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Abstract

The water channel aquaporin-4 (AQP4) is a protein widely expressed on plasma membrane
of a variety of epithelial cells. In this study we investigated the expression of AQP4 in the
gastrointestinal tract of the pig using immunohistochemical staining. We found no presence
of AQP4 in the different regions of the pig stomach. In the porcine small intestine moderate
immunoreactivity to AQP4 was detected in enterocytes (along the villi and in the bottom of
the crypts), duodenal Brunner’s glands and in enteric ganglia in cells lying in close vicinity to
myenteric as well as submucous neurons. In superficial epithelial cells of the colonic mucosa as
well as of caecal and colonic glands a very strong immunoreactivity to AQP4 was found. Both
in the myenteric and submucous ganglia of the large intestine AQP4-positive cells surrounding
enteric neurons were observed. We concluded that AQP4 expression in the porcine gastrointestinal
tract showed some species-dependent differences in relation to other species. Based on the
presented distribution pattern of AQP4, it is likely that the aquaporin plays a role in mucous (but
not acid) secretion and intestinal absorptive processes in the pig.
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The term aquaporins refers to the group of major intrinsic proteins responsible for
highly selective water transport across the cell membrane. The first aquaporin (AQP),
formerly known as CHIP28, was discovered by Peter Agre’s group in erythrocytes
and proximal tubules of the rat kidney (Denker et al. 1988). But today the family
of aquaporins has grown to at least 13 different ion channel membrane proteins
(AQP0-AQP12) able to transport water as well as small solutes (King et al. 2004).
The presence of some of aquaporins has been found to be limited to certain organs
only, whereas others are widely expressed in numerous organs of several body systems
(Takata et al. 2004). In recent years, at least several attempts have been made to
determine the presence of aquaporins in the mammalian gastrointestinal tract (GIT),
however, our knowledge about their distribution and role(s) is still far from satisfactory.
Interestingly, it is evident that a number of aquaporin types can be found in the
mammalian gut. Immunohistochemistry combined with RT-PCR studies indicated that
mRNAs encoding AQP1, AQP3-5, AQP7-8 and AQP10-11 are commonly present in
normal gastric tissues (Laforenza 2012). The use of specific primary antibodies raised
against various types of aquaporins revealed the expression of AQP1, AQP4-5, AQP7,
AQP9-11 in samples from the small intestine of certain animal species (Matsuzaki
et al. 2004; Arciszewski et al. 2011; Jiang et al. 2014). In a healthy large intestine
the presence of AQP3-4 and AQPS transcripts has been confirmed with the use of RT-
PCR and Northern blot analysis (Ma and Verkman 1999; Elkjaer et al. 2001). It
seems that such a specific distribution pattern of aquaporins makes them one of key
players crucial for the physiological regulation of several processes including the most
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important one, the production and reabsorption of fluid (King et al. 2000), but also of
dietary fat processing (Ma et al. 2001), gut inflammatory disorders (Zhao et al. 2014),
tumour development (Papadopoulos and Saadoun 2014), or even autoimmune
diseases (Pisani et al. 2014). Recent studies suggest that aquaporins may serve as an
attractive novel drug target with a potential clinical application (Frigeri et al. 2007).
A growing number of studies demonstrate that AQP4 has gained much more attention
than the remaining family members, mainly due to its involvement in numerous pivotal
life processes. AQP4 is predominantly expressed in the brain (Nielsen et al. 1997)
and believed to be involved in the development of brain oedema and neuropsychiatric
disorders (Wang et al. 2014; Xiao and Hu 2014). In a wider perspective, AQP4 is
also a potent factor influencing the course of chronic inflammation of nasal mucosa
(Frauenfelder etal. 2014), optic neuropathy (Petzold and Plant 2014), and secretion
in diabetic prostate (Pei et al. 2013). Several evidences also linked AQP4 with
gastrointestinal disorders. It must be, however, kept in mind, that most morphological
and functional studies have been conducted in laboratory rodents and humans, whereas
large animal species have attracted relatively lower attention. Considering the above
mentioned facts, the present study was aimed to immunohistochemically investigate
the occurrence, distribution and cellular localization of AQP4 in particular segments of
the GIT of the pig, and thus to determine whether AQP4 might be a potential regulator
of gastrointestinal disorders in this species.

Materials and Methods

Animals and tissues

A total of five (n = 5) five-week-old crossbreed Polish Landrace Pietrain piglets (weighing approx. 4-5 kg)
of both sexes, born at term and housed in standard farming conditions were used in the study. All experimental
protocols described below were carried out in accordance with the Polish law regarding experimental animals,
after having been reviewed and approved by the Local Ethics Committee. In order to minimize the unnecessary
suffering of animals the number of animals used was reduced to the minimum needed to achieve meaningful
results. On arrival the piglets were clinically healthy. Piglets were sedated with intramuscular injection of
azaperone (Stresnil, Janssen-Cilag GmbH, Germany; 0.5 mg/kg b.w.) and euthanized by an overdose of sodium
pentobarbital (Morbital, Biowet Pulawy, Poland; 50 mg/kg b.w.). A midline incision of the abdomen was made
and samples of the stomach (divided into cardia, fundus, body, and pylorus), duodenum, jejunum, ileum, caeccum,
and colon samples (approx. 3 cm long) were collected from each animal immediately after killing. The tissue
samples were immediately immersed in 10% phosphate buffered neutral formalin for 6 h at room temperature
(RT) and then overnight at 4 °C. Once, the fixative was washed the material was dehydrated through ascending
grades of ethyl alcohol, cleared in xylene, and infiltrated with paraffin. Finally the material was embedded into
paraffin blocks and cut using a microtome into 5 pum thick sections. Sections were mounted on adhesion glass
slides (SuperFrost Plus, Menzel GmbH & CoKG, Germany). In order to completely remove water from the slides,
each slide was left at RT overnight.

Immunohistochemistry

For the routine indirect immunohistochemical stainings peroxidase-antiperoxidase (PAP) method was applied.
Slides were dewaxed in three xylene baths for 5 min each and hydrated in descending ethanol series for 5 min
in each bath. After washing in distilled water the slides were placed in a plastic staining dish containing citrate
buffer (pH = 6.0). Antigen retrieval was performed at 97 °C (3 x 7 min) in a microwave oven (800W), followed by
cooling for 20 min. Next, the sections were treated with 3% hydrogen peroxidase for 20 min, rinsed in phosphate
buffered saline (PBS, pH = 7.4) and incubated in 2.5% normal horse serum (S-2012; Vector, USA) for 20 min at
RT. Incubation with mouse monoclonal antibodies (clone [3D2]) raised against AQP4 (1:200; Abcam, UK, code
ab11026) was done overnight (humid chamber, 4 °C). Next day, the sections were washed twice in PBS (15 min
each) and then incubated for 1 h (RT) with anti-mouse/rabbit Ig (ImPress™; MP-7500 Vector, USA). Washing
with PBS (2 x 15 min) was repeated and immunoreaction was visualized by soaking samples in diaminobenzidine
(DAB, Vector, USA) solution containing hydrogen peroxide. After the final rinse in tap water the sections were
lightly counterstained with Mayer’s haematoxylin solution, dehydrated in ascending series of ethyl alcohol,
transferred to xylene and coverslipped.

In control stainings the primary antibodies were substituted by PBS or non-immune rabbit and mouse serum
at an equal concentration as the primary antibodies. Omission of primary antibodies also served as a negative
control. In control sections, no positive immunoreactions were found.

The sections were viewed under a light microscope (BX-51 DSU Olympus, Japan) equipped with a digital
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colour camera (DP-70, Olympus) and connected to a standard PC. Image acquisition and analysis were performed
using Cell"M software (Olympus).

Results

In general, as a result of the immunohistochemical staining DAB formed a deep
brown polymerization product upon reaction with hydrogen peroxide in the presence of
peroxidases, easily distinguishable in relation to the background. The intensity of DAB
staining was diverse in particular organs of the porcine GIT. In all histological layers
(muscularis externa, submucosa and mucosa) of all studied regions of the porcine stomach
(cardia, fundus, body and pylorus) we were unable to detect positive immunoreactivity to
AQP4. In gastric enteric ganglia neither AQP4-immunoreactive (IR) neurons nor AQP4-
IR dots/varicosities running in close vicinity to neurons were found. In the duodenum,
the expression of AQP4 was found in numerous enterocytes located all along the villi
and in the bottom of the duodenal crypts (Plate I, Fig. 1A). Clusters of dots intensively
immunoreactive to AQP4 were also detected in cells of Brunner’s glands (Plate I, Fig
1B) as well as in very sparse cells surrounding enteric neurons. In the jejunum and ileum
numerous AQP4-immunoreactive enterocytes were found in the upper portion of the villi.
Additionally, cells located in the basal part of crypts, with visibly weaker immunoreaction
to AQP4 were also occasionally noted. Expression of AQP4 along the upper part of the
jejunal villi was frequently noted (Plate I, Fig 1C). In the myenteric and submucous
ganglia (predominantly of the outer submucous plexus), numerous AQP4-IR cells (most
likely glial cells) lying in close vicinity to enteric neurons were detected (Plate I, Fig 1D).
No presence of AQP4-positive structures was found in the ileal Payer’s patches. In the
caecum, immunoreactivity to AQP4 was found in apical part of crypt epithelial cells only
(Plate II, Fig 2A). A very strong immunoreaction to AQP4 was present in both basolateral
and apical regions of the colonic epithelial cells (Plate II, Fig. 2B). Similar distribution
pattern of AQP4-expression was also noted in case of colonic intestinal glands (Plate II,
Fig. 2C). In myenteric and submucous ganglia of the colon only sparse AQP4-IR cells with
morphology resembling glial cells were found around enteric neurons.

Discussion

In the present paper, we for the first time described the detailed expression pattern to AQP4
in the porcine gastrointestinal tract (GIT). Aquaporin 4 (AQP4) belongs to the subgroup of
orthodox aquaporins responsible for transcellular transport of water only (Borgnia etal. 1999).
AQP4 is widely present in the brain, predominantly in astrocytes (Nagelhus and Ottersen
2013), however, recent findings documented AQP4-expression in the mammalian GIT. Thus,
the most obvious and reasonable roles of AQP4 in GIT seem to be secretion and absorption
which principally depend on the in and out transmembrane water flux. Based on several
findings, we can conclude that the presence of AQP4 in the gut of the pig seems to be species-
specific and thus its physiological role might be slightly different. First of all, in the present
study we were unable to localize AQP4 in any of the cells of different regions of the porcine
stomach (cardia, fundus, body, and pylorus). In previous studies, the expression of AQP4 was
detected at basolateral membrane of parietal cells located in the stomach of the rat (Fujita et al.
1999), mouse (Wang et al. 2000), guinea pig (Jiang et al. 2014) and humans (Misaka et al.
1996). Since the application of proton pump inhibitors evoking acid suppression substantially
increased the number of fundic AQP4-expressing parietal cells in the mouse, the involvement
of aquaporin in gastric secretory processes (acid secretion) has been postulated (Matsuzaki et
al. 2010). This is in line with previous findings noting a higher expression level of AQP4 in the
stomach (due to increased number of AQP4-positive parietal cells) of peptide YY transgenic
mice (Carmosino et al. 2005).
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In the present study we also reported the immunoreactivity to AQP4 in the distinct
parts of the porcine small intestine. The most intensive AQP4-expression was noted in
the epithelial margin of the small intestine (duodenum, jejunum, and ileum), however,
the presence of AQP4 was also visible in crypts and duodenal Brunner’s glands. The
presented herein AQP4 distribution pattern with a small exception closely resembles those
previously described in other mammals. In the rat duodenum, jejunum and ileum the
immunoreactivity to AQP4 was found at basolateral membranes of the crypt cells but not
along the villi (Koyama et al. 1999). On the other hand, by means of immunofluorescence
and Western blot techniques, weak or moderate expressions of AQP4 were found both in
the guinea-pig small intestinal crypts and villi (Jiang et al. 2014). The cellular distribution
pattern of AQP4 in the porcine small intestine suggests its involvement in absorptive
processes. Additionally, since a weak expression of AQP4 was also found in porcine
Brunner’s glands it is also likely that AQP4 participates in mucus production. Mechanisms
underlying these processes are not fully understood, but it has been previously shown
that AQP4-regulated water flux in the small intestine of humans increases after cholera
toxin or forskolin stimulation, which suggests that AQP4 controls water movements by
increase of intracellular cAMP concentration (Hamabata et al. 2002). It has been also
well documented that there is a functional correlation between the intestinal dysfunction
(oedema) and traumatic brain injury, which is believed to be regulated by the increased
level of AQP4 in the small intestinal mucosa (Duan et al. 2013).

The expression pattern of AQP4 in the large intestine of several species has been well
documented. Strong AQP4 immunostaining in membranes of the epithelial cells at luminal
surface was reported in the colon of the mouse (Wang et al. 2000) and guinea-pig (Jiang
et al. 2014), which is in line with the results obtained herein from the pig caecum and
colon. The presence of AQP4 protein in mouse colon was additionally confirmed with the
use of Western blot analysis (Cao et al. 2014). It must be, however, kept in mind that in
the rat colon no immunoreaction for AQP4 was detected (Koyama et al. 1999) and human
colon contains only low levels of AQP4 mRNA (Laforenza 2012), which strongly points
to the existence of species-dependent differences. Since transepithelial osmotic water
permeability in the colon of mice lacking AQP4 gene was significantly decreased, it is
generally accepted that AQP4 plays a role in the regulation of the colonic fluid flow (Wang
et al. 2000). In mice infected with the rotavirus strain SA11 (animal model of diarrhoea)
as well as ovalbumin-sensitized mice (animal model of food allergy) the protein content of
AQP4 was significantly attenuated in the colon (Yamamoto et al. 2007; Cao et al. 2014).
In humans, lower expression of AQP4 in colonic mucosa is correlated with the development
of slow transit constipations (Wang et al. 2010). Changes in expression levels of AQP4
were additionally observed in inflammatory diseases such as colitis (Hansen et al. 2009),
ulcerative colitis and Crohn’s disease (Hardin et al. 2004).

In several previous studies, the expression of AQP4 in the enteric nervous system
(ENS) was presented, however, the results are sometimes contradictory. In rat and mouse
colon populations of AQP4-immunoreactive myenteric as well as submucous neurons
additionally co-expressing neurofilament H (neuronal marker) were found (Thi et al.
2008). On the other hand, in the ENS of the guinea-pig the presence of AQP4-positive
glial cells (co-expressing a glial marker S100p) with simultaneous absence of AQP4-
positive enteric neurons was reported (Jiang et al. 2014). Interestingly, another study
on human GIT samples revealed that AQP4-immunoreactive structures present in the
enteric plexuses are negative for glial fibrillary acidic protein, which allows the authors
to classify them as enteric neurons (Gao et al. 2006). In the present study we found no
AQP4 immunoreactivity in either myenteric or submucous neurons of the stomach, small
or large intestines, however, in the studied enteric ganglia the presence of AQP4-positive
cells in close neighbourhood to neurons was noted. Whether the observed AQP4-IR cells
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are in fact enteric glial cells is a matter of speculation at the moment and needs more
intensive morphological studies. It must be kept in mind that from the structural point
of view, enteric glia are very similar to astrocytes in the central nervous system (Jessen
and Mirsky 1983) and AQP4 is expressed in foot processes of astrocytes throughout the
central nervous system (Tomassoni et al. 2010).

In conclusion, our data demonstrate that AQP4 expression in the gut of the pig is
species-related. The peculiar distribution pattern of AQP4 in the porcine GIT suggests
that aquaporins are important regulators of proper gut functioning in this animal species.
Further functional studies involving AQP4-selective pharmacological agents may improve
our understanding of pathogenesis of the porcine intestinal disorders.
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Plate I
Arciszewski M. B. et al.: Immunohistochemical ..

Fig. 1. Representative images of staining for AQP4 in the small intestine of the pig: (A) AQP4-expressing
enterocytes found in duodenum are marked with arrows, (B) AQP4-containing structures located in duodenal
Brunner’s glands are marked with arrows, (C) in upper portion of jejunal villi immunoreactivity to AQP4 is
marked with arrows, (D) arrows point to AQP4-positive cells lying in close vicinity to submucous neurons.
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Fig. 2. Sections of the porcine large intestine immunostained for AQP4. In the caeccum (A) expression to

AQP4 (arrows) was observed in the upper part of crypt epithelial cells. In both colonic intestinal glands
(arrows in B) as well as colonic epithelial cells (arrows in C) strong immunoreactivity to AQP4 was found.



