As 

pregnancy progresses, the endometrial epithelium disappears. 

 

 
Fig.2 Endotheliochorial placenta. CC, Chorionic capillaries; CI, Chorionic 

interstitium; CE, Chorionic epithelium; EE, Endometrial epithelium; EI, 

Endometrial interstitium EC, Endometrial capillaries. Image based on Senger 

(2003). 

  

c)  Hemochorial. Characteristic of primates and rodents (Fig. 3). The chorion is in 

direct contact with the maternal blood. Nutrients and gases exchange occurs directly 

from maternal blood. 

 



 
Fig.3 Hemochorial placenta. CC, Chorionic capillaries; CI, Chorionic interstitium; 

CE, Chorionic epithelium; ER, Erytrocytes; MB, Maternal blood; VE, Vascular 

endothelia. Image based on Senger  (2003). 

 

On the other hand, placentas can be also classified according to the chorionic villi 

distribution on their surfaces, providing a distinct anatomical appearance. Thus, 

placentas are classified in diffuse, zonary, discoid and cotyledonary (Senger, 2003). 

 

1) Diffuse placentas are characteristic of sow and mare. Chorionic villi are evenly 

distributed all over the entire chorionic surface.  

2) Cotyledonary placentas are characteristic of ruminants. The cotyledons are 

unions of trophoblast with the connecting tissue. Fetal and maternal cotyledons 

union forms the placentome, creating the caruncular regions of the uterus. 

Previous to the formation of placentomes, ruminant placenta is mostly diffuse, 



until the chorionic villi starts to create crypts in the caruncular site originating 

the placentomes and transforming the placenta into a cotyledonary type. 

3) Zonary placentas are characteristic of carnivores. Chorionic villi are distributed 

forming a girdle localized in the central area of the placenta. Laterally to this 

exchange area, pigmented bilateral ring-like regions composed by hematomas 

are present. 

4) The discoid placenta is found in rodents and primates. The chorionic villi are 

distributed in one or two discs. The chorionic villi interface with the 

endometrium forming the area of exchange of waste and where nutrition takes 

place. 

 

1a.- Carnivorous placentation 

 

In carnivores such as dog and cat, as it has been stated above, placentation is defined as 

endotheliochorial zonary with a complete girdle in dogs and an incomplete one in cats 

(Miglino et al., 2006) (Fig. 4).  

 

 
Fig.4 Carnivore placenta. M, Myometrium; E, Endometrium; AC, Allantochorion; 

AL, Allantois; YS, Yolk sac; AM, Amniotic cavity. Image based on Senger (2003). 



 

Zonary placenta includes a region of exchange, which forms a broad zone around the 

chorion and near the middle of the conceptus, named the placental transference zone. A 

second region, named paraplacenta, is bilaterally located at the ends of the transference 

zone. It consists in a highly pigmented ring composed of small hematomas and it is 

important for iron transport from the dam to the fetus (Senger, 2003). The 

allantochorion is considered a third placental zone, which is characterized by a poor 

vascularization and is involved in the direct absorption of materials of the uterine lumen 

(Senger, 2003) (Fig. 5). 

 

 
Fig.5  Carnivore placenta. AC, Allantochorion; YS, Yolk sac; PZ, Pigmented zone; 

TZ, Transference zone; FC, Fetal circulation. Image based on Senger (2003). 

  

When the carnivore placenta is evaluated under the microscope, it can be defined as an 

endotheliochorial placenta, characterized by a complete erosion of the endometrial 

epithelium and the underlying interstitium. In this case, maternal capillaries are directly 

exposed to the chorionic epithelium. This type of placenta is so invasive that the 

endometrial epithelium around the maternal capillaries finally disappears.  

 

In the domestic queen, once ovulation has ocurred, endometrial glands and myometrium 

modifications facilitate the implantation of the conceptus, which takes part 12-14 days 

after ovulation by means of the initial invasion of the trophoblasts (Leiser, 1979). After 

this event, most of the changes occur mainly in the endometrium. Before day 20th of 



pregnancy, where the embryonic allantochorion membrane will provide the surface for 

attachments to the endometrium, the cat embryo nutrition is supplied by a 

choriovitelline placenta (Edwards et al., 1993), creating the yolk sac and playing a 

significant role early in pregnancy. It is from mid pregnancy on when endometrial 

glands supplies histiotrophic nutrition. As pregnancy progresses to terminus, the 

chorionic placental labyrinth increases its thickness to ensure fetal nutrition (Aralla et 

al., 2012). 

 

2.- WATER TRANSPORT 

 

Water is considered to be crucial in all processes for living cells and its movement 

across the plasma membrane is fundamental for water homeostasis during fetal 

development (Sha et al., 2011). On the early ‘90s, a 28kDa protein was found in the red 

blood cells and renal tubules, and named CHIP 28 (Channel-like Integral Protein of 28 

kDa) (Agre et al., 1987). It was organized in tetramers and was selectively permeable to 

water, explaining the high permeability of the membranes where that protein was 

present (Agre et al., 1987; Smith & Agre 1991; Preston et al., 1992). This protein was 

finally named as aquaporin 1 (AQP1) after being cloned and sequenced by Peter Agre, 

who was awarded in 2003 with the Nobel Prize in chemistry for his work on aquaporins 

(Preston & Agre, 1992; Moon et al., 1993; Agre et al., 1993). Since this discovery, a lot 

of research has been performed and other proteins with the same characteristics have 

been discovered and named as aquaporins with a sequential number according to the 

order of discover. To date, a total of 13 aquaporins have been described in mammals. 

 

2a.- Molecular structure, function and location of aquaporins (AQPs) 

 

AQPs are regulated by many intracellular factors like pH and phosphorylation, mainly 

mediated by protein kinase A (Denker et al., 1998). The structure of AQPs consists in 

six domains which are connected by five loops where each polypeptide (formed by a 

single chain with approximately 270 amino acids) has a terminal amino and carboxyl 

groups and are always located in the cell cytoplasm (Denker et al., 1998). These loops 

can be extracellular loops (A, C, and E) and intracellular loops (B and D) (Yasui et al., 

1999). All AQPs are conformed by two very similar halves which are joined by the loop 



C, which have a structural function (Saparov et al., 2007), while B and E loops are 

essential for water permeability and pore formation (Tsukaguchi et al., 1998) (Fig. 6). 

AQPs are tetrameric structures (Tsukaguchi et al., 1998), but some of them can form 

smaller oligomers such as AQP4. 

The function of most of the AQPs can be inhibited by mercury (Hg2+) because of a 

cysteine residue (Cys-189) in the E loop. However, AQP 4 and 6 are activated by Hg2+ 

(Yasui et al., 1999). 

 

 
Fig.6 Molecular structure of aquaporins. The hourglass model (Jung et al., 1994). 

 

Aquaporins (AQPs) are considered small (about 28-35kDa) hydrophobic integral 

cellular membrane proteins with the functional role of water transport and permeability 

increase of the lipid bilayer membrane (Agre, 2004). Its water permeability is in the 

order of 3x109 water molecules per second for AQP1 and closer digits to the other 

aquaporins (Ishibashi, 2009). 

 

Aquaporins are highly selective to water transport preventing also the protons transport 

(Gomes et al., 2009). The Arg-195 residue in the pore prevents the pass of protonated 

water (Ishibashi et al., 1997) and a second barrier composed by the intracellular loops 

with the asparagine-proline-alanine (NPA) sequence reorients the water molecules to 

pass, disrupting interactions between molecules and preventing them to pass through 

(Shanahan et al., 1999). In general, these water channels also prevent the pass of other 

anions because of its 2.8 Å measure (less than any hydrated ion), but in the 

aquaglyceroporins, an alternative GLY on HIS-180 is associated with a bigger pore with 

the capacity to transport glycerol and other solutes (Nielsen et al., 1997b). 

Based on its permeability, aquaporins have been classified in 3 different categories: (1) 

classical AQPs, (2) aquaglycerolporins and (3) superaquaporins. 



 

Classical aquaporins include AQP0, 1, 2, 4, 5, 6 and 8. They are considered only water 

selective channels. Nevertheless, AQP6 is considered to be able to transport ions (Yasui 

et al., 1999) and AQP8 is also permeable to ammonia (Saparov et al., 2007). 

Aquaglycerolporins include AQP3, 7, 9, and 10.  In addition to be permeable to water, 

these AQPs are also permeable to urea and glycerol. Besides, AQP9 has the facility to 

transport also monocarboxylates, purines and pirimidines (Tsukaguchi et al., 1998).  

Finally, superaquaporins include AQP11 and 12. These AQPs are located in the 

cytoplasm and its permeability has not been fully determined yet (Ishibashi, 2009).   

 

AQPs are very ubiquitous in mammals and usually are not restricted to a unique tissue. 

However, their function will be determined by their specific location in the cell types or 

organs (Gomes et al., 2009). It has been shown that several organs such as brain, lungs, 

muscles, eye, ear, skin, adipose tissue, testis, uterus and placenta contain more than one 

AQP (Li et al., 1994; Umenishi et al., 1996; Ishibashi et al., 1997; Nielsen et al., 1997; 

Nielsen et al., 1997b; Shanahan et al., 1999; Johnston et al., 2000). 

 

First studies in AQPs were performed in kidney (Agre et al., 2002). Kidney is an organ 

that contains approximately one million of nephrons that filter around 180L of plasma 

every day, in addition to water and other solutes reabsorption (Newman, 2008). From 

then on, AQPs have been found in a large number of other tissues and organs such as 

lung, pancreas, brain, gastrointestinal tract, eye, ear, immune system, skin, adipose 

tissue, muscles, uterus and testis (Li et al., 1997; Ishibashi et al., 1997b; Ishibashi et al., 

1997c; Frigeri et al., 1998; Page et al., 1998; Beitz et al., 1999; Shananan et al., 1999). 

Many clinical studies have shown that the failure on the function of AQPs turns into 

pathologies (Deen & Knoers, 1998; King et al., 2000; Nielsen et al., 2002)  leaning on 

the importance of water trafficking for all biological processes. Moreover, it has been 

demonstrated, that some aquaporins are regulated by sex steroid hormones (Aralla et al., 

2009; Skowronski et al., 2012; Klein et al., 2013). 

 

 

 

 



2b.- Aquaporins and the reproductive tract 

 

Several AQPs have been widely described in both male and female reproductive tract of 

different mammal species such as human (Edwards et al., 1993; Zhu et al., 2009), rat 

(Braés et al., 2005), mice (Anderson et al., 2006), pig (Skowronski, 2010), horse (Klein 

et al., 2013), sheep (Liu et al., 2008), dog (Aralla et al., 2009; Aralla et al., 2012) and 

cat (Arrighi & Aralla, 2014).  

 

2ba.- AQPs in the male reproductive tract 
 

Several studies have demonstrated the presence of AQPs in the male reproductive tract.  

AQPs0, 1, 7, 8 and 9 have been recognized in the testis; AQPs 1, 3, 9 and 10 in the 

epididymis; AQPs 1, 9 and 10 in the efferent ducts; AQPs 1, 2 and 9 in the vas deferens 

and AQP1 and 9 in accessory glands of adult mammals. 

Two AQPs have been found to be expressed in the rat testis (AQP7 and 8) suggesting 

that they may play a role in spermatogenesis (Ishibashi et al., 1997b). Russel et al., 

(1989) suggested that both AQP7 and 8 may contribute in the creation of seminiferous 

fluid. AQP7 expression intensity and location change depending on the stage of 

spermatogenesis (Suzuki-Toyota et al., 1999; Calamita et al., 2001a). In 

contradistinction to AQP7, AQP8 shows a consistent intracellular expression as well as 

all over the plasma membrane in every rat seminiferous tubule (Calamita et al., 2001b). 

However, AQP8 is absent in human testis (Koyama et al., 1998).  Sertoly cells have 

been shown to express AQP0 (Hermo et al., 2004) and AQP8 (Tani et al., 2001). 

Leydig cells express AQP9 (Tsukaguchi et al., 1998) and AQP0 (Hermo et al., 2004) in 

rat. 

 

AQPs have been also described in sperm cells of several species such as dog (Fatin et 

al., 2008), boar (Prieto-Martinez et al., 2014; Prieto-Martinez et al., 2015), bull (Prieto-

Martinez et al., 2016) and cat (Arrighi et al., 2010). Thus, AQP9 has been detected in 

rat spermatocytes (Tsukaguchi et al., 1998), In addition, AQP7 is also expressed in rat 

epididymal sperm (Calamita et al., 2001a). As AQP7 is considered an 

aquaglycerolporin, the role of AQP7 in sperm cryopreservation justifies further research 

(Huang et al., 2006). 



 

As it has been previously mentioned, AQPs are involved in the secretion of fluids at 

different levels. In the male reproductive tract, rat prostate and seminal vesicles express 

AQP1 (Brown et al., 1993). In addition, rat prostate and Cowper gland express AQP9 

(Pastor Soler et al., 2001). Both aquaporins have a role in both secretory and absorptive 

functions of these organs (Brown et al., 1993; Pastor Soler et al., 2001).  

In addition to secretion production, AQPs contribute also in the reabsorption of fluids. It 

has been described that seminiferous tubules secrete luminal fluid forward reabsorbed 

by efferent ducts, and water channels (AQP1, 9 and 10) may have a role in this trans-

epithelial water movement (Clulow et al., 1998).  

Fisher et al. (1998) described the presence of AQP1 in basolateral membranes and 

apical endosomes of non-ciliated cells of the efferent ducts of rats and monkeys from 

late fetal stages until adulthood. Further, Zhou et al. (2001) suggested that other AQPs 

might be the responsible of water movement in the efferent ducts due to the fact that no 

alterations on water fluid movement were observed in AQP1-null mouse. 

Moreover, AQP9 was detected to be present in the microvilli of non-cilliated cells 

(Pastor-Soler et al., 2001; Oliveira et al., 2005). In addition, Hermo et al. (2004) 

described the presence of AQP10 in the epithelia of efferent ducts and, along with 

AQP1, in the endothelial cells of vascular regions (Brandan and Hermo, 2002; Hermo et 

al., 2004). 

As it has been previously mentioned, steroid hormones regulate the expression of some 

AQPs. Ruiz et al. (2006) described that AQP1 and 9 expression is regulated by 

estrogen. In deficient estrogen receptor (ER) α-mice, the expression of these specific 

AQPs is decreased. 

 It has been also described that in the epididymis a huge fluid reabsorption occurs 

(Wong and Yeung, 1978), creating a hypertonic luminal fluid (Levine and Marsh, 1977) 

because of the increase of sperm concentration. 

The first AQP described in epididymis was AQP9, which was present in the stereocilia 

of principal cells (not basal cells) of rat (Badran and Hermo, 2002) and human (Pastor-

Soler et al., 2001), suggesting that this AQP may be involved the electrolyte movement 

across cell membranes associated to the fast size increasing of spermatocytes. Further 

studies also demonstrated the presence of AQP2, 5, 7 and 11 mRNA in the rat 



epididymal epithelium (Da Silva et al., 2006). In addition, Hermo et al. (2004) 

described that AQP3 takes an exclusively location in the basal cells of the epididymis. 

When AQP1 was studied, no expression was detected at epididymal epithelial level.  

However, it is expressed in the endothelia of vascular regions as well as AQP10 does 

(Badran and Hermo, 2002; Hermo et al., 2004). 

AQP8 expression at epididymal level is controversial. Some studies demonstrate its 

presence in the basal cells of epididymis (Elkjaer et al., 2001) and other studies did not 

detect any protein at the same level (Da Silva et al., 2006). 

Moreover, AQP5 and AQP9 share location in the apical membrane of principal cells of 

corpus and cauda membrane, while AQP2 in the distal region of young rats but not in 

the adult ones maybe because a post-transcriptional mechanism on its regulation. 

At the vas deferens level, AQP1 was found to be present in the rat epithelial cells of the 

ampulla (Brown et al., 1993) and AQP2 in the epithelial cells of the middle vas 

deferens (Nelson et al., 1998) at the apical plasma membrane where AQP1 was strongly 

expressed. Unlike these AQPs, AQP9 is the only AQP detected in the whole length of 

the vas deferens (Pastor-Soler et al., 2001). 

 

 
Fig 7 Expression of different AQPs in male reproductive tract of mammal species. 



 
2bb.- AQPs in the female reproductive tract 

 

To date, eleven AQPs (AQP1- 9, 11 and 12) have been described to play a role in water 

movement between capillaries, interstitial and luminal compartments in the female 

reproductive tract (Huang et al., 2006). As previously mentioned, expression of some 

these AQPs, specifically AQP1, 2, 5 and 9, are regulated by steroid sex hormones such 

as progesterone (P4) and estradiol (E2) (Jablonski et al., 2003; He et al., 2006; Lindsay 

et al., 2006). This fact provides an evidence of the role that AQPs play in the 

reproductive physiology by creating edema and glandular secretion in the uterus 

(Jablonski et al., 2003; He et al., 2006; Lindsay et al., 2006). The uterine distribution of 

AQP1, 2, 3 and 8 isoforms suggests that they participate in water flow during uterine 

imbibition (Braés et al., 2006; Aralla et al., 2009; kowronski et al., 2010; Klein et al., 

2013). 

It is well known that of all the solutes that are needed during pregnancy for fetal growth, 

water is without any doubt the most important (Morris et al., 1994). As water 

requirements increase during pregnancy due to an increase in fetal weight (Damiano, 

2011), it seems logical to think that AQPs might be involved in the maintenance of 

pregnancy and fetal development. Many authors (Mann et al., 2005; Shioji et al., 2006; 

Beall et al., 2007) have described the involvement of AQPs in the amniotic fluid 

volume control because of its location in the different fetal membranes. This fact results 

on a maternal-fetal water flux critical for normal fetal growth (Beall et al., 2007). 

As it has been previously stated, eleven AQPs have been described in the reproductive 

tract, in addition to other locations with several functions. 

 

2bc.- Role of aquaporins on female reproduction 
 

• Uterine imbibition 

Uterine imbibition is considered a special type of fluid diffusion that undergoes during 

estrus cycle and pregnancy of mammalian uterus. This kind of diffusion has the 

characteristic of absorbing water within solids-colloids causing a huge increase of 

uterine volume. As it has been previously stated, steroid hormones provoke that the 

uterus undergoes through several changes such as hyperemia, higher capillary 

permeability, edema and transcellular and intraluminal fluid movement (Finlay et al., 



1983; Maier and Kuslis 1988; Cullilan-Bove and Koos, 1993; Okada et al., 2001). 

Clemenston et al. (1997) described that estradiol-17α induces the secretion of water and 

other substances, such as sodium and potassium, into the lumen of uterine horns in 

ovariectomized rats, while progesterone was the responsible for the reabsorption of 

these substances.  

In order to describe the mechanisms that balance the water flow within the uterus, 

Jablonski et al. (2003) studied the expression and function of some AQPs in the 

ovariectomized mouse uterus treated with serum steroid hormones. The study describes 

that AQP1, 2, 3 and 8 might participate in water movement during uterine imbibition. 

Myometrial AQP1  is slightly regulated by ovarian steroid hormones (Jablonski et al., 

2003). AQP1 has been also described in vaginal smooth muscle (Ganon et al., 2000), 

which suggests that vagina is an organ with rapid flow of water either out or into the 

muscular cells may occur. AQP2 was absent in animals treated with control vehicles but 

it was found to be strongly regulated by estrogen in epithelial cells and myometrium of 

the uterus. AQP3, as it happens with AQP2, was also detected in uterine epithelial cells, 

suggesting a contribution to water flow into the uterine lumen. In addition, He et al. 

(2006) described that human endometrial AQP2 was menstrual cycle-dependent. During 

mid-secretory phase, expression of AQP2 is increased and shows a positive correlation 

with progesterone and estrogens. AQP8 was found also in the myometrium and in the 

stroma. This AQP moves the water from the myometrium to the lumen, protecting the 

myometrial layer from edema (Jablonsky et al., 2003). 

On the other hand, Lindsay and Murphy (2006) described that progesterone up-

regulates AQP5 in the rat uterus. 

 

• Oocyte transport and oviductal fluid balance 

The mechanisms that control the oocyte transport across the isthmus to the uterus have 

been described to be the result of muscle contractions followed by edema and vascular 

distention (Pauerstein and eddy, 1979; Johns et al., 1982; Verco, 1994). Abrami et al. 

(1995) described AQP1 to be located in the longitudinal myometrial layer and the inner 

myocytes of the circular muscular layer of the myosalpinx of the frog oviduct and 

suggested that this AQP could regulate the ovum transport by altering the luminal 

diameter and increasing water movement into the smooth muscle cells. Also AQP5, 8 

and 9 have been described to be present in the rat oviduct epithelial cells, suggesting 



that this location was involved in the production of oviductal fluid which, along with 

steroid hormones, may regulate fertilization and early embryo development (Branes et 

al., 2005). 

 

• Follicle maturation and oocyte cryopreservation 

Antral expansion of follicles requires a huge and quick massive transport of water under 

gonadotropin stimulation. AQP7, 8 and 9 are expressed in rat granulosa cells and are 

supposed to be involved in the water movement into the antral cavity of follicles (Mc 

Connell et al., 2002). In addition to this three AQPs (AQP 7, 8, 9), AQP3 and 7, which 

are expressed in mouse oocytes (Edashige et al., 2000; Meng et al., 2005), can meet this 

need. Moreover, Thoroddsen et al. (2011) described the expression of AQP2 and 3 in 

human pre-ovulatory follicle and in theca and granulose cells during ovulation, with an 

acute increase of expression at the beginning of ovulation suggesting an implication in 

the follicular rupture. 

The presence of AQPs in oocytes could lead to improve the methods for a successful 

cryopreservation of these germ cells. The damage that oocytes undergo during 

cryopreservation because of the toxicity of cryoprotectants (Hong et al., 1999) may be 

attributed to AQP3 and 7 that are not only water transporters, but also other solutes 

transporters as glycerol (Agre et al., 2002). Edashire et al. (2003) described that the 

induced expression of AQP3 in mouse oocytes improved water and glycerol flow across 

the oocyte membranes, improving its survival. In addition, controlled ovarian 

stimulation results in a decrease of AQP3 expression mRNA in mouse metaphase II 

oocytes, suggesting its low survival after cryopreservation (Meng et al., 2005). 

 

• Blastocyst formation: 

A blastocyst consists in a spherical shell of epithelial cells (trophoectoderm) that 

surrounds a fluid-filled cavity and an inner cell mass, progenitors of the future embryo 

(Watson, 1992). The development of the trophoectoderm begins with the adhesion of 

the morula cells and the inflow of water within the morula. This process ends with the 

cavitation of the embryo, the formation of the extraembryonic membranes and the 

beginning of the contact with the endometrium in invasive species (Senger, 2003).  

Offenberg et al, (2000) described that mRNA of periimplantational mouse embryos 

encodes seven AQPs (AQP1, 3, 5, 6, 7 and 9), which are expressed from the one cell 



embryos stage until the blastocyst stage. In addition, AQP8 was found to be present in 

morula and blastocyst phases. Moreover, Barcroft et al. (2003) described that these 

AQPs present in the murine embryos modulate water movement across this epithelium 

following a hyperosmotic gradient.  

 

• Embryo implantation 

Richard et al. (2003) studied AQP1, 4, 5 and 8 expression during the peri-

implantational period. The authors hypothesize that the combination of these specific 

isoforms are responsible of the uterine edema that occurs during implantation. It was 

described that AQP1 was expressed in the myometrial smooth muscle and can be up-

regulated by estrogen in the vessels of the uterus, supporting the hypothesis that this 

AQP may be involved in the creation of edema. AQP4 is expressed in the luminal 

epithelia and is up-regulated at the suitable time for mating or insemination. AQP5 is 

exclusively expressed in the glandular epithelia after blastocyst attachment occurs under 

the influence of estrogen. 

Lindsay and Murphy (2004) described that the increase of AQP1 expression in the 

mesometrial muscle contributes to the antimesometrial positioning of the embryo in the 

uterine lumen. The same authors described that AQP5 reorganize its expression from a 

completely cytoplasmic location during the first days of pregnancy, to a predominant 

apical plasma membrane organization at the time of implantation in the rat uterus. This 

fact would explain the pathway for uterine luminal fluid reduction at the time of 

implantation, just in collaboration with AQP1 and AQP4. 

 In the same way, He et al. (2006) described a high expression of AQP2 at the mid-

secretory phase of human endometrium suggesting a role for embryo receptivity. All 

these facts suggest that AQPs might regulate tissue fluid balance during implantation. 

 

• Amniotic fluid reabsorption  

It is well known that amniotic fluid provides a fluid-filled compartment essential for 

normal fetal growth and development. To date, six AQPs (AQP1, 3, 5, 8, 9 and 11) 

among the 13 identified in mammals have been described in mammalian chorionic 

membranes and placenta. 

AQP1 expression was found in murine syncytiotrophoblasts and chorionic endothelium 

(Johnston et al., 2000) and in human chorion and amnion cytotrophoblasts (Prat et al., 



2012). AQP1 was also detected in placental blood vessels in human beings (Zhu et al., 

2009). 

AQP3 was described by Johnston et al. (2000) to be expressed in the ovine (Johnston et 

al., 2000) and human (Mann et al., 2002) chorion and placenta but without expression 

in the amniotic epithelium. AQP3 is apparently the most highly AQP expressed in the 

placenta with a similar expression for AQP8 in the ovine trophoblastic and epithelial 

cells (Liu et al., 2004). AQP3 is also expressed in the placental labyrinth, amnion and 

yolk sac of canines (Aralla et al., 2012). 

De Falco et al. (2007) found aquaporin 4 expression not only in the human 

syncytiotrophoblast from the first to the third trimester of pregnancy, but also in the 

endothelial cells and stroma of placental villi. Also, Escobar et al. (2012) described 

AQP4 and 5 expression in human chorionic villi samples from 10th to 14th week in 

normal pregnancies. Moreover, Aralla et al., (2012) described a specific staining for 

aquaporin 5 in amniocytes and columnar cells of allantochorion during canine 

pregnancy. 

AQP8 was first described to be present in human epithelial cells of chorion and amnion 

and in the syncytiotrophoblasts of human placenta (Wang et al., 2001). Another study 

demonstrated that AQP8 is strongly expressed in the rat placenta, making it permeable 

to water and urea but not to glycerol (Ma et al., 1997). Similar results were found in 

canine (Aralla et al., 2012) and mice placenta (Kobayashi et al., 2010). 

Damiano et al. (2001) described by RT-PCR, immunobloting and immunochemistry the 

presence of AQP9 in the apical membranes of syncytiotrophoblasts of human term 

placenta. Further studies realized by Wang et al. (2005) reported AQP9 mRNA 

expression in ovine amnion and allantois indicating to be a major water channel for 

intramembranous amniotic fluid reabsorption. 

The study of Escobar et al. (2012) revealed for first time the expression of AQP11 in 

the chorionic villi of human placenta between the 10th and 14th week of pregnancy. 

Moreover, Prat et al. (2012) also described AQP1 mRNA and protein in human chorion 

and amnion. 



 
Fig. 8 Expression of different AQPs in female reproductive tract of mammals. 

 

3.- GLUCOSE TRANSPORT 

 

Glucose is the main source of energy for eukaryotic cells (Bell et al.,1990). Its oxidation 

in aerobic and anaerobic conditions supplies ATP to cells. The plasma membrane is not 

permeable to polar solutes as glucose. For this reason, the cellular catchment of this 

nutrient is mediated by protein transporters located in the plasma membrane that 

modulate their pass the lipid bilayer membrane. These transporters were described at the 

early ‘50s by observing the dynamics of glucose uptake in erythrocytes (Widdas, 1952; 

Wheeler and Hinkle, 1981). In mammals, two families of glucose transporters have 

been described: 1) Na+-glucose cotransporters (SGLTs) and 2) facilitated diffusion 

glucose transporters (GLUTs).  

 



SGLTs are mainly located in the apical membranes of the kidney and intestinal 

epithelial cells (Turner and Silverman, 1977; Shirazi-Beechey et al., 1991). Their 

function is to modulate the active transport of sugar, mainly glucose, through the cell 

membrane by facilitated diffusion (Sheepers et al., 2004).  

Because glucose is a vital source of energy, GLUTs are present in all tissues. They are 

considered as passive transporters that allow the transition of substrates through the 

plasma membrane following the concentration degree (Mueckler et al., 1994). GLUTs 

are considered a family of integral membrane proteins encoded by the SCL2 gene 

involved in the hexoses transport (Uldry et al., 2004). Muekler et al. (1985) described 

for first time the sequence and structure of this glucose transporter. GLUTs were 

described as a 55kDa protein with 12 α-helix domains with an oligosaccharide binding 

site and the N and C-terminus in the cytoplasmic domain (Fig. 7). 

 

 

 
Fig.9 Molecular structure of GLUT1 (Mueckler et al., 1985) 

 

3a.- Molecullar structure and classes of glucose transporters. 

 

To date, 14 GLUTs have been described. All of them have in common that are 

composed by approximately ∼500 amino acid residues and have been classified into 

three different classes according to their sequence, tissue distribution and hexose 

specificity (Joost & Thorens 2001; Sheepers et al., 2004). Tissue expression for the 

different GLUTs is summarized in Fig. 8. 



Class I facilitative transporters 

GLUTs included in class I are the most studied transporters, composed by a similar 

structure, tissue distribution and hexose family. GLUTs 1, 2, 3, 4 and 14 are included in 

this class.  

GLUT1 was the first glucose transporter described because of its highly expression (5% 

of the membrane) in human red blood cells (Muekler et al., 1985). It is located almost in 

every body tissue and even if it is low expressed, can be found co-expressed with a 

more highly specific transporter (Muekler, 1994). It has been found to be present in 

every mouse embryo tissue from the oocyte stage on (Muekler, 1994). Other important 

locations of GLUT1 were is highly expressed are the endothelial and epithelial cells that 

constitute blood-tissue barriers as blood-brain barrier (Kalaria et al., 1988), blood-nerve 

(Floehner et al., 1988), blood-eye (Harik et al., 1990)  and placental syncytiotrophoblast 

(Barros et al., 1992), suggesting that GLUT1 might play an important role in glucose 

transfer across these barriers.   

GLUT2 has been reported to be very important in diabetes (Shepard, 2004), showing 

that knockout mice develop earlier diabetes. It is expressed in pancreatic β-cells, liver 

and kidney. In addition, in epithelial cells, GLUT2 is expressed only in the basolateral 

membrane, transporting glucose from the intracellular compartment to the blood 

circulation, but, at the other side of the cell, exists a SGLT transporter that acts by up-

taking the glucose from the interstitial lumen (Sheepers et al., 2004; Urly and Thorens, 

2004).  

 

GLUT3 has been described to be the neuronal glucose transporter (Kayano et al., 1988). 

GLUT3 has higher affinity for glucose than GLUT1 because of its low Km rate 

(Muekler, 1994). When GLUT3 was studied in other cell types, its expression was 

observed in sperm, preimplantation embryos, white blood cells, placenta, carcinoma cell 

lines, intestine and skeletal muscle; all of them considered cells with high requirements 

of glucose (Uldry and Thorens, 2004). Nowadays, different studies support the 

hypothesis that GLUT3 is present in all cell processes (Simpson et al., 2008).  

 

GLUT4 has a high affinity for glucose and it is found in insulin-responsive tissues 

(Fukumoto et al., 1989), showing higher expression in the adipose tissue than in the 

skeletal muscle and co-expressed with GLUT1 (Muekler, 1994). GLUT4 reduces the 



rising of postpandrial plasma glucose levels (Muekler, 1994). Insulin provokes GLUT4 

translocation from the intracellular compartment to the plasma membrane increasing 

10-20 fold the glucose transport (Shepherd & Kann, 1999; Bryant et al., 2002).  

 

Lastly, GLUT14 has been described to be a mutation of GLUT3 gene sharing a 95% of 

its aminoacidic structure and specifically located in testis (Wu and Freeze, 2002). 

 

Class II facilitative transporters 

This class is headed by the GLUT5 fructose transporter. In addition, GLUT7 and 9 

(with no specific function) and GLUT11 are included in this classification.  

GLUT5 is expressed predominantly in liver, testis and intestine, and shows a very low 

affinity for glucose but a good fructose transport activity (Kayano et al., 1990; Burant et 

al., 1992). GLUT5 seems not to respond to insulin stimulus (Muekler 1994) and is not 

inhibited by cytochalasin B as class I facilitative transporters do (Uldry and Thorens, 

2004).  

GLUT7 specific locations are currently unknown but it has been mapped to 

chromosome 1 (Joost and Thorens, 2001) and has a high activity to transport glucose 

and fructose (Li et al., 2004).  

 

GLUT9 has been detected to be expressed in liver and kidney as a fructose transporter. 

Carayannopoulos et al. (2004) suggested that because of the low levels of mRNA found 

in placenta, GLUT9 plays an important role in preimplantation.  

 

On the other hand, GLUT11 has been described to have two variants composed by a 

different number of amino acids and with different locations (Doege et al., 2001; Sasaki 

et al., 2001). GLUT11 has a very low affinity for glucose but competes for fructose in 

both isoforms, taking into mind that it may be the main substrate transported by 

GLUT11 (Doege et al., 2001). 

 

Class III facilitative transporters 

The class III transporters are the most different of this family. They are characterized by 

the presence a short extracellular domain in loop 1 and the absence of  a glicosilation 

motif transposed in loop 9 (Joost and Thorens, 2002). Joost and Thorens (2002) 



described that this class is the most ancient phylogenetically because they share many 

characteristics with bacteria, yeast and Drosophila. On the other side, mammalians 

request for glucose are covered by class I and II facilitative transporters. Class III 

includes five isoforms (GLUT6, 8, 10, 12 and 13 or HMIT). 

 

GLUT6 has a very low affinity for glucose and it is distributed in brain, spleen and 

periphery leukocytes (Uldry and Thorens, 2004).  

 

GLUT8 have a high affinity for glucose but its activity can be interfered by mannose 

and fructose suggesting a poli-hexose transport (Doege et al., 2000b). Together with 

GLUT6 is retained in intracellular structures and the external stimulus for its exposure 

have not been described yet (Lisinski et al., 2001).  

 

GLUT10 has been related to diabetes type II because of its location at the insulin 

sensitive tissues as skeletal muscle, liver and pancreas (Dawson et al., 2001). Moreover 

it has been described in embryonic brain and liver and in adult skeletal muscle (Uldry 

and Thorens, 2004).  

 

GLUT12 has been described to be a glucose transporter in heart and prostate and is 

inhibited by mannose and fructose (Rogers et al., 2002; Sheepers et al., 2004).  

Finally, GLUT13 (named as HMIT) is expressed especially in the brain and is 

considered an H+-myoinositol syntransporter and lacks any sugar transport activity 

(Uldry et al., 2001). 



 
Fig. 10 GLUT families, classes division and expression on different tissues (Sheepers et 

al., 2004). 

 

3b.- Glucose transport in reproductive physiology 

 

3ba.- Glucose transporters in male genital tract and sperm 

 

Burant and Davidson (1994) described the expression of GLUTs1 and3 in rat testis and 

also GLUT5 in human testis. GLUT3 and 5 were identified in the juxtaposed cells of 

the seminiferous tubes. GLUT1 was expressed in the Sertoli cells (Burant and 

Davidson, 1994).  Kim and Moley (2007) described that GLUT8 and 9 were present in 

the intraseminiferous tubes cells and also in Sertoli cells from mouse testis, suggesting 

that glucose uptake at seminiferous tubes level may affect to spermatogenesis, 

steroidogenesis and normal function of mouse sperm. GLUT8 also shows a positive 

correlation with luteinizing hormone (LH) increasing the testosterone production 

(Banerjee et al., 2014).  

The first report of sugar transporters in sperm cells was from Burant et al., (1992), who 

demonstrated by western blotting technique the presence of a 50kDa band 

corresponding to GLUT5 in human testis as well as in ejaculated sperm cells. Haber et 

al. (1993) described also the presence of GLUT3 in human and rat testis and sperm 

cells. Angulo et al. (1998) were the first who described the particular location of 

glucose transporters in human, rat and bull testis and sperm. In human sperm cells, 



GLUT1 and GLUT2 were expressed in the acrosome and in the end piece of the tail, 

GLUT3 was expressed in the mid piece and GLUT5 was detected in the subequatorial 

region, principal and mid piece. In rat sperm cells, GLUT1 was detected in the apical 

membrane of the head and in the end piece of the tail, GLUT2 was described in the 

acrosome, GLUT3 was described in the principal and mid piece and GLUT5 in the head 

and mid piece. Bull spermatozoa showed a GLUT1 expression in the acrosome and the 

end piece of the tail and GLUT2, GLUT3 and GLUT5 in the head and mid piece. 

Moreover, glucose transporters have also been found in dog (Rigau et al., 2002), boar 

(Medrano et al., 2006), stallion and donkey (Bucci et al., 2011) spermatozoa with same 

distribution as in rat, human and bull. Moreover, in the mid piece, Kim & Moley (2007) 

described that GLU8 was located in the outer dens fibers and in the circumference of 

the spiral mitochondria. In the principal piece, GLUT8 was located in the outer dens 

fibers. On the other hand, GLUT9 was located in the mid piece, principal piece and in 

the acrosome of mice sperm. 

 
Fig. 11 Expression of different GLUTs in male reproductive tract of mammals 

 

 



3bb.- Glucose transporters in female reproductive tract 

 

The expression of several GLUTs has been described in mouse and human uterus and 

some of them have been characterized in terms of possible roles. 

 

3bba.- Expression in the uterine endometrium 

 

GLUT1 was the first to be described in the uterine tissue, specifically in the rat decidua, 

and was found to be up-regulated during pregnancy, suggesting that it is important for 

the maintenance of the embryo (Yamaguchi et al., 1996). Moreover, Korgun et al. 

(2001) described its presence in the luminal epithelium, decidua and stroma of the rat 

uterus. Its expression increased from day 8 of pregnancy on. Frolova and Molley (2011) 

found that GLUT1 was the most abundant glucose transporter in the mouse uterus, 

suggesting that may play a role in pregnancy progression. This finding was confirmed 

by the increase of mRNA expression in vivo and in vitro of GLUT1 in mouse 

endometrium during deciduation process (Frolova et al., 2009). Several authors have 

described an increase of functionality of GLUT1 when ovarian steroid hormones were 

administrated (Welch and Gorski, 1999; Frolova et al., 2009; Kim and Molley, 2009). 

These authors also described its presence in the luminal and glandular epithelia of the 

uterine tissue. Moreover, progesterone administration induces an increase in the plasma 

membrane expression of GLUT1 while the intracellular membrane fractions remained 

as previously described (Kim and Molley, 2009). 

Von Wolf et al. (2009) described that GLUT1 was up-regulated during the transition of 

the proliferative phase of the menstrual cycle (E2-dominated) to the secretory phase 

(P4-mediated). Moreover, during early pregnancy, GLUT1 was also up-regulated. 

Similar results were found during deciduation in mouse (Frolova & Molley, 2011).  

GLUT3 has been described in mouse decidua with a down-regulation during 

progression of early pregnancy (Yamaguchi et al., 1996).  Korgun et al. (2001) 

confirmed this fact in the rat uterus at day 1 of pregnancy, in addition to an increase of 

its expression after day 4 of pregnancy. Moreover, a microscope study described that 

GLUT3 was more abundant in the uterine stroma than in the epithelium. On the other 

side, no changes in the expression of GLUT3 at endometrium and decidua level of 

human uterus were observed during menstrual cycle or early pregnancy (von Wolf et 



al., 2003; Korgun et al., 2005). Moreover, GLUT3 has been seen to be the second and 

third glucose transporter most present respectively in human and mouse endometrium 

and decidua (Frolova and Molley, 2011). 

GLUT 4 data is very controversial. Von Wolf et al. (2003) excluded GLUT4 from 

human uterus, but other authors cited its presence in the endometrium (Mozzanega et 

al., 2004; Kohan et al., 2010). However, GLUT4 immunostaining was only detected at 

endometrial epithelial cells level (Mozzanega et al., 2004). 

Finally, GLUT8 has been found only in the endometrium in all the studied species, and 

in the case of rat uterus its expression increase during estrus and embryo implantation 

(Kim and Molley, 2009). Unlike GLUT1 location, GLUT8 is expressed in both apical 

and basolateral membranes of both glandular and luminal epithelium and not in the cell 

surface (GLUT1, 3 and 5). Because of an amino-terminal dileucine motif, GLUT8 has 

an intracellular location (Carayannopoulos et al., 2000). Nevertheless, stimuli for this 

translocation mechanism have not been yet described. 

 

3bbb.- Glucose transporters in placenta 

 

GLUTs catalyze the hexose transport across many tissues including the placenta 

(Sciullo et al., 1997). Transplacental passage of glucose is accomplished by facilitated 

diffusion because of the presence of a sodium-independent transport system of D-

glucose in the apical and plasma membrane of the trophoblasts (Desoye et al., 2011). 

Three GLUTs have been described in the human placenta (GLUT1, 3 and 4). GLUT1 

has seen to be expressed in all the placental cells during different stages of human, 

marmoset monkey and rat placenta (Hahn et al., 1995). Hahn et al. (1998) described 

that hyperglycemia downregulates human placental GLUT1 and induces to its 

endocytosis from the plasma membrane into the interior of the cell (Hahn et al., 2000). 

Moreover, GLUT1 has been described in carnivorous placenta of cats, minks and dog 

(Wooding et al., 2007), showing a  strong expression in the basolateral membranes of 

the trophoblasts. On the other side, GLUT3 and 4 are expressed in specific locations, 

giving to these glucose transporters a specialized function. It has been described that 

GLUT3 is expressed in stromal cells and endothelium of feto-placental vessels of 

human term placenta (Hahn et al., 2001). Brown et al. (2011) described that its 

expression decreases through trimesters in human placenta, suggesting that GLUT3 is 



of greater importance for glucose uptake during early pregnancy. GLUT3 is also 

expressed in amnion, chorion, yolk sac and in the poorly differentiated placental 

trophoblasts (Hahn et al., 2001). Surprisingly, GLUT4 is expressed in the stromal cells 

of human placenta (Xing et al., 1998). Its function has been discussed because of its 

insulin-dependent characteristic. Nevertheless, it has been suggested that its function 

may be focused on the insulin regulation of the glucose uptake from the fetal circulation 

to the stromal cells to cover the requirements (Desoye and Shafrir, 1994). Recently, 

GLUT8 has been found in the decidual cells of rat and human placenta 

(Carayannopoulus et al., 2000). Finally, GLUT12 has been described in human 

trophoblasts during the first trimester of pregnancy and in vascular smooth muscle and 

stromal cells at term pregnancy (Gude et al., 2002), suggesting that GLUT12 is vital to 

trophoblast function at early pregnancy. 

 

3bbc.- Glucose transporters in embryo 

 

In 1991, Hogan et al. (1991) described for first time the expression of GLUT1 and 

GLUT2 in mouse preimplantational embryos. GLUT1 function in embryo has been 

described to be crucial for glucose uptake from 1-cell- embryo on. It is at 8-cell embryo 

stage when GLUT2 starts to express. The glucose up-take from 8- embryo and further 

can be carried to term by these two transporters (Gardner and Leese, 1988). In addition, 

GLUT2 expression during blastocyst stage was restricted to the basal trophoectoderm in 

direct contact with the blastocele cavity, while GLUT1 was expressed at the basolateral, 

apical and intercellular junctions between cells (Hogan et al., 1991). Seven years later, 

Pantaleon et al. (1997) described for first time the expression of mRNA GLUT3 in 

murine embryos at late four-cell stage and GLUT3 protein at eight-cell morula stage. Its 

location during the morula stage was basically in the apical surface of the polarized 

outer cells and, during blastocyst stage, in the apical surface of the trophectoderm, 

suggesting that GLUT3 is a critical transporter of transplacental glucose necessary for 

fetal growth.  

GLUT8 has also been described to have an intracellular location in murine embryos. 

Insulin or insulin growth factor-1 (IGF-1) translocate its location to the plasma 

membrane, increasing the glucose uptake (Carayannopoulus et al., 2000). Moreover, it 



has been described that intracellular retention of GLUT8 increases the embryo apoptosis 

decreasing its survival (Pinto et al., 2002). 

 
Fig. 12 Expression of different GLUTs in female reproductive tract in mammals. 



 
 
 
 
 
Aims of the study 





This PhD study was aimed at a better understanding of transplacental transport in queen 

reproduction, by deepening the knowledge in those species in which studies on 

aquaporins and glucose transporters have been already performed and furnishing new 

information in a new species which these arguments have not been approached yet. 

Based on the described literature in the previous section, the objectives of the present 

PhD thesis were divided in three main blocks, with every individual block 

corresponding to an original article: 

 

Article 1:  

1. To determine the presence and the specific location of AQP-2 in the 

endometrium of pregnant and non-pregnant queens and placental transfer 

zone of pregnant queens at different pregnancy stages. 

2. To determine the possible correlation between endometrial and placental 

AQP-2 expression with serum progesterone concentration. 

3. To determine variations of aquaporin-2 activity mediated by 

phosphorylation of tyrosine residues. 

 

Article 2: 

1. To determine the presence, the specific location and the possible 

correlation between aquaporins-1, -3 and -8 in the endometrium of 

pregnant and non-pregnant queens and placental transfer zone of 

pregnant queens at different pregnancy stages. 

2. To determine the possible correlation between aquaporins 1-, 3, and-8 

and serum progesterone levels. 

 

Article 3: 

1. To determine the expression, the specific location and the possible 

correlation between glucose transporters GLUT1 and GLUT3 in the 

endometrium of pregnant and non-pregnant queens and placental transfer 

zone of pregnant queens at different pregnancy stages. 

To determine the possible correlation between GLUT1 and GLUT3 with 

serum progesterone levels 



 



 

 

 

 

 

Article 1: Aquaporin-1, -3 and -8 

in queen reproductive tract may 

handle water transport in queen 

reproductive tract and placental 

transference zone. Evaluation at 

different phases of the sexual cycle 

and pregnancy stages. 
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Abstract 

Aquaporins (AQPs) are known to be involved in water flow across tissues and are 

widely described in reproductive functions. The present study was focused on the 

determination of the expression and location of AQPs1, 3 and 8 in endometrium and 

placental transference zone of non-pregnant and pregnant queens at different sexual and 

gestational stages. Queens were split in six different groups: non-pregnant with low 

levels of serum progesterone, non-pregnant with high levels of serum progesterone, 30, 

40, 50 and 60 days of pregnancy. Samples from uterus and placental transference zone 

were evaluated by immunoblotting and immunohistochemistry techniques. 

Immunoblotting identified 29-32 kDa bands corresponding to the different AQPs in 

every stage evaluated. No significant changes in the expression of these AQPs in the 

different stages were found. On the other hand, AQP1 showed a negative correlation 

with serum progesterone levels while have a positive correlation with AQP3 expression. 

Immunohistochemistry demonstrated the presence of AQP1, 3 and 8 in glandular and 

laminar epithelia and myometrium. AQP1 was also present in the vascular endothelia 

from the endometrium. AQP3 and 8 were present in the chorionic structures, while 

AQP1 was absent. AQP8 showed changes in distribution related with serum 

progesterone concentration. When progesterone was above 2 ng/ml, AQP8 was 

distributed in the cell membrane and cytoplasm, while low levels of progesterone under 

1 ng/ml kept AQP8 located only in the cell membrane. In conclusion, AQPs1, 3 and 8 

have been described for the first time in queen reproductive tract. Furthermore, our 

results suggest that AQPs 1, 3 and 8 may contribute in the regulation of water 

metabolism during queen pregnancy. 
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Introduction 

 

Fluid balance is known to be very important in the female reproductive tract [1]. 

Hormonal stimuli contribute to uterine edema in the cycling endometrium [2] creating 

an appropriate environment for reproductive functions. At the time of embryo 

implantation and during pregnancy, endometrial vascularization is increased due to the 

preparation of the tissue for fetal implantation and development [3]. In addition to the 

increase of the endometrial vascularization, water requirements also increase due to an 

exponential growth in the fetal weight [4]. Mammal uterus contains endometrial glands 

that produce secretion to facilitate the process of embryo implantation and to maintain 

the appropriate environment for the conceptus during pregnancy [5]. On the other hand, 

the outer layer of the fetal placenta, the chorion, invades the endometrium for the 

forward nutrition of the embryo [6]. 

Aquaporins (AQPs) have been widely described in the eukaryotic cell and a 

review of that particular issue is beyond the aim of this article. Focusing on the 

reproductive tract, AQP1 was the first to be described, in particular in the human uterus 

[7]. Since then, several authors have described the presence of these water channels in 

the female reproductive tract. AQP1 has been found in the muscular layer of the rat 

oviduct [8], in the endothelial cells of the endometrium and the circular layer of the 

myometrium of the rat [9], in the pig endothelial cells of uterine blood vessels [10] and 

in the vascular endothelia, glandular epithelium and myometrial cells of the uterus in 

the bitch [11].  

AQP3 was described for the first time in the basolateral membranes of the cells 

from the collecting ducts of the kidney [12]. Later on, it has also been described in a 

large number of extra-renal localizations such as urinary bladder, epithelia, 
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erythrocytes, leukocytes, skeletal muscle, skin, prostate and placenta [13, 14]. In the 

female reproductive system, AQP3 is present in the epithelial and columnar cells of the 

glandular epithelium of the human endometrium [15]. Jablonski et al. [15] described the 

presence of AQP3 in uterine epithelial cells. According to these results, the presence of 

AQP3 in the uterine lumen suggests that it may contribute to the water movement into 

the uterine lumen. In addition to uterus, AQP3 has been also described in the rat 

placenta [13] and in the ovine trophoblast cells [16].  

AQP8 has been widely reported to be present in mouse, rat and porcine testis 

[17, 18] and it is also strongly expressed in the mouse placenta [19]. The first evidence 

of AQP8 in human amnion, chorion and placenta was described by Wang et al. [20]. 

Later, it has been described in the cell cytoplasm in addition to the cell membrane of 

amniotic and chorionic surfaces [21], suggesting that AQP8 handles water movement in 

the fetal development. 

The aim of this study was to evaluate the expression and localization of AQP1, -

3 and -8 in the queen endometrium and placental transfer zone during different stages of 

the sexual cycle and at different gestational ages. In addition, serum progesterone levels 

were also monitored in order to establish a possible correlation between the different 

analyzed AQPs and serum progesterone concentration. 

 

Materials and methods 

 

Collection and processing of samples 

A total of thirty-eight queens were included in the present study. The females belonged 

to a program of sterilization of stray-cats performed at the Surgery Unit, Faculty of 

Veterinary Medicine, Autonomous University of Barcelona (Bellaterra, Spain). 
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Included queens had to fulfill the criteria of no sign of current illness and negative tests 

for feline leukemia (FeLV) and feline immunodeficiency (FIV). 

After being anesthetically pre-medicated, a blood sample from the jugular vein 

was obtained from every queen. Administered pre-medication consisted in ketamine (5 

mg/kg, Imalgene 1000, Laboratorios Merial, Barcelona, Spain), buprehorphine (20 

g/kg, Buprecare, Divasa-Farmavic S.A, Gurb, Spain) and midazolam (0.2 mg/kg, 

Midazolam Normon, Laboratorios Normon S.A., Madrid, Spain) IM. Anesthetic 

induction was performed with IV propofol (4 mg/kg, Vetofol, Laboratorios Esteve, 

Barcelona, Spain) and anesthetic status was maintained with 1.5-2% isoflorane (Isoflo, 

Laboratorios Esteve, Barcelona, Spain) in 2% oxygen. 

A routine ovariohysterectomy was performed by midline laparotomy regardless 

the sexual stage of queens. After surgery, reproductive tracts were evaluated 

macroscopically and queens were divided into two groups depending on whether they 

were pregnant or not. Non-pregnant queens were divided into non–ovulated (n=7) and 

ovulated (n=7) according to serum progesterone levels (see below). Pregnant queens 

were divided according to their gestational age, which was determined by measuring the 

diameter of the embryo vesicles [22]. According to this, pregnant queens were divided 

into 30 (D30; n = 8), 40 (D40; n = 5), 50 (D50; n = 4) and 60 (D60; n = 7) days of 

pregnancy. 

After removing the reproductive tract, full-thickness biopsies from the uterus 

were obtained from every queen in the study. From the pregnant queens, in addition to 

uterine biopsies, biopsies from the placental transfer zone were also obtained. Every 

biopsy of uterus and transference zone was split in two samples. One sample was fixed 

with 10% paraformaldehyde for 48 hours for immunohistochemistry purposes. The 

other sample was snap frozen in liquid nitrogen and kept at -80ºC for Western blotting 
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purposes. In the case of uterine samples for Western blotting analyses, only the 

endometrium was kept after removing it from the myometrium with a scalpel. 

Samples were obtained following the guidelines of the Ethical Committee 

Animal Care and Research, Autonomous University of Barcelona (CEEAH, code 2939). 

 

Progesterone concentration 

Blood samples obtained from the jugular vein were collected in glass tubes and allowed 

to clot for 10 minutes. After that, samples were centrifuged at 2500xg for 10 minutes 

and were then kept frozen at -20ºC until progesterone analysis was performed 

(Immulite® 1000, Siemens Healthcare Diagnostics, Cornellà del Llobregat, Spain). 

According to serum progesterone levels, non-pregnant queens were divided into 

two groups: ovulated (progesterone concentration ≥ 2 ng/mL) and non-ovulated 

(progesterone concentration ≤ 1 ng/mL) (Fresno et al. 2012). 

 

Western immunoblot analysis 

First of all, total protein concentration of samples was determined by the Bradford 

technique [23]. For that purpose, endometrium and placental transference zone were 

homogenized in 1 mL of cold protein extraction buffer (50mM TRIS HCl pH 7,4, 1mM 

EDTA, 10mM EGTA, 25mM DTT, 1.5% Triton-X-100, 1mM PMSF, 10 g/mL 

Leupeptine, 1mM Ortovanadate, 1mM Benzamidine) with an Ultra-Turmax T25 basic 

homogenizer (IKA-WERKE, Staufen, Germany). After centrifugation of homogenized 

samples at 2500xg and 4ºC for 5 minutes, supernatants were recovered and kept for the 

Western blotting analysis.  

Proteins were separated by SDS-PAGE electrophoresis in 10% (w/v) acrylamide 

gels and transferred to nitrocellulose membranes [24]. Proteins transference to the 
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nitrocellulose membranes was confirmed by 0.1% Ponceau S dye (w/v). Membranes 

were then blocked against non-specific unions in a 2% BSA (w/v) solution for 1 hour at 

room temperature and incubated overnight at 4ºC with the corresponding primary 

antibody. After that, membranes were washed to remove the excess of primary antibody 

and then exposed during 45 minutes to the corresponding secondary antibody. All 

antibodies, primary and secondary, were used at a 1:1,000 (v:v) dilution. 

Membranes were then exposed to radiograph films to reveal the AQPs bands 

(28-32 kDa) after 5 minutes of incubation with Inmobilon TM Western 

Chemiluminescent HRP Substrate (Millipore Corporation, Billerica, MA, 01821, USA). 

After that, nitrocellulose membranes were stripped of with a buffer (10 gr 

glycine, 1 gr SDS, 10 ml Tween 20, pH 2.2, in 1 L of pure water) in order to remove the 

specific marking for AQPs. Then, they were re-probed with an anti-mouse -tubulin 

antibody (ABR Affinity BioReagents, CO, USA) to verify the same amount of protein 

was loaded for every sample.  

To analyze integral densities of specific AQPs bands, a computer-assisted image 

analysis system (Multi Gauge v 3.0 software system, Fujifilm, Tokyo, Japan) was used. 

Densitometry ratios between AQPs and -tubulin bands were calculated. Three blots 

(technical replicates) per sample were evaluated. These ratios gave the relative 

abundance of each AQP. 

 

Immunohistochemistry 

Uterine and transference zone biopsies were fixed in 10% paraformaldehyde for 48 

hours at 20ºC and then embedded in paraffin blocks. Four m-thick sections were 

obtained. For deparaffinization, sections were immersed twice for 5 minutes in Xilene 

and hydrated through descending concentrations of ethanol (100%, 96% and 70% 
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respectively) and washed twice in PBS (1x) for 5 minutes with slight agitation at room 

temperature. After that, samples were immersed in a citrate buffer (10mM sodium 

citrate, 0.05% Tween20, pH=6.0) for 20 minutes at 96ºC for antigen retrieval and then 

rinsed twice in PBS for 5 minutes. For blocking unspecific antibody reactions, samples 

were immersed for 1 hour in a 2% BSA solution (w/v) at room temperature. After 

blocking, samples were incubated overnight at 4ºC with the corresponding primary 

antibody. All primary antibodies were used at a 1:100 dilution (v/v). Afterwards, 

sections were washed two times in PBS for 5 minutes, and then incubated for 3 hours at 

4ºC with the corresponding secondary antibody. All secondary antibodies were used at 

1:100 dilution (v:v). For cell nuclear staining, samples were incubated with Hoescht-

33342 (Thermo Fisher scientific Inc. Waltham, MA, 02451, USA) for 20 minutes. 

Sections were then sealed with Vectashield HardSet antifade mounting medium (Vector 

laboratories, Inc. Burlingame, CA, 94010, USA). Evaluation of samples was performed 

with a Confocal microscope SP5 (Leica Microsystems GmbH, Mannheim, Germany). 

 

AQP-antibodies 

Primary antibodies for AQPs detection are listed next. For AQP1 detection, a 

monoclonal anti-rabbit antibody (AbD Serotec, Endeavour House, Langford Lane, 

Kidlington, OX5 1GE, UK) was used. AQP3 detection was performed with an anti-

rabbit polyclonal antibody (Novus Biologicals, Abingdon, OK14, 3NB, UK). Finally, 

for AQP8 detection, an anti-rabbit polyclonal antibody (Bioss Inc., 500 West 

Cummings Park, Suite 6500, Woburn, Massachusetts, 01801, USA) was used.  

Regarding secondary antibodies for immunoblotting, AQP1 was faced to a goat 

anti-mouse IgG-HRP antibody, while AQP3 and AQP8 were faced to a donkey anti-
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rabbit IgG-HRP antibody. All of them were purchased from Santa Cruz Biotechnology 

(Santa Cruz Biotechnology Inc., 10410 Finnell Street, Dallas, Texas, 75220, USA).  

Regarding secondary antibodies for immunohistochemistry, an Alexa Fluor 

antibody 568-linked anti-mouse antibody was used for AQP1 detection, an anti-rabbit 

antibody Alexa Fluor 555 antibody for AQP3 and a secondary Alexa Fluor 647-linked 

anti-rabbit antibody for AQP8. All secondary antibodies were purchased from Thermo 

Fisher (Invitrogen; Eugene, Oregon, USA).  

 

Statistical analyses 

Data were evaluated through a statistical package (IBM SPSS Statistics for Windows 

21.0, Chicago, IL, USA) and are shown as mean ± standard error of the mean (SEM). 

Prior to conducting any statistical test, data were checked for normal distribution 

(Shapiro-Wilk test) and homogeneity of variances (Levene test). In all cases, data 

matched with parametric assumptions, that is why separate one-way analyses of 

variance (ANOVA) followed by post-hoc Sidak test were run for the relative abundance 

of each AQP (AQP1, AQP3 and AQP8). The factor was the queen stage (non-ovulated, 

ovulated or at different days pregnancy). The same procedure was applied for 

concentrations of P4 in serum. 

Apart from testing differences between groups, Pearson correlations were also 

calculated between concentrations of P4 in serum and relative abundances of AQP1, 

AQP3 and AQP8. 

For all analyses, the level of significance was set at P ≤ 0.05.

 

Results 

Western immunoblot analysis 
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Expression for AQP1, AQP3 and AQP8 was observed in all samples from both 

endometrium and placental transference zone (Fig 1). When the intensity of the bands 

was quantified, no statistically significant (P>0.05) differences among the groups were 

observed regardless their gestational age or sexual cycle phase of the queen (Table 1).  

On the other hand, a positive and significant correlation (P<0.05) between the 

expression of AQP1 and AQP3 was observed, with an r value of 0.35 (Table 2). Finally, 

AQP1 showed a statistically significant negative correlation (P<0.05) with serum 

progesterone concentration, with an r value of 0.32 (Table 2).  

 

Immunohistochemistry 

The presence of AQP1, -3 and -8 was observed in the cells from both glandular and 

luminal epithelia in all uterine samples regardless the phase of the cycle or the 

gestational age (Figs 2, 3, 4). AQP1 and AQP3 were homogeneously distributed in the 

cytoplasm as well as the plasma membrane. No changes in the localization of these 

AQPs were observed between the different phases of the sexual cycle or the different 

gestational ages. However, AQP8 did show a localization change related with serum 

levels of progesterone. Thus, in queens with low levels of progesterone, AQP8 was 

mainly found at the plasma membrane (Fig 5). On the contrary, in queens with high 

levels of progesterone, regardless they were pregnant or not, AQP8 was distributed in 

both plasma membrane and cytoplasm. 

AQP1 and -3 were also located in the myometrial cells from uterine samples in 

every stage evaluated. In addition, myometrial positive staining to AQP1 was increased 

in queens with high levels of serum progesterone, regardless if they were pregnant or 

not. Apart from the epithelial cells, AQP1 was also present in the endometrial vascular 

endothelia. Myometrial surface did not express AQP8. 
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Finally, placental transference zone samples expressed AQP3 and AQP8, but not 

AQP1, in all the gestational ages evaluated. AQP3 and -8 were present in the 

syncytiotrophoblastic and cytotrophoblastic cells of the chorionic labyrinth with a 

homogeneous pattern of distribution in both membrane and cell cytoplasm. In addition, 

cytotrophoblastic cells showed a higher pattern of AQP3-immunoreactive intensity than 

the syncitiotrophoblastic cells during mid-term pregnancy (Figs 2, 3, 4).  

Negative controls for all immunohistochemical analyses were performed in 

order to modify the technique or replace antibodies against the tested AQPs. All 

controls confirmed the specificity of our antibodies. 

 

Discussion 

As it has been previously stated, fluid balance is important in the reproductive tract [1]. 

The water movement to the uterus is controlled by different mechanisms, such ovarian 

estradiol-17  [25], nitric oxide [26] and AQPs [27].  

Aquaporins 1, -3 and -8 have been previously described in the female 

reproductive tract of several mammalian species. The present study describes, for first 

time, the presence of AQP1, -3 and -8 in the queen uterus and placental transference 

zone and their possible correlation with serum progesterone levels in non–pregnant 

queens at different sexual phases and pregnant queens at different gestational ages. 

In accordance with other studies [9-11], AQP1 was present in the myometrium, 

endometrial vascular endothelia and cells from both laminal and glandular epithelia of 

queen uterus in every stage evaluated. In immunoblotting analyses, intensity of bands 

showed that AQP1 expression was negatively correlated with serum progesterone 

levels, suggesting that progesterone could down-regulate its function. These results are 

in disagreement with previous studies. One study performed in sows showed no 
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changes in AQP1 myometrial expression with variable concentrations of serum 

progesterone [10]. On the other hand, Richard et al. [27] and Aralla et al. [28] described 

that AQP1 expression was increased in the uterus of bitches with high levels of serum 

progesterone, suggesting an increase of water flow from the myometrium into the 

uterine stroma in order to prepare the endometrium for a possible implantation of a 

conceptus. Thus, according to our results, AQP1 either does not play a role on feline 

pregnancy development or needs to be blocked for the proper pregnancy development. 

However, further research is needed to stablish its real role on feline pregnancy. 

With regard to immunochemistry results, myometrial cells showed a stronger 

immunoreactivity staining in non-pregnant queens with high levels of serum 

progesterone. Previous studies [9, 11, 29, 30] demonstrated an up-regulation of AQP1 at 

endometrial and myometrial levels with high serum progesterone concentrations. Our 

immunohistochemistry data are in agreement with those studies. However, we observed 

a negative correlation between progesterone levels and AQP1 expression evaluated 

through immunoblotting. This could be explained by the fact that myometrial surface 

was previously removed with a scalpel in the samples and only endometrium was used 

for immunoblotting purposes. 

In the present study, AQP1 was neither expressed in vascular endothelia of the 

endometrium nor in the chorionic layer, which suggests that AQP1 is not involved in 

the water supply at embryonic level. These results differ from other studies that have 

previously described the presence of AQP1 in the vascular endothelia and trophoblasts 

of the chorionic labyrinth [28, 31-33]. Thus, this is the first study that describes the 

absence of AQP1 in the chorionic vascular endothelia in a mammalian species. Taking 

these results together, the lack of expression in the chorionic cells and the decrease of 
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expression when serum progesterone increases it could be suggested that AQP1 might 

not be involved in the water supply to the fetus during queen pregnancy. 

Expression for AQP3 in both glandular and luminal epithelium, vascular 

endothelium and myometrium is observed in every stage evaluated in uterine samples. 

These results are in concordance with previous studies [14, 15] and suggest that AQP3 

may be involved in the uterine imbibition and in the preparation of the uterus for 

pregnancy. Regarding to the myometrial surface, Wakayama et al. [34] reported a co-

expression of AQP3 and AQP4 in skeletal muscle but it is yet to be determined whether 

they play any function in muscle contraction or metabolism. 

The presence of AQP3 in the trophoblastic cells and vascular endothelia of the 

placental transference zone is in agreement with other studies performed in bitch, 

human, mouse and sheep [28, 33, 35, 36], suggesting a trophoblastic function of this 

specific AQP. When expression intensity for AQP3 was evaluated, cytotrophoblastic 

cells showed higher immunoreactivity than syncitiotrophoblasts from mid-pregnancy 

on. It is well known that cytotrophoblasts are responsible for the invasion of uterine 

spiral vessels with the further invasion of the endometrium and the proximal third of the 

myometrium for the anchoring of the growing fetus and creating the functional placenta 

[37]. Thus, the increase in AQP3 would suggest that this AQP could be involved in the 

invasive phase of the endometrium. On the other hand, syncitiotrophoblasts are 

responsible for the biomolecular interactions between the mother and the fetus by 

invading the uterine wall and serving as an endocrine organ that produces growth 

factors for fetal development and some hormones such as progesterone and human 

chorionic gonadotrophin [28-41]. Regarding to immunoreactivity of AQP3 in 

syncitiotrophoblasts, it can be suggested that AQP3 plays a constitutional function for 

solutes transport across the placenta for the proper fetal development. 
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Concerning to the expression of AQP8 in the female reproductive tract, its 

expression has been previously described in other species such as mice [15], bitch [11] 

and human [20]. According to immunohistochemistry results, AQP8 was only 

expressed in the myometrial surface of non-pregnant queens with high levels of serum 

progesterone. While Jablonski et al. [15] showed that AQP8 is present in mice 

myometrial and endometrial stromal cells, which is in disagreement with our results.  

Serum progesterone levels induced changes in the localization of AQP8 in the 

endometrial cells. While queens with high levels of serum progesterone showed 

expression for AQP8 in both cytoplasm and cell membrane, regardless whether they 

were pregnant or not, queens with low levels of serum progesterone showed expression 

for AQP8 only in the cell membrane. This result suggests that progesterone may 

modulate AQP8 distribution in uterine glandular epithelia. Although previous studies 

have demonstrated that progesterone is able to induce or modulate changes in the 

expression of other uterine proteins [42, 43], further research to determine the actual 

role of progesterone on AQP8 expression is warranted. 

As aforementioned, AQP8 is the only AQP able to transport urea in addition to 

water [20]. Urea is formed because of the nitrogen metabolism that occurs in the liver. 

During pregnancy, the fetus produces urea that has to be discarded from fetal to the 

maternal circulation, especially from mid-pregnancy on when the fetus grows 

exponentially and amniotic fluid volume increases [44, 45]. Thus, as the fetus grows, 

more urea is produced. The present results suggest that AQP8 expressed in the 

trophoblastic cells of the chorionic labyrinth could be involved in the urea transport 

across the fetal membranes. Bearing this in mind, our results are in concordance with 

other studies [11] that found a high expression of AQP8 in fetal membranes during the 

last term of pregnancy. Moreover, every sample of transference zone of pregnant 
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queens showed immunoreactivity in the trophoblastic cells of the chorionic labyrinth in 

every stage evaluated, bringing to mind the possible role of urea discard across the fetal 

membranes. 

In conclusion, this study determines, for the first time, the presence of AQP1, -3 

and -8 in uterine and placental structures of cycling and pregnant queens. According to 

the present results, it can be hypothesized that a combination among these AQPs may 

create a functional collaboration in water handle during different sexual stages in both 

uterus and placental transference zone. However, further studies are needed in order to 

determine the actual role of these AQPs and combination with other AQPs implied in 

the water movement for embryo development.  

 

 

References 

 

[1] Sha XY, Xiong ZF, Liu HS, Di XD, Ma TH. Maternal-fetal fluid balance and 

aquaporins: from molecule to physiology. Acta Pharmacologica Sinica 2011;32:716-

720. 

[2] Richard C, Gao J, Brown N, Reese J. Aquaporin water channel genes are 

differentially expressed and regulated by ovarian steroids during the periimplantation 

period in the mouse. Endocrinology 2003;144:1533-1541. 

[3] Cullinan-Bove K, Koos RD. Vascular endotelial growth factor/vascular permeability 

factor expression in the rat uterus: rapid stimulation by estrogen correlates with 

estrogen-induced increases in uterine capillary permeability and growth. Endocrinology 

1993;133:829–837. 

[4] Damiano AE. Review: Water channel proteins in the human placenta and fetal 

membranes. Placenta 2011;25:S207-S211. 

[5] Gray CA, Bartol FF, Tarleton BJ, Wiley AA, Johnson GA, Bazer FW, Spencer TE. 

Developmental biology of uterine glands. Biol Reprod 2001;65:1311–1323. 

81



[6] Carson DD, Bagchi I, Dey SK, Enders AC, Fazleabas AT, Lessey BA, Yo- shinaga 

K. Embryo implantation. Dev Biol 2000;223:217–237. 

[7] Li X, Yu HM, Koide SS. The water channel gene in human uterus. Biochem Exp 

Biol 1994;32:371-377.  

[8] Gannon BJ, Warnes GM, Carati CJ, Verco CJ. Aquaporin-1 expression in visceral 

smooth muscle cells of female rat reproductive tract. J Smooth Muscle Res 

2000;36:155-167.  

[9] Lindsay LA, Murphy CR. Redistribution of aquaporins 1 and 5 in the rat uterus is 

dependent on progesterone: a study with light and electron microscopy. Reproduction 

2006;131:369-378. 

[10] Skowronski MT, Kwon TH, Nielsen S. Immunolocalization of aquaporin 1, 5, and 

9 in the female pig reproductive system. J Histochem Cytochem 2009;57:61-67.  

[11] Aralla M, Borromeo V, Groppetti D, Secchi C, Cremonesi F, Arrighi S. A 

collaboration of aquaporins handles water transport in relation to the estrous cycle in the 

bitch uterus. Theriogenology 2009;72:310-321. 

[12] Echevarria M, Windhager EE, Tate SS, Frindt G. Cloning and expression of AQP3, 

a water channel from the medullary collecting duct of rat kidney. Prod Natl Acad Sci 

1994;91:10997-1001. 

[13] Umenishi F, Verkman A, Gropper M. Quantitiative analysis of aquaporin mRNA 

expression in rat tissues by RNase protection assay. DNA Cell Biol 1996;15, 475–480. 

[14] Mobasheri A, Wray S, Marples D. Distribution of AQP2 and AQP3 water channels 

in human tissue microarrays. J Mol Hist 2005;36:1-14. 

[15] Jablonski EM, McConell NA, Hughes FM Jr, Huet-Hudson YM. Estrogen 

regulation of aquaporins in the mouse uterus: potential roles in uterine water movement. 

Biol Reprod 2003;69, 1481-1487. 

[16] Johnston T and Wintour EM. Ontogeny of aquaporins 1 and 3 in ovine placenta 

and fetal membranes. Placenta 2000;21, 88–99.  

 [17] Tani T, Koyama Y, Nihei K, Hatakeyama S, Ohshiro K, Yoshida Y, Yaoita E, 

Sakai Y, Hatakeyama K, Yamamoto T. Immunolocalization of aquaporin-8 in rat 

digestive organs and testis. Arch Histol Cytol 2001;64:159-68. 

[18] Gao Y, Deng Q, Zhang Y, Zhang S, Zhu Y, Zhang J. The expression of the 

multiple splice variants of AQP8 in porcine testes at different developmental stages. J 

Appl Genet 2014;55:511-4. 

82



[19] Ma T, Yang B, Verkman AS. Cloning of a novel water and urea-permeable 

aquaporin from mouse expressed strongly in colon, placenta, liver, and heart. Biochem 

Biophys Res Commun 1997;240:324-8. 

[20] Wang S, Kallichanda N, Song W, Ramirez BA, Ross MG. Expression of 

aquaporin-8 in human placenta and chorioamniotic membranes: evidence of molecular 

mechanism for intramembranous amniotic fluid resorption. Am J Obstet Gynecol 

2001;185, 1226–31. 

[21] Qi HB, Li L, Zong WJ, Hyer BJ, Huang J. Expression of aquaporin 8 is diversely 

regulated by osmotic stress in amnion epithelial cells. J Obstet Gynaecol 2009;35, 

1019-25. 

[22] Knospe C. Periods and stages of the prenatal development in the domestic cat. 

Anat. Histol. Embryol 2002;31, 37-51. 

[23] Bradford M. A rapid and sensitive method for the quantitation of microgram 

quantities of protein utilizing the principle of protein-dye binding. Analytical 

Biochemistry 1976;72, 248–256. 

[24] Sirois J and Doré M. The late induction of prostaglandin G/H synthase-2 in equine 

preovulatory follicles supports its role as a determinant of the ovulatory process. 

Endocrinology 1997;138:4427–4434. 

[25] Clemetson C, Verma U, De Carlo S. Secretion and reabsorption of uterine luminal 

fluid in rats. J Reprod Fertil 1977;49:183-187. 

[26] Chaves M, Ribeiro R, Rao V. Possible involvement of nitric oxide in estrogen-

induced uterine edema in the immature rat. Braz J Med Biol Res 1993;26:853-857. 

[27] Richard C, Gao J, Brown N, Reese J. Aquaporin water channel genes are 

differentially expressed and regulated by ovarian steroids during the periimplantation 

period in the mouse. Endocrinology 2003;144:1533-1541. 

[28] Aralla M, Mobasheri A, Groppetti D, Cremonesti F, Arrighi S. Expression of 

aquaporin water channels in canine fetal adnexa in respect to the amniotic fluid 

production and absoption. Placenta 2012;22:502-510. 

[29] Skowronska A, Mlotkowska P, Nielsen S, Skowronski MT. Difference in 

expression between AQP1 and AQP5 in porcine endometrium and myometrium in 

response to steroid hormones, oxytocin, arachidonic acid, forskolin and cAMP during 

the mid-luteal phase of the estrous cycle and luteolysis. Reprod Biol Endocrinol 2015;1; 

13:131. 

83



 [30] Li X, Yu H, Koide SS. Regulation of water channel gene (AQP- CHIP) expression 

by estradiol and anordiol in rat uterus. Yao Xue Xue Bao 1997;32:586–92.  

[31] Zu X.Q, Jiang XS, Zhu XJ,  Zou SW, Wang YH, Hu YC. Expression of Aquaporin 

1 and Aquaporin 3 in fetal membranas and placenta in human term pregnancies with 

olygohidramnios. Placenta 2009;30: 670-676. 

[32] Mann SE, Ricke EA, Yang BA, Verkman AS, Taylor RN. Expression and 

localization of aquaporin 1 and 3 in human fetal membranes. Am J Obstet Gynecol 

2002;187(4):902e7.  

[33] Beall MH, Wang S, Yang B, Chaudhri N, Amidi F, Ross MG. Placental and 

membrane aquaporin water channels: Correlation with amniotic fluid volumen and 

composition. 2007;28:421-8. 

[34] Wakayama Y, Jimi T, Inoue M, Kojima H. Shibuya S, Murahashi M, Hara H, 

Oniki H. Expression of aquaporin 3 and its localization in normal skeletal myofibres. 

Histochem J 2002;34: 331– 337.  

[35] Damiano A, Zotta E, Goldstein J, Reisin I, Ibarra C. Water channel proteins AQP3 

and AQP9 are present in syncitiotrophoblast of human term placenta. Placenta 2001;22: 

776-781. 

[36] Johnston H, Koukoulas I, Jeyaseelan K, Armugam A, Earnest L, Baird R, Dawson 

N, Ferraro T, Wintour EM. Ontogeny of aquaporins 1 and 3 in ovine placenta and fetal 

membranas. Placenta 2000;21: 88-99. 

[37] Brosens IA, Robertson WB, Dixon HG. The role of the spiral arteries in the 

pathogenesis of preeclampsia.Obstet Gynecol Ann. 1972;1:177–191. 

[38] Cross JC, Werb Z, Fisher SJ. Implantation and the placenta: key pieces of the 

development puzzle. Science. 1994;266:1508–1518.  

[39] Crocker IP, Strachan BK, Lash GE, Cooper S, Warren AY, Baker PN. Vascular 

endothelial growth factor but not placental growth factor promotes trophoblast 

syncytialization in vitro. J Soc Gynecol Investig. 2001;8:341–346.  

[40] Nelson DM, Crouch EC, Curran EM, Farmer DR. Trophoblast interaction with 

fibrin matrix. Am J Pathol. 1990;136:855–865. 

[41] Torry DS, Ahn H, Barnes EL, Torry RJ. Placenta growth factor: potential role in 

pregnancy. Am J Reprod Immunol. 1999;41:79–85. 

[42] Mathieu CL, Burnett SH, Mills SE, Overpeckt JG, Bruns DE, Bruns ME. 

Gestational changes in calbindin-D9k in rat uterus, yolk sac, and placenta: implications 

USA 1989;86:3433-3437. 

84



[43] Lindsay LA and Murphy CR. Redistribution of aquaporins 1 and 5 in the rat uterus 

is dependent on progesterone: a study with Light and electron microscopy. 

Reproduction 2006;131:369-378. 

[44] Liu H, Zheng Z, Wintour EM. Aquaporins and fetal fluid balance. Placenta 

2008;29:840e7. 

[45] Underwood MA, Gilbert WM, Sherman MP. Amniotic fluid: not just fetal urine 

anymore. J Perinatol 2005;25:341e8. 

85



Figure legends 

 

Fig 1. Western blotting expression for A) AQP1, B) AQP3, and C) AQP8. Radiograph 

films show a 28-32 kDa band compatible with the different AQPs. C+: Positive control; 

C-: Negative control; MK: molecular weight marker; LP: non-pregnant queens with low 

levels of serum progesterone; HP: non-pregnant queens with high levels of serum 

progesterone; UT: uterus; TZ: transference zone; D30: 30 days of pregnancy; D40: 40 

days of pregnancy; D50: 50 days of pregnancy; D60: 60 days of pregnancy. No 

statistically significant difference among the different groups was observed.  

 

Fig 2. Immunohistochemistry images for AQP-1 expression. Cellular nuclei are blue-

stained with DAPI dye, while AQP-1 is red-stained. A: Negative control in a uterine 

sample; B: Positive control in a rat kidney sample. Note the red mark for AQP-2 around 

the collecting ducts membrane of the kidney; C: Uterine sample from a non-pregnant 

queen with low levels of serum progesterone. Note the red mark in the cellular 

membrane of the epithelial cells from the glandular and luminal epithelia (white 

arrows); D: Uterine sample from a non-pregnant queen with high levels of serum 

progesterone. Note the red mark in the cytoplasm of the cells from the glandular and 

luminal epithelia (white arrows) and the red mark in the myometrium (white asterisk); 

E: Uterine sample from D30 pregnancy. Note the red mark in the cytoplasm of the cells 

from the luminal and glandular epithelia (white arrow); F: Uterine sample from D40 

pregnancy. Note the red mark in the cells from the endometrial glands and luminal 

epithelia (white arrow); G: Uterine sample from a D50 pregnancy. Note the red mark in 

the cytoplasm of the cells from the luminal epithelium (white arrow); H: Uterine sample 

from a D60 pregnancy.  Note the red mark in the cytoplasm of the cells from the 
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luminal epithelium (white arrow) and the red mark in the vascular endothelia (white 

asterisk); I: Sample from the placental transference zone in a D30 pregnancy. No 

specific staining was noticed in the chorionic membranes; J: Sample from the placental 

transference zone in a D40 pregnancy. No specific staining was noticed in the chorionic 

membranes; K: Sample from the placental transference zone in a D50 pregnancy. No 

specific staining was noticed in the chorionic membranes; L: Sample from the placental 

transference zone in a D60 pregnancy. No specific staining was noticed in the chorionic 

membranes. 

 

Fig 3. Immunohistochemistry images for AQP-3 expression. Cellular nuclei are blue-

stained with DAPI dye, while AQP-3 is green-stained. A: Negative control in a uterine 

sample; B: Positive control in a rat kidney sample. Note the green mark for AQP-3 

around the collecting ducts membrane of the kidney; C: Uterine sample from a non-

pregnant queen with low levels of serum progesterone. Note the green mark in the 

cellular membrane of the epithelial cells from the glandular and luminal epithelia (white 

arrows) and the green mark in the myometrium (white asterisk); D: Uterine sample 

from a non-pregnant queen with high levels of serum progesterone. Note the green mark 

in the cytoplasm of the cells from the glandular and luminal epithelia (white arrows) 

and the green mark in the myometrium (white asterisk); E: Uterine sample from D30 

pregnancy. Note the green mark in the cytoplasm of the cells from the luminal and 

glandular epithelia (white arrow); F: Uterine sample from D40 pregnancy. Note the 

green mark in the cells from the endometrial glands and luminal epithelia (white arrow); 

G: Uterine sample from a D50 pregnancy. Note the green mark in the cytoplasm of the 

cells from the luminal epithelium (white arrow); H: Uterine sample from a D60 

pregnancy.  Note the green mark in the cytoplasm of the cells from the luminal 
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epithelium (white arrow); I: Sample from the placental transference zone in a D30 

pregnancy. Note the green mark in the cytoplasm of the cells from the labyrinth (white 

asterisk); J: Sample form the placental transference zone in a D40 pregnancy. Note the 

green mark in the cytoplasm of the cells from the labyrinth (white asterisk); and the 

specific green mark in the cytotrophoblasts (white arrow); K: Sample from the placental 

transference zone in a D50 pregnancy. Note the green mark in the cytoplasm of the cells 

from the labyrinth (white asterisk); and the specific green mark in the cytotrophoblasts 

(white arrow); L: Sample from the placental transference zone in a D60 pregnancy. 

Note the green mark in the cytotrophoblasts (white arrow). 

 

Fig 4. Immunohistochemistry images for AQP-8 expression. Cellular nuclei are blue-

stained with DAPI dye, while AQP-8 is purple-stained. A: Negative control in a rat 

kidney sample; B: Positive control in a rat kidney sample. Note the purple mark for 

AQP-8 around the collecting ducts membrane of the kidney; C: Uterine sample from a 

non-pregnant queen with low levels of serum progesterone. Note the purple mark in the 

cellular membrane of the epithelial cells from the glandular and luminal epithelia (white 

arrows); D: Uterine sample from a non-pregnant queen with high levels of serum 

progesterone. Note the purple mark in the cytoplasm of the cells from the glandular and 

luminal epithelia (white arrows) and the purple mark in the myometrium (white 

asterisk); E: Uterine sample from D30 pregnancy. Note the purple mark in the 

cytoplasm of the myocytes from the myometrium (white asterisk) and the cells from the 

endometrial glands (white arrow); F: Uterine sample from D40 pregnancy. Note the 

purple mark in the cytoplasm of the myocytes from the myometrium (white asterisk) 

and the cells from the endometrial glands (white arrow); G: Uterine sample from a D50 

pregnancy. Note the purple mark in the cytoplasm of the cells from the luminal 
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epithelium (white arrow) and glandular epithelium (white asterisk); H: Uterine sample 

from a D60 pregnancy.  Note the purple mark in the cytoplasm of the cells from the 

luminal epithelium (white arrow) and glandular epithelium (white asterisk); I: Sample 

from the placental transference zone in a D30 pregnancy. Note the purple mark in the 

cytoplasm of the cells from the labyrinth (white arrow); J: Sample form the placental 

transference zone in a D40 pregnancy. Note the purple mark in the cytoplasm of the 

cells from the labyrinth (white arrow); K: Sample from the placental transference zone 

in a D50 pregnancy. Note the purple mark in the cytoplasm of the cells from the 

labyrinth (white arrow); Note the purple mark in the cytoplasm of the cells from the 

labyrinth (white arrow); L: Sample from the placental transference zone in a D60 

pregnancy. Note the purple mark in the cytoplasm of the cells from the labyrinth (white 

arrow). 

 

Fig 5. Immunohistochemistry image from a non-pregnant queen with low levels of 

serum progesterone (LP). Cellular nuclei are blue-stained with DAPI dye. AQP-8 

(purple mark) is distributed only in the cellular membrane of the cells from the 

glandular and luminal epithelium (white arrow). 

 

Table 1. Relative abundance of AQP1, -3 and -8 calculated by means of the Multi 

Gauge v3.0 software system. Statistically significant differences at different sexual and 

pregnancy stages for each AQP are indicated with different superscripts. 

 

Table 2. Correlations between AQPs expression and serum levels of progesterone. 

Statistically significant differences are indicated with asterisks. 
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Table 1 

 
 
 
 
 
Table 2 
 

  AQP1 AQP3 AQP8 P4 
AQP1 1 0.35* 0.16 -0,32* 
AQP3 0.35* 1 0.29 -0,19 
AQP8 0.16 0.29 1 0.18 
P4 -0,32* -0,19 0.18 1 

Tables
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Highlights 

 Feline endometrium and placenta express aquaporin-1, -3 and -8 (AQP1, -3, -8) 

 Gestational age and progesterone levels do not induce changes in AQP1, -3 and 

-8 expression 

 Levels of serum progesterone induce changes in the cellular location of AQP-8 

 

*Highlights (for review)
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Enclosed please find our manuscript entitles Aquaporin-1, -3 and -8 in queen 

reproductive tract may handle water transport on queen reproductive tract and placental 

transfer zone. Evaluation at different phases of the sexual cycle and pregnancy stages. The 

manuscript pretends to stablish the putative role of aquaporins 1, 3 and 8 in the reproductive 

function, especially during foetal development in queens. The role of aquaporins has been 

previously described in other mammal species, but this is the first study focused in cats. The 

expression of aquaporin has been described in the manuscript and also its relationship with 

progesterone levels. 

I hope you consider the present manuscript for publication in your journal. 
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Abstract 

Adequate glucose transfer from mother to fetus is crucial for maintaining the pregnancy 

and for an appropriate development of the fetus.  The facilitative glucose transporters 

(GLUTs) are responsible for the glucose transport across the cellular membranes. The 

present study, the expression of GLUTs 1 and 3 isoforms were investigated in both 

uterus and placental transference zone through different sexual and pregnancy phases in 

the queen using immunoblotting and immunohistochemistry techniques. Both GLUT1 

and GLUT3 were expressed in both uterus and placental transference zone in every 

sample evaluated without significative differences on its expression. 

Immunohistochemistry showed expression of GLUT1 and 3 in both uterine glandular 

and luminal epithelia. In addition, GLUT1 was expressed also in the myometrium and 

vasculaer endothelia. In the transferenze zone of pregnant queens, GLUT1 showed a 

distribution on the apical and basolateral membrane of the trophoblastic cells of the 

chorion while GLUT3 was present in both cytoplasm and cell membrane of the 

chorionic layer. In conclusion, GLUTs 1 and 3 are responsible for glucose uptake in 

both uterine and placental tissues for fetus development.  



 
Introduction 

 

Glucose metabolism is important to prepare the epithelium and the stroma for embryo 

implantation and also for the proper differentiation of the functionalis layer in order to 

support the developing conceptus (Von Wolff et al., 2003, Frolova et al., 2009, Kim 

and Moley 2009, Frolova and Moley 2011).. 

Due to it is a polar molecule, glucose is not soluble in plasma membrane and has to be 

transported by proteins across it to reach the cytoplasm (Bell et al.,, 1990). These carrier 

transporter proteins are named glucose transporters and are divided in two groups 

depending if are Na+/Glucose co-transporters (SGLTs) or facilitative diffusion glucose 

transporters (GLUTs) (Bell et al.,, 1990). 

The function of these transporters is to maintain euglycemia controlling the glucose 

uptake into the cells and releasing it from the liver when circulating glucose levels 

decrease (Hediger et al., 1994). These transporters are also responsible for glucose 

reabsorption from glomerular filtrate (Hediger et al., 1994). 

SGLTs allow glucose influx through the luminal membrane and GLUTs allow glucose 

efflux through the basolateral membrane (Sabino-Silva et al., 2010). This is important 

for trans-epithelial glucose transport in small intestine cells, lungs, liver, renal proximal 

tubules and salivary gland ducts (Lee et al., 1994). 

The facilitative transporters (GLUT) utilize the diffusion gradient of glucose and other 

sugars across the plasma membranes and exhibit different substrate specificities, kinetic 

properties and tissue expression profiles (Wood and Trayhurn, 2003). GLUTs are 

proteins of around 500 amino acids and their family members can be divided depending 

on the sugar they transport (Joost and Thorens, 2001).  Several GLUTs have been 

identified in the endometrial stroma of human (von Wolff et al., 2003), mice (Frolova 



and Molley, 2011) and rat endometrium (Korgun et al., 2001), but little information is 

available. On the other hand, of the 14 GLUTs described in the literature, only four 

have been described so far to be expressed in the placental layers (Shin et al., 1997, 

Illsey 2000, Limesand et al., 2004, Wooding et al., 2000, Wooding et al., 2005). In 

addition to expression studies, recent studies have also demonstrated that steroid 

hormones are involved in the glucose metabolism regulation by regulating these glucose 

transporters expressions (Kuo et al., 2015). 

  

GLUT1 was the first glucose transporter to be described (Mueckler et al., 1985). It is a 

very ubiquitous protein and the most abundant in the endothelial cells (Frolova and 

Molley, 2011). It is considered the major contributor to glucose homeostasis due to its 

high affinity for glucose but low affinity for fructose (Carruthers, 1990). On the other 

hand, GLUT3 has been described to have a highest affinity for glucose than other 

hexoses, such as mannose, galactose and xylose (Simpson et al., 2008). However, it 

does not transport fructose. It was originally designated as a neuronal glucose 

transporter because of its high expression in neurons (Nehlig A. 1996). Several studies 

have demonstrated that GLUT3 plays an important role in reproductive system and its 

expression has been described in human and rat sperm (Haber et al., 1993), embryo 

(Pantaleon et al., 1997),  male and female reproductive tract and placenta (Hahn D. et 

al., 2001). 

 

The objective of the present study was therefore to identify and describe the expression 

and localization of both GLUT1, and -3 in the queen endometrium and placenta to 

establish if they are involved in pregnancy development, as well as matching its 

possible correlation with serum progesterone levels. 



 

Materials and methods 

 

Samples Collection and processing 

Thirty-eight stray queens belonged to a program of sterilization of stray-cats at the 

Universitat Autònoma de Barcelona (Spain) were included in the present study. For the 

inclusion, negative tests to feline leukemia (FeLV) and feline immunodeficiency (FIV) 

and no sign of illness were mandatory parameters. Sexual stage of the queens was not 

relevant for the inclusion or exclusion in the study. 

Queens were premedicated with ketamine (5 mg/kg, Imalgene 1000, Laboratorios 

Merial, Barcelona, Spain), buprehorphine (20 μg/kg, Buprecare, Divasa-Farmavic S.A, 

Gurb, Spain) and midazolam (0.2 mg/kg, Midazolam Normon, Laboratorios Normon 

S.A., Madrid, Spain) IM. Anesthesia was performed with IV propofol (4 mg/kg, 

Vetofol, Laboratorios Esteve, Barcelona, Spain) and anesthetic status was maintained 

with 1.5-2% isoflorane (Isoflo, Laboratorios Esteve, Barcelona, Spain). 

Routine ovariohysterectomy was performed by midline laparotomy. Once removed, 

uteri were examined macroscopically in order to determine the presence or absence of 

pregnancy. On the one hand, non-pregnant females were distributed into two groups, 

ovulated (n=7) and non-ovulated (n=7), according to serum progesterone levels (see 

below). On the other hand, pregnant queens were divided according to their gestational 

age (Knospe, 2002, Fresno et al., 2012) into 30 (D30; n = 8), 40 (D40; n = 5), 50 (D50; n 

= 4) and 60 (D60; n = 7) days of pregnancy.  

Uterine full-thickness biopsies were obtained from every queen. In addition, biopsies 

from the placental transfer zone from pregnant queens were also obtained. Every biopsy 

was split in two samples. One was kept frozen at -80ºC for Western blotting analyses, 



while the other was fixed in a 10% paraformaldehyde during 48h for 

immunohistochemistry evaluations. In the case of uterine samples for Western blotting 

analyses, the endometrium was removed from the myometrium with a scalpel and kept 

for the analyses. 

The sampling collection was performed under the guidelines of the Ethical Committee 

Animal Care and Research, Autonomous University of Barcelona (CEEAH, code 2939). 

 

Progesterone concentration 

A blood sample from the jugular vein was obtained from every queen previously to 

surgery. Blood samples from the jugular vein were allowed to clot at room temperature 

in glass tubes and centrifuged at 2500xg for 5 minutes. Serum was collected and kept 

frozen in Eppendorf tubes at -20ºC until progesterone analysis was performed 

(Immulite® 1000, Siemens Healthcare Diagnostics, Cornellà del Llobregat, Spain). 

According to serum progesterone levels, non-pregnant queens were split into non-

ovulated or low serum progesterone level (progesterone concentration ≤ 1 ng/mL) and 

ovulated or high serum progesterone level (progesterone concentration ≥ 2 ng/mL) 

(Fresno et al., 2012). Queens with values between 1 and 2 ng/mL were excluded from 

the study. 

 

Western blotting 

First of all, total protein concentration from each sample was determined by using the 

Braford technique (Bradford, 1976). For that purpose, samples were previously 

homogenized in 1 mL of protein extraction buffer (50mM TRIS HCl pH 7,4, 1mM 

EDTA, 10mM EGTA, 25mM DTT, 1.5% Tritonx100, 1mM PMSF, 10μg/mL 

Leupeptine, 1mM Ortovanadate, 1mM Benzamidine) with an Ultra-Turmax T25 basic 



homogenizer (IKA-WERKE, Staufen, Germany). Supernatants were collected after 

centrifuging the samples at 4ºC at 2500g during 5 minutes and kept frozen at -80ºC until 

Western blotting analysis was performed.  

Separation of proteins was then performed by SDS-PAGE electrophoresis in 10% (w/v) 

acrylamide gels (Sirois and Dore, 1997). After that, proteins were transferred to 

nitrocellulose membranes and Ponceau S dye at 0.1% (w/v) was used to confirm that the 

transference was successful. To avoid unspecific unions, nitrocellulose membranes were 

blocked in a 2% BSA (w/v) solution. For GLUT1 and GLUT3 detection, anti-GLUT1 

and anti-GLUT3 monoclonal primary anti-rabbit antibodies (Sigma-Aldrich, 3050 

Spruce Street, Saint Louis, MO 63103 USA) at 1:1000 (v:v) dilution were used. 

Membranes were then incubated at 4ºC overnight. 

Membranes were then washed in a TBST solution (Tris buffered saline, 0,1%, tween20) 

3 times for 5 minutes to remove the excess of primary antibody. After washing, 

membranes were exposed to an anti-rabbit secondary antibody (Santa Cruz 

Biotechnology Inc., 10410 Finnell Street, Dallas, Texas 75220, USA) for 45 minutes at 

a 1:1000 (v:v) dilution.  

Membranes were then washed again 6 times for 10 minutes with TBST and then 

incubated 5 minutes with Inmobilon TM Western Chemiluminescent HRP Substrate 

(Millipore Corporation, Billerica, MA 01821, USA). Then, membranes were exposed to 

radiograph films to reveal the GLUTs bands (50-60 KDa). 

After the evaluation of GLUTs expression, membranes were immersed in a stripping 

buffer (10 gr glycine, 1 gr SDS, 10 ml Tween 20, pH 2.2, in 1 L of pure water) for 

specific GLUTs marking removal. Membranes were then re-probed with an anti-mouse 

α-tubulin antibody at a 1:1000 dilution (ABR Affinity BioReagents, CO, USA) to 

verify that the same amount of protein for every sample was loaded.  



Specific GLUTs bands densities were analyzed with a computer-assisted image analysis 

system (Multi Gauge v 3.0 software system, Fujifilm, Tokyo, Japan). 

 

Immunohistochemistry 

Biopsy samples were embedded in paraffin blocks and 4 μm-thick sections were 

obtained. For dewaxing, sections were immersed two times in Xilene during 5 minutes. 

After that, sections were hydrated by immersing twice during 5 minutes in a descending 

concentration of alcohols (100%, 96% 70% respectively) and washed twice in PBS (1x) 

for 5 minutes with slight agitation. This process was performed at room temperature. 

For antigen retrieval, sections were immersed into a citrate buffer (10mM sodium 

citrate, 0.05% Tween20, pH=6.0) for 20 minutes at 96ºC and rinsed twice in PBS 

during 5 minutes. Immersions of 1 hour into a 2% BSA solution at room temperature 

were performed for blocking unspecific antibody reactions. After blocking, samples 

were incubated with the corresponding primary antibody overnight at 4ºC at 1:100 

dilution (v/v).   Afterwards, sections were washed 6 times for 10 minutes in PBS and 

then, incubated 3 hours with a secondary anti-mouse Alexa Fluor 568-linked antibody at 

4ºC. Nuclear staining was performed with a 20 minutes with Hoescht-33342 at room 

temperature (Thermo Fisher scientific Inc. Waltham, MA 02451, USA). A Vectashield 

HardSet antifade mounting medium (Vector laboratories, Inc. Burlingame, CA, 94010 

USA) was used for sealing treated sections. Every sample was evaluated with a 

Confocal microscope SP5 (Leica Microsystems GmbH, Mannheim, Germany). 

 

Statistical Analysis 

Analyses of results were conducted with a statistical package (SPSS for 

Windows, Ver. 21.0; Chicago, IL, USA). Data were checked through normality 



(Shapiro-Wilk test) and homogeneity of variances (Levene test). As data 

were not distributed normally, they were transformed through arcsin 

&#8730;x. However, this transformation did not correct the distribution 

and non-parametric tests were used as an alternative to ANOVA. Therefore, 

Kruskal-Wallis test was used as a non-parametric ANOVA and this was 

followed by Mann-Whitney test for pair-wise comparisons. Dependent 

variables were the relative abundances (i.e. normalizad against β-tubulin) of GLUT1 

and GLUT3. 

Spearman correlations were calculated between P4 levels and relative 

abundances of GLUT1 and GLUT3. The level of significance was set at P<0.05 

and data are shown as mean ± standard error of the mean. 

 

Results 

 

Western blotting analyses 

Cells from both luminal and glandular epithelium, as well as chorionic layers from the 

transplacental zone, showed specific bands of 55 and 60 KDa, corresponding to GLUT1 

and 3 respectively.  

When the intensity of the bands was analyzed, no statistically significant (P>0.05) 

differences among the six groups were observed regardless their gestational age or 

sexual cycle phase of the queen (Table X).  

On the other hand, GLUT3 showed a negative significant correlation (P<0.05) with 

serum progesterone levels, with an r value of -0,37 (Table X), while GLUT1 showed no 

correlation (data not shown).  

 



Inmunohistochemistry analyses 

Non-pregnant queens with low concentrations of serum progesterone showed an 

immunofluorescence pattern against both GLUT1 and GLUT3. GLUT1 was expressed 

in the cytoplasm membrane in both laminal and glandular epithelia,  in the vascular 

endothelia of the endometrium and myometrium. On the other side, GLUT3 was 

expressed in the apical plasma membrane of both laminar and glandular epithelia, but 

not in the vascular endothelia of the endometrium.  

In non-pregnant queens with high levels of progesterone, both glucose transporters 

GLUT1 and 3 showed a homogeneous pattern of fluorescence in the cytoplasm of both 

laminar and glandular epithelia in addition to cell membrane. Moreover, myometrial 

cells expressed also fluorescence against both GLUTs. At the vascular endothelia level, 

only GLUT1 showed immunofluorescence. 

In the pregnant queens, GLUT1 was homogeneously expressed in the cytoplasm and the 

cell membrane of both glandular and laminar epithelial cells, myometrial cells and 

vascular endothelia regardless their gestational age. When transference zone was 

evaluated, GLUT1 showed immunoreactivity at the apical and basolateral membrane of 

the syncytiotrophoblastic and cytotrophoblastic cells of the chorionic labyrinth in every 

stage evaluated. Fetal endothelia showed no expression for GLUT1. 

On the other side, GLUT3 was present in the cytoplasm of both glandular and laminar 

epithelial cells, myometrial cells and vascular endothelia regardless their gestational 

age. When transference zone samples were evaluated, GLUT3 immunoreactivity was 

present in the syncytiotrophoblastic and cytotrophoblastic cells of the chorionic 

labyrinth with a homogeneous pattern of distribution in both membrane and cell 

cytoplasm. In addition to maternal endothelia, also fetal vessels expressed GLUT3. 

 



Discussion 

In the present study, data concerning to facilitative glucose transporters GLUT1 and 

GLUT3 in the queen endometrium and transplacental zone at different sexual and 

pregnancy stages are provided. According to the results, both GLUTs may be involved 

in the facilitate glucose transfer to the fetus. Previous studies have demonstrated the 

presence of GLUT 1 and 3 in human placenta (Bell et al., 1990, Shepard et al., 1992) 

and rat endometrium and placenta (Yamaguchi et al., 1996). Nevertheless, not so much 

information is available about these transporters and its possible function in 

reproductive system. 

Yamaguchi et al. (1996) and Frolova et al. (2009) previously described that GLUT1 

increases during fetal development and has a positive correlation with serum 

progesterone levels in rat and human respectively. However, our results are in 

disagreement. No correlation between GLUT1 expression in the endometrium or 

placental transference zone and serum levels of progesterone has been observed in the 

present study. A possible explanation could be the fact that mouse and human have a 

hemochorial placenta, while queens present an endotheliochorial placenta.  So, maybe 

the fact of presenting different types of placenta, with different degrees of invasiveness 

would lead to a different mechanism of action.  

On the other hand, Frolova and Moley (2011) described that GLUT1 was the most 

abundant glucose transporter in murine and human endometrium. However, in our study 

no differences between the expression of GLUT1 and GLUT3 along the pregnancy 

were observed, suggesting that both have a similar role in the glucose transport from the 

dam to the fetus. As it has been previously mentioned, GLUT3 has a high affinity for 

glucose, but its able to transport mannose, xylose and galactose (Simpson et al., 2008).  



With this on mind, we can suggest that at the queen endometrium, not only the glucose 

uptake is necessary, but also different kinds of hexoses.  

A previous study (Wooding et al., 2007) has already described the presence of GLUT1 

in the queen placenta in different days of pregnancy, but not in the endometrium from 

both pregnant and non-pregnant queens These results do not match with what we 

describe in our study, where uterine layers of every stage evaluated presented a 

fluorescence pattern in both luminal and glandular epithelia. Our results suggest that 

uterine uptake of glucose may be important to create a glucose influx from the mother 

endometrium to the placenta and the growing fetus.  

In addition to endometrial epithelia, GLUT1 was also present in the maternal 

capillaries. These results are in disagreement with previous studies performed in queens 

(Wooding et al., 2007), which did not observe endothelial expression for GLUT1. 

These differences on GLUT1 expression may be due to the fact of using newest 

antibodies with high sensitivity to GLUT1 protein. Moreover, the innovation of 

techniques in both immunoblotting and immunohistochemistry may be determinant in 

detection of this protein.  With our results by hand, it is not difficult to think that 

glucose uptake by the fetus should enter by a hematological way from the maternal 

capillaries.  

Regarding to the expression of GLUT3 in the placenta, studies have shown variable 

results. Thus, while Esterman et al. (1997) did not observed the presence of GLUT3 in 

the human placenta, Illsley et al. (1998) and Ogura et al. (2000) detected GLUT3 in the 

first trimester of mouse and human trophoblastic cells suggesting that this GLUT may 

be important in the early postimplantational period when glucose uptake should be 

constant. Both authors suggested that the expression of GLUT3 in the extra-embryonic 

layers would permit maternal glucose to travel to the demanding embryo.  



Regarding to progesterone concentration, GLUT3 showed a negative correlation with 

progesterone showing that lower levels of progesterone note a higher expression of this 

protein. Moreover, non-ovulated queens seemed to express more GLUT3 than ovulated 

queens. These results can suggest that at time of implantation, other transporters in 

addition to GLUT3 may be involved in the preparation for embryo implantation, where 

glucose requirements may be increased. In addition, non-pregnant queens with low 

levels of progesterone and pregnant queens at D60 express more GLUT3 in both 

endometrium and placental transference zone. These results are in disagreement with 

previous studies which demonstrate that GLUT3 was only present during the first 

pregnancy trimester of mouse and human placenta (Esterman et al., 1997, Hahn et al., 

2001, Simpson et al., 2008). Once again, the results suggest that differences between 

species or types of placenta could determine the mechanism responsible for glucose 

transport from the dam to the fetus. Our immunohistochemical results showed that 

vascular endothelia only expressed GLUT3 in the chorionic membrane of pregnant 

queens but not in the endometrium of both pregnant and non-pregnant queens. Brown et 

al., (2011) also described that GLUT3 was present in the vascular endothelia form 

human placenta from the first trimester of pregnancy on. These results suggest that 

GLUT3 may be a critical mediator of glucose uptake from the maternal circulation to 

the trophoblastic cells and the energetically demanding fetus. 

In agreement with previous studies, confirmation of our observations of GLUT3 at 

queen placental membranes is very important. As some groups mentioned above 

described no presence of GLUT3 from second trimester of pregnancy and above, our 

study is completely disagreeing, showing a clear positive staining in trophoblastic cells 

of the chorionic layer across all the queen pregnancy. As it has been stated before, 

queen placentation totally differs from mouse and human placentation. Queen placenta 



is an endotheliochorial placenta, meaning that chorionic layer invades the endometrial 

epithelium in order to contact directly to the maternal vascularization. Moreover, it is 

considered a zonary placenta. In the other side, mouse and human discoid placenta is 

also considered as a hemochorial placenta, where fetus contacts directly with maternal 

blood circulation. These characteristics may be important for supporting our results, 

contrasting the fact that in the endotheliochorial placentas, transport from solutes from 

the mother circulation should be done until delivery. In conclusion, the presence of 

these transporters in the placental membranes suggests an implication in hexose uptake 

and movement across membranes from mother to fetus. 
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Fig. 1. Western blotting expression for A) GLUT1 and B) GLUT3. Radiograph films 

showing a 55-60 kDa bands compatible with GLUTs. Note that the expression is 

present in all the evaluated groups. C+: Positive control; LP: non-pregnant queens with 

low levels of serum progesterone; HP: non-pregnant queens with high levels of serum 

progesterone; UT: uterus; TZ: transference zone; D30: 30 days of pregnancy; D40: 40 

days of pregnancy; D50: 50 days of pregnancy; D60: 60 days of pregnancy. No 

statistically significant difference among the different groups was observed.  

 

Fig 2. Immunohistochemistry images for GLUT1 expression. Cellular nuclei are blue-

stained with DAPI dye, while GLUT1 is red-stained. A: Negative control in a kidney 

sample; B: Positive control in a rat kidney sample. Note the red mark for GLUT1 

around the collecting ducts membrane of the kidney (white arrow); C: Uterine sample 

from a non-pregnant queen with low serum levels of progesterone. Note the red mark in 

the cellular membrane of the epithelial cells from the glandular epithelia (white arrows) 

and red mark in myometrial cells (white asterisk); D: Uterine sample from a non-

pregnant queen with high serum levels of progesterone. Note the red mark in the 

cytoplasm of the cells from the glandular epithelia (white arrows) and the red mark in 

the myometrium (white asterisk); E: Uterine sample from D30 pregnancy. Note the red 

mark in the cytoplasm of the cells from the glandular epithelia (white arrow) and the red 

mark in the myometrium (white asterisk); F: Uterine sample from D40 pregnancy. Note 

the red mark in the cells from the endometrial glands (white arrow) and the red mark in 

the myometrium (white asterisk); G: Uterine sample from D50 pregnancy. Note the red 

mark in the cells from the endometrial glands and luminal epithelia (white arrow) and 

the red mark in the myometrium (white asterisk); H: Uterine sample from D60 

pregnancy. Note the red mark in the cells from the endometrial glands and luminal 



epithelia (white arrow) and the red mark in the myometrium (white asterisk); I: Sample 

from the transference zone (TZ) in a D30 pregnancy. Note the red mark in the apical 

membrane from the chorionic cells; J: Sample form the TZ in a D40 pregnancy. Note 

the red mark in the apical membrane from the chorionic cells;  K: Sample from the TZ 

in a D50 pregnancy. Note the red mark in the apical membrane from the chorionic cells;  

L: Sample from the TZ in a D60 pregnancy. Note the red mark in the apical membrane 

from the chorionic cells.  

Fig 2. Immunohistochemistry images for GLUT3 expression. Cellular nuclei are blue-

stained with DAPI dye, while GLUT3 is green-stained. A: Negative control in a 

chorionic sample; B: Positive control in a rat small intestine sample. Note the green 

mark for GLUT3 around the intestinal villy (white arrow); C: Uterine sample from a 

non-pregnant queen with low serum levels of progesterone. Note the green mark in the 

cellular membrane of the epithelial cells from the glandular and luminal epithelia (white 

arrows); D: Uterine sample from a non-pregnant queen with high serum levels of 

progesterone. Note the green mark in the cellular membrane of the epithelial cells from 

the glandular and luminal epithelia (white arrows); E: Uterine sample from D30 

pregnancy. Note the green mark in the cellular membrane of the epithelial cells from the 

glandular and luminal epithelia (white arrows); F: Uterine sample from D40 pregnancy. 

Note the green mark in the cellular membrane of the epithelial cells from the glandular 

and luminal epithelia (white arrows); G: Uterine sample from D50 pregnancy. Note the 

green mark in the cellular membrane of the epithelial cells from the glandular and 

luminal epithelia (white arrows); H: Uterine sample from D60 pregnancy. Note the 

green mark in the cellular membrane of the epithelial cells from the glandular and 

luminal epithelia (white arrows); I: Sample from the transference zone (TZ) in a D30 

pregnancy. Note the green mark in the chorionic cells; J: Sample form the TZ in a D40 



pregnancy. Note the green mark in the chorionic cells; K: Sample from the TZ in a D50 

pregnancy. Note the green mark in the chorionic cells; L: Sample from the TZ in a D60 

pregnancy. Note the green mark in the chorionic cells. 

 

Relative GLUT1 and 3 abundance calculated by means of the Multi Gauge 

v3.0 software system. Statistically significant differences at different sexual and 

pregnancy stages for each AQP are indicated with different superscripts.
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General discussion 





 

Several studies have been focused on the importance of water movement across the 

female reproductive tract. This event is not only important at the ovulation timing for 

the creation of the uterine edema, but also for oocyte transport or amniotic fluid balance 

during pregnancy (Sha et al., 2011).  The regulation of water across the uterus and the 

placenta is a poorly understood mechanism, but this phenomenon seems to involve 

aquaporins (AQPs) as major participants. 

The results of the present study reveal that AQP1, 2, 3 and 8 are present in queen uterus. 

Some studies have previously described that the expression of AQPs in the uterus is 

regulated by ovarian steroid hormones such as E2 and P4, suggesting that these AQPs 

play important roles in hormone-mediated water and other solute transport in uterine 

imbibition (He et al., 2006, Aralla et al., 2009, Skowronski et al., 2010). In our studies, 

changes in cellular location of AQP2 and 8 related to serum progesterone concentration 

were observed. In non-pregnant queens with low levels of progesterone (progesterone ≤ 

1 ng/mL), AQP2 and 8 were distributed in the plasma membrane of both glandular and 

laminal epithelia of the uterus. In contrast, in non-pregnant queens with high levels of 

progesterone (progesterone ≥ 2 ng/mL) and pregnant queens, AQP2 and 8 were 

distributed in both plasma membrane and along the entire cytoplasm of both glandular 

and laminal epithelia, suggesting that serum progesterone concentration induces 

modifications of the intracellular distribution of both AQPs. Nevertheless, not enough 

data is available concerning to the changes in cellular distribution of these transporters 

related to ovarian steroid hormones and further research is needed to establish if 

progesterone really controls APQ2 and 8 function in the uterus. 

On the other hand, the abundance of AQPs did not changed along the pregnancy period 

or the different sexual phases, nor AQP2 and 8 neither AQP1 and 3. These results are in 

disagreement with some previous studies, which have observed changes in the 

expression of APQs1, 2, 5 and 9 related with serum progesterone concentration. It is 

important to highlight that fact that, due to the intimate endotheliochorial placenta of the 

queen, samples from pregnant queens for immunoblotting analyses were difficult to 

split into chorion and endometrium and were probably analyzed as a unique unit. Thus, 

a possible change in the relative abundance of AQPs could have been masked. Actually, 

if we take into account the changes observed in the distribution of AQP2 and 8 related 

with levels of serum progesterone, that would be a more than feasible explanation. 



Surprisingly, although there was no change in the expression of AQPs during the 

different sexual and pregnancy stages, AQP1 negatively correlated with serum 

progesterone levels, suggesting that AQP1 is maybe down-regulated by progesterone.   

In addition to the endometrium, and in agreement with other studies in human and rat 

(Mobasheri et al., 2005; Lindsay et al., 2006), AQP 1, 2 and 3 were expressed at the 

myometrial cells from queens, suggesting that the presence of water transporters in the 

myometrium may regulate the water flux from the myometrial cells to the endometrial 

surface for the preparation of the endometrium for implantation or other modifications 

during pregnancy (Richard et al., 2003). Nevertheless, the expression of these 

aquaporins has not been yet related to the muscle contraction or metabolism of the 

myometrium, being unclear its function. 

Regarding to the placenta, many authors have hypothesized that AQPs may play a role 

in the amniotic fluid reabsorption (Liu et al., 2008, Sha et al., 2011, Aralla et al., 2012).  

 

Many authors have described the presence of AQP1 in the chorionic vascular 

endothelium of different species such as human, mouse and bitch (Mann et al., 2002, 

Zhu et al., 2009, Aralla et al., 2012). However, our results are in disagreement with 

these previous studies. The chorionic surface of the queen placenta did not express 

AQP1, suggesting that AQP1 may not be involved in the water flow to the embryo 

during the queen pregnancy. This result, combined with the negative correlation of 

AQP1 and progesterone in the endometrium described above, would support the 

hypothesis that AQP1 is maybe down-regulated during phases with high levels of 

progesterone. 

On the other side, AQP2, 3 and 8 showed were expressed in the chorionic layer. This 

fact suggests that AQP2, 3 and 8 may take part in the water supply to the embryo and 

play a role in water disposal. In addition to water, AQP8 has been described to transport 

urea. In the present study, AQP8 showed a high expression in the cells from the 

chorionic labyrinth, which is in accordance to Aralla et al., (2009) and Zhu et al., 

(2010). As the urea produced by the fetus has to be removed from the fetal circulation to 

the maternal circulation, it can be hypothesized that AQP8 may be involved in the urea 

transport across the fetal membranes. Regarding to AQP3, this AQP showed a higher 

immunoreactivity at the cytotrophoblasts than in the syncytiotrophoblasts, suggesting a 



water flow across the chorionic surface and the maternal endometrium for the fetal 

development. 

Finally, in order to study the activity of AQP2 during pregnancy, the phosphorylation of 

Tyr-residues of this protein was evaluated. Several authors (Katsura et al., 1997; He et 

al., 2006; Moeller et al., 2009) have described that the phosphorylation of Tyr-residues 

modulates the endocytosis and exocytosis of AQP2 in cells. In our study, variations of 

TyrPhos of AQP2 were not related to changes of AQP2 progesterone-related location 

modifications. This fact suggests that progesterone is the responsible of cellular 

distribution of AQP2 and not its phosphorylation in Tyr-residues.  

It is easy to think that various isoforms of AQPs presents in different cell compartments 

can modulate water movement. According to our results, every AQP has a particular 

location in both queen uterus and placental transfer zone, being located in endothelia, 

myometrial cells, epithelia and chorionic surface. In addition, AQPs can be located in 

the plasma membrane or in the whole cytoplasm. When compared to other species, 

these locations are quite different,. AQP1 in queens was not present in vascular 

endothelia as it happens in bitch, mice or human (Mann et al., 2002, Zhu et al., 2009, 

Aralla et al., 2012).. Moreover, AQP2 and 8 showed a change of location from the 

plasma membrane to the whole cytoplasm according to progesterone concentration. As 

it has been aftermentioned, queen reproductive tract and placenta have certain 

differences in terms of anatomy and physiology. This fact can suggest  different sites of 

action, metabolic action and role of these proteins in queen reproductive tract.  

 

Regarding to glucose transporters, both GLUT1 and GLUT3 were expressed in queen 

uterus and placental transfer zone, which is in accordance with previous studies that 

have observed the presence of glucose transporters in rat and human (Hahn et al., 1995; 

Hahn et al., 2000). Anyway, there are few data about glucose transporters in the 

reproductive system and its role in these tissues is not fully yet understood. 

Some authors have described a correlation between the expression of GLUT1 in the 

female reproductive tract of mice and human with serum levels of progesterone 

(Yamaguchi et al., 1996; Frolova et al., 2009). However, our results are in 

disagreement. In queens, the expression of GLUT1 in both uterus and placental 

transference zone is not correlated with progesterone levels. On the other hand, when 

GLUT3 expression was evaluated comparing to serum levels of progesterone, non-



pregnant queens with low levels of serum progesterone expressed more GLUT3 than 

both pregnant and non-pregnant queens with high levels of progesterone, although no 

statistically significant correlation was observed as it has been previously stated. In 

addition, queens with low levels of serum progesterone express more GLUT3 than 

queens with high levels of serum progesterone. These results can suggest that at time of 

implantation, other transporters in addition to GLUT3 may be involved in the 

preparation for embryo implantation, where glucose requirements may be increased.  

Simpson et al. (2008) described that GLUT1 was the glucose transporter most 

expressed in the endometrium. However, in the present study, both GLUT1 and showed 

the same relative abundance in the different sexual and pregnancy phases.  

On the other hand, it is well known that GLUT3 has a high affinity for glucose. 

However, GLUT3 is able to transport other hexoses such as mannose, xylose and 

sacarose. This fact suggests that not only glucose uptake is necessary in the 

endometrium, but also other kind of glucose. 

Several authors (Esterman et al., 1997, Hahn et al., 2001, Simpson et al., 2008) 

described that GLUT3 is expressed in mouse and human placenta only during the first 

trimester of pregnancy. However, GLUT3 was expressed in the chorionic layer of all 

the pregnancy stages in queens. This controversy may suggest that differences between 

species or types of placenta could determine the mechanism responsible for glucose 

transport from the dam to the fetus. 

 

Regarding to GLUTs location, the present study describes the presence of GLUT1 in 

the endothelial cells of endometrial vessels, being in disagreement with what other 

authors have published in queens (Wooding et al., 2007). These differences between the 

studies could be to the technique or the use of newest antibodies with higher sensitivity 

to GLUT1 protein. Moreover, the innovation of techniques in both immunoblotting and 

immunohistochemistry may be determinant in the detection of this protein. 

On the other hand, as Brown et al., (2011) described in human placenta, GLUT3 is 

present in the endothelia of the chorionic membranes, but not in the maternal vessels of 

the endometrium. This result suggests that GLUT3 may be a critical mediator of 

glucose uptake from the maternal circulation to the trophoblastic cells and the 

energetically demanding fetus. 



Nevertheless, other authors described that GLUT3 was not present from second 

trimester of pregnancy on (Esterman et al., 1997, Hahn et al., 2001, Simpson et al., 

2008). However, queen placentation totally differs from mouse and human placentation. 

These characteristics may be important for supporting our results, suggesting that in the 

endotheliochorial placentas, transport of solutes from the mother circulation should be 

done until delivery.



 
 
 
 
 



 
 
 
 
 
Conclusions 



 



The results of the present thesis lead to the next conclusions: 

 

1. AQPs 1, 2, 3 and 8 are present in the cells from both luminal and glandular 

epithelia of the queen endometrium, including the placental transference zone. 

2. AQPs 1, 3 and 8 did not show any significant difference in their expression in 

the cells from luminal and glandular epithelia from the queen endometrium in 

the different sexual and gestational stages. 

3. Uterine samples from non-ovulated queens showed significant higher AQP2 

intensity than uterine samples form 50 days of pregnancy and placental 

transference zone samples of 30 and 50 days of pregnancy. 

4. AQP1 is not present in the chorionic layers of queen placenta. 

5. AQP 2, 3 and 8 are present in the chorionic layer of the queen placenta along the 

pregnancy. 

6. AQPs 1, 3 and 8 did not show any significant difference in their expression in 

the placental transference zone along the pregnancy. 

7. AQP2 activity in the feline endometrium and placenta is not regulated by the 

Tyrosine phosphorylation of this AQP. 

8. AQP1 is negatively correlated with serum progesterone levels while AQP3 is 

positively correlated. AQP2 and AQP8 did not show any correlation with serum 

progesterone levels. 

9. Serum progesterone levels induce changes in the cellular location of AQP2 and 

AQP8. When progesterone concentration is less than 1 ng/ml, these AQPs are 

located only in the cell membrane. However, when progesterone levels are 

greater than 2 ng/ml, these AQPs are located in both cell membrane and 

cytoplasm.  

10. AQP8 expression in the chorionic layer suggests that this AQP is involved in the 

metabolism or elimination of urea from the feline fetus. 

11. GLUTs 1 and 3 are present in the cells from both luminal and glandular epithelia 

of the queen endometrium. 

12. GLUTs 1 and 3 are present in the chorionic layer of every gestational stage 

evaluated. 

13. GLUT1 and 3 did not show any significant difference in their expression in the 

cells from luminal and glandular epithelia from the queen endometrium. 



14. GLUT1 and 3 did not show any significant difference in their expression, 

placental transference zone at gestational stages. 

15. GLUT3 is negatively correlated with serum progesterone levels while GLUT1 

did not show any correlation. 
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