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Abstract

Background—aBile-pancreatic duct ligation in rats causes acute pancreatic inflammation. We
performed serial morphologic evaluation of the exocrine pancreas after duct ligation to facilitate
further investigations using the model.

Methods—The pancreas was excised from 74 rats after 0, 1, 3, 5, 24 or 48 h of duct ligation or
sham operation. A pathologist evaluated one hematoxylin- and eosin-stained slide from each rat.
Confirmatory immunostaining was performed with markers for apoptosis (activated caspase-3),
proliferation (cyclin D3), neutrophils (myeloperoxidase), and macrophages (CD68).

Results—Interstitial edema and WBC infiltration were apparent at 24 h and increased at 48 h.
Progressive periods of duct ligation were characterized by ductular ectasia (1-3 h), acinar
vacuolization (5-48 h), leukocytic margination and neutrophil exocytosis (5-48 h), ductule
epithelium hypertrophy and proliferation (24-48 h), and discernible loss of zymogen granules (48
h).

Conclusion—Ligation-induced acute pancreatitis in rats is a useful model to investigate early
events in disease pathogenesis.
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THE INTRODUCTION

To develop novel therapeutic strategies for acute pancreatitis, the elucidation of mechanisms
of disease pathogenesis is essential. The practical difficulties encountered in the investigation
of the early stages of disease pathogenesis in clinical acute pancreatitis have resulted in a
dependence on experimental models. Duct ligation-induced acute pancreatitis in animals is a
useful experimental model of gallstone pancreatitis and the most frequently used species have
been rats and opossums (1-9). Although duct ligation in opossums is associated with severe
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acute necrotizing pancreatitis and mortality (10), the use of the model is expensive and the
availability of reagents is very limited. The rat model has the advantages of convenience,
affordability, and availability of a wide variety of common reagents. Although not associated
with either mortality or substantial necrosis, the duct ligation model of acute pancreatitis in
rats is useful to investigate the early stages of disease pathogenesis with a focus on acute
pancreatic inflammation and acinar injury. Furthermore, other experimental models such as
cerulein-induced acute pancreatitis in rodents and choline-deficient ethionine-supplemented
(CDE) diet-induced acute pancreatitis in mice do not correspond to clinical acute pancreatitis
due to gallstones, alcohol consumption or other cause.

To facilitate further investigations using the rat model of duct ligation, we performed detailed
morphological characterization of exocrine pancreatic changes that involved a time-course of
duct ligation ranging from one hour to 48 hours. This time-course study of early morphological
changes in ligation-induced acute pancreatitis in rats is a valuable baseline to evaluate benefits
of various treatment strategies and to investigate mechanisms of disease pathogenesis during
the early stages.

MATERIALS AND METHODS

Animal surgery and specimen collection

All experimental protocols were approved by the Institutional Animal Care and Use Committee
of the University of lowa. Male Sprague-Dawley rats (250-300 gm) were purchased from
Harlan Sprague-Dawley, Inc., Indianapolis, IN. Midline laparotomy was performed on 74 rats
under general anesthesia induced with ketamine hydrochloride (87 mg/kg) and xylazine
hydrochloride (13 mg/kg) and the distal bile-pancreatic duct was identified at its point of entry
into the duodenum. In the diseased groups, the distal bile-pancreatic duct was ligated at its
junction with the duodenum. In sham-operated controls, the duct was only dissected but not
ligated. The rats were killed after 0, 1, 3, 5, 24 or 48 hours. Ten non-operated rats comprised
the zero-hour surgical control group. In the sham-operated and duct-ligated groups, the number
of rats studied were, respectively, five and eight at one hour, six and ten at three hours, five
each at five hours, six and nine at 24 hours, and five each at 48 hours. All surgical procedures
were performed by one investigator (1S). The pancreas was quickly excised and immersed
immediately into 10% phosphate-buffered formaldehyde for morphologic studies. All
morphologic evaluations were performed by one investigator (DKM) who is a pathologist with
expertise in comparative morphology, and images and findings were then discussed with the
co-author (IS).

Histopathology

One hematoxylin- and eosin-stained section was prepared from each formaldehyde-fixed,
paraffin-embedded portion of pancreas and examined on a light microscope (BX41TF,
Olympus, Tokyo, Japan) for morphological studies. Total white blood cell (WBC) count was
evaluated by examining two randomly selected 1 mm? areas of exocrine pancreas and
averaging the scores (Figure 1A). A differential WBC count was also obtained from the same
areas and the neutrophil and macrophage counts are reported (Figures 1B and 1C). Interstitial
edema was scored using a range of 1 (mild) to 5 (severe) (Figure 1D). Apoptosis and mitosis
of acinar cells were also evaluated by similarly examining two 1 mm? areas and studying the
morphological characteristics of cells in the selected field (Figures 1E and 1F). Representative
photomicrographs of additional findings presented in descriptive form are presented in Figures
2, 3and 4. To corroborate interpretations of hematoxylin- and eosin-stained sections, we
performed immunohistochemistry on selected slides as described below (Figure 4).
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Immuno-histochemistry

These studies were purely qualitative and not quantitative as the purpose was only to confirm
the impression obtained with light microscopic examination of hematoxylin- and eosin-stained
sections. Unstained paraffin sections were warmed, placed in xylene followed by a series of
graded ethanol baths, and then assessed by immunohistochemistry using the peroxidase/
antiperoxidase method. Immunostaining was performed on selected slides with primary
antibodies for the following markers: apoptosis (rabbit anti-activated caspase-3, cat. #9664L,
Cell Signalling Technology), proliferation (rabbit anti-cyclin D3, cat. # SC-182, Santa Cruz
Biotechnology, Inc), neutrophils (rabbit anti-myeloperoxidase, cat. # A0398, DAKO), and
macrophages (mouse anti-rat CD68, ED1 clone, Serotec). Detection of primary antibodies was
performed using commercial kits (Rabbit Envision Plus or Mouse Envision Plus, as
appropriate, DAKO) and chromogen (DAB, DAKO). Slides were then counterstained with
hematoxylin, dehydrated through a series of ethanol and xylenes baths, and cover-slipped for
microscopic examination.

Electron microscopy

The relationship between zymogen granules and autophagic vacuoles was examined in acinar
cells of rats after five hours of duct ligation using transmission electron microscopy. From the
freshly excised pancreas, small cubes less than 1 mm in size were sliced and immediately fixed
in Karnovski’s fixative (2.5% glutaraldehyde, 4% paraformaldehyde, 1 M Na cacodylate
buffer, pH 7.4). The samples were post-fixed in 1% osmium tetroxide, dehydrated in graded
concentrations of ethanol, incubated in ascending concentrations of propylene oxide, and
embedded in Spurr’s epoxy resin. Ultrathin sections were stained with uranyl acetate and
bismuth subnitrate and viewed on a Hitachi transmission electron microscope (H-7000) at the
University of lowa Central Microscopy Research Facility.

Statistical methods

Statistical analyses were performed using the SigmaStat software. One way analysis of
variance (ANOVA) tests, as appropriate for parametric or non-parametric data, were used for
multiple comparisons. Student’s t test was performed for two-sample comparisons.

RESULTS

Quantitative histopathological evaluation

Morphometry and scoring systems were applied to the pancreata throughout the time course
to assess quantitative changes in inflammation (cellular infiltration and edema), apoptosis and
proliferation. Compared to the 0-hour baseline group, total WBC infiltration was significantly
increased in the ligated but not the sham operated group by 24 and 48 hours (Figure 1A). The
lack of statistical significance between the sham controls versus ligated group at 24 and 48
hours (or the sham groups versus the 0-hour group) probably reflects the large standard
deviations observed with this method of quantitative analysis. However, it is important for the
purposes of the present study that 24 and 48 hours of duct ligation result in significant changes
compared to the 0-hour baseline. The cellular infiltrate was composed primarily of neutrophils
and, to a lesser extent, macrophages (Figures 1B and 1C). After 24 hours of duct ligation the
percentage distribution of WBC’s was 58% neutrophils and 24% macrophages, and after 48
hours there were 87% neutrophils and 11% macrophages. No eosinophils were seen in the
parenchymal areas examined, while lymphocytes and mast cells were seen occasionally with
a similar distribution amongst various experimental groups (data not shown). Edema scores
for the ligated group correspondingly increased at 24 and 48 hrs while the sham group edema
scores were unchanged (Figure 1D). The effects of surgical manipulation caused a significant
increase in apoptotic activity in the 48-hour sham-operated group while the duct ligated groups
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showed no significant change (Figure 1E). Interestingly, the ligated group by 48 hrs showed
significant evidence of proliferation whereas the sham group was unaffected (Figure 1F).

Qualitative histopathological evaluation — early phase

In addition to quantitative comparisons as described above, qualitative morphological
evaluations of the pancreas was also performed. On the whole, the duct-ligated and sham-
operated groups had minimal morphological changes one to three hours after surgery. There
was mild vascular congestion mainly noted in the first hour of both groups, and this generally
diminished at the three-hour time point. The duct ligation groups had multifocal moderate
ectasia of the ducts and ductules by eosinophilic proteinaceous material and this was lacking
in the sham groups (Figures 2A and 2B). Five hours after surgery, the ligation group frequently
had morphologic disruption of the acinar cells by cytoplasmic vacuolization at the basal level
of the zymogen stores (Figures 2C and 2D). At this level, the zymogen granules were
morphologically degenerate having indistinct ragged edges, faint eosinophilic to gray
coloration and remnant granules were often located adjacent to or within clear spaced vacuoles.
This process, which was most apparent at five hours, was seen through the remaining times
points and seemed to correspond to a general decrease in the relative cytoplasmic stores of
zymogen granules by 48 hours (Figure 3). In addition, at the 5-hr time point, the ligation group
had scattered evidence of early inflammation including leukocytic margination in vessels with
mild neutrophilic exocytosis and perivascular edema.

Qualitative histopathological evaluation — late phase

After 24 hours, inflammatory and cellular changes became more readily apparent and generally
progressed through 48 hours (Figure 3). During these later time points, the ligation group had
increased edema evidenced by clear space separation of collagen fibers, lobules and acini.
Much of the edema was focused on the perilobular interstitium with expansion into the
periacinar space causing distinct separation of acinar structures by 48 hours. The cellular
infiltrate was composed primarily of neutrophils and macrophages, with neutrophils being
more prevalent. The infiltrate was predominantly seen in the interstitium surrounding medium
to large ducts and vessels of the interlobular matrix and extended into the parenchymal
periacinar spaces (Figures 3B and 3C). Interestingly, the epithelium lining ducts and ductules,
centriacinar cells, and occasionally acinar cells, showed evidence (mitoses, anisokaryosis,
anisocytosis, etc) of increased proliferation after duct ligation. At 48 hours of ligation,
centroacinar cells frequently had swollen anisokaryaotic nuclei with clear cytoplasm that
expanded the centriacinar space and often contained mitotic figures. Multiple, and occasionally
bizarre, mitotic figures were seen from centriacinar cells to larger ducts (Figures 3 B and 3D).
Furthermore, the prevalence of apoptotic cells seen in the pancreas was increased after 48 hrs
in sham operated rats, but remained relatively unchanged in the ligation group.
Immunohistochemistry in selected slides confirmed histological interpretation of hematoxylin-
and eosin-stained slides (Figure 4).

Electron microscopic studies

Transmission electron microscopy of pancreata after 5 hours of duct ligation showed the
formation of cytoplasmic autophagic vacuoles (secondary lysosomes) in acinar cells (Figure
5). Interestingly, zymogen granules were every so often observed within these autophagic
vacuoles. Swelling of the endoplasmic reticulum was an additional feature observed after duct
ligation.

DISCUSSION

Our studies show that acute inflammatory changes after ligation of the distal rat pancreatic
duct, such as interstitial edema and infiltration by neutrophils and macrophages, become
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prominent at 24 hours and increase further at 48 hours. Apoptosis was baseline to somewhat
repressed in duct-ligated versus sham-operated rats and this corresponded with increased
cellular proliferation in the ligated group that was most apparent at 48 hours. Compared to
sham controls, progressive periods of duct ligation were characterized by appearance of
ductular ectasia, acinar vacuolization around basal cytoplasmic zymogen granules, leukocytic
margination and neutrophil exocytosis, ductule epithelium hypertrophy and proliferation, and
discernible loss of zymogen granules. Transmission electron microscopy confirmed the
impression on light microscopy that several zymogen granules are within autophagic vacuoles.

Autophagic vacuoles, also called secondary lysosomes, have the function of degrading aged
or injured cell organelles and transporting the component macromolecules to the cytosol. Once
in the cytosol, these macromolecules (e.g., amino acids, carbohydrates, nucleotides) are either
reutilized by the cell to build new cellular organelles or are excreted by the cell. The molecular
degradation of cell organelles within these vacuoles is accomplished by several lysosomal
enzymes called acid hydrolases (e.g., cathepsin B, acid phosphatase, N-acetylglucosaminidase)
(11). When the distal duct is ligated in rats there is exclusion of bile and pancreatic juice from
the enteral lumen (11). Enteral exclusion of bile and pancreatic juice is associated with feedback
hyperstimulation of the exocrine pancreas via a neurohormonal response initiated in the
duodenum and proximal jejunum (12-14). Exclusion-induced acinar hyperstimulation
promotes increased digestive enzyme production and the digestive enzymes are packaged in
zymogen granules. In duct ligation-induced acute pancreatitis, the increased digestive enzyme
production from hyperstimulation occurs in parallel with mechanical duct obstruction, a
situation that would logically favor lysosomal autophagocytosis of the digestive zymogens
rather than their secretion into the centriacinar lumen. In our study, we present light microscopic
evidence that zymogen granule autophagocytosis and degradation begins at the five-hour time
point after ligation with reduced or altered zymogen granules still detectable through 48 hours.
Electron microscopic studies at the five-hour time point confirm that zymogen granules are
engulfed within autophagic vacuoles after duct ligation and provide corroborative evidence to
support our light microscopic observations. Interestingly, the lysosomal enzyme cathepsin B
is capable of activating trypsinogen to trypsin, as suggested by in vitro and in vivo evidence
(15-17). Active trypsin can activate other digestive proenzymes packaged within zymogen
granules, potentially resulting in acinar cell “autodigestion” and necrosis. On the other hand,
lysosomal enzymes could destroy — rather than activate — digestive zymogen enzymes, a
possibility that would question a central role for cathepsin B in disease pathogenesis.

The time-course of inflammatory events in the present morphologic study provides guidance
while designing experiments that investigate mechanisms of disease pathogenesis. For
instance, interstitial edema, neutrophil infiltration and macrophage invasion into the pancreatic
parenchyma are best investigated at the 24- and 48-hour time points in this duct ligation
experimental model of acute pancreatitis. Early neutrophil changes to be looked for within the
first five hours include scattered margination and peri-ductal infiltration. Additional early
changes appreciated between one and five hours of duct ligation include acinar vacuolation
and early proliferative changes in acini and duct epithelial cells. In previous studies, we have
shown that intracellular molecular events such as stress kinase activation, nuclear translocation
of nuclear factor kappa-B (NFkB) and cytokine production occur as early as within one hour
of duct ligation, at which time point pancreatic morphologic changes are minimal as shown in
the present study (18;19).

The proliferative changes observed in the present study could be a cellular response to growth
stimulating hormones such as cholecystokinin (CCK) and secretin that are released by the
duodenum into the systemic circulation when bile and pancreatic juice are excluded (20;21).
The subtle acinar cell proliferative changes may be attributable to CCK stimulation while the
more detectable ductal epithelial proliferative changes may be attributable to secretin. The
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mitotic changes are well established at the 48 hour time point. Interestingly, progressive
apoptotic changes are seen in sham-operated rat pancreata but not in the diseased group. Other
investigators have shown that apoptosis of acinar cells after duct ligation in rats is evident on
the third post-operative day (3;4), a time point not evaluated in our study. This may be due to
the recognized effect of growth hormones, which can regulate apoptotic activity while
promoting proliferation (22). Our finding of significantly increased apoptosis after 48 hours
in sham controls but not in duct ligated rats needs further evaluation, as other studies that looked
at this feature are limited. One group that studied the rat model in detail began their examination
only after three days of duct ligation (3), while another group that examined shorter time points
used only a zero-hour control for comparison but did not use sham-operated controls of the
same duration as the duct ligated rats (4).

A better understanding of the mechanisms of disease pathogenesis is needed to advance the
development of new treatment alternatives for acute pancreatitis. As investigations into the
pathogenesis of the early stages of clinical acute pancreatitis are difficult, we rely on the use
of experimental models to elucidate salient mechanistic events and to test the value of novel
treatment regimens. The duct ligation model of acute pancreatitis in rats is a useful experiment
model as it is economical and convenient and it mimics early stages of gallstone pancreatitis.
The detailed morphological characterization of the early stages of ligation-induced acute
pancreatitis in rats in the present study is a prerequisite to further investigations into the
evolution of the disease during the first 48 hours in this experimental model. A novel aspect
of our study is the inclusion of the time course of pancreatic morphological changes within the
first 24 hours of duct ligation ( 1, 3, 5 and 24 hrs of duct ligation), as most previous investigators
have studied changes in later stages beginning only after 24 hours or more of duct ligation
(3;4;23). Also, our studies have correlated the findings using immunohistochemistry, the
surgical operations were performed by a surgeon, and the histopathologic studies were
undertaken by a pathologist. Finally, compared to other studies, we have utilized a large number
of rats and have included sham-operated controls at each time point.

The classic finding by Opie in 1901 of ampullary obstruction by a gallstone during the autopsy
of a patient that succumbed to acute hemorrhagic pancreatitis is a historical landmark in the
field (24). Acosta demonstrated that the passage of a stone through the ampulla, even without
persistent obstruction, can initiate acute pancreatitis (25). Furthermore, Lee emphasized that
biliary sludge is sufficient to cause acute pancreatitis (26). In 1971, Churg performed a detailed
light and electron microscopic study of duct ligation-induced acute pancreatitis in rats and dogs
with durations ranging from 24 hours to several days and emphasized the atrophy, fibrosis and
degeneration of exocrine pancreatic tissue observed with increasing periods of duct ligation
(23). Sanfey used Cameron’s well known model of the isolated, perfused ex vivo canine
pancreas preparation and performed secretin stimulation in the presence of partial duct
obstruction to induce pancreatitis (9). Since then, several groups have studied the duct ligation
model of acute pancreatitis in rats and opossums (1-4;6;10;11;27-31). A major short-coming
of the rat model of duct ligation is the predominance of atrophic and fibrotic changes over a
period of time. In later stages of acute pancreatitis in humans, there are several features such
as peripancreatic fat necrosis, extensive exocrine pancreatic necrosis, areas of thrombosis and
hemorrhage, and peripancreatic fluid collections, that are not observed in the rat model.
However, the early phase changes characterized by acute inflammation and acinar injury
following duct ligation in rats are features that can be investigated with regard to early events
in disease pathogenesis, as emphasized in the present study. This is especially important as
patients with acute pancreatitis do not seek medical attention during the early stages and
therefore the early events in disease pathogenesis cannot be investigated in humans.

Am J Surg. Author manuscript; available in PMC 2007 December 10.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Meyerholz and Samuel

Conclusion
Li

Page 7

gation-induced acute pancreatitis in rats is a useful model to investigate early events in

disease pathogenesis such as acinar cell injury and acute pancreatic inflammation.
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Graphs depict morphologic changes in 74 rats observed during a time-course (1, 3, 5, 24 and
48 hrs) following sham operation (solid bars) or duct ligation (cross-hatched bars), compared
to non-operated rats (0-hr group). Values are Mean+/—SEM. Asterisk (*) indicates significance
versus 0-hr group, ANOVA, p<0.05; Pound sign (#) indicates significance versus the
corresponding sham group at the same time point (unpaired Student’s t test, p<0.05).
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Figure 2.
Rat pancreas following sham-operation (A, C) or duct ligation (B, D) (Hematoxylin-Eosin

stain). A) Duct from sham pancreas after 1 hour. B) After 1 hour of ligation, ducts were often
dilated with eosinophilic proteinaceous fluid. C) Pancreatic acinus five hours after sham
operation. D) After 5 hours of ligation, acinar cells had clear to lightly eosinophilic and gray
vacuoles (arrow) that were prominent at the basilar layer of the zymogen granules and were
associated with morphologic degeneration and loss of the zymogen granules.
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Figure 3.
Pancreas from sham-operated (A) and duct ligated rats (B-D) after 48 hours (Hematoxylin-

Eosin stain). A) Pancreas of sham-operated rat shows minimal changes after 48 hours. B) Duct
epithelia frequently had mitotic figures (arrows) and ducts were surrounded by edema and
infiltrating leukocytes. C) Inflammatory edema and leukocytes expanded interstitial space
separating lobules and acini. D) Acini often contained proliferating centroacinar cells
characterized by swollen nuclei and cytoplasm with multiple mitotic figures (arrow). Note the
relative amount of zymogen granules from ligated groups (B and D) is reduced compared to
the sham group (A).
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Figure 4.
Immunohistochemical staining (arrows) for markers of: A) Proliferation (cyclin D3). B)
Apoptosis (activated caspase-3). C) Macrophages (CD68). D) Neutrophils (myeloperoxidase).
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Figure 5.

Transmission electron micrograph of rat pancreatic acinar cell. Left panel: Control with 0-
hour ligation - normal appearing endoplasmic reticulum and zymogen granules. Center
panel: Acinar cell after 5 hours of duct ligation showing dilated endoplasmic reticulum and a
zymogen granule engulfed within an autophagic vacuole (secondary lysosome). Right
panel: Acinar cell after 5 hours of duct ligation showing dilated endoplasmic reticulum and
two autophagic vacuoles, with the one on the left containing a zymogen granule. These electron
microscopic changes observed after 5 hours of duct ligation corroborate the findings observed
with H&E stain and light microscopy (Figure 2D).
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