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1 List of abbreviations

AP: acute pancreatitis

AQP: aquaporin

CF: cystic fibrosis

CFTR: cystic fibrosis transmembrane conductance regulator Cl- channel
HCO3: bicarbonate

HSP: heat shock protein

IkB: inhibitor kappa-B

i.d.: intraductal

1.p.: intraperitoneal

IL-1p: interleukin-1f

KO: knock-out

MPO: myeloperoxidase

NHE3: Na"/H" exchanger-3

NHERF-1: Na*/H" exchanger regulatory factor-1
NF-kB: nuclear factor kappa B

PS: physiological saline

WT: wild-type



2 INTRODUCTION

2.1 Structure and basic functions of the pancreas

The pancreas is made up of exocrine and endocrine parts. The exocrine pancreas
secretes approximately 1.5-2 liters of isotonic fluid per day, which is rich in bicarbonate
(HCO3) and contains digestive enzymes. The exocrine pancreas consists of two main cell
types: acinar cells (responsible for the production of digestive enzymes) and ductal cells
(responsible for bicarbonate and fluid secretion), the former cells constitute the majority of
glandular tissue. The ductal cells form a complex tubular network that runs through the

entire gland [Argenteral- 20121 (Figyre 1) and unites in an outlet duct (Wirsungianus).

MPD InterLD

Figure 1. Simplified structure of the pancreas. The exocrine pancreas consists mainly of acini that surround
a smaller central duct and open toward the duct system. Acinar cells (AC) secrete digestive enzymes into small
intercalated channels (ICDs), where pancreatic ductal cells (PDCs) transmit pancreatic juice (PJ) towards the
duodenum. These channels are directly connected to a growing network of intralobular (intralLD) and interlobular

(interLD) ducts, and later to the major pancreatic duct [Vinciane et al. 2017].



2.2 Ductal bicarbonate secretion

The primary role of pancreatic ductal cells is the secretion of HCO3 [Argentefal. 2012,

Steward et al. 2005] ' The first step in the secretion of HCO3 is its uptake from the extracellular
space. This process occurs through the basolateral membrane via the Na'/HCO3
cotransporter, or by diffusion of CO2, which is then converted to carbonic acid (H2CO3) by
carbonic anhydrase. The resulting protons are released from the cell by Na*/H" exchangers
or H" pumps. Intracellular HCO3 derived from H>COs is secreted through transporters. This
is followed by the second step of HCO3 secretion: bicarbonate exits ductal cells via cystic
fibrosis transmembrane conductance regulator (CFTR) and solute carrier anion exchangers
(SLC26A3, or down-regulated in adenoma, DRA; or SLC26A6, putative anion

transporter-1, PAT-1) and is secreted into the luminal space.

In contrast with the well-understood role of digestive enzymes, the functions and
processes of pancreatic electrolyte secretion have not yet been clearly described, although
it surely facilitates the transport of zymogens to the small intestine and contributes to the
neutralization of stomach acid in order to provide optimal pH for digestive enzymes in the
duodenum. This is significant because maintaining a neutral or alkaline luminal pH is
crucial for the membrane dynamics of acinar cells and, consequently, for the exocytosis of
zymogen granules [Freedman et al. 20011 “previous studies have shown that lower extracellular
pH enhances secretagogue-induced zymogen activation in acinar cells [Bhoomagoud eral. 2009]
Recent studies have also shown, as a result of the Pancreatic Research Group in Szeged,
that proper HCO3 secretion is essential to prevent autoactivation of trypsin in the ductal
tree. Moreover, trypsin itself can reduce apical proteinase-activated receptor-2 by
activating CFTR-dependent HCO3 secretion in ductal cells [Pallagi eral. 2011] 'eading to further

trypsin autoactivation. Thus, the reduction of ductal HCO3Z secretion is of paramount

importance in the preservation of intact pancreatic structure [Heeyi ¢ al. 20161 (Rigyre 2).
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Figure 2. Schematic diagram of ion transport systems in pancreatic ductal epithelial cells. AE, anion

exchanger 2 [Pallagi et al. 2015].

2.2.1 The roles of CFTR and NHERF-1 in ductal secretion

CFTR is expressed in the apical membrane of ductal cells, but it is absent in acinar

[Crawford et al. 1991, Marino et al. 1991]

cells Its proper function is essential for pancreatic

ductal HCO3 and fluid secretion [Steward eral. 20091 The importance of CFTR can be illustrated
by CF, in which the lack of CFTR-dependent fluid secretion has been shown to cause nearly

complete glandular destruction at birth in 85% of patients [Heeyi ¢t al. 2016, Kopelman et al. 1985]

The intercalated and/or intralobular and interlobular ductal cells express CFTR (to
varying degrees depending on the species) and are responsible for producing an isotonic,
highly alkaline fluid with a 140 mM NaHCO; content. However, the composition of the
secretion may vary from species to species depending on the flow rate [Areentetal 2012,
Novak et al. 2013, Steward et al. 2005] - At maximum velocity, HCO3 concentration is about 140 mM

in most species with the exception of rats and mice, where the maximum is about 70 mM

[Argent et al. 2012, Novak et al. 2013]



The major physiological regulator of pancreatic HCO3 secretion is secretin, which
is released from the intestinal “S” neuroendocrine cells, mainly in response to acidic gastric
contents. By binding to the receptors on ductal cells, secretin stimulates the activation of
protein kinase A, which leads to an elevation of intracellular cAMP levels and consequently

causes an increase in CFTR activity through channel phosphorylation.

Na“/H" exchanger regulatory factor-1 (NHERF-1, also known as Ezrin binding
protein-50, EBP50) is a cytosolic regulatory protein. NHERF-1 promotes the formation of
multiple multiprotein-associated complexes with postsynaptic density-95/disc-large/zonula
occludens-1 (PDZ) and ezrin-radixin-moesin (ERM) binding domains [Broneeral- 20051 The
adapter protein has been shown to bind to CFTR and Na'/H" exchanger-3 with
PDZ-binding motifs. NHERF-1 also affects many other proteins, such as regulation of
kidney phosphate transport [Blaine ¢t al- 20111 "hepatic Mrp2 expression [L €@ 20101 'and function,

protein kinase D activity [Kunkeler al- 2009189 _adrenergic receptor [Wheeleref al. 2007

, or opioid
kappa receptor transport [Liu-Chen2004] NHERF-1 is also involved in pathophysiological
processes. Based on small intestine and sigmoid biopsies, the change in transepithelial
sodium and fluid transport in inflammatory bowel disease is partly due to reduced NHERF-
1 expression [Lu-Chen2004] 1n NHERF-1 knock-out (KO) mice, increased phosphate
secretion of the renal tubules has been observed, leading to hypophosphatemia [Prié ¢t al. 2004],
The role of NHERF-1 in the pancreas is not yet well understood. However, deletion of
NHERF-1 resulted in gross mislocalization of CFTR, causing marked reduction in

pancreatic ductal fluid and bicarbonate secretion [Pallagi ¢t al. 2014]

2.2.2 Role of SLC26A3/A6 in ductal bicarbonate secretion

In the late 1990’s, the SLC26 gene family emerged as a group of anion exchangers
that were structurally distinct from the classical anion exchangers (now referred to as
SLC4) gene family. Ten family members (SLC26A1-A11, A10 is a pseudogene) have been
cloned to date. Most of them act as anion exchangers in the kidney, gut and pancreas;
however, SLC26AS5 (prestin) is the motor protein in the outer hair cells of the inner ear,
SLC26a7 and SLC26a9 act as Cl° channels. Strong candidates for the apical anion

exchanger in pancreatic duct cells are SLC26A3 (down regulated in adenoma, DRA) and
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even more so SLC26A6 (putative anion transporter-1, PAT-1). DRA is mutated in
congenital chloride diarrhea and is expressed at high level at the luminal membrane of the
colon. It was originally identified as a chloride transporter, but subsequent studies have
shown that it functions as a CI/HCO3 exchanger. DRA belongs to the family of SLC26
transporters: it is designated SLC26A3 and is expressed in several epithelia. Notably
SLC26A3 functions as an electrogenic 2Cl/1HCO3 exchanger. PAT-1 was originally
identified in a search for novel SLC26 transporters, and as the oxalate transporter in the
renal proximal tubule. SLC26A6 and its two splice variants are ubiquitously expressed,
with high levels in the luminal membrane of the pancreatic duct. SLC26A6 functions as a
2HCO3/1Cl exchanger. Although some laboratories have examined the characteristics of
HCO3 transport in intact pancreatic ducts isolated from SLC26a6 KO mice [shiguro ef a/. 2007]

further investigation is required to prove the role of SLC26 anion exchangers in ductal fluid

and HCOj3 secretion.

2.2.3 Role of aquaporins in ductal fluid secretion

Aquaporins (AQPs) are small membrane proteins whose primary function is to help
transport water molecules. Recent studies have highlighted their essential role in specific
regulatory processes [Madeira et al. 2015, Ribatti et al. 2014, Rodriguez et al. 201 11 To date, 13 AQP isoforms
have been identified in mammals, and some show species-specific expression patterns in
the pancreas. AQP1, -5, -8, and -12 are also present in the human pancreas [Burghardt et al. 2003,
Furuya et al. 2002, Hurley et al. 2001, Itoh et al. 2005, Tani et al. 2001]' AQPl is the first AQP described that is

[Preston et al. 1992] ' The presence of AQP1 has been previously

only permeable to water
demonstrated in the apical and lateral plasma membranes of centrifugal cells and the apical
and basolateral membranes of intercalary and intralobular ductal cells [Burghardtetal 2003,
Furuyaeral. 20021 ' AQPS5 has been proven to be an aquaglyceroporin that aids in the transport
of water along with glycerol, urea, and other small solutes. The expression of AQPS5 was
not detected in the centroacinar cells but only in the apical plasma membrane of the
intercalated ducts [Burghardteral- 20031 The colocalization of AQP1 and -5 with CFTR on the

apical membrane of the ducts is of particular interest, confirming that the channels influence
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each other's function [Burghardteral 20031 “AQP8 and -12, on the other hand, are localized

exclusively in centroacinar cells [Hurley et al. 2001, Itoh et al. 2005, Tani et al. 2001]

Numerous studies have indicated that altered function or expression of AQPs is

often associated with various diseases of the kidney, colon or salivary gland [Bedford et al. 2003,

Steinfeld et al. 2001, Tsubota et al. 2001, Zhu et al. 2016]

2.3 Acute pancreatitis

2.3.1 Clinical features

2.3.1.1 Incidence and etiology

Acute pancreatitis (AP) is a sudden inflammation of the pancreas, the severity of

which ranges from a mild to a severe, the latter of which sometimes has a fatal outcome.

The incidence of AP varies from country to country. In Western-type societies, it is
most commonly 15-45/100 000 inhabitants/year, which is still slightly increasing
[Roberteral. 20131~ AP is one of the most common gastroenterological disorders requiring
hospital admission. In fact, this means 200 000 hospital admissions in the US each year,

costing the health care system $ 2-2.5 billion.

Alcohol consumption and gallstones are responsible for the development and
exacerbation of 70-80% of AP cases [Pamiczky et al. 20161 However, several other etiological
factors (e.g. drugs, hypertriglyceridemia, pancreatic- or ampulla of Vater tumor, trauma,

various mumps-, HIN1-, Coxsackie virus, bacterial infections) are known [Pandol ¢t al. 2007]

n
10-20% of cases, the cause cannot be identified, thus the case is labeled idiopathic.
Occasionally, AP develops after various endoscopic bile duct interventions, called post-

endoscopic retrograde-cholangiopancreatography (ERCP) pancreatitis.

In cholelithiasis, gallstones leaving the gallbladder may get stuck in the biliary ducts
during migration, most commonly at the ampulla of Vater. The obstruction causes an

increase in intraductal (i.d.) pressure in the pancreatic duct, which may contribute to the
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induction of AP. The exact cause of AP in alcohol consumption is not fully understood.
Some experiments suggest that ethanol causes spasm of the sphincter of Oddi, which
increases the sensitivity of acini to cholecystokinin [Gorelickeral 20031 Fthanol and its
metabolites stimulate the early activation of inactive zymogens within the acini. Also,
alcohol metabolites induce acinar hypersecretion, which in effect alters the composition of
the fluid secreted by the pancreas. Occasionally, the change in viscosity of the fluid may
lead to the development of protein plugs, which may block the pancreatic duct itself. Thus,
a blocked line may contribute to the formation of AP. Alcoholism is often not sufficient to
induce AP, and other environmental factors are likely to contribute to it [Whitcomb et al. 2005],

This is also supported by the fact that AP cannot be induced in rodents by only drinking

alcohol.

Thus, the development of AP is due to a variety of causes. Clearly identifying these
causes is crucial to developing an appropriate therapeutic plan, but it can also reduce the
recurrence of AP. In addition to the reasons mentioned above, a fat-rich-diet can also lead
to AP. Accurate, rapid diagnosis is essential, especially for biliary AP complicated with

cholangitis, because of the urgent need for ERCP.

2.3.1.2 Classification

In 2011, the revised Atlanta-classification was created for the most accurate
diagnosis, evaluation of severity, and classification of AP. On the basis of the development
and duration of organ failure, mild, moderate and severe AP can be distinguished.
Approximately 75-80% of cases are mild, 15-20% moderate, and about 10% are severe. In
mild AP, no local or distant complications occur. In moderate AP, local pancreatic
(necrosis, pseudocyst, peripancreatic fluid) complications are present or transient distant
organ failure (lung, kidney, liver, heart) appear within 48 hours, associated with
inflammation. Persistent organ failure can be observed after 48 hours in severe AP, and
local pancreatic complications can often be associated with it. In this case, admission to the
intensive care unit is also frequent. Due to the development of diagnostic procedures and

intensive care, the survival of AP is improving, but severe cases continue to have
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unacceptably high mortality rates. Patients with mild AP have a mortality rate of less than

1%, it is around 5% with moderate pancreatitis, and 30% to 50% with severe AP.

The determinants of severity are not fully understood. However, the balance
between proinflammatory and anti-inflammatory factors and affects the severity of
inflammation of the pancreas. Recent results have shown that the predominance of
pro-inflammatory factors could be explained by genetic polymorphisms of inflammatory
mediators and regulatory factors, such as heat shock protein-72 (HSP-72), which

ameliorates disease severity.

2.3.1.3 C(linical symptoms and treatment

One of the most common symptoms of AP is abdominal pain, usually in the
epigastrium, which radiates to the back. This pain reaches its maximum within about
30 minutes, by which time it becomes almost unbearable and typically persists for 24 hours
without a pain-free period(s). Very often, it is accompanied by nausea and vomiting, after
which the patient does not feel relief. In parallel, fever and diarrhea, as well as its opposite,
constipation due to paralytic ileus can occur often. The upper abdomen also becomes
sensitive to slight physical pressure.

There is no specific therapy for AP. The treatments given to the patient are mainly
symptomatic, e.g. fluid replacement, nutrition, analgesia, reduction of pancreatic secretory
function when needed, and antibiotics if an appropriate indication is present. Enteral
nutrition can be either nasogastric (currently under investigation) or nasojejunal (classically
accepted mode of nourishment). Thus, the gastric and enteral phases of pancreatic enzyme
secretion can be temporarily interrupted, reducing the autodigestive processes. Oral
nutrition can be restarted when abdominal pain and inflammatory parameters improve. It
is essential to distinguish between biliary pancreatitis and other forms because ERCP may
be required in the former. Plasma apheresis may be required in case of AP due to

hypertriglyceridemia.
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2.3.2 Pathomechanism

The pathomechanism of the disease is not fully understood, and unfortunately,
specific therapy is still unknown. Therefore, the search for new therapeutic targets,
experimental, and clinical examination of inflammation is also vital for reducing the
mortality of the disease. Thus, several theories are known about the pathomechanism of
inflammation, the mechanisms of which have been learned from in vivo and in vitro

experiments. All of which are likely to play a role in the development of human AP.

In the pancreas, various aggressive and/or protective processes play a role in
mediating the course of AP. The disease, initiated by various etiological factors, is likely
to run on multiple parallel strands, which can eventually lead to inflammation of the
pancreas and, in severe cases, cell death. These processes include: premature activation of
trypsinogen, activation of nuclear factor kappa-B (NF-kB), early acinar mitochondrial
damage, the role of white blood cells, oxidative stress, and inflammatory mediators. Heat

shock proteins (e.g. HSP 72) and pancreatic ductal secretion are likely to be protective.

2.3.2.1 Premature activation of trypsinogen

In the first phase of the disease, premature activation of trypsin is observed within
the acinar cells and the ductal lumen. According to some hypotheses, stressors (such as
ethanol or bile acids) cause Ca** signaling to be disturbed in acinar cells, leading to early
activation of trypsinogen within the pancreas [Hofbaverefal 1998, Salujaeral 19971 -~ (Jpder
physiological conditions, trypsinogen is only activated to trypsin in the duodenum by

enterokinase.

Trypsin activation is a crucial step in the process of digestive enzyme activation.
Physiologically, pancreatic enzymes are synthesized and stored entirely separately from the
cytoplasm, together with protease inhibitors encapsulated in zymogen granules. One idea
is that the excretion of zymogen granules into the ductal space is also inhibited by acinar

Halangk et al. 2000, Saluja et al. 1987

damage | 1. As a result, the granules accumulate in the cell and

then fuse with lysosomes until the trypsinogen is released from the granules and
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cathepsin B actives trypsinogen. Active trypsin is then able to activate other trypsinogens
(autoactivation) as well as other previously inactive digestive enzymes (e.g. chymotrypsin,
elastase, collagenase). It is essential to note that the activation of trypsinogen and
cathepsin-B occurs at low pH, and the activation of pancreatic trypsinogen increases with
low pH. It is a good indication of the complexity of the process that the protection against

early trypsinogen activation in cathepsin-B knock out mice is incomplete during AP

[Halangk et al. 2000]

2.3.2.2 Nuclear factor-kB activation

It is clear from the research carried out so far that the effect of NF-kB is prominent

Rakonczay et al. 20080] 'NF-kB is a transcription factor that plays

in the pathomechanism of AP [
an essential role in the regulation of many pro-inflammatory genes [Lawrence et al. 20091 -Gy ch
regulated genes include interleukins, chemokines, adhesion molecules, receptors, and
enzymes whose end products contribute to the pathogenesis of inflammatory diseases
[Lawrence et al. 20091 Tn most cells, NF-kB is physiologically bound to inhibitory proteins (IxBs)
in the cytoplasm in an inactive form [Lawrenceetal 20091 For proper stimulation, they are
phosphorylated by IkBs kinases, ubiquitinated, and degraded by proteasomes. This is the
process by which the nuclear localization signal of NF-kB allows the transcription factor
to be translocated to the nucleus [Lawrence efal- 20091 There, it can bind to NF-«B specific (kB)
sequences in the promoter region, thereby transactivating downstream genes
[e.g. interleukin-1f (IL-1p), interleukin-6 (IL-6), tumor necrosis factor-a (TNF-a), platelet-
activating factor, intercellular adhesion molecule-1)]. One of the primary mediators of the
response to systemic and acute inflammation is TNF-o. It is mainly produced by
macrophages, neutrophils, and endothelial cells, but, importantly, acini are also capable of
synthesizing TNF-q, [Gukovskayaer al. 1997] Thyg, the activation of NF-xB initiates two major
intracellular signaling pathways. In one case, the cytokine cascade begins, and in the other,
cell apoptosis occurs. Therefore, the adequately measures levels of TNF-a and IL-1f in the

serum and pancreas are proportional to the severity of AP.
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2.3.2.3 Inflammatory infiltration in the pancreas

Under stress, pancreatic acinar cells produce cytokines and chemokines, which then
attract neutrophil granulocytes and monocytes to the pancreas. Through the capillary
endothelium, cellular adhesion molecules (e.g., P-selectin, [CAM-1) mediate leukocyte
migration. The proinflammatory mediators produced by leukocytes in the pancreatic tissue
will result in progressive acinar damage and pro-inflammatory cytokine synthesis. The
extent of neutrophil granulocyte infiltration can be characterized by pancreatic
myeloperoxidase (MPO) activity, which varies according to the number of inflammatory

cells.

2.3.2.4 Mitochondrial damage, cell death

It is well known that mitochondrial function, including ATP synthesis, is essential
for cellular function. Incidentally, they also play an essential role in regulating cell death.

In the absence of ATP, the cell is killed by necrosis.

In case of mitochondrial dysfunction, the intracellular signaling system of acinar
cells is also "damaged". In the subapical region of the cell, the mitochondria located around
the zymogen granules and the endoplasmic reticulum act as a kind of barrier to the
intracellular Ca?* signaling pathway by "uptake" of the passing Ca?* [Tinel etal. 1999] “When
mitochondria are damaged, intracellular ATP levels in the cells are also reduced. Thus,
ATP-dependent processes are also inhibited, e.g., uptake of Ca?* into the endoplasmic
reticulum (by the SERCA pump) and the mitochondria, and pumping Ca*" through the
plasma membrane (using Ca**-activated ATPase in the plasma membrane). Any of these

processes may play a role in achieving toxic intracellular Ca* levels [Criddie et al. 2007],

Cell death is a critical step during necrotizing AP [Bhatiaeral. 20041 ‘Thig process can
take place in several ways, such as spontaneous (necrosis) or programmed by the cell
(apoptosis, autophagy). The degree of pancreatic necrosis is decisive for the outcome of the
disease. However, apoptosis of pancreatic acinar cells reduces the severity of AP. During

apoptosis, the cell begins to shrink under the influence of endogenous proteases, whereby
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the chromatin matrix is condensed, and the cell organelles are unable to enter the
extracellular space. Thus, dead cells are engulfed by macrophages. Also, apoptosis is
accompanied by minimal inflammation. Caspase is one of the essential endogenous
proteases in the development of apoptosis. Thus, the type of cell death depends on the

cellular ATP concentration that is mainly affected by mitochondrial dysfunction.

2.3.2.5 Oxidative stress

Oxygen is essential for the proper functioning of the body, but it can easily damage
cells when reactive oxygen species exceed the physiological level. These reactive oxygen
species may be formed by reduction of the oxygen molecule by two pathways:
enzymatically (e.g. by NADPH oxidase in macrophages) or non-enzymatically (a by-

product of the respiratory chain) Malomieral.2007]

Biologically the most important are
superoxide anion, hydroxyl, and nitric oxide (NO) radicals. Reactive oxygen metabolites
are quite cytotoxic. Among other things, they damage the cell membrane (peroxidation of
lipids or glycoproteins), cellular proteins (carbonyl protein formation), DNA,
mitochondria, or NF-kB activation. When inflammation and oxidative stress increase
significantly, the activity of pancreatic antioxidant enzymes also increases. It has been
shown that in the early stages of AP, the rate of synthesis of protective endogenous
dismutases is significantly reduced in the gland, followed by in the increased level of free

radicals (lipid peroxidation end product) [Rau e/ @/ 20001

2.3.2.6 Inflammatory mediators

Proinflammatory mediators also play an essential role in AP: TNF-alpha, IL-1f3, and
IL-6. TNF-a, which plays a vital role in the inflammatory cascade, and IL-1 are also
naturally occurring inhibitors (these are the soluble TNF-a receptor and IL-1 receptor
antagonists). The role of the soluble TNF-alpha receptor is to bind TNF-a, so it will not be
able to bind to the active TNF-a receptor on the cell membrane. The IL-1 receptor

antagonist, however, is responsible for occupying the binding site of the cytokine at the
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receptor. This is evidenced by the significant improvement in survival in experimental APs

using the TNF-a receptor and antagonists of the IL-1 receptor [Norman et al. 1995]

2.3.2.7 Heat-shock proteins

Chaperone proteins, also known as HSPs, are essential for survival in both
prokaryotic and eukaryotic organisms. The origin of the name HSP is because the cells
significantly increase their production due to heat shock other than their average growth
temperature. The classification of HSPs is based on their approximate molecular weight in

kD.

The role of HSPs is essential in the prevention, survival, and mitigation of the
damage caused by specific stress effects, diseases. The main tasks of HSPs are to recognize
damaged, partially, or fully denatured proteins. They then bind to them to stabilize them
and restore their native conformation. If the extent of the damage is irreversible, then the

protein is labeled and “directed” to the proteosomes.

There are several HSPs in the pancreas, the most important of which are
HSP-90, -70, -60, and -20, which, by their constant presence or by heat shock induction,

facilitate normal functioning [Rakonczay et al. 2003, Dudeja et al. 2009].

In most cases, HSPs need harmful effects for their protective function. Therefore, it
is difficult to enhance the synthesis of HSPs without having the least toxic effects on the
body itself. It is immediately apparent that drugs that promote the production of HSPs may
be new therapeutic options. That is why there are several studies and researches conducted

by drug companies to determine the appropriate molecule and dose.

2.3.2.8 Pancreatic ductal HCO3 and fluid secretion

The importance of ductal HCOzand fluid secretion is essential for the proper
functioning of the pancreas [Steward ¢ al. 2005] ' The ductal epithelium prevents the diffusion of
pancreatic enzymes back into the pancreatic tissue and also protects the acini as a barrier.

By blocking the main pancreatic duct, i.d. pressure is increased, which facilitates the
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development of damage to the so-called ductal barrier function. Therefore, active digestive
enzymes can diffuse into the tissue of the pancreas and further aggravate the disease

process.

When the ductal secretion is impaired (for example, in CF), this in itself can lead to
development of pancreatitis. Research in recent years has shown that crucial factors
required for AP formation (e.g. bile acids, ethanol) accelerate the secretion of HCO3 and
fluid by the ductal cells [Vengloveez et al. 2008, Yamamoto et al. 2003] Tny connection with this, the theory
has been proposed that the accumulation of toxic agents (e.g. digestive enzymes) is
attempted to be washed away by the pancreas. This increased hypersecretion also provides
some protection against the deleterious effects of regurgitating bile acids in ampulla of
Vater occlusion [Heevi e al. 2010] 'The secretion of HCO3 alkalizes the lumen, thereby reducing
the activation of trypsinogen, which may play a significant role in leaching active trypsin

under pathological conditions [Freedman et al. 2001, Noble et al. 2008]

. This process has also been
demonstrated in CF mice, whereby correction of the luminal pH also repaired the defect in
acinar membrane transport [Freedman eral. 20011 Thyg it can be concluded that enhanced ductal

HCO3 and fluid secretion may be protective against the development of AP.
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3 AIMS

In this study, I had the following goals:

e to investigate the role of NHERF-1 protein in acute experimental
pancreatitis

e to investigate the role of AQP1 channel in acute experimental pancreatitis.

4 MATERIALS AND METHODS

4.1 Chemicals and solutions

All chemicals were obtained from Sigma-Aldrich (Budapest, Hungary) unless
indicated otherwise. Cerulein was from the American Peptide Company (Sunnyvale, CA,
USA). IL-1B ELISA kit was purchased from R&D Systems (Minneapolis, MN, USA).
Laboratory chow was from Biofarm (Zagyvaszant6, Hungary). Amylase was determined
using commercial kit (DIALAB GmbH, Neudorf, Austria, and Diagnosticum ZRt.,
Budapest, Hungary, respectively). Concentrated stock solutions of cerulein (4mM) were
prepared in dimethylsulfoxide and were kept at -20 °C until use. Right before the
experiments, cerulein was diluted in physiological saline (PS). Anesthesia was performed
with i.p. injection of pentobarbital (Bimeda MTC, Cambridge, Canada). CP-Ketamine
(10 %) and CP-Xylazine (2 %) which were obtained from
CP-Pharma-Handelsgesellschaft MBH (Burgdorf, Germany).
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4.2 Ethical approval and animals

Animal experiments were conducted in accordance with the Guide for the Care and
Use of Laboratory Animals (2010/63/EU Directive). In addition, the experimental protocol
was approved by the local Ethical Board of the University of Szeged, Hungary and also by

the National Scientific Ethical Committee on Animal Experimentation (Budapest,
Hungary).

Mice were housed in a typical animal care facility in regular plastic cages on
12:12 hour light-dark cycle at room temperature (23 + 1 °C) and were allowed free access
to standard laboratory chow for rodents (Biofarm, Zagyvaszant6, Hungary) and drinking
water. All mice were genotyped prior to the experiments. For genotyping, genomic DNA
from the tail was isolated using the DirectPCR (Tail) reagent supplemented with
proteinase K and was amplified by traditional PCR.

NHERF-1-deficient mice were originally generated and described at Duke
University Medical Center. NHERF-1 mutation was congenic for the FVB/N background
for at least 15 generations [Shenotikar etal. 20021 "Exneriments were performed on litter-matched
(12-16-week-old) wild-type (WT), and NHERF-1 knock out (KO) male mice. These
animals were the gift from Prof. Ursula Seidler (Hannover Medical School, Hannover,
Germany). The primer sequences for genotyping NHERF-1 mice were as follows: WT
forward, 5’-TCGGGGTTGTTGGCTGGAGAC-3’; common reverse,
5’-AGCCCAACCCGCACTTACCA-3’; KO forward,
5’-AGGGCTGGCACTCTGTCG-3’. Amplicons generated by PCR were 294 bp for the
WT gene and 242 bp for the KO gene.

Heterozygous AQP1 mice were originally generated by Ma et al. ['*°!! and the KO
mice were a kind gift of Prof. Alan Verkman (University of California San Francisco
School of Medicine, CA, USA) and Dr. Alastair Poole (University of Bristol, UK).
Experiments were performed on 12-16-week-old litter-matched WT and AQP1 KO mice.
For the genotyping of AQPI mice, we used the following primers: WT forward,
5’-AAGTCAACCTCTGCTCAGCTGGG-3’, common reverse,
5’-CTCTATGGCTTCTGAGGCGGAAAG-3’, and KO forward,
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5’-ACTCAGTGGCTAACAACAAACAGG-3’. Amplicons generated by PCR were 530
bp for the WT gene and 460 bp for the KO gene.

4.3 Induction of acute pancreatitis

4.3.1 Cerulein-induced pancreatitis

AP was induced in mice by hourly (7 or 10 times) i.p. injections of cerulein
(50 pg/kg per injection). Control mice were given PS (0.9 % NaCl) solution i.p. instead of
cerulein. Two hours after the final injection, mice were euthanized by pentobarbital
overdose (85 mg/kg i.p.). Mice were exsanguinated via the inferior vena cava (NHERF-1
experiments) or via cardiac puncture (AQP1 experiments), and the pancreata were
immediately removed. The pancreas was trimmed from fat and lymphatic tissue.
Approximately one-quarter of the pancreatic tissue was put into a 6 % neutral formaldehyde
solution, and the other three quarters were dropped in liquid nitrogen and stored at -80 °C
until use. The collected blood was centrifuged at 4 °C with 2500 RCF for 15 min and the

serum was stored at -20 °C until use.

4.3.2 Sodium-taurocholate-induced pancreatitis

Na-taurocholate was administered i.d. as described previously by

Perides et al. (2010

1. Briefly, anesthesia was carried out using i.p. administration of ketamine
(125 mg/kg) and xylazine (12.5 mg/kg) cocktail. The duodenum was punctured with a
0.4 mm diameter needle connected to a polyethylene tube after performing median
laparotomy. Leakage of Na-taurocholate was prevented by temporary ligature of the
biliopancreatic duct, while the proximal bile duct was temporarily occluded with a
microvessel clip. 4 % Na-taurocholate or PS solution was infused with an infusion pump
(10 wl/min) (TSE System GmbH, Bad Homburg, Germany) for 5 min. After the infusion,
we removed the microvessel clip, the distal ligature, and also the injection needle. For a

short time, the possibility of bleeding was monitored, and the abdominal wall and the skin

were sewed. The body temperature of animals was monitored and was kept at 37 °C until
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they woke up. Mice were exsanguinated through the inferior vena cava 24 h after the i.d.
injection. Thereafter, all procedures were carried out as described previously in the case of
cerulein-induced pancreatitis. The only difference was that all of the pancreatic tissues were

fixed in a 6 % neutral formaldehyde solution for histological quantification.

4.4 Assays and histologic examination

Amylase was measured with commercial colorimetric kit (DIALAB GmbH,
Neudorf, Austria, and Diagnosticum ZRt., Budapest, Hungary) using a FLUOstar OPTIMA
(BMG Labtech, Budapest, Hungary) microplate reader at 405 nm. Acinar cell viability was
determined using the 0.4 % trypan-blue exclusion test. Pancreatic IL-1f3 concentrations
were measured by ELISA. Pancreatic expression of HSP-72, IkB-a, and IkB- contents
were determined by Western-blot analysis [Rakonczay etal 2008a] - \yeloperoxidase (MPO)

activity, as a marker of tissue leukocyte infiltration, was assessed by the method of Kuebler

et al. [1996].

Pancreatic injury was evaluated by semiquantitative grading of interstitial edema,
leukocyte infiltration, necrosis, and in case of the Na-taurocholate model hemorrhage
[Rakonczay et al. 20083] ' The extent (%) of cell damage was confirmed by analysis with ImageJ
software (NIH, Bethesda, MD, USA). The fixed pancreatic tissue was embedded in paraffin
blocks, cut into 3 pm thick sections, and stained for hematoxylin-eosin using standard
techniques and viewed by light microscopy. A semiquantitative scoring system (0-3) in the
case of AQP1 experiments was used, as we described previously Kvi¢f /- 20151 Edema (O:
none, 1: patchy interlobular; 2: diffuse interlobular; 3: diffuse interlobular, and interacinar),
leukocytic infiltration (0: none; 1: patchy interlobular; 2: diffuse interlobular; 3: diffuse
interlobular and interacinar). The rate of necrosis was expressed as a percentage of the total

analyzed pancreatic area.
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4.5 Statistical analysis

Statistical analysis was performed by SigmaPlot (Systat Software Inc., Chicago, IL,
USA). Data are presented as meanstSEM. Both parametric (one- or two-way analysis of
variance (ANOVA) and non-parametric (Kruskal-Wallis) tests were used based on the
normality of data distribution (analyzed by the Shapiro-Wilk test). Post-hoc analysis (either
Dunn’s or Bonferroni’s test) was performed according to the recommendations made by
SigmaPlot. y>-test was used to determine differences between groups in the proportion of

mice who died. P<0.05 was accepted as statistically significant.
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S RESULTS

5.1 Cerulein-induced pancreatitis is more severe in NHERF-1-

knock-out mice

To determine if the reduction of pancreatic secretion could influence the
development of AP, NHERF-1 WT, or KO mice were given 10 hourly i.p. injections of

either PS (control) or supramaximal doses of cerulein (Figure 3/A).

The control animals had normal pancreatic histology (Figure 3/A.a,d). Lp.
injections of cerulein caused extensive pancreatic cell damage (Figure 3/A.b,c,e,f); the rates
of necrosis (Figure 3/B), and apoptosis (Figure 3/C) were markedly higher in the
NHERF-1-KO vs. WT mice. However, no significant differences were observed in the
extent of interstitial edema (2.0 + 0.11 for WT vs. 2.2 £ 0.2 for KO) or leukocyte infiltration
(1.72 £ 0.08 for WT vs. 1.95 + 0.13 for KO, p=0.08) in cerulein-treated groups.

There were also no significant differences between the WT and NHERF-1-KO
control groups in all measured laboratory parameters, except for the pancreatic expression

of IxB-f.

Serum amylase activities were significantly elevated in cerulein-treated vs. control
WT and NHERF-1-KO mice (Figure 4/A). Importantly, amylase activity was significantly
higher in the cerulein-treated NHERF-1-KO vs. WT mice. Pancreatic MPO activities were
significantly increased in cerulein-treated vs. control groups, but they were not different in
WT compared to KO mice exposed to cerulein (Figure 4/B). Pancreatic HSP-72 expression
(a sensitive marker of tissue injury) was significantly increased in cerulein-treated vs.
control groups (Figure 5/A), and significant differences were also observed between

cerulein-treated WT and NHERF-1-KO groups.
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Figure 3. Histopathologic changes of the pancreas in response to intraperitoneal (i.p.) administration of
10x50 ug/kg cerulein in wild-type (WT) and NHERF-1-knock-out (KO) mice. Acute pancreatitis was induced by
administering 10 hourly i.p. injections of cerulein (50 ug/kg per injection, cerulein+). Control mice were given PS
(cerulein-) instead of cerulein. Mice were exsanguinated through the inferior vena cava 12 h after the first i.p. injection.
(A) The pictures show representative light micrographs (H&E staining) of the pancreata of WT control (a) and cerulein-
treated (b-c¢) and NHERF-1-KO control (d) and cerulein-treated (e-f) mice. Scale bar=100um. The bar diagrams show
the rates of pancreatic necrosis (B) (n=9-10) and apoptosis (C) (n=4-6). Data are shown as means£SEM. P<0.05 vs. a:
the respective control group or b: vs. the WT cerulein+ group. Closed columns represent WT, open columns represent

NHERF-1-KO mice.

Key events in the pathogenesis of AP include premature activation of pancreatic
trypsinogen [Hofbaueret al. 1998, Salijaetal 197 and the activation of the proinflammatory
transcription factor NF-xB [Rakonczay etal. 200801 T exclude any potential effects of NHERF-1
deletion on early trypsinogen and NF-kB activation (regulated by IkBs), we measured
pancreatic trypsin activity (Figure 5/B), and expression of IkBs (Figure 6/A-B) in mice
injected i.p. with 1x50 pg/kg cerulein. Trypsin activity was increased by about 4-fold 0.5 h

after the injection of cerulein compared to the control group (Figure 5/B); however, there
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were no significant differences between WT and NHERF-1-KO mice. Also, with respect to
IkB-a expression, there were no significant differences between WT and NHERF-1-KO

animals in cerulein-treated groups (Figure 6/A).
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Figure 4. Effects of cerulein administration on serum amylase- and pancreatic myeloperoxidase activities in
WT and NHERF-1-KO mice. Acute pancreatitis (AP) was induced in WT (closed columns) and NHERF-1-KO (open
columns) mice by administering 10 hourly i.p. injections of 50 ug/kg cerulein (cerulein+). Control mice were given PS
instead of cerulein. Mice were exsanguinated through the inferior vena cava 12h after the first i.p. injection. The bar
diagrams show serum amylase activity (A) and pancreatic myeloperoxidase (MPO) activity (B). Data are shown as means

#SEM, n=4-6. P<0.05 vs. a: the respective control group or b: vs. the WT cerulein+ group.
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Figure 5. Severity of cerulein-induced AP and pancreatic trypsinogen activation in WT and NHERF-1-KO
mice. Acute pancreatitis was induced in WT (closed columns) and NHERF-1-KO (open columns) mice by administering
1x50ug/kg (for measurement of trypsin activity) or 10 hourly i.p. injections of 50 ug/kg cerulein (cerulein+). Control mice
were given PS instead of cerulein. Mice were exsanguinated through the inferior vena cava 0.5h (in case of measurement
of trypsin activity) or 12h after the first i.p. injection. The bar diagrams show pancreatic heat shock protein-72 (HSP-72)
expression (A) and trypsin (B) activity. Data are shown as means = SEM, n=4-6. P<0.05 vs. a: the respective control

group or b: vs. the WT cerulein+ group. N.D.: not detected.

The basal level of IkB- was significantly higher in NHERF-1-KO vs. WT control

mice, and no differences were observed in cerulein-treated WT and NHERF-1-KO groups
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(Figure 6/B). These data demonstrate that the difference in AP severity between WT and
NHERF-1-KO mice is independent of pancreatic trypsinogen and NF-kB activation.
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Figure 6. Effects of cerulein administration on pancreatic IkB-a, IxB-f and interleukin-1f expression in
WT and NHERF-1-KO mice. Acute pancreatitis was induced by administering Ix50 ug/kg (for measurements of
pancreatic IkB-a, IkB-f levels) or 10 hourly (A-C) i.p. injection of 50 ug/kg cerulein (cerulein-+) in WT (closed columns)
and NHERF-1-KO (open columns) mice. Control animals were given PS (cerulein-) instead of cerulein. Mice were
sacrificed by exsanguination through the inferior vena cava 0.5 h (in case of administration of 1x50 ug/kg cerulein) or
12 h after the first i.p. injection. The bar diagrams and the representative Western immunoblot analysis (4, B) of protein
lysates (40 pg/lane) from the pancreas of mice, showing the expression of IkB-o. (A) and IkB-f (B). Equal loading/transfer
of proteins was checked by Ponceau S staining of the nitrocellulose membrane. IL-1f expression was determined from

the pancreatic homogenates by ELISA (C). Means + SEM for 4-6 animals are shown. P<0.05 vs. a: the respective control

group.
The expression of the proinflammatory cytokine IL-1B was significantly elevated
in the pancreas of cerulein-treated vs. control WT and NHERF-1-KO mice (Figure 6/C),

but there was no significant difference between the cerulein-treated WT vs. NHERF-1-KO

mice.
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Figure 7. Histopathologic changes of the pancreas in response to i.p. administration of 7x50 ug/kg cerulein
in WT and NHERF-1-KO mice. Acute pancreatitis was induced in WT (closed columns) and NHERF-1-KO (open
columns) mice by administering 7 hourly i.p. injections of cerulein (50 ug/kg per injection). The mice were sacrificed by
exsanguination through the inferior vena cava 12 h after the first i.p. injection. The diagrams show representative light
micrographs (hematoxylin and eosin staining) of the pancreata of cerulein-treated WT (A) and NHERF-1-KO (B) mice.
The bar diagrams show the rates of pancreatic necrosis (C) and apoptosis (D). Data are shown as means + SEM. a:

P<0.05 vs. the WT group. Scale bar=100 pm.
Of note, i.p. administration of 7x50 pg/kg cerulein in WT and NHERF-1-KO mice
caused similar effects in the investigated histological (Figure 7) and laboratory parameters

(Figure 8), as shown for the higher cerulein dose. Overall, our results clearly demonstrate

that the severity of cerulein-induced AP is lower in mice expressing NHERF-1.
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Figure 8. Severity of cerulein-induced (7x50 ug/kg) acute pancreatitis in WT and NHERF-1-KO mice. Acute
pancreatitis was induced in WT (closed columns) and NHERF-1-KO (open columns) mice by administering 7 hourly i.p.
injections of 50 ug/kg cerulein. The mice were sacrificed by exsanguination through the inferior vena cava 12 h after the
first i.p. injection. There was no significant difference in serum amylase activity of WT and NHERF-1-KO mice (A).
Pancreatic MPO activity was significantly increased in NHERF-1-KO vs. WT mice (B). No significant difference was
detected between WT and NHERF-1-KO mice in expression of pancreatic IxkB-a (C). The expression of pancreatic IkB-f§
was significantly lower in NHERF-1-KO vs. WT mice (D). The expression of pancreatic IL-15 (E) and HSP72 (F) were
significantly higher in NHERF-1-KO vs. WT animals. Data are shown as means + SEM, n=4-6. a: P<0.05 vs. the

respective control group.
To exclude any possible deleterious effects of NHERF-1 deletion on
cholecystokinin receptor function, we tested the sensitivity of acinar cells to cerulein.

Amylase secretion of acinar cells from WT and NHERF-1-KO animals showed no

significant differences in response to cerulein stimulation (Figure 9.).
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Figure 9. Pancreatic acinar sensitivity to cerulein is unaltered by NHERF-1 expression. To determine the
sensitivity of dispersed acinar cells of WT (black line) and NHERF-1-KO (grey line) mice to cerulein, amylase secretion
was determined in response to various concentrations (102105 M) of cerulein for 30 min. Amylase secretion was

calculated as the percent of total release (medium/medium + cells). a: P<0.05 vs. 0 M cerulein, n=4-6 animals.

5.2 Intraductal administration of sodium-taurocholate causes
more extensive acinar cell necrosis in NHERF-1-KO

compared to wild-type mice

We also investigated if NHERF-1-KO mice respond differently than WT mice when
AP was induced by i.d. infusion of 4 % Na-taurocholate. Postoperative mortality after
administration of Na-taurocholate in KO mice (2/14 animals) was not significantly

different vs. WT animals (0/10).
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Figure 10. Histopathologic changes of the pancreatic head in response to intraductal (i.d.) administration of
Pphysiological saline (PS) and 4% sodium-taurocholate in WT and NHERF-1-KO mice. The diagrams show
representative light micrographs (H&E staining) of pancreata of WT (A, C) and NHERF-1-KO (B, D) mice 24 h after
intraductal treatment with 50ul (10ul/min) PS (4%TC-) (A, B) or 4% Na*-taurocholate (4%TC+) (C, D). Inflammatory
infiltration was significantly higher in NHERF-1-KO (A) vs. WT (B) PS-treated mice. Intraductal infusion with 4% Na*-
taurocholate caused the development of severe acute necrotizing pancreatitis in WT (C) and NHERF-1-KO (D) mice. The
bar diagram shows the rates of pancreatic necrosis (E) in the various groups. Data are shown as means +SEM, n=5-7.
P<0.05 vs. a: the respective control group or b: vs. the WT 4%TC+ group. N.D.. not detected in the WT group. Scale bar
=200 um. WT (closed columns), NHERF-1-KO (open columns).

I.d. infusion of PS caused no postoperative mortality, but mild pancreatic edema

and inflammation were seen on histology without significant necrosis (Figure 10/A, B).
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The rate of leukocyte infiltration was significantly higher in the PS-treated NHERF-1-KO
vs. WT mice (Table 1). The infusion of 4 % Na-taurocholate into the pancreatic duct
induced necrotizing AP in the head (Figure 10/C, D), but not in the tail of the pancreas (not

Perides et al. 2010] Therefore: Only
M 9

shown). The latter finding is in accord with that of others!
the pancreatic heads were used for histological analysis. Approximately 24 % of acinar
cells were necrotic in WT (Figure 10/C, E) and about 47 % in NHERF-1-KO mice
(Figure 10/D, E). Table 1 summarizes the histopathological changes in the various groups.
Significantly higher rates of leukocyte infiltration were detected in Na-taurocholate-treated
vs. PS-treated WT groups. In contrast, there were no significant differences in leukocyte
infiltration between the Na-taurocholate vs. PS-treated NHERF-1-KO groups, and

Na-taurocholate-treated NHERF-1-KO vs. WT groups.

WT WT KO KO
physiological saline 4% Na-taurocholate physiological saline 4% Na-taurocholate
Interstitial edema (0-3) 1.75£0.47 2%0.06 1.8%0.2 235%0.14
Hemorrhage (0-3) 0 042+0.2 a 0 0.71+0.28 a
Leukocyte infiltration (0-3) 0.8+0.3 19%+0.38 a 1.6+0.36 b 19045

Table 1. Histopathological changes in response to i.d. infusion of 4% sodium-taurocholate and physiological
saline in WT and NHERF-1 KO mice. WT and NHERF-1-KO mice were infused intraductal with 4% Na-taurocholate
or PS (PS, control) and were sacrificed after 24h. Histological scores are shown as means +SEM for 5-7 animals. P<0.05

vs. a: the respective PS-treated group or b: vs. the WT PS-treated group.

Serum amylase activities were significantly higher in Na-taurocholate-treated vs.
control WT and NHERF-1-KO groups (Figure 11/A), but there were no differences
between Na-taurocholate-treated NHERF-1-KO and WT mice. We did not observe any
significant differences in pancreatic MPO activity between WT and NHERF-1-KO mice
after i.d. PS infusion (Figure 11/B). However, MPO activity was increased in
Na-taurocholate-treated NHERF-1-KO vs. control mice and even higher in the KO
compared to the WT Na-taurocholate-treated mice. Pancreatic IL-1p expression was
elevated in Na-taurocholate-treated WT and NHERF-1-KO mice vs. the control groups
(Figure 11/C). However, there were no significant differences in the levels of IL-1B of

Na-taurocholate-treated WT and NHERF-1-KO animals.
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Figure 11. Severity of sodium-taurocholate-induced acute pancreatitis in WT and NHERF-1 KO mice. WT
and NHERF-1-KO mice were treated as described earlier. The mice were sacrificed by exsanguination through the
inferior vena cava 24 h after the infusion. There were no significant differences in serum amylase (A) and pancreatic
MPO (B) activities between Na*-taurocholate-treated WT (closed columns) and NHERF-1-KO (open columns) mice.
There was no significant difference in the levels of pancreatic IL-1f (C) of Na*-taurocholate-treated WT and
NHERF-1-KO mice. Data are shown as means + SEM, n=4-6. P<0.05 vs. a: the respective control group or b. vs. the
WT 4 % TC+ group.

These data indicate that NHERF-1 expression reduces Na-taurocholate-induced

pancreatic injury, but it does not necessarily influence other laboratory parameters of the

disease.

5.3 The severity of acute pancreatitis is aggravated in

aquaporin-1 KO mice

In order to test the hypothesis that AQP1 may be involved in the pathomechanism
of pancreatitis, we investigated the severity of cerulein-induced AP in WT and 4QP1 KO
mice. WT and AQP1 KO mice were given 10 hourly injections of either PS (control) or
supramaximal doses of cerulein (50 pg/kg per injection) i.p. After saline injection, the
pancreas had normal histology in both WT and KO animals. In contrast, i.p. injections of

cerulein caused extensive cell damage both in the WT and KO animals. The extent of
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pancreatic necrosis was markedly greater in the AQPI KO (25 + 2.8 %) vs. WT mice
(12.1 + 3.2 %), whereas significant no differences were observed in the extent of edema
and in the infiltration of inflammatory cells (Figure 12/A-C).
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Figure 12. Histopathologic changes of cerulein-induced (10x50 ug/kg) acute pancreatitis in WT and
AQPI1 KO mice. Pancreatic cell necrosis (A), edema (B), leukocyte infiltration (C) were measured in WT and AQP1 KO
mice after induction of pancreatitis. Control animals received the same amount of PS. Data are presented as means +
SEM. *: p<0.05 vs. WT. Representative histological images show pancreatic sections from control (physiological saline)

and cerulein-treated animals (D). P.S.: physiological saline. N.D.: not detected; n=6-8. Scale bar=50 um.

As shown on the representative histological images (Figure 12/D), the rate of
pancreatic necrosis was more extensive in AQP1 KO mice. Serum amylase activities were
significantly higher in KO (1605 + 6 U/l) vs. WT mice (1285 + 51 U/l) after the induction
of AP (Figure 13). Overall, these results indicate that in the absence of AQP1 expression,

the course of pancreatitis is more severe.
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Figure 13. Serum amylase activity is increased in cerulein-induced (10x50 ug/kg) acute pancreatitis in
AQPI1 KO vs. WT mice. Serum amylase activity (U/l) was measured in WT and AQP1 KO mice after induction of
pancreatitis. Control animals received the same amount of PS. Data are presented as means + SEM. *: p<0.05 vs. WT.

Phys. Sal.: physiological saline. n=6-8.
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6 Discussion

Accumulating evidence suggests that pancreatic ducts have prominent roles not
only physiologically but also pathophysiologically. It is well known that insufficient
electrolyte and fluid secretion by ductal cells in CF lead to the destruction of acini
[Stewardetal. 20091 On the other hand, numerous CFTR mutations predispose to chronic

[Cheneral. 20091 - Until quite recently, the pathophysiological relevance of

pancreatitis
pancreatic ducts in AP has been neglected. It is commonly assumed that the primary target
of all stressors is the acinar cells since they are damaged in all forms of AP. However, both
clinical and experimental data suggest that pancreatic ductal cells may also have
fundamental roles in the development of AP [Heevietal 20111 Cavyestro et al. [2°'% have found
a statistically significant association of CFTR gene mutations in patients with recurrent AP.
Pancreatic fluid secretion is greatly increased at the initiation of AP [Czako et al 1997] " Algo i
vitro administration of agents inducing AP such as ethanol, bile acids or viruses to
pancreatic duct cells stimulate bicarbonate secretion [Heevieral: 2011, Venglovecz et al. 2008] - Qyr
hypothesis is that ductal secretion serves to defend the pancreas by washing out toxic agents
such as activated digestive enzymes when NHERF-1 protein is present. If this ductal
defense mechanism is insufficient, ductal secretion will be inhibited, and the harmful
enzymes cannot leave the pancreas, so it leads to more severe AP. The beneficial effect of
ductal fluid hypersecretion is indicated by the fact that secretin, a major mediator of
pancreatic ductal secretion, has been shown to protect against cerulein-induced AP

[Niederau et al. 1985, Renner et al. 1983] * Fyrthermore, there is accumulating evidence that impaired

pancreatic fluid secretion plays a role in the pathomechanism of pancreatitis [Heeyi ¢ al. 2010,

Maleth et al. 2015, Pallagi et al. 2014]

In the present study, we investigated the roles of NHERF-1 and AQP1 (both of

which have essential roles in pancreatic ductal secretion) in experimental AP.
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6.1 The role of NHERF-1 in acute experimental pancreatitis

In the related article, we have demonstrated that NHERF-1 mRNA is highly
expressed in mouse pancreatic ducts [Pallagietal 2014 Eyrthermore, the genetic deletion of
NHERF-]1 greatly reduced the expression of CFTR in the luminal ductal cell membrane and
also decreased both in vitro and in vivo pancreatic bicarbonate and fluid secretion. This
may contribute to significantly increased severity of acute necrotizing pancreatitis in
NHERF-1-KO mice in two distinct models. Importantly, early acinar events associated with
AP, like trypsinogen and NF-xB activation, were unaltered by genetic deletion of
NHERF-1. However, late events such as apoptosis and necrosis were increased in the KO
animals. Notably, the genetic deletion of NHERF-1 had no deleterious effects on functions
of acinar and inflammatory cells, indicating that increased severity of the disease is

precisely due to impaired ductal secretion.

NHERF-1 has been identified as a CFTR-interacting PDZ domain protein, which is
involved in the apical targeting of CFTR, signal complex formation with a variety of
receptors, and possibly the interaction with other membrane transport proteins, in a cell and
signal-specific manner [Benharouga eral 2003, Milewski et al 2001, Moyer eral. 1999, Ostedgaard et al. 2003,
Raghuram et al. 2001, Swiatecka-Utban et al 2002, Wu etal: 2012] Consistent with our findings, mutations in
CFTR that cause CF can also impair the stability of the C1~ channel in the plasma membrane
and also result in markedly reduced bicarbonate and fluid secretion [Lukicsetal. 20121 Oy
study does not differentiate between a loss of HCO3 and fluid secretion via CFTR or via a
disruption between CFTR and other transporters involved in pancreatic bicarbonate and
fluid secretion, such as solute carrier family 26 (SLC26) anion exchangers. Of note, both
DRA and PAT-1 are known to have PDZ domain-binding motifs [Lamprecht et al- 20061 gnd bind
to NHERF-] [Lamprecht et al. 2002, Lohi et al. 2003, Rosmann et al. 2003] T addition, activation of CFTR by
SLC26 transporters was shown to be facilitated by PDZ ligands K0 ¢/ @ 20041 The reduced
expression of CFTR in the apical membrane in NHERF-1-KO pancreatic ducts thus will

likely decrease the activities of PAT-1 and DRA [Chernova et al. 2003, Rakonczay et al. 2008¢],

Several groups have shown that the binding of CFTR to NHERF may regulate
CFTR activity [Broere et al. 2007, Singh et al. 2009] ' The unusually high expression of NHERF-1 and

CFTR in pancreatic ducts is quite different from that found in the small intestine
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[Hillesheim et al. 2007, Singh et al. 2010] Thege findings suggest to us that CFTR-NHERF-1 interaction

may be crucial to pancreatic ductal secretion.

A striking finding of this study was that the severity of cerulein-induced acute
necrotizing pancreatitis was significantly higher in animals lacking NHERF-1 (and thus
reduced pancreatic ductal secretion), which suggests that normal ductal secretion in WT
mice protects acinar cells against necrosis and apoptosis. This effect was independent of a
change in cerulein sensitivity of acinar cells and shows that NHERF-1 expression is not
necessary for cholecystokinin receptor function. Similar to our findings, another group has
shown that transgenic mice with reduced CFTR expression were more susceptible to
cerulein-induced AP [PMagnoeral. 2005, 2010] = Ag CFTR-KO mice exhibited constitutive
overexpression of pancreatic proinflammatory mediators, this is not that surprising.
However, we did not find any differences in basal pancreatic proinflammatory between WT
and NHERF-1-KO mice. Furthermore, in the studies by DiMagno et al. [2095:20191 "only the
cerulein-induced AP model was tested, and the acinar- versus ductal-specific effects were
not investigated. To confirm that the effect of diminished secretion on AP severity was not
specific to the cerulein-induced model, we also determined disease severity in the clinically
more relevant Na-taurocholate model Heevier @l 2013] - Similar to the results observed in the
cerulein-induced pancreatitis model, the degree of acinar cell damage in Na-taurocholate-
induced AP was significantly greater in NHERF-1-KO versus WT mice. Notably, the lower
degree of necrosis was not necessarily accompanied by markedly reduced levels of
inflammatory infiltration. Interestingly, leukocyte infiltration was higher in NHERF-1-KO
versus WT mice injected i.d. with PS. Our data indicate that KO animals may even be more

sensitive to increased ductal pressure.

Importantly, NHERF-1 expression did not influence the degree of the cell damage
caused by high concentrations of cerulein or sodium taurocholate in isolated acini. These
data indicate that the general deletion of NHERF-1 does not affect acinar damage caused
by the latter agents. Therefore, it is likely that factors other than variations in the direct
effects of cerulein or sodium taurocholate on acinar cells are responsible for the differences

in AP severities of WT and NHERF-1-KO mice.
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6.2 The role of aquaporin-1 channel in acute experimental

pancreatitis

There are two ways for water transport through epithelial cells. One is the
paracellular way along the osmotic gradient generated by the ion transporters, and the other
one is the transcellular pathway via AQPs. In the case of the pancreatic ducts, it is not clear
which pathway is dominant. However, the pancreatic ductal epithelium is a moderately

leaky epithelium that favors the paracellular movement of water Novak et al. 1988]

AQPI is a water channel that is extensively expressed in pancreatic acinar and
ductal cells that are involved in fluid secretion. Altered expression or localization of AQPs
is associated with different gastrointestinal disorders, such as gastritis or diarrhea;
therefore, many studies have been conducted to identify the specific role of particular AQP
isoforms. Although AQPI1 plays an essential role in pancreatic physiology, its function
under pathological conditions is not known. In order to determine the role of the AQPI
channel in AP, we used AQP1 KO mice. In the present study, we showed that the decreased
expression of AQP1 in pancreatic ductal cells induces more severe pancreatitis in a

cerulein-induced pancreatitis model.

No differences were observed in body weight and physical appearance of WT and
KO mice, although the lifespan of AQPI deficient mice was slightly lower. There are
contradictious data partly in contrast with previous observations demonstrating that defect
in AQP1 expression cause only a small but not significant decrease in the rate of stimulated

Maeral. 2001.] - Although this discrepancy can be explained by the

pancreatic fluid secretion |
different methods used for the measurement of pancreatic fluid, nevertheless, other studies
have found that decreased expression or function of AQP1 dramatically reduces ductal fluid
secretion [Gabbi et al. 2008, Ko eral. 2002] 'The close relationship between AQPs and CFTR has been
confirmed in rat epididymis, where CFTR potentiates AQP9-mediated water permeability

[Cheung et al. 2003] " Moreover, a direct interaction between AQPs and CFTR has also been

observed in Sertoli cells [Jesus ef al. 2014, 2014b]

The deletion of AQPI itself does not damage the pancreas and does not cause

pancreatitis in mice, which might be due to the compensating effect of AQP5; however, it
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induces a more severe disease progression. The involvement of AQPI in the

Kitami ez al. 2007] Kitami et

pathophysiology of pancreatitis has already been raised previously !
al. have found that AQP1 expression decreased both in the ductal and acinar cells in a
cerulein-induced AP model, which indicates that reduced levels of AQP1 may contribute
to exocrine insufficiency. The importance of AQP1 in the exocrine pancreas has also been
confirmed by the fact that this water channel is abundantly expressed in the zymogen
granules of acinar cells and plays an essential role in zymogen swelling and probably
secretion [Choeral- 20021 AQP12 is also expressed in the zymogen granule of acinar cells, and
a huge amount of this isoform is present in the rough endoplasmic reticulum [©hta et a/. 2009],
In the absence of AQP12, a high concentration of cholecystokinin octapeptide makes the
pancreas more susceptible to pancreatitis, presumably by the aberrant exocytosis of
zymogen granules in these mice [Oh@er al 20091 A] of these previous observations indicate

that AQP1 has essential roles in both ductal and acinar functions and makes the pancreas

more sensitive for AP.
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7 Summary

Introduction: Pancreatic ductal epithelial cells (PDEC) secrete an alkaline
HCOj3 -rich isotonic fluid. The secretion of HCO3 across the apical membrane of PDEC is
mediated by cystic fibrosis transmembrane conductance regulator Cl- channel (CFTR) and
solute carrier family 26 (SLC26) anion exchangers. Na*/H" exchanger regulatory factor
isoform-1 (NHERF-1) is a cytosolic adaptor protein, which binds CFTR on the apical
membrane of epithelial cells. Aquaporins (AQPs) facilitate the transepithelial water flow
involved in epithelial fluid secretion in numerous tissues. Acute pancreatitis (AP) is a
serious disorder in which specific treatment is still not possible. Accumulating evidence

indicate that decreased pancreatic ductal fluid secretion plays an essential role in AP.

The role of NHERF-1 in the pancreas has not yet been investigated despite the fact
that CFTR, a key regulator of epithelial function, is controlled by this scaffolding protein
Also the functions of AQPs in the pancreas are less characterized. Our aim was to

characterize the function of NHERF-1 and AQP1 in AP.

Methods: We used 12-16-week old WT, NHERF-1 knock-out (KO) and AQP1 KO
male mice. In the AP groups, mice were injected 7 or 10 times hourly, intraperitoneally
(i.p.) with 50 pg/kg cerulein. In another AP model, 4 % Na-taurocholate was administered
i.d. via the punctured duodenum. Control animals were injected i.p. or i.d. with PS instead
of cerulein or Na-taurocholate (n=6-8). Animals were sacrificed at 12 hours in case of the
cerulein model or 24 hours in the Na-taurocholate experiment. Laboratory [serum
amylase- or, pancreatic myeloperoxidase (MPO) activity, pancreatic IL-1[3 concentrations]
and histological parameters (pancreatic necrosis, edema, inflammatory cell infiltration)
were measured to evaluate disease severity. Expression of HSP-72, IkB-a, and IkB-j

contents were determined by Western-blot analysis.

Our results showed that the induction of AP was successful in both models and also
in both strains. The injection of mice with cerulein or Na-taurocholate increased the

measured laboratory and histological parameters vs. the control groups. The measured
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laboratory (serum amylase, HSP72) and histological parameters (necrosis, apoptosis) were
significantly elevated in AP mice injected with cerulein vs. control mice. In accord with
the measured pancreatic MPO-, trypsinogen activity, IxB-a, IkB-p, or pancreatic IL-13
concentrations were not significantly altered in the NHERF-1 KO group vs. the WT AP
groups. In case of the Na-taurocholate-induced AP, pancreatic necrosis, hemorrhage and
MPO activity were significantly increased in the NHERF-1 KO group vs. the WT AP
group. However, the pancreatic edema, leukocyte infiltration, IL-1p concentrations and
serum amylase activity were significantly elevated in the WT or NHERF-1 KO AP vs.
respective control groups but not in the NHERF-1 KO vs WT AP groups. The pancreatic
leukocyte infiltration, edema, necrosis or serum amylase activity were significantly
increased in cerulein-treated vs. control groups. In accord with the histological results, only
necrosis and serum amylase activity were increased significantly in the AQP1 KO vs.

WT AP groups.

In conclusion, after complete evaluation of the data, we can say that the AP in both
NHERF-1 or AQP1 KO groups were more severe. These results may be due the reduced

HCO3 and fluid secretion.
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8 Summary of new findings

1. NHERF-1 and AQP1 have profound effects on the outcome of acute
pancreatitis.

2. The severity of AP, particularly acinar necrosis and apoptosis was higher in
NHERF-1 KO mice than in WT animals.

3. We have found that the deletion of AQPI makes the pancreas more sensitive to

pancreatitis.
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ABSTRACT

OBJECTIVE: A common potentially fatal disease of the pancreas is acute
pancreatitis, for which there is no treatment. Most studies of this disorder focus on the
damage to acinar cells since they are assumed to be the primary target of multiple stressors
affecting the pancreas. However, increasing evidence suggest that the ducts may also have
a crucial role in induction of the disease. To test this hypothesis, we sought to determine
the specific role of the duct in the induction of acute pancreatitis using well established
disease models and mice with deletion of the Na*/H" exchanger regulatory factor-1

(NHERF-1) that have selectively impaired ductal function.
DESIGN: Randomized animal study.
SETTING: Animal research laboratory.
SUBJECTS: Wild-type and NHERF-1 knock-out mice.

INTERVENTIONS: Acute necrotizing pancreatitis was induced by i.p.
administration of cerulein or by intraductal administration of sodium-taurocholate. The
pancreatic expression of NHERF-1 and cystic fibrosis transmembrane conductance
regulator (CFTR, a key player in the control of ductal secretion) was analysed by
immunohistochemistry. /n vivo pancreatic ductal secretion was studied in anesthetized
mice. Functions of pancreatic acinar and ductal cells, as well as inflammatory cells were

analyzed in vitro.

MEASUREMENTS AND MAIN RESULTS: Deletion of NHERF-1 resulted in
gross mislocalization of CFTR, causing marked reduction in pancreatic ductal fluid and
bicarbonate secretion. Importantly, deletion of NHERF-1 had no deleterious effect on
functions of acinar and inflammatory cells. Deletion of NHERF-1 that specifically impaired

ductal function increased the severity of acute pancreatitis in the two models tested.

CONCLUSIONS: Our findings provide the first direct evidence for the crucial role
of ductal secretion in protecting the pancreas from acute pancreatitis, and strongly suggest
that improved ductal function should be an important modality in prevention and treatment

of the disease.
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INTRODUCTION

A major disease of the exocrine pancreas is acute pancreatitis (AP) that is caused
by multiple stressors and for which there is no specific treatment. The disorder usually
develops either as a result of gallstone disease or moderate to heavy ethanol consumption
[1]. It can present as mild edematous (85%) or as severe necrotizing (15%) forms, the latter
of which can lead to a very high mortality rate of up to 50% in the case of multi-organ
failure [1]. Most studies of AP focus on the function and damage to acinar cells since they
are assumed to be the key target of stressors. However, increasing evidence point to the
duct as the primary target of the stressors, which may have crucial role in induction of the

disease.

The main function of the pancreatic duct is fluid and HCOs3" secretion that is
mediated by basolateral HCO;3™ influx due to Na*-HCOj3" contransport by NBCel-B and
luminal HCOs3" exit mediated by the concerted action of cystic fibrosis transmembrane
conductance regulator (CFTR), DRA (down-regulated in adenoma or slc26a3) and PAT-1
(putative anion transporter 1 or slc26a6) [2]. The interrelated function of CFTR and PAT-
1 requires their assembly into complexes through postsynaptic density-95/disc-large/zonula

occludens (PDZ) domains by an unknown scaffolding protein [3].

Na'/H* exchanger regulatory factor-1 (NHERF-1) is a scaffolding protein involved
in the apical targeting and trafficking of several membrane proteins and anchors them to
the cytoskeleton via ezrin [4]. NHERF-1 also facilitates the association of multiprotein
complexes via PDZ and ezrin-radixin-moesin binding domains, a process that is essential
for the adequate function of transporters, channels, and signaling complexes [5]. The
adapter protein has been shown to bind to the PDZ-binding motifs of CFTR, Na*/H*
exchanger-3 (NHE3), as well as a number of other proteins that functionally interact with

CFTR or NHE3, such as the p2-adrenoreceptor [6, 7], or the Slc26 anion exchanger DRA
[8].

The role of NHERF-1 in the pancreas has not yet been investigated, despite the fact
that CFTR, a key regulator of epithelial function, is controlled by this scaffolding protein
[4]. CFTR has very important roles in pancreatic ductal physiology [9] and in the
pathogenesis of diseases like cystic fibrosis [5] and AP [10, 11]. We reasoned that the
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central role of NHERF-1 in CFTR function offered a unique opportunity to directly
evaluate, for the first time, the role of pancreatic ducts in AP by analyzing ductal function

in mice with deletion of NHERF-1 and their response to induction of AP.
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MATERIALS AND METHODS

Brief outline of the methods is given below. For further details, please see the

supplemental material.

Ethics

All experiments were conducted in compliance with the Guide for the Care and Use
of Laboratory Animals (National Academies Press, Eight Edition, 2011), and were
approved by Committees on investigations involving animals at the University of Szeged
and at the Hannover Medical School and also by independent committees assembled by

local authorities.

Animals

NHERF-1-deficient mice were originally generated and described at Duke
University Medical Center [12]. NHERF-1 mutation was congenic for the FVB/N
background for at least 15 generations. Genotyping was performed by PCR.

Isolation and culture of pancreatic ducts and acini

Intra-/interlobular pancreatic ducts were isolated and cultured overnight at 37°C in
a humidified atmosphere containing 5% CO- as described previously [13]. Acinar cells
were isolated by collagenase digestion and were used for experiments immediately

thereafter [14].

mRNA expression of CFTR, PAT-1, DRA and NHERFs
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Pancreatic ducts were homogenized by sonication in lysis-buffer and RNA was
isolated with a NucleoSpin RNA XS Total RNA Isolation Kit. Reverse transcription was
performed using Superscript III RT. The primer sequences and PCR protocol used for the
determination of the mRNA expression of transporters and NHERF-1-3 are described in
the supplementary methods.

Localization of NHERF-1 and CFTR proteins by

immunohistochemistry

Immunohistochemistry of the mouse pancreas was performed as described by Cinar

et al [15] using rabbit polyclonal antibodies against NHERF-1 and CFTR.

Microperfusion and measurement of intracellular pH, Ca?

concentration

The luminal and basolateral perfusions of the cultured ducts were performed as
described previously [16]. Intracellular pH (pHi) and Ca?* concentration ([Ca®'];) were

assessed using the fluorescent dye BCECF-AM[17] and FURA 2-AM, respectively.

Determination of HCOj™ efflux

To determine the HCOs" efflux across the apical membrane of the pancreatic ductal
epithelia, we used three methods: inhibitory stop, alkali load and luminal CI- withdrawal.
The measured rates of pH; change (dpH/dt) were converted to transmembrane base flux
[J(B)] which reflects the rate of HCOs™ efflux (i.e. secretion) on luminal CI/HCOs
exchangers [18].

Measurement of fluid secretion
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Fluid secretion into the closed luminal space of in vitro cultured pancreatic ducts
was analysed using a swelling method [19]. Basal and secretin-stimulated pancreatic fluid

secretion in vivo was determined in anesthetized mice.

Induction of acute pancreatitis

Cerulein-induced pancreatitis

Mice were administered 1, 7 or 10 hourly i.p. injections of cerulein (50pg/kg per
injection). Control mice were given physiological saline (PS: 0.9% NaCl) solution i.p.

instead of cerulein.

Sodium-taurocholate-induced pancreatitis

Na-taurocholate was administered intraductally as described previously by Perides

et al [20].

Assays

Amylase and lactate dehydrogenase (LDH) activities were measured with
commercial kits. Acinar cell viability was determined using the trypan-blue exclusion test.
Interleukin-1p (IL-1p) levels were measured by ELISA. Expression of heat shock protein72
(HSP72), IkB-a and IkB-f were determined by Western blot analysis [21].
Myeloperoxidase (MPO) activity, as a marker of tissue leukocyte infiltration, was assessed

by the method of Kuebler et al [22].

Histologic examination

Pancreatic injury was evaluated by semiquantitative grading of interstitial edema,

haemorrhage and leukocyte infiltration [21]. The extent (%) of cell damage was confirmed
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by analysis with ImageJ software (NIH, Bethesda, MD, USA). Apoptotic cells were
quantified in Imm? of pancreatic tissue by TUNEL assay using an In Situ Cell Death

Detection Kit according to the manufacturer’s instructions.

Statistical analysis

Statistical analysis was performed by SigmaPlot (Systat Software Inc., Chicago, IL,
USA). Data are presented as means=SEM. Both parametric (one— or two-way analysis of
variance) and non-parametric (Kruskal-Wallis) tests were used based on the normality of
data distribution (analyzed by the Shapiro-Wilk test). Post-hoc analysis (either Dunn's or
Bonferroni's test) was performed according to the recommendations made by SigmaPlot.
y>-test was used to determine differences between groups in the proportion of mice who

died. A P<0.05 was accepted as statistically significant.
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RESULTS

mRNA expression of CFTR, DRA, PAT-1 and NHERFs in mouse pancreatic

ducts

CFTR, DRA, PAT-1, NHERF-1 and NHERF-2, but not NHERF-3 mRNA were
expressed in isolated pancreatic ducts of WT mice (Fig.1). Notably, quantitative RT-PCR
indicated that NHERF-1 was expressed more abundantly than the other two CFTR-binding
NHERFs (NHERF-2 and NHERF-3).

Apical NHERF-1 and CFTR localization in pancreatic ducts is reduced in
NHERF-1-knock-out mice

NHERF-1 was highly expressed in the apical membrane of pancreatic duct cells,
but only weakly expressed in some acinar cells of WT mice (Fig.2A,B). No or weak
staining was detected in NHERF-1-KO mice (Fig.2G,H). The weak staining is non-specific

and was not localized to the luminal membrane.

Next, we determined whether NHERF-1 affects the localization of CFTR which
was expressed in both pancreatic acinar and ductal cells. Compared to WT animals
(Fig.2C), apical CFTR staining in pancreatic ducts was markedly reduced and overall
CFTR staining in the pancreas appeared more diffuse in the absence of NHERF-1 (Fig.2I).
Suppl.Fig. 1 shows that although the CFTR antibody gave a small amount of nonspecific
staining, this was not localized to the luminal membrane. The strong cytoplasmic staining
by the CFTR antibody correlates with the high CFTR mRNA expression levels in murine
pancreas as compared to other gastrointestinal tissues (i.e. some cytoplasmic and
basolateral staining in the duodenum [7], but not the ileum or colon of this mouse strain -
unpublished observations). Expression of pancreatic ductal CFTR mRNA was not

significantly different in WT and NHERF-1-KO mice (results not shown).

Pancreatic ductal HCQOj3 secretion is decreased in NHERF-1-knock-out mice
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To determine if mislocalization of CFTR affects pancreatic ductal function, we
investigated HCO3" secretion in isolated ducts using three different, but complementary
methods that measure the rate at which HCOs3- is secreted across the luminal membrane via

CI'/HCOs™ exchangers and/or CFTR [18].

(1) Inhibitor stop. The administration of dihydro-4,4’-diisothiocyanostilbene-2,2’-
disulfonic acid (H,DIDS, 0.2mM) and amiloride (0.2mM) resulted in a rate of J(B") which
was more than 4-fold lower in NHERF-1-KO compared to WT mice (Figs.3A,D).

(2) Alkali load. Here the recovery of pH; from an alkali load induced by exposure
to 20mM NH4Cl in a HCO3/COz-containing solution reflects the rate of HCO3™ secretion
[16]. Figs.3B and 3E show that the recovery from alkali load was about 2-fold lower in
NHERF-1-KO vs. WT animals.

(3) Chloride removal. Figs.3C and 3F show that pH; alkalinisation induced by

removal of luminal CI was significantly reduced in NHERF-1-KO compared to WT mice.
These data show that pancreatic ductal HCOj3™ secretion was significantly reduced

in NHERF-1-KO compared to WT mice.

Fluid secretion is decreased in NHERF-1-knock-out mice

To investigate if fluid secretion was also compromised in KO mice, the rate of fluid
secretion was measured using sealed ducts. In the absence of secretagogue, we could not
detect any significant changes in the volume of WT and NHERF-1-KO ducts (Fig.4A).
Stimulation of WT ducts with S5uM forskolin caused dynamic swelling of the ducts as a
result of fluid secretion into the closed luminal space. In contrast, ducts from NHERF-1-

KO mice had a blunted response to forskolin (Fig.4B).

We also examined the rate of pancreatic juice secretion in vivo in anesthetized mice.
Under basal conditions, WT animals secreted pancreatic juice at a rate of 0.12+0.02 pl/h/g
body weight (Fig.4C). In contrast, we could not detect any basal secretion in NHERF-1-
KO animals. In response to secretin stimulation, we observed about 4-fold higher rates of

pancreatic juice secretion in WT vs. NHERF-1-KO mice. These results demonstrate that
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pancreatic fluid secretion was significantly reduced in NHERF-1-KO compared to WT

animals under both basal and secretin-stimulated conditions.

To rule out secondary alterations in pancreatic fluid secretion by changes in
microcirculation due to loss of NHERF-1, we measured baseline microcirculatory plasma
velocities in the capillaries of the pancreas, which were similar in WT and NHERF-1-KO

animals (Suppl.Fig.2).

Cerulein-induced pancreatitis is more severe in NHERF-1-knock-out mice

To determine if the observed changes in pancreatic secretion could influence the
development of AP, mice were given 10 hourly i.p. injections of either PS (control) or
supramaximal doses of cerulein to induce AP (Fig.5A). The control animals had normal
pancreatic histology (Fig.5A.a,d). L.p. injections of cerulein caused extensive cell damage
(Fig.5A.b,c,e,f), the rates of necrosis (Fig.5B) and apoptosis (Fig.5C) were markedly higher
in the NHERF-1-KO vs. WT mice. However, no significant differences were observed in
the extent of interstitial edema (2.0+0.11 for WT vs. 2.2+0.2 for KO) or leukocyte
infiltration (1.72+0.08 for WT vs. 1.9540.13 for KO, p=0.08) in cerulein-treated groups.

There were also no significant differences between WT and NHERF-1-KO control

groups in all laboratory parameters, except for the level of IkB-f.

Serum amylase activities were greatly elevated in cerulein-treated WT and NHERF-
1-KO vs. the control groups (Fig.6A). Importantly, amylase activity was significantly
higher in the cerulein-treated NHERF-1-KO vs. WT mice. Pancreatic MPO activity was
significantly increased in cerulein-treated vs. control groups, but not different in WT
compared to KO mice exposed to cerulein (Fig.6B). Pancreatic HSP72 expression (a
sensitive marker of tissue injury) was significantly increased in cerulein-treated vs. control
groups (Fig.6C), and significant differences were also observed between cerulein—treated

WT and NHERF-1-KO groups.

Key events in the pathogenesis of AP include premature activation of trypsinogen
[23, 24] and the activation of the proinflammatory transcription factor nuclear factor-xB

(NF-xB) [25]. To exclude any potential effects of NHERF-1 deletion on early trypsinogen
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and NF-xB activation (regulated by IkBs), we measured pancreatic trypsin activity
(Fig.6D) and expression of IkBs (Suppl.Figs.3A-B) in mice injected i.p. with 1x50pug/kg
cerulein. Trypsin activity was increased by about 4-fold 0.5h after the injection of cerulein
compared to the control group (Fig.6D), however, there were no significant differences
between WT and NHERF-1-KO mice. Also, with respect to [kB-a expression, there was
no significant differences between WT and NHERF-1-KO animals in cerulein-treated
groups (Suppl.Fig.3A). The basal level of IkB-§ was significantly higher in NHERF-1-KO
vs. WT control mice, and no differences were observed in cerulein-treated WT and
NHERF-1-KO groups (Suppl.Fig.3B). These data demonstrate that the difference in AP
severity between WT and NHERF-1-KO mice is independent of pancreatic trypsinogen
and NF-«xB activation.

The expression of the proinflammatory cytokine IL-1B was significantly elevated
in the pancreas of cerulein-treated WT and NHERF-1-KO mice vs. the control groups
(Suppl.Fig.3C), but there was no difference between the cerulein-treated WT vs. NHERF-
1-KO mice.

Of note, i.p. administration of 7x50pg/kg cerulein in WT and NHERF-1-KO mice
caused similar effects in the investigated histological and laboratory parameters as shown
for the higher cerulein dose. A summary of these results can be found in Suppl.Figs.4-5.
Overall, our results clearly demonstrate that the severity of cerulein-induced AP is lower

in mice expressing NHERF-1.

To exclude any possible deleterious effects of NHERF-1 deletion on
cholecystokinin receptor function, we tested the sensitivity of acinar cells to cerulein.
Amylase secretion of acinar cells from WT and NHERF-1-KO animals showed no

significant differences in response to cerulein stimulation (Suppl.Fig.6).

Intraductal administration of 4% sodium-taurocholate causes more extensive

acinar cell necrosis in NHERF-1-knock-out compared to wild-type mice

We also investigated if NHERF-1-KO mice responded differently than WT mice

when AP was induced by intraductal infusion of 4% Na-taurocholate. Postoperative
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mortality after administration of Na-taurocholate in KO mice (2/14 animals) was not

significantly different vs. WT animals (0/10).

Intraductal infusion of PS caused no postoperative mortality, but mild pancreatic
edema and inflammation was seen on histology without any significant necrosis
(Fig.7A,B). The rate of leukocyte infiltration was significantly higher in the NHERF-1-KO
vs. WT mice (Tablel). The infusion of 4% Na-taurocholate into the pancreatic duct induced
necrotizing AP in the head (Fig.7C,D), but not in the tail of the pancreas (not shown). The
latter finding is in accord with that of others [20]. Therefore, only the pancreatic heads were
used for analysis. Approximately 24% of acinar cells were necrotic in WT (Fig.7C,E) and
about 47% in NHERF-1-KO mice (Figs.7D,E). Tablel summarizes the histopathological
changes in the various groups. Significantly higher rates of leukocyte infiltration were
detected in Na-taurocholate-treated vs. PS-treated WT groups. In contrast, there were no
differences in leukocyte infiltration between the Na-taurocholate-treated vs. PS-treated

NHERF-1-KO groups, and Na-taurocholate-treated NHERF-1-KO vs. WT groups.

\Serum amylase activities were significantly higher in Na-taurocholate-treated vs.
control WT and NHERF-1-KO groups (Suppl.Fig.7A), but there were no differences
between Na-taurocholate-treated NHERF-1-KO and WT mice. We did not observe any
significant differences in MPO activity between WT and NHERF-1-KO mice after
intraductal PS infusion (Suppl.Fig.7B). However, MPO activity was increased in Na-
taurocholate-treated vs. control NHERF-1-KO mice, and even higher in the KO compared
to the WT Na-taurocholate-treated mice. Pancreatic IL-1 expression was elevated in Na-
taurocholate-treated WT and NHERF-1-KO mice vs. the control groups (Suppl.Fig.7C).
However, there were no significant differences in the levels of IL-1f of Na-taurocholate-

treated WT and NHERF-1-KO animals.

These data indicate that NHERF-1 expression reduces Na-taurocholate-induced
pancreatic injury, but does not necessarily influence other laboratory parameters of the

disease.

Functions of inflammatory cells are unaltered by deletion of NHERF-1
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Since inflammatory cells are implicated in the pathogenesis of AP and NHERF-1
expression has been shown in neutrophils [26], we checked the bacterial killing efficiency
of polymorphonuclear cells and the phagocytic activity of peritoneal macrophages. The
results in Suppl.Fig.8 demonstrate that knocking out NHERF-1 did not alter these

functions.

NHERF-1 expression does not influence intracellular calcium signaling and
the degree of cell damage caused by high concentrations of cerulein or sodium-

taurocholate in isolated acini

To further investigate whether acinar cells are affected by the deletion of NHERF-
1, we tested the effects of cerulein and Na-taurocholate on the critical intracellular Ca**
signaling pathway in induction of AP, and on cell damage of isolated acini prepared from
WT and NHERF-1-KO mice. Suppl.Fig.9. shows no significant differences in elevation of
[Ca*']; induced by cerulein or Na-taurocholate on isolated acinar cell from WT and
NHERF-1-KO mice (n=5-8). Next, we looked at the extent of in vitro cell damage induced
by the administration of high concentrations (based on literature data) of cerulein (10-*M)
[27] and Na-taurocholate (1mM) [28]. Acinar viability of WT and NHERF-1-KO mice was
99.5+0.5% and 97.6+£1.0% immediately after isolation, respectively (n=7); LDH release
was 9.2+1.2% and 7.6£1.0%, respectively (n=7). Acinar viability significantly decreased
with time and in response to cerulein or Na-taurocholate administration (Fig.8). However,
we did not find any significant differences in cell viability parameters of treated WT and

NHERF-1-KO acini.
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DISCUSSION

We have demonstrated that NHERF-1 mRNA is highly expressed in mouse
pancreatic ducts, but not acini. Furthermore, the genetic deletion of NHERF-1 greatly
reduced the localisation of CFTR in the luminal ductal cell membrane and also decreased
both in vitro and in vivo pancreatic bicarbonate and fluid secretion. Both basal and cAMP-
stimulated secretion was reduced in the transgenic animals, but this effect was not caused
by alterations in pancreatic blood flow. The diminished ductal secretion in NHERF-1-KO
mice was associated with increased severity of necrotizing AP in two independent models
of the disease. Importantly, early acinar events associated with AP, such as intracellular
Ca®* signaling, trypsinogen and NF-kB activation were unaltered by deletion of NHERF-
1, but late events such as apoptosis and necrosis were increased in the KO animals. Notably,
deletion of NHERF-1 had no deleterious effect on functions of acinar and inflammatory
cells independent of AP, indicating that increased severity of the disease is specifically due

to impaired ductal secretion.

NHERF-1 has been identified as a CFTR-interacting PDZ domain protein, which is
involved in the apical targeting of CFTR, signal complex formation with a variety of
receptors, and possibly the interaction with other membrane transport proteins, in a cell-
and signal-specific manner [26, 29-34]. In our study, the absence of NHERF-1 greatly
reduced CFTR abundance in the apical membrane of pancreatic ducts, whereas CFTR
mRNA expression was unaltered. The gross mislocalization of CFTR resulted in decreased
ductal fluid and HCOs3" secretion. Consistent with our findings, mutations in CFTR that
cause cystic fibrosis, impair the stability of the CI" channel in the plasma membrane and
also result in markedly reduced bicarbonate and fluid secretion [35]. Our study does not
differentiate between a loss of HCO3™ and fluid secretion via CFTR or via a disruption
between CFTR and other transporters involved in pancreatic bicarbonate and fluid
secretion, such as SLC26 anion exchangers. Of note, both DRA and PAT-1 are known to
have PDZ domain binding motifs [4], and to bind to NHERF-1 [8, 36, 37]. In addition,
activation of CFTR by SLC26 transporters was shown to be facilitated by PDZ ligands [3].
The reduced expression of CFTR in the apical membrane in NHERF-1-KO pancreatic ducts
thus will likely decrease the activities of PAT-1 and DRA [38, 39].



76

Several groups have shown that binding of CFTR to NHERF may regulate CFTR
activity. Two studies [7, 40] have demonstrated that NHERF-1 is required for full activation
of transepithelial CI" and HCOj™ secretion by cAMP- and ¢cGMP-linked agonists in the
duodenum and jejunum. This reduced activation of anion currents in NHERF-1-KO mice
was independent of the total amount of CFTR expression in epithelial cells, and appeared
to be due to a defect in apical targeting and/or retention of CFTR [40]. In addition, the
NHERF-1 assisted formation of receptor-transporter signaling complexes in the apical
membrane were disrupted [7]. A recent study has shown that CFTR activity is also
dependent on NHERF-1 regulated cAMP compartmentalization and local protein kinase A
activity in human airway epithelial cells [41]. The particularly high expression of NHERF-
1 and CFTR in pancreatic ducts is quite different from that found in the small intestine [42,
43]. These findings suggest to us that CFTR-NHERF-1 interaction may be crucial to

pancreatic ductal secretion.

Accumulating evidence suggests that pancreatic ducts not only have prominent
roles physiologically, but also pathophysiologically. It is well known that insufficient
electrolyte and fluid secretion by ductal cells in cystic fibrosis (caused by mutations in the
CFTR gene) leads to destruction of acini [9]. Numerous CFTR mutations predispose to
chronic pancreatitis [44]. Pancreatic biopsies from patients with autoimmune pancreatitis
showed mislocalization of CFTR in the ducts and secretin-stimulated fluid and HCO3"
secretion was reduced in these patients [45]. Until quite recently, the pathophysiological
relevance of pancreatic ducts in AP has been neglected. It is commonly assumed that the
primary target of all stressors is the acinar cells since they are damaged in all forms of AP.
However, both clinical and experimental data suggest that pancreatic ductal cells may also
have fundamental roles in the development of AP [11]. Cavesto et al [10] have found
statistically significant association of CFTR gene mutations in patients with recurrent AP.
Pancreatic fluid secretion is greatly increased at the initiation of AP [46]. Also, in vitro
administration of agents inducing AP such as bile acids, viruses or ethanol to pancreatic
duct cells stimulate bicarbonate secretion [11, 16]. Our hypothesis is that ductal secretion
serves to defend the pancreas by washing out toxic agents such as activated digestive
enzymes. If this ductal defence mechanism is insufficient, ductal secretion will be inhibited

and the harmful enzymes cannot leave the pancreas. The beneficial effect of ductal fluid
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hypersecretion is indicated by the fact that secretin, a major mediator of pancreatic ductal
secretion, has been shown to protect against cerulein-induced AP [47, 48]. Furthermore,
the severity of AP in galanin (a neuropeptide which has a potent inhibitory effect on
pancreatic HCOj3™ secretion) KO mice was significantly reduced compared to WT

littermates [49].

A striking finding of this study was that the severity of cerulein-induced acute
necrotizing pancreatitis was significantly greater in animals lacking NHERF-1 (and thus
reduced pancreatic ductal secretion), which suggests that normal ductal secretion in WT
mice protects acinar cells against necrosis and apoptosis. This effect was independent of a
change in cerulein sensitivity of acinar cells, and shows that NHERF-1 expression is not
necessary for cholecystokinin receptor function. Furthermore, we did not find any
significant differences in intracellular Ca?" signaling and pancreatic activation of
trypsinogen and NF-«xB in mice lacking NHERF-1. Taken together, the latter findings show
that early acinar events leading to AP are unaltered by NHERF-1 expression. Similar to our
findings, another group has shown that transgenic mice with reduced CFTR expression
were more susceptible to cerulein-induced AP [50, 51]. As CFTR-KO mice exhibited
constitutive overexpression of pancreatic proinflammatory mediators, this is not that
surprising. However, we did not find any differences in basal pancreatic proinflammatory
parameters between WT and NHERF-1-KO mice. Furthermore, in the studies by DiMagno
et al, only the cerulein-induced AP model was tested and the acinar- vs. ductal-specific
effects were not investigated. To confirm that the effect of diminished secretion on AP
severity was not specific to the cerulein-induced model, we also determined disease
severity in the clinically more relevant Na-taurocholate model [52]. Similar to the results
observed in the cerulein-induced pancreatitis model, the degree of acinar cell damage in
Na-taurocholate-induced AP was significantly greater in NHERF-1-KO vs. WT mice.
Notably, the lower degree of necrosis was not necessarily accompanied by markedly
reduced levels of inflammatory infiltration. Interestingly, leukocyte infiltration was higher
in NHERF-1-KO vs. WT mice injected intraductally with PS. The latter data indicate that

KO animals may even be more sensitive to increased ductal pressure.

Importantly, NHERF-1 expression did not influence the degree of cell damage

caused by high concentrations of cerulein or sodium-taurocholate in isolated acini. These
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data indicate that the general deletion of NHERF-1 does not affect acinar cell damage
caused by the latter agents. Therefore, it is likely that factors other than variations in the
direct effects of cerulein or sodium-taurocholate on acinar cells are responsible for the

differences in AP severities of WT and NHERF-1-KO mice.

CONCLUSIONS

Our results show for the first time that NHERF-1 plays a critical role in regulating
the apical localization of CFTR in mouse pancreatic duct cells and ductal secretion which
significantly influences the severity of acute necrotizing pancreatitis. Importantly, we
provide in vivo data that strongly suggests the involvement of pancreatic ductal secretion
in the pathogenesis of AP. The results obtained from this study may eventually open up
new therapeutic possibilities (targeting ductal secretion) in the treatment of pancreatic

inflammation which have to date mainly focused on acinar cells.
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FIGURE AND TABLE LEGENDS
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Fig. 1. mRNA expression of CFTR, DRA, PAT1, NHERF-1, NHERF-2 and
NHERF-3 in isolated mouse pancreatic ducts. Total RNA was prepared from isolated
interlobular pancreatic ducts of wild-type (WT) mice (n=6) after overnight culture and
mRNA expression of transporters/NHERF1-3 was measured by real-time RT-PCR. Data

are shown as means + SEM.
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Fig. 2. NHERF-1 and CFTR staining in wild-type and NHERF-1-knock-out

pancreata.

Representative immunohistochemical staining of NHERF1 (A, B, G, H) and CFTR
(G, 1) in the pancreas of WT and NHERF-1-knock-out (KO) mice. NHERF-1 was localized
in the apical membrane of intra- and interlobular duct cells; only weak staining was noted
in some acinar cells of WT mice (A, B). No or weak staining was detected in NHERF-1-
KO mice (G, H). CFTR staining in the pancreas of WT and NHERF-1-KO mice showed
that apical (white arrow) CFTR localization (green) was reduced in NHERF-1-KO (I) vs.
WT (C) ducts. Red staining shows F-actin expression (D, J). E, K show merged images of
CFTR and F-actin (yellow color indicates co-localization). F, L are phase contrast pictures.

Scale bar = 50 pm.
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Fig. 3. Pancreatic ductal HCOs secretion is decreased in NHERF-1-knock-out
mice. Panels A-C show representative intracellular pH traces of isolated pancreatic ducts
bathed in standard HCO37/CO; solution demonstrating the effects of 0.2mM amiloride and
0.2mM H>DIDS administered from the basolateral membrane (A), the recovery from
alkalosis via administration of 20mM NH4ClI (B), or after luminal CI" removal (C). Bar
charts show summary data for the base fluxes [-J(B/min)] after exposure of the transport
inhibitors (D), 20mM NH4Cl (E) or luminal CI" removal (F) in WT (closed columns) and

NHERF-1-KO (open columns) mice. Means = SEM are from 30-50 regions of interest from

5-8 ducts. a: P<0.05 vs. the respective WT group.
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Fig. 4. Fluid secretion is decreased in NHERF-1-knock-out vs. wild-type mice.
A and B show changes in the relative luminal volume of pancreatic ducts from WT (black

line, n=8 from 3 animals) and NHERF-1-KO (gray line, n=8 from 3 animals) mice. Initially,
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ducts were perfused with HEPES-buffered solution, then perfusion was switched to
standard HCO; /CO»-buffered solution (A). In some cases the ductal secretion was
stimulated with 5 uM forskolin (B). Panel C shows the volume of pancreatic juice collected
in vivo under basal (secretin -) and secretin-stimulated (secretin +, 0.75 CU/kg i.v.)
conditions from WT (closed columns) and NHERF-1-KO (open column) mice anesthetized
with urethane. Means + SEM are from 5-6 animals. P<0.05 vs. a: the respective secretin—

group or b: vs. the WT secretint group. N.D.: not detected in case of NHERF-1-KO mice.
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Fig. 5. Histopathologic changes of the pancreas in response to intraperitoneal

administration of cerulein in wild-type and NHERF-1-knock-out mice. Acute
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pancreatitis was induced by administering 10 hourly i.p. injections of cerulein (50 pg/kg
per injection, cerulein+). Control mice were given PS (cerulein-) instead of cerulein. Mice
were exsanguinated through the inferior vena cava 12 h after the first i.p. injection. (A)The
pictures show representative light micrographs (H&E staining) of the pancreata of WT
control (a) and cerulein-treated (b-¢) and NHERF-1-KO control (d) and cerulein-treated
(e-f) mice. Scale bar=100um. The bar diagrams show the rates of pancreatic necrosis (B)
(n=9-10) and apoptosis (C) (n=4-6). Data are shown as meanstSEM. P<0.05 vs. a: the
respective control group or b: vs. the WT cerulein+ group. WT (closed columns), NHERF-

1-KO (open columns).
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Fig. 6. Severity of cerulein-induced acute pancreatitis and pancreatic
trypsinogen activation in wild-type and NHERF-1-knock-out mice. Acute pancreatitis
was induced in WT (closed columns) and NHERF-1-KO (open columns) mice by

administering 1x50pg/kg (for measurement of trypsin activity) or 10 hourly i.p. injections
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of 50 pg/kg cerulein (ceruleint). Control mice were given PS (cerulein-) instead of
cerulein. Mice were exsanguinated through the inferior vena cava 0.5h (in case of
measurement of trypsin activity) or 12h after the first i.p. injection. The bar diagrams show
serum amylase activity (A), the pancreatic myeloperoxidase (MPO) activity (B), heat shock
protein-72 (HSP72) expression (C) and trypsin (D) activities. Data are shown as means +
SEM, n=4-6. P<0.05 vs. a: the respective control group or b: vs. the WT cerulein+ group.

N.D.: not detected.
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Fig. 7. Histopathologic changes of the pancreatic head in response to
intraductal administration of physiological saline and 4% sodium-taurocholate in
wild-type and NHERF-1-knock-out mice. The diagrams show representative light
micrographs (H&E staining) of pancreata of WT (A, C) and NHERF-1-KO (B, D) mice 24

h after intraductal treatment with 50ul (10ul/min) PS (4%TC-) (A, B) or 4% Na-
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taurocholate (4%TC+) (C, D). Inflammatory infiltration was significantly higher in
NHERF-1-KO (A) vs. WT (B) PS-treated mice. Intraductal infusion with 4% Na-
taurocholate caused the development of severe acute necrotizing pancreatitis in WT (C)
and NHERF-1-KO (D) mice. The bar diagram shows the rates of pancreatic necrosis (E) in
the various groups. Data are shown as means £ SEM, n=5-7. P<0.05 vs. a: the respective
control group or b: vs. the WT 4%TC+ group. N.D.: not detected in the WT group. Scale

bar = 200 um. WT (closed columns), NHERF-1-KO (open columns).
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Fig. 8. NHERF-1 expression does not influence the degree of cell damage
caused by high concentrations of cerulein or sodium-taurocholate in isolated acinar
cells. Acinar cells were isolated from WT and NHERF-1-KO mice by collagenase
digestion. /n vitro cell damage was induced by the administration of high concentrations of
10* M cerulein (cerulein+) for 2h or I mM Na-taurocholate (TC+) for 3h. Alternatively,

cells were treated with the vehicle for cerulein (cerulein-) or Na-taurocholate (TC-) for the
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same time-periods. Cell viability was determined by trypan blue staining (A, B) and
measurement of lactate dehydrogenase (LDH) release (C, D) from acini. Data are shown

as means + SEM, n=7. P<0.05 vs. a: the respective control group. WT (closed columns),

NHERF-1-KO (open columns).
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TABLES
WT Physiological WT 4% KO Physiological KO 4%
Histologic Features Saline Na-Taurocholate Saline Na-Taurocholate
Intestinal edema (0-3) 1.75+0.47 2+06 1.8+0.2 235+0.14
Hemorrhage (0-3) 0 0.42+0.22 0 0.71£0.282
Leukocyte infiltration (0-3) 08+03 19+0.4° 16+0.36° 1.9+0.45

WT = wild type, KO = knockout.

WT and Na*/H* exchanger regulatory factor-1-KO mice were infused intraductally with 4% Na-taurocholate or physiological saline (PS, control) and were killed after
24 hr. Histological scores are shown as means % sem for five to seven animals. p < 0.05 versus * the respective PS-treated group or *: the WT PS-treated group.

Table 1. Histopathological changes in response to intraductal infusion of 4%
sodium-taurocholate and physiological saline in wild-type and NHERF-1-knock-out
mice. WT and NHERF-1-KO mice were infused intraductally with 4% Na-taurocholate or
physiological saline (PS, control) and were sacrificed after 24h. Histological scores are
shown as means £ SEM for 5-7 animals. P<0.05 vs. a: the respective PS-treated group or

b: vs. the WT PS-treated group.
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SUPPLEMENTARY MATERIALS AND METHODS

Materials

All laboratory chemicals were obtained from Sigma-Aldrich (Munich, Germany)
unless indicated otherwise. Forskolin was from Tocris Bioscience (Bristol, UK), purified
CLSPA collagenase was from Worthington Biochemical Corporation (Lakewood, NJ,
USA) and cerulein was from American Peptide Company (Sunnyvale, CA, USA). HoDIDS,
Superscript III RT, TrypLE™ Express solution, Alexa Fluor 488-labelled goat anti-rabbit
IgG, phalloidin-633 and SlowFade Gold antifade reagent were purchased from Invitrogen
Corporation (Carlsbad, CA, USA). CP-Ketamine (10%) and CP-Xylazine (2%) were
obtained from CP-Pharma-Handelsgesellschaft MBH (Burgdorf, Germany). Urethane was
from Reanal (Budapest, Hungary) and pentobarbital was from Bimeda MTC (Cambridge,
Canada). DirectPCR (Tail) reagent was obtained from Viagen Biotech Inc. (Los Angeles,
CA, USA). NucleoSpin RNA XS Total RNA Isolation Kit was from Machery & Nagel
(Diiren, Germany). MesaGreen was from Eurogentec (Seraing, Liege, Belgium). CellTak
was purchased from Becton Dickinson Labware (Bedford, Massachusetts, USA).
Background reducing buffer was from DAKO (Glostrup, Denmark). Mr Pink rabbit
polyclonal antibody against human CFTR provided by W.E. Balch, Scripps Research
Institute (La Jolla, CA, USA). An IL-1p ELISA kit was purchased from R&D Systems
(Minneapolis, MN, USA). Laboratory chow was from Biofarm (Zagyvaszantd, Hungary).
Dulbecco's Modified Eagle Medium (DMEM) and heat-inactivated fetal bovine serum
were purchased from Lonza (Basel, Switzerland). Amylase and lactate dehydrogenase
activities were determined using commercial kits (DIALAB GmbH, Neudorf, Austria and
Diagnosticum ZRt., Budapest, Hungary, respectively). Isolation of polymorphonuclear
cells was performed by Polymorphprep (Axis-Shield, Oslo, Norway). Apoptotic cells were
quantitated by using an In Situ Cell Death Detection Kit from Roche Diagnostics
(Mannheim, Germany). Concentrated stock solutions of forskolin (100mM), cerulein
(4mM) and amiloride (50mM) were prepared in dimethylsulfoxide. 2% stock solution of

dextran was dissolved in physiological saline (PS).
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Maintenance and genotyping of mice

The mice were housed in a standard animal care facility with a 12-h light/12-h dark
cycle and were allowed free access to water and standard laboratory chow. Genotyping of
mice was performed after DNA extraction from tail samples using the DirectPCR (Tail)
reagent supplemented with proteinase K. The primer sequences for genotyping NHERF-1
mice were as follows: wild-type forward, 5’-TCGGGGTTGTTGGCTGGAGAC-3’;
common reverse, 5-AGCCCAACCCGCACTTACCA-3’; KO forward, 5’-
AGGGCTGGCACTCTGTCG-3’. Amplicons generated by PCR were 294 bp for the WT
gene and 242 bp for the KO gene.

mRNA expression of CFTR, PAT-1, DRA, NHERF-1, NHERF-2

and NHERF-3 in mouse pancreatic ducts

The primer sequences for CFTR Homolog NM 021050 are forward: 5'-
TTCTTCACGCCCCTATGTCGA-3" reverse: 5'-GCTCCAATCACAATGAACACCA-3’
(PCR product length: 145 bp), for slc26a3 (DRA) NM 021353 are forward: 5'-
TTCCCCTCAACATCACCATCC-3", reverse: 5'-GTAAAATCGTTCTGAGGCCCC-3’
(PCR-product length: 110 bp), for NHERF-2 NM 023449:2 are forward: 5'-
TAGTCGATCCTGAGACTGATG-3", reverse: 5 -ATTGTCCTTCTCTGAGCCTG-3’
(PCR-product length: 173 bp), and for NHERF-3 NM 021517:1 are forward: 5'-
TGACGGTGTGGTGGAAATG-3’, reverse: 5-TGGCAGTAAAGAAGTGGAGAC-3’
(PCR-product length: 117 bp) were designed with “Primer Express” (Applied Biosystems,
Foster City, CA, USA). The primers sequences for slc26a6 (putative anion transporter-1,
PAT-1) and NHERF-1 were published before [1, 2]. Real-time polymerase chain reactions
(qQRT-PCR) were carried out using MesaGreen in the Applied Biosystems 7300 Real-time
PCR System. PCR extension was performed at 60 °C with 40 repeats. Data were analyzed
using Sequence Detection Software 1.2.3 (Applied Biosystems) and exported to Microsoft

Excel. Relative quantification was carried out using [3-actin as a reference gene [3].
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Immunohistochemistry

Briefly, for NHERF-1 staining, paraformaldehyde-fixed, paraffin-embedded tissue
sections (5 um) from mice of different genotypes were prepared on the same slide. After
deparaffinization with xylene, sections were treated with 0.01 M sodium citrate solution at
100 °C for 10 min. For CFTR staining, pancreata were fixed in 2% paraformaldehyde (in
PBS). Fixed tissue was rinsed with PBS and transferred to 30% sucrose in PBS overnight.
The tissue was embedded in tissue-freezing medium (TissueTec O.C.T., Sakura).
Cryosectioning was done with a microtome cryostat at —20 °C and 10 um thick sections

were collected on microscope slides (SuperFrost Plus, Menzel-Gléser, Germany).

Pancreatic sections were incubated sequentially with PBS for 5 min, washing buffer
of PBS with 50 mM NH4Cl twice for 10 min each, background reducing buffer for 20 min
and 5-10% goat serum for 30 min for blocking and incubated with rabbit anti-NHERF-1
(1:500) [4] antibody or Mr. Pink rabbit polyclonal antibody against human CFTR
(1:100) in background reducing buffer overnight at 4 °C. Washing 4 times for 5 min in the
washing buffer was followed by secondary antibody (Alexa Fluor 488-labelled goat anti-
rabbit IgG) incubation for 1 h at room temperature at a dilution of 1:300-1:500 in
background reducing buffer. After 2-4 washes for 5 min each, in case of NHERF-1 staining,
the sections were treated with 5U/ml phalloidin-633 in PBS with 1% bovine serum
albumin, 0.2% Triton X-100 for 30 min which was followed by washes with washing buffer
(six times). After washing, each cover slide was mounted with SlowFade Gold antifade
reagent with DAPI, and slides were imaged on a confocal microscope (TCS SP2; Leica,
Wetzlar, Germany). Excitation wavelengths used were 405, 488, and 633 nm, and emission
was taken at 415-450, 490-540, and 560—700nm for detection of DAPI, Alexa Fluor 488,
and phalloidin 633, respectively.

Solutions used for the determination of pancreatic ductal HCOs

and fluid secretion in vivo
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The HEPES-buffered solution contained (in mM): 130 NaCl, 5 KCI, 1 CaCl,, 1
MgClz, 10 glucose and 10 Na-HEPES and its pH was set to 7.4 with HCI at 37 °C. The
standard HCOs; -buffered solution contained (in mM): 115 NaCl, 25 NaHCOs3, 5 KCl, 1
CaCly, 1 MgCly, 10 Glucose. In the NH4" pulse experiments in HCOj3™-buffered soultion,
20 mM NaCl was repleaced with NH4Cl. The Cl-free HCO3™ solution contained (in mM):
25 NaHCOs3, 115 Na-gluconate, 1 Mg-gluconate, 6 Ca-gluconate, 2.5 KH»-sulfate and 10
glucose. The HCOjs-containing solutions were equilibrated with 95% O, and 5% CO; to
maintain pH at 7.4 at 37 °C.

Determination of HCOj™ efflux

To determine the HCOs" efflux across the apical membrane of the pancreatic ductal
epithelia, we used three methods: inhibitory stop, alkali load and luminal CI- withdrawal.
The measured rates of pH; change (dpH/dt) were converted to J(B) using the equation:
J(B")=(dpH/dt)xBrotal Where Brotal is the total buffering capacity of the cells. J(B") reflects the
rate of HCOj™ efflux (i.e. secretion) on luminal CI/HCOj3" exchangers [5].

Measurement of fluid secretion

In vitro

Fluid secretion into the closed luminal space of the cultured pancreatic ducts was
analysed using a swelling method developed by Fernandez-Salazar et al [6]. Briefly, the
ducts were transferred to a perfusion chamber (0.45 ml) and were attached to a coverslip
precoated with CellTak in the base of the chamber. Bright-field images were acquired at 1
min intervals using a CCD camera (CFW 1308C, Scion Corporation, Frederick, MD, USA).
The integrity of the duct wall was checked at the end of each experiment by perfusing the
chamber with a hypotonic solution (standard HEPES-buffered solution diluted 1:1 with

distilled water). Digital images of the ducts were analysed using Scion Image software
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(Scion Corporation, Frederick, MD, USA) to obtain values for the area corresponding to

the luminal space in each image.

In vivo

Mice were anesthetized with 1.5 g/kg urethane by i.p. injection. The body
temperature of mice was maintained by placing the animals on a warm pad (37°C) during
the experiments. The abdomen was opened, and the lumen of the common biliopancreatic
duct was cannulated with a blunt-end 31-gauge needle. Then the proximal end of the
common duct was occluded with a microvessel clip to prevent contamination with bile, and
the pancreatic juice was collected in PE-10 tube for 30 min. Using an operating microscope,
the jugular vein was cannulated for i.v. administration of secretin (0.75 CU/kg) and the

pancreatic juice was collected for an additional 120 min.

Isolation of pancreatic acini

Mouse pancreatic acinar cells were isolated according to the method of Pandol et al
[7]. Briefly, mice were anaesthetized with 85 mg/kg pentobarbital by i.p. injection. The
pancreas was quickly removed, and was cleaned from fat and lymph nodes. The
extracellular solution for cell isolation contained (in mM) 120 NaCl, 5 KCI, 25 HEPES, 2
NaH;PO4, 2 CaCly, 1 MgClz, 5 pyruvate, 4 Na-fumarate, 4 Na-glutamate, 12 mM D-
glucose, as well as 0.02% (wt/vol) soybean trypsin inhibitor, 0.2% (wt/vol) bovine serum
albumin, 0.025% (vol/vol) minimal essential amino acids and 0.01% (vol/vol) vitamins
eagle. The pancreas was inflated with Sml of extracellular solution containing collagenase
(105 U/ml) then subjected to three successive 20-min incubations in this solution with
vigorous shaking at 37 °C. For each 20-min incubation, the extracellular solution
containing collagenase was replaced with a fresh oxygenated aliquot. Acinar cells were
then washed three times with extracellular solution, followed by resuspension in Medium
199 and incubated for 30 min. Acinar cells were used for experiments thereafter. Cells were
incubated with cerulein (10%-10"'2 M), 1 mM Na'-taurocholate or physiological saline.
Amylase secretion was determined in response to cerulein and is given as the percentage

of total amylase content. The extent of cytotoxicity (in response to 108 M cerulein and 1
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mM Na*-taurocholate) as quantified by trypan-blue staining and by measuring the amount
of lactate dehydrogenase (LDH) released into the incubation medium of acinar cells. LDH
activity was measured spectrophotometrically as the production of NAD from pyruvic acid
and NADH. Values for LDH release are presented as the percentage of total LDH activity

(medium/medium-+cells).

Isolation of polymorphonuclear cells and bacterial killing assay

Mouse polymorphonuclear cells (PMNs) were isolated from freshly drawn,
heparinized blood using Polymorphprep (Axis-Shield) according to the manufacturer’s
instructions. Isolated PMNs were immadiately plated in round-bottom 96-well plastic cell
culture plates (10° PMNs/well) in DMEM supplemented with 10% autologous serum. E.
coli bacteria were added to the cultures at an effector/target ratio of 1:5. As a control, the
same number of bacterial cells were incubated in the appropriate cell culture medium
without PMNSs. After a 1 h incubation period, PMNs were treated with distilled water and
the lysates were plated on LB agar plates and incubated overnight at 37 °C. Then, the
number of colony forming units was determined and the efficiency of killing was calculated
as follows: (number of live E. coli cells in control wells — number of live E. coli cells in co-

cultures) / number of live E. coli cells in control wells x 100.

Culturing and FITC labeling of E. coli bacteria

E. coli (ATCC 25922) bacteria were grown overnight in LB medium (1% NaCl, 1%
tryptone, 0.5% yeast extract). Cells were harvested by centrifugation, washed twice with
PBS, counted in a Biirker-chamber and adjusted to the proper concentration used in
subsequent experiments. For phagocytosis assay, E. coli were heat-killed (15 min, 100 °C),
and incubated in hydrogen carbonate buffer (50 mM NaHCOs3, 100 mM NaCl) containing
200 pg/ml fluorescein isothiocyanate (FITC). After 1 h incubation, cells were washed
extensively with PBS and adjusted to the proper concentration used in subsequent

experiments.
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Isolation of peritoneal macrophages and phagocytosis assay

Mouse peritoneal macrophages were obtained by lavage [8] and plated in 24-well
(8x10° cells/well) flat-bottomed plates in DMEM supplemented with 10% heat-inactivated
fetal bovine serum and 1% 100x penicillin-streptomycin solution. Macrophages were

allowed to attach for 2 h, and their medium was replaced therafter.

Macrophages were co-cultured with the FITC-labeled E. coli at a ratio of 1:5 for 1
h to allow phagocytosis. After the incubation period, the cell culture medium was removed,
and macrophages were washed gently with PBS. Subsequently, 500 ul TrypLE™ Express
solution was added to the cultures and incubated for 45 min at 37 °C in order to detach cells
from the bottom of cell culture plates. Macrophages were then gently resuspended to a
single cell suspension by pipetting, harvested by centrifugation, resuspended in 400 ul PBS
and measured on a FACSCalibur instrument (BD Biosciences, San Jose, CA, USA).

Experiments were performed in triplicate. Data were analysed using the FlowJo software.

Intravital video microscopy and data analysis

A separate experimental series was performed to assess the possible consequences
of secretin treatment on the microcirculation of the pancreas in mice anaesthetized with 1.5
g/kg urethane i.p. (n=3-4 in each group). Using an operating microscope, the right jugular
vein was cannulated (with polyethylene tubing ID: 0.28 mm, OD: 0.61 mm, Smiths Medical
International Ltd, Kent, UK) for i.v. administration of secretin and the fluorescence marker
used for the intravital microscopic examination. The animals were placed in a supine
position on a heating pad to maintain the body temperature between 36 and 37 °C, and a
midline laparotomy performed. The majority of the intestines were exteriorized to gain
good assess to the pancreas which was carefully placed on a specially designed stage and
covered with a microscopic cover slip. The rest of the exteriorized abdominal organs were

also covered with Saran wrap to minimize the fluid and heat loss.
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The microcirculation of the pancreas was visualized by intravital fluorescence
microscopy (Zeiss Axiotech Vario 100HD microscope, 100 W HBO mercury lamp,
Acroplan 20x water immersion objective) using a single i.v. bolus of fluorescein
isothiocyanate-labeled dextran (150 kDa; 75 pl/animal for plasma labeling). The
microscopic images were recorded with a charge-coupled device video camera (AVT
HORN-BC 12; Aalen, Germany) attached to an S-VHS video recorder (Panasonic AG-MD
830, Budapest, Hungary) and a personal computer. Video images of the microcirculatory
network of the pancreatic tail were recorded at baseline and 20 min after the i.v. application

of secretin.

Plasma velocity in the pancreatic capillaries was assessed off-line by frame-to-
frame analysis of the videotaped images, using image analysis software (IVM, Pictron Ltd.,
Budapest, Hungary). Average velocity values were measured in 3-5 separate capillaries per

3-5 microscopic fields in each animal.

Sodium-taurocholate-induced pancreatitis

Na-taurocholate was administered intraductally as described previously by Perides
et al [9]. Briefly, anesthesia was achieved with a 125 mg/kg ketamine and 12.5 mg/kg
xylazine cocktail. After median laparotomy, the duodenum was punctured with a 0.4mm
diameter needle connected to polyethylene tubing. Leakage of Na-taurocholate was
prevented by temporary ligature of the biliopancreatic duct, while the proximal bile duct
was temporarily occluded with a microvessel clip. 4% Na-taurocholate or PS solution was
infused with an infusion pump (10 pl/min) (TSE System GmbH, Bad Homburg, Germany)
for 5 min. After the infusion, the microvessel clip, the injection needle, as well as the distal
ligature were removed, and the abdominal wall and the skin were closed separately. Mice

were sacrificed 24h later.

Sacrifice of animals, sample processing
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Mice were anesthetized with pentobarbital (85 mg/kg i.p.). The animals were
exsanguinated through the inferior vena cava and the pancreas was quickly removed,
cleaned from fat and lymph nodes and frozen in liquid nitrogen and stored at -80 °C until
use for assays or put into 6% neutral formaldehyde solution for histologic examinations. In
case of taurocholate-induced pancreatitis, the pancreas was removed with attached
duodenum and spleen for histologic examinations. Only the pancreatic head was used for
laboratory measurements. The pancreatic head (defined as the portion of the pancreas
located within 5 mm of the lesser duodenal curvature) was separated from the pancreatic

body/tail regions.

The pancreas fixed in 6% neutral formaldehyde solution was subsequently
embedded in paraffin. Sections were cut at 4pm thickness and stained with hematoxylin
and eosin. The slides were coded and read by two independent observers who were blind
to the experimental protocol. In case of taurocholate-induced pancreatitis only the
pancreatic head (defined as the portion of the pancreas located within ~5 mm of the lesser
duodenal curvature) was investigated. The observers investigated 4-6 low-power fields in

the head of the pancreas.
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SUPPLEMENTARY FIGURES

Supplementary figure 1. Specificity of Mr Pink rabbit polyclonal CFTR
antibody tested in the pancreas of CFTR-knock-out mouse. Representative
immunohistochemical stainings in the pancreas of WT (A-D) and CFTR-KO (E-H) mice.
KO mice showed no apical-specific staining of CFTR (green) in the KO (E) vs. the WT
(A) tissue. Red color indicates the staining of F-actin (B, F). The nuclei are stained with
DAPI (blue) (C, G). D and H show merged images of CFTR, F-actin and nucleus. Scale
bar=50 pm.
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Supplementary figure 2. Pancreatic microcirculation shows similar changes in
wild-type and NHERF-1-knock-out mice. The microcirculation of the pancreatic tail was
visualized by intravital fluorescence microscopy (see supplementary methods) using a
single i.v. bolus of fluorescein isothiocyanate-labelled dextran for plasma labeling in wild-
type (closed columns) or NHERF-1-KO (open columns) mice anesthetized with urethane
(1.5 g/kg i.p.). Video images were recorded at baseline (secretin -) and 20 min after the i.v.
administration of secretin (0.75 CU/kg, secretin +). 20min after the i.v. injection of secretin,
significantly lower plasma velocity values were observed in both experimental groups.
These reduced microcirculatory velocities, however, were not due to the effect of secretin,
but most likely resulted from the 20-min exteriorization period of the pancreas, since a
similar degree of reduction (by about 10%) in plasma velocities was also observed in time-
matched pilot studies where mice were treated with PS vehicle (data not shown). a: P<0.05

vs. the respective secretin — group.
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Supplementary figure 3. Effects of cerulein administration on pancreatic IkB-
o, IkB-$, interleukin-1p in wild-type and NHERF-1-knock-out mice. Acute pancreatitis
was induced by administering 1x50 pg/kg (for measurements of pancreatic IkB-a, IkB-3
levels) or 10 hourly (A-C) i.p. injection of 50 pg/kg cerulein (ceruleint) in WT (closed
columns) and NHERF-1-KO (open columns) mice. Control animals were given PS
(cerulein-) instead of cerulein. Mice were sacrificed by exsanguination through the inferior
vena cava 0.5h (in case of administration of 1x50 pg/kg cerulein) or 12 h after the first i.p.
injection. The bar diagrams and the representative Western immunoblot analysis (A, B) of
protein lysates (40 pg/lane) from the pancreas of mice, showing the expression of IkB-a
(A) and IxB-f (B). Equal loading/transfer of proteins was checked by Ponceau S staining
of the nitrocellulose membrane. IL-1f expression (C) was determined from the pancreatic
homogenates by ELISA. Means + SEM for 4-6 animals are shown. P<0.05 vs. a: the

respective control group or b: vs. the WT cerulein+ group. N.D.: not detected.
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Supplementary figure 4. Histopathologic changes of the pancreas in response
to intraperitoneal administration of cerulein in wild-type and NHERF-1-knock-out
mice. Acute pancreatitis was induced in WT (closed columns) and NHERF-1-KO (open
columns) mice by administering 7 hourly i.p. injections of cerulein (50 pg/kg per injection).
The mice were sacrificed by exsanguination through the inferior vena cava 12 h after the
first i.p. injection. The diagrams show representative light micrographs (hematoxylin and
eosin staining) of the pancreata of cerulein-treated WT (A) and NHERF-1-KO (B) mice.
The bar diagrams show the rates of pancreatic necrosis (C) (n=8) and apoptosis (D) (n=4).

Data are shown as means + SEM. a: P<0.05 vs. the WT group. Scale bar=100 pum.



110

A B C
25 2.0 4 a 25
18 T _ T
F—J _— =
3 £ 4 € J
2 20 I g 16 ;zo
3 g 1.4 4 I
T s s
o 15 S 124 S 15+
S =) &
> g 101 2
g 5 G
S 10 4 2 o084 £ 10 4
£ 1) ]
g S 087 v
7] o
5 4 0.4 4 x 54
0.2
0 0.0 04
D E E
a
25 -« 80 =
a 14 I
_ 70 4
£ 20 4 = 124
5 = 604 =
Pl Kl >
a - 10 4
£ 154 2 501 g
s T = 2 g
s E 40 k3
2 2 z
a 101 S 30- B 61
g N
2 ] B 4 4
@ = 204 I
g 51 3
= 10 4 2 21
0 0 0d

Supplementary figure 5. Severity of cerulein-induced acute pancreatitis in
wild-type and NHERF-1-knock-out mice. Acute pancreatitis was induced in WT (closed
columns) and NHERF-1-KO (open columns) mice by administering 7 hourly i.p. injections
of 50 pg/kg cerulein. The mice were sacrificed by exsanguination through the inferior vena
cava 12 h after the first i.p. injection. There was no significant difference in serum amylase
activity of WT and NHERF-1-KO mice (A). Pancreatic MPO activity was significantly
increased in NHERF-1-KO vs. WT mice (B). No significant difference was detected
between WT and NHERF-1-KO mice in expression of pancreatic IkB-o (C). The
expression of pancreatic [kB-3 was significantly lower in NHERF-1-KO vs. WT mice (D).
The expression of pancreatic IL-1f (E) and HSP72 (F) were significantly higher in
NHERF-1-KO vs. WT animals. Data are shown as means + SEM, n=4-6. a: P<0.05 vs. the

respective control group.
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Supplementary figure 6. Acinar sensitivity to cerulein is unaltered by NHERF-
1 expression. To determine the sensitivity of dispersed acinar cells (see supplementary
methods) of WT (black line) and NHERF-1-KO (grey line) mice to cerulein, amylase
secretion was determined in response to various concentrations (10-12-10-% M) of cerulein
for 30 min. Amylase secretion was calculated as the percent of total release

(medium/medium+cells). a: P<0.05 vs. 0 M cerulein, n=4-6 animals.
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Supplementary figure 7. Severity of sodium-taurocholate-induced acute
pancreatitis in wild-type and NHERF-1-knock-out mice. WT and NHERF-1-KO mice
were treated as described in Figure 8. The mice were sacrificed by exsanguination through
the inferior vena cava 24 h after the infusion. There were no significant differences in serum
amylase (A) and pancreatic MPO (B) activities between Na'-taurocholate-treated WT
(closed columns) and NHERF-1-KO (open columns) mice. There was no significant
difference in the levels of pancreatic IL-1p (C) of Na'-taurocholate-treated WT and
NHERF-1-KO mice. Data are shown as means + SEM, n=4-6. P<0.05 vs. a: the respective
control group or b: vs. the WT 4% TC+ group.
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Supplementary figure 8. Functions of inflammatory cells are unaltered by
deletion of NHERF-1. Blood polymorphonuclear cells and peritoneal macrophages were
isolated from WT and NHERF-1-KO mice. (A) Bacterial killing efficiency of
polymorphonuclear cells (PMNs) after a 1 h incubation period with E. coli was deduced
from the number of colony forming units from control wells (without PMNs) and co-
cultured wells (containing PMNSs). (B) Phagocytosis by macrophages was determined on
FITC-labeled, heat-killed E. coli. Data are shown as means + SEM. WT (closed columns),
NHERF-1-KO (open columns).
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Supplementary figure 9. NHERF-1 expression does not influence the changes
in intracellular Ca?* concentration caused by cerulein or sodium-taurocholate in
isolated acinar cells. Acinar cells were isolated from WT and NHERF-1-KO mice by
collagenase digestion. Summary data show the maximal changes of [Ca?']; induced by
administration of cerulein or Na'-taurocholate (TC). There were no significant differences
between WT and NHERF-1 KO mice in the changes of [Ca?']i on isolated acinar cell in
response to different concentrations of cerulein (108-10'2 M) (A) or TC (1-10 mM) (B).
Data are shown as means = SEM, n=5-8. WT (closed columns), NHERF-1-KO (open

columns).
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Aquaporins (AQPs) facilitate the transepithelial water flow involved in epithelial fluid
secretion in numerous tissues; however, their function in the pancreas is less
characterized. Acute pancreatitis (AP) is a serious disorder in which specific treatment is
still not possible. Accumulating evidence indicate that decreased pancreatic ductal fluid
secretion plays an essential role in AP; therefore, the aim of this study was to investigate
the physiological and pathophysiological role of AQPs in the pancreas. Expression and
localization of AQPs were investigated by real-time PCR and immunocytochemistry,
whereas osmotic transmembrane water permeability was estimated by the dye dilution
technique, in Capan-1 cells. The presence of AQP1 and CFTR in the mice and human
pancreas were investigated by immunohistochemistry. Pancreatic ductal HCO3z~ and
fluid secretion were studied on pancreatic ducts isolated from wild-type (WT) and
AQP1 knock out (KO) mice using microfluorometry and videomicroscopy, respectively.
In vivo pancreatic fluid secretion was estimated by magnetic resonance imaging. AP
was induced by intraperitoneal injection of cerulein and disease severity was assessed
by measuring biochemical and histological parameters. In the mice, the presence of
AQP1 was detected throughout the whole plasma membrane of the ductal cells and
its expression highly depends on the presence of CFTR CI~ channel. In contrast, the
expression of AQP1 is mainly localized to the apical membrane of ductal cells in the
human pancreas. Bile acid treatment dose- and time-dependently decreased mRNA
and protein expression of AQP1 and reduced expression of this channel was also
demonstrated in patients suffering from acute and chronic pancreatitis. HCOz~ and
fluid secretion significantly decreased in AQP1 KO versus WT mice and the absence of
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AQP1 also worsened the severity of pancreatitis. Our results suggest that AQP1 plays an
essential role in pancreatic ductal fluid and HCO3~ secretion and decreased expression
of the channel alters fluid secretion which probably contribute to increased susceptibility
of the pancreas to inflammation.

Keywords: pancreas, aquaporins, bile acids, HCO;~ secretion, CFTR CI~ channel

INTRODUCTION

The pancreas secretes 1.5-2 | of fluid per day (Hegyi et al,
2011a; Pallagi et al., 2015). This fluid contains the inactive
form of digestive enzymes and is prominently rich in HCO3~
produced by the ductal cells (Pallagi et al., 2015). The main
functions of this HCO3; -rich fluid are (i) to prevent the
premature activation of zymogens (Pallagi et al., 2011), (ii) to
wash out the toxic factors (such as bile acids) from the ductal
tree (Venglovecz et al.,, 2008), and (iii) to provide an alkaline
environment in the duodenum for the optimal function of
digestive enzymes (Steward et al., 2005). In the last few years,
the importance of ion transport proteins has been highlighted
in the course of pancreatitis; therefore intensive research has
been conducted in order to characterize their pathological roles
(Hegyi and Rakonczay, 2015; Pallagi et al., 2015). These clinical
and experimental studies indicate that impaired ductal HCO3;~
secretion makes the pancreas more susceptible to inflammatory
diseases such as acute or chronic pancreatitis (CP) (Hegyi and
Rakonczay, 2010; Hegyi et al., 2011b; Takacs et al., 2013; Pallagi
et al., 2014; Maleth et al., 2015). In contrast, much less is
known about the water transport processes, despite the fact
that movement of electrolytes is osmotically coupled to water
flow.

Aquaporins (AQPs) are small membrane proteins that
primarily mediate the transport of water molecules and recent
research also emphasize their importance in certain regulatory
processes (Rodriguez et al., 2011; Ribatti et al., 2014; Madeira
etal,, 2015). In mammals, 13 AQP isoforms have been identified
so far and a few of them show a species-specific expression
pattern in the pancreas. In humans, AQP1, -5, -8, and -12 are
present in the pancreas (Hurley et al.,, 2001; Tani et al., 2001;
Furuya et al., 2002; Burghardt et al., 2003; Itoh et al., 2005).
AQP1 is the first AQP which has been described and is exclusively
permeable to water (Preston et al, 1992). The presence of
this channel has been shown in the apical and lateral plasma
membrane of centroacinar cells, and in the apical and basolateral
membranes of intercalated and intralobular ducts (Furuya et al.,
2002; Burghardt et al., 2003). AQP5 is an aquaglyceroporin which
mediates the transport of glycerol, urea and other small solutes
beside water. Expression of AQP5 has only been detected in
the apical plasma membrane of intercalated ducts but not in
the centroacinar cells (Burghardt et al., 2003). AQP1 and -5 are
colocalized with the cystic fibrosis transmembrane conductance
regulator (CFTR) Cl™ channel at the apical membrane of
the ductal cells which indicates that these channels influence
each others function (Burghardt et al., 2003). AQP8 and -
12 are exclusively localized to centroacinar cells. AQP8 is
expressed on the apical plasma membrane (Hurley et al., 2001;

Tani et al., 2001), whereas AQP12, a relatively new member of
the AQP family, is an intracellular water channel (Itoh et al.,
2005). Several studies suggest that altered expression or functions
of AQPs are often associated with different diseases affecting
the kidney, colon, lacrimal, or salivary glands (Steinfeld et al.,
2001; Tsubota et al., 2001; Bedford et al., 2003; Zhu et al.,
2016). However, only scarce information is available regarding
the role of AQPs in pancreatitis. Ohta et al. (2009) have shown
that in the absence of AQP12 the course of cerulein-induced
pancreatitis is much worse, probably due to the defect in the
secretion of zymogens. In addition, decreased expression of
AQP1 and -8 has been found in this pancreatitis model that
may also affects the outcome of pancreatitis (Kitami et al.,
2007).

The aim of this study is to provide the first detailed
characterization regarding the role of AQPs in the pancreas, both
under physiological and pathophysiological conditions and to
study its relationship to the CFTR Cl~ channel. We have chosen
to focus on AQPI, since this isoform is abundantly expressed
in both acinar and ductal cells of mouse and human pancreas
and the role of this AQP has not been evaluated in pancreatitis
yet. Using in vitro models, human tissues and transgenic mice,
we have shown that AQP1 plays essential role in ductal fluid
and HCO;3~ secretion, lack of CFTR decreases its expression
and deletion of AQP1 is strongly associated with increased
susceptibility of the gland to pancreatitis.

MATERIALS AND METHODS
Ethical Approval

Animal experiments were conducted in accordance with the
Guide for the Care and Use of Laboratory Animals (United States,
Department of Health and Human Services). In addition, the
experimental protocol was approved by the local Ethical Board of
the University of Szeged, Hungary and by the National Scientific
Ethical Committee on Animal Experimentation (Budapest,
Hungary). The use of human tissue was approved by the local
ethical committee (University of Szeged, Hungary) and written
informed consent was obtained from the patients.

Transgenic Mice

AQP1 knock out (KO) mice were a kind gift from Dr. Alan
Verkman (University of California, CA, United States) and Dr.
Alastair Poole (University of Bristol, United Kingdom). CFTR
KO mice were kindly supplied by Dr. Ursula Seidler (Hannover
Medical School, Hannover, Germany). Animals were kept in
standard plastic cages on 12:12 h light-dark cycle at room
temperature (23 & 1°C) and had free access to standard or CFTR
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specific laboratory chow and drinking solutions. Functional
experiments were performed on litter-matched (age 12-16 weeks,
both sexes) wild-type (WT) and AQP1 KO mice. All mice were
genotyped prior to the experiments. For genotyping, genomic
DNA from the tail was isolated and amplified by traditional
PCR.

Human Pancreatic Tissue Samples

Human pancreatic tissue samples were obtained from autopsy
and from surgical resections. Control tissue (n = 5) were collected
from the tumor-free region of the pancreas of patients with
neuroendocrine tumors. Tissue samples from patients with acute
necrotizing pancreatitis (ANP; n = 5) or CP (n = 5) were from
autopsy and from surgical resections. The average age of ANP
patients was 56 =+ 2.8 years, and the male/female ratio was 1.5:1.
The average age of CP patients was 56.8 + 2.8 years, and the
male/female ratio was 4:1.

Cell Cultures and Treatments

Capan-1, Panc-1, and Miapaca-2 cells were obtained from
the American Type Culture Collection (Manassas, VA,
United States). Capan-1 cells were maintained in Roswell
Park Memorial Institute (RPMI)-1640 Medium supplemented
with 15% (v/v) fetal bovine serum (FBS), 1% (v/v) L-glutamine
and 1% (v/v) Penicillin-Streptomycin (PS). Panc-1 and Miapaca-
2 were maintained in Dulbecco’s Modified Eagles Medium
(DMEM) high glucose Medium supplemented with 10% (v/v)
FBS, 1% (v/v) L-glutamine, 2.5% (v/v) horse serum and 1%
(v/v) PS. All three cell lines were kept in a humidified incubator
at 37°C. Cells from passage numbers 20-60 were used in this
study. In case of PCR experiments 10, whereas in the case
of immunostaining 10* cells were seeded into 75 cm? tissue
culture flasks or glass bottom petri dishes, respectively, and
incubated for 24 h at 37°C. After the incubation, cells were
treated with chenodeoxycholic acid (CDCA; 100, 300, and 500
wM), glycochenodeoxycholic acid (GCDCA; 100, 300, and 500
M), ethanol (EtOH; 1, 10, and 100 mM), palmitoleic acid (POA;
10, 100, and 200 M) and palmitoleic acid ethyl ester (POAEE;
10, 100 and 200 wM) for 6, 12, 24, and 48 h and the mRNA
and protein expression were investigated by real-time PCR and
immunohistochemistry.

Chemicals and Solutions
2,7-bis-(2-carboxyethyl)-5(6)-carboxyfluorescein acetoxymethyl
ester (BCECF-AM) was from Invitrogen (Eugene, OR,
United States). BCECF-AM (2 mmol/l) were prepared in
dimethyl sulfoxide (DMSO) and stored at —20°C. POAEE was
purchased from Cayman Chemical (Tallinn, Estonia). POA and
POAEE were made up as a 10 mM stock solution in DMSO and
stored at —20°C. Chromatographically pure collagenase was
purchased from Worthington (Lakewood, NJ, United States). All
other chemicals were obtained from Sigma-Aldrich (Budapest,
Hungary).

For microfluorimetry studies, the standard HEPES-buffered
solution contained (in mM): 130 NaCl, 5 KCI, 1 CaCl,, 1 MgCla,
10 D-glucose and 10 Na-HEPES. HEPES-buffered solutions were
gassed with 100% O and their pH was set to 7.4 with HCL. The
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standard HCO;/CO,-buffered solution contained (in mM):
115 NaCl, 25 NaHCOs3, 5 KCl, 1 CaCl,, 1 MgCl,, and 10 D-
glucose. The Cl~-free HCO3~/CO,-buffered solution contained
(in mM): 115 Na-gluconate, 25 NaHCO3, 6 Ca-gluconate, 1
Mg-gluconate, 2.5 K,H-sulfate, and 10 D-glucose. HCO3~/CO,-
buffered solutions were gassed with 95% 0,/5% CO, to set the
pHto 7.4.

Isolation of Pancreatic Ducts and

Measurement of Intracellular pH
Intra/interlobular ducts were isolated from the pancreas of
WT and AQP KO mice using the microdissection technique
as described previously (Argent et al, 1986). Changes in
intracellular pH (pH;) were detected using the pH-sensitive
fluorescence dye, BCECF. Pancreatic ducts were incubated with
BCECF-AM (2 pM) for 30-60 min, at room temperature. After
the incubation, ducts were attached to a cover glass, which
formed the base of a perfusion chamber, mounted on the stage
of an IX71 live cell imaging fluorescence microscope (Olympus,
Budapest, Hungary) and excited at 440 and 490 nm. Emissions
were monitored at 530 nm. Five to seven region of interests
(ROIs) were examined in each experiment, and one measurement
per second was obtained. The 490/440 fluorescence ratio was
calibrated to pH; using the high K'-nigericin technique, as
previously described (Thomas et al., 1979; Hegyi et al., 2004).

Measurement of HCO3;~ Secretion

In order to estimate HCO;~ efflux, the activity of the
CI7/HCO;~ exchanger was measured by the Cl~ withdrawal
technique. Removal of luminal CI~ from the standard
HCO;7/CO;-buffered solution induced an alkalization in
the cells due to the reverse mode of the exchanger. Re-addition
of CI™ induces HCO; ™~ secretion via the CI~/HCO3 ™~ exchanger.
Under these conditions the initial rate of acidification reflects
the activity of the CI7/HCO3~ exchanger. In order to evaluate
base efflux [—J(B~/min)] the following equation was used:
—J(B~/min) = ApH/At x By, where ApH/At is the rate of
acidification measured over the first 60 s and B, is the total
buffering capacity of the cell.

Measurement of in Vitro Ductal Fluid

Secretion

Fluid secretion of intra/interlobular pancreatic ducts was
measured using a swelling method, as described previously
(Fernandez-Salazar et al., 2004). Briefly, isolated pancreatic ducts
were attached to a cover glass which formed the base of a
perfusion chamber and mounted on the stage of an IX71 live
cell imaging fluorescence microscope. Low magnification, bright-
field images were acquired at 1-min intervals using a CCD camera
(Hamamatsu ORCA-ER, Olympus, Budapest, Hungary). At the
end of each experiment, ducts were perfused with hypotonic
solution in order to check the integrity of the duct wall. Ducts
that not respond to the hypotonic challenge were excluded from
the analysis. Changes in relative luminal volume was analyzed
by Scion Image software (Scion Corporation, Frederick, MD,
United States) (Fernandez-Salazar et al., 2004; Pascua et al., 2009).
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Measurement of in Vivo Pancreatic Fluid

Secretion

In order to measure pancreatic fluid secretion in vivo, magnetic
resonance imaging (MRI) was performed on WT and AQP1 KO
mice (Maleth et al., 2015). Animals were allowed free access
to pineapple juice 12 h before the MRI examination. MRI was
performed in a 7.1 Tesla animal scanner (Bruker, Ettlingen,
Germany). Strong T2-weighted series of the complete abdomen
were acquired before and after retroorbital injection of 10 IU
units/kg body weight (b.w.) secretin (ChiroStim, ChiRhoClin,
Burtonville, MD, United States). The time between injection
and MRI was 6 min. The sequences were acquired using the
image parameters: TR/TE 4400/83 ms; flip angle: 180°; matrix
256 x 256; field of view 40 x 40 mm; bandwidth 315 Hz/pixel;
slice thickness 1 mm; 20 slices. All image analyses were performed
using Osirix (version 5; Pixameo, Bernex, Switzerland). In
order to exclude effects of the basal secretion, MRI datasets
after and before secretion were subtracted. The created images
show the total excretion after secretin stimulation. Excreted
fluid is defined as high signal intensity in created images.
The fluid excretion into the small intestine was segmented
in each slice. The software calculated the volume of the
segmented areas. This volume represents the total excreted
volume (TEV). In order to minimize artifacts, image noise was
reduced.

Measurement of Osmotic Transepithelial
Water Permeability

The osmotic transcellular water movement (Ps) was estimated
using the cell-impermeant dye, Texas Red™ Dextran as
previously described (Levin et al., 2006). Briefly, cells (5 x 10°)
were grown on a polyester permeable support (Transwell, 12 mm
diameter and 0.4 pm pore size). Monolayer confluence was
checked by measuring the transepithelial electrical resistance
(Rr) using an EVOM-G Volt/Ohm Meter (World Precision
Instruments, Sarasota, FL, United States). Cells were washed
with isoosmolar phosphate-buffered saline (PBS) from the
basolateral surface and hyperosmolar PBS (complemented with
300 mM D-mannitol and 0.25 pg/mL Texas Red Dextran)
from the luminal surface. In some experiments, different
concentrations of bile acids were added to the apical solution.
Transwells were than placed into a CO; incubator and 5 pl
samples were collected from the apical solution at specified
time points. Water moves along the osmotic gradient that
causes the dilution of the fluorescent dye, in the apical
solution. Fluorescence was measured at 595 nm excitation and
615 nm emission, using a Fluoro Max-4 spectrofluorometer
(Horiba Scientific, Tokyo, Japan). For the calculation of Py,
the following formula was used: dV(0)/dt = P¢*S*vy,*(®1—®2),
where S is the tissue surface area, vy is the partial molar
volume of water and ®;—®; is the transepithelial osmotic
gradient.

Real-Time PCR

Total RNA was purified from individual cell culture samples
using the RNA isolation kit of Macherey-Nagel (Macherey-Nagel,
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Diiren, Germany). All the preparation steps were carried out
according the manufacturer’s instructions. RNA samples were
stored at -80°C in the presence of 30 U of Prime RNAse inhibitor
(Fermentas, Lithuania) for further analysis. The quantity of
isolated RNA samples was checked by spectrophotometry
(NanoDrop 3.1.0, Rockland, DE, United States). In order
to monitor gene expression, QRT-PCR was performed on a
RotorGene 3000 instrument (Corbett Research, Sydney, NSW,
Australia) using the TagMan probe sets of specific Aquaporin
genes (Applied Biosystems, Foster City, CA, United States).
Information about the genes and the TagMan assays is collected
in Table 1. 3 pg of total RNA was reverse transcribed using
the High-Capacity cDNA Archive Kit (Applied Biosystems,
Foster City, CA, United States) according to the manufacturer’s
instructions in final volume of 30 pL. The temperature profile
of the reverse transcription was the following: 10 min at room
temperature, 2 h at 37°C, 5 min on ice and finally 10 min
at 75°C for enzyme inactivation. These steps were carried out
in a Thermal Cycler machine (M] Research, Waltham, MA,
United States). After dilution with 30 pL of water, 1 pL of the
diluted reaction mix was used as template in the QRT-PCR.
For all the reactions TagMan Universal Master Mix (Applied
Biosystems, Foster City, CA, United States) were used according
to the manufacturer’s instructions. Each reaction mixture (final
volume 20 pL) contained 1 pL of primer-TagMan probe mix.
The QRT-PCR reactions were carried out under the following
conditions: 15 min at 95°C and 45 cycles of 95°C for 15 s,
60°C for 1 min. Fluorescein dye (FAM) intensity was detected
after each cycle. Non-template control sample was used for
each PCR run to check the primer-dimer formation. Relative
gene expression ratios were calculated as ACt values (Ct values
of gene of interest versus Ct values of human hypoxanthine
phosphoribosyltransferase gene). In the case of treatments,
relative changes in gene expression were determined using the
A ACyt method as described in Applied Biosystems User Bulletin
No. 2 (P/N 4303859). A ACt was calculated using the following
formula: AACt = ACr of treated cells - ACt of control, non-
treated cells. The N-fold differential expression in the target gene
was expressed as 2~ 2 ACr_ Genes with expression values less than
or equal to 0.5 were considered to be down-regulated, whereas
values higher than or equal to 2 were considered to be up-
regulated. Values ranging from 0.51 to 1.99 were not considered
to be significant.

Immunocytochemistry

CAPAN-1 cells were washed with PBS twice and fixed
in paraformaldehyde (4% in PBS) for 30 min at room
temperature (RT). In order to avoid non-specific antibody
binding cells were incubated with 10% donkey serum and
1% BSA for further 30 min. After blocking, cells were
incubated with primary AQPs human, polyclonal antibodies
(1:100 dilutions; Abcam, Cambridge, United Kingdom) at
4°C overnight. Petri dishes were then washed with PBS
and incubated with FITC-conjugated AffiniPure Donkey Anti-
Rabbit IgG secondary antibody (1:400 dilutions; DAKO,
Milan, Italy) for 60 min at RT. Nuclei were counterstained
with Dapi. Dishes were then mounted and observed by a

Frontiers in Physiology | www.frontiersin.org

July 2018 | Volume 9 | Article 854



121

Venglovecz et al.

TABLE 1 | TagMan assays used for the investigation of AQP expression.

The Role of Aquaporins in Pancreatitis

Definition Gene symbol Ref Seq Acc. number ABI TagMan assay ID
Homo sapiens aquaporin 1 (Colton blood group) AQP1 NM_198098 Hs00166067_m1
Homo sapiens aquaporin 2 (collecting duct) AQP2 NM_000486 Hs00166640_m1
Homo sapiens aquaporin 3 (Gill blood group) AQP3 NM_004925 Hs00185020_m1
Homo sapiens aquaporin 4 AQP4 NM_001650 Hs00242341_m1
Homo sapiens aquaporin 5 AQP5 NM_001651 Hs00387048_m1
Homo sapiens aquaporin 6, kidney specific AQP6 NM_001652 Hs01546883_m1
Homo sapiens aquaporin 7 AQP7 NM_001170 Hs00357359_m1
Homo sapiens aquaporin 8 AQP8 NM_001169 Hs00154124_m1
Homo sapiens aquaporin 9 AQP9 NM_020980 Hs00175573_m1
Homo sapiens aquaporin 10 AQP10 NM_080429 Hs00369738_m1
Homo sapiens aquaporin 11 AQP11 NM_173039 Hs00542681_m1
Homo sapiens aquaporin 12A AQP12A NM_198998 Hs01651303_m1
Homo sapiens aquaporin 128 AQP12B NM_001102467.1

Fluowiew 10i-W confocal microscopy (Olympus, Budapest,
Hungary).

Immunohistochemistry

Paraffin-embedded, 3- to 4-pm-thick sections of surgically
removed resection specimens and autopsy tissue samples were
used for immunohistochemistry. After deparaffinization of tissue
samples with EZ Prep Concentrate 10X (Ventana Medical
Systems, Tucson, AZ, United States), endogenous peroxidase
blocking and antigen retrieval (CC1; Ventana Medical Systems),
pancreas sections were incubated with polyclonal AQP1 antibody
(1:100 dilution; Alomone Labs, Jerusalem, Israel) overnight
at 4°C. Immunohistochemical staining was performed with
horseradish peroxidase multimer-based, biotin-free detection
technique according to the protocol of the automated Ventana
system (Ventana Benchmark XT; Ventana Medical Systems).
For visualization, the UltraView Universal diaminobenzidine
(DAB) Detection Kit (Ventana Medical Systems) was applied.
Sections from human pancreas were used as positive controls.
For negative control, primary antibodies were substituted with
antibody diluent (Ventana Medical Systems). The stained
slides were digitized with Mirax Pannoramic MIDI and Mirax
Pannoramic SCAN digital slide scanners (3DHistech Ltd.,
Budapest, Hungary).

Cryosections from WT, AQP1, and CFTR KO mice pancreas
were fixed in 2% paraformaldehyde, permeabilized in 10%
Tween 20-sodium citrate, blocked with 5% goat serum followed
by immunofluorescent double staining for AQP1 mouse
monoclonal antibody (1:500 dilutions; Thermo Fisher, Rockford,
IL, United States) and CFTR rabbit polyclonal antibody (1:100
dilutions; Alomone Labs, Jerusalem, Israel) at 4°C, overnight.
Following washing, sections were incubated with secondary
antibodies goat-anti-mouse (Alexa fluor 488, Thermo Fisher,
Rockford, IL, United States) and goat-anti-rabbit (Alexa fluor
568, Thermo Fisher, Rockford, IL, United States) for 2 h at room
temperature in the dark. Nuclei were counterstained with Dapi.
Sections were then mounted and analyzed using a Zeiss LSM 880
confocal laser scanning microscope (Carl Zeiss Technika Kft.,
Budadrs, Hungary).

Quantification of the Immunostainings

In order to quantify AQP1 or CFTR positively stained area,
10-12 representative, digital images were taken from the human
(normal pancreas, AP and CP) and mice (WT, AQP1 KO and
CFTR KO) pancreas sections and from Capan-1 cells. Pictures
were than converted to gray scale (16-bit) and thresholded in
order to select the positively stained area, using the Image]
software. The intensity of DAB (human pancreas) or fluorescence
signal (mice pancreas and Capan-1 cells) varied on an arbitrary
scale from 0 to 255, where 0 is the negative staining (white
pixels) and 255 is the maximal staining (black pixels). In the
human samples, the mean integrated density of the positively
stained area was normalized to the mean integrated density of
the total image and converted into percentage. In the cell line,
the mean integrated density of the positively stained area was
normalized to the total cell number and expressed in arbitrary
units. In the mice samples, the ductal area was selected and the
total fluorescence intensity was calculated and summarized which
was than normalized to the ductal area (jum?) and expressed in
arbitrary units/um?2. Comparison of each groups were calculated
by one-way ANOVA, followed by the Holm-Sidak method.
Statistical significance was defined as p < 0.05. Data are expressed
as means + SEM.

Induction of Acute Pancreatitis in Mice

Acute pancreatitis (AP) was induced in mice by hourly (10
times) intraperitoneal (ip.) injections of cerulein (50 pg/kg)
(Niederau et al., 1985; Ding et al., 2003; Pallagi et al., 2014)
following anesthesia with i.p. 85 mg/bwkg pentobarbital (Bimeda
MTC, Cambridge, ON, Canada). The control animals received
the same amount of saline. Two hours after the final injection,
mice were euthanized by pentobarbital overdose (200 mg/bwkg
i.p.). Animals were exsanguinated through the cardiac puncture
and the pancreata were immediately removed. The collected
blood was centrifuged at 4°C with 2500 RCF for 15 min and
the sera were stored at —20°C until use. The pancreas was
trimmed from fat and lymphatic tissue, put into 6% neutral
formaldehyde solution and stored at —80°C until use. Serum
amylase activity was measured with a commercial colorimetric kit
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(Diagnosticum, Budapest, Hungary) with a FLUOstar OPTIMA
(BMG Labtech, Budapest, Hungary) microplate reader at 405 nm.
The formaldehyde-fixed pancreatic tissue was embedded in
paraffin blocks, cut into 3 wm thick sections and stained for
hematoxylin-eosin using standard techniques and viewed by
light microscopy. A semiquantitative scoring system was used
to evaluate the presence of edema, the rate of necrosis and
infiltration of inflammatory cells according to the following
scoring system (Kui et al., 2015): Edema (0: none, 1: patchy
interlobular; 2: diffuse interlobular; 3: diffuse interlobular, and
intraacinar), necrosis (0: none, 1: patchy interlobular; 2: diffuse
interlobular; 3: diffuse interlobular and patchy intraacinar; 4:
diffuse interlobular and intraacinar) and leukocytic infiltration
(0: none; 1: patchy interlobular; 2: diffuse interlobular; 3: diffuse
interlobular and intraacinar). The rate of necrosis was expressed
as percentage of the total analyzed pancreatic area.

Statistical Analysis

Data are expressed as means £+ SEM. In the case of pancreatic
fluid and HCO; ™~ secretion measurements, significant difference
between groups was determined by ANOVA. Statistical analysis
of the immunohistochemical data was performed using the
Student’s t-test. Probability values of p < 0.05 were accepted as
being significant.

RESULTS

Capan-1 Cells Express Functionally
Active AQPs

The relative gene expressions of AQP isoforms were studied
in different pancreatic ductal cell lines (Capan-1, Panc-1, and
Miapaca-2) using RT-PCR and TagMan primer-probe sets,
specific for AQP1-AQP12 isoforms (Table 1). Expressions of
AQPs were investigated at different time points (6, 12, 24, and
48 h) 24 h after plating the cells, and as an internal gene, human
hypoxanthine phosphoribosyltransferase (HPRT) was used. RT-
PCR analysis revealed that among the three cell lines, AQPs
were expressed at the highest level in Capan-1 cells, whereas
in Panc-1 and Miapaca-2 the expression of AQPs was hardly
detectable (Figures 1A-C). In Capan-1 cells high levels of AQPI,
-3, and -5 was detected, which is in agreement with previous
observations (Burghardt et al., 2003). The presence of these
isoforms was also confirmed at protein level in the Capan-1 cells
(Figure 1D). In order to test that the AQPs expressed on Capan-
1 cells are functionally active, we investigated the transepithelial
water flow in the presence and absence of the non-specific AQP
inhibitor HgCl,. As shown in Figures 1E,F, administration of
0.3 mM HgCl; to the apical solution inhibited the osmotic water
movement by 52.6 + 2.4%, indicating that significant proportion
of water is transported through AQPs.

AQP1 Is Essential for Pancreatic Ductal
Fluid and HCO3;~ Secretion

Aquaporins are involved in transepithelial water transport in
numerous tissues (Tradtrantip et al., 2009). In the next step,

The Role of Aquaporins in Pancreatitis

we investigated the role of this protein in pancreatic ductal
fluid secretion using gene modified mice. Using traditional PCR
we have shown the presence of AQP1 both in the isolated,
intra/interlobular pancreatic ducts and the total pancreas
(Figure 2A). Slight expression of AQP5 was also detected in the
pancreatic ducts, whereas the mRNA presence of AQPS8 and -12
was only observed in the total pancreas (data not shown). We
decided to characterize the role of AQP1, since this isoform is
constitutively expressed in both the ductal and acinar cells and
also can be found in the mouse and human pancreas (Table 2). In
contrast to AQP1, AQP3 is not expressed in the mouse pancreas
and this isoform is either involved in tumor progression than
pancreatitis (Direito et al, 2017; Huang et al., 2017). Although
AQP5 is present in the intra/interlobular pancreatic ducts of mice
and human, and probably plays role in ductal fluid secretion
(Burghardt et al.,, 2003), KO animal for this isoform was not
available to us. Table 2 summarizes the presence of AQP isoforms
in mice and human.

The rate of fluid secretion was measured over 30-40 min
using sealed ducts and the swelling technique. Initially, ducts
were perfused with the standard HEPES-buffered solution and
then perfusion was switched to HCO3~/CO,-buffered solution
to initiate HCO3~-dependent secretion. As shown in Figure 2B,
the presence of HCO3;~ induced a dynamic swelling of the
WT ducts as a result of fluid secretion into the closed luminal
space. In contrast, ducts from AQP1 KO mice showed no or
only a slight response to HCO3;~. Under stimulated conditions
(forskolin; 10 wM), the rate of fluid secretion further increased
in the WT ducts, whereas in the case of KO ducts, no response
was detected. Figure 2C summarizes the relative luminal volume
changes in WT and KO ducts after forskolin stimulation. As
shown in Figure 2C, the relative luminal volume increase reduced
by 89.9 = 6.2% in the absence of AQP1, indicating that this AQP
isoform plays an essential role in fluid secretion.

We also investigated the rate of pancreatic fluid secretion
in vivo by MRI cholangiopancreatography in anesthetized mice.
Fluid secretion was stimulated by retroorbital administration
of 10 U/kg b.w. secretin, and then TEV was measured in WT
and KO animals. Similarly, to the in vitro measurements, the
pancreatic fluid secretion significantly reduced in AQP1 KO
(0.0041 TEV/cm?) vs. WT (0.023 TEV/cm?) mice (Figures 2D,E).

Next, we were curious whether the decreased ductal fluid
secretion is also associated with impaired HCO3 ™ efflux in AQP1
KO animals. For the measurement of ductal HCO3;~ secretion,
intra/interlobular pancreatic ducts were isolated from the
pancreas of WT and AQP1 KO mice. Ducts were perfused both
from the luminal and basolateral membrane with HCO3~/CO;-
buffered solution. Removal of CI~ from the apical solution
induced an alkalisation inside the cells, due to the reverse mode of
the CI7/HCO3™ exchanger. Addition of Cl~ back to the external
solution decreased the pH; indicating HCO3 ™~ efflux through the
exchanger. Under these conditions, the initial rate of recovery
from alkalosis reflects the activity of the CI7/HCO3~ exchanger
[(—=J(B™ /min)]. Using this technique, we showed that the rate of
acidification significantly reduced in AQP1 KO (42 + 3.2%) vs.
WT ducts indicating that pancreatic ductal HCO3 ™ secretion is
impaired in the absence of AQP1 (Figures 2EG).
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FIGURE 1 | Expression and activity of AQPs in pancreatic ductal cells. Expression of different AQP isoforms was investigated by real-time PCR in (A) Capan-1,
(B) Panc-1, and (C) Miapaca-2 pancreatic ductal cell lines, 6, 12, 24, and 48 h after the plating the cells. Data represent mean + SEM of three, independent
experiments. (D) Immunofluorescence staining of Capan-1 cells using FITC-conjugated anti-AQP1, -3, and -5 antibodies. (E) Osmotic water movement was
investigated in Capan-1 cells. Representative graph shows changes in the fluorescence intensity of the apical solution, at different time points, in the present
(triangle) and absence (black circle) of luminal HgCl (0.3 mM). To estimate the changes, the fluorescence intensity (F) was normalized to the initial value (Fg).
Transwell without cells was used for absolute positive control (open circle). (F) Summary of the Ps values obtained from the experiments in (E). Data represent
mean £ SEM of three, independent experiments. *p < 0.05 vs. Control.

AQP1 Expression Decreased in CFTR KO
Mice

The decreased HCO3™ secretion in AQP1 KO mice indicates
that beside the transport of water, AQP1 interacts with one or
more ion transporters which are involved in HCO3™ secretion.
The CFTR CI™ channel plays essential role in ductal HCO3™
secretion by maintaining a luminal [Cl™] which is necessary
for HCO3™ efflux through the CI"/HCO;™~ exchanger. Several
studies presume a physical interaction between the CFTR CI™
channel and certain AQP isoforms (Schreiber et al., 1999; Cheung
et al, 2003; Jesus et al,, 2014a,b). Colocalization of this two
channel has also been found in the human pancreas (Burghardt
etal,, 2003). In the following step, we performed immunostaining
on the pancreas of AQP1 and CFTR KO mice in order to
characterize the possible relation between the two channels. In
WT mice, AQP1 expression was detected throughout the whole
plasma membrane, whereas expression of CFTR exclusively
localized to the apical membrane of the ducts (Figure 3A). The
absence of AQP1 caused a slight but not significant decrease in
the expression of CFTR, indicating that the impaired HCO3™~
secretion in the AQP1 KO mice is not due to the decreased
expression of CFTR (Figure 3A, middle line). Interestingly we
have found that expression of AQP1 dramatically decreased in
the intra/interlobular ducts of CFTR KO mice, especially at the
apical membrane (Figure 3A, bottom line and Figure 3B). We
have also found that the absence of CFTR did not affect the
expression of AQPI in the blood vessels indicating that some
kind of interaction may exist between these two channels in

the pancreatic ductal cells. Although further investigations are
needed to clarify whether the two channels are able to regulate
each others function, expression or trafficking.

Expression and Function of AQPs
Significantly Decreased After Bile Acid

Treatment

In the next step, we studied the effect of pancreatitis-inducing
factors on the expression of AQPI. Gallstone obstruction
and heavy alcohol consumption are the two major causes of
pancreatitis. Capan-1 cells were treated with CDCA and GCDCA
(100, 300, and 500 wM) (Venglovecz et al., 2008, 2011; Muili
et al,, 2013), EtOH (1, 10, and 100 mM), POA and POAEE
(10, 100, and 200 pM) (Criddle et al., 2006; Judak et al,
2014; Maleth et al,, 2015) for 6, 12, 24, and 48 h and the
mRNA expressions of AQP1 were analyzed by RT-PCR. Among
the investigated agents, CDCA had the most marked effect, it
dose- and time-dependently decreased the expression of AQP1
(Figure 4A). GCDCA, POA, and POAEE caused a significant
decrease at 12 and 24 h, primarily at higher doses, which
partially regenerated after 48 h in the continuous presence
of the agents (Supplementary Figures 1A-C). In contrast
to bile acids, EtOH initially (24 h) increased the expression
of AQP1 that was followed by a decrease (Supplementary
Figure 1D). In order to decide whether the downregulating effect
of CDCA can also be observed at protein level, we performed
immunostaining on the CDCA-treated cells, using specific
antibodies against AQP1. CDCA dose- and time-dependently
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FIGURE 2 | Pancreatic ductal HCO3~ and fiuid secretion in AQP1 knock out mice. (A) Traditional PCR shows the presence of AQP1 mRNA both in the isolated
pancreatic ducts (PD) and in the total pancreas (TP). As positive control, kidney was used (K). (B) Pancreatic ductal fluid secretion was measured on isolated
pancreatic ducts from wild type (WT, black line) and AQP1 knock out (KO, red line) mice. Changes in the relative luminal volume of the ducts was measured by
videomicroscopy and analyzed by Scion Image software. (C) Changes in the relative luminal volume of the pancreatic ducts of AQP1 WT and KO mice measured at
the final time point (40 min). Data are shown as means + SEM. n = 4-8 ducts/groups. *p < 0.05 vs. WT. (D) Reconstructed images of the duodenal filling before (1)
and after (2) secretin stimulation. Yellow color shows the presence of fluid. Red arrows indicate excreted volume in the small bowel after stimulation with secretin. In
the case of KO mice, the secretin-stimulated fiuid secretion significantly decreased. (E) In vivo pancreatic fluid secretion was measured as total excreted volume
(TEV) using small animal magnetic resonance imaging. Raw data were acquired in axial and coronar view. Data are shown as means + SEM. n = 4 animals/groups.
*p < 0.05 vs. WT. (F) Representative experimental traces show pancreatic ductal HCO3~ secretion in AQP1 WT (black line) and AQP1 KO (red line) mice. (G) Base
flux [~/(B~/min)) was calculated from the ApH/At obtained by linear regression analysis of pH; measurements made over the first 60 s after readdition of extracellular
Cl~. Means + SEM are from 20 ROls of four ducts. *p < 0.05 vs. WT.

TABLE 2 | mRNA expression of AQP isoforms in mice and human.

Isoforms in human Available KO mice

pancreatic ducts

Isoforms in human
pancreas

Isoforms in mice
pancreatic ducts

Isoforms in mice
pancreas

Known isoforms

AQPO - - - - -
AQP1 v N N N v
AQP2 - - - - -
AQP3 - - - J -
AQP4 - - - - J
AQP5S J J J
AQPB - - - - -
AQP7 - - - - -
AQP8 J - J - -
AQP9 - - - - -
AQP10 - - - - -
AQP11 - - - - -
AQP12 W - J - -

decreased the protein expression of AQP1 was consistent with
the PCR data (Figure 4B). Representative ICC pictures show
that incubation with 500 puM CDCA time-dependently decreased
the AQP expression in the cells (Figure 4C). The effect of

CDCA on the activity of AQPs was also investigated. As shown
in Figure 4D, 100 and 300 pM CDCA had no effect on the
transepithelial water movement, however, at 500 uM P; was
significantly impaired.
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FIGURE 3 | Expression of AQP1 and CFTR in the pancreas of knock out mice. (A) Representative immunofiuorescence staining of AQP1 and CFTR in wild type (WT,
upper ling), AQP1 knock out (AQP1 KO, middle line) and CFTR KO (bottom line) mice. Pictures were taken at 40x magnification. Pancreas slices were excited at 405
(Dapi), 488 (Alexa fluor 488) and 568 (Alexa fluor 568) nm and emissions were collected at 453, 516, and 603 nm, respectively. Scale bar represents 10 um.
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Acute Pancreatitis Is Aggravated in
AQP1 KO Mice

In order to test the hypothesis that AQP1 may be involved
in the pathomechanism of pancreatitis, we investigated the
severity of cerulein-induced AP in WT and AQP1 KO mice.
WT and AQP1 KO mice were given 10 hourly injections of
either physiological saline (control) or supramaximal doses of
cerulein (50 pg/kg per injection) i.p. to induce AP. After
saline injection, the pancreas had normal histology in both WT
and KO animals. In contrast, i.p. injections of cerulein caused
extensive cell damage both in the WT and KO animals. The
extension of pancreatic necrosis were markedly higher in the
AQPI1 KO (25 + 2.8%) vs. WT mice (12.1 + 3.2%), whereas
no differences were observed in the extent of edema and in
the infiltration of inflammatory cells (Figures 5A-C). Serum
amylase activities were significantly higher in KO (1605 + 6
U/l) vs. WT mice (1285 =+ 51 U/l) after the induction of
AP (Figure 5D). As shown on the representative histological
images (Figure 5E), the rate of pancreatic necrosis was more
extensive in AQP1 KO mice. Overall, these results indicate that
in the absence of AQP1 the course of pancreatitis is more
severe.

Expression of AQP1 Is Decreased in

Acute and Chronic Pancreatitis

Since we found that the lack of AQP1 exacerbates the course
of cerulein-induced pancreatitis in mice, we tested whether
this water channel is also involved in the pathomechanism

Frontiers in Physiology | www.frontiers

of pancreatitis in humans. Therefore, in the next step we
investigated the expression of AQP1 in pancreatic tissues samples
obtained from five patients with ANP and five patients with
CP. Control pancreatic tissue were obtained from tumor-
free tissue surrounding neuroendocrine pancreatic tumors. In
order to localize AQP1, IHC was performed. In the normal
pancreas, strong AQPl immunoreactivity was detected in
the intra/interlobular and intercalated ducts, the acinar and
centroacinar cells (Figures 6A-C). The staining in acinar cells
and smaller ducts is mainly localized to the lateral and apical
surface of the cells (Figures 6B,C). In the interlobular ducts,
the apical plasma membrane was positive to AQP1 with some
cytoplasmic staining, whereas Langerhans islets were completely
negative for AQP1. These results are consistent with previous
observations (Burghardt et al., 2003). In the ANP and CP
pancreatic tissue sections the expression of AQP1 strongly
reduced in the interlobular ducts, whereas intralobular and
intercalated ducts still exhibited weak to moderate AQPI1
immunoreactivity (Figures 6D-G). In case of acinar cells, the
expression of AQP1 slightly decreased in the inflamed pancreas,
especially in ANP. Quantification of DAB intensity showed that
AQP1 staining was significantly higher in normal pancreas vs. the
ANP or CP groups (Figure 6H).

DISCUSSION

Acute and chronic pancreatitis are serious disorders
characterized by inflammation and injury of the gland.
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24, and 48 h and the relative gene expression of AQP1 was investigated by real-time PCR. Data represent mean + SEM of three, independent experiments.
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Gallstones and heavy alcohol consumption are responsible for
approximately 80% of all AP patients (Parniczky et al., 2016),
whereas alcohol abuse is the primary cause of CP (Szucs et al.,
2017). Although the therapy improved a lot in the last few years
the morbidity and mortality of pancreatitis is still excessively high
(Parniczky et al, 2016). Defects in ductal fluid secretion have
been proposed as an important factor in the pathomechanism of
pancreatitis (Hegyi et al., 2011b). This fluid is high in HCO3™~
which prevents the premature activation of zymogens and
provides an optimal environment in the duodenum for the
action of digestive enzymes. The secreted fluid is also beneficial
from the point of view that washing out the potential toxic factors
such as activated digestive enzymes or bile acids from the ductal
tree and therefore prevents the pancreas from their damaging
effects (Venglovecz et al,, 2008). AQPI1 is a water channel
that extensively expressed in the acinar and ductal cells where
mediates pancreatic fluid production. Several studies indicate
that altered expression or localization of AQPs associates with
different gastrointestinal disorders, such as gastritis or diarrhea;
therefore, many studies have been conducted to identify the
specific role of particular AQP isoforms. Although, AQP1 plays
an essential role in pancreatic physiology its function under
pathological conditions is not known.

In the present study, we showed that (i) bile acids strongly
decrease the expression of AQPs in pancreatic ductal cells, (ii)

chronic or acute inflammation of the pancreas is associated with
decreased expression of AQP1, (iii) the absence of AQP1 reduces
ductal fluid and HCO3 ™~ secretion, (iv) and induces a more severe
pancreatitis in a cerulein-induced pancreatitis model.

Basically there are two ways for water transport. One is the
paracellular way along the osmotic gradient generated by the
ion transporters and the other one is the transcellular pathway
through the AQPs. In case of the pancreatic ducts, it is not
clear which pathway is the dominant. The pancreatic ductal
epithelium is a moderately leaky epithelium which favors the
paracellular movement of water (Novak and Greger, 1988).
Nevertheless, administration of luminal Hg2+, a non-specific
inhibitor of AQPs, decreased ductal fluid secretion by more than
90% in rat pancreatic ducts, which strengthen the importance
of transcellular pathway (Ko et al., 2002). In the present study,
we demonstrated that pancreatic ductal cells express functionally
active AQPs. We have identified the presence of AQPI, -3,
and -5 on the ductal cells that are consistent with previous
observations (Burghardt et al., 2003). Treatment of the cells with
pancreatitis-inducing agents, mostly decreased the expression of
AQPs both at mRNA and protein levels. Among the investigated
agents, CDCA had the biggest effect, which dose- and time-
dependently decreased the expression of AQP1. These data are
partly consistent with previous findings in the colon, where
bile acid treatment reduced the protein expression of AQP3,
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FIGURE 5 | Characterization of acute pancreatitis in AQP1 knock out mice. (A) Pancreatic cell necrosis, (B) edema, (C) leukocyte infiltration, and (D) serum amylase
activity (U/l) were measured in wild-type (WT) and AQP1 knock out (KO) mice after induction of pancreatitis. Control animals received the same amount of saline.
Data are presented as means + SEM. *p < 0.05 vs. WT. (E) Representative histological images show pancreatic sections from control (physiological saline) and
cerulein-treated animals. Phys sal., physiological saline. Scale bar represents 50 um.

whereas increased the levels of AQP7 and -8 (Yde et al., 2016).
In case of EtOH, the expression of AQPs initially increased
(presumably due to a compensatory mechanism), then a decrease
was observed, similarly to the rat stomach, where intragastrical
administration of 1 mM EtOH caused analogous changes in the
expression of AQPs (Bodis et al., 2001). High concentration of
CDCA also decreased the activity of the water channels, which
is somewhat related to our previous findings on guinea pig
pancreatic ducts, where 1 mM CDCA strongly inhibited ductal
HCO3~ and thus fluid secretion (Venglovecz et al., 2008). The
involvement of AQP1 in epithelial water movements has been
described in various tissues, although there is still no consensus
among researchers regarding the functional importance of this
water channel (Marples, 2000). In cholangiocytes, the absence
of AQP1 does not affect the fluid secretion (Mennone et al.,
2002), although inhibition of the secretin-induced translocation
of AQPI1 reduces bile flow more than half (Marinelli et al.,
1997, 1999). It has been also demonstrated that inhibition
of AQPs by HgCl, dose-dependently reduced the osmotically
induced volume increase in these cells (Roberts et al., 1994).
In the kidney, the absence of AQP1 dramatically decreased the
urine concentrating ability of mice due to the impaired water
permeability of the proximal tubule, limb of Henle and vasa recta
(Ma et al., 1998; Schnermann et al., 1998; Pallone et al., 2000).
The importance of AQP1 has been also highlighted in the brain
where cerebrospinal fluid production decreased by fivefold in
mice lacking AQP1 (Oshio et al., 2004).

In order to determine the role of AQP1 in pancreatic fluid
secretion, we used AQP1 KO mice. No differences were observed

in body weight and physical appearance between WT and KO
mice, although the lifespan of AQP1 deficient mice was slightly
lower. Using both in vitro and in vivo approaches, we found
that fluid and HCO3~ secretion significantly reduced in the
absence of AQP1. These data are partly in contrast with previous
observations demonstrating that defect in AQP1 expression
cause only a small, but not significant decrease in the rate of
stimulated pancreatic fluid secretion (Ma et al., 2001). Although
this discrepancy can be explained by the different methods used
for the measurement of pancreatic fluid. Nevertheless, other
studies have found that decreased expression or function of
AQP1 dramatically reduce ductal fluid secretion (Ko et al., 2002;
Gabbi et al., 2008). Ko et al. (2002) have shown that luminal or
basolateral administration of HgCl, dose-dependently decrease
the fluid secretory rate and osmotic water permeability of isolated
pancreatic ducts. It has been also described that the defect in
pancreatic fluid secretion in liver X receptor B-deficient mice is
related to the decreased expression of AQPI in the pancreatic
ducts of these mice (Gabbi et al., 2008).

In order to identify the mechanism by which AQP1 influences
ductal HCO3™ secretion, we investigated the relation of this
channel with the CFTR CI™ channel. CFTR is a cAMP-activated
CI™ channel, which primarily located at the apical membrane
of epithelial cells and plays a crucial role in the maintenance
of fluid homeostasis. Growing number of studies indicate that
a molecular interaction exists between CFTR and certain AQP
isoforms. It has been demonstrated that activation of CFTR by
cAMBP, increases the water permeability of the cells through the
activation of AQP3 (Schreiber et al., 1999; Jourdain et al., 2014).
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FIGURE 6 | Expression of AQP1 in patients with acute and chronic pancreatitis. Representative histological images show expression and localization of AQP1 in
normal human pancreas (NP, A=C) acute necrotizing pancreatitis (ANP, D,E) and chronic pancreatitis (CP, F,G) samples. AQP1 immunoreactivity was detected in
inter/intralobular and intercalated ducts, in the acinar and centroacinar cells of the normal pancreas. In contrast, expression of AQP1 strongly decreased in ANP and
CP. id, interlobular duct; ic, intercalated duct; ca, centroacinar cells. (H) Intensity of diaminobenzidine staining was measured in pancreas samples by ImageJ
software and expressed as percentage of total pancreatic area. *p < 0.05 vs. normal pancreas, n = 10-12.

The relation between AQPs and CFTR has been also confirmed
in rat epididymis, where CFTR potentiates AQP9-mediated water
permeability (Cheung et al., 2003). Moreover, a direct interaction
between AQPs and CFTR has been also observed in Sertoli
cells (Jesus et al,, 2014a,b). Using double immunostaining we
showed for the first time that AQP1 and CFTR are co-localized
at the apical membrane of pancreatic ductal cells. Lack of CFTR
significantly decreased the expression of AQPI, indicating that
CFTR somehow controls the water permeability of ductal cells.
Similar results have been found in respiratory epithelial cells,
where in the presence of CFIR inhibitor or mutant CFTR the
water permeability significantly decreased (Schreiber et al., 1999,
2000; Jourdain et al., 2014) which highlights the significance of
this water channel in cystic fibrosis. In contrast, expression of
CFTR does not depend on the presence of AQP1, since in the
absence of this water channel, strong CFTR staining was detected.
This result indicates that the decreased HCO; ™~ secretion in the
AQP1 KO mice is not due to the impaired expression of CFTR.
Nevertheless, we cannot exclude that although the expression of
CFTR did not change but the channel does not work correctly,
however, further functional experiments are needed to confirm
this hypothesis.

There is more and more evidence that impaired pancreatic
fluid secretion plays role in the pathomechanism of pancreatitis
(Hegyi and Rakonczay, 2010; Pallagi et al., 2014; Maleth et al.,
2015). So in the next step, we investigated whether the lack of
AQP1 has any effects on the progression of pancreatitis. The loss
of AQP1 itself does not damage the pancreas and does not cause
pancreatitis in mice, which assuming the compensating effect of

AQP5; however, induces a more severe disease progression. The
involvement of AQPI in the pathophysiology of pancreatitis has
been already raised previously (Kitami et al., 2007). Kitami et al.
(2007) have found that AQP1 expression decreased both in the
ductal and acinar cells in a cerulein-induced pancreatitis model,
which indicate that reduced levels of AQP1 may contribute to
exocrine insufficiency. These findings are in accordance with our
observation that expression of AQP1 decreased in the ductal and
acinar cells of patients with AP or CP. The importance of AQP1
in the exocrine pancreas has been also confirmed by the fact
that this water channel is abundantly expressed in the zymogen
granules of acinar cells and plays an essential role in zymogen
swelling and probably secretion (Cho et al,, 2002). AQP12 is
also expressed in the zymogen granule of acinar cells and huge
amount of this isoform is present in the rough endoplasmic
reticulum (Ohta et al., 2009). In the absence of AQP12, high
concentration of cholecystokinin octapeptide makes the pancreas
more susceptible to pancreatitis, presumably by the aberrant
exocytosis of zymogen granules in these mice (Ohta et al., 2009).
All of these previous observations indicate that AQP1 plays
essential role both in ductal and acinar functions and we speculate
that the absence of AQP1 makes the pancreas more sensitive
in two ways: (1) ductal fluid secretion is not sufficient and (2)
exocytosis of zymogen granules is impaired.

In this study, we provided an overview regarding
the expression and role of AQP1 in the physiology and
pathophysiology of the pancreas. Our data indicate that AQP1
interacts with the CFTR Cl~ channel and takes part in the
formation of pancreatic fluid. Moreover, we have found that
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AQP1 plays role in the pathology of pancreatitis. We hypothesize
that absence of the channel makes the pancreas more sensitive
to pancreatitis, probably due to the decreased pancreatic fluid
and HCO3~ secretion. Our novel findings not only help to
understand the pathomechanism of pancreatitis better, but open
up new therapeutic opportunities in the treatment of the disease.
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