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1. Introduction 

The exocrine pancreas plays a central role in the digestion of meal in the duodenum under 

physiological conditions. Whereas pathophysiological stimuli (like excessive ethanol intake, or 

biliary reflux) can provoke acute pancreatitis (AP), which is a frequent disorder with high mortality 

in severe cases. Most of the gland (~80%) consist of acinar cells, with about 4% of ductal cells, 

4% of blood vessels and 8% of endocrine cells and cells of the extracellular matrix. One of the 

features of the exocrine pancreas is the ´tree like´ structure whereas the acinar cells located at the 

end of the ´branches´ organized in lobolus. The pancreatic acinar cells produce and secrete the 

digestive enzymes in response to meal intake. The other cell type pancreatic ductal epithelial cells 

secrete high amount of HCO3
--rich alkaline fluid. The alkaline pancreatic fluid secretion washes 

out the digestive enzymes of the pancreatic ductal tree and neutralizes the acidic chyme entering 

the duodenum. Under physiological conditions the acinar cells are protected against premature and 

intracellular activation of zymogenes. When this protective mechanism fails pancreatic 

autodigestion is initiated and AP can develop. Numerous studies suggesting that extra - as well as 

intracellular Ca2+ play an important role in the initiation of pancreatic protease activation [1].  

1.1. Intracellular Ca2+ signaling in pancreatic acinar cells 

In the exocrine pancreas intracellular Ca2+ signaling plays a major role in the signal transduction 

during neural and hormonal stimulation of digestive enzyme and fluid secretion [2]. The produced 

digestive enzymes are packed in zymogen granules in the apical pole of the acinar cells, which is 

released in response to secretagogue stimuli induced intracellular Ca2+ elevation. 

During physiological stimulation agonist binding – such as acetylcholine (Ach), cholecystokinin 

(CCK), or bombesine - to G protein coupled cell surface receptors activates phospholipase C β 

(PLCβ) in pancreatic acinar cells. PLCβ than binds to plasma membrane (PM) phosphoinositides 

[3] and hydrolyses phosphatidylinositol 4,5-bisphosphate (PIP2) releasing inositol trisphosphate 

(IP3) and diacylglycerol [4]. The released IP3 binds to its receptors (IP3 receptors - IP3R), which 

are Ca2+ release channels in the endoplasmic reticulum (ER) membrane [5] and allow Ca2+ release 

from the ER to the cytosol. During physiological stimuli, intracellular Ca2+ increase is restricted 

to the apical, secretory region of the acinar cells and the propagation of the Ca2+ signals is limited 

by the mitochondria, which buffer the released Ca2+ and prevents global intracellular Ca2+ 
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elevation. The depletion of the ER Ca2+ store also induces Ca2+ influx trough the plasma membrane 

(PM), which contributes to the intracellular Ca2+ signals in response to long lasting stimulations. 

In a process called store operated Ca2+ entry (SOCE) the extracellular Ca2+ influx is initiated by 

the ER Ca2+ sensor Stim1, which clusters in specific ER-PM junctions (also called puncta 

formation) [6]. In these junctions Stim1 interacts and activates a PM Ca2+ channel Orai1, which 

mediates the extracellular Ca2+ influx [7]. Besides Orai1, transient receptor potential canonical 3 

and 6 (TRPC) Ca2+ channels can also contribute to the extracellular Ca2+ influx in a Stim1 

dependent manner [8]. Since sustained intracellular Ca2+ elevation and prolonged ER Ca2+ 

depletion is potentially toxic, the released Ca2+ has to be extruded from the cytoplasm, which is 

carried out by two ATP dependent mechanisms. The sarco/endoplasmic reticulum Ca2+-ATPase 

(SERCA), and the plasma membrane Ca2+-ATPase (PMCA) pumps move Ca2+ from the cytosol 

to the ER and the extracellular space, respectively, to restore basal [Ca2+]i. This terminates the Ca2+ 

signals and maintains the cellular integrity by avoiding sustained elevation of intracellular Ca2+, 

which can have severe consequences (see below). 

1.2. Acute pancreatitis 

Acute pancreatitis (AP) is one of the leading causes of acute hospitalization among non-malignant 

gastrointestinal diseases and thus having a significant clinical and economic burden [9]. Major 

etiologic factors leading to the development of AP are impacted gallstones causing biliary AP and 

heavy alcohol consumption [10]. Primarily AP is a localized to and represents a sterile 

inflammation of the exocrine pancreas, which however can lead to local and systemic 

complications. Local complications include infected necrosis of the pancreatic tissue and 

surrounding visceral fat, whereas systemic complications are dominated by acute lung injury and 

renal dysfunction leading to multiorgan failure. The severity of AP can vary among mild (no 

multiorgan failure), moderate (multiorgan failure is only temporal, < 48 h) to severe form 

(multiorgan failure is only permanent, > 48 h). The average mortality rate is ~ 3%, however in 

severe cases it can reach to 28-30% [10, 11]. The disease incidence has been continuously 

increasing in the last two decades reaching 5-100/100.000 cases per year depending on the region 

[12].  

Although the disease pathogenesis is multifactorial sustained intracellular Ca2+ overload caused 
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cell toxicity is considered as a hallmark of the disease [13]. Intracellular Ca2+ overload can lead to 

premature activation of trypsinogen [1], mitochondrial damage and cell necrosis in acinar cells 

[14]. In pancreatic acinar cells several PM Ca2+ channels were demonstrated to contribute to cell 

damage during AP. Gerasimenko et al. showed that the inhibition of extracellular Ca2+ entry via 

Orai1 decreases acinar cell necrosis in vitro [15], and others demonstrated that prevention of 

sustained Ca2+ overload by Orai1 inhibition significantly impaired pancreatic oedema, 

inflammation and necrosis in experimental models of AP [16]. On the other hand Kim et al found 

that deletion of TRPC3 markedly reduced the bile-acid-evoked Ca2+ signals and decreased the 

intracellular trypsin activation in vitro and the severity of cerulein-induced AP in vivo [17]. 

Mitochondria act as Ca2+ buffers in non-excitable cells and play crucial roles in the spatial and 

temporal localization of the intracellular Ca2+ signals [18]. However sustained mitochondrial Ca2+ 

overload can induce the opening of the mitochondrial membrane permeability pore (MPTP) across 

the inner and outer membranes of mitochondria, resulting in an increased permeability of the 

mitochondrial membranes to molecules and ions with molecular mass less than 1.5 kDa, including 

protons and water [19]. Another possible way to disrupt the mitochondrial membrane is following 

mitochondrial outer membrane permeabilization (MOMP), which is proposed to be a crucial event 

during apoptosis, causing the release of proapoptotic factors from the mitochondrial 

intermembrane space to the cytosol [20]. Due to the increased membrane permeability the (ΔΨ)m 

disappears, mitochondria become swollen and mitochondrial membranes rupture, and a 

consequent drop of ATP production happens [19, 21, 22]. Moreover, ATP is necessary for the 

activity of SERCA and PMCA Ca2+ pumps and therefore the drop of [ATP]i can further contribute 

to the maintenance of the sustained Ca2+ rise [23]. The sustained elevation of [Ca2+]i and the 

resulting mitochondrial damage can lead to a vicious cycle which in turn triggers cell necrosis [24, 

25]. Independently from mitochondrial damage, other Ca2+-dependent toxic effects of bile acids 

have been described, which could also contribute to acinar cell necrosis. Bile acids were shown to 

activate calcineurin via the elevation of intracellular Ca2+ in pancreatic acinar cells, leading to 

intra-acinar activation of chymotrypsinogen and NF-κB activation, and acinar cell death [26]. In 

addition, genetic or pharmacological inhibition of calcineurin reduced the severity of TLC-S-

induced AP, and pharmacologic and genetic inhibition of calcineurin abolished the translocation 

of protein kinase C, which is a critical upstream regulator of NF-κB activation [27]. 
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1.3. Bile acid induced acute pancreatitis 

Biliary pancreatitis is one of the most common forms of AP, although the mechanism of the disease 

development is still a matter of debate. One of the theories suggest that due to an impacted 

gallstone a ‘common channel’ connects the bile duct and the pancreatic duct allowing bile acids to 

enter the pancreatic ductal system and reach ductal and acinar cells [28]. Although the connection 

of bile acids and biliary pancreatitis has been described in several studies, this hypothesis is 

continuously questioned. The most widespread critique suggest that instead of the reflux 

mechanism, increased luminal pressure is the trigger of the pancreatic damage [29]. Whether or 

not BA reach the pancreatic exocrine cells, several observations suggest that bile acids can trigger 

multiple intracellular changes in pancreatic acinar and ductal cells contributing to the development 

of biliary acute pancreatitis. In acini bile acids provoke a sustained elevation of the intracellular 

Ca2+ [30] due to IP3R and ryanodine receptor activation. In addition, taurolithocholicacid 3-sulfate 

induced mitochondrial damage in acinar cells accompanied by diminished intracellular ATP 

production [31] and loss of the mitochondrial membrane potential (ΔΨm), which was not affected 

by BAPTA-AM treatment [32]. On the other hand Perides et al. observed that the G-protein-

coupled cell surface bile acid receptor (Gpbar1) is expressed at the apical membrane of pancreatic 

acinar cells and activation of the receptor by bile acids induce pathological Ca2+ elevation, 

intraacinar digestive enzyme activation, and a consequent cell damage [33]. Moreover Gpbar1 

knockout mice developed less severe bile acid-induced AP, whereas the severity of caerulein-

induced AP was not changed. In pancreatic ductal cells non-conjugated bile acids induced dose-

dependent changes in the HCO3
- secretion [34]. Lower concentration of chenodeoxycholate 

stimulated, in contrast high concentrations remarkably inhibited the ion transport activities of 

ductal cells. Low concentration of chenodeoxycholate from the luminal membrane triggered short 

oscillatory Ca2+ signals, which is usually associated with agonist stimulation. In contrast, bile acids 

in high concentrations evoked sustained Ca2+ elevation and severe damage of the mitochondrial 

morphology and function [35].  
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Figure 1. Opie´s two hypothesizes. A: Opie´s duct obstruction theory is the impaired secretion 

hypothesis, when the gallstone obstructs the pancreatic duct which impairs the outflow from the 

pancreas and leads to acinar and ductal cell damage. B: Opie´s common channel theory is the bile 

reflux hypothesis when the gallstone impacted at the duodenal papilla and creates the 

communication between the common bile duct and the pancreatic duct where bile can flow through 

into the pancreatic duct and triggers a series of events which initiate acute pancreatitis [36]  

Markus M. Lerch, Ali Aghdassi, Gallstone-releated pathogenesis of acute pacreatitis.. Pancreapedia, 2016 

 

1.4. Reactive oxygen species role in Ca2+ signaling 

Reactive oxygen species (ROS) are essential component of the signal transduction in cells and 

their generation is balanced by oxidant and antioxidant molecules. ROS are produced during 

mitochondrial respiration derived from complexes I and III of the mitochondrial electron transport 

chain [37]. In the recent years several effects of ROS in intracellular signalling has been described 

[38]. As an example of this regulation of intracellular signalling Booth et al showed that the ER-

mitochondrial interface hosts a nanodomain of H2O2, which was triggered by cytoplasmic Ca2+ 

elevations and is a positive regulator of Ca2+ oscillations. Such nanodomains can be considered as 

important elements of inter-organelle communication [39]. ROS production also have many 

effects on the ion channels and pumps involved in the intracellular Ca2+ signalling, which was 

reviewed by Criddle et al. [40]. In contrast, unbalanced generation of ROS has been suggested as 

crucial step in the pathogenesis of diseases via disruption of lipid membranes, proteins and DNA 

[41]. In the pathogenesis of AP ROS production was shown to determine pancreatic acinar cell 

fate as the ROS induced by menadione triggered apoptotic cell death [42]. Booth et al showed that 

bile acids induces ROS generation in pancreatic acinar cells from mice and humans [43]. They 

A) B) 
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also demonstrated that generation of ROS in response to bile acids occurred within the 

mitochondria and was dependent on the increase of mitochondrial Ca2+ [43]. In addition,  during 

the pathogenesis of AP, ROS released by circulating neutrophils during in the inflammatory 

response might also contribute to the development of cell damage and local and systemic 

complications of AP [44]. 

 

 

 

Figure 2. Mechanisms triggering acute pancreatitis in relation with oxidative stress. 

Illustration showing the main mechanisms triggering acute pancreatitis in relation with 

oxidative stress [45].  Oxidative stress is a crucial modulator of cell signaling and a key 

promoter of the inflammatory cascade, but it´s role is more complex and still needed to be 

elucidated. The pathophysiology of the disease still not fully understood especially the 

interaction of antioxidant and redox status with the gene expression is still needed to be 

clarified. Perez, S. et al., Redox signaling in acute pancreatitis. Redox Biol, 2015. 5: p. 1-14. 
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1.5. Transient Receptor Potential Melastatin 2  

TRPM2 is a member of Melastatin subfamily of the TRP channels [46], which is one of the largest 

cation channel family. Like most of the TRP channels are permeable to Ca2+ [47] TRPM2 is also 

a Ca2+ permeable cation channel [48], which is involved in different physiological and 

pathophysiological processes associated with redox signaling and oxidative stress [49]. The 

expression of TRPM2 has been demonstrated in different cell types and organs including 

pancreatic β cells [50] , spleen, neurons[51], bone marrow cells [51, 52], cardiomyocytes [53] and 

immune cells such as T lymphocytes, macrophages and neutrophils [54-56]. The channel is 

activated under oxidative stress by ROS and can be activated by free intracellular ADP-ribose 

(ADPR) in synergy with free intracellular Ca2+ as well. The pore opening of TRPM2 is initiated 

by binding of ADPR to its C-terminal cytosolic Nudix hydrolase 9 homology domain (NUDT9H) 

domain, which cleaves ADPR into adenosine monophosphate (AMP) and ribose-5-phosphate [57]. 

ADPR is produced by the enzyme Poly (ADP-ribose) Polymerase (PARP) in response to oxidative 

stress induced DNA damage and promotes apoptotic cell death. Another possible source of ADPR 

are the mitochondria, where oxidative stress could induce the production of free ADPR [41]. 

Indeed, reduced mitochondrial ADPR concentrations suppressed H2O2 -mediated TRPM2 currents 

[42].  

 

Figure 3. Activation cascade of TRPM2 by ROS. The activation of TRPM2 can be through an 

ADPR dependent direct and ADPR independent indirect way [58]. Kashio, M.. et al., Redox - Principles and 

Advanced Applications (2017) 
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The most prominent role of TRPM2 has been established in the development of inflammatory 

disorders [47]. In monocytes Ca2+ influx via TRPM2 was shown to increase chemokine 

production, leading to enhanced neutrophil infiltration in inflammatory bowel disease [55]. In 

addition, the role of TRPM2 has been identified in the pathogenesis of irradiation-induced 

xerostomia. In this study Liu et al. demonstrated that irradiation increased ROS production in the 

salivary glands and activated TRPM2, which lead to extracellular Ca2+ influx. The intracellular 

Ca2+ overload damaged the acinar cells and lead to the loss of acinar cell function (saliva 

production) in the salivary glands [59]. In a another study, the same group showed that under these 

conditions irradiation activated the intrinsic, mitochondrial pathway of apoptosis in a TRPM2-

dependent manner that lead to caspase-3 activation and induced cleavage of stromal interaction 

molecule 1, which then attenuated store-operated Ca2+ entry [60]. In the β cells of the endocrine 

pancreas, TRPM2 has been suggested to play a role in diabetic stress-induced mitochondrial 

fragmentation. Abuarab et al. demonstrated that high extracellular glucose concentrations 

enhanced ROS production and activated TRPM2, which permeabilized the lysosomal membranes 

and induced Zn2+-mediated mitochondrial fission [61]. These and other studies describe the 

expression of TRPM2 in various epithelial cells, moreover, emphasize the central role of the 

channel in the pathogenesis of oxidative-stress-related diseases. Although very likely, the 

expression or function of TRPM2 in exocrine pancreatic cells has never been investigated. 

1.6. 3D organoids as models of epithelial physiology 

In the last decades several studies highlighted that 2-dimensional cell cultures have several 

limitations (including artificial cell surface interactions, limited membrane contacts, lack of cell 

polarity), which limit their potential research use. On the other hand, rodent models of human 

diseases show major differences from the human disease phenotype and outcome inhibiting the 

translation of preclinical findings to clinical benefit. In then recent years, 3 dimensional organoid 

cultures emerged as potential preclinical tools for disease modeling and drug screening. Organoid 

cultures (OC) are established from isolated tissue specific Leucine-rich repeat-containing G-

protein coupled receptor 5 positive (Lgr5+) adult stem cells using in vitro cell culture techniques 

[62, 63]. In these cultures, the activity of Wnt/β-Catenin signaling is maintained [64] which 

maintains the cell division and thus helps the generation of OCs long-term in 3D extracellular 
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matrix based scaffolds. Several reports suggest that epithelial cells in OC maintain the original 

cellular diversity and organization of the organ of origin [65]. Although the technique was 

originally described by using small intestinal Lgr5+ adult stem cells [66] OCs have now been 

established from a wide range of organs of the gastrointestinal tract, including the pancreas [67]. 

As cell-to-cell contacts dominate OCs due to the spheroid shaped architecture of the organoids, it 

seems to be more relevant representation of the original cell microenvironment in contrast to 2D 

cultures [68]. In pancreatic research currently OCs are studied as relevant human models of tissue 

development [69] and carcinogenesis [70]. Due to the above described advantages of the OCs, 

they might be a better model in exocrine pancreatic research, however we have only limited 

information about the functional properties (like Ca2+ signaling) of OCs.   
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2. Aim of the Study 

I. TRPM2 – mediated extracellular Ca2+ entry promotes acinar cell necrosis in biliary acute 

pancreatitis 

Aberrant Ca2+ signaling and increased ROS production can cause mitochondrial damage, 

intraacinar digestive enzyme activation and cell death. TRPM2 is a non-selective cation channel 

that plays a major role in oxidative stress induced cellular Ca2+ overload in different cell types, but 

its expression and function is not known in the exocrine pancreas.  

Therefore, our aims were to: 

- characterize the expression and function of TRPM2 in the exocrine pancreas; 

- assess the role of TRPM2 in bile acid induced cell damage; 

- investigate the role of TRPM2 in the determination of acinar cell fate; 

- compare the severity of cerulean induced and biliary AP in wild type and TRPM2 knockout 

mice. 

 

II. Intracellular Ca2+ signaling in pancreatic organoids 

Organoid cultures seem to be a suitable model for in vitro tests; however we have no information 

how Ca2+ signals are developed in the epithelial cells in organoids.  

Therefore, our aim was to:  

- compare the Ca2+ signaling in primary epithelial cells and organoids.  
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3. Materials and Methods 

3.1 Animals and Ethics 

TRPM2 knockout mice were generously provided by Yasuo Mori, Kyoto, Kyoto University, 

Department of Synthetic Chemistry and Biological Chemistry, Graduate School of Engineering. 

The knockout mice were generated on C57B1/6 background as described previously [55]. TRPM2 

+/+ and TRPM2-/- mice were breed from TRPM2 +/- animals and used for experiments between 

the age of 8-12 weeks. Genotyping was performed by polymerase chain reaction (PCR) and 

visualized by standard agarose gel electrophoresis. The animals were kept at a constant room 

temperature of 22-24°C with a 12 h light–dark cycle and were allowed in the Animal Facility of 

the First Department of Medicine, University of Szeged. Mice were used in adherence to the NIH 

guideline and the EU directive 2010/63/EU for the protection of animals used for scientific 

purposes. The study was approved by the National Scientific Ethical Committee on Animal 

Experimentation under license number: XXI./2523/2018. 

 

Figure 4. Agarose gel electrophoresis image of TRPM2 gene expression of +/+, +/- and -/- 

mice. The different bands show different genotype, the band at ~500 bp represents the homozygous 

TRPM2 WT (+/+), the band at  ~ 700 bp represents the TRPM2 KO (-/-) and where both band 

seen it represents the heterozygous (+/-) mice individuals.  

 

 

 

700 - 

500 - 
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+/+     +/+      +/-       +/+       -/-        +/-        -/-      -/- 
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3.2. Isolation of pancreatic exocrine cells 

3.2.1. Isolation of pancreatic acinar cells 

WT and TRPM2 KO mice were sacrificed using terminal anesthesia with 250 mg/bwkg sodium 

pentobarbital. The sensitivity of pancreatic tissue during experimental manipulation is higher, due 

to the high content of glycolytic, proteolytic, and lipolytic enzymes digesting the pancreatic tissue 

upon removal [71]. Therefore, isolation of acinar cells requires special attention and use of trypsin 

inhibitor. To avoid unwanted acinar cell damage, we adopted the isolation protocol described by 

Gout et al  [71] that extends acinar cells survival 4- 5 h after isolation allowing the functional 

examinations of acinar cells. During the isolation process the pancreas was placed into ice-cold 

HBSS (Sigma;8264 solution). Then the tissue was, cut into small pieces in a 1.5 ml Eppendorf and 

placed into a sterile flask with 10 ml isolation solution (10 ml HBSS (Sigma; 8264 ), 200 U/ml of 

collagenase (Worthington; 5273), 10 mM Hepes (Sigma; 3375 ). The tissue was incubated for 25-

30 min at 37 ºC and the flask was vigorously shaken every 5 minutes during the incubation. After 

digestion the pancreas was placed into a 50 ml Falcon tube with 10 ml ice-cold buffered washing 

solution (containing 10 ml HBSS (Sigma; 8264 ), 10 mM Hepes (Sigma; 3375), 0.5 ml Fetal 

Bovine Serum) and centrifuged at 700 rpm on 4°C for 2 min. This step was repeated twice. At the 

end the supernatant was removed, and the pellet was resuspended in 1 ml HBSS solution. Until 

experimental use, the acinar cells were kept in an incubator at 37°C and with 5% CO2. Only acinar 

clusters of 4-8 cells were chosen for experiment. 

3.2.2. Isolation of mouse ductal pancreatic ductal fragments and establishment of pancreatic 

organoid culture 

Mouse pancreatic organoid cultures were established using the previously published protocol by 

Boj et al. [20]. In the first step, mouse pancreatic ductal fragments were isolated as described 

earlier [72]. Briefly, after terminal anesthesia with 250 mg/bwkg sodium pentobarbital, the 

pancreas was surgically removed and digested for 15 min with 100 U/mL purified collagenase 

(Worthington, Cat. No.: LS005273), 0.1 mg/mL trypsin inhibitor (ThermoFisher Scientific, Cat. 

No.: 17075029) and 1 mg/mL bovine serum albumin (VWR, Cat. No.: 9048-46-8) in DMEM 

Nutrient Mixture F-12 Ham (Sigma, Cat. No.: D6421) at 37°C in a shaking water bath. Then small 

intra-/interlobular ducts were isolated by microdissection under a stereomicroscope. Isolated 

ductal fragments were then used for experiments or resuspended in Corning® Matrigel (VWR, 
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Cat. No.: 734-1100). 10 μl Matrigel domes were plated into 24-well plates and let solidify on 37°C. 

3 mL prewarmed Mouse Feeding Media was added to each well (for the composition of the media 

please see Table 1.). Feeding media was replaced every other day and organoids were passaged 

weekly by gentle physical disruption and centrifugation. For the experiment’s organoids were used 

until passage no. 5. to avoid any changes in gene expression. 

Mouse Feeding Media 

Name Producer Catalog number Final concentration 

Mouse Splitting Media    

A83-01 Tocris 2939 500 nM 

EGF Recombinant Mouse 

Protein 

ThermoFisher PMG8041 50 ng/ml 

 

Recombinant Human FGF-10 Shenadoah 

Biotechnology 

100-183 100 ng/ml 

 

Gastrin I Tocris 3006 0.01 μM 

mNoggin conditioned media   100 ng/ml 

(0.1% V/V) 

N-acetylcysteine Sigma-Aldrich A9165 1.25 mM 

Nicotinamide Sigma-Aldrich 72340 10 mM 

recombinant R-Spondin R&D Systems 4645RS-100  

B27 Supplement 50X serum free ThermoFisher 17504044 1X 

 

Y-27632 Rho-kinase inhibitor Tocris 1254/1 10.5 μM 

 

Prostaglandin E2 R&D Systems 2296/10 1 μM 

Wnt-3A conditioned media from 

L Wnt-3A Cells 

ATCC CRL-2647 50% (V/V) 
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Table 1. Composition of solutions used for organoid culture. 

3.3. Gene expression analysis 

The combination of reverse-transcription (RT-PCR) and conventional PCR were used to 

investigate the gene expression of TRPM2. Total mRNA was isolated from 3 independent 

biological replicates of mouse brain and isolated pancreatic acini using NucleoSpin RNA XS kit 

(Machery- Nagel, Ref.:74092.50) according to the producer’s protocol. The mRNA concentrations 

were measured with NanoDropTM 2000 spectrophotometer (ThermoFisher Scientifics). 1 µg 

purified mRNA was used to synthetize cDNA using an iScriptTM cDNA Synthesis kit (Bio-Rad, 

Cat. No.:1708890) Conventional PCR amplification was performed by DeramTaq Hot Start DNA 

Polymerase (ThermoFisher Scientific, Cat No.: EP1702) with cDNA specific primers (forward: 

ACGGGCAATATGGTGTGGAG; reverse: CACCTCCCCTTTCCTTCGTT) for 35 cycles. To 

validate the primers mouse brain lysate was used.     

3.4.  Immunofluorescent labeling 

The acinar cells of WT and TRPM2 KO mice were isolated and attached to poly-l-lysine coated 

cover glass. Sections were fixed in 4% PFA-PBS for 15 minutes then washed in Trish buffered 

saline (TBS) 3 times for 5 minutes. Sodium Citrate Buffer - Tween20 was used to perform antigen 

retrieval (0,001 M Sodium Citrate Buffer, pH 6.0 and 0,05 % Tween 20). During this process the 

cells were kept between 90-96°C for 15-20 minutes. For the next step the cells were blocked with 

0.01% goat serum and 5x bovine serum albumin in TBS for 1 hour. The sections were incubated 

with an ATTO-594 conjugated rabbit polyclonal primary antibody against TRPM2 (Anti - TRPM2 

- ATTO-594; Alamone Labs; Cat. No: ACC-043-AR) in 1:50 dilution in 5xBSA-TBS overnight 

on 4°C. Nuclear labelling was performed with Hoechst33342 for 15 minutes. Finally, the samples 

were mounted in Flouromount mounting medium (Sigma-Aldrich) and visualized with a ZEISS 

LSM 880 confocal microscope equipped with at 40x water based immersion objective. 

3.5. Electrophysiology 

For electrophysiology recordings, pancreatic acinar cells were isolated from mouse pancreas as 

described previously [73], with slight modifications. The pancreas was removed and injected with 

http://www.zeiss.com/microscopy/en_de/products/confocal-microscopes/lsm-880-with-airyscan-.html
http://www.zeiss.com/microscopy/en_de/products/confocal-microscopes/lsm-880-with-airyscan-.html
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a F12/DMEM (ThermoFisher Scientific Cat. No.: 11320033) medium containing 100 U/mL 

collagenase P (Roche), 0.1 mg/mL trypsin inhibitor and 2.5 mg/mL BSA. These were then 

incubated in 5 mL volume of the same solution in a 37°C shaking water bath for 30 min, which 

was continuously gassed with carbogen. The tissue was dissociated by pipetting with a serological 

pipette 4–6 times before filtering through a 150 μm mesh. Cells were layered on top of 400 mg/mL 

BSA and washed through the medium by gentle centrifugation. The pellet was resuspended in 

Ca2+-free, collagenase-containing Tyrode’s solution before being further digested for 10 min. 

Following this, cell clumps were gently agitated with a 1 mL pipette tip attached to a serological 

pipette. The resulting cells were collected by centrifugation, resuspended in DMEM medium and 

kept gassed at room temperature until use in patch clamp experiments. Whole cell currents were 

acquired at room temperature using an Axopatch 200B amplifier and a Digidata 1322A digitizer 

(Axon Instruments) at a 50 kHz sampling rate and filtered online at 5 kHz using a low-pass Bessel 

filter. Data acquisition was performed using p Clamp 9 software package (Axon Instruments). 

Pipettes of ~6 MΩ resistance were used with the intracellular solution containing 130 mM Cs-

glutamate, 5 mM CaCl2, 10 mM EGTA (resulting in 135 nM ionized Ca2+), 5 mM MgCl2 and 10 

mM HEPES, pH: 7.3. Pancreatic acinar cells were continuously perfused with extracellular saline 

solution (140 mM Na-glutamate, 4 mM CsCl, 2 mM CaCl2, 2 mM MgCl2, 10 mM HEPES, pH: 

7.4) with or without 100 µM H2O2. Cation currents were recorded during 100 ms long test pulses 

at step potentials between −60 and +120 mV both under control conditions and during treatment. 

3.6. Measurement of intracellular Ca2+ concentration in acinar cells, ductal fragments 

and organoids 

Intracellular Ca2+ concentration ([Ca2+]i), was measured by loading cells with 5μM Fura-2-

acetoxymethyl ester (FURA-2-AM) for 15 min in acinar cells and 30 minutes in pancreatic ductal 

fragments or organoids  in the presence of 0.05% Pluronic F-127  [74]. Acini, pancreatic ductal 

cells and organoids were attached to a poly-L-lysine-coated coverslip (24 mm diameter) as the 

base of a perfusion chamber and were mounted on the stage of an Olympus IX71 inverted 

microscope and were perfused with different solutions at 37°C. Region of interests (ROIs) were 

determined by the Xcellence Software (Olympus) and changes of [Ca2+]i, was determined by 

exciting the cells with an Olympus MT-20 illumination system equipped with a 150 W xenon arc 

light source. For Fura2 the filter combination was as follows: 340/26 nm and 387/11 nm single-
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band bandpass filters for excitation (Semrock; P/N: FF01-340/26- 25 and FF01-387/11-25, 

respectively), 409 nm edge single edge standard epi-fluorescence dichroic beam splitter (Semrock; 

P/N: FF409-Di03-25 × 36) and 510/84 nm single-band bandpass filters for emission (Semrock; 

P/N: FF01-510/84-25). The fluorescent signal was captured by a Hamamatsu ORCA-ER CCD 

camera through a ×20 oil immersion objective (Olympus; NA: 0.8) with a temporal resolution of 

1 s. Ratio-metric image analysis was performed by Olympus excellence software.The changes of 

[Ca2+]i were calculated from the F340/F380 fluorescence ratio. 

3.7.  Mitochondrial membrane potential measurements 

Changes of the mitochondrial membrane potential (ΔΨm) were followed by using 

tetramethylrhodamine - methyl ester (TMRM) which accumulates in the mitochondria depending 

on ΔΨm. Pancreatic acinar cells were incubated with 100nM TMRM (ThermoFisher Scientific Cat. 

No.: T668) in standard HEPES solution for 20 min at 37°C on a poly-l-lysine-coated cover glass 

and were then perfused with solutions at 37°C. The perfusion solutions were also supplemented 

with 100nM TMRM to avoid dye leakage. Changes in TMRM fluorescence was monitored using 

a ZEISS LSM880 confocal microscope equipped with a 40x water immersion objective. The cells 

were exited with 543 nm and the emitted light was captured between 560nm and 650nm. ROIs 

were places on the mitochondria of pancreatic acinar cells. Fluorescence signals were normalized 

to initial fluorescence intensity (F1/F0) and were expressed as relative fluorescence. 

3.8. Investigation of acinar cell fate 

To quantify acinar cell death an apoptosis/necrosis detection kit was used according to the 

manufacturer´s instruction (Abcam Cat. No.: ab176750). CytoCalcein Violet 450 is sequestered in 

the cytoplasm of live cells. In apoptosis, phosphatidylserine (PS) is transferred to the outer leaflet 

of the plasma membrane, which can be detected by the PS sensor Apopxin Deep Red. During 

necrosis the cell membrane integrity is lost and thus the DNA Nuclear Green DCS1, a membrane-

impermeable dye can label the nucleus of damaged cells. Briefly, pancreatic acinar cells from wild-

type (WT) and TRPM2 KO mice were isolated as described above with modifications to improve 

overall cell survival (shorter tissue digestion and gentle centrifugation was applied) and incubated 

with 1 mM H2O2 or 250 µM CDC for 30 min. Cells were then centrifuged at 500 RCF for 5 min 

http://www.zeiss.com/microscopy/en_de/products/confocal-microscopes/lsm-880-with-airyscan-.html
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at 4°C and washed twice with PBS. Cells were then resuspended in 200 μL of Assay Buffer and 

loaded with CytoCalcein 450, Nuclear Green and Apopxin Deep Red at room temperature for 30–

60 min. Following this, cells were collected and centrifuged at 500 RCF for 5 min at 4°C before 

being placed on a Cellview cell culture slide (Greiner Bio-One cat. no.: 543979) for imaging. 

Images were captured using a Zeiss LSM880 confocal microscope with different channels and 

wavelengths according to each dye: CytoCalcein 450 (Ex/Em = 405/450 nm), Nuclear Green 

(Ex/Em = 490/520 nm) and Apopxin Deep Red (Ex/Em = 630/660 nm). For each condition, five 

images were captured, and the total number of cells was counted by two independent investigators. 

Cells with Nuclear Green staining were considered necrotic, with Apopxin Deep Red staining 

apoptotic, whereas double stained cells were considered necrotic. 

3.9. In vivo acute pancreatitis models 

Cerulein-induced acute pancreatitis was triggered by 10, hourly intraperitoneal injections of 50 

μg/bwkg cerulein (Bachem Cat. No.: H-3220) (control groups received physiological saline) [74]. 

Two hours after the last injection, mice were euthanized with 85 mg/kg pentobarbital. Biliary AP 

was triggered by the administration of 4% Na-taurocholate (TC) (Sigma-Aldrich Cat. No.: 86339) 

into the common bile duct as described previously by Perides et al. [75]. Briefly, mice were 

anaesthetized with 125 mg/kg ketamine and 12.5 mg/kg xylazine, and median laparotomy was 

performed, where the papilla of Vater was cannulated by a 0.4 mm diameter needle connected to 

an infusion pump. Mice were administered 4% Na-taurocholate or physiological saline at a 

perfusion rate of 10 µL/min [TSE System GmbH-cat. no.: 540060-HP] for 5 min. After the 

abdominal wall and the skin were closed separately, the animals were placed on a heating pad until 

they regained consciousness, following which they were given buprenorphine (0.075 mg/kg) i.p. 

to reduce pain. Mice were sacrificed 24 h later using pentobarbital (85 mg/kg i.p.). In both cases, 

blood samples were collected after terminal anesthesia through the inferior vena cava, and the 

pancreas were removed immediately. Blood samples were placed on ice and then centrifuged at 

2500 RCF for 15 min at 4°C. Serum samples were collected and stored at −20°C. Pancreas samples 

were placed into a 4% formaldehyde solution and stored at 4°C until histology. A colorimetric kit 

(A Amylase Assay) was used to measure serum amylase activity (Diagnosticum, Cat. No.: 47462). 

Absorbance of the samples was detected at 405 nm using a FLUOstar OPTIMA (BMG Labtech) 

microplate reader. Formaldehyde-fixed pancreas samples were embedded in paraffin, and 4 μm 
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thick sections were cut and stained with hematoxylin–eosin. Histologic parameters such as 

oedema, inflammatory cell infiltration and necrosis were scored (0–5 points for oedema, leukocyte 

infiltration and necrosis for the total histological score, or % of total area for necrosis) by three 

independent investigators blinded to the protocol [74]. Averages of the scores were calculated and 

included to the manuscript. Total histological score was calculated by adding the individual scores 

together. 

3.10.  Statistics 

Statistical analysis was performed by GraphPad Prism software. All data are expressed as means 

± SD. Both parametric (one-way analysis of variance) and nonparametric (Mann Whitney test, 

Kruskal Wallis test - for analysis of the acinar cell survival assay) tests were used based on the 

normality of data distribution. A p value of less than 0.05 was accepted as statistically significant. 
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4. Results 

 

4.1.  TRPM2 channel is expressed in the exocrine pancreas 

End-point PCR analysis of isolated acini confirmed that the TRPM2 gene was expressed in the 

exocrine pancreatic cells (Figure 5.A.). The immunofluorescent labelling of TRPM2 was 

performed on isolated acinar clusters the confocal images showed that TRPM2 channels were 

expressed on the basolateral membrane of the pancreatic acinar cells (Figures 5.B). 

 

Figure 5. Expression of TRPM2 in the pancreatic acinar cells. A. Agarose gel images of cDNA 

samples derived from isolated acini confirmed that the TRPM2 gene is expressed in the isolated 

pancreatic acinar cells. B. Immunofluorescent labelling of TRPM2 on isolated acinar clusters. 

TRPM2 channels are expressed on the basolateral membrane of the pancreatic acinar cells. Scale 

bar: 10 μm. 

 

4.2. Functional TRPM2 channels are present in pancreatic acinar  

When isolated WT pancreatic acini were challenged with 1 mM H2O2 to increase ROS, a rapid and 

sustained increase of [Ca2+]I was observed (Figure 6.A-B), which was significantly reduced in the 
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TRPM2 knockout (KO) acini (0.41 ± 0.09 vs 0.17 ± 0.029, respectively). In cells treated in an 

extracellular Ca2+-free medium, Ca2+ elevation was found to be significantly impaired, and no 

difference was detected between WT and TRPM2 KO cells. This suggests that the sustained 

elevation of [Ca2+] I in response to H2O2 was largely due to TRPM2-channel-mediated influx of 

extracellular Ca2+. In addition, H2O2 activated a reversible cationic membrane current, with a 

relative linear I–V relationship as was reported previously for TRPM2 [59] (Figure 7.A-B) 

 

Figure 6. Functional activity of TRPM2 in pancreatic acinar cells. A. Average traces of 5–6 

individual experiments demonstrating the effect of 1 mM H2O2 on pancreatic acinar cells in the 

presence or absence of extracellular Ca2+. B. Bar charts summarize the maximal Ca2+ responses to 

H2O2, which was significantly reduced in TRPM2 KO acini. *: p < 0.05 vs WT.  
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Figure 7. TRPM2 current measurement in pancreatic acinar cells. A. Representative whole cell 

current recordings and current–voltage relationships in isolated pancreatic acini. B. I-V relationship of 

TRPM2 current. H2O2 activated a reversible cationic membrane current, with a relative linear I–V 

relationship. n = 4/group. 

 

4.3. TRPM2 contributes to bile-acid-induced extracellular Ca2+
 influx in pancreatic 

acinar cells 

Bile acids have an important pathogenetic role in the development of biliary pancreatitis and can 

cause the release of Ca2+ from intracellular stores and trigger extracellular Ca2+ influx. Therefore, 

to study the role of TRPM2 in this process, the intracellular Ca2+ elevation in response to bile acid 

treatment was examined in pancreatic acini of WT and TRPM2 KO mice. Administration of 250 

μM CDC was found to trigger a rapid, sustained increase in [Ca2+] I, which was markedly impaired 

in the TRPM2 KO acinar cells (0.834 ± 0.02 vs 0.655 ± 0.04) (Figure 8.A-B). These results 

highlight that TRPM2 plays an important role in bile-acid induced extracellular Ca2+ influx in 

pancreatic acinar cells.  
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Figure 8. The role of TRPM2 in bile-acid-evoked Ca2+ signal generation. A. Average traces of 

5–6 individual experiments comparing intracellular Ca2+ elevations evoked by 250 μM CDC in 

WT and TRPM2 KO acini and isolated ducts. B. Bar charts of the Ca2+ elevations evoked by bile 

acid. Genetic deletion of TRPM2 reduced the bile-acid-induced Ca2+ elevation in pancreatic acini. 

*: p < 0.05 vs WT. 

 

4.4. Lack of TRPM2 decreases acinar cell necrosis during bile acid exposure 

Pancreatic acinar cell fate determines the severity of AP. Because of this, it was also important to 

characterize the role of TRPM2 in acinar cell death. In the untreated control samples, ~85% of the 

acinar cells were viable in both the WT and TRPM2 KO samples, which is comparable to 

previously published results [43]. Incubation of WT and TRPM2 KO acini with 1 mM H2O2 for 

30 min remarkably decreased the number of viable cells, and necrotic cell death was significantly 

increased (Figure 9.A-B). A lack of TRPM2 was observed to protect acinar cells from oxidative 

stress- induced cell necrosis during H2O2 treatment (% of viable cells: 19.4 ± 0.4 in WT vs 49.1 ± 

1.2 in TRPM2 KO). The rate of apoptosis was similar in TRPM2 KO and WT acini (% of apoptotic 

cells: 9.1 ± 4.3 in WT vs 10.8 ± 2.5 in TRPM2 KO), whereas necrosis was significantly impaired 

in TRPM2 KO acini (% of necrotic cells: 71.5 ± 4.2 in WT vs 40.1 ± 3.2 in TRPM2 KO). Similarly, 

incubation of acinar cells with 250 μM CDC for 30 min decreased the number of live cells in WT 

sample, however overall cell survival was remarkably improved by TRPM2 deletion (% of viable 

cells: 48.3 ± 0.9 in WT vs 74.1 ± 1.3 in TRPM2 KO) (Figure 9.A-B). TRPM2 deletion significantly 

decreased booth apoptotic and necrotic cell death in the CDC treated group (WT: 15.4 ± 2.5% vs 

KO: 8.5 ± 1.3% and WT: 36.3 ± 2.2% vs KO:17.4 ± 1.3%, respectively). Importantly, the lack of 
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TRPM2 channels resulted in a ~30% decrease in acinar cell death, suggesting that TRPM2 has an 

important contribution to acinar cell death during biliary AP. 

 

Figure 9. The role of TRPM2 in acinar cell necrosis during bile acid exposure. A. 

Representative images of different conditions (blue: live cells labelled with CytoCalcein 450, 

green: necrotic cells labelled with Nuclear Green, and red: apoptotic cells labelled with Apopxin 

Deep Red). Scale bar: 20 µm. B. Bar chart representing the ratio of live, apoptotic and necrotic 
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cells. Incubation of WT and TRPM2 KO acini with 1 mM H2O2 or with 250 µM CDC for 30 min 

markedly decreased the number of viable cells, whereas necrosis was significantly increased. 

TRPM2 KO acinar cells displayed a significantly decreased rate of apoptosis in the bile acid treated 

group, whereas cell necrosis was impaired in both cases. n: 4-5 experiment/group. C. Bar charts 

representing the ratio of live, apoptotic and necrotic cells. TRPM2 knockout significantly 

improved acinar cell survival in 1 mM H2O2 or with 250 µM CDC treated groups. *: p< 0.05 vs 

WT treated sample (H2O2 or CDC); n: 4-5 experiment/group. 

 

4.5. Lack of TRPM2 does not prevent mitochondrial damage during bile acid exposure 

We wanted to further characterize the intracellular mechanisms that play a role in TRPM2-channel 

mediated cell necrosis. As TRPM2 has been reported to induce mitochondrial damage [60], 

therefore we compared the mitochondrial membrane potential (Δψm) in WT and TRPM2 KO 

pancreatic acinar cells. Administration of 1 mM H2O2 related in a marked drop of Δψm in WT 

cells (Figure 10.A). The decrease of Δψm was significantly lower in TRPM2 KO cells, whereas 

removal of the extracellular Ca2+ impaired the loss of Δψm in WT cells to the level of TRPM2 KO 

acini. This suggests that extracellular Ca2+ influx through TRPM2 plays a crucial role in the 

oxidative stress induced mitochondrial damage seen in pancreatic acinar cells. The decrease of 

Δψm in response to 250 μM CDC was also compared. However, no difference was seen between 

WT and TRPM2 KO cells (Figure 10.B). This may be due to the Ca2+ -independent direct 

mitochondrial toxicity of bile acids [76]. Previously, TRPM2 channels have been suggested to be 

key mediators of diabetic stress-induced mitochondrial fragmentation in endothelial cells [61]. 

Notably, in pancreatic acinar cells, fragmentation of mitochondria was not observed in response 

to either H2O2 or bile acid treatment (Figure 11.).  
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Figure 10. The effect of TRPM2 on the development of mitochondrial damage. A. Average 

traces and bar charts of the changes of Δψm in WT and TRPM2 pancreatic acinar cells. 1 mM 

H2O2 markedly decreased Δψm in WT cells (blue trace), which was impaired by TRPM2 knockout 

(red trace) or removal of the extracellular Ca2+ (green trace). For control cells were perfused with 

standard HEPES solution (grey trace). B. By contrast, no difference was observed when acinar 

cells were challenged by 250 μM CDC. n: 6–7 experiments/groups; *: p < 0.05 vs WT. 
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Figure 11. The role of TRPM2 in mitochondrial morphology changes. Representative confocal 

images of labelled mitochondria in pancreatic acinar cells. Mitochondrial fragmentation was not 

observed in response to H2O2, or to bile acid treatment. Scale bar: 10 μm.  

 

4.6. Lack of TRPM2 decreases the severity of experimental biliary pancreatitis 

To determine the role of TRPM2 in the pathogenesis of AP, the disease severity of WT and TRPM2 

KO animals was compared in two well-established experimental AP models. In the first series of 

experiments, mice were given 10 hourly i.p. injections of either physiological saline (control 

group) or 50 μg/bwkg cerulein to induce AP (Figure 12.A). Overall, in this experimental model, 

no significant differences were detected between WT and TRPM2 KO mice. The control animals 

had normal pancreatic histology in both groups (Figure 12.A), whereas cerulein hyperstimulation 

caused extensive pancreatic damage. Despite this, no significant differences were observed 

between the histological parameters of WT and TRPM2 KO animals. The extent of interstitial 

oedema (3.14 ± 0.25 for WT vs 3.03 ± 0.34 for KO), leukocyte infiltration (2.74 ± 0.53 for WT vs 

3.04 ± 0.23 for KO, p = 0.08) or necrosis(18.64 ± 3.16 for WT vs 21.32 ± 3.58 for KO) showed 

no significant difference in the cerulein-treated groups (Figure 12.B). More importantly, the role 

of TRPM2 channel in the pathogenesis of biliary AP was also examined. In this model, pancreatitis 

was induced by intraductal infusion of 4% Na-taurocholate (control animals received physiological 

saline) as described previously [74]. The infusion of 4% Na-taurocholate induced necrotizing 
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pancreatitis in both WT and TRPM2 KO mice, accompanied by elevated histological and 

laboratory parameters (Figures 13.A). The extent of interstitial oedema (2.8 ± 0.16 for WT vs 2.7 

± 0.2 for KO) or leukocyte infiltration (3.3 ± 0.38 for WT vs 2.7 ± 0.29 for KO, p = 0.08) was not 

significantly different in the Na-taurocholate-treated groups. Notably, the extent of necrosis was 

significantly higher in the WT group in comparison to the TRPM2 KO animals (41.3% ± 7.13% 

for WT vs 26.4% ± 5.5% for KO) (Figures 13.B). In accordance with these findings, serum 

amylase activities were also significantly higher in the Na-taurocholate-treated WT animals versus 

the TRPM2 KO group. This perfectly mimicked the in vitro results obtained in this study, further 

confirming the crucial role of the TRPM2 channel in the pathogenesis of biliary AP. 

 

Figure 12. Genetic knockout of TRPM2 does not decrease the severity of cerulean-induced 

acute pancreatitis. A. Representative images of pancreatic histology in cerulein-induced 

pancreatitis. Mice were given 10 hourly i.p. injections of either physiological saline (control group) 

or 50 μg/bwkg cerulein. Scale bar: 100 μm. B. The graphs show cerulein administration caused 

extensive pancreatic damage; however, no significant differences were observed in the histological 

parameters of WT and TRPM2 KO animals. n: 6–7 animals/groups; *: p < 0.05 vs WT; **: p < 

0.05 vs TRPM2 KO.  
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Figure 13. Genetic knockout of TRPM2 decreases the severity of biliary acute pancreatitis. 

A. Representative images of pancreatic histology in Na-taurocholate-induced pancreatitis. 

Pancreatitis was induced by intraductal infusion of 4% Na-taurocholate. Scale bar: 100 μm. B. The 

graphs show the infusion of 4% Na-taurocholate-induced necrotizing pancreatitis in WT and 

TRPM2 KO mice accompanied by elevated histological and laboratory parameters. Although the 

extent of interstitial oedema or leukocyte infiltration was not different, the extent of necrosis was 

significantly impaired in the TRPM2 KO animals. n: 6–7 animals/groups; *: p < 0.05 vs WT 

control; **: p < 0.05 vs TRPM2 KO control; a: p < 0.05 vs WT Na-TC treated. 

 

 

 

4.7.  Intracellular Ca2+ signaling in pancreatic organoids 
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Organoid cultures emerged as novel 3D models of epithelial physiology and pathology, which 

have several advantages (see in the Introduction). Therefore, OCs might be a better model in 

exocrine pancreatic research, however we have only limited information about the functional 

properties (like Ca2+ signaling) of OCs. To investigate this, we compared Ca2+ signaling in primary 

pancreatic ducts and in OCs. For the release of Ca2+ from the endoplasmic reticulum Ca2+ stores, 

we used two Ca2+ mobilizing agonists (ATP and carbachol). We observed that both agonists 

induced peak-plateau type Ca2+ elevation in the tested concentrations (Figure 14.A). These signals 

showed no significant differences in the maximal response (Figure. 14.B bar chart). We also 

compared the store operated Ca2+ entry caused by the ER store depletion (Figure 15.A). Applying 

this assay, we detected that the ER Ca2+ release induced by 25 μM cyclopiazonic acid (CPA) was 

significantly higher in isolated ducts, whereas the Ca2+ influx was significantly higher in OCs 

(Figure 15.B bar chart). These observations need further investigation to determine the biological 

relevance of this phenomena. 

 

 

Figure 14. Agonist induced intracellular Ca2+ elevation in isolated pancreatic ducts and 

organoids. A, Average traces of 4–6 experiments demonstrating the effect of 1 mM ATP, or 100 

μM carbachol on pancreatic epithelial cells. Both agonists induced peak-plateau Ca2+ signals. B. 

Summary of the maximal Ca2+ responses to agonist stimulation. . n: 6–7 experiments/groups. 
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Figure 15. Intracellular Ca2+ release and extracellular Ca2+ influx in isolated pancreatic 

ducts and organoids. A. Ca2+ influx in pancreatic ducts and OCs (average traces of 4–6 

experiments). ER Ca2+ release induced by 25 μM CPA and Ca2+ influx was measured by the 

maximal response to re-addition of Ca2+. B. ER Ca2+ release (first two columns) and extracellular 

Ca2+ influx (second two columns). 

  



35 

 

5. Discussion 

5.1. TRPM2-mediated extracellular Ca2+ entry promotes acinar cell necrosis in biliary acute 

pancreatitis 

Several publications suggested that bile acids can generate prolonged intracellular Ca2+ elevation, 

increase ROS production and damage the mitochondria in pancreatic acini. These pathologic 

changes can trigger the development of AP, which is a severe inflammatory disease of the 

gastrointestinal tract that has no specific treatment. The role of TRPM2 emerged in the 

development of Ca2+-dependent cell injury as a ROS-sensitive non-specific cation channel, 

however the possible role of TRPM2 in the pathogenesis of AP has yet to be investigated. 

Though the expression of TRPM2 has been demonstrated previously in different cell types, 

including inflammatory cells [55], myocytes [77] and epithelial cells [59], to our knowledge, this 

is the first report demonstrating the expression of TRPM2 in the exocrine pancreas. Using 

conventional PCR and immunolabelling techniques, the expression of TRPM2 in the basolateral 

membrane of acinar cells was confirmed. In addition, increased intracellular ROS was found to 

trigger TRPM2-mediated extracellular Ca2+ influx in acinar cells. This study did not show any 

alterations in acinar cell function between WT and TRPM2 KO mice. However, intracellular Ca2+ 

signalling is one of the major signalling pathways in the exocrine pancreas [78, 79] which regulates 

the secretion of digestive enzymes in acinar cells as well as ion and fluid secretion in ductal cells. 

Therefore, it might be possible that TRPM2-mediated Ca2+ entry could contribute to physiological 

signalling, though further studies are required in order to confirm this. In other cell types, redox 

signals have been demonstrated to sensitise TRPM2 and increase the intracellular Ca2+ 

concentration at physiological body temperature, which plays an important role in the regulation 

of macrophage functions [80]. In TRPM2 KO mice, blood glucose levels were significantly higher, 

whereas insulin secretion was significantly impaired, suggesting a potential role of TRPM2-

mediated Ca2+ increase in insulin secretion [81]. On the other hand, activation of TRPM2 channels 

in pancreatic β-cells increased intracellular Ca2+ concentration and release of sequestered 

intracellular Zn2+ from lysosomes [82]. In these experiments, gene knockout of TRPM2 protected 

mice from β-cell death. Previously, TRPM2 facilitated extracellular Ca2+ influx in monocytes in 

response to H2O2 and thus regulated the production of the macrophage inflammatory protein-2 
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(CXCL2), which, in turn, regulated the inflammatory response in a dextran sulphate sodium-

induced colitis inflammation model in mice [55]. In another experimental model, the lack of 

TRPM2-regulated CXCL2 production in TRPM2 KO mice suppressed neutrophil infiltration into 

the central nervous system and slowed the progression of experimental autoimmune 

encephalomyelitis [83]. The role of TRPM2 has also been indicated in irradiation-induced side 

effects in cancer patients. In salivary gland epithelial cells, irradiation increased ROS production 

during radiotherapy of head and neck cancers, which activated TRPM2-mediated extracellular 

Ca2+ influx in acinar cells [59]. The sustained intracellular Ca2+ entry leads to impaired secretory 

function of acinar cells and to the development of xerostomia–a frequent side effect of radiotherapy 

in these patients. In a downstream study, the same group demonstrated that irradiation increased 

the mitochondrial Ca2+ concentration and the production of ROS, impaired the Δψm and activated 

caspase-3. These changes lead to a sustained decrease in STIM1 expression and consequently 

decreased the store-operated Ca2+ entry [60]. 

Disturbed intracellular Ca2+ homeostasis has been suggested by several studies to play a pivotal 

role in bile-acid-induced exocrine pancreatic cell damage. In pancreatic acini, bile acids trigger 

dose-dependent intracellular Ca2+ elevation via the activation of IP3 and ryanodine receptors [30]. 

In addition, Perides et al. showed that activation of the G-protein-coupled cell surface bile acid 

receptor (Gpbar1 or TGR5) at the apical membrane of pancreatic acinar cells leads to sustained 

Ca2+ elevation, intracellular activation of digestive enzymes and cell injury [33]. Moreover, the 

genetic deletion of Gpbar1 specifically reduced the severity of TLCS-induced AP. On the other 

hand, however, in pancreatic ductal cells, CDC dose-dependently elevated the intracellular Ca2+ 

level and inhibited HCO3
− secretion [34]. In our experiments, CDC increased the [Ca2+]I both in 

acinar and ductal cells, but genetic deletion of TRPM2 decreased Ca2+ elevation only in acinar 

cells. The results of this study show that the TRPM2 channel has a ~22% contribution to the bile-

acid-generated Ca2+ signal in acinar cells. In pancreatic acini, other plasma membrane Ca2+ 

channels were also demonstrated to contribute to cell damage during AP. Gerasimenko et al. 

showed that the inhibition of extracellular Ca2+ entry via Orai1 decreases acinar cell necrosis in 

vitro [15]. Moreover, inhibition of Orai1 by selective inhibitors markedly impaired the 

extracellular Ca2+ influx and sustained Ca2+ overload in pancreatic acinar cells upon bile acid 

stimulation, which significantly impaired pancreatic oedema, inflammation and necrosis in 



37 

 

experimental models of AP [16]. Others found that deletion of TRPC3 markedly reduced the bile-

acid-evoked Ca2+ signals and decreased the intracellular trypsin activation in vitro and the severity 

of cerulein-induced AP in vivo [17]. In addition, Kim et al. described that transporter-mediated 

bile acid uptake results in a specific and significant of the sarco/endoplasmic reticulum Ca2+ 

ATPase pump function and thus deplete the endoplasmic reticulum Ca2+ stores leading cell damage 

and necrosis [84]. 

Intracellular Ca2+ overload can lead to premature activation of trypsinogen [1], mitochondrial 

damage and cell necrosis in acinar cells [14]. In this study, a knockout of TRPM2 resulted in a 

significant protection of pancreatic acinar cells from H2O2 and bile-acid-induced necrosis. 

Importantly, this protection was also observed in TC-induced AP as the extent of necrosis was 

significantly lower in TRPM2 knockout mice compared to the WT littermates. In line with our 

results, in a previous study, Booth et al. reported that incubation of pancreatic acinar cells with 

TLC-S in vitro induced Ca2+-dependent necrosis, which was abolished by BAPTA-AM pre-

treatment [43]. Using different inhibitors to prevent apoptosis and necrosis, the authors suggested 

that elevated intracellular and intramitochondrial ROS are the major triggers of apoptosis, whereas 

increases in intracellular and intramitochondrial Ca2+ induce necrosis. As bile acids inhibited 

cellular ATP production [31] and decreased ΔΨm [32], we also compared the changes of ΔΨm in 

response to bile acid treatment in TRPM2 KO and WT acinar cells. The genetic knockout of 

TRPM2 and removal of the extracellular Ca2+ markedly reduced the drop of Δψm, suggesting that 

extracellular Ca2+ influx through TRPM2 plays a crucial role in oxidative-stress-induced 

mitochondrial damage. Despite this, we did not detect this protective effect in bile-acid-treated 

cells a result which might be explained by the Ca2+-independent direct mitochondrial toxicity of 

bile acids. Direct mitochondrial toxicity of bile acids was described in an experimental model of 

cholestasis. In these series of experiments Schultz et al. found that bile acids impaired the 

mitochondrial membrane potential and induced mitochondrial permeability transition pore 

opening [76]. Another group showed that physiologically relevant concentrations of bile acids can 

induce alterations in the mitochondria outer membrane (MOM) order, which again can lead to the 

opening of the mitochondrial membrane permeability transition pore in isolated mitochondria [85]. 

Previously, we [34] and others also reported [32] that the toxic effects of bile acids cannot be 

completely abolished by the removal of intracellular Ca2+ elevation. Mitochondrial fragmentation, 
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which has been previously linked to the activation of TRPM2 [61], was not observed in our 

experiments. These results suggest that bile acids can induce mitochondrial damage in several 

different ways independently form intracellular Ca2+ overload. On the other hand, independently 

from mitochondrial damage, other Ca2+-dependent toxic effects of bile acids have been described, 

which could also contribute to acinar cell necrosis. Bile acids were shown to activate calcineurin 

via the elevation of intracellular Ca2+ in pancreatic acinar cells, leading to intra-acinar activation 

of chymotrypsinogen and NF-κB activation, and acinar cell death [26]. In addition, genetic or 

pharmacological inhibition of calcineurin reduced the severity of TLC-S-induced AP, and 

pharmacologic and genetic inhibition of calcineurin abolished the translocation of protein kinase 

C, which is a critical upstream regulator of NF-κB activation [27].  

In our study general TRPM2 knockout mice were used, therefore other factors might contribute to 

the observed protective effect of TRPM2 deletion in acute biliary pancreatitis. It is well described 

that inflammatory cells contribute to the severity of acute pancreatitis [86, 87]. Previously, TRPM2 

was identified as a crucial contributor of monocyte response to oxidative stress, which in turn 

regulated the production of CXCL2 and inflammatory response in experimental colitis in mice 

[55]. Although inflammatory cell infiltration of the damaged area peaks several days (on day 3-4) 

after the initial injury, therefore these cell types do not contribute to the early events in acute 

pancreatitis pathogenesis. In our series of experiments, the animals were sacrificed 24 hours after 

the bile acid infusion, therefore we concluded that the observed difference is primarily due to the 

lack of TRPM2 expression in the acinar cells.      

Taken together, to the best of our knowledge, this is the first report of the expression and 

pathological function of the TRPM2 channel in the exocrine pancreas. We demonstrated that 

pancreatic acinar cells express functionally active TRPM2, which can be activated by increased 

oxidative stress. Importantly, we also provided evidence that TRPM2 activity contributes to bile-

acid-induced extracellular Ca2+ influx in acinar cells, which promotes acinar cell necrosis 

independently from mitochondrial damage and increases the severity of bile-acid-induced 

experimental pancreatitis. These results suggest that inhibition of TRPM2 might be a potential 

option for use in treating biliary pancreatitis. 
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5.2. Intracellular Ca2+ signaling in pancreatic organoids 

Pancreatic exocrine, secretory processes are challenging to investigate on primary epithelial cells. 

In pancreatic research currently OCs are studied as relevant human models of tissue development 

[69] and carcinogenesis [70]. OCs have recently emerged as promising ex vivo models of tissue 

physiology and pathophysiology. OCs are 3D self-organizing, organ like in vitro grown cell 

cultures where the cell-to cell contact is maintained. Reports suggest that cells in OCs maintain 

tissue specific gene expression, cell morphology and function and may represent features of 

malignant diseases. Although organoids are used in an increased number of studies, we only have 

limited experimental data about their physiological relevance, especially in case of pancreatic OCs. 

Pancreatic organoid cultures may help to overcome shortcomings of the current models, however 

their physiological relevance or their utility in disease modeling are not known. To answer these 

questions, we provide side by side comparison of Ca2+ signaling of epithelial cells in primary 

mouse isolated pancreatic ducts and organoids. To release the Ca2+ from the ER we used two Ca2+ 

mobilizing agonist ATP and carbachol, where both agonists induced a peak-plateau type Ca2+ 

elevation. There were no significant differences in the maximal response, but Ca2+ release was 

slightly lower in organoid than in the isolated ducts. The ER Ca2+ released by CPA was higher in 

isolated duct, whereas the Ca2+ influx was significantly higher in OCs. These observations need 

further investigation to get to know the biological relevance of this fact. The changes of 

extracellular Ca2+ concentration regulates ion secretion in physiology [88] and impairs transport 

function via complex mechanism in pathology [78]. In ductal cells intracellular Ca2+ signaling play 

a central role in the regulation of HCO3
-  secretion, however aberrant calcium signaling can lead 

to intracellular Ca2+ overload and toxicity, including mitochondrial damage and impaired ATP 

production [78]. To investigate a potential drug target, we needed to observe the Ca2+ signaling in 

an advanced in vitro model. Therefore our model could be utilized in drug screening models as 

well as in basic and translational pancreatic research. 
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6. Summary 

Background: Biliary pancreatitis is one of the most common forms of acute pancreatitis. Aberrant 

intracellular Ca2+ signaling is the hallmark of acute pancreatitis inducing mitochondrial damage, 

intra-acinar digestive enzyme activation and cell death. Thus, prevention of toxic cellular Ca2+ 

overload is a promising therapeutic target. The TRPM2 is a non-selective cation channel that plays 

major role in oxidative stress induced cellular Ca2+ overload in different cell types. Although 

likely, its role in pancreatic acinar cells and the pathogenesis of AP was not investigated yet. 

The aim of this study to investigate the expression of TRPM2 and characterize the functional 

activity of the channel in pancreatic acinar cells and its possible role in acute pancreatitis. 

 Methods: In our experiments pancreatic acinar cells were isolated from WT and TRPM2 

knockout KO mice with enzymatic digestion. Besides mouse pancreatic ductal fragments were 

isolated by enzymatic digestion. The isolated ducts were grown in Matrigel on 37 ̊C for a week in 

OC media. The changes of the intracellular Ca2+ level was measured whit fluorescent microscopy 

using FURA2-AM. The mitochondrial membrane potential in acinar cells was measured with 

confocal microscopy using TMRM and generation of intracellular ROS was measured by 

H2DCFDA ROS indicator. The type of cell death in acinar cells was measured by confocal 

microscopy using an Apoptosis/Necrosis kit. To detect the two different AP model were used 

cerulein induced where the mice were given 10 hourly I.P. injection of 50 µg/bwkg cerulein and 

sodium taurocholate-treated which was induced by intraductal infusion of 4% Na-taurocholate. 

The control mice were given physiological saline. 

Results: We found that TRPM2 is expressed in the plasma membrane of mouse pancreatic acinar 

cells, which can be activated by increased oxidative stress induced by H2O2 treatment. TRPM2 

activity was found to contribute to bile acid induced extracellular Ca2+ influx in acinar cells but 

did not have the same effect in ductal cells. This activity promoted acinar cell necrosis in vitro 

independently from mitochondrial damage or mitochondrial fragmentation. In addition, bile-acid-

induced experimental pancreatitis was less severe in TRPM2 knockout mice, whereas the lack of 

TRPM2 had no protective effect in cerulein induced acute pancreatitis. Our results suggest that the 

inhibition of TRPM2 may be a potential treatment option for biliary pancreatitis. 

Conclusion: To best of our knowledge this is the first study of the expression and the pathological 



41 

 

function of TRPM2 channel in the exocrine pancreas. Our results confirmed the expression and 

the functional activity of the TRPM2 channel in PAC, which can be activated by increased 

oxidative stress. TRPM2 activity contributes to bile acid - induced Ca2+ influx in PAC, which 

promotes acinar cell necrosis independently of mitochondrial damage. We also observed the Ca2+ 

signaling in an advanced 3D in vitro model, although observations need further investigation to 

determine the biological relevance of this phenomenon. The presence of TRPM2 also increases 

the severity of bile-acid induced experimental pancreatitis. These results suggest that the inhibition 

of TRPM2 might be a potential pharmacological therapeutic target for use in treating biliary 

pancreatitis. 
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New observations 

 

 This is the first study demonstrating the expression of TRPM2 in the exocrine pancreas 

 We described that TRPM2 is localized in the plasma membrane of pancreatic acinar cells 

 H2O2 activated TRPM2 in pancreatic acinar cells as demonstrated by the intracellular Ca2+ 

elevation and characteristic cationic currents, which was absent in TRPM2 knockout acini 

 Bile acids activate TRPM2 mediated extracellular Ca2+ influx  

 H2O2 and bile acid -induced necrotic cell death was markedly reduced in acinar cells from 

TRPM2 knockout mice suggesting a remarkable role of TRPM2 in acinar cell fate 

 the severity of bile induced (but not cerulean induced) experimental AP was lower in 

TRPM2 knockout mice suggesting that TRPM2 may represent a new pharmaceutical drug 

target for the treatment of biliary pancreatitis 

 the agonist induced intracellular Ca2+ signaling was similar in isolated pancreatic ducts and 

pancreatic organoids, although the ER Ca2+ release induced by CPA was higher in isolated 

ducts than in organoids, whereas the Ca2+ influx was significantly higher in organoids. 
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7Department of Public Health, University of Szeged, Szeged, Hungary

Edited by: Kim Barrett & Pawel Ferdek

Key points

� Acute biliary pancreatitis is a significant clinical challenge as currently no specific
pharmaceutical treatment exists.

� Intracellular Ca2+ overload, increased reactive oxygen species (ROS) production,
mitochondrial damage and intra-acinar digestive enzyme activation caused by bile acids are
hallmarks of acute biliary pancreatitis.

� Transient receptor potential melastatin 2 (TRPM2) is a non-selective cation channel that
has recently emerged as an important contributor to oxidative-stress-induced cellular Ca2+

overload across different diseases.
� We demonstrated that TRPM2 is expressed in the plasma membrane of mouse pancreatic

acinar and ductal cells, which can be activated by increased oxidative stress induced by H2O2

treatment and contributed to bile acid-induced extracellular Ca2+ influx in acinar cells, which
promoted acinar cell necrosis in vitro and in vivo.

� These results suggest that the inhibition of TRPM2 may be a potential treatment option for
biliary pancreatitis.

Abstract Acute biliary pancreatitis poses a significant clinical challenge as currently no specific
pharmaceutical treatment exists. Disturbed intracellular Ca2+ signalling caused by bile acids is
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a hallmark of the disease, which induces increased reactive oxygen species (ROS) production,
mitochondrial damage, intra-acinar digestive enzyme activation and cell death. Because of this
mechanism of action, prevention of toxic cellular Ca2+ overload is a promising therapeutic target.
Transient receptor potential melastatin 2 (TRPM2) is a non-selective cation channel that has
recently emerged as an important contributor to oxidative-stress-induced cellular Ca2+ overload
across different diseases. However, the expression and possible functions of TRPM2 in the exocrine
pancreas remain unknown. Here we found that TRPM2 is expressed in the plasma membrane
of mouse pancreatic acinar and ductal cells, which can be activated by increased oxidative stress
induced by H2O2 treatment. TRPM2 activity was found to contribute to bile acid-induced
extracellular Ca2+ influx in acinar cells, but did not have the same effect in ductal cells. The
generation of intracellular ROS in response to bile acids was remarkably higher in pancreatic acinar
cells compared to isolated ducts, which can explain the difference between acinar and ductal cells.
This activity promoted acinar cell necrosis in vitro independently from mitochondrial damage
or mitochondrial fragmentation. In addition, bile-acid-induced experimental pancreatitis was
less severe in TRPM2 knockout mice, whereas the lack of TRPM2 had no protective effect in
cerulein-induced acute pancreatitis. Our results suggest that the inhibition of TRPM2 may be a
potential treatment option for biliary pancreatitis.
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Corresponding author: Jozsef Maleth MD, PhD, HAS-USZ Momentum Epithelial Cell Signalling and Secretion Research
Group, First Department of Medicine and Department of Public Health, University of Szeged, H6720, Szeged; Hungary.
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Introduction

Acute pancreatitis (AP) is one of the most common
inflammatory diseases of the gastrointestinal tract (Yadav
& Lowenfels, 2013), and is primarily caused by impacted
gallstones or heavy alcohol consumption (Parniczky et al.
2016). Despite intense efforts in both basic and clinical
research, no specific pharmaceutical treatment exists, and
the mortality associated with severe forms of AP (�10%
of all cases) remains remarkably high (�28%) (Parniczky
et al. 2016). The ‘common channel’ theory of biliary
pancreatitis suggests that communication between the
common bile duct and the pancreatic duct may exist
because of impacted gallstones. Theoretically, bile acids
could reach the pancreatic ductal system and the acinar
cells through this channel (Lerch & Aghdassi, 2010).
Although this hypothesis remains unproven (DiMagno
et al. 1982; Lerch et al. 1993), several studies have
shown that bile acids disturb intracellular Ca2+ homeo-
stasis and trigger mitochondrial damage in the exocrine
pancreas. Bile acids are known to increase the intracellular
Ca2+ concentration ([Ca2+]I) in isolated pancreatic acinar
(Gerasimenko et al. 2006) and ductal cells (Venglovecz
et al. 2008) in vitro via Ca2+ release from intracellular
stores, sarco-endoplasmic reticulum Ca2+ pump (SERCA)
inhibition (Kim et al. 2002) and extracellular Ca2+
influx (Hong et al. 2011). This sustained elevation of
[Ca2+]I can induce intra-acinar trypsinogen activation
(Halangk et al. 2002; Sherwood et al. 2007), mitochondrial
damage (Voronina et al. 2010; Maleth et al. 2011) and,
consequently, cell necrosis in the exocrine pancreas.

In addition, Booth et al. (2011) have demonstrated
that taurolithocholic acid sulphate (TLC-S) increases
production of intracellular and mitochondrial reactive
oxygen species (ROS), which was dependent on increases
in [Ca2+]I and mitochondrial Ca2+ concentration (Booth
et al. 2011). They also showed that bile acid induced the
increased generation of ROS and promoted apoptosis,
whereas increased intracellular and intramitochondrial
Ca2+ initiated necrosis.

In recent years, transient potential melastatin-like
2 (TRPM2), a Ca2+-permeable non-selective cation
channel, has been identified to act as a cellular
redox-sensor (Hara et al. 2002; Di et al. 2011), which plays
an important role in physiological functions as well as
in various diseases (Takahashi et al. 2011). Activation of
TRPM2 by H2O2 is suggested to occur indirectly through
intracellular production of adenosine diphosphate ribose
(ADPR), which then binds to and stimulates the
C-terminal ADPR pyrophosphatase Nudix-like domain
(NUDT9-H motif) of TRPM2 (Perraud et al. 2005). In
monocytes, Ca2+ influx via TRPM2 was shown to increase
chemokine production, leading to enhanced neutrophil
infiltration in inflammatory bowel diseases (Yamamoto
et al. 2008). More recently, TRPM2 has been implicated
in the pathogenesis of irradiation-induced xerostomia.
Liu et al. (2013) demonstrated that irradiation followed
by increased ROS production activates TRPM2, leading
to extracellular Ca2+ influx and a consequent loss of
acinar cell function in the salivary glands. In a down-
stream study, the authors also showed that irradiation
activated a TRPM2-dependent mitochondrial pathway,
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leading to caspase-3 activation and mediated cleavage of
stromal interaction molecule 1, which then attenuated
store-operated Ca2+ entry (Liu et al. 2017). In the end-
ocrine pancreas, TRPM2 has been suggested to play a role
in diabetic stress-induced mitochondrial fragmentation.
Abuarab et al. (2017) demonstrated that ROS production
induced by high glucose concentrations activates TRPM2
and triggers lysosomal membrane permeabilization,
leading to Zn2+-mediated mitochondrial fission. These
studies demonstrate the expression of TRPM2 in various
epithelial cells, and this protein plays a central role in the
pathogenesis of oxidative-stress-related diseases. Despite
this knowledge, the expression or function of TRPM2 in
exocrine pancreatic cells has never been investigated.

In this study, TRPM2 was shown to be expressed in the
acinar and ductal cells of the exocrine pancreas. In both
cell types, TRPM2 was also found to mediate extracellular
Ca2+ influx during oxidative stress conditions. The
non-conjugated bile acid chenodeoxycholate (CDC) was
found to activate TRPM2-mediated Ca2+ influx in acinar
cells, but did not do the same in ductal cells, contributing
to acinar cell damage and increased acinar cell necrosis that
was independent of mitochondrial damage. Importantly,
a knockout of the gene encoding TRPM2 was found to
significantly decrease tissue necrosis in an experimental
model of acute biliary pancreatitis. Taken together, these
results are the first description of the expression and
functional activity of TRPM2 in the exocrine pancreas.
Moreover, evidence was demonstrated for the important
role that the activation of this channel plays in biliary
pancreatitis.

Materials and methods

Animals

TRPM2 knockout mice were generously provided by Yasuo
Mori (Kyoto University, Kyoto, Japan). The knockout
mice were generated from a C57BL/6 background as
described previously (Yamamoto et al. 2008). TRPM2+/+
and TRPM2−/− mice were bred from TRPM2+/− animals
and were used for experiments between the age of 8 and
12 weeks. Mice were kept in a standard 12 h light–dark
cycle and on standard rodent food ad libitum. Mice
were genotyped using a standard PCR assay (Liu et al.
2013). Experiments on live animals were carried out with
adherence to NIH guidelines and EU directive 2010/63/EU
for the protection of animals used for scientific purposes.
The study was authorized by the National Scientific
Ethical Committee on Animal Experimentation under
licence number XXI./2523/2018. Terminal anaesthesia was
induced in mice with 250 mg bwkg−1 sodium pento-
barbital. Before surgery, mice were anaesthetised with
125 mg kg−1 ketamine and 12.5 mg kg−1 xylazine. After
operation the animals were placed on a heating pad until

they regained consciousness, following which they were
given buprenorphine (0.075 mg kg−1) I.P. to reduce pain.

Isolation of pancreatic acinar cells

Pancreatic acinar cells from wild-type and TRPM2
knockout mice were isolated as described previously (Gout
et al. 2013). Briefly, mice were killed, and the pancreas
was removed and placed into ice-cold Hank’s balanced
salt solution (HBSS; Sigma-Aldrich, St Louis, MO, USA;
Cat. No.: 8264). The tissue was then cut into small pieces
in a 1.5 ml centrifuge tube and placed into a sterile
flask with 10 ml of isolation solution [10 ml HBSS,
200 U ml−1 collagenase (Worthington, Lakewood, NJ,
USA; Cat. No.: 5273), 10 mM HEPES (Sigma-Aldrich;
Cat. No.: 3375)]. The tissue was incubated for 25–30 min
at 37°C and was vigorously shaken every 5 min. After
digestion, the pancreas was placed into a 50 ml tube
(Sarstedt, Nümbrecht, Germany; Cat. No.: 62.559.205)
with 10 ml of ice-cold washing solution (containing 10 ml
HBSS, 10 mM HEPES, 5% fetal bovine serum Cat. No.:
Gibco, Waltham, MA, USA; 10500-064) and centrifuged
at 90 relative centrifugal force (RCF) at 4°C for 2 min. This
step was repeated twice. The supernatant was removed,
and the pellet was resuspended in 1 ml HBSS solution.
Until experimental use, the acinar cells were kept in an
incubator at 37°C with 5% CO2.

Isolation of pancreatic ductal fragments

Isolation of inter- and intralobular pancreatic ductal
fragments was performed as described previously (Maleth
et al. 2015). Terminal anaesthesia was induced in mice with
250 mg bwkg−1 sodium pentobarbital and the removed
pancreas was digested for 15 min with 100 U ml−1

purified collagenase (Worthington, Cat. No.: LS005273)
containing solution at 37°C applying gentle shaking. The
isolation solution also contained 0.1 mg ml−1 trypsin
inhibitor (ThermoFisher Scientific, Cat. No.: 17075029)
and 1 mg ml−1 bovine serum albumin (VWR, Radnor,
PA, USA, Cat. No.: 9048-46-8) in DMEM Nutrient
Mixture F-12 Ham (Sigma, Cat. No.: D6421). Pancreatic
ducts were separated from the acinar lobules under a
stereomicroscope and used for downstream analysis.

Gene expression analysis

Gene expression was investigated by the combination
of reverse-transcription (RT-PCR) and conventional
PCR. Total mRNA was isolated from three independent
biological replicates of mouse brain, isolated pancreatic
acini or isolated pancreatic ducts with the NucleoSpin
RNA XS kit (Macherey-Nagel, Ref.: 740902.50) according
to the manufacturer’s instructions. The mRNA
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concentrations were measured with a NanoDrop
2000 (ThermoFisher Scientific). In total, 1 μg
purified mRNA was used to synthetize cDNA using
an iScript cDNA Synthesis kit (Bio-Rad, Hercules,
CA, USA; Cat. No.: 1708890). Conventional PCR
amplification was performed by DreamTaq Hot
Start DNA Polymerase (ThermoFisher Scientific,
Cat. No.: EP1702) with cDNA-specific primers
(forward: ACGGGCAATATGGTGTGGAG; reverse:
CACCTCCCCTTTCCTTCGTT) for 35 cycles. Mouse
brain lysate was used to validate the primers.

Immunofluorescence labelling

For immunostaining, pancreatic acinar cells were isolated
and attached to poly-L-lysine-coated cover glasses, whereas
pancreatic ducts were frozen in Shandon Cryomatrix
(ThermoFisher Scientific, Cat. No.: 6769006) and 7 μm
thick sections were cut with a cryostat (Leica CM 1860
UV). Antibody labelling was performed as previously
described (Molnar et al. 2020). Briefly, sections were
fixed in 4% PFA-PBS and after antigen retrieval with
sodium citrate–Tween 20 buffer sections were blocked for
1 h. Sections were incubated with anti-TRPM2-ATTO-594
(Alomone Labs, Jerusalem, Israel, Cat. No.: ACC-043-AR)
conjugated primary rabbit polyclonal antibody overnight
at 4°C (1:100 dilution). Nuclei were labelled with Hoechst
33342 and sections were kept in a Fluoromount mounting
medium (Sigma-Aldrich; Cat. No.: F4680) until imaging.
Sections were imaged with a Zeiss LSM880 laser scanning
confocal microscope using a 40× oil immersion objective
(Zeiss, NA: 1.4).

Electrophysiology

For electrophysiology recordings, pancreatic acinar cells
were isolated from mouse pancreas as described pre-
viously (Geyer et al. 2015), with slight modifications. The
pancreas was removed and injected with an F12/DMEM
(ThermoFisher Scientific, Cat. No.: 11320033) medium
containing 100 U ml−1 collagenase P (Roche, Indianapolis,
IN, USA), 0.1 mg ml−1 trypsin inhibitor and 2.5 mg ml−1

BSA. These were then incubated in a 5 ml volume of the
same solution in a 37°C shaking water bath for 30 min,
which was continuously gassed with carbogen. The tissue
was dissociated by pipetting with a serological pipette
4–6 times before filtering through a 150 μm mesh. Cells
were layered on top of 400 mg ml−1 BSA and washed
through the medium by gentle centrifugation. The pellet
was resuspended in Ca2+-free, collagenase-containing
Tyrode’s solution before being further digested for 10 min.
Following this, cell clumps were gently agitated with a 1 ml
pipette tip attached to a serological pipette. The resulting
cells were collected by centrifugation, resuspended in

DMEM medium and kept gassed at room temperature
until use in patch clamp experiments. Whole cell currents
were acquired at room temperature using an Axopatch
200B amplifier and a Digidata 1322A digitiser (Axon
Instruments) at a 50 kHz sampling rate and filtered
online at 5 kHz using a low-pass Bessel filter. Data
acquisition was performed using pClamp 9 software
package (Axon Instruments, Union City, CA, USA).
Pipettes of �6 M� resistance were used with the intra-
cellular solution containing 130 mM caesium glutamate,
5 mM CaCl2, 10 mM EGTA (resulting in 135 nM ionised
Ca2+), 5 mM MgCl2 and 10 mM HEPES (pH 7.3).
Pancreatic acinar cells were continuously perfused with
extracellular saline solution (140 mM sodium glutamate,
4 mM CsCl, 2 mM CaCl2, 2 mM MgCl2, 10 mM HEPES, pH
7.4) with or without 100 μM H2O2. Cation currents were
recorded during 100 ms long test pulses at step potentials
between −60 and +120 mV both under control conditions
and during treatment.

Fluorescence microscopy

Isolated pancreatic acinar clusters or ductal fragments
were placed on poly-l-lysine-coated cover glasses and
incubated with BCECF-AM (1.5 μmol l−1) or Fura2-AM
(5 μmol l−1) for 30 min at 37°C (Hegyi et al. 2004). The
loaded cells were imaged with an Olympus IX71 inverted
microscope equipped with a Hamamatsu ORCA-ER CCD
camera through a 20× oil immersion objective (Olympus;
NA: 0.8). Samples were excited with an Olympus MT-20
illumination system equipped with a 150 W xenon arc light
source. Filter combinations for BCECF and Fura2 were as
described previously (Molnar et al. 2020). Ratiometric
image analysis was performed using Olympus excellence
software with a temporal resolution of 1 s.

Investigation of acinar cell fate

To investigate acinar cell fate, an apoptosis/necrosis
detection kit was used according to the manufacturer’s
instructions (Abcam, Cambridge, MA, USA; Cat. No.:
ab176750). CytoCalcein Violet 450 is sequestered in the
cytoplasm of live cells. In apoptosis, phosphatidylserine
(PS) is transferred to the outer leaflet of the plasma
membrane, which can be detected by the PS sensor
Apopxin Deep Red. During necrosis the cell membrane
integrity is lost and thus the DNA Nuclear Green
DCS1, a membrane-impermeable dye, can label the
nucleus of damaged cells. Briefly, pancreatic acinar cells
from wild-type (WT) and TRPM2 knockout (KO) mice
were isolated as described above with modifications to
improve overall cell survival (shorter tissue digestion
and gentle centrifugation was applied) and incubated
with 1 mM H2O2 or 250 μM CDC for 30 min.
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Cells were then centrifuged at 500 RCF for 5 min
at 4°C and washed twice with PBS. Cells were then
resuspended in 200 μl of Assay Buffer and loaded with
CytoCalcein 450, Nuclear Green and Apopxin Deep
Red at room temperature for 30–60 min. Following
this, cells were collected and centrifuged at 500 RCF
for 5 min at 4°C before being placed on a Cellview
cell culture slide (Greiner Bio-One, Kremsmünster,
Austria; cat. no.: 543979) for imaging. Images were
captured using a Zeiss LSM880 confocal microscope with
different channels and wavelengths according to each
dye: CytoCalcein 450 (Ex/Em = 405/450 nm), Nuclear
Green (Ex/Em = 490/520 nm) and Apopxin Deep Red
(Ex/Em = 630/660 nm). For each condition, five images
were captured, and the total number of cells was counted
by two independent investigators. Cells with Nuclear
Green staining were considered necrotic, with Apopxin
Deep Red staining apoptotic, whereas double stained cells
were considered necrotic.

Confocal imaging of live acinar cells

Changes of the mitochondrial membrane potential
(��m) were followed by using tertamethylrhodamine-
methyl ester (TMRM), which accumulates in the
mitochondria depending on ��m. Generation of intra-
cellular ROS was measured by H2DCFDA ROS indicator.
Isolated pancreatic acinar cells were incubated with 100 nM

TMRM (ThermoFisher Scientific Cat. No.: T668), or 4 μM

H2DCFDA (ThermoFisher Scientific Cat. No.: D399)
in standard HEPES solution for 20 min at 37°C on
a poly-L-lysine-coated cover glass. The solutions were
complemented with 100 nM TMRM to avoid dye leakage.
Changes in ��m or intracellular ROS were monitored
using a Zeiss LSM880 confocal microscope. The cells
loaded with TMRM were excited at 543 nm, and the
emitted light was captured between 560 and 650 nm.
Five to 10 regions of interest (ROIs) were placed on
the mitochondria of pancreatic acinar cells. H2DCFDA
was excited at 490 nm and the emitted fluorescence was
captured between 500 and 550 nm. Fluorescence signals
were normalised to initial fluorescence intensity (F/F0)
and expressed as relative fluorescence.

In vivo acute pancreatitis models

Cerulein-induced AP was induced by 10, hourly intra-
peritoneal injections of 50 μg bwkg−1 cerulein (Bachem,
Bubendorf, Switzerland; Cat. No.: H-3220) (control
groups received physiological saline) (Pallagi et al. 2014).
Two hours after the last cerulein injection, mice were killed
with 85 mg kg−1 pentobarbital. Biliary AP was triggered
by the administration of 4% sodium taurocholate
(Sigma-Aldrich Cat. No.: 86339) into the common bile

duct as described previously (Perides et al. 2010b). Briefly,
mice were anaesthetised with 125 mg kg−1 ketamine
and 12.5 mg kg−1 xylazine, and median laparotomy was
performed, where the papilla of Vater was cannulated
by a 0.4 mm diameter needle connected to an infusion
pump. Mice were administered 4% sodium taurocholate
or physiological saline at a perfusion rate of 10 μl min−1

(TSE System GmbH, Bad Homburg, Germany; cat. no.:
540060-HP) for 5 min. After the abdominal wall and the
skin were closed separately, the animals were placed on a
heating pad until they regained consciousness, following
which they were given buprenorphine (0.075 mg kg−1)
I.P. to reduce pain. Mice were killed 24 h later using
pentobarbital (85 mg kg−1 I.P.). In both cases, blood
samples were collected after terminal anaesthesia through
the inferior vena cava, and the pancreata were removed
immediately. Blood samples were placed on ice and then
centrifuged at 2500 RCF for 15 min at 4°C. Serum samples
were collected and stored at −20°C. Pancreas samples were
placed into a 4% formaldehyde solution and stored at 4°C
until histology. A colorimetric kit (A Amylase Assay) was
used to measure serum amylase activity (Diagnosticum,
Budapest, Hungary; Cat. No.: 47462). Absorbance of
the samples was detected at 405 nm using a FLUOstar
OPTIMA (BMG Labtech, Offenburg, Germany) micro-
plate reader. Formaldehyde-fixed pancreas samples were
embedded in paraffin, and 4 μm thick sections were
cut and stained with haematoxylin–eosin. Histological
parameters such as oedema, inflammatory cell infiltration
and necrosis were scored (0–5 points for oedema,
leukocyte infiltration and necrosis for the total histological
score, or % of total area for necrosis) by three independent
investigators blinded to the protocol (Pallagi et al. 2014).
Averages of the scores were calculated and included to the
manuscript. The total histological score was calculated by
adding the individual scores together.

Statistics

Statistical analysis was performed by Graphpad Prism
software. All data are expressed as means ± SD.
Both parametric (one-way ANOVA) and non-parametric
(Mann–Whitney test, Kruskal–Wallis test – for analysis of
the acinar cell survival assay) tests were used based on
the normality of data distribution. A P value <0.05 was
accepted as statistically significant.

Results

TRPM2 channel is expressed in the exocrine pancreas

End-point PCR analysis of isolated acini and ductal
fragments confirmed that the TRPM2 gene was expressed
in the exocrine pancreatic cells (Fig. 1A). When
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Figure 1. Expression of TRPM2 in the exocrine pancreas
A, agarose gel images of cDNA samples derived from isolated acini and ductal fragments confirmed that the
TRPM2 gene is expressed in the exocrine pancreas. B and C, immunofluorescence labelling of TRPM2 on isolated
acinar clusters and cross-sections of isolated ducts. TRPM2 channels are expressed on the basolateral membrane
of the pancreatic acinar cells and on the apical membrane in ductal cells, which is also demonstrated on the
transmitted light images Scale bar: 10 μm.

C© 2020 University of Szeged, First Department of Internal Medicine. The Journal of Physiology C© 2020 The Physiological Society



J Physiol 0.0 Pathogenetic role of TRPM2 in biliary pancreatitis 7

immunofluorescence labelling of TRPM2 was performed
on isolated acinar clusters and cross-sections of iso-
lated ducts, the confocal images showed that TRPM2
channels were expressed on the basolateral membrane of
the pancreatic acinar cells, whereas an apical expression
pattern was seen in ductal cells (Fig. 1B, C).

Functional TRPM2 channels are present in pancreatic
acinar and ductal cells

When isolated WT pancreatic acini were challenged with
1 mM H2O2 to increase ROS, a rapid and sustained
increase of [Ca2+]I was observed (Fig. 2A), which was
significantly reduced in the TRPM2 KO acini (0.41 ± 0.09
vs. 0.17 ± 0.029, respectively). In cells treated in an
extracellular Ca2+-free medium, Ca2+ elevation was found

to be significantly impaired, and no difference was detected
between WT and TRPM2 KO cells. This suggests that
the sustained elevation of [Ca2+]I in response to H2O2

was largely due to TRPM2-channel-mediated influx of
extracellular Ca2+. In addition, H2O2 activated a reversible
cationic membrane current, with a relative linear I–V
relationship as was reported previously for TRPM2 (Liu
et al. 2013) (Fig. 2B). Similarly to acinar cells, treatment
of isolated WT pancreatic ductal fragments with 1 mM

H2O2 induced a sustained elevation of [Ca2+]I (Fig. 2C),
which was significantly lower in TRPM2 KO ductal cells
(0.30 ± 0.06 vs. 0.10 ± 0.013, respectively). In these cells as
well, Ca2+ elevation was significantly lower in Ca2+-free
conditions (Fig. 2C). As the intracellular Ca2+ level of
pancreatic ductal cells decrease in response to extracellular
Ca2+ removal, we normalised the maximal Ca2+ responses
to the same initial value. Genetic inhibition of TRPM2

Figure 2. Functional activity of TRPM2 in the exocrine pancreas
A, average traces of 5–6 individual experiments demonstrating the effect of 1 mM H2O2 on pancreatic acinar cells in
the presence or absence of extracellular Ca2+. Bar charts summarise the maximal Ca2+ responses to H2O2, which
was significantly reduced in TRPM2 KO acini. ∗P < 0.05 vs. WT. B, representative whole cell current recordings
and I–V relationships in isolated pancreatic acini. H2O2 activated a reversible cationic membrane current, with a
relative linear I–V relationship. n = 4 per group. C, averages of intracellular Ca2+ recordings in isolated pancreatic
ducts (5–6 experiments per group) in the presence or absence of extracellular Ca2+. The intracellular Ca2+ level
decreases in response to extracellular Ca2+ removal, as demonstrated by the representative trace of intracellular
Ca2+ recordings in isolated pancreatic duct (wild type). Bar charts summarise the maximal Ca2+ elevations evoked
by H2O2, which was significantly lower in TRPM2 KO ductal cells. These results suggest that TRPM2 mediates
extracellular Ca2+ influx under an oxidative stress condition in pancreatic acinar and ductal cells. ∗P < 0.05 vs. WT.
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channels had no effect on amylase release from pancreatic
acinar cells (data not shown) or on the HCO3

− secretion
by pancreatic ductal cells (described below, Fig. 3C, D).
Therefore, the physiological relevance and function of
TRPM2 in the exocrine pancreas still require further
characterisation and study.

TRPM2 contributes to bile-acid-induced extracellular
Ca2+ influx in pancreatic acinar cells

Bile acids can cause the release of Ca2+ from intracellular
stores and can trigger extracellular Ca2+ influx. To study
this, the intracellular Ca2+ elevation in response to bile
acid treatment was compared in pancreatic acini and
ducts. Administration of 250 μM CDC was found to trigger
a rapid, sustained increase in [Ca2+]I, which was markedly
impaired in the TRPM2 KO acinar cells (0.834 ± 0.02

vs. 0.655 ± 0.04) (Fig. 3A). These results highlight that
TRPM2 plays an important role in bile-acid-induced
extracellular Ca2+ influx in pancreatic acinar cells. By
contrast, no significant difference was detected in isolated
ductal fragments between the Ca2+ response of WT and
TRPM2 KO ducts to 250 μM CDC, suggesting that, in
ductal cells, TRPM2 plays no role in bile-acid-induced cell
injury (Fig. 3B).

Because HCO3
− secretion is the primary function of

the ductal epithelia, the HCO3
− efflux across the apical

membrane was compared between WT and TRPM2
KO ducts using fluorescence intracellular pH (pHi)
measurements (Maleth et al. 2015). Ductal cells were
exposed to 20 mM NH4Cl in HCO3

−/CO2-buffered
solution from the basolateral membrane, triggering a
rapid alkalisation because of the influx of NH3 (Fig. 3D),
followed by a slower recovery of the alkaline pH to the
resting pHi. This recovery phase depends on the HCO3

−

Figure 3. The role of TRPM2 in bile acid-evoked Ca2+ signal generation
A and B, average traces and bar charts of 5–6 individual experiments comparing intracellular Ca2+ elevations
evoked by 250 μM CDC in WT and TRPM2 KO acini and isolated ducts. Genetic deletion of TRPM2 reduced the
bile-acid-induced Ca2+ elevation in pancreatic acini, but not in ducts. ∗P < 0.05 vs. WT. C, average pHi traces of 4–6
experiments for each condition. Pancreatic ducts were perfused with HCO3

−/CO2-buffered extracellular solution,
and intracellular alkalisation was achieved via administration of 20 mM NH4Cl. D, bar charts of the calculated base
fluxes of HCO3

−. CDC at 250 μM significantly decreased both alkaline and acidic recovery; however, no significant
difference was detected in WT and TRPM2 KO ducts. E, average traces of H2DCFDA intensities and bar charts
of the maximal fluorescence intensity changes in isolated acini and ducts. ROS generation induced by bile acid
treatment was measured in 5–6 individual experiments. ∗P < 0.05 vs. acini.
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efflux (i.e. secretion) from the ductal epithelia via the
SLC26 Cl−/HCO3

− exchangers and cystic fibrosis trans-
membrane conductance regulator (CFTR) (Maleth et al.
2015). Removal of NH4Cl rapidly decreased pHi below
the resting value, which is restored by the activities of
the basolateral NHE1 and NBCe1 (Maleth et al. 2015).
The initial recovery rates were measured (calculated as
�pH/�t) over the first 30 s to calculate the base flux
[J(B−)] values as described (Maleth et al. 2015). With this
assay, no difference in the activities of the apical and baso-
lateral proteins was found between WT and TRPM2 KO
ducts (Fig. 3D, E). Although the administration of CDC
markedly inhibited ion secretion, as has been previously
described (Maleth et al. 2011), the genetic knockout of
TRPM2 demonstrated no protective effect, suggesting that
bile acids affect ductal cells via a TRPM2-independent
mechanism (Fig. 3D, E).

To provide a mechanistic explanation for the different
contribution of TRPM2 in bile acid-generated Ca2+
response in acinar and ductal cells, we measured the intra-
cellular ROS using H2DCFDA. In accordance with the
findings of Booth et al. (2011), we showed that 250 μM

CDC increased the intracellular ROS level in pancreatic
acini. Interestingly, ROS production during bile acid
treatment in ductal epithelial cells was significantly lower
compared to acinar cells (13.6 ± 2 vs. 33.4 ± 4 arbitrary
units).

Lack of TRPM2 decreases acinar cell necrosis during
bile acid exposure

Pancreatic acinar cell fate determines the severity of AP.
It was therefore also important to characterise the role
of TRPM2 in acinar cell death. In the untreated control
samples, �85% of the acinar cells were viable in both the
WT and the TRPM2 KO samples, which is comparable
to previously published results (Booth et al. 2011).
Incubation of WT and TRPM2 KO acini with 1 mM H2O2

for 30 min remarkably decreased the number of viable
cells, and necrotic cell death was significantly increased
(Fig. 4A, B). A lack of TRPM2 was observed to protect
acinar cells from oxidative-stress-induced cell necrosis
during H2O2 treatment (% of viable cells: 19.4 ± 0.4 in WT
vs. 49.1 ± 1.2 in TRPM2 KO). The rate of apoptosis was
similar in TRPM2 KO and WT acini (% of apoptotic cells:
9.1 ± 4.3 in WT vs. 10.8 ± 2.5 in TRPM2 KO), whereas
necrosis was significantly impaired in TRPM2 KO acini
(% of necrotic cells: 71.5 ± 4.2 in WT vs. 40.1 ± 3.2 in
TRPM2 KO). Similarly, incubation of acinar cells with
250 μM CDC for 30 min decreased the number of live
cells in the WT sample, although overall cell survival was
remarkably improved by TRPM2 deletion (% of viable
cells: 48.3 ± 0.9 in WT vs. 74.1 ± 1.3 in TRPM2 KO)
(Fig. 4A, B). TRPM2 deletion significantly decreased both

apoptotic and necrotic cell death in the CDC-treated group
(WT: 15.4 ± 2.5% vs. KO: 8.5 ± 1.3% and WT: 36.3 ± 2.2%
vs. KO: 17.4 ± 1.3%, respectively). Importantly, the lack
of TRPM2 channels resulted in a �30% decrease in
acinar cell death, suggesting that TRPM2 has an important
contribution to acinar cell death during biliary AP.

Lack of TRPM2 does not prevent mitochondrial
damage during bile acid exposure

We wanted to further characterise the intracellular
mechanisms that play a role in TRPM2-channel-mediated
cell necrosis. As TRPM2 has been reported to induce
mitochondrial damage (Liu et al. 2017), the mitochondrial
membrane potential was measured (��m) in WT and
TRPM2 pancreatic acinar cells. Administration of 1 mM

H2O2 resulted in a marked drop of ��m in WT cells
(Fig. 5A). The decrease of ��m was significantly lower in
TRPM2 KO cells, whereas removal of the extracellular
Ca2+ impaired the loss of ��m in WT cells to the
level of TRPM2 KO acini. This suggests that extracellular
Ca2+ influx through TRPM2 plays a crucial role in the
oxidative-stress-induced mitochondrial damage seen in
pancreatic acinar cells. The decrease of ��m in response to
250 μM CDC was also compared. However, no difference
was seen between WT and TRPM2 KO cells (Fig. 5B). This
may be due to the Ca2+-independent direct mitochondrial
toxicity of bile acids (Schulz et al. 2013). Previously,
TRPM2 channels have been suggested to be key mediators
of diabetic stress-induced mitochondrial fragmentation
in endothelial cells (Abuarab et al. 2017). Notably, in
pancreatic acinar cells, fragmentation of mitochondria
was not observed in response to either H2O2 or bile acid
treatment (Fig. 5C).

Lack of TRPM2 decreases the severity of experimental
biliary pancreatitis

To determine the role of TRPM2 in the pathogenesis of AP,
the disease severity of WT and TRPM2 KO animals was
compared in two standard experimental AP models. In
the first series of experiments, mice were given 10 hourly
I.P. injections of either physiological saline (control group)
or 50 μg bwkg−1 cerulein to induce AP (Fig. 6A). Over-
all, in this experimental model, no significant differences
were detected between WT and TRPM2 KO mice. The
control animals had normal pancreatic histology in
both groups (Fig. 6A), whereas cerulein hyperstimulation
caused extensive pancreatic damage. Despite this, no
significant differences were observed in the histological
parameters between the WT and TRPM2 KO animals.
The extent of interstitial oedema (3.14 ± 0.25 for WT vs.
3.03 ± 0.34 for KO), leukocyte infiltration (2.74 ± 0.53
for WT vs. 3.04 ± 0.23 for KO, P = 0.08) or necrosis
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Figure 4. The role of TRPM2 in acinar cell necrosis during bile acid exposure
A, representative images of different conditions (blue: live cells labelled with CytoCalcein 450, green: necrotic
cells labelled with Nuclear Green, and red: apoptotic cells labelled with Apopxin Deep Red). Scale bar: 20 μm. B,
bar chart representing the ratio of live, apoptotic and necrotic cells. Incubation of WT and TRPM2 KO acini with
1 mM H2O2 or with 250 μM CDC for 30 min markedly decreased the number of viable cells, whereas necrosis
was significantly increased. TRPM2 KO acinar cells displayed a significantly decreased rate of apoptosis in the
bile acid-treated group, whereas cell necrosis was impaired in both cases. n = 4–5 experiments/group. C, bar
charts representing the ratio of live, apoptotic and necrotic cells. TRPM2 knockout significantly improved acinar
cell survival in the 1 mM H2O2 or 250 μM CDC-treated groups. ∗P < 0.05 vs. WT treated sample (H2O2 or CDC);
n = 4–5 experiments/group.
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(18.64 ± 3.16 for WT vs. 21.32 ± 3.58 for KO) was not
found to be significantly different in the cerulein-treated
groups (Fig. 6B).

More importantly, the role of the TRPM2 channel in
the pathogenesis of biliary AP was also examined. In this

model, pancreatitis was induced by intraductal infusion
of 4% sodium taurocholate (control animals received
physiological saline) as described previously (Pallagi et al.
2014). The infusion of 4% sodium taurocholate induced
necrotising pancreatitis in both WT and TRPM2 KO

Figure 5. The effect of TRPM2 on the development of mitochondrial damage
A, average traces and bar charts of the changes of ��m in WT and TRPM2 pancreatic acinar cells. H2O2 at 1 mM

markedly decreased ��m in WT cells (blue trace), which was impaired by TRPM2 knockout (red trace) or removal
of the extracellular Ca2+ (green trace). Control cells were perfused with standard HEPES solution (grey trace). B,
by contrast, no difference was observed when acinar cells were challenged by 250 μM CDC. C, representative
confocal images of labelled mitochondria in pancreatic acinar cells. Mitochondrial fragmentation was not observed
in response to H2O2, or to bile acid treatment. Scale bar: 10 μm. n = 6–7 experiments/groups; ∗P < 0.05 vs. WT.
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Figure 6. Genetic knockout of TRPM2 decreases the severity of biliary, but not cerulein-induced, acute
pancreatitis
A, representative images of pancreatic histology in cerulein-induced pancreatitis. Mice were given 10 hourly
I.P. injections of either physiological saline (control group) or 50 μg bwkg−1 cerulein. Scale bar: 100 μm. B,
cerulein administration caused extensive pancreatic damage; however, no significant differences were observed
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mice, accompanied by elevated histological and laboratory
parameters (Fig. 6C, D). The extent of interstitial oedema
(2.8 ± 0.16 for WT vs. 2.7 ± 0.2 for KO) or leukocyte
infiltration (3.3 ± 0.38 for WT vs. 2.7 ± 0.29 for
KO, P = 0.08) was not significantly different in the
sodium taurocholate-treated groups. Notably, the extent
of necrosis was significantly higher in the WT group in
comparison to the TRPM2 KO animals (41.3% ± 7.13%
for WT vs. 26.4%±5.5% for KO). In accordance with these
findings, serum amylase activities were also significantly
higher in the sodium taurocholate-treated WT animals
versus the TRPM2 KO group. This perfectly mimicked the
in vitro results obtained in this study, further confirming
the crucial role of the TRPM2 channel in the pathogenesis
of biliary AP.

Discussion

Previous reports suggest that bile acids can trigger
sustained intracellular Ca2+ elevation, increase intra-
cellular and intramitochondrial ROS production and
damage the mitochondrial network in both pancreatic
acinar and ductal cells. These subcellular changes can
eventually lead to AP, which is a severe inflammatory
disease of the gastrointestinal tract that has no specific
treatment. Although the TRPM2 channel has recently
emerged as an ROS-sensitive non-specific cation channel
that mediates Ca2+-dependent injury, the possible role
that this channel plays in the pathogenesis of AP has yet
to be investigated.

Although the expression of TRPM2 has been
demonstrated previously in different cell types, including
inflammatory cells (Yamamoto et al. 2008), myocytes
(Miller et al. 2019) and epithelial cells (Liu et al. 2013),
to our knowledge, this is the first report demonstrating
the expression of TRPM2 in the exocrine pancreas. Using
conventional PCR and immunolabelling techniques, the
expression of TRPM2 in the basolateral membrane of
acinar cells and on the luminal membrane of ductal
cells was confirmed. In addition, increased intracellular
ROS was found to trigger TRPM2-mediated extracellular
Ca2+ influx in both cell types. This study did not
show any alterations in acinar and ductal cell function
between WT and TRPM2 KO mice. However, intra-
cellular Ca2+ signalling is one of the major signalling
pathways in the exocrine pancreas (Ahuja et al. 2014;

Maleth & Hegyi, 2014) which regulates the secretion of
digestive enzymes in acinar cells as well as ion and fluid
secretion in ductal cells. Therefore, it might be possible
that TRPM2-mediated Ca2+ entry could contribute to
physiological signalling, although further studies are
required to confirm this. In other cell types, redox
signals have been demonstrated to sensitise TRPM2 and
increase the intracellular Ca2+ concentration at physio-
logical body temperature, which plays an important
role in the regulation of macrophage functions (Kashio
et al. 2012). In TRPM2 KO mice, blood glucose levels
were significantly higher, whereas insulin secretion was
significantly impaired, suggesting a potential role of
TRPM2-mediated Ca2+ increase in insulin secretion
(Uchida et al. 2011). On the other hand, activation of
TRPM2 channels in pancreatic β-cells increased intra-
cellular Ca2+ concentration and release of sequestered
intracellular Zn2+ from lysosomes (Manna et al. 2015).
In these experiments, gene knockout of TRPM2 protected
mice from β-cell death. Previously, TRPM2 was shown
to facilitate extracellular Ca2+ influx in monocytes in
response to H2O2 and thus regulate the production of
the macrophage inflammatory protein-2 (CXCL2), which
in turn regulated the inflammatory response in a dextran
sulphate sodium-induced colitis inflammation model in
mice (Yamamoto et al. 2008). In another experimental
model, the lack of TRPM2-regulated CXCL2 production
in TRPM2 KO mice suppressed neutrophil infiltration into
the CNS and slowed the progression of experimental auto-
immune encephalomyelitis (Tsutsui et al. 2018). The role
of TRPM2 has also been indicated in irradiation-induced
side effects in cancer patients. In salivary gland epithelial
cells, irradiation increased ROS production during radio-
therapy of head and neck cancers, which activated
TRPM2-mediated extracellular Ca2+ influx in acinar cells
(Liu et al. 2013). The sustained intracellular Ca2+ entry
leads to impaired secretory function of acinar cells and to
the development of xerostomia, a frequent side effect of
radiotherapy in these patients. In a downstream study, the
same group demonstrated that irradiation increased the
mitochondrial Ca2+ concentration and the production of
ROS, impaired the ��m and activated caspase-3. These
changes led to a sustained decrease in STIM1 expression
and consequently decreased the store-operated Ca2+ entry
(Liu et al. 2017).

Disturbed intracellular Ca2+ homeostasis has been
suggested by several studies to play a pivotal role

in the histological parameters of WT and TRPM2 KO animals. n = 6–7 animals/groups; ∗P < 0.05 vs. WT;
∗∗P < 0.05 vs. TRPM2 KO. C, representative images of pancreatic histology in sodium taurocholate (Na-TC)-induced
pancreatitis. Pancreatitis was induced by intraductal infusion of 4% Na-TC. Scale bar: 100 μm. D, the infusion of
4% Na-TC-induced necrotising pancreatitis in WT and TRPM2 KO mice accompanied by elevated histological and
laboratory parameters. Although the extent of interstitial oedema or leukocyte infiltration was not different, the
extent of necrosis was significantly impaired in the TRPM2 KO animals. n = 6–7 animals/groups; ∗P < 0.05 vs. WT
control; ∗∗P < 0.05 vs. TRPM2 KO control; aP < 0.05 vs. WT Na-TC treated.
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in bile-acid-induced exocrine pancreatic cell damage.
In pancreatic acini, bile acids trigger dose-dependent
intracellular Ca2+ elevation via the activation of InsP3

and ryanodine receptors (Gerasimenko et al. 2006). In
addition, Perides et al. (2010a) showed that activation
of the G-protein-coupled cell surface bile acid receptor
(Gpbar1 or TGR5) at the apical membrane of pancreatic
acinar cells leads to sustained Ca2+ elevation, intra-
cellular activation of digestive enzymes and cell injury.
Moreover, the genetic deletion of Gpbar1 specifically
reduced the severity of TLC-S-induced AP. However, in
pancreatic ductal cells, CDC dose-dependently elevated
the intracellular Ca2+ level and inhibited HCO3

− secretion
(Venglovecz et al. 2008). In our experiments, CDC
increased the [Ca2+]I both in acinar and in ductal cells,
but genetic deletion of TRPM2 decreased Ca2+ elevation
only in acinar cells. The results of this study show
that the TRPM2 channel has a �22% contribution to
the bileacid-generated Ca2+ signal in acinar cells. Inter-
estingly, our results highlighted that the generation of
intracellular ROS in response to bile acids is remarkably
different in pancreatic acinar and ductal cells, which
can provide a mechanistic explanation for the different
involvement of TRPM2 in bile acid-generated Ca2+
response in these cell types. This different response
might be caused by the difference in the mitochondrial
mass in acinar versus ductal cells (Park et al. 2001;
Maleth et al. 2011). As expected from this, the genetic
deletion of TRPM2 had no protective effect against bile
acid-induced inhibition of ductal secretion. By contrast,
in acini, other plasma membrane Ca2+ channels were
also demonstrated to contribute to cell damage during
AP. Gerasimenko et al. (2013) showed that the inhibition
of extracellular Ca2+ entry via Orai1 decreases acinar
cell necrosis in vitro. Moreover, inhibition of Orai1 by
selective inhibitors markedly impaired the extracellular
Ca2+ influx and sustained Ca2+ overload in pancreatic
acinar cells upon bile acid stimulation, which significantly
impaired pancreatic oedema, inflammation and necrosis
in experimental models of AP (Wen et al. 2015). Others
found that deletion of TRPC3 markedly reduced the
bile acid-evoked Ca2+ signals and decreased the intra-
cellular trypsin activation in vitro and the severity of
cerulein-induced AP in vivo (Kim et al. 2009). In addition,
Kim et al. (2002) described that transporter-mediated
bile acid uptake results in a specific and significant
sarco/endoplasmic reticulum Ca2+ ATPase pump function
and thus depletes the endoplasmic reticulum Ca2+ stores,
leading to cell damage and necrosis.

Intracellular Ca2+ overload can lead to pre-
mature activation of trypsinogen (Kruger et al. 2000),
mitochondrial damage and cell necrosis in acinar cells
(Criddle et al. 2006). In the present study, knockout
of TRPM2 resulted in a significant protection of
pancreatic acinar cells from H2O2 and bile acid-induced

necrosis. Importantly, this protection was also observed in
TC-induced AP as the extent of necrosis was significantly
lower in TRPM2 KO mice compared to the WT littermates.
In line with our results, Booth et al. (2011) reported that
incubation of pancreatic acinar cells with TLC-S in vitro
induced Ca2+-dependent necrosis, which was abolished by
pre-treatment with BAPTA-AM. Using different inhibitors
to prevent apoptosis and necrosis, the authors suggested
that elevated intracellular and intramitochondrial ROS are
the major triggers of apoptosis, whereas increases in intra-
cellular and intramitochondrial Ca2+ induce necrosis. As
bile acids inhibited cellular ATP production (Voronina
et al. 2010) and decreased ��m (Voronina et al. 2004), we
also compared the changes of ��m in response to bile acid
treatment in TRPM2 KO and WT acinar cells. The genetic
knockout of TRPM2 and removal of the extracellular
Ca2+ markedly reduced the drop of ��m, suggesting that
extracellular Ca2+ influx through TRPM2 plays a crucial
role in oxidative stress-induced mitochondrial damage.
Despite this, we did not detect this protective effect in
bile acid-treated cells, a result which might be explained
by the Ca2+-independent direct mitochondrial toxicity
of bile acids. Direct mitochondrial toxicity of bile acids
was described in an experimental model of cholestasis. In
these series of experiments, Schulz et al. (2013) found that
bile acids impaired the mitochondrial membrane potential
and induced mitochondrial permeability transition pore
opening. Another group showed that physiologically
relevant concentrations of bile acids can induce alterations
in the mitochondria outer membrane order, which again
can lead to opening of the mitochondrial membrane
permeability transition pore in isolated mitochondria
(Sousa et al. 2015). Previously, we (Venglovecz et al.
2008) and others (Voronina et al. 2004) also reported
that the toxic effects of bile acids cannot be completely
abolished by the removal of intracellular Ca2+ elevation.
Mitochondrial fragmentation, which has been previously
linked to the activation of TRPM2 (Abuarab et al. 2017),
was not observed in our experiments. These results suggest
that bile acids can induce mitochondrial damage in several
different ways independently of intracellular Ca2+ over-
load. On the other hand, independently of mitochondrial
damage, other Ca2+-dependent toxic effects of bile acids
have been described, which could also contribute to
acinar cell necrosis. Bile acids were shown to activate
calcineurin via the elevation of intracellular Ca2+ in
pancreatic acinar cells, leading to intra-acinar activation
of chymotrypsinogen and NF-κB activation, and acinar
cell death (Muili et al. 2013b). In addition, genetic
or pharmacological inhibition of calcineurin reduced
the severity of TLC-S-induced AP, and pharmacological
and genetic inhibition of calcineurin abolished the
translocation of protein kinase C, which is a critical
upstream regulator of NF-κB activation (Muili et al.
2013a).

C© 2020 University of Szeged, First Department of Internal Medicine. The Journal of Physiology C© 2020 The Physiological Society



J Physiol 0.0 Pathogenetic role of TRPM2 in biliary pancreatitis 15

In our study, general TRPM2 KO mice were used, so
other factors might contribute to the observed protective
effect of TRPM2 deletion in acute biliary pancreatitis. It
is well described that inflammatory cells contribute to
the severity of AP (Sendler et al. 2018, 2020). Previously,
TRPM2 was identified as a crucial contributor of mono-
cyte response to oxidative stress, which in turn regulated
the production of the macrophage inflammatory protein-2
(CXCL2) and inflammatory response in experimental
colitis in mice (Yamamoto et al. 2008). Although
inflammatory cell infiltration of the damaged area peaks
several days (on day 3–4) after the initial injury, these
cell types do not contribute to the early events in AP
pathogenesis. In our series of experiments, the animals
were killed 24 h after the bile acid infusion, and therefore
we concluded that the observed difference is primarily due
to the lack of TRPM2 expression in the acinar cells.

Taken together, to the best of our knowledge, this is the
first report of the expression and pathological function
of the TRPM2 channel in the exocrine pancreas. We
demonstrated that both pancreatic acinar and ductal cells
express functionally active TRPM2, which can be activated
by increased oxidative stress. Importantly, we have also
provided evidence that TRPM2 activity contributes to
bile acid-induced extracellular Ca2+ influx in acinar but
not ductal cells, which promotes acinar cell necrosis
independently of mitochondrial damage and increases the
severity of bile acid-induced experimental pancreatitis.
These results suggest that inhibition of TRPM2 might
be a potential option for use in treating biliary
pancreatitis.
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Translational perspective

Inflammatory disorders of the pancreas (such as acute and
chronic pancreatitis) pose a significant clinical challenge as
currently no specific pharmaceutical treatment exists. Basic
science studies can identify pathogenic disease mechanisms
as novel drug targets, which can support drug discovery and
therapy development in pancreatic diseases. Disturbed intra-
cellular Ca2+ signalling caused by bile acids is a hallmark of
the disease, which induces increased reactive oxygen species
production, mitochondrial damage, intra-acinar digestive
enzyme activation and cell death. Because of this mechanism
of action, prevention of toxic cellular Ca2+ overload might
be a promising therapeutic target. Transient receptor potential
melastatin 2 (TRPM2) is a non-selective cation channel that
has recently emerged as an important contributor to oxidative
stress-induced cellular Ca2+ overload across different diseases.
In our study, we are the first to report that TRPM2 is expressed
in the acinar and ductal cells of the exocrine pancreas, which can
be activated by increased oxidative stress. Activation of TRPM2
contributed to bile acid-induced extracellular Ca2+ influx in
acinar cells, which promoted necrosis in vitro and in vivo.
In an experimental model of biliary AP, genetic knockout of
TRPM2 significantly decreased the disease severity and protected
acinar cell. Based on these results we suggest that the inhibition
of TRPM2 may be a potential treatment option for biliary
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pancreatitis and development of novel TRPM2 inhibitors can
be translated to patient benefit.
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acinar cell necrosis, acute pancreatitis, bile acid, Ca2+ signalling,
epithelial ion transport, TRPM2 channel
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Abstract
Pancreatic exocrine secretory processes are challenging to investigate on primary epithelial cells. Pancreatic organoid
cultures may help to overcome shortcomings of the current models, however the ion secretory processes in pancreatic
organoids—and therefore their physiological relevance or their utility in disease modeling—are not known. To answer these
questions, we provide side-by-side comparison of gene expression, morphology, and function of epithelial cells in primary
isolated pancreatic ducts and organoids. We used mouse pancreatic ductal fragments for experiments or were grown in
Matrigel to obtain organoid cultures. Using PCR analysis we showed that gene expression of ion channels and transporters
remarkably overlap in primary ductal cells and organoids. Morphological analysis with scanning electron microscopy
revealed that pancreatic organoids form polarized monolayers with brush border on the apical membrane. Whereas the
expression and localization of key proteins involved in ductal secretion (cystic fibrosis transmembrane conductance
regulator, Na+/H+ exchanger 1 and electrogenic Na+/HCO3

− cotransporter 1) are equivalent to the primary ductal fragments.
Measurements of intracellular pH and Cl− levels revealed no significant difference in the activities of the apical Cl−/HCO3

−

exchange, or in the basolateral Na+ dependent HCO3
− uptake. In summary we found that ion transport activities in the

mouse pancreatic organoids are remarkably similar to those observed in freshly isolated primary ductal fragments. These
results suggest that organoids can be suitable and robust model to study pancreatic ductal epithelial ion transport in health
and diseases and facilitate drug development for secretory pancreatic disorders like cystic fibrosis, or chronic pancreatitis.

Introduction

Pancreatic ductal epithelia (PDE) have been known to
provide the structural framework of the exocrine pancreas,
but more importantly they secrete HCO3

− and fluid that
play pivotal role in the pancreatic physiology [1]. Exocrine
ductal secretion flushes out bioactive molecules, including
pancreatic enzymes secreted by acinar cells to the duode-
num [2]. In addition, the alkaline ductal fluid neutralizes
protons co-secreted during acinar exocytosis, which pre-
vents the premature activation of pancreatic proenzymes in
the ductal lumen by inhibiting the autoactivation of trypsi-
nogen [3]. On the other hand, in disease conditions—such
as cystic fibrosis or acute pancreatitis—the impaired ductal
secretion could lead to the functional and morphological
damage of the acinar cells [4, 5], enhanced inflammatory
response [6], or complete destruction of the gland leading to
exocrine pancreatic insufficiency [7]. Standard isolation
techniques of pancreatic ducts [8]—based on digestion of
the pancreas with collagenase and manual isolation of the
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ductal fragments under stereomicroscope—have been used
extensively to study pancreatic ductal physiology and
pathology and led to a better understanding of the ductal
epithelia in health and disease. This technique made the
study of primary PDE cells possible, including physiolo-
gically relevant measurements, such as forskolin induced
swelling [5] or fluorescent indicator-based intracellular pH
measurements [9]. The most important limitation of this
widely used isolation technique is that the complete removal
of the surrounding conjunctive tissue—including fibroblasts
—is not possible under a stereomicroscope leading to a
mixed culture of epithelial and mesenchymal cells [10].
Thus, for example evaluation of changes in gene expression
of epithelial cells could be confounded by alterations in the
surrounding fibroblasts. Moreover, due to the limited
amount of the isolated tissue, studies of protein expression
is limited to immunofluorescent labeling, whereas, the
applicability of other techniques to study protein expres-
sions are limited and difficult.

Organoid cultures (OCs) derived from tissue specific
Leucine-rich repeat-containing G-protein coupled recep-
tor 5 positive (Lgr5+) adult stem cells emerged recently
as novel models of organ development and disease
[11, 12]. By maintaining the activity of Wnt/β-Catenin
signal transduction cascade—a key driver of most types of
tissue stem cells [13]—OCs can be grown in vitro long-
term in 3D extracellular matrix-based hydrogels; whereas,
epithelial cells in the culture maintain the original cellular
diversity and organization of the organ of origin [14]. The
technique was originally developed to culture small
intestinal Lgr5+ adult stem cells that generated
crypt–villus like structures [15]. Since then OCs have
been established from a wide range of organs in the
gastrointestinal tract, including large intestine and eso-
phagus [11], stomach [16], liver and pancreas [17]. Clear
advantages of OCs over conventional 2D cell cultures are
that in OCs more relevant cell-to-cell contact is main-
tained, whereas in 2D cultures the cells are attached to the
plastic surface and cell-to-cell contacts are limited to the
edges [18]. In pancreatic research currently OCs are stu-
died as relevant human models of tissue development [19]
and carcinogenesis [20]. The above described potential
limitations of isolated ductal fragments might be over-
come by the application of pancreatic OCs for both phy-
siological and pathological studies. However, the
physiological relevance of pancreatic OCs is currently
not known.

In this manuscript we provide a side-by-side comparison
of morphology and function of isolated primary mouse
pancreatic ductal fragments and pancreatic OCs. Using end-
point PCR analysis to compare mRNA expressions of 12
functional genes (encoding ion channels and transporters),
we demonstrated that both primary ductal fragments and OCs

express these genes. Moreover, our data confirmed that epi-
thelial cells in pancreatic OCs maintain apical-basal polarity
as demonstrated by electron microscopy and immunolabeling
of the apical CFTR Cl− channel, the basolateral Na+/H+

exchanger 1 (NHE1), and electrogenic Na+/HCO3
− cotran-

sporter 1 (NBCe1). Functional comparison of ion secretion
using fluorescent indicators of intracellular pH and Cl− levels
revealed no significant difference in the activities of Na+

dependent basolateral HCO3
− uptake, or in the apical HCO3

−

extrusion. We also showed that the intracellular Ca2+ sig-
naling—a crucial intracellular signaling pathway in non-
excitable epithelial cells—is highly comparable in primary
ductal epithelial cells and OCs cells. Taken together, our
data suggest that pancreatic ductal OCs are excellent models
to study exocrine pancreatic ductal physiology and
pathophysiology.

Materials and methods

Animals

Ten- to twelve-week-old FVB/N mice were used with
adherence to the NIH guidelines and the EU directive 2010/
63/EU for the protection of animals used for scientific
purposes. The study was approved by the National Scien-
tific Ethical Committee on Animal Experimentation under
license number XXI./2522/2018.

Isolation of pancreatic ductal fragments

Pancreatic ductal fragments were isolated as described
earlier [6]. Briefly, after terminal anesthesia the pancreas
was surgically removed and digested for 30 min with 100 U/
ml purified collagenase (Worthington, Cat. No.:
LS005273), 0.1 mg/ml trypsin inhibitor (ThermoFisher
Scientific, Cat. No.: 17075029) and 1 mg/ml bovine serum
albumin (VWR, Cat. No.: 9048-46-8) in DMEM Nutirent
Mixture F-12 Ham (Sigma, Cat. No.: D6421) at 37 °C in a
shaking water bath. Small intra-/interlobular ducts were
isolated by microdissection under stereomicroscope. Iso-
lated ductal fragments were used for experimental analysis,
or were cultured as described below.

Mouse ductal pancreatic organoid culture

For the establishment of OCs we used the previously pub-
lished protocol by Boj et al. [20]. Briefly, isolated mouse
ducts were resuspended in Corning® Matrigel (VWR, Cat.
No.: 734-1100) and 10 μl Matrigel domes were plated into
24-well pates. The plates were placed on 37 °C until the
Matrigel domes solidified. After that prewarmed Mouse
Feeding Media was added to each well (for composition of
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feeding and digestion media please see Supplementary
Table 1). Feeding media was replaced every other day and
organoids were passaged weekly by gentle physical dis-
ruption and centrifugation. For the experiments organoids
were used until passage no. 5. to avoid any changes in gene
expression.

Gene expression analysis

The expression analysis of investigated genes was
assessed by combining reverse-transcription (RT-PCR)
and conventional polymerase chain reactions (PCR).
Total mRNA was isolated from three independent bio-
logical replicates of mouse whole brain tissue, mouse
ductal fragments, or OCs by NucleoSpin RNA XS kit
(Macherey-Nagel, Ref.:740902.50) according to the
manufacturer’s instructions. The mRNA concentrations
were measured by NanoDrop™ 2000 spectrophotometer
(ThermoFisher Scientific). 1 µg purified mRNA was used
for each cDNA synthesis step. RT-PCRs were carried out
by using iScript™ cDNA Synthesis kit (Bio-Rad; Cat.
No.: 1708890). For the conventional PCR amplification
DreamTaq Hot Start DNA Polymerase (ThermoFisher
Scientific, Cat. No.: EP1702) and cDNA specific primers
were applied as indicated in Supplementary Table 2. All
the primers were validated on template cDNA deriving
from mouse brain tissue (Supplementary Fig. 1). To
compare gene expression levels derived from the same
experiments (which are represented by individual agarose
gel images in Fig. 1), we used plot lanes analysis quan-
tification by ImageJ software.

Immunofluorescent labeling

Isolated pancreatic ductal fragments or organoids were
frozen after the first passage in Shandon Cryomatrix
(ThermoFisher Scientific, Cat. No.: 6769006) and stored at
−20 °C until sectioning. 7 µm thick sections were cut with
cryostat (Leica CM 1860 UV) at −20 °C. Sections were
fixed in 4% PFA-PBS for 15 min then washed in 1× Tris
buffered saline (TBS) for 3 × 5 min. Antigen retrieval was
performed in Sodium Citrate - Tween20 buffer (0.001 M
Sodium Citrate Buffer, pH 6.0 and 0.05% Tween20) at 94 °
C for 30 min. Sections were blocked with 0.1% goat serum
and 10% bovine serum albumin (BSA)-TBS for 1 h. Incu-
bation with primary antibodies were performed overnight at
4 °C. For the list and dilution of antibodies, please see
Supplementary Table 3. Sections were incubated with sec-
ondary antibody for 2 h at room temperature. Nuclear
staining was performed with 1 μg/ml Hoechst33342 (Ther-
moFisher Scientific; Cat. No.: 62249) for 15 min and sec-
tions were placed in Fluoromount mounting medium
(Sigma-Aldrich; Cat. No.: F4680) then left to dry. Images
were captured with a Zeiss LSM880 confocal microscope
using a 40× oil immersion objective (Zeiss, NA: 1.4).

Electron microscopy

Sample preparation

Isolated pancreatic ductal fragments or organoids after the
first passage were fixed for 24 h in 3% glutaraldehyde
(Electron Microscopy Sciences, Cat. No: 16220) at room

Fig. 1 Comparison of gene expression of isolated pancreatic ducts and
pancreatic organoids. Left and right panels show the agarose gel
images of cDNA samples derived from isolated mouse pancreatic
ductal fragments and pancreatic organoids, respectively. The gene

expression of the two samples showed a marked overlap. Images were
captured after 35 cycles. List of investigated genes can be found in
Supplementary Figure 1
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temperature and washed for 3 × 15 min in 0.3 M cacodylate
buffer (pH 7.4) (EMS, Cat. No: 12310). For contrasting
samples were incubated in 3% potassium ferrocyanide
(Sigma-Aldrich, Cat. No: 60279) and 2% osmium tetroxide
(EMS, Cat. No: 19110) in 300 mM cacodylate buffer for 1 h
at 4 °C. This was followed by 20 min incubation in 1%
thiocarbohydrazide (Sigma-Aldrich, Cat. No.: 223220),
then the samples were placed in 2% osmium tetroxide for
30 min at room temperature and finally samples were
incubated overnight in 1% uranyl acetate at 4 °C. Sample
dehydration was performed with 20%, 50%, 70%, 96% and
absolute ethanol, respectively for 15 min in each dilution
and 1,2-propylene oxide (Merck, Cat. No.: 8.07027.1001)
was used as intermedier 2 × 5 min. All solutions were pre-
pared with AccuGENE molecular biology water (Lonza,
Cat. No.: 51223) and filtered through a 0.22 µm syringe
filter. For infiltration Epon 812 resin was used according to
the manufacturer’s instructions (Embed 812 Resin, EMS,
Cat. No.: 14900; DDS, EMS, Cat. No.: 13710, NMA, EMS,
Cat. No.: 19000, BDMA, Sigma-Aldrich, Cat. No.:
185582). Sample infiltration was performed in two steps
(propylene oxide+ resin 1:1 solution then pure resin).
Resin polymerization was done at 60 °C for 24 h.

Sectioning and imaging

Before sectioning, indium tin oxide covered glasses were
put into a Quorum carbon coater (Quorum Q150R ES Plus,
Quorum Tech) for negative glow discharge. The blocks
were trimmed and 100 nm ultrathin sections were cut by a
35° Ultra jumbo diamond knife type (DIATOME) on an
RMC Powertome ultramicrotome with 0.8 mm/s cutting
speed. Post contrasting was performed with 5% uranyl
acetate and Reynolds solution. Sections were carbon-coated
and placed into a Zeiss Sigma 300 scanning electron
microscope (SEM). Images were captured by an in chamber
secondary electron detector. Imaging parameters were as
follows: 2.34 A filament current, 5 kV acceleration voltage.
30 nm pixel size was used for lower magnification and 10
nm for higher magnification images.

Fluorescent microscopy

Pancreatic ductal fragments or organoids were attached to a
poly-l-lysine coated coverglass and were incubated in
standard HEPES solution with BCECF-AM (1.5 μmol/L),
Fura2-AM (5 μmol/L), or MQAE (2 μmol/L) for 30 min at
37 °C. Cover glasses were then transferred to a perfusion
chamber mounted on an Olympus IX71 inverted micro-
scope. Dye loaded samples were excited with an Olympus
MT-20 illumination system equipped with a 150W xenon
arc light source. For BCECF the filter combination was as
follows: 434/17 nm and 497/16 nm single-band bandpass

filters for excitation (Semrock; P/N: FF01-434/17-25 and
FF01-497/16-25, respectively), 511 nm edge single-edge
standard epi-fluorescence dichroic beamsplitter (Semrock;
P/N: FF511-Di01-25 × 36) and 537/26 nm single-band
bandpass filters for emission (Semrock; P/N: FF01-537/
26-25). For Fura2: 340/26 nm and 387/11 nm single-band
bandpass filters for excitation (Semrock; P/N: FF01-340/26-
25 and FF01-387/11-25, respectively), 409 nm edge single-
edge standard epi-fluorescence dichroic beamsplitter
(Semrock; P/N: FF409-Di03-25 × 36) and 510/84 nm
single-band bandpass filters for emission (Semrock; P/N:
FF01-510/84-25). For MQAE: 340/26 nm single-band
bandpass filters for excitation (Semrock; P/N: FF01-340/
26-25), 409 nm edge single-edge standard epi-fluorescence
dichroic beamsplitter (Semrock; P/N: FF409-Di03-25 × 36)
and 510/84 nm single-band bandpass filters for emission
(Semrock; P/N: FF01-510/84-25). The fluorescent signal
was captured by a Hamamatsu ORCA-ER CCD camera
trough a ×20 oil immersion objective (Olympus; NA: 0.8)
with a temporal resolution of 1 s. Ratiometric image ana-
lysis was performed by Olympus excellence software.

For pH measurement with SNARF-1 (ThermoFisher
Scientific; Cat. No.: C1272), or SNARF-1 dextran (Ther-
moFisher Scientific; Cat. No.: D3304) organoids
were attached to a poly-l-lysine coated coverglass and were
incubated in standard HEPES solution with SNARF-1 (10
μmol/L) for 30 min at 37 °C. SNARF-1 dextran was injec-
ted into the lumen of the organoids using a glass injection
pipette. Images were captured by a Zeiss LSM880 confocal
microscope was used with a ×40 water immersion objective
(Zeiss, NA: 1.2). Samples were excited with 514 nm Argon
laser and emitted fluorescent signal was captured by a
GaASP detector between 550–580 nm and 610–650 nm
respectively with a temporal resolution of 5 s. The ratio of
the two emission wavelengths (640/580 ratio) was calcu-
lated by Zeiss Zen Black software.

Statistics

All data are expressed as means ± SEM. Significant differ-
ences between groups were determined by analysis of var-
iance. p < 0.05 was considered statistically significant.

Results

mRNA expression of ion channels and transporters
in isolated pancreatic ducts and organoids

To confirm that OCs are suitable to study pancreatic ductal
secretion, first we wanted to check whether gene expression
patterns of ion channels and transporter proteins (listed in
Supplementary Fig. 1A) are comparable in isolated ducts and

R. Molnár et al.



organoids (cycle number: 35 in Fig. 1; cycle number: 30 in
Supplementary Fig. 3). The relative band densities showing
the gene expressions compared with each other within one gel
are presented in Supplementary Fig. 4. Our results confirmed
the expression of Slc26a6, Cftr, Nhe1, and Nbce1 in both
isolated ductal fragments and in pancreatic OCs. In addition,
we demonstrated the expression of nongastric H+/K+

ATPase; Ca2+-activated K+ channel (BK channel); Slc26a3
Cl−/anion exchanger and the basolateral Na+/K+/Cl− sym-
porter (Nkcc). The expression of K+ channels in the pan-
creatic ductal epithelia is controversial and species dependent
[21], therefore, we selected four members of the voltage-gated
subfamily Kcna1, Kcna2, Kcnd3, and Kcnh1, which were not
yet described in the pancreatic ductal epithelia to further
confirm the uniformity of gene expression in primary ducts
and OCs. We found that these four members of the subfamily
are expressed in both samples strengthening their potential
similarity. Very interestingly, we also detected the expression
of genes coding the two members of the voltage-gated Cl−

channels (Clcn1 and Clcn3), epithelial sodium channel (Enac)
and the Ca2+-activated Cl− channel Anoctamin1 (Ano1, or
Tmem16a) in both isolated primary ductal fragments and
pancreatic OCs.

Morphological and functional polarity of pancreatic
OCs

Comparison of the ultrastructure of isolated ductal frag-
ments and pancreatic OCs highlighted that OCs were
formed by a single layer of epithelial cells (Supplementary
Fig. 5) that show similar apical-basal polarity as primary
ductal epithelia (Fig. 2a, b). On the apical membrane, we
detected brush border in both samples (arrows), whereas
the mitochondria showed similar intracellular distribution
around the lumen forming a belt-like structure in the
apical segment of the cells (arrowheads) both in OCs and
isolated ducts as reported earlier [10]. To investigate the
functional polarity immunofluorescent labeling of both
the OCs and primary ducts was performed. As demon-
strated on the confocal images, we were able to show that
NHE1 and NBCe1 are expressed solely on the basolateral
membrane whereas CFTR is expressed exclusively on the
apical membrane of the epithelial cells (Fig. 2c). Similarly
to isolated ducts, these results confirmed the morpholo-
gical and functional polarity of OCs.

Apical Cl− dependent HCO3
− secretion in pancreatic

organoids

As the primary function of the ductal epithelia is ion
(especially HCO3

−) and fluid secretion, we used standard
intracellular pH (pHi) measurement based on the fluorescent
pH indicator BCECF-AM to estimate the HCO3

− efflux

across the apical membrane to further confirm the functional
similarity of OCs and isolated ducts. Cells were exposed to
20 mM NH4Cl in HCO3

−/CO2-buffered solution from the
basolateral side which triggered an immediate increase in
pHi due to the rapid influx of NH3 across the membrane
(Fig. 3a and Supplementary Fig. 7A). This was followed by
a slower recovery of the alkaline pHi toward the basal value.
The recovery depends on the HCO3

− efflux (i.e., secretion)
from the ductal epithelia via the SLC26 Cl−/HCO3

−

exchangers and CFTR [6]. Once NH4Cl is removed, the pHi

drops to the acidic range due to the overshoot of the com-
pensatory mechanisms. Again, this is followed by a slow
recovery to reach basal pHi. This recovery phase depends
on activities of the basolateral NHE1 and NBCe1 [6]. The
initial rate of recovery from alkalosis and acidosis
was measured (ΔpH/Δt) over the first 30 s and the base flux
[J(B−)] was calculated as previously described [6]. Using
this approach, we were not able to show significant differ-
ences between primary isolated ductal epithelia and pan-
creatic OCs, suggesting that apical Cl−/HCO3

− exchange
activity and basolateral HCO3

− uptake is similar (Fig. 3a,
b). In addition, exposure of the cells to 10 µM CFTR(inh)-
172 (a specific inhibitor of CFTR channel) significantly
decreased the base flux in both samples, suggesting that the
functional activity of CFTR contributes to the recovery in
OCs under these conditions (Fig. 3a, c). We also preformed
this experimental protocol in HEPES buffered extracellular
solution (Supplementary Fig. 6). Under these conditions,
only recovery from acid load can be interpreted. This
reflects NHE activity, which was significantly higher in
isolated ducts.

Indirect measurement of CFTR activity in pancreatic
OCs using fluorescent Cl− indicator

Forskolin-induced swelling (FIS) is currently the state-of-
the-art technique to estimate CFTR activity in 3D OCs
[22]. FIS has several advantages (e.g., it is relatively
simple and robust allowing precision medicine treatment
[22]), but it also has some potential limitations as well
(such as the increased intraluminal pressure). In these
series of experiments we used an intracellular Cl−

level ([Cl−]i) sensitive fluorescent indicator MQAE to
track Cl− movement to estimate CFTR activity. The
fluorescent signal emitted by MQAE inversely correlates
with the [Cl−]i, thus an increase reports Cl− efflux.
Removal of extracellular Cl− from the HCO3

−/CO2-buf-
fered solution resulted in a decrease of [Cl−]i, most likely
due to the Cl− efflux from the cytosol via CFTR, which
was significantly enhanced by Forskolin administration
(Fig. 4). In addition, 10 µM CFTR(inh)-172 completely
abolished the Cl− extrusion, whereas the protein kinase A
(PKA) inhibitor H-89 significantly impaired it to the
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nonstimulated control level further indicating that the
measured Cl− were due to the activity of CFTR. These
results are consistent with our current knowledge of
CFTR activity and regulation and thus this technique may
be a powerful toolkit for researchers studying CFTR
activity in 3D cultures.

We also utilized this technique to measure the activity of
NKCC1 in isolated ducts and pancreatic organoids. As
shown in Fig. 4c. the administration of 100 µM Bumetanide
(an NKCC1 inhibitor) decreased the [Cl−]i suggesting an
NKCC1-dependent basolateral Cl− uptake in ductal frag-
ments and pancreatic organoids.

Basolateral Na+ dependent HCO3
− uptake in

pancreatic organoids

To compare the activity of basolateral Na+-dependent
HCO3

− uptake in primary pancreatic ductal fragments and
pancreatic OCs, we applied the above described NH4Cl
administration in Na+-free HCO3

−/CO2-buffered solution.
Under these conditions the recovery from acidosis was
almost completely abolished confirming that this process
strongly depends on the extracellular Na+ and suggesting
the potential role of NHE1 and NBCe1 in the process
(Fig. 5a). To characterize the contribution of each

Fig. 2 Morphology and apical-basal polarity of isolated ducts and
pancreatic organoids. Representative scanning electron microscope
images show the ultrastructure of epithelial cells in isolated ducts and
in pancreatic organoids. Brush border was observed on the apical
membrane in both samples (arrows), whereas the majority of the
mitochondria were located in the apical region of the cells (arrow-
heads) both in organoids and isolated ducts. L: lumen; scale bars: 2 µm

in lower (a) 1 µm in higher magnification (b). c Representative con-
focal images demonstrate the polarized expression of proteins in epi-
thelial cells. NHE1 and NBCe1 are expressed on the basolateral,
whereas CFTR is expressed exclusively on the apical membrane. L:
lumen; scale bars: 20 µm in lower (upper panel), 10 µm in higher
magnification (lower panel)
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transporter in more details, we applied another protocol and
specific inhibitors of NHE1 and NBCe1 (Supplementary
Fig. 7B). During these series of experiments the standard
HEPES was switched to HCO3

−/CO2-buffered solution
triggering a rapid drop in pHi due to the influx and intra-
cellular conversion of CO2 to carbonic acid and its dis-
sociation to HCO3

− and H+. In the presence of extracellular
Na+ the pHi is restored to the resting level by NHE1 and
NBCe1. As the average traces of individual experiments
(Fig. 5b, c) and the calculated base flux and Δ(pHi)max

(Fig. 5d, e) demonstrate, both primary ducts and pancreatic
OCs showed similar responses to the specific inhibition of
NHE1 (10 µM EIPA) and NBCe1 (10 µM S0859). In both
cases the inhibition of NHE1 caused a higher decrease in
the calculated base flux (79.01% in OC and 70.62% in
ducts) compared with the inhibition of NBCe1 (60.82% in
OC and 53.32% in ducts). The combined inhibition of
NHE1 and NBCe1 did not decrease the basolateral Na+

dependent HCO3
− uptake further.

Intracellular Ca2+ signaling in pancreatic organoids

In nonexcitable secretory epithelial cells, intracellular Ca2+

signaling is one of the major signal transduction pathways.
Moreover, we and others have shown that changes of

intracellular Ca2+ concentration regulates ion secretion in
physiology [23] and impairs transport functions via com-
plex mechanisms in pathology [10]. Therefore, we also
compared Ca2+ signaling in primary pancreatic ducts and in
OCs. First, we used two Ca2+ mobilizing agonists (ATP and
carbachol) that release Ca2+ from the endoplasmic reticu-
lum (ER) Ca2+ stores. We detected that both agonists
induced peak-plateau type Ca2+ elevation in the tested
concentrations (Fig. 6a). These signals showed no sig-
nificant differences in the maximal response (Fig. 6c). We
also compared the store operated Ca2+ entry caused by the
ER store depletion (Fig. 6b). Using this assay, we found that
the ER Ca2+ release induced by 25 µM cyclopiazonic acid
was significantly higher in isolated ducts, whereas the Ca2+

influx was significantly higher in OCs (Fig. 6d). These
observations need further investigation to determine the
biological relevance of this phenomena.

Measurement of intraluminal pH in pancreatic
organoids

As intraluminal pH has a major physiological relevance we
developed a new technique to follow its changes in response
to various treatments. First, we used SNARF-1 as a control
to monitor intracellular pH changes with confocal

Fig. 3 Comparison of HCO3
− secretion in isolated ducts and pan-

creatic organoids. a Average pHi traces of 4–6 experiments for each
conditions. Pancreatic ducts or organoids were perfused with HCO3
−/CO2-buffered extracellular solution and intracellular alkalization was
achieved by 20 mM NH4Cl administration in the absence or presence

of CFTR(inh)-172. Bar charts of the calculated base fluxes of HCO3
−.

Comparison of alkaline and acidic recovery, as representation of the
apical and basolateral transport activities, showed no difference in
primary ducts vs pancreatic organoids (b). CFTR inhibition markedly
decreased alkaline recovery in each experiments (c)

Mouse pancreatic ductal organoid culture as a relevant model to study exocrine pancreatic ion secretion



microscope (Fig. 7a and Supplementary Fig. 8). As
demonstrated, this technique can be used to follow dynamic
pH changes. In the next step a glass needle was used to
inject dextran conjugated SNARF-1 into the lumen of the
organoids (Fig. 7b). The injected dye was trapped in the
lumen and was not taken up by the epithelial cells.
Administration of NH4Cl in HEPES-buffered solution
caused a moderate increase in the intraluminal pH which
could be attributed to the diffusion of NH3 into the organoid
lumen (Fig. 7c). In contrast, NH4Cl in HCO3

−/CO2-buf-
fered solution triggered a rapid and notable elevation of
intraluminal pH due to the efflux of HCO3

− to the lumen.
This elevation was completely abolished by 10 µM CFTR

(inh)-172 administration suggesting the major role of CFTR
in this process.

Discussion

OCs have recently emerged as promising ex vivo models of
tissue development, physiology and pathophysiology.
Reports suggested that cells in OCs maintain tissue specific
gene expression, cell morphology and function and may
represent features of malignant diseases. Although orga-
noids are used in an increasing number of studies, we only
have limited experimental data about their physiological

Fig. 4 Measurement of CFTR and NKCC1 activities in pancreatic
organoids using Cl− sensitive fluorescent dye. a Average traces of
intracellular Cl− levels of 4–6 experiments for each conditions. Pan-
creatic organoids were perfused with HCO3

−/CO2 buffered extra-
cellular solution. Removal of extracellular Cl− induced a decrease in
intracellular Cl− levels (reflected by an increase in fluorescent inten-
sity) due to the activity of CFTR. b Bar charts of the maximal fluor-
escent intensity changes. 10 µM forskolin significantly increased,

whereas 10 µM CFTR(inh)-172 and H-89 significantly impaired
cAMP-stimulated CFTR activity in pancreatic organoids. *p < 0.05
vs Control, **p < 0.05 vs Forskolin. c Average traces of intracellular
Cl− levels and bar charts of NKCC1 activity. To measure NKCC1
activity, organoids and ductal fragments were treated with bumetanide
in HCO3

−/CO2-buffered extracellular solution in organoids and ductal
fragment
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relevance, especially in case of pancreatic OCs. Therefore,
in this manuscript we provide side-by-side comparison of
gene expression, cell morphology and function of pan-
creatic ductal epithelial cells derived from primary isolated
ductal fragments and of pancreatic OCs.

Ion (especially HCO3
−) and fluid secretion is the primary

function of the pancreatic ductal epithelia, which is obtained

by the interaction of the electrogenic SLC26A6 Cl−/HCO3
−

exchanger and the CFTR Cl− channel [1, 24]. Due to the
molecular interaction between the two proteins the
ductal cells are able to secrete and maintain 140 mM
intraluminal HCO3

− concentration (~5–6 fold higher than
the intracellular) [25]. The current model suggests that in
the proximal ducts CFTR provides the extracellular Cl− for

Fig. 5 Comparison of basolateral HCO3
− uptake in isolated ducts and

pancreatic organoids. a Average pHi traces and bar charts from 4–6
experiments demonstrate that basolateral Na+ removal almost com-
pletely abolished the recovery from intracellular acidosis. Average pHi

traces showing the effect of different inhibitors on the basolateral Na+

dependent HCO3
− uptake in HCO3

−/CO2 buffered extracellular solu-
tion in pancreatic organoids (b) and in isolated ducts (c) (4–6

experiments for each conditions). Bar charts of calculated base flux (d)
and maximal pH changes (e) show that inhibition of NBCe1 (S0859)
and/or NHE1 (EIPA) activity significantly decreased the recovery. No
significant differences were detected between isolated ducts and
organoids. *p < 0.05 vs Organoid Control; **p < 0.05 vs Isolated duct
Control
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the Cl−/HCO3
−exchange of SLC26A6. However, in the

distal pancreatic ducts, the anion exchange of SLC26A6 is
not possible to maintain due to the very low luminal and
intracellular Cl− concentration. Under these conditions
CFTR permeability is switched by With-No-Lysine
(WNK)/STE20/SPS1-related proline/alanine-rich kinase
(SPAK) kinases in favor of HCO3

− [26]. On the opposite
site, the accumulation of the HCO3

− across the basolateral
membrane is mediated by the electrogenic NBCe1. Another
factor in this process is the passive diffusion of CO2 through
the membrane followed by the carbonic anhydrase-
mediated conversion of CO2 to HCO3

− and H+ [27]. In
addition to these, NHE1 maintains the pHi by transporting
excess H+ from the cells. Therefore, first we analyzed the
expression of genes encoding these ion channels and

transporters in isolated ducts and OCs. Our results con-
firmed the expression of these genes in primary mouse
ductal fragments and also in pancreatic OCs. Moreover, the
expression of Atp12a (encoding nongastric H+/K+

ATPase); Kcnma1 (encoding BK channel), Slc26a3, and
Nkcc1 overlapped in the two types of samples. We also
found that four members of the voltage-gated potassium
channel subfamily Kcna1, Kcna2, Kcnd3, and Kcnh1 are
expressed in pancreatic epithelial cells, which have not been
described earlier. In addition, we showed the expression of
two voltage-gated Cl− channels: Clcn1 and Clcn3 that were
not suggested earlier. Transcription of Clcn3 has only been
described in pancreatic β-cells, where it is localized on
insulin granules and play a role in insulin processing and
secretion through regulation of granular acidification [28].

Fig. 6 Intracellular Ca2+ signaling in isolated pancreatic ducts and
organoids. a Average traces of 4–6 experiments demonstrating the
effect of 1 mM ATP, or 100 µM carbachol on pancreatic epithelial
cells. Both agonists induced peak-plateau Ca2+ signals. b Ca2+ influx
in pancreatic ducts and OCs (average traces of 4–6 experiments). ER

Ca2+ release induced by 25 µM cyclopiazonic acid (CPA) and Ca2+

influx was measured by the maximal response to HCO3
−/CO2 buffered

extracellular solution readdition of Ca2+. Summary of the maximal Ca2
+ responses to agonist stimulation (c) and ER Ca2+ release (first two
columns) and Ca2+ influx (second two columns) (d)
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Moreover, our results showed that Enac and Ano1 are
expressed in both isolated primary ductal fragments as well
as pancreatic OC. The relatively strong expression of Enac
in pancreatic epithelia is somewhat unexpected since earlier
studies were not able to demonstrate functional activity of
ENaC in rat pancreatic ducts [29] and according to the
current hypothesis ENaC is not expressed and has no role in
exocrine pancreatic epithelial cells [1]. In the next step, we
compared the morphology of the isolated ducts and OCs
with a special focus on apical-basal polarity. The ultra-
structure of the epithelial cells in the two samples showed

no major difference and the OCs epithelial cells represented
the same features—increased apical density of mitochon-
dria, brush border on the apical membrane—like primary
ductal cells. Importantly, the distribution of proteins showed
similar pattern in cross sections of organoids and isolated
ducts. We confirmed that CFTR is expressed exclusively on
the apical, whereas NHE1 and NBCe1 were found on the
basolateral membrane, which is concordant to the current
literature [1, 4]. Taken together, our results demonstrated a
complete overlap of gene expression and morphology of
isolated ductal fragments and pancreatic OCs and more

Fig. 7 Measurement of intracellular and intraluminal pH in pancreatic
organoids. a Measurement of intracellular pH (pHi) with SNARF-1.
Average traces and bar charts of 4–6 experiments. Similarly to the
earlier results NH4Cl caused intracellular alkalosis followed by a slow
regeneration, which was inhibited by CFTR(inh)-172. b Schematic
representation of the administration of SNARF1-dextrane to the lumen
of the organoids and confocal images of the SNARF1-dextrane loaded

organoids. As demonstrated, SNARF1 was restricted to the intralum-
inal space and no intracellular dye uptake could be observed.
c Average traces of intraluminal pH changes. Administration of NH4Cl
in HEPES-, or in HCO3

−/CO2-buffered solution triggered a rapid
elevation of intraluminal pH due to the efflux of HCO3

− to the lumen,
which was completely abolished by 10 µM CFTR(inh)-172
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importantly the use of OCs can ensure that results are not
derived from heterogeneous tissue fragments but from pri-
mary epithelial cell monolayers. Notably, these results also
suggest that the exocrine pancreatic ductal secretion may be
far more complicated than the currently used models sug-
gest [30]. Further analysis will be needed to clarify the
functional relevance of these results (especially the role of
ENaC, CCls, and K+ channels) and special attention should
be paid to species dependent alterations in expression and
eventually in protein function. However, if protein expres-
sion and function confirms these findings, our results might
indicate the need of revision of the current model of pan-
creatic ductal secretion.

As mentioned earlier, only a limited number of studies
have been published about the functional analysis of orga-
noids. Recently Foulke-Abel et al. used human intestinal
crypt-derived enteroids to investigate their functional rele-
vance to ion transport physiology and pathophysiology [31].
Using undifferentiated and differentiated enteroids, they
demonstrated that these organoids show similar apical-basal
polarity to the human small intestine enterocytes and express
functionally active NHE3, which is the most prominent
transporter in this cell type. Organoid swelling was inhibited
by inhibitors of CFTR, NKCC, and NHE3. Whereas intra-
cellular acidification caused by forskolin administration in
HCO3/CO2

− buffered solution was created by CFTR and
electrogenic NBC1. In 2018, O’Malley et al. reported the
establishment of a culture system of differentiated pancreatic
ductal epithelial cells in a polarized monolayer [32]. In this
2D air-liquid interface culture system, cells were grown on
semipermeable filters and were reported to develop epithelial
cell morphology. Short circuit current and extracellular pH
measurements revealed that these cells respond to increase of
intracellular cAMP and express functionally active CFTR
channels. Although, the culture system could overcome some
limitations of isolated ductal fragments (such as the presence
of contaminating fibroblasts) and it can be used for short
circuit current measurements, it still possesses the drawbacks
of the 2D culture systems [33], whereas maintenance of this
culture seems to be tedious and less efficient compared with
3D organoid cultures. Although functional data are limited,
the described results highlighted that organoids might be a
powerful ex vivo system to represent original tissue mor-
phology and functions and could be used to model pancreatic
ductal secretory functions in physiology and pathology.
Therefore, in this study we performed functional analysis of
pancreatic OCs and compared them with the well-studied
isolated ductal fragments used as a reference point. Mea-
surements of apical HCO3

− secretion and basolateral HCO3
−

uptake were highly comparable in OCs and primary ducts. In
addition, the activities of other ion transport processes medi-
ated by NHE1, or NKCC1 were similar in the two systems.
Finally, the Ca2+ signaling, which is one of the major signal

transduction pathways in the pancreatic ductal epithelia [34],
showed similar characteristics in OCs further supporting the
functional equality of pancreatic organoids with the primary
ductal system.

As mentioned in the introduction, the intraductal pH has
a major importance in the exocrine pancreatic physiology.
Earlier studies showed that protons are coreleased during
exocytosis of digestive enzymes thus causing significant
intraluminal acidosis, which has to be compensated by
ductal cells to avoid intrapancreatic trypsinogen activation
[35] and the development of AP [36]. This was further
confirmed in patients, where intraductal pH in acute biliary
pancreatitis was significantly decreased compared with the
controls (6.97 ± 0.13 vs 7.79 ± 0.20) [37]. Therefore, we
developed a technique that utilizes dextran conjugated pH
sensitive fluorescent dye SNARF1 to monitor pH changes
in the lumen of the organoids. Using this technique, we
were able to follow the pH elevation induced by NH4Cl
administration, which was completely blocked by CFTR
inhibition.

Patient-derived pancreatic tumor organoids have been
successfully used for disease modeling and to predict
response to anticancer therapy [17, 30, 31]. In another study
human pluripotent stem cells were used to generate acinar/
ductal organoids to model cystic fibrosis [38]. In experimental
setup that was more focused on organoid function Dekkers
et al. used patient-derived rectal organoids to measure CFTR
activity and predict response to CFTR corrector and/or
potentiator therapy [39]. They used FIS which is currently the
state-of-the-art technique to measure CFTR-dependent ion
and fluid secretion [22]. Whereas FIS is relatively simple and
robust method that correlates well with the individual
response to cystic fibrosis treatment, it also might have some
potential limitations. During forskolin stimulation the secreted
fluid expands the lumen and the increasing intraluminal
pressure prevents water efflux that might therefore not follow
the ion current linearly. In addition, the increased tension
might activate the mechanoreceptors (such as Piezo1) in the
apical membrane of epithelial cells [40]. This shall not be a
problem in samples with CFTR expression defects, where the
initial fluid secretion is marginal [41]. However in wild type
pancreatic organoids FIS leads to a relatively rapid rupture of
the organoids (data not shown). Therefore instead of mea-
suring the relative luminal volume of the organoids, we uti-
lized a [Cl−]i sensitive fluorescent indicator to follow Cl−

movements in pancreatic OCs [42]. Our results with this
technique are consistent with the literature data since forskolin
significantly enhanced, whereas CFTR, or PKA inhibition
markedly decreased the increase of fluorescent signal.
Therefore this technique could be potentially capitalized in
pancreatic physiology research and in drug screening studies
to identify compounds that improve exocrine pancreatic
ductal secretion.

R. Molnár et al.



Taken together, after thorough analysis, we have
demonstrated that epithelial cells in OCs remarkably cor-
respond with the primary ductal epithelia. Our results con-
firmed that pancreatic OCs could be a relevant, highly
reproducible ex vivo model system with increased
throughput to study pancreatic secretory physiology and
pathology and thus could be a potential solution for an
unmet need in pancreatic research.
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