
Comptes Rendus

Biologies

Anna Hrabia, Joanna K. Socha, Noboru Saito, Małgorzata Grzesiak
and Andrzej Sechman

Aquaporin 4 in the chicken oviduct during a pause in laying induced by
food deprivation

Volume 343, issue 1 (2020), p. 87-99

Published online: 5 June 2020

https://doi.org/10.5802/crbiol.5

This article is licensed under the
Creative Commons Attribution 4.0 International License.
http://creativecommons.org/licenses/by/4.0/

Les Comptes Rendus. Biologies sont membres du
Centre Mersenne pour l’édition scientifique ouverte

www.centre-mersenne.org
e-ISSN : 1768-3238

https://doi.org/10.5802/crbiol.5
http://creativecommons.org/licenses/by/4.0/
https://www.centre-mersenne.org
https://www.centre-mersenne.org


Comptes Rendus
Biologies
2020, 343, n 1, p. 89-98
https://doi.org/10.5802/crbiol.5

News and events / Actualités

Aquaporin 4 in the chicken oviduct during a pause in

laying induced by food deprivation

Aquaporine 4 dans l’oviducte de poule lors d’une pause de ponte

induite par une privation alimentaire

Anna Hrabia ∗, a, Joanna K. Sochaa, Noboru Saitob, Małgorzata Grzesiak a, c

and Andrzej Sechmana

a Department of Animal Physiology and Endocrinology, University of Agriculture in
Krakow, Krakow, Poland

b Laboratory of Animal Physiology, Graduate School of Environmental and Life
Sciences, Okayama University, Okayama, Japan

c Department of Endocrinology, Institute of Zoology and Biomedical Research,
Jagiellonian University in Krakow, Krakow, Poland.

E-mails: anna.hrabia@urk.edu.pl, rzhrabia@cyf-kr.edu.pl (A. Hrabia),
joanna.socha@urk.edu.pl (J. K. Socha), nsaito@okayama-u.ac.jp (N. Saito),
m.e.grzesiak@uj.edu.pl (M. Grzesiak), rzsechma@cyf-kr.edu.pl (A. Sechman).

Abstract. In the present study we hypothesize that aquaporin 4 (AQP4) expression in the chicken
oviduct would change during a pause in egg laying that was induced by fasting. Accordingly, the aim
of this investigation was to examine the AQP4 mRNA and protein expression, and immunolocalization
in the chicken oviduct during the course of regression. The experiment was carried out on laying hens
subjected to a pause in laying that was induced by food deprivation for 5 days. Control hens were fed
ad libitum. The birds were sacrificed on day 6 of the experiment and all segments of the oviduct were
isolated, including the infundibulum, magnum, isthmus, shell gland, and vagina. Subsequently, the
gene and protein expressions of AQP4 in the tissues were tested by real-time PCR and Western blot,
respectively. The relative mRNA expression of AQP4 was the highest in the infundibulum and vagina
and the lowest, and least detectable, in the magnum. The level of AQP4 protein was the highest in
the infundibulum and the lowest in the magnum. Fasting resulted in a decrease of the AQP4 mRNA
expression (P < 0.001) in the infundibulum, a decrease in protein abundance (P < 0.01) in the shell
gland, and an increase in protein level (P < 0.001) in the vagina. Immunohistochemistry demonstrated
tissue- and cell-dependent localization of AQP4 protein in the oviductal wall. The intensity of staining
was as follows: the infundibulum > shell gland > vagina ≥ isthmus À magnum. In the control hens,
the immunoreactivity for AQP4 in the vagina was similar, whereas in other oviductal segments, the
immunoreactivity was stronger when compared with the chickens subjected to a pause in laying. In
summary, these findings suggest that the AQP4 is an essential protein involved in the regulation of
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water transport required to create a proper microenvironment for fertilization and egg formation in
the hen oviduct.

Résumé. Dans la présente étude, nous posons l’hypothèse que l’expression de l’aquaporine 4 (AQP4)
dans l’oviducte de poule changerait pendant une pause lors de la ponte induite par un jeûne. Ainsi, le
but de notre expérimentation était de déterminer l’expression de l’ARNm et de la protéine AQP4 ainsi
que son immunolocalisation dans l’oviducte de poule au cours de la régression. L’expérience a été réa-
lisée sur des poules pondeuses soumises à une pause de ponte induite par une privation alimentaire
pendant 5 jours. Les poules témoins ont été nourries ad libitum. Les oiseaux ont été sacrifiés au jour 6
de l’expérience et tous les segments de l’oviducte ont été isolés, à savoir l’infundibulum, le magnum,
l’isthme, la glande coquillière, et le vagin. Les expressions géniques et protéiques d’AQP4 dans ces tis-
sus ont été testées respectivement par PCR en temps réel et Western blot. L’expression relative d’ARNm
d’AQP4 était la plus élevée dans l’infundibulum et le vagin et la plus faible et la moins détectable dans
le magnum. Le niveau de la protéine AQP4 était le plus élevé dans l’infundibulum et le plus bas dans
le magnum. Le jeûne a entraîné une diminution de l’expression de l’ARNm AQP4 (P < 0,001) dans l’in-
fundibulum, une diminution de l’abondance des protéines (P < 0,01) dans la glande coquillière et une
augmentation du niveau de protéines (P < 0,001) dans le vagin. L’immunohistochimie a démontré une
localisation dépendante des tissus et des cellules de la protéine AQP4 dans la paroi oviductale. L’in-
tensité de la coloration était la suivante : infundibulum > glande coquillière > vagin ≥ isthme À mag-
num. Chez les poules témoins, l’immunoréactivité de l’AQP4 dans le vagin était similaire, tandis que
dans d’autres segments oviductaux, l’immunoréactivité était plus forte par rapport aux poulets sou-
mis à une pause de ponte. En résumé, ces résultats suggèrent que l’AQP4 est une protéine essentielle
impliquée dans la régulation du transport de l’eau nécessaire pour créer un micro-environnement
approprié pour la fécondation et la formation d’œufs dans l’oviducte de poule.

Keywords. AQP4, Pause in laying, Fasting, Oviduct, Chicken.
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Highlights

• AQP4 is expressed in the chicken oviductal
parts.

• Starvation decreases AQP4 mRNA in the in-
fundibulum and AQP4 protein in the shell
gland.

• Immunoreactivity of AQP4 depends on
oviductal tissue and section.

• AQP4 may regulate oviductal function and
regression.

1. Introduction

In the domestic hen, an oviduct includes five mor-
phologically and functionally different segments: the
infundibulum, magnum, isthmus, shell gland, and
vagina. The function of the infundibulum is to engulf
the ovulated ovum from the ovary. The infundibu-
lum is also where fertilization occurs and the outer
layer of the yolk membrane is formed. The magnum
synthesizes and secretes the majority of the albumen
by the epithelial and tubular gland cells. In the isth-
mus, egg-shell membranes are formed. Then, in the
shell gland (uterus), fluid with electrolytes is added to

the albumen and the calcified eggshell is deposited.
Finally, the vagina helps in egg expulsion and is
responsible for the storage of spermatozoa in the
sperm storage tubules [1–3].

The functional properties of the avian oviduct un-
dergo dynamic alterations during the reproductive
cycle, which includes development, egg laying, and
pause in laying. All events related to oviduct activi-
ties require a proper balance of water and fluid secre-
tion. Previous research on mammals indicates that
membrane proteins known as aquaporins (AQPs)
are crucial players in maintaining water availability,
and consequent oviductal fluid volume and compo-
sition [4–8].

AQPs are small (∼25–35 kDa) integral membrane
channel proteins, that are permeable to water and
other small, uncharged solutes, such as glycerol or
urea. AQPs are divided into three subgroups based
on structural and functional properties: classical wa-
ter channels (AQP0, 1, 2, 4, 5, 6, and 8), aquaglyc-
eroporins (AQP3, 7, 9, and 10), and superaquaporins
(AQP11 and 12). It is well established that AQPs are
involved in a wide array of reproductive processes in
mammals, such as ovarian follicle development, fer-
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tilization, and embryonic survival and growth [4, 5,
9, 10]. In contrast, much less is known about partici-
pation of AQPs in the regulation of reproductive pro-
cesses in female birds. So far, Zaniboni and Bakst [11]
localized AQP2, 3, and 9 in epithelial cells that form
the sperm storage tubules in the turkey vagina. Tiwari
and colleagues [12] showed differentially expressed
AQP5 in the chicken ovarian tumor cells and in the
chicken ovarian cancer cell line, indicating that AQP5
is involved in ovarian tumorigenesis, metastasis, and
cell survival. Yang et al. [13] reported an increase
in the expression of AQP3 in the ovarian tumors
of chickens and revealed that AQP3 is involved in
the estrogen-regulated development of the chicken
oviduct. Further, previous research by the authors
demonstrated the presence of AQP4 in the chicken
ovary in relation to follicle development indicating
that AQP4 may take part in the regulation of follicle
growth [14]. Our recent study revealed the oviduc-
tal cell-, part-, and activity-dependent expression of
AQP4, suggesting involvement of AQP4 in the func-
tions of the chicken oviduct, mainly the secretion of
oviductal fluid [15]. Moreover, a decrease in AQP4
abundance in the oviductal tissues was observed af-
ter tamoxifen (estrogen receptor blocker) treatment,
suggesting that estrogen may regulate AQP4 expres-
sion in the chicken oviduct [15]. Thus, taking into ac-
count that during a pause in laying, the oviduct ac-
tivity decreases along with plasma estradiol and pro-
gesterone concentration decreases, we hypothesized
that regression of the chicken oviduct during a pause
in laying would be accompanied by down-regulation
of AQP4 expression. Accordingly, the present study
was designed to examine, for the first time, whether
AQP4 expression changes during a pause in laying in-
duced by food deprivation.

2. Materials and methods

2.1. Birds and experimental design

The animal experiment was performed according
to a research protocol approved by the Local Ani-
mal Ethics Committee in Krakow, Poland (approval
no. 218/2015). Laying Hy-Line Brown hens were ob-
tained from a commercial farm, and were caged indi-
vidually under a photoperiod of 14 h light : 10 h dark
with free access to commercial food and water.

At the age of 32 weeks, the hens were randomly di-
vided into two groups: (1) fed ad libitum (C; N = 6)

and (2) subjected to pause in laying by complete food
deprivation for 5 days (F; N = 6). Chickens were sac-
rificed on day 6 of the experiment. The control hens
which laid eggs were decapitated 2 h after oviposi-
tion. The oviductal parts including the infundibulum,
magnum, isthmus, shell gland, and vagina, were sep-
arated. Tissue samples, collected from the midpor-
tion of each segment, were immediately frozen and
stored at −80◦C for Western blot analysis or were
placed into RNAlater (Sigma-Aldrich, Saint Louis,
MO, USA) and stored at −20◦C for later quantita-
tive real-time PCR. The other tissue fragments were
fixed in 10% buffered formalin, dehydrated through
graded ethanol solutions, cleared in xylene and em-
bedded in paraffin wax. Microtome sections (6 µm
thickness) were mounted onto microscope slides and
used for immunohistochemical analysis.

2.2. RNA isolation and RT-PCR analysis

Total RNA extraction, reverse transcription (RT) and
quantitative real time PCR were performed as de-
scribed previously [14,15]. Briefly, RNA was extracted
from collected tissues using TRI Reagent (Sigma-
Aldrich). Total RNAs (1 µg) were reverse-transcribed
with a High-Capacity cDNA Reverse Transcription Kit
(Applied Biosystems, Foster City, CA, USA). Reverse
transcriptase reaction mixtures were performed in
10 µL volume including the random primers, dNTP
mix and MultiScribe Reverse Transcriptase accord-
ing to the manufacturer’s recommendations. The
obtained cDNA was used in duplex real-time qPCR
for AQP4 and 18S rRNA as a reference gene, in a
10 µL volume containing 5 µL of TaqMan Gene Ex-
pression Master Mix (Applied Biosystems), 0.5 µL
TaqMan Gene Expression Assays with a specific Taq-
Man MGB-probe and one pair of primers (AQP4,
assay ID: Gg03346640_m1, Genbank accession no.
NM_001004765.1, amplicon size: 87 bp; Applied
Biosystems), 0.5 µl of Eucaryotic 18S rRNA Endoge-
nous Control (pair of primers and TaqMan probe-
labeled VIC/TAMRA, cat # 4310893E, amplicon size:
187 bp; Applied Biosystems), 3 µL of water and 1 µL
of cDNA (10x diluted samples after the RT). Amplifi-
cations included an initial denaturation step at 50◦C
for 2 min and 95◦C for 10 min and 40 PCR cycles
at 95◦C for 15 s and 60◦C for 1 min. Each sample
was run in duplicate. Water as a negative control
was used in all reactions. The 2−∆∆Ct method was
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used to calculate relative expression level of AQP4
gene after normalization to 18S rRNA, and calibra-
tion to expression in the infundibulum of the control
chickens.

2.3. Protein extraction and Western blot analysis

Western blot analysis for AQP4 protein was per-
formed as described recently [15]. The protein con-
centration in the tissue homogenates was estimated
by the Bradford method with a Pierce Detergent
Compatible Bradford Assay Reagent (Thermo Fisher
Scientific, Rockford, IL, USA). Samples (20 µg of total
protein) were mixed with loading buffer and warmed
at 99.9◦C for 7 min. After denaturation, samples
were loaded into 12% SDS-polyacrylamide gel, and
proteins were separated by electrophoresis under
reducing conditions. Resolved proteins were trans-
ferred from the gel to a nitrocellulose membrane
using a semi-dry blotter (Thermo Scientific Pierce
G2 Fast Blotter; Thermo Fisher Scientific) in Genie
Transfer Buffer (20 mM Tris, 150 mM glycine in 20%
methanol) for 7 min at a constant voltage of 25 V.
Membranes were blocked for 60 min with 5% non-fat
milk in TBST (0.1% Tween-20 in Tris–buffered saline,
pH 7.4). After washing, the membranes were incu-
bated overnight at 4◦C with rabbit polyclonal anti-
chicken AQP4 primary antibody (custom-made by
Operon Biotechnologies, Tokyo, Japan, and its speci-
ficity confirmed in the chicken tissues as described
previously [14–16] diluted 1:3000. Membranes were
then washed and treated with secondary horseradish
peroxidase-conjugated goat anti-rabbit antibody
(1:5000, 60 min, RT; cat # R-05072-500, Advansta,
Menlo Park, CA, USA). Next, to control for variable
amounts of protein, the membranes were stripped
and reprobed with mouse monoclonal anti-β-actin
HRP-conjugated IgG (1:500; cat # sc-47778, Santa
Cruz Biotechnology Inc, Santa Cruz, CA, USA). The
sites of antibody-antigen reaction were detected us-
ing enhanced chemiluminescence (Advansta) and
visualized using a ChemiDoc-It 410 Imaging system
and VisionWorks Life Science software. The bands
representing each sample were densitometrically
quantified using ImageJ program (developed at the
National Institutes of Health). Relative abundances
of AQP4 protein were normalized to the β-actin in
each corresponding data point.

2.4. Immunohistochemistry

Immunohistochemical localization of AQP4 was per-
formed routinely as reported previously [15]. Briefly,
after blocking of nonspecific binding sites with 5%
normal goat serum in TBST, the sections were in-
cubated overnight with primary rabbit polyclonal
anti-chicken AQP4 antibody (the same as for West-
ern blot) diluted 1:250 in TBST. The slides were
rinsed two times for 5 min in TBS, before incuba-
tion with secondary biotin-labelled goat anti-rabbit
IgG (1:300, 90 min, room temperature; cat # BA-1000,
Vector Laboratories, Burlingame, USA), followed by
an avidin-biotin-horseradish peroxidase complex –
Vectastain ABC kit (30 min; Vector Laboratories). The
color reaction was developed by incubation with
diaminobenzidine and H2O2 solution. In addition,
sections were stained with hematoxylin QS (Vector
Laboratories). Negative control was performed by
replacement of the primary antibody with normal
rabbit serum or TBST buffer. Slides were examined
under an Axio Scope. A1 light microscope with an
Axiocam 503 colour camera and Zen 2.3 pro soft-
ware (Carl Zeiss, Germany). The intensity of the im-
munoreactivity was estimated as very strong, strong,
moderate, weak, and very weak.

2.5. Data analyses

The data were analyzed using different statistical
analyses that are specified in the figure legends. The
tests included nonparametric Kruskal–Wallis one-
way analysis of variance on ranks followed by the
Student–Newman–Keuls test. For comparison of the
means of the two groups, the nonparametric Mann–
Whitney U test or the Student’s t-test were applied.
Differences of values were considered to be signifi-
cant at P < 0.05. Calculations were performed with
SigmaPlot_V_13 (Systat Software Inc., USA).

3. Results

3.1. Expression of mRNA and protein for AQP4

The fasted hens stopped egg laying on day 4 or 5 of
the experiment. The oviduct weight of the fasted hens
was 62.3% lower (P < 0.01) than the control chickens
(69.4 ± 4.03 g vs 26.1 ± 0.93 g).

C. R. Biologies, 2020, 343, n 1, 89-98
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Real-time PCR analysis demonstrated that AQP4
mRNA expression varied by oviductal segment (Fig-
ure 1). In the control chickens, the relative mRNA ex-
pression (RQ) of AQP4 was the lowest, and least de-
tectable, in the magnum and isthmus (P < 0.001),
and the highest in the infundibulum and vagina. In
hens subjected to pause in laying, there was a 86%
(P < 0.001) decrease in the level of AQP4 mRNA in the
infundibulum compared to the control hens.

The differential presence of AQP4 protein in par-
ticular segments of the chicken oviduct was also ob-
served using Western blotting (Figure 2). In each seg-
ment of the oviduct of both control and fasted birds,
a band of approximately 32 kDa was identified (Fig-
ure 2A). Image analysis revealed that AQP4 protein
density was higher in the infundibulum, shell gland,
and vagina than in the magnum and isthmus (data
not shown; analysis was performed only on the AQP4
bands without normalization by β-actin density).
Figure 2B, C and D show the Western blots and rel-
ative expressions of AQP4 in the infundibulum, shell
gland, and vagina, respectively, of both examined
groups. Fasting caused a 25.2% decrease (P < 0.01) in
the relative level of AQP4 protein in the shell gland
and an 221% increase (P < 0.001) in the vagina.

3.2. Immunohistochemical localization of AQP4
protein

Specific immunoreactivity for AQP4 was found in the
wall of all segments of the chicken oviduct of the
control and fasted hens. Differences in the intensity
of immunoreaction among the segments and within
the wall layers of the oviduct were observed (Fig-
ure 3). In the control group, the intensity of the im-
munopositive reaction was as follows: the infundibu-
lum > shell gland > vagina ≥ isthmus À magnum. A
very strong positive reaction for AQP4 was found in
the luminal epithelium of the infundibulum. Strong
immunoreaction was observed in the muscles lo-
cated in the stroma of the infundibulum as well as
in the luminal epithelium and tubular glands of the
shell gland. Moderate intensity of staining was found
in the luminal and glandular epithelium of the isth-
mus and the luminal epithelium and muscles of the
vagina. Weak immunoreactivity for AQP4 was present
in the luminal epithelium of the magnum, and in the
stromal muscles of the isthmus and shell gland. A
very weak immunopositive reaction was found in the

Figure 1. Expression of AQP4 mRNA in the
chicken oviduct during a pause in laying in-
duced by fasting. The box plot shows median
(lines within boxes) and 25/75 percentiles (box
sizes). Asterisks indicate significant differences
between control (C) and fasted (F) groups
(Mann–Whitney U test; ***P < 0.001). Dif-
ferent superscript letters indicate differences
(Kruskal–Wallis ANOVA and SNK test; P < 0.05)
among control (lowercase letters) and fasted
groups (uppercase letters).

tubular glands and muscles of the magnum. More-
over, a moderate staining for AQP4 protein was noted
in the wall of the blood vessels of the oviductal parts.
The immunopositive reaction for AQP4 protein in the
oviductal segments was stronger compared for the
control hens than for the fasted hens, except in the
vagina where no difference in AQP4 immunoreactiv-
ity was seen (Figure 3).

4. Discussion

This study investigated, for the first time, the ex-
pression of AQP4 mRNA and protein in the chicken
oviductal parts: the infundibulum, magnum, isth-
mus, shell gland, and vagina during a pause in
laying induced by food deprivation. The present
results confirm our previous suggestion [15] that
AQP4 is involved in the regulation of oviductal fluid
volume and composition, and cell volume in the
hen oviduct during different physiological states.
This was strongly postulated for AQPs in the mam-
malian oviduct, uterus, or vagina as well [5, 7, 10].

C. R. Biologies, 2020, 343, n 1, 89-98
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Figure 2. Western blot analysis of AQP4 protein in the chicken oviduct during a pause in laying induced
by fasting. A. Representative blot of AQP4 in the oviductal parts of control (C) and fasted (F) groups.
B,C,D. The blot and relative expression of AQP4 protein in the infundibulum, shell gland, and vagina,
respectively, of control and fasted hens. Values are mean ± SEM (N = 5 or 6) of the ratios of AQP4 to β-
actin (Student’s t-test; **P < 0.01; ***P < 0.001). I – infundibulum, M – magnum, Is – isthmus, SG – shell
gland, V – vagina.

The results obtained also correspond with our re-
cent investigation of the distribution of AQP4 in the
chicken oviduct after tamoxifen treatment [15], and
are largely consistent with those previously reported
in the human and rodent literature [5, 10, 17].

In line with a previous study [15], we observed
the highest abundance of AQP4 mRNA and protein
in the infundibulum, shell gland and vagina, indicat-
ing that these segments are the main places where
AQP4 exerts a role. Consequently, the presence of
AQP4 mainly in the surface epithelium and stromal
smooth muscles of the infundibulum may support
fluid secretion by epithelial cells. This helps main-

tain a proper microenvironment for fertilization and
regulate contractility of the infundibulum, particu-
larly around the time of ovulation [18]. In the shell
gland, AQP4 was localized to the luminal and glandu-
lar epithelium. This may be essential for the regula-
tion of fluid release and absorption. The role of AQP4
in the shell gland seems to be especially crucial be-
cause in this oviductal segment, the volume and bio-
chemical composition of fluid significantly changes
during eggshell formation. It elevates within the first
6 h after the egg enters the shell gland and 8 ml of wa-
ter containing electrolytes is added into the egg albu-
men. During the last 6 h of eggshell calcification, the

C. R. Biologies, 2020, 343, n 1, 89-98
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Figure 3. Immunohistochemical localization of AQP4 protein in the chicken oviductal parts during a
pause in laying induced by fasting. A very strong immunostaining for AQP4 was found in the luminal
epithelium (E) of the infundibulum. Strong immunoreaction was observed in the muscles located in the
stroma (S) of the infundibulum (A) as well as in the luminal epithelium and tubular glands (TG) of the
shell gland (G). Moderate intensity of staining was found in the luminal and glandular epithelium of
the isthmus (E) and the vaginal epithelium and muscles (I). Weak staining was present in the luminal
epithelium of the magnum (C) and in the stromal muscles of the isthmus and shell gland (E, G). A
very weak immunoreactivity was found in the tubular glands and muscles of the magnum. Moreover,
a moderate immunoreaction for AQP4 was noted in the wall of blood vessels (bv). In control (C) hens,
the immunoreactivity for AQP4 in oviductal parts, except the vagina, was stronger when compared with
fasted (F) hens. Scale bar = 50 µm.

fluid volume in the shell gland declines and the rate
of fluid uptake decreases to 0.15 ml/8 h or less [1].
Moreover, during egg formation, the concentration

of K+ and glucose increases, while the concentration
of Na+ and Cl− decreases in the shell gland fluid [1].
AQP4 may also regulate the subcellular localization

C. R. Biologies, 2020, 343, n 1, 89-98
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of other membrane proteins. Interactions between
transient receptor potential vanilloid 4 (TRPV4; a vol-
ume sensitive calcium channel) and AQP4 constitute
a molecular system that regulates astroglial volume
by integrating osmosensing, calcium signaling, and
water transport [19]. Similar regulation may exist in
the shell gland where fast biomineralization occurs,
resulting in approximately 6 g of calcium carbon-
ate being deposited into the eggshell. In the vagina,
AQP4 is abundant in the luminal epithelium and
muscles. This may be attributable to the regulation
of water homeostasis that is associated with sperma-
tozoa storage, release, and movement. A similar role
was previously presumed for AQP2, AQP3, and AQP9
in the turkey oviduct because they are localized to the
epithelial cells of the sperm storage tubules located
at the utero-vaginal junction [11]. The current results
provide further evidence suggesting that AQP4 par-
ticipates in regulation of water and ion balance in the
chicken oviduct.

In addition to water and ion transportation, AQPs
are also responsible for transporting gases, such as
CO2, O2, NO, and NH3 [20]. Although AQP4 was iden-
tified as a gas channel for NO and O2 [21] it seems
likely that this AQP maintains CO2 exchange as well.
Therefore, it can be assumed that AQP4 is involved in
the regulation of gas transport in the hen oviduct, es-
pecially in regards to CO2 in the shell gland where it
is required for CaCO3 synthesis for deposition in the
eggshell.

While AQPs are important in the regulation of fluid
secretion and absorption, and cell volume mainte-
nance, they are also involved in other processes not
directly connected to water transport. These pro-
cesses include cell adhesion, migration, prolifera-
tion, and death [22]. In birds, induction of pause in
egg laying is accompanied by a low rate of cell pro-
liferation [23] and a high rate of epithelial and glan-
dular cell apoptosis in the oviductal wall [24, 25].
In this study, AQP4 was lower in large part of the
oviduct of the fasted hens. This may, at least in part,
be attributable to the occurrence of apoptotic cell
death and reduction in cell proliferation. Findings
within the rodent literature provide support for this
speculation. An increase in the apoptosis of neurons
and astrocytes was observed following intracerebral
hemorrhage in mice with AQP4 deletion [26]. Addi-
tionally, increased basal apoptosis was observed in
adult neural stem cells obtained from AQP4 knock-

out mice [27].

It is becoming increasingly evident that AQPs are
regulated by sex steroid hormones [8, 9, 17, 28–32].
On the other hand, the oviduct of birds is a steroid
hormone responsive organ and it is known that the
concentration of steroids in the blood plasma and
oviductal tissues dramatically decreases during nat-
ural or food withdrawal-induced pause in laying [33].
Therefore, in the study, we examined whether food
deprivation would affect AQP4 expression concomi-
tantly with oviduct regression and pause in oviduct
activity. We found visible reduction in AQP4 expres-
sion at mRNA or protein levels in the infundibulum,
magnum, isthmus, and shell gland of food deprived
hens when compared to control hens. It seems that
there are two possible explanations for decreased
AQP4 expression in most of the oviductal segments
for the fasted hens. First, there was a decrease in
plasma and tissue estradiol and progesterone con-
centrations as a result of fasting, which under normal
conditions may stimulate AQP4 synthesis. Second,
there was a reduction in functional activity of oviduc-
tal cells as a consequence, at least in part, of steroid
action limitation. These assumptions are supported
by previous studies showing a reduction in plasma
estradiol and progesterone concentrations in chick-
ens during a pause in laying induced by food depriva-
tion [33,34]. These findings are also in line with previ-
ous finding that there is a marked reduction in AQP4
expression in the oviduct of hens treated with tamox-
ifen, an estrogen receptor blocker [15]. The present
results support our earlier hypothesis about the in-
volvement of sex steroid hormones in the mecha-
nisms orchestrating AQP4 expression in the chicken
oviduct.

Interestingly, in the vagina, there were no changes
in AQP4 mRNA expression, and even an increase in
AQP4 protein abundance in the fasted hens. How-
ever, after tamoxifen treatment, AQP4 expression was
markedly reduced [15]. These results may suggest a
slightly different mechanism controlling AQP4 syn-
thesis in the chicken vagina than in the other oviduc-
tal segments. Moreover, it should be noted that in fe-
male birds, the spermatozoa can be stored for pro-
longed periods of time in the vagina. Thus, a high
level of AQP4 abundance detected in the vagina, also
during a pause in laying provoked by food depriva-
tion may be attributable to maintaining a proper en-
vironment for sperm residing within the sperm stor-
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age tubules, especially during adverse physiological
conditions.

5. Conclusions

In conclusion, the results of this study showed, for the
first time a reduction in AQP4 expression at mRNA
or protein levels in the infundibulum, magnum, isth-
mus, and shell gland of hens subjected to a pause
in laying induced by food deprivation. On the other
hand, no changes in AQP4 mRNA expression with
concomitant increase in AQP4 protein abundance in
the vagina of fasted hens were observed. These data
provide support for our previous assumption that the
AQP4 mRNA and protein expression depend not only
on the activity of the chicken oviduct, but also on
the physiological state. Based on our results, it seems
likely that AQP4 is essential in regulating water trans-
port required for creating a proper microenviron-
ment for fertilization and egg formation in the hen
oviduct. Since AQP4 might participate in the cell vol-
ume decrease that is necessary for apoptotic events,
we propose that AQP4 may take part in the apoptotic
cell death that is frequently occurring in the regress-
ing oviduct during a pause in laying. Additionally, a
relationship between steroid action and AQP4 gene
and protein expression is suggested.
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[18] J. Rząsa, “Prostaglandin production by the hen oviduct in vivo
and in vitro”, Adv. Physiol. Sci. 33 (1981), p. 177-183.

[19] A. O. Jo, D. A. Ryskamp, T. T. Phuong, A. S. Verkman,
O. Yarishkin, N. MacAulay, D. Križaj, “TRPV4 and AQP4 chan-
nels synergistically regulate cell volume and calcium home-
ostasis in retinal Müller glia”, J. Neurosci. 35 (2015), p. 13525-
13537.

[20] M. Herrera, J. L. Garvin, “Aquaporins as gas channels”,
Pflügers Arch. 462 (2011), p. 623-630.

[21] Y. Wang, E. Tajkhorshid, “Nitric oxide conduction by the brain
aquaporin AQP4”, Proteins 78 (2010), p. 661-670.

[22] A. Galán-Cobo, R. Ramírez-Lorca, M. Echevarría, “Role of
aquaporins in cell proliferation: What else beyond water per-
meability?”, Channels (Austin) 10 (2016), p. 185-201.

[23] B. Heryanto, Y. Yoshimura, T. Tamura, “Cell proliferation in
the process of oviductal tissue remodeling during induced
molting in hens”, Poult. Sci. 76 (1997), p. 1580-1585.

[24] B. Heryanto, Y. Yoshimura, T. Tamura, T. Okamoto, “Involve-
ment of apoptosis and lysosomal hydrolase activity in the
oviducal regression during induced molting in chickens: a cy-
tochemical study for end labeling of fragmented DNA and
acid phosphatase”, Poult. Sci. 76 (1997), p. 67-72.

[25] J. K. Socha, A. Hrabia, “Alterations in apoptotic markers and
egg-specific protein gene expression in the chicken oviduct
during pause in laying induced by tamoxifen”, Theriogenology
105 (2018), p. 126-134.

[26] H. Chu, J. Xiang, P. Wu, J. Su, H. Ding, Y. Tang, Q. Dong, “The
role of aquaporin 4 in apoptosis after intracerebral hemor-
rhage”, J. Neuroinflammation 11 (2014), p. 184.

[27] H. Kong, Y. Fan, J. Xie, J. Ding, L. Sha, X. Shi, X. Sun, G. Hu,
“AQP4 knockout impairs proliferation, migration and neu-
ronal differentiation of adult neural stem cells”, J. Cell Sci. 121
(2008), p. 4029-4036.

[28] A. Skowronska, P. Mlotkowska, S. Nielsen, M. T. Skowronski,
“Difference in expression between AQP1 and AQP5 in porcine
endometrium and myometrium in response to steroid hor-
mones, oxytocin, arachidonic acid, forskolin and cAMP dur-
ing the mid-luteal phase of the estrous cycle and luteolysis”,
Reprod. Biol. Endocrinol. 13 (2015), p. 131.

[29] M. T. Skowronski, A. Skowronska, S. Nielsen, “Fluctuation of
aquaporin 1, 5, and 9 expression in the pig oviduct during the
estrous cycle and early pregnancy”, J. Histochem. Cytochem.
59 (2011), p. 419-427.

[30] R. H. He, J. Z. Sheng, Q. Luo, F. Jin, B. Wang, Y. L. Qian,
C. Y. Zhou, X. Sheng, H. F. Huang, “Aquaporin-2 expression in
human endometrium correlates with serum ovarian steroid
hormones”, Life Sci. 79 (2006), p. 423-429.

[31] L. A. Lindsay, C. R. Murphy, “Redistribution of aquaporins
1 and 5 in the rat uterus is dependent on progesterone: a
study with light and electron microscopy”, Reproduction 131
(2006), p. 369-378.

[32] E. M. Jablonski, N. A. McConnell, F. M. Hughes Jr, Y. M. Huet-
Hudson, “Estrogen regulation of aquaporins in the mouse

uterus: potential roles in uterine water movement”, Biol. Re-
prod. 69 (2003), p. 1481-1487.

[33] J. K. Socha, A. Sechman, M. Mika, A. Hrabia, “Effect of growth
hormone on steroid concentrations and mRNA expression of
their receptor, and selected egg-specific protein genes in the
chicken oviduct during pause in laying induced by fasting”,
Domest. Anim. Endocrinol. 61 (2017), p. 1-10.

[34] H. E. Paczoska-Eliasiewicz, A. Gertler, M. Proszkowiec,
J. Proudman, A. Hrabia, A. Sechman, M. Mika, T. Jacek,
S. Cassy, N. Raver, J. Rzasa, “Attenuation by leptin of the ef-
fects of fasting on ovarian functions in hens (Gallus domesti-
cus)”, Reproduction 126 (2003), p. 739-751.

C. R. Biologies, 2020, 343, n 1, 89-98


	Highlights
	1. Introduction
	2. Materials and methods
	2.1. Birds and experimental design
	2.2. RNA isolation and RT-PCR analysis
	2.3. Protein extraction and Western blot analysis
	2.4. Immunohistochemistry
	2.5. Data analyses

	3. Results
	3.1. Expression of mRNA and protein for AQP4
	3.2. Immunohistochemical localization of AQP4 protein

	4. Discussion
	5. Conclusions
	Acknowledgements
	Conflict of interest
	Author contributions
	References



