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Abstract

Background and aims—Pancreatitis following endoscopic retrograde 

cholangiopancreatography (PEP) is thought to be provoked by pancreatic ductal hypertension, via 

unknown mechanisms. We investigated the effects of hydrostatic pressures on the development of 

pancreatitis in mice.

Methods—We performed studies with Swiss Webster mice, B6129 mice (controls), and B6129 

mice with disruption of the protein phosphatase 3, catalytic subunit, beta isoform gene (Cnab−/− 

mice). Acute pancreatitis was induced in mice by retrograde biliopancreatic ductal or intraductal 

infusion of saline with a constant hydrostatic pressure while the proximal common bile duct was 

clamped —these mice were used as a model of PEP. Some mice were given pancreatic infusions of 

AAV6-NFAT-luciferase, to monitor calcineurin activity or the calcineurin inhibitor FK506. Blood 

samples and pancreas were collected at 6 and 24 hrs and analyzed by ELISA, histology, 

immunohistochemistry, or fluorescence microscopy. Ca2+ signaling and mitochondrial 

permeability were measured in pancreatic acinar cells isolated 15 min after PEP induction. Ca2+-

activated phosphatase calcineurin within the pancreas was tracked in vivo over 24 hrs.

Results—Intraductal pressures of up to 130 mmHg were observed in the previously reported 

model of PEP; we found application of hydrostatic pressures of 100 and 150 mmHg for 10 min 

consistently induced pancreatitis. Pancreatic tissues had markers of inflammation (increased levels 
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of interleukin 6 [IL6], IL1B, and tumor necrosis factor [TNF]), activation of STAT3, increased 

serum amylase and IL6, and loss of tight junction integrity. Transiently high pressures 

dysregulated Ca2+ processing (reduced Ca2+ oscillations and an increased peak plateau Ca2+ 

signal) and reduced the mitochondrial membrane potential. We observed activation of pancreatic 

calcineurin in the pancreas in mice. Cnab−/− mice, which lack the catalytic subunit of calcineurin, 

and mice given FK506 did not develop pressure-induced pancreatic inflammation, edema, or loss 

of tight junction integrity.

Conclusions—Transient high ductal pressure produces pancreatic inflammation and loss of tight 

junction integrity in a mouse model of PEP. These processes require calcineurin signaling. 

Calcineurin inhibitors might be used to prevent acute pancreatitis that results from obstruction.
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INTRODUCTION

Post-ERCP (endoscopic retrograde cholangiopancreatography) pancreatitis, or PEP, is a 

major iatrogenic form of pancreatitis that carries an overall incidence of 10% and a mortality 

rate of 0.7%1. Despite some inroads over the last decade in reducing its incidence, the 

pathogenesis of PEP has remained elusive. We had previously constructed an in vivo mouse 

model of PEP that exploited a combination of chemical injury (with radiocontrast exposure) 

and ductal hypertension by infusing a large volume of radiocontrast into the pancreatic duct 

at a high rate2. The main issue of the previous work was that radiocontrast exposure was 

considered by endoscopists as less of a pathogenic factor for PEP compared with pancreatic 

ductal hypertension. In the current study, we have now focused on pancreatic ductal 

hypertension in PEP. Although the act of injecting radiocontrast into the pancreatic duct 

induces an acute rise in pancreatic ductal pressures3 and can be manifested radiographically 

by the presence of acinarization, most cases of PEP are thought to be caused by a buildup of 

pancreatic ductal pressures due to pancreatic outflow obstruction from manipulation and 

subsequent edema of the ampulla of Vater4. The evidence for this notion is that, while there 

are several patient-related risk factors for PEP, most of the risk factors are attributed to 

procedure-related issues. Some of these procedure-related factors could provoke or worsen 

the extent of pancreatic outflow obstruction. They include a difficult cannulation, number of 

cannulation events, cannulation of the pancreatic duct itself, pre-cut sphincterotomy, and 

ampullectomy5.

On a broader level, pancreatic ductal hypertension due to obstruction of the pancreatic duct 

is likely a shared mechanism for several other etiologies of acute pancreatitis6–9, including 

the most common etiology, biliary pancreatitis, as well as some of the less frequent causes of 

pancreatitis, such as from tumors that obstruct the pancreatic duct, from intestinal 

inflammatory disorders that narrow the ampullary opening, or from double-balloon 

enteroscopy causing duodenal obstruction6, 10.

In limited experimental animal models, applying hydrostatic pressure caused 

pancreatitis11–16. However, the signaling events in the pancreas during pancreatic ductal 
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hypertension are unclear. In the current study we sought to examine the effects of hydrostatic 

pressures on the development of pancreatitis and the mechanisms through which they 

mediate pancreatic injury, using a novel in vivo mouse model.

We firstly observed a transient elevation of biliopancreatic ductal pressures in a previously 

reported mouse model of PEP. Based on this information, we generated a pressure-induced 

pancreatitis model in mice by intraductally delivering constant hydrostatic pressures. We 

found that applying fixed pressures of 100 mmHg and 150 mmHg for only 10 min induces 

pancreatitis that is consistently manifested by pancreatic inflammation and the loss of tight 

junction integrity. Further, we found that transiently high pancreatic ductal pressures caused 

dysregulation of Ca2+ processing and a decrease in mitochondrial membrane potential in 

isolated pancreatic acinar cells. There was also activation of pancreatic calcineurin in vivo. 

Genetic or pharmacological inhibition of calcineurin protected against pressure-induced 

pancreatitis and the loss of tight junction expression, suggesting that calcineurin inhibitors 

could serve as an effective preventative for the leading obstructive etiologies of acute 

pancreatitis.

MATERIALS AND METHODS

Reagent and animals

All reagents were purchased from Sigma-Aldrich (St. Louis, MO), unless otherwise 

specified. Eight to ten-week old mice, weighing 25–30 g and equally divided males and 

females, were used. The wildtype (WT) mice were of the Swiss Webster strain. The Cnab 
knockout mice were a generous gift of Dr. Jeffery D. Molkentin17 and were of the B6129 

background strain. The controls for the knockout line were sex-, age-, and strain-matched 

B6129 strain, with similar co-housing conditions. All mice were housed at 22°C with a 12 h 

light-dark cycle and maintained on standard laboratory chow with free access to food and 

water. All animal experiments were performed using a protocol approved by the University 

of Pittsburgh Institutional Animal Care and Use Committee.

Induction of acute pancreatitis

Anesthesia was induced and maintained with 2–4% isoflurane using a vaporizer and gas 

scavenger system. Using sterile technique, a small midline laparotomy window was created. 

The distal common bile duct was accessed via a transduodenal puncture and gentle 

intraluminal cannulation of the ampulla of Vater with a blunt-ended catheter, as previously 

described2, 18–20. Specifically, the rate-regulated model of PEP was induced by performing 

retrograde biliopancreatic ductal, or intraductal, infusion of normal saline using a peristatic 

rate-regulated pump (Harvard Apparatus, Holliston, MA). While the proximal common bile 

duct was clamped so that the infusate flowed only into the pancreas. The pressure-regulated 

mode of PEP was similarly induced by infusing normal saline into the biliopancreatic duct, 

but infusion was achieved using a hydrostatic pressure-regulated pump (PHD ULTRA™ 

constant pressure syringe pump, Harvard Apparatus, Holliston, MA). Intraductal pressures 

were monitored using an APT300 pressure transducer (Harvard Apparatus, Holliston, MA). 

Buprenorphine analgesia (0.05 mg/kg, ip) was given immediately after surgery, and the mice 
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were subsequently monitored for physical activity, grooming routines, level of alertness, 

response to stimulation, and other signs of distress.

Serum amylase and interleukin 6 measurements

Early blood collections (6 h post-pancreatitis induction) were obtained by submandibular 

bleeding. Serum was obtained by centrifuging the blood at 1,500 × g for 10 min at 4°C. 

Serum amylase was measured using a Phadebas Kit (Amersham Pharmacia, Rochester, NY). 

Later blood collections (24 h post-induction) were obtained during a terminal bleeding. At 

this time point, interleukin 6 (IL6) was measured using a standard enzyme-linked 

immunosorbent assay (Biolegend, San Diego, CA).

Histology, edema analysis, and immunohistochemistry

The pancreas, duodenum, and spleen were placed en bloc in a cassette in order to maintain 

its anatomical orientation. The tissues were fixed in 10% formalin at room temperature for 

24 h. Paraffin-embedded sections were stained with hematoxylin and eosin (H&E). Ten 

systematically selected fields at 200X magnification were graded in a blinded fashion from 

the head of the pancreas, which was identified by its juxtaposition to the duodenum. The 

subjective grading score gave equal weight (from 0 to 3) for edema, inflammatory 

infiltration, and necrosis, as previously described21. Edema indices were further delineated 

objectively by performing objective intensity thresholding using ImageJ software (NIH, 

Bethesda, MD), as previously described20, 22. Briefly, at least 5 images from each slide were 

selected for the analysis. Areas within the parenchyma were demarcated through low pixel 

intensity thresholding as edema, and their surface area was calculated as a percentage of the 

total parenchymal area. Immunohistochemistry for the pan-leukocyte marker CD45 was 

performed on paraffin-embedded pancreatic tissue sections after xylene deparaffinization, 

graded ethanol re-hydration, and antigen retrieval. Endogenous peroxidase was blocked with 

3% hydrogen peroxide. Primary antibody of rat anti-mouse CD45 (1:100, Becton-Dickinson 

Biosciences, Franklin Lakes, NJ) was incubated overnight and visualized using a biotin 

immunoenzymatic antigen detection system (Vector Laboratories, Burlingame, CA).

Isolation of pancreatic acinar cells and confocal imaging

Mouse pancreatic acinar cells were isolated as previously described2, 23, with minor 

modifications. Briefly, the pancreas was removed and washed with PBS. The head of the 

pancreas was first identified based on its proximity to the duodenum (Figure 4A). It was 

then carefully resected and incubated with 2 mg/mL type-4 collagenase (Worthington, 

Freehold, NJ) for 20 min at 37°C. The pancreatic acinar cells were subsequently isolated by 

mechanical disruption of the tissue, then filtered through a 70 μm cell strainer (Corning, 

corning, NY), and centrifuged at 1,000 rpm for 1 min. The pellet was resuspended in 

extracellular buffer containing 10 mmol/L HEPES (pH 7.3), 10 mmol/L D-glucose, 140 

mmol/L NaCl, 4.7 mmol/L KCl, 1.13 mmol/L MgCl2, and 1.2 mmol/L CaCl2. To assess 

cytosolic Ca2+ signals, the cells were loaded with the high-affinity Ca2+ dye Fluo-4AM (4 

μmol/L) at room temperature for 30 min. They were placed on a perifusion chamber and 

imaged using an LSM710 laser scanning confocal microscope (Carl Zeiss, Jena, Germany). 

The Fluo-4AM dye was excited at a wavelength of 488 nm, and emission signals greater 

than 515 nm were collected every 2 s. Ca2+ signals were monitored firstly at baseline for 60 
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s and then stimulated with a submaximal concentration of the muscarinic agonist carbachol 

(CCh, 100 nM). To assess mitochondrial membrane potential, the cells were loaded with 

tetramethylrhodamine methyl ester (TMRM, 50 nmol/L) at room temperature for 30–45 

min. The TMRM dye was excited at a wavelength of 543 nm, and emission signals greater 

than 550 nm were collected every 5 s. The mitochondrial membrane potential was monitored 

firstly for 450 s and then the protonophore carbonyl cyanide m-chlorophenyl hydrazone 

(CCCP) was applied to dissipate mitochondrial membrane potential as a positive control. 

Analysis of the recordings was performed using ImageJ software (National Institute of 

Health, Bethesda, MD), and fluorescence intensity (F) for each cell was normalized to the 

baseline fluorescence (F0) and represented as F/F0.

Statistical analysis

Data were expressed as mean ± SEM, unless otherwise specified. Statistical analysis was 

performed using GraphPad Prism 6 (GraphPad, La Jolla, CA). Comparisons between groups 

were performed using ANOVA. A p value of less than 0.05 was considered statistically 

significant.

RESULTS

High intraductal pressures are observed in a model of obstructive acute pancreatitis

To assess the magnitude of the intraductal pressures in a mouse model of obstructive 

pancreatitis, we performed a transduodenual cannulation of the distal biliopancreatic duct 

(Figure 1A). The cannula was attached to a rate-regulated infusion pump, along with a 

pressure transducer. The obstructive model for PEP was induced by infusing normal saline at 

a high rate of 20 μL/min2, 20. This model mimics the back flow of pancreatic juice due to 

edema at the ampulla of Vater during the ERCP, and it induces pancreatitis that is restricted 

to the head of the pancreas. A low infusion rate of 2–5 μL/min was infused in a comparator 

arm, and these control mice failed to develop pancreatitis2, 20. The peak intraductal pressure 

achieved during the high infusion rate was 130 mmHg, compared with 20–40 mmHg in the 

negative control (Figure 1B). Upon stopping the infusion, the pressures dropped within 3 

min to 40 mmHg for the high infusion rate model and within 1 min to 20 mmHg for the low 

infusion rate. These data suggest that transiently high intraductal pressures are observed in a 

rate-infusion model of PEP.

Transiently intraductal application of constant hydrostatic pressures induces pancreatitis

Since we observed transient, high intraductal pressures in the above model of obstructive 

acute pancreatitis, we next examined whether applying constant hydrostatic pressures 

influenced the development or severity of acute pancreatitis. Using a pressure-regulated 

pump, along with the pressure transducer (Figure 2A), we found that 50 mmHg hydrostatic 

pressure for 10 min caused minimal pancreatic histological damage 24 h after induction. 

However, raising the hydrostatic pressure to 100 mmHg or 150 mmHg resulted in 

substantially greater histological damage (p<0.05, Figure 2B). We consistently observed 

similar pressue-dependent changes in edema thresholding (Figure 2C), subscoring for 

inflammatory infiltrate (additionally assessed by CD45 immunostaining; Figure 2D), and 

necrosis (Figure 2E). Further, serum amylase at 6 h and IL6 at 24 h after pancreatitis 
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induction were markedly elevated (Figure 2F, G). These data demonstrate that transiently 

high, constant hydrostatic pressures induce pancreatitis, suggesting that increased intraductal 

pressure is an important initiator of PEP.

Pressure-induced pancreatitis leads to elevated proinflammatory signals and altered tight 
junction integrity

Since the inflammatory response is a critical determinant of pancreatitis severity after 

pancreatitis initiation24, 25, we characterized pancreatic proinflammatory signals in PIP 24 h 

after pressure induction. With increasing intraductal pressures, expression of the 

proinflammatory cytokines IL6, IL1B, and TNF from the pancreatic head was upregulated 

(Figure 3A). On IL6 target cells, IL6 is known to transmit signals through Janus kinase 2-

mediated phosphorylation of the signal transducer and activator transcription 3 (STAT3) at 

Y70526. IL-6 trans-signaling via STAT3 has also been shown to mediate severe acute 

pancreatitis and pancreatitis-associated lung injury27. We found that expression of p-STAT3 

at Y705 was significantly increased with high pressures (Figure 3B), suggesting that IL-6 

trans-signaling within the pancreas is activated during pressure-induced pancreatitis.

We next examined whether increased pancreatic ductal pressure causes transgression of the 

epithelial barrier and increased ductal permeability. An important determinant of epithelial 

barrier function and paracellular permeability is the maintenance of intercellular tight 

junction expression28, 29. Tight junctions are comprised of a complex of proteins, including 

occludin and zonula occludens (ZO). We found that with high intraductal pressures, the 

expression of the tight junction genes occludin, ZO1, and ZO2, from the pancreatic head at 

24 h, was downregulated (Figure 3C), suggesting that altered tight junction integrity is 

associated with pressure-induced pancreatitis.

Pressure-induced pancreatitis leads to dysregulation of pancreatic acinar Ca2+ processing 
and a decrease in mitochondrial membrane potential

Aberrant pancreatic acinar Ca2+ signals are an early and critical feature of virtually every 

form of pancreatitis, including post-ERCP pancreatitis and biliary acute 

pancreatitis2, 23, 30–33. Also, early changes in pancreatic acinar Ca2+ signals have been 

reported in a rodent model of pancreatic duct obstruction34. The resulting ductal 

hypertension was inferred to have occurred, as a result of complete pancreatic duct 

obstruction in this ligation models, but due to technical issues with pressure monitoring, 

direct measurements of ductal pressure could not be performed. Hence, in the current study, 

we examined whether hydrostatic pressures affect pancreatic acinar Ca2+ processing. We 

isolated pancreatic acinar cells from the head of the pancreas 15 min after applying a 

hydrostatic pressure of 150 mmHg (Figure 4A). The cells were then stimulated with the 

muscarinic agonist carbachol (CCh) at a concentration (100 nM) that is known to cause Ca2+ 

oscillations in most of the healthy control acinar cells35. In acinar cells from sham-operated 

mice, we observed the following five patterns of Ca2+ responses: (1) As expected, most cells 

had oscillations, which were manifested as two or more Ca2+ spikes that returned to the 

baseline and in which the amplitude was at least two times higher than the baseline; (2) A 

few cells had non-oscillations, which were defined as a single Ca2+ spike that returned to the 

baseline and in which the amplitude was two times higher than the baseline; (3) A peak-
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plateau, which were Ca2+ signals in which the amplitude of the peak was two times greater 

than the baseline, but the tracing did not return to baseline within 60 s from the time of the 

peak signal; (4) A minimal response, which were Ca2+ spikes, however, with an amplitude 

that failed to rise two times above the baseline; (5) No response, which were no appreciable 

Ca2+ spikes throughout the recording (Supplementary Figure 1A). In contrast to the Ca2+ 

signals from the sham group, the acinar cells from mice that received high ductal pressures 

had a marked reduction in Ca2+ oscillations, down from 62.1% to 26%, and an increase in 

the pathological peak-plateau Ca2+ signal, up from 4.7% to 22.7% (Figure 4B), suggesting 

that hydrostatic pressures predispose pancreatic acinar cells to a sustained, pathological Ca2+ 

signal. Upon further comparing the shape of the peak-plateau Ca2+ signals between the sham 

and pressure induction, there was a slower decay in cytosolic Ca2+ (at 150 s from the start of 

the recording) in the cells from the pressure-induced mice (Supplementary Figure 1A, B). 

However, the overall intracellular Ca2+ load, assessed by the area under the curve in the 

composite tracings, remained unchanged (Supplementary Figure 1C). The findings suggest 

that intraductal pressure causes delayed acinar cell Ca2+ extrusion, likely due to an 

impairment of the plasma membrane Ca2+ ATPase (PMCA). Since acute mitochondrial 

dysfunction has been implicated in numerous experimental models of acute 

pancreatitis36–38, we next assessed the impact of intraductal pressure on mitochondrial 

permeability. We found that transiently high intraductal pressure induces a significant 

decrease in mitochondrial membrane potential, which likely results in blunting ATP 

production (Figure 4C). These data suggest that early dysregulation of pancreatic acinar 

Ca2+ processing and a decrease of mitochondrial permeability occurs early during pressure-

induced pancreatitis.

Pressure-induced pancreatitis causes pancreatic calcineurin activation

A potent target of the aberrant acinar Ca2+ signals during pancreatitis is the Ca2+-activated 

phosphatase calcineurin2, 39, 40. Since we observed early changes of pancreatic Ca2+ 

processing during pressure induction, we examined whether hydrostatic pressures cause the 

activation of pancreatic calcineurin. NFAT (nuclear factor of activated T-cells), which 

translocates into the nucleus upon dephosphorylation by calcineurin in the cytosol, is a 

surrogate marker for assessing calcineurin activation2, 40–42. Thus, we generated an AAV6-

NFAT-luciferase to dynamically monitor in vivo activation of calcineurin (Figure 5A). We 

monitored pancreas-specific calcineurin activation by intraductally infusing the AAV6-

NFAT-luciferase into the pancreas (Figure 5B). During pressure induction with 150 mmHg, 

we observed that the NFAT bioluminescence signals increased 10-fold above baseline 4 h 

after induction, peaked at 23-fold above baseline at 8 h, and returned to baseline 24 h later 

(Figure 5C). By contrast, there was no elevation of pancreatic NFAT signals throughout this 

time frame in the sham or the lower pressure condition. The findings suggest that high 

pancreatic ductal pressures cause abnormal acinar Ca2+ processing and calcineurin 

activation in the pancreas. We next evaluated the effects of ductal pressure on mitochondrial 

permeability in acinar cells from pressure-induced Cnab knockout mice, which lack the 

predominant catalytic subunit of calcineurin17. We found that, compared to the WT, Cnab 
knockouts had a similar decrease in mitochondrial permeability (Supplementary Figure 2).
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Genetic and pharmacological inhibition of calcineurin protects against pressure-induced 
pancreatitis

To determine whether the increase in calcineurin activation mediates pressure-induced 

pancreatitis, we tested (1) mice with a genetic deletion of Cnab, a predominant catalytic 

subunit of calcineurin in acinar cells, and (2) WT mice that were treated with the highly 

specific calcineurin inhibitor, FK506. Compared to age- and sex-matched WT controls, we 

found that Cnab knockout mice had a near-complete reduction in histological damage, 

including each of the subscoring for edema assessed by image thresholding, inflammatory 

infiltrate (additionally examined by CD45 immunostaining), necrosis, and serum IL6. Serum 

amylase was, however, not reduced with this genetic strain (Figure 6A, B and 

Supplementary Figure 3). Systemic administration of FK506 (1 mg/kg) to WT mice reduced 

histological severity by 50% down to the sham condition. Serum amylase at 6 h and IL6 at 

24 h were similarly reduced (Figure 6C–E and Supplementary Figure 4).

Since we observed that high intraductal pressures cause upregulation of pancreatic 

inflammatory genes and the loss of tight junction integrity in the pancreas, we assessed 

whether one or both parameters are mediated through calcineurin. We found that either 

genetic deletion of calcineurin or application of FK506 abrogated the upregulation of 

pancreatic proinflammatory cytokine expression and also prevented phosphorylation of 

STAT3 at Y705 (Figure 7A–D). The expression of the tight junction genes occludin, ZO1, 

and ZO2, was largely preserved in the Cnab knockouts that underwent pressure induction, 

and there was a partial, albeit significant, trend towards preventing the reduction with FK506 

(Figure 7E, F). These data suggest that calcineurin signaling is a critical downstream 

mediator of both pancreatic inflammation and loss of tight junction integrity during 

pressure-induced pancreatitis.

DISCUSSION

Our previously constructed in vivo mouse model of PEP exploited both chemical injury and 

pancreatic ductal hypertension by infusing a large volume of radiocontrast into the 

pancreatic duct at a high rate. Although not quantified at the time of the report2, the 

pancreatic ductal pressures were estimated to be transiently elevated in this model. We found 

that mice with a genetic deletion of calcineurin (either globally2 or selectively within the 

acinar cells20) or wildtype mice receiving calcineurin inhibitors protected against this form 

of PEP. In isolated acinar cells, we found that radiocontrast had induced cell injury through 

calcium and calcineurin signaling2.

In this study, we focused on the role of pancreatic ductal hypertension on the development of 

PEP. We began by evaluating the intraductal pressures that were induced in the previously 

reported mild model of PEP2, in which, rather than radiocontrast, an intraductal bolus of 

normal saline was infused via a rate-regulated pump over a period of 5–10 minutes. In this 

setting, we observed transiently increased pressures of up to 130 mmHg, compared with an 

intraductal pressure of 20–40 mmHg in the control animals. Given the small biliopancreatic 

duct diameter of the mouse in relation to that of the catheter and the need to infuse at least 

1–5 μL per minute of fluid to reliably detect intraductal pressures, the basal pressures we 

recorded likely overestimate native ductal pressures. Nonetheless, the basal pressures we 
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observed in the mouse were still in the same range seen in healthy people during ERCP3. We 

have also presumed that the pressures in the distal common bile duct, where the pressure 

transducer was placed, were equilibrated with the pressures in the main pancreatic duct of 

the mouse, since there was visibly a free flow of fluid between the ducts and, unlike in 

humans3, in mice there are by histology no smooth muscle sphincters at the junction of the 

common bile duct and pancreatic duct43.

The high intraductal pressures we have induced in this model of PEP meant to mimic the 

pressures that develop after an ERCP, due to transient edema at the ampulla of Vater and 

consequent backup of pancreatic juice. While there are multiple reports of monitoring ductal 

pressures during ERCP in patients, no one has yet been able to measure pancreatic ductal 

pressures after ERCP. For this reason, there is currently no way of knowing how the ductal 

pressures we induced in mice compared to the ductal pressures achieved after ERCP in 

humans. In the future, there may be non-invasive imaging methods of tracking these ductal 

pressure changes in the clinical setting over time after the ERCP.

Based on the pressures we recorded using the rate-regulated normal saline infusion model, 

we subsequently generated a model of pressure-induced pancreatitis by delivering normal 

saline via a pressure-regulated pump for a brief period of 10 min at pressures at or above 100 

mmHg. Although infusing at a hydrostatic pressure of 50 mmHg caused some degree of 

pancreatic inflammatory gene upregulation, the higher pressures induced a much greater 

degree of pancreatic edema, inflammatory infiltrate, and necrosis. The pancreatic damage 

was also associated with a drop in tight junction expression. This is consistent with studies 

in rats11 and cats12, in which applying hydrostatic pressure led to increased permeability and 

leakage of the infusion fluid into the interstitium. The current study did not examine the 

impact of intraductal pressure on pancreatic ductal function, a primary feature of which is to 

alkalinize pancreatic juice. However, the pancreatic ductal cells exert a role in 

pancreatitis44, 45. Takacs et al. showed that elevated intraductal pressure in the setting of 

pancreatitis was associated with intraductal acidosis46. Intraductal pH was shown in some 

studies to affect pancreatitis severity. Noble et al. described a pH-sensitive neurogenic 

pathway that can mediate pancreatic inflammation in a PEP model in rats16. In our previous 

study of PEP in mice2, we did not observe differences in PEP outcome using a buffered 

infusate of pH 6.0, compared to a control of pH 7.3. Further studies are required to probe the 

direct effects of ductal hypertension on pancreatic ductal function and intraductal acidosis 

during PEP.

Aberrant Ca2+ signals, defined as high amplitude, non-oscillatory, sustained peak-plateau 

Ca2+ signals are an early and critical mediator of acute pancreatitis. Early changes in Ca2+ 

signaling in response to submaximal secretagogue stimulation were observed after 

pancreatic duct ligation in rodents34. In this ligation model, there was a rise, within 4 h, of 

trypsinogen activation peptide, a marker of trypsin activation. The elevation was largely 

prevented by in vivo calcium chelation, suggesting that ductal pressure-induced trypsin 

activation is calcium-dependent. We also observed an increase in the proportion of peak-

plateau Ca2+ signals from pancreatic acinar cells isolated within 15 min of pressure 

induction. Moreover, we observed that the shape of the peak-plateau Ca2+ signals in the cells 

from the pressure-induced mice manifested a slow return from their peak levels, implying an 
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impairment of Ca2+ extrusion. In pancreatic acinar cells, Ca2+ extrusion is primarily 

conducted by the PMCA47–50. Impaired PMCA function could indirectly result from acute 

mitochondrial depolarization and ATP deletion, since PMCAs are ATP-dependent. There is 

evidence for acute mitochondrial dysfunction in numerous experimental models of acute 

pancreatitis36–38, and we also found intraductal pressure induces a decrease in mitochondrial 

membrane potential, which is likely responsible for blunting ATP production. Or there could 

be a more direct impact of hydrostatic pressure on PMCA activity, as demonstrated with 

PMCAs purified from erythrocytes51. The mechanism by which intraductal pressure induces 

pancreatic Ca2+ toxicity is unclear and will require further studies that probe the contribution 

of an array of recently characterized plasma membrane-bound mechanotransducer channels, 

which are capable of conducting ion flux in response to mechanical stimuli52, 53. A recent 

study by Romac and colleagues suggests a role of the mechanically activated Piezo1 channel 

in pressure-induced pancreatitis54.

Calcineurin is a potent downstream target of Ca2+ and has been implicated as a critical 

mediator of acinar injury and pancreatitis in vivo20, 40, 55. The pancreatic acinar cell 

primarily expresses the Cnab and CnB1 isoforms of calcineurin56. We found that high 

pancreatic ductal pressures mediate pressure-induced pancreatitis through calcineurin 

activation and that calcineurin deletion (using Cnab knockouts) or calcineurin inhibition 

(with FK506) largely prevents pancreatic inflammation and the loss of tight junction 

expression. We observed a similar decrease in mitochondrial membrane potential in Cnab 
knockouts early after pressure induction, indicating that calcineurin activation is either 

downstream to or independent of pressure-induced mitochondrial depolarization.

In summary, we observed high intraductal pressures in a previously reported rate-regulated 

intraductal infusion model of PEP. We found that transiently inducing high hydrostatic 

pressures using a pressure-regulated pump results in consistent and graded pancreatitis. 

Pressure-induced pancreatitis was associated with substantial pancreatic inflammation and 

the loss of tight junction integrity. Both of the pathological aspects induced by pancreatic 

ductal hypertension were mediated through calcineurin signaling.

The findings suggest that calcineurin inhibitors could serve as an effective preventative for 

the common scenario of PEP which results from increased pancreatic ductal pressures, even 

in the absence of radiocontrast exposure. More broadly, studying the role of the Ca2+/

calcineurin signaling pathway in the pressure-induced form of PEP could provide insight 

into potential therapies for other obstructive etiologies of pancreatitis and pressure-

associated injury.
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Abbreviations

AAV adeno-associated virus

CCCP carbonyl cyanide m-chlorophenyl hydrazine

ERCP endoscopic retrograde cholangiopancreatography

H&E hematoxylin and eosin

IL interleukin

ip intraperitoneal

ITR inverted terminal repeat

Luc 2P luciferase 2P

MP minimal promoter

NFAT nuclear factor of activated T-cells

pA poly A

PEG polyethylene glycol

PEP post-ERCP pancreatitis

PMCA plasma membrane Ca2+ ATPase

RE response element

RT-qPCR reverse transcription quantitative polymerase chain reaction

SERCA sarco(endo)plasmic reticulum Ca2+-activated ATPase

STAT3 signal transducer and activator transcription 3

TMRM tetramethyl rhodamine methyl ester

TNF tumor necrosis factor

WT wildtype

ZO zonula occludens
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Figure 1. High intraductal pressures are observed in an experimental mouse model of post-
ERCP pancreatitis (PEP)
(A) A schematic of the rate-regulated pump with pressure monitoring. P, pancreas; D, 

duodenum. (B) Pressures observed with low (negative control) or high intraductal infusion 

of normal saline. The arrows point to the time of the start or stop of the infusion.
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Figure 2. The transient application of high hydrostatic intraductal pressure leads to pancreatitis
(A) A schematic of the pressure-regulated pump with pressure monitoring (left) and a 

timeline for assessing pancreatitis severity in this model (right). (B) Representative H&E 

images from sham, 50 mmHg, 100 mmHg, and 150 mmHg, along with overall histological 

severity scoring from the head of the pancreas. (C) Edema assessed by image thresholding. 

(D) CD45 immunostaining and subscoring for inflammatory infiltrate. (E) Subscoring for 

necrosis. (F) Serum amylase at 6 h and (G) serum IL6 at 24 h. (n=5–7 mice per condition, 
*p<0.05, compared to the sham, #p<0.05, compared to 50 mmHg).
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Figure 3. The transient application of hydrostatic intraductal pressure leads to elevations in 
pancreatic proinflammatory cytokine expression and reductions in tight junction expression
(A) Gene expression by RT-qPCR, (B) immunoblotting for phospho-STAT3 (Y705), and (C) 

expression of genes for tight junction proteins from the pancreatic head 24 h after pressure 

induction. (n=5–7 mice per condition, *p<0.05, compared to the sham, #p<0.05, compared to 

50 mmHg).
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Figure 4. Pressure-induced pancreatitis causes dysregulation of Ca2+ processing and a decrease 
in mitochondrial membrane potential in isolated pancreatic acinar cells
(A) Image of the pancreas with duodenum (D) and spleen (S) removed en bloc to assist 

proper identification of the pancreatic head (left) and timeline for pressure induction and 

pancreatic acinar cell isolation and imaging (right). (B) Histogram shows the proportion of 

the cells responding as oscillations (yellow), peak-plateau (red), non-oscillation (blue), 

minimal response (grey), and no response (white) from a sham surgery or pressure 

induction. (C) Representative image of an acinar cell couplet on the left, transmitted light; 

middle and right, fluorescent imaging loaded with TMRM to assess mitochondrial 

membrane potential. The white dashed circle indicates an enriched region of mitochondria 

that was used for the analysis. Tracing of TMRM from the sham (black) or pressure-induced 

(red) groups. Data were normalized to the baseline as F/F0. (n=10–17 acinar cells, 

performed from 2–3 mice for each group).

Wen et al. Page 18

Gastroenterology. Author manuscript; available in PMC 2019 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. Pressure-induced pancreatitis causes pancreatic calcineurin activation
(A) Schema for the AAV6-NFAT-luciferase plasmid that we generated. ITR, inverted 

terminal repeat; RE, response element; pA, poly A; MP, minimal promoter; and luc 2P, 

luciferase 2P. (B) Timeline for the intraductal infusion of the AAV6, followed by the 

application of hydrostatic pressure and bioluminescent imaging. (C) Images and 

quantification of the pancreatic NFAT signal at baseline (time 0), 4, and 8 h after pressure 

induction. (n=2–3 mice per condition, *p<0.05, compared to the sham at each of respective 

time point).
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Figure 6. Calcineurin mediates pressure-induced pancreatitis
(A) Representative H&E images from sham and pressure-induced conditions from WT and 

Cnab knockout mice, along with overall histological severity scoring. (B) Serum amylase at 

6 h and serum IL6 at 24 h. (C) Timeline for intraperitoneal administration of FK506 (1 mg/

kg). (D) Representative H&E images from the sham and pressure-induced conditions, along 

with overall histological severity scoring. (E) Serum amylase at 6 h and serum IL6 at 24 h. 

(n=5–7 mice per condition, *p<0.05, compared to the WT sham, #p<0.05, compared to the 

WT undergoing pressure induction).
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Figure 7. Calcineurin signaling is necessary for pancreatic inflammatory cytokine expression and 
tight junction integrity in pressure-induced pancreatitis
Gene expression by RT-qPCR from the pancreatic head 24 h after pressure induction in (A) 

WT versus Cnab knockout mice or (B) WT mice receiving FK506 administration. (C, D) 

Immunoblotting for phospho-STAT3 (Y705) and (E, F) expression of tight junction genes 

from the pancreatic head 24 h after PIP induction. (n=5–7 mice per condition, *p<0.05, 

compared to the WT sham, #p<0.05, compared to the WT undergoing pressure induction).
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