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Summary

Aquaporins (AQPs) are water channel proteins responsible for water homeostasis and
important for proper functioning of all body systems, including reproductive structures. This
study was designed to determine their localization and quantitative changes in the pig ovary
during different stages of the estrous cycle and early pregnancy. The expression of AQP 1, 5
and 9 proteins was determined by immunocytochemistry and Western blot analyses. AQP1
was found in the plasma membranes of capillary endothelium, AQP5 — in the plasma
membranes of granulosa cells of developing follicles and flattened follicle cells of the
primordial follicles, and AQP9 — in granulosa cells of the developing follicles. In the cyclic
pigs, the expression of AQP1 and 5 proteins was the highest on Days 18-20, but did not
change significantly between Days 2-4, 10-12 and 14-16 of the cycle. In pregnant pigs (Days
14-16 and 30-32), the expression of AQPI and 5 did not change and was similar to that
observed during Days 10-12 and 14-16. In turn, AQP9 expression did not change between all
studied periods. In conclusion, studied AQP are localized in different cells populations, the

endothelial and granulosa cells, and AQP1 and 5 seem to be crucial for follicular development

in pigs.
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Introduction

Follicular development of the ovary is the result of positive and negative factors acting
simultaneously on follicular growth and follicular atresia in gilts (Clark et al. 1975). During
the luteal phase of the estrous cycle successive populations of pig primordial (non developing)
follicles (Greenwald and Moor 1989) initiate growth and provide the pool of intermediate
sized follicles (3-6 mm) that will eventually be recruited into the ovulatory population after
luteolysis (Wiesak et al. 1992). The growth of follicles during early pregnancy in the pigs is
altered in comparison with that during the luteal phase of the estrous cycle and the process of
follicles maturation is suppressed. During the follicular phase small antral follicles develop
into large, pre-ovulatory follicles (Prunier et al. 1987; Noguchi et al. 2010). Antral expansion
occurs when fluid, derived from serum, accumulates in the interior of the follicle. However,
the precise mechanism involving large amounts of fluid passing into the antral cavity of the
follicles remains unknown. Recently, Rodgers and Irving-Rodgers (2010) have proposed that
production of hyaluronan and versican by granulosa cells generates an osmotic gradient that
drives fluid from the thecal vasculature and that the granulosa cells can facilitate transcellular

water transport via aquaporins.

Mammalian aquaporins (AQPs) are members of hydrophobic integral membrane
channel proteins that primary transport water across the plasma membrane (Agre et al. 2002).
There are 13 AQP subtypes (AQPO0-12), that are divided into three subgroups: classical
aquaporins (AQPO, 1, 2, 4, 5, 6, 8), aquaglyceroporins (AQP3, 7, 9, 10) and superaquaporins
(AQP11, 12). Most AQPs have a unique tissue specific pattern of expression where they may
play important physiological functions (Carbrey and Agre 2009; Verkman 2008). The new
insight into the regulation and functions of AQPs demonstrates their important role in

reproductive physiology; see review Huang et al. (2006) and Zhang et al. (2012).



In the available literature, only a few studies have been reported about the localization
and expression of AQPs in the ovary. McConnell et al. (2002) investigated the mechanism of
the water permeability in the rat antral follicle. It has been demonstrated that water
permeability mediated by AQPs can control the rate of apoptosis in rats granulosa cells
(Jablonski et al. 2004). West-Farrell et al. (2009) indicated that levels of AQP7 and 8
increased in follicles which do not form antrum and produce appropriate levels of steroids. It
has also been reported that AQP9 was present in the nucleus, cytoplasm and cell membrane of
the granulose cells of patients with polycystic ovary syndrome (PCOS) and was lower in
granulosa cells of the women with PCOS syndrome than controls (Qu et al. 2010).
Thoroddsen et al. (2011) showed the presence of AQP1-4 in isolated human granulosa and
theca cells. Our laboratory revealed the expression of AQPs in the reproductive system of
gilts (Skowronski et al. 2009, Skowronski MT 2010, Skowronski et al. 2011a, Skowronski et
al. 2011b). However, there are no studies concerning localization and quantitative expression

of AQPs in the ovary of cycling and early pregnant pigs.

Therefore, the present study was designed to examine the expression pattern of AQPI,

5 and 9 in the ovary of gilts during the estrous cycle and pregnancy.

Materials and Methods

Experimental animals

All experiments were performed in accordance with the principles and procedures of Animal
Ethics Committee of the University of Warmia and Mazury in Olsztyn. Mature gilts (Large
White x Polish Landrace), 7 to 8 months old, weighing 120-130 kg were obtained from
private breeders. Gilts were observed daily for estrus behavior in the estrous cycle, and they

were used during their third consecutive normal estrous cycle. A total of thirty gilts were



assigned to one of six experimental groups (n=5 per group) as follows: the early-luteal (Days
2-4), the mid-luteal (Days 10-12 of the cycle, coinciding with a period of full active corpora
lutea corresponding to the activity of corpora lutea in the period of pregnancy), the late-luteal
(Days 14-16 of the cycle, coinciding with a period of luteal regression and development of a
new cohort of follicles) and the follicular group (Days 18-20) of the estrous cycle, as well as
the early implantation (Days 14-16) and the post-implantation placentation group (Days 30-
32) of gestation. Additionally, stage of the cycle was confirmed according to Akins &
Morrissette (1968). Gilts assigned to the pregnant group were naturally bred on the second
day of estrus. Pregnancy was detected by ultrasound scanning before killing the gilts (Days
30-32). Additionally, pregnancy was confirmed by the presence of embryos after flushing
uterine horns with 20 ml of sterile saline (Days 14-16). Moreover, plasma concentration of
estradiol (E;) and progesterone (P4) was measured to confirm the stages of the cycle and
pregnancy. Plasma concentration of E; (pg/ml) and P4 (ng/ml) were as follows: on Days 2-4
(0.73+ 0.09 and 7.2+0.97); Days 10-12 (0.8440.15 and 16.44+2.18); Days 14-16 (2.76+0.44
and 1.03+£0.19); Days 18-20 (19.3642.17 and 0.91£0.18) of the estrous cycle, and on Days 14-
16 (1.47+0.21 and 21.244+3.05); Days 30-32 (1.2940.18 and 23.45+3.39) of pregnancy,
respectively. Ovary was separated from each gilts and frozen in liquid nitrogen immediately
after dissection and then stored at —80°C until Western blot analysis. For
immunohistochemistry, tissues were fixed by immersion in 4% paraformaldehyde for 24 h

(Skowronski et al. 2007).

SDS-PAGE and Western blot

Western blot analysis was performed as described previously by (Skowronski et al. 2007).
Briefly, equal amounts of porcine tissue lysates were loaded into 12.5% polyacrylamide gels
and proteins were separated by electrophoresis and electro-transferred onto nitrocellulose

membranes (Hybond ECL RPN3032D, Amersham Pharmacia Biotech, Little Chalfont, UK)



for 1 h at 100V. The membranes were blocked with 5% milk in PBS-T (80 mM Na,HPOy,, 20
mM NaH,PO4, 100 mM NaCl, pH 7.5 and 0.1% vol/vol Tween 20) for 1 h. After washing, the
membranes were incubated overnight at 5°C with anti-AQPs (anti-AQP1, 1:200; -AQPS,
1:1,000; -AQP9, 1:100) or B-actin (1:1,000) antibodies.

The membranes were washed and incubated with horseradish peroxidase-conjugated
goat anti-rabbit IgG secondary antibody (P448, diluted 1:3,000, Dako A/S, Glostrup,
Denmark) in PBS-T for 1 h. After washing with PBS-T, the sites of antibody-antigen reaction
were visualized with an enhanced chemiluminescence (ECL) system (Amersham Pharmacia
Biotech, Little Chalfont, UK) and exposure to photographic film (Hyperfilm ECL,
RPN3103K, Amersham Pharmacia Biotech, Little Chalfont, UK).The results of Western
blotting were quantified by densitometric scanning of immunoblots with GelScan for
Windows ver. 1.45 software (Kucharczyk, Poland). Data were expressed as a ratio of AQP
proteins relative to actin protein in OD. Negative controls for all WB analyses were
performed by both omitting the primary antibodies specific to each AQP and using non-

immune IgG, and no specific immunostaining was observed (data not shown).

Immunohistochemistry

For preparation of paraffin-embedded tissue sections (4-um thickness), the tissues
were dehydrated in ethanol followed by xylene and finally embedded in paraffin (Skowronski
et al. 2009). The staining was carried out using indirect immunoperoxidase. The sections were
dewaxed and rehydrated. For immunoperoxidase labeling, endogenous peroxidase was
blocked by 0.5% H,O, in absolute methanol for 10 min at room temperature. To reveal
antigens, the sections were submerged in 1 mM Tris solution (pH 9.0) supplemented with 0.5
mM EGTA and heated in a microwave oven. After the treatment, the sections were left for 30
min in the buffer for cooling. Nonspecific binding of IgG was eliminated by incubating the

sections in 50 mM NH4CI for 30 min, followed by blocking in PBS supplemented with
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1%BSA, 0.05% saponin and 0.2% gelatin. The sections were incubated overnight at 4°C with
primary antibodies (anti-AQP1, 1:200; -AQPS5, 1:1000; -AQP9, 1:100 or -B-actin, 1:1000,
Sigma, USA) diluted in PBS supplemented with 0.1% BSA and 0.3% Triton X-100. The
sections were rinsed with PBS supplemented with 0.1% BSA, 0.05% saponin and 0.2%
gelatin, and then incubated with horseradish peroxidase-conjugated secondary antibody
(P448, diluted 1:200, Dako A/S, Glostrup, Denmark). Labeling was visualized by 0.05% 3,3
diaminobenzidine tetrahydrochloride (DAB) and sections were counterstained with Mayer's
haematoxylin. The microscopy was carried out using a Olympus light microscope (BX51,
Japan). Negative controls for all IHC analyses were performed by both omitting the primary
antibodies specific to each AQP and using non-immune IgG, and no specific immunostaining

was observed (data not shown).

Primary antibodies

In the present study, affinity-purified polyclonal antibodies to AQPs were used (SulfoLink
Kit, Pierce). The antibodies to AQP1, AQP5 and AQP9 were previously characterized,
respectively by Terris et al. (1996), Nielsen et al. (1997) and Carbrey et al. (2003). Moreover,
the anti-B-actin antibody was used (cat. no. A2066, Sigma-Aldrich). In addition,

immunoglobulins from non-immunized rabbit were used as a negative control.

Statistical analysis

All data were analyzed by one-way ANOVA and least significant difference (LSD) post hoc
test and were reported as the means = S.E.M. from five independent observations. Statistical
analyses were performed using the Statistica program (StatSoft Inc., Tulsa, USA). Values for

p < 0.05 were considered statistically significant.



Results

The results demonstrated that AQP1, 5, and 9 were clearly detected in all studied stages (see
"Materials and Methods") of the estrous cycle and pregnancy. AQP1 immunoreactivity was
detected in the capillary endothelium plasma membranes of the ovary (Figure 1A-F). As a
positive control, AQP1 labeling was seen in the apical and basolateral plasma membrane in
the proximal tubule cells of pig kidney (Figure 1G). In cyclic gilts, the expression of AQP1
protein did not change significantly between Days 2-4, 10-12 and 14-16 but increased (p <
0.05) on Days 18-20 (Figure 2A). The expression of AQP1 tended to be higher on Days 2-4
and 14-16 than on Days 10-12, p = 0.08 and p = 0.07, respectively (Figure 2A). In pregnant
gilts, the expression of AQP1 did not change significantly during the onset and the end of
implantation process (Figure 2B). Moreover, the expression of AQP1 during early pregnancy
did not differ compared to mid- and late-luteal phases of the estrous cycle (Figure 2C).

AQPS5 was localized in the plasma membranes of granulosa cells and flattened follicle
cells of the primordial follicles in the ovary (Figure 1H-M). As a positive control, AQP5
antibody noticeably stained (Figure 1N) the apical plasma membrane of the type I pulmonary
epithelial cells of the pig. The expression of AQPS protein did not change between Days 2-4,
10-12 and 14-16 of the estrous cycle but significantly increased (p < 0.05) on Days 18-20
(Figure 3A). The expression of AQPS5 tended to be higher on Days 14-16 (p = 0.07) than on
Days 10-12 (Figure 3A). The expression of AQPS5 did not significantly differ during Days 14-
16 and 30-32 of pregnancy (Figure 3B) and also when compared to middle and late stages of
the luteal phase (Figure 3C). Interestingly, comparison of the level of the AQP1 protein
expression with that of the AQPS in ovaries during the estrous cycle and early pregnancy
showed a similar pattern. The highest expression of these proteins were detected on Days 18-

20 of the estrous cycle .


http://jhc.sagepub.com/content/57/1/61.long#F1
http://www.sciencedirect.com/science/article/pii/S1642431X12600795#fig2
http://www.sciencedirect.com/science/article/pii/S1642431X12600795#fig2

AQP9 immunoreactivity was observed in the granulosa cells of the developing
follicles in the ovary (Figure 10-T). As a positive control, in the liver tissues of pigs, AQP9
staining was seen at the sinusoidal surfaces of hepatocyte plates (Figure 1U). The expression
of AQP9 did not change significantly between all days of the estrous cycle (Figure 4A) and
pregnancy (Figure 4B) as well as when compared during the onset and the end of implantation

process to mid- and late-luteal phases of the estrous cycle (Figure 4C).

Discussion

This study demonstrates that AQP1 and 5 protein expression in the porcine ovary is
altered during different phases of the estrous cycle and early pregnancy. The high level of
AQP1 and 5 expression in porcine ovary on Days 18-20 of the estrous cycle may be
responsible for fluid balance within the pig ovary. In particular, at the time when preovulatory

follicles are developed.

The expression of AQP5 was previously observed in the ovary of pigs, mice and rats
(Skowronski et al. 2009; Zang et al. 2013; Starowicz et al. 2013). The results of several
studies support the regulatory influence of steroid hormones on AQP1 mRNA and protein
expression in female reproductive system (Li et al. 1997; Lindsay and Murphy 2006;
Jablonski et al. 2003). As reported by Kobayashi et al. (2006), AQPS5 expression could be
activated by estrogen, and estrogen response elements have been identified in AQPS5 promoter

regions in the uterus.

We hypothesized that within the pig ovary, the AQP1 and AQP5 are localized in
different cells populations, in the endothelial and granulosa cells respectively, suggesting their
distinct or collaborative roles in follicular development. It is known that rates of water

transport into the antral cavity of the follicle are 3.5 fold greater than of inulin (a complex of
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carbohydrate restricted to the extracellular compartment) (McConnel et al. 2002). In
experiment conducted by Clark et al. (1975) the number of large follicles remained low
through Days 2-8 (luteogenesis), and 14 of the estrous cycle, but increased at Day 20
(folliculogenesis). In sheep, as in other mammals FSH appears necessary for transition of the
small antral to larger follicles (McNatty et al. 2007). Cyclical variations in the levels of
progesterone, estrogens and FSH presumably are associated with the observed changes in
follicular development (Stabenfeld et al. 1969; Tillson et al. 1970, Henricks et al. 1972). The
progression of the follicle from the preovulatory to the peri-ovulatory state is initiated by LH
in response to the estrogens secreted by the grooving follicle. Recently, Thoroddsen et al.
(2011) described mRNA levels of AQP1-4 measured in separated human granulosa and theca
cells during precise stages of human ovulation and described localization of AQP1-4 proteins
in intact human follicles. All four AQPs were expressed in both granulosa and theca cells
during ovulation. McConnel et al. (2002) confirmed presence of AQPs in rat granulosa cells,
thus suggesting that water permeability of antral follicles occurs primarily through
transcellular mechanism, which may be mediated by AQP7, 8 and 9. Moreover, presence of
AQP9 in granulosa cells suggests that rapid transport of small neutral molecules might be

important in the follicle development (Huang et al. 2006; Qu et al. 2010).

In the ovary, AQP9 presence has been less documented. We have shown its expression
in the pig ovarian cells but we did not noted significant differences between studied periods
despite of differentiated concentration of ovarian steroids (P4 and E,;) in plasma of
experimental pigs. The role of sex hormones in the regulation of AQP9 expression in ovarian
structures has not been fully characterized. However, it is known that the promoter region of
AQPY contains a putative steroid hormone-binding element (Tsukaguchi et al. 1998). In
addition, sex linked differences of AQP9 expression in the liver have been reported by

Nicchia et al. (2001) suggesting that AQP9 is under control of androgens. Qu et al. (2010)
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indicated that hyperandrogenism in follicular fluid of women with polycystic ovary syndrome
inhibited AQP9 expression in granulosa cells. In contrast, estrogen replacement is sufficient
to AQP9 expression after castration (Oliviera et al 2005; Picciarelli-Lima et al. 2006).
Collectively, it seems that expression of AQP9 in the ovarian follicular cells in question is
constitutived in pigs during the estrous cycle and early pregnancy. Nevertheless, this

statement remains to be verified in further studies.

Our present study may suggest that estrogens or progesterone balance is important in
regulation of AQPI, 5 and 9 expression. For example, it is reasonably to speculate that
expression of these proteins might be regulated by progesterone during the luteal phase. This
suggestion confirms the expression results in porcine ovary with early pregnancy. In pregnant
gilts, expression of AQP1, 5 and 9 did not change significantly in comparison with different
Days of the estrous cycle. The role of ovarian follicles during pregnancy is controversial. On
the one hand, Nara et al. (1981) have shown that removal of follicles did not alter the duration
of gestation and littler size in pigs. On the other hand, in later studies by Duda et al. (2004)
and Knapczyk et al. (2008), it has been reported that estrogen receptor a and androgen
receptor proteins are present in the porcine granulose cells on Days 10, 18, 32 and 90 post
coitum. The authors indicated that estrogens and androgens are essential for the maintenance
of a pregnancy and that ovarian follicles are important during pregnancy. Research conducted
by Wiesak et al. (1992) demonstrated that the distribution of follicles in cyclic and pregnant
pigs differed. The ovaries of pregnant pigs contained a greater number of large follicles
(>4mm) than that on Day 12 of cyclic pigs. Small follicles from Day 20 and Day 30 of
pregnant pigs produced significantly more progesterone than large follicles. A similar
relationship was also evident among follicles on Day 12 of the estrous cycle, but not on Day

12 of pregnancy (Wiesak et al. 1992).
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In this regards, our data provide the first evidence showing the semi-quantitative analysis of
expression and localization of AQP1, 5, and 9 in porcine follicles during the estrous cycle and
early pregnancy. These AQPs are localized in different cells populations, the endothelial and
granulosa cells. Moreover, we suggest that AQP1 and AQPS5 proteins might be involved in
follicular development in pigs. Therefore, the further research is required to elucidate the
detailed physiological function of AQPs in the pig ovary during the estrous cycle and early

pregnancy.
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Figure legends

Figurel. Immunolocalization of AQP1, 5 and 9. Anti-AQP1 antibody labels capillary
endothelium (arrows) of the pig ovary during the estrous cycle (A-D) and early pregnancy
(E-F). Immunoperoxidase labeling of AQP1 from the pig kidney cortex (positive control) (G).
The labeling is seen in both of the apical cell membrane and in the basolateral cell membrane
in proximal tubule cells. AQPS5 antibody stains the plasma membranes of granulosa cells
(arrows) and flattened follicle cells of the primordial follicles (arrows) of the ovary during the
estrous cycle (H-K) and pregnancy (L-M). The anti-AQPS5 labels apical membrane of type I
pulmonary epithelial cells of the pig (positive control) (N). AQP9 labels the granulosa cells of
the developing follicles (arrows) during the estrous cycle (O-R) and pregnancy (S-T).
Immunoperoxidase labeling of AQP9 from the pig liver (positive control) (U). Sections were
counterstained with Mayer's haematoxylin. FC, follicular cavity; CV, central vein. Bar = 50

um.

Figure2. Western blot analysis of AQP1 expression. Expression of AQP1 assessed by
Western blotting in the porcine ovary on Days 2-4, 10-12, 14-16 and 18-20 of estrous cycle
(A) as well as on Days 14-16 and 30-32 of pregnancy (B). Densitometric analyses of AQP1
protein levels normalized against B-actin are summarized in A and B for ovarian expression of
AQP1 during studied stages. Comparison of AQP1 expression determined by Western
blotting in porcine ovary, between two stages of the cycle and two periods of pregnancy (C).
Values are the mean + SEM (n = 5). **Means with different superscripts are significantly

different.

Figure3. Western blot analysis of AQP5 expression. Expression of AQPS5 assessed by

Western blotting in the porcine ovary on Days 2-4, 10-12, 14-16 and 18-20 of estrous cycle

18



(A) as well as on Days 14-16 and 30-32 of pregnancy (B). Densitometric analyses of AQPS5
protein levels normalized against B-actin are summarized in A and B for ovarian expression of
AQP5 during studied stages. Comparison of AQPS5 expression determined by Western
blotting in porcine ovary, between two stages of the cycle and two periods of pregnancy (C).
Values are the mean = SEM (n = 5). *Means with different superscripts are significantly

different.

Figure4. Western blot analysis of AQP9 expression. Expression of AQP9 assessed by
Western blotting in the porcine ovary on Days 2-4, 10-12, 14-16 and 18-20 of estrous cycle
(A) as well as on Days 14-16 and 30-32 of pregnancy (B). Densitometric analyses of AQP9
protein levels normalized against -actin are summarized in A and B for ovarian expression of
AQP9 during studied stages. Comparison of AQP9 expression determined by Western
blotting in porcine ovary between two stages of the cycle and two periods of pregnancy (C).

Values are the mean + SEM (n = 5).
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