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Abstract

Objectives—The most common etiology for acute pancreatitis results from the impaction of
gallstones or sludge in the distal common bile duct (CBD). The result is pancreatic duct
obstruction, diversion of bile into the pancreas, or cholestasis. In the current study, we examined
whether combining both aspects, that is, infusion of the bile acid taurocholate (TC) followed by
bile duct ligation (BDL), could yield a more severe form of pancreatitis that mimics biliary
pancreatitis.

Methods—In mice, following laparotomy, the CBD was infused with either normal saline (NS)
or TC. Subsequently, the CBD was ligated at the ampulla.

Results—Mice receiving TC infusion followed by BDL (TC+BDL) had higher mortality
compared to animals receiving intra-ductal NS with BDL (NS+BDL). The TC+BDL arm
developed more severe and diffuse pancreatic necrosis. In addition, serum amylase, IL-6, and
bilirubin, were significantly higher. However, pancreatic edema as well as lung and liver injury
were unchanged between TC+BDL and NS+BDL.

Conclusions—In summary, the combination of bile infusion into the pancreas followed by BDL
causes a more severe, necrotizing pancreatitis. We believe this novel model of pancreatitis is
useful because it can be employed in transgenic mice and recapitulates several aspects of biliary
pancreatitis.
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INTRODUCTION

Acute pancreatitis is a debilitating inflammatory disease of the pancreas that contributes to
nearly 6,000 deaths in the United States annually®. It is the most common reason for
gastrointestinal-related hospitalization and costs an estimated 2.6 billion dollars per yearl.
For this reason, mechanistic studies in experimental models are necessary to understand the
pathogenesis of the problem.

Although the current experimental models of pancreatitis have several strengths, many lack
clinical relevance. Most of the commonly used mouse models of acute pancreatitis, such as
caerulein hyperstimulation: (1) cause only mild disease or (2) fail to correspond to a
clinically relevant etiology of pancreatitis2. Consequently, there is a need to develop animal
models that: (1) are more severe and (2) closely relate to the clinical scenario.

Biliary pancreatitis is the most common cause of acute pancreatitis in both children and
adults and accounts for approximately 30 — 60% of all cases®#. The primary problem in
biliary pancreatitis is the impaction of gallstones or sludge in the distal common bile duct
(CBD)?®. The stone impaction leads to: (1) pancreatic duct hypertension, (2) diversion of bile
into the pancreatic duct, or (3) back-up of bile into the liver (i.e. cholestasis), or a
combination of the three. In the current study, we sought to examine whether a model that
integrates the three factors could yield a more severe form of pancreatitis.

To do this, we employed a previously described method of retrograde infusion of bile
acids514 into the CBD of mice and added to it a subsequent ligation of the distal CBD at the
ampulla. We found that bile acid infusion followed by CBD ligation (BDL) could produce a
more severe pancreatitis as an experimental model in mice.

METHODS

Reagents and animals

All reagents were purchased from Sigma-Aldrich (St. Louis, MO) unless otherwise stated.
Male Swiss Webster mice weighing 22-28 g (Charles River; Wilmington, MA) were fed
standard laboratory chow and given free access to water. All animal experiments were
performed using a protocol approved by the University of Pittsburgh Institutional Animal
Care and Use Committee.

Intra-ductal bile acid infusion and BDL in mice

The procedure for retrograde infusion of bile acids into the distal CBD and pancreatic duct
has been described by Perides et al.5. Briefly, Swiss Webster mice were anesthetized with
isoflurane. A midline incision was made to reveal the abdominal cavity. The duodenum was
flipped to reveal its distal side and held in place by ligatures. The bile duct was identified,
and a 30G needle was inserted through the anti-mesenteric aspect of the duodenum to
cannulate the CBD. A small bull dog clamp was applied to the distal CBD (near the
duodenum) to prevent back flow of the infusate into the duodenal lumen and to hold the
cannula in place. A larger bull dog clamp was applied to the proximal CBD (near the liver)
to prevent infusion into the liver and also to divert flow to the pancreatic duct. Sodium
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taurocholate (TC; 2.5%-5%) or normal saline (NS) was infused at 10 pl per min for 5 min
using a P33 perfusion pump (Harvard Apparatus, Holliston, MA). Following infusion, the
CBD was ligated just proximal to the ampulla of Vater using a 7-0 proline suture. Upon
completion of the infusion, the bull dog clamps were released. The exterior abdominal
wound was closed using 7 mm wound clips, and a single injection of buprenorphine (0.075
mg/kg) was given immediately after the surgery. Mice recovered on a heating pad for 30
min after the procedure. They were given free access to food and water after the surgery and
euthanized 24 hr later via CO5 asphyxiation.

Pancreas tissue preparation and histological grading

The pancreas, duodenum, and spleen were excised en bloc and fixed at room temperature for
24 hr in 4% paraformaldehyde. Paraffin-embedded sections were stained with hematoxylin
and eosin (HE) and graded using a 20X objective over 10 separate fields in a
semiquantitative fashion using a scoring system described by Wildi et al.15. A score of 0-3
was used to evaluate the following histological features:

Inflammatory cell infiltrate
0) Absent or around ductal margins and lobules
1) In the parenchyma (< 25% of the lobules)
2) In the parenchyma (25% < and < 50% of the lobules)
3) In the parenchyma (> 50% of the lobules)
Edema
0) Absent or focally increased between lobules
1) Diffusely increased in acini and lobules, but acini intact
2) Diffusely increased and acini focally disrupted
3) Acini disrupted and separated
Necrosis
0) Absent or < 5%
1) 5%< and < 10%
2)  10%< and < 20%
3) > 20% (diffuse)

Digital analysis to quantify pancreatic edema

HE pancreatic sections were scanned on an Aperio slide scanner using a 40X objective.
Whole pancreatic sections were then analyzed in Adobe Photoshop, and all non-pancreatic
tissue (i.e. duodenum, spleen, lymph nodes, blood vessels, ducts) was excluded. Total
pancreas tissue (e.g. pancreatic parenchyma without peri-pancreatic fat or large vessels) for
each region was determined. Intra-lobular or intra-acinus separation denoted by white space
(i.e. edema) was identified and marked using black fill. The amount of black area (i.e.
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number of pixels) was measured as a percent of the total tissue area, and data were
represented as percent edema.

Serum amylase, IL-6, and hepatic indices

Whole blood samples were centrifuged at 1500%g for 5 min at 4°C. Serum amylase and IL-6
were measured using a Phadebas kit (Amersham Pharmacia; Rochester, NY) and an
enzyme-linked immunoadsorbent assay (ELISA) kit (BioLegend; San Diego, CA),
respectively. Serum alanine aminotransferase (ALT) and total bilirubin were analyzed by the
clinical pathology lab at the Children’s Hospital of Pittsburgh.

Lung histology and bronchoalveolar lavage (BAL) analysis

To collect BAL fluid, the neck of the euthanized mouse was dissected, and the trachea was
cannulated using a 21G lavage catheter. A 1 ml syringe was connected and 1 ml of PBS was
gently infused into the lung. The fluid was suctioned back into the syringe, spun at 500xg
for 5 min, and the supernatant containing BAL was stored at —80°C.

To fix the lung in situ, the chest was dissected and 1 ml of 10% formalin was gently infused
into the trachea through the lavage catheter. Once infused with fixative, the lung and
surrounding organs were removed from the thoracic cavity and immediately placed in 15 ml
of 10% formalin overnight at room temperature. The next day, the lung was separated from
the adjacent organs and submitted for paraffin embedding and HE staining.

Lung tissue sections were graded using a 40X objective over 20 separate fields in a
semiquantitative fashion using a scoring system described by Matute-Bello et al.18. A score
of 0, 1, or 2 was used to evaluate the following histological features: alveolar macrophages
(none, 1-5 cells, >5 cells, respectively), hyaline membranes (none, 1-5 cells, >5 cells,
respectively), proteinaceous debris filling the airspace (none, 1 airspace, >1 airspace,
respectively), and alveolar septal thickening (< 2x normal, 2x — 4x normal, >4x normal,
respectively).

Lung injury was further assessed by the presence of the cell injury marker lactate
dehydrogenase (LDH) in the BAL fluid. LDH was measured using a colorimetric
cytotoxicity assay kit (Promega; Madison, WI).

Statistical analysis

Data were expressed as mean + standard deviation unless otherwise stated. Statistical
analysis was performed using a Student’s t-test or log-ranked test (for the Kaplan-Meier
survival curves). Statistical significance was defined as a P value < 0.05.

RESULTS

Intra-ductal infusion of taurocholate followed by BDL reduces mouse survival

We began the current study with intra-ductal infusions of 5% TC, a concentration which has
been used in most models of retrograde infusion®11-1317-22 However, all of the mice
receiving the experimental arm of 5% TC followed by BDL died within 24 hr (data not
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shown). For this reason, we reduced the TC concentration to 2.5%. There were 4 discrete
conditions: (1) intra-ductal infusion of NS alone (NS sham); (2) 2.5% TC alone; (3) NS
infusion followed by BDL (NS+BDL); and (4) 2.5% TC infusion followed by BDL (TC
+BDL). Serum was collected 6 hr after surgery and tissues were collected starting at 24 hr as
depicted in Figure 1. An important strength of the set-up is that the experimental condition
(i.e. TC+BDL) was directly compared with the other 3 “control” arms, whereas previous
studies have compared the experimental to a control sham animal that underwent a
laparotomy but did not undergo manipulation of the CBD or pancreatic duct23. In addition
these studies had not characterized the relative contribution of each intervention, that is the
role of bile acid infusion along with BDL. We observed that in comparison to the non-
ligated animals, mice receiving BDL (whether with NS or TC infusion) had massive CBD
dilatation, and the pancreas appeared grossly edematous. All of the mice receiving NS or
2.5% TC alone survived up to 3 days after the surgical procedure (Figure 2). Only 60% of
mice in the NS+BDL group survived after 2 days, and 40% of mice in this group survived
for up to 3 days. All of the mice receiving 2.5% TC followed by BDL died within 36 hr after
the procedure, demonstrating that the TC+BDL model causes a high degree of mortality.

Intra-ductal infusion of taurocholate followed by BDL causes severe and diffuse
pancreatic necrosis

The pancreas, duodenum, and spleen were excised en bloc 24 hr after the surgical procedure.
Using the orientation of adjacent organs, we were able to approximate the regions
containing the head, body, and tail of the pancreas into 3 roughly equal portions, denoted as
Regions# 1, 2, and 3, respectively (Figure 3). HE-stained sections of pancreas were graded
for edema, inflammatory infiltrate, and necrosis from all 3 regions. Compared to the NS
sham, there was no significant increase in histological severity in pancreatic sections from
the TC alone group. However, there was a 2- and 2.5-fold increase above the NS sham in the
NS+BDL and TC+BDL groups, respectively in Region# 1 (P<0.05). Regions# 2 and 3 had a
lower magnitude of severity than Region# 1 for each of the 4 conditions. Nonetheless, there
was a similar fold increase in histological severity in NS+BDL and TC+BDL groups among
the 3 regions, compared to the NS sham (P<0.05). Among the BDL groups, there was a 22—
35% increase in severity with TC+BDL compared to NS+BDL in each of the regions. The
primary contributor to overall severity was the necrosis index. There was a 9.1- and 16-fold
increase in necrosis in NS+BDL and TC+BDL above the NS sham in Region #1,
respectively (P<0.05). These data demonstrate that TC+BDL causes a more severe and
diffuse pancreatic necrosis than either TC or BDL alone. Edema was calculated in a
subjective fashion using a semiquantitative grading scale, as well as from an objective
method using intensity thresholding, as described in the Methods. Edema was significantly
increased in the NS+BDL and TC+BDL groups by 2.7- and 3.1-fold, respectively, in
Region# 1 above the NS sham (P<0.05; Figure 4). In Regions# 2 and 3, there was only a
1.7-fold increase above the NS sham (P<0.05). There was no significant difference in edema
or inflammatory cell infiltrate between the 2 BDL groups.

Serum markers and lung and liver injury

To further compare the severity among the 4 experimental models, we measured serum
amylase and IL-6 levels 6 hr after the surgical procedure (Figure 5). There was no
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significant increase in the 2.5% TC alone group above the NS sham for each of the 2
indices. However, there was a 27.7- and 36.7-fold increase in serum amylase and a 2.5- and
4.4-fold increase in serum IL-6 among the NS+BDL and TC+BDL groups relative to the NS
sham, respectively (P<0.05 for each comparison). Serum amylase and IL-6 from the TC
+BDL arm was increased 24% and 44% above NS+BDL, respectively (P<0.05 for each
comparison). These data complement the pancreatic histological grading and further support
the finding that TC+BDL induces a more severe pancreatitis than TC alone or BDL alone.

The lung is a primary site of extra-organ involvement in severe acute pancreatitis?*25, To
assess whether the combination of bile acid infusion and BDL worsens lung injury, lung
tissue was obtained 24 hr after the surgical procedure and graded in a semiquantitative
fashion for the degree of alveolar macrophage cell infiltrate, hyaline membranes,
proteinaceous debris, and alveolar septal thickening (Figure 6). BAL fluid was also assessed
for leakage of the cell injury marker LDH. There was no significant increase in the lung
histological severity score or LDH leakage with TC alone compared to the NS sham.
However, there was a roughly equal increase by 34% in the severity score and a 4.6-fold
increase in LDH leakage from the BAL fluid among both BDL groups (P<0.05 for each
comparison). The results suggest that, at 24 hr, BDL alone is the primary factor in inducing
lung injury. Besides obstruction of the pancreatic duct, BDL also causes biliary obstruction
and resulting hepatitis. In the NS+BDL group, serum ALT, a marker of hepatocyte injury,
was 43.4-fold higher than the NS sham (Figure 7; P<0.05). However, TC in addition to BDL
did not further increase those levels. On the other hand, NS+BDL caused a 9.1-fold increase
in serum bilirubin, which is a surrogate marker of cholestasis, and TC+BDL caused a 26%
increase above NS+BDL (P<0.05). Although the percent increase is relatively modest, taken
together, the findings suggest that compared to BDL alone, the TC+BDL model provokes
the same level of hepatocyte injury but a greater degree of cholestasis.

DISCUSSION

In the current study, we report a new model of severe acute pancreatitis in mice that mimics
3 postulated aspects of biliary pancreatitis: (1) pancreatic duct hypertension via BDL; (2)
exposure of the pancreas to bile via TC infusion; and (3) increased cholestasis. Previous
studies have demonstrated that, by themselves, each of these aspects either fails to induce
pancreatitis in most situations or causes a focal, limited pancreatitis. Most experimental
models that ligate the pancreatic duct cause pancreatic atrophy, rather than
inflammation26:27. The American opossum, however, seems to be the only animal model in
which pancreatic duct ligation induces severe acute pancreatitis?8-2% with mortality rates
approaching 100% within 2 weeks. Pancreatitis models employing the intra-ductal infusion
of bile acids have been reported in dogs3?, rabbits23:31, rats14.32:33 and more recently, in
mice®. A major limitation of the bile acid infusion model of pancreatitis, however, is that
pancreatic necrosis is restricted to the head of the pancreas. Further, the question of whether
bile reflux into the pancreas can occur in the clinical setting of persistent distal CBD
obstruction is still unanswered34. Regarding the scenario of cholestasis alone, patients who
develop cholestasis due to more proximal CBD obstruction or from intra-hepatic causes do
not appear to be predisposed to the development of pancreatitis. Yet, many patients with
biliary pancreatitis have some degree of cholestasis3®. We found that intra-ductal bile
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infusion followed by BDL could combine all three aspects of pancreatic duct obstruction,
bile exposure, and cholestasis. In addition we demonstrate that using three unique control
arms—(1) normal saline infusion sham, (2) bile acid infusion only, (3) BDL preceded by NS
infusion—and a final experimental arm—bile acid infusion followed by BDL—there were
in the combination arm worsened pancreatitis outcomes compared to each modality alone.
The pancreatitis induced by TC+BDL had a more severe and diffuse pancreatic histology,
primarily due to the presence of pancreatic necrosis, and the levels of serum amylase and
IL-6 were higher than BDL alone.

A similar methodology of bile acid infusion followed by BDL was reported in rabbits using
human bile or taurochenodeoxycholic acid (TCDC), and the model manifested a similar
degree of pancreatic necrosis and mortality as our mouse model23:31, TCDC as well as TC,
which we have used, each make up roughly 35% of the bile acid composition in bile3.
Although the mouse model requires stereoscopic micro-cannulation of the CBD and a slow,
regulated infusion via a peristaltic pump, we believe the mouse offers a key advantage.
Specifically, this model will be useful for a multitude of future studies to examine signaling
or inflammatory pathways involved in biliary pancreatitis, specifically using transgenic
mice. A limitation of the combination model is that there were no differences in lung injury
compared with BDL alone. A possible reason for the limited lung injury is the timing of the
analysis. We examined the parameter 24 hr after ligation, and it is, therefore, possible that if
the animals survived for a longer time there might have been greater pulmonary
manifestations in the TC+BDL group compared with BDL alone.

In summary, the combination of bile infusion into the pancreas, CBD obstruction, and
cholestasis that is mimicked by intra-ductal infusion of TC, followed by BDL causes a more
severe, necrotizing pancreatitis. We believe this novel experimental mouse model of
pancreatitis is useful because (1) it can be employed in transgenic mice and (2) it
recapitulates several aspects of biliary pancreatitis.
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Intra-ductal infusion Distal common bile duct ligation (BDL)

NS+BDL

s
SIS

TC+BDL

NS sham TC alone
e -

Figure 1. Schematic of the surgical procedure
(A) The distal common bile duct (CBD; arrows) was cannulated via a trans-duodenal

puncture, and methylene blue was added to the infusate. The CBD was ligated close to the
ampulla (large arrow head). (B) Images of the pancreas at laparotomy 24 hr after the
surgical procedure show that distal CBD ligation, or BDL, causes massive CBD dilation
(dotted red lines). NS, normal saline; TC, sodium taurocholate; P, pancreas; D, duodenum.
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Figure 2. Intra-ductal infusion of taurocholate followed by BDL leadsto greater mortality over
BDL alone

with the NS sham and also between the 2 BDL groups.
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Kaplan-Meier curves over a 72 hr time course. P<0.05, comparing NS+BDL or TC+BDL
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Figure 3. Intra-ductal infusion of taurocholate followed by BDL causesa more severe and diffuse
pancreatic necrosis over BDL alone

(A) For proper orientation, the pancreas was removed en bloc along with the (D)uodenum
and (S)pleen. It was then divided into 3 equal parts. Notably, the head of the pancreas was
contained within Region# 1. (B) Representative HE sections at 20X for each region. L,
lymph node; S, spleen. (C) Semiquantitative scoring of overall histological severity and,
specifically, pancreatic necrosis (n=5 animals per group and 10 fields at 20X for each
region). *, P<0.05, relative to the NS sham. #, P<0.05.
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Figure4. BDL isthe primary contributor to pancreatic edema
As described in the Methods, edema was quantified within (A) Region# 1 and (B) Regions#

2 and 3 combined. (n=5 animals per group over each whole pancreatic section). *, P<0.05,
relative to the NS sham.
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Figure5. Intra-ductal infusion of taurocholate followed by BDL causes higher elevationsin (A)

serum amylase and (B) IL-6 compared with BDL alone
Serum was collected 6 hr after surgery. *, P<0.05, relative to the NS sham. #, P<0.05.
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Figure 6. Lunginjury in the surgical models
(A) Representative HE sections at 40X from lung tissue obtained 24 hr after the surgical

procedure. The insets zoom in on macrophages in the alveolar space (arrow heads) and
alveolar septal wall thickening (arrows). (B) Overall histological severity (left) and lactate
dehydrogenase (LDH) from bronchoavleolar lavage (BAL) fluid (right). (n=5 animals per
group; lung tissue was graded over 20 fields at 40X). *, P<0.05, relative to the NS sham.
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Figure 7. Hepatocyte injury and cholestasisin the surgical models
Serum (A) alanine aminotransferase (ALT) and (B) bilirubin 24 hr after the surgical

procedure. (n=5 animals per group). *, P<0.05, relative to the NS sham.
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