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Chapter 1 
 

INTRODUCTION 

 

Acute pancreatitis is mostly seen in western countries and is defined to be a disease in 

which the functional and morphological changes of the pancreas are completely 

reversible, if the triggering cause is removed and future attacks are prevented. The 

incidence of acute pancreatitis has been studied extensively and many authors have 

noted a ten-fold rise in the incidence over the past decades 1. In the early 1970s the 

incidence was approximately 2 per 100,000 while currently an incidence varying from 

50-75 per 100,000 has been reported 2,3. An increase in alcohol abuse and better 

techniques to diagnose the disease, are some of the explanations for the rise in the 

incidence of acute pancreatitis. In about 20 percent of all episodes, acute pancreatitis is 

classified as severe.  In this cohort,the mortality-rate is as high as 25 percent 4.  Besides 

the injury of the pancreas parenchyma, acute pancreatitis is also characterized by an 

acute intrapancreatic inflammatory process. Especially in cases of severe pancreatitis, 

this inflammatory process is not limited to the pancreas only, but also a systemic 

response takes place. Systemic Immune Response Syndrome (SIRS) and distant organ 

failure are among the complications during severe acute pancreatitis. Lung injury may 

frequently clinically present as the Acute Respiratory Distress Syndrome (ARDS).  We 

and many others believe that those inflammatory processes determine the severity of 

acute pancreatitis, which, to a great extent by itself, affects morbidity and mortality. 

Therefore in addition to determining the intrapancreatic changes, considerable 

experimental effort has also been devoted towards (a) defining the mechanisms which 

regulate the inflammatory events and (b) towards developing potentially therapeutic or 

prophylactic interventions in aborting them. 

10  



A rationale for this thesis 
 
 

PATHOGENESIS 

 

In the western world, gallstones and alcohol abuse account for most attacks of acute 

pancreatitis (75-85%). About 45% of all patients develop an attack of acute pancreatitis 

Table 1 

Conditions associated with acute pancreatitis 7

 

• Biliary tract disease (45%) 

• Alcohol abuse (35%) 

• Idiopathic (10%) 

• Post ERCP  (4%) 

• Trauma (1.5%) 

Penetrating and blunt injuries.  

• Drugs (1.5%) 8 

Proven: 5-aminosalicylic acid compounds, 6-mercaptopurine, azathioprine, corticosteroids, 

didanosine, estrogens, furosemide, methyldopa, octreotide, pentamidine, sulfonamides, sulindac, 

tetracycline and  valproic acid 

Assumed: (hydro)chlorothiazide, chlorthalidone, cimetidine, cisplatin,  colaspase, combined 

cancer chemotherapy drugs (especially asparaginase), cytosine arabinoside, diphenoxylate, 

ethacrynic acid,  methandienone, metronidazole, nitrofurantoin, phenformin, piroxicam and  

procainamid 

• Infection (<1%) 

Viral causes:  Epstein-Barr, coxsackievirus, echovirus, varicella-zoster and measles 

Bacterial: Mycoplasma pneumoniae, Salmonella, Campylobacter and Mycobacterium tuberculosis 

• Hereditary (<1%) 

• Tumors (<1%) 

• Toxins (<1%) 

• Hypercalcemia (<1%) 

• Anatomic pancreatic abnormalities (<1%)  

• Hypertriglyceridemia (<1%) 

• Post operative (<1%) 

as a complication of gallstone disease and the triggering event, is thought to involve 

the passage of a stone into, or through the terminal biliary-pancreatic ductal system 5,6.  

The other large group of patients with acute pancreatitis, develop their disease as a 
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Chapter 1 
 
result of alcohol consumption. Prolonged daily consumption, as well as intermittent 

consumption and even a single large intake of alcohol can lead to acute pancreatitis. 

However, neither the frequency, nor the amount of alcohol consumption can predict 

whether an individual will develop acute pancreatitis. To date there is still no 

understanding why pancreatitis occurs in only a few people who drink alcohol. Most 

(about 10%) of the remaining patients with acute pancreatitis, develop their disease 

without a cause and are labeled ‘idiopathic acute pancreatitis’. Many other causes of 

acute pancreatitis have been identified (Table 1) but together they account for only a 

very small percentage of the total patient population. 

 

Mechanisms responsible for biliary pancreatitis.   

It has been demonstrated that the onset of biliary pancreatitis is associated with 

gallstones. For more than a hundred years, researchers have tried to explain how those 

passing stones can cause acute pancreatitis, and 3 theories have been developed.  The 

first is the “Common Channel Theory” 9, which suggests that the offending stone or 

edema –caused by the passing stone- causes obstruction of the terminal common 

biliopancreatic drainage duct. This obstruction then allows for the bile to retrogradely 

flow into the pancreatic duct, causing pancreatitis. However, the precise mechanism by 

which bile reflux leads to injury of the pancreas has not been elucidated yet.  

The second theory which tries to explain the onset of biliary pancreatitis is called the 

“Duct Obstruction Theory” 10.  According to this theory, the obstructing stone (or 

edema) prevents pancreatic juice from being secreted into the duodenum and this leads 

to pancreatic ductal hypertension, which subsequently leads to injury (i.e. rupture) of 

the pancreatic ducts.  The third theory, by which the onset of acute pancreatitis might 

be explained, is the “Duodenal Reflux Theory”.  This theory 11 suggests that the 

offending stone passes through Vaters papilla to enter the duodenum and that, in this 

process, it injures the sphincter of Oddi. The impaired function of the sphincter then 

allows for duodenal juices –containing activated digestive enzymes- to reflux into the 

pancreatic duct. This would then lead to pancreatic injury. Since sphincterotomy (of 

Oddi) during biliary pancreatitis, is a widely used therapeutic technique, with a very 

 12
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low recurrence rate of pancreatitis, it is very unlikely that the latter theory might be a 

valid explanation for acute pancreatitis. 

Regardless of the possible trigger for acute pancreatitis, the site of the initial pancreatic 

damage has been questioned and three theories have been proposed.  Some 

investigators have argued that the primary injury occurs in the perilobular areas, where 

vascular hypoperfusion is thought to cause the injury 12. While others have claimed 

that the primary site of destruction is in the periductal area where intraductal 

hypertension leads to disruption of the duct 13. Finally, some investigators have argued 

that the initial injury takes place within the pancreatic acinar cell, primarily as a result 

of prematurely intracellularly activated trypsin. Active trypsin -together with other 

intracellular changes- could then lead to acinar cell damage, autodigestion of the gland 

and ultimately to acute pancreatitis. Lerch et al has employed studies to examine those 

three competing theories and found that the intra-cellular changes during acute 

pancreatitis precede perilobular and periductal changes 14. This implicates that the 

initial injury during acute pancreatitis takes place within the acinar cell. 

 

Ideally, mechanistic studies exploring the issues of how and where acute pancreatitis 

begins might best be performed using human material obtained from patients suffering 

from acute pancreatitis, but such studies have not been possible because most patients 

with severe acute pancreatitis are not identified during the very early stages of their 

disease and furthermore, access to human pancreatic tissue during these early stages of 

severe acute pancreatitis is generally not possible. Therefore the scientific community 

has developed animal models to study the pathogenesis of pancreatitis.  The 

experiments discussed in this thesis, have been employed in experimental models of 

acute pancreatitis and it is generally assumed that events observed in animal models of 

the disease are likely to be also relevant to the clinical disease.   

 13
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ABSTRACT  

  

Studies exploring issues related to the pathogenesis and pathophysiology of acute 

pancreatitis using clinically derived material are not possible because of the complex 

and variable nature of pancreatitis as well as the inaccessibility of the human pancreas 

to sampling during the early stages of the disease. As an alternative, experimentalists 

have employed animal models of acute pancreatitis to explore these issues.  Several 

dissimilar models are available for such studies when rats are to be used but the 

secretagogue (i.e. caerulein) induced model has been the only model extensively 

employed in studies using mice.  We now describe and characterize a mouse model of 

biliary necrotizing pancreatitis which may be more clinically relevant than the 

caerulein-induced model.  It is elicited by retrogradely infusing a saline solution of the 

bile salt Na-taurocholate into the pancreatic duct. We show that this model is 

characterized by time, volume, and Na-taurocholate concentration-dependent 

pancreatic inflammation and necrosis which are maximal within 24 hrs of Na-

taurocholate infusion.  The earliest light microscopic changes involve acinar cells.  

This application of the well characterized and clinically relevant rat model of biliary 

pancreatitis to mice will facilitate future studies employing genetically modified mouse 

strains to examine mechanistic issues related to pancreatitis.   
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A new mouse model of acute pancreatitis 

INTRODUCTION  

  

The pathogenesis and pathophysiology of acute pancreatitis are poorly understood.  

Studies focused on these clinically important issues using patient-derived material have 

been complicated by the complex and variable nature of the disease and by the 

inaccessibility of the human pancreas to sampling during the early stages of 

pancreatitis. (1,2).  To overcome these problems, experimentalists have turned to a 

variety of pancreatitis models and, usually, that has involved the induction of acute 

pancreatitis in either rats or mice.  Several rat models have been described and 

characterized but the two most extensively employed are the secretagogue (i.e. 

caerulein)-induced model which, in rats, leads to mild edematous pancreatitis (3), and a 

model of pancreatitis which is induced by retrogradely infusing agents such as bile 

salts into the pancreatic duct (4,5) .  This latter model, in rats, is characterized by 

extensive pancreatic necrosis.  In some instances, both of these models have been 

employed under the premise that changes which are found in both of these otherwise 

dissimilar models of pancreatitis are most likely to be also relevant to the clinical 

disease.    

  

Recent advances in transgenic technology have led to the wide availability of 

genetically modified mouse strains and this has made the mouse an increasingly 

attractive animal for mechanistic studies dealing with pancreatitis (6,7).  While a 

number of studies have been reported using genetically modified mice exposed to 

supramaximally stimulating doses of the secretagogue caerulein, the clinical relevance 

of that model to the disease in humans has been questioned and an acceptable “second 

model” in mice has not been identified. The two alternatives -- i.e. a diet-induced 

model elicited by feeding young female mice a choline-deficient, ethionine-

supplemented diet (8), and a model induced by exposing mice to near lethal doses of l-

arginine (9)  -- have not gained wide acceptance because of their technical limitations 

and because their mode of induction does not resemble that associated with clinical 
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acute pancreatitis.  Thus, the experimentalist planning studies of pancreatitis in mice is, 

for pragmatic reasons, limited to the use of only one model and that model is the 

secretagogue-induced model.   

  

We reasoned that, with adequate surgical technique, the rat model of duct infusion-

induced pancreatitis (4,5) could be adapted for use in mice and, in this communication, 

we report the results of our studies which have characterized such a model.  By 

retrogradely infusing a saline/Na-taurocholate solution into the mouse pancreatic duct, 

we have been successful in creating an easily controllable, non-lethal model of acute 

necrotizing pancreatitis.  The severity of this experimental form of biliary pancreatitis 

is dependent upon the concentration and the volume of infused Na-taurocholate.  

Evidence of pancreatic injury/necrosis is maximal within 24 hours of Na-taurocholate 

infusion while, at later times, evidence of injury and necrosis diminish.  At the light 

microscope-level of resolution, the earliest changes we observe appear to involve 

acinar cells and there is little or no early evidence of vascular or ductal injury. Infusion 

of saline, alone, elicits only minimal and transient evidence of pancreatic injury 

although the distribution and extent of saline infusion appear to be identical to that 

achieved when Na-taurocholate is infused.   We suggest that this model of biliary 

pancreatitis will provide the needed alternative or “second model” of pancreatitis for 

use in experiments employing genetically modified mice.    

  

MATERIALS AND METHODS  

  

All experiments were performed using protocols approved by the Animal Care and Use 

Committee of New England Medical Center and wild-type C57BL/6 mice (20-26 g), of 

either sex, purchased from Charles River Laboratories (Wilmington, MA). The animals 

were housed in temperature-controlled (23±2°C) rooms with a 12:12-h light/dark 

cycle, fed standard laboratory chow and given water ad libitum.  
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Induction of Pancreatitis.  Anesthesia was achieved with a ketamine /xylazine 

cocktail (100mg/kg and 8 mg/kg respectively) (Fort Dodge Animal Health, Fort 

Dodge, IA).  With the aid of a dissecting microscope, a midline laparotomy was 

performed and the first loop of the duodenum was identified.  That loop was rotated, 

axially, to expose the pancreas and posterior surface of the duodenum. Using a traction 

suture, the posterior surface of the duodenum was immobilized and the papilla of Vater 

was identified as it lays at the duodeno-pancreatic junction on the posterior surface of 

the duodenum.  A puncture wound was made in the anti-mesenteric surface of the 

duodenum and a 30G blunt-tipped catheter, attached to infusion tubing leading to an 

infusion pump, was passed through the puncture wound and, then, into the common 

bile duct via the papilla of Vater.  The tip of the infusion catheter was placed 1 mm 

into the bile duct, well below the entry of the pancreatic duct.  The infusion catheter 

was then secured in that position with a 10-0 ligature and the bile duct, at the liver 

hilum, was occluded with a neuro-bulldog clamp.  Varying volumes of 150 mM NaCl 

solution (Baxter, Deerfield, IL) containing varying concentrations of Na-taurocholate 

(Sigma-Aldrich, St. Louis, MO) were retrogradely infused into the bile-pancreatic duct 

over a 10 minute period using an infusion pump (Harvard Apparatus, Natick, MA). 

Methylene blue (Fisher, Fair Lawn, NJ) was routinely included in the infusion solution 

to permit the identification and exclusion of animals in whom the infusion had 

extravasated from the duct but, with practice, extravasation of methylene blue-

containing infusate was observed in less than 5% of animals.  In selected experiments, 

India ink (Richard-Allan Scientific, Kalamazoo, MI) was added to the infusate to 

permit light microscopic studies aimed at defining the extent of saline or Na-

taurocholate infusion.  After completion of the infusion, the catheter as well as the 

securing ligature and the neuro-bulldog clamp were removed and the duodenotomy 

was closed using a purse-string suture.  The laparotomy was closed in two layers and 

the animals were allowed to awaken.  They were given water and regular laboratory 

chow ad libitum and analgesia was achieved by administration of buprenorphine 

hydrochloride (Reckitt Benckiser Healthcare, Hull, U.K.). With experience, the entire 

infusion procedure from induction of anesthesia to closure of the laparotomy incision 
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could be completed within 30 min and animal survival for 24 hours following infusion 

exceeded 95%.  Sham operated animals underwent laparotomy and were subjected to 

duodeno-pancreatic manipulation with insertion of a cannula into be bile duct but no 

fluid was infused.   

  

Evaluation of pancreatitis severity.  The severity of pancreatitis was evaluated as 

reported previously (10).  Unless otherwise stated, the animals were sacrificed 24 

hours following duct infusion.  At the time of sacrifice, blood samples were obtained 

and used for measurement of plasma amylase activity by chorlo-p-nitrophenyl-a-D-

maltotrioside (Diagnostics Chemical Limited, Oxford, CT) as the substrate on a Cobas 

Fara autoanalyzer as previously described (11).  The pancreas and attached duodenum 

and spleen were rapidly removed en bloc. The pancreatic head (defined as the portion 

of the pancreas located within 5 mm of the lesser duodenal curvature) was separated 

from the pancreatic body/tail regions and the former was used for subsequent 

measurements.  Pancreatic edema was evaluated by quantitating tissue water content as 

previously described (12).  For this purpose, samples were blotted dry, weighed, 

desiccated by over-night incubation at 40 
o
C, and re-weighed.  Pancreatic water 

content was calculated as the difference between wet and dry weight and expressed as 

a percent of pancreas wet weight.  Pancreatic inflammation was quantitated in a 

separate sample of pancreatic tissue as previously described (10).  For this purpose, the 

pancreas sample was homogenized and bromide-dependent myeloperoxidase activity 

was measured fluorometrically.  Pancreatic necrosis was evaluated using a third 

sample of the pancreas.  For this purpose, the pancreas sample was fixed in formalin, 

embedded in paraffin, stained with hematoxylin and eosin, sectioned, and evaluated by 

an examiner unaware of the sample identity.  Necrosis was quantitated by 

morphometrically determining the area occupied by necrotic acinar cells and 

expressing that area as a percent of the total area occupied by acinar cells.  For this 

purpose, no distinction was made between necrotic and injured acinar cells since, on 

purely morphological grounds, necrotic and injured cells could not be reliably 
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distinguished from each other.  Pancreatic trypsin activity was quantitated 

spectrophotometrically as previously described (13).  

  

Analysis of data. Results are reported as means ±SEM obtained from four or more 

independent experiments. In all figures, vertical bars denote SEM values. Statistical 

evaluation of the data was accomplished by student’s t-test, and p<0.05 was considered 

to indicate significant differences.  

  

RESULTS  

  

Definition of a “standard protocol” for duct infusion-induced pancreatitis in mice.  

Infusion of 50 µl of 2% Na-taurocholate into the mouse pancreatic duct induces acute 

necrotizing pancreatitis.  As shown in Figure 1, 24 hours after completion of this 

Figure 1. Severity of pancreatitis 24 hours after infusion of 50 µl 2% Na-taurocholate. Mice were infused 
with 50 µl of saline or saline containing 2% Na-taurocholate and the severity of pancreatitis was evaluated 24 
hours later as described in the text.  Results reflect mean and vertical bars +/- SEM values obtained from 4 or 
more animals in each group.  Asterisks denote p<0.05 when compared to saline-infused animals. 
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infusion there is a significant elevation in plasma amylase activity and pancreatic 

edema is detectable when the latter parameter of pancreatitis is quantitated by 

measuring tissue water content and expressing that water content as a per cent of tissue 

wet weight.  In addition, 24 hours after Na-taurocholate infusion (50 µl, 2%), tissue 

myeloperoxidase activity is significantly elevated indicating that neutrophils have been 

sequestered within the pancreas and roughly 25% of acinar cells appear to be either 

injured or necrotic. In contrast to the observations made using animals infused with  

 

Figure 2. Photomicrographs of pancreatic samples obtained 24 hours after infusion of 50µl  2% Na-
taurocholate.  Representative samples obtained from sham-operated mice and from mice infused with 50 µl 
saline or saline containing 2% Na-taurocholate are shown.  Note evidence of pancreatic edema, inflammation, and 
extensive lobular injury/necrosis in sample taken from Na-taurocholate infused animal but not in sample taken 
from saline infused animal. H&E; x20 (upper panels) and x100 (lower panels) (Color figures on page 149) 
 

Na-taurocholate, when compared to sham operated animals no significant change in 

serum amylase activity, pancreatic water content, or pancreatic myeloperoxidase 

activity is observed in samples taken from mice infused with only saline (50 µl) and, in 

those animals, no evidence of pancreatic acinar cell injury/necrosis is observed.  

Representative photomicrographs reflecting the light microscopic appearance of 

pancreas samples obtained 24 hours after Na-taurocholate (50 µl, 2%) or saline 

infusion are shown in Figure 2.  Pancreatic edema, inflammation, and necrosis are 

observed in samples taken from Na-taurocholate but not saline infused or sham 

operated animals.   
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A new mouse model of acute pancreatitis 

 

 Effect of time on duct infusion-induced pancreatitis.  The effects of time on the 

changes associated with duct infusion-induced pancreatitis are shown in Figure 3.  

When compared to saline-infused animals, serum amylase activity first becomes 

significantly elevated 12 hours after duct infusion and it remains significantly elevated 

24 hours after the completion of duct infusion.  Significant pancreatic edema and  

 
Figure 3.  Effect of time on severity of pancreatitis.  Mice were infused with 50 µl of saline or saline containing 
2% Na-taurocholate and sacrificed at varying times.  The severity of pancreatitis was evaluated as described in the 
text. Results reflect mean and vertical bars +/- SEM values obtained from 4 or more animals in each group.  
Asterisks denote p<0.05 when compared to saline-infused animals.  H&E, x20. (Color figures on page 149) 
 

elevated pancreatic myeloperoxidase activity are first observed 24 hours after duct 

infusion while pancreatic injury/necrosis is first significantly increased when compared 
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to saline infused animals 12 hours after duct infusion.  Over the subsequent 12 hours, 

the extent of injury/necrosis further increases but this increase is transient and, by 72 

hours after duct infusion, the fraction of pancreatic tissue which appears injured or 

necrotic has markedly decreased.  

 

Effect of Na-taurocholate concentration on duct infusion-induced pancreatitis.  

Mice were infused with 50 µl of saline containing varying concentrations of Na-

taurocholate and sacrificed 24 hours after duct infusion.   

 Figure 4.  Effect of Na-taurocholate concentration on severity of pancreatitis.  Mice were infused with 50 µl 
of saline or saline containing varying concentrations of Na-taurocholate and sacrificed 24 hours later.  The 
severity of pancreatitis was evaluated as described in the text.  Results reflect mean and vertical bars +/- SEM 
values obtained from 4 or more animals in each group.  Asterisks denote p<0.05 when compared to saline-infused 
animals.  H&E, x20. (Color figures on page 149) 
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As shown in Figure 4, serum amylase activity, pancreatic water content, pancreatic 

myeloperoxidase activity, and the extent of pancreatic injury/necrosis are all 

significantly increased in animals receiving either 2 or 5% Na-taurocholate but no 

significant increase, when compared to saline-infused animals, is observed when 1% 

Na-taurocholate is infused.  

   

  

Effect of infusate volume on duct infusion-induced pancreatitis.  Mice were infused 

with 50 µl saline or 10-50 µl of 2% Na-taurocholate and the effects of varying infusate 

volume on serum amylase activity, pancreatic myeloperoxidase activity, and pancreatic 

injury/necrosis were examined 24 hours later. As shown in Figure 5, a  

 

significant rise in all three manifestations of pancreatitis is observed when 50 µl of Na-

taurocholate is infused.  In contrast, a significant increase in serum amylase activity but 

not in either tissue myeloperoxidase activity or pancreatic injury/necrosis is observed 

when only 20 µl of Na-taurocholate is infused.    

Figure 5.  Effect of infusate volume on 
severity of pancreatitis.  Mice were infused 
with varying volumes of saline or saline 
containing 2% Na-taurocholate and sacrificed at 
varying times.  The severity of pancreatitis was 
evaluated as described in the text. Results reflect 
mean and vertical bars +/- SEM values obtained 
from 4 or more animals in each group.  
Asterisks denote p<0.05 when compared to 
saline-infused animals.  
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Effect of Na-taurocholate on distribution of duct infusate.  In selected animals, 

India ink was added to the infusate containing either saline alone or saline plus 2% Na-

taurocholate and the distribution of that infusate within the pancreas, at selected times, 

was evaluated by light microscopy.  India ink particles can be easily observed in small 

pancreatic ducts and within acinar lumena 10 minutes after mice are infused with 

saline alone and this distribution of India ink particles remains relatively unchanged 

over the subsequent 6 hours.  Neither the distribution of the India ink particles nor the 

persistence of those particles are markedly altered by inclusion of 2% Na-taurocholate 

in the infusate.    

  

Effect of Na-taurocholate on the early morphological changes of duct infusion-

induced pancreatitis.  Pancreas samples were harvested at selected short intervals 

after infusion of saline containing India ink particles with or without 2% Na-

taurocholate and the cellular site of earliest injury was evaluated by light microscopy.  

As shown in Figure 6, evidence of cell injury could be detected within 10 minutes of 

Figure 6.  Effect of Na-taurocholate on the distribution of duct infusate.  Mice were infused with 50 µl of 
saline containing India ink with or without 2% Na-taurocholate and sacrificed 10 minutes, 3 or 6 hours later.  
Representative photomicrographs are shown demonstrating that India ink particles are similarly distributed 
within large ducts, small ducts, and terminal ducts in samples taken from either saline or Na-taurocholate 
infused animals.  H&E; x20. (Color figures on page 150) 
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saline infusion but that injury appears to be confined to cells immediately surrounding 

the terminal segments of small ducts – i.e. near the duct-acinus junction – and, for the 

most part, that cell injury appears to have resolved 6 hours after the completion of duct 

infusion.  Similar changes suggesting cell injury near the duct-acinus junction are 

observed at early times when the infusate contains Na-taurocholate (2%) but, in 

contrast to the resolution observed when only saline is present, these focal areas of cell 

injury gradually expand to involve entire lobules when the infusate contains Na-

taurocholate.  Even when Na-taurocholate is present in the infusate, however, the 

injury noted 6 hours after duct infusion appears to be confined entirely to acinar cells 

and, perhaps, terminal duct cells.  Little or no changes suggestive of injury to vascular 

structures or larger pancreatic ducts are observed. Furthermore, the injury that is 

observed after Na-taurocholate infusion remains multifocal with cells and acini that 

appear to be completely healthy lying in apparent close apposition to cells which 

appear to be severely injured or even necrotic.  

 

 

Figure 7.  Trypsin activity.  Mice were infused with 50 µl of saline or saline containing 2% Na-taurocholate 
and sacrificed at varying times.  Trypsin activity in pancreas homogenates was quantitated as described in the 
text. Results reflect mean and vertical bars +/- SEM values obtained from 2-3 animals in each group.  Asterisk 
(*) denotes p<0.05 when compared to saline-infused animals and (#) denotes p<0.05 when compared to naïve 
animals.    

Trypsin activation. Mice were infused with 50 µl of saline, or saline containing 2% 

Na-taurocholate and sacrificed at 1, 5, 10, 30 or 180 minutes after the 10-minute 

infusion.  Pancreatic trypsin activity in samples taken from the head and tail regions of 
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the pancreas was quantitated spectrophotometrically as previously described (13).  As 

shown in Figure 7, a small but statistically insignificant increase in pancreatic trypsin 

activity is observed 1 minute after completion of the infusion in animals receiving 

either Na-taurocholate or saline.  A further small increase is observed over the 

subsequent 9 minutes in saline infused animals and this is followed by a small decrease 

so that, 180 minutes after the end of the infusion, pancreatic trypsin activity is roughly 

2-fold elevated in animals undergoing saline infusion.  In contrast to the results 

obtained following saline infusion, infusion of Na-taurocholate leads to a profound (> 

6-fold), but transient, further increase in trypsin activity which is maximal 5 minutes 

after completion of the infusion.  Thereafter, trypsin activity rapidly diminishes to the 

levels observed in saline infused animals and, 180 minutes after completion of the 

infusion, the levels of trypsin activity in the saline and Na-taurocholate infused animals 

is similar.  In the tail region of the pancreas, trypsin activity is not altered by either 

saline or Na-taurocholate infusion and the measured levels are similar to those 

observed in naïve animals (data not shown).   

  

DISCUSSION  

  

A number of factors have combined to make the mouse an increasingly attractive 

animal for studies probing fundamental issues related to the pathogenesis and 

pathophysiology of disease.  Among these are the well characterized genome and 

comparatively well understood immunological system of the mouse, the fact that, 

relatively speaking, mice are cheap and easily handled, and the ease with which 

reagents can be obtained and used for studies dealing with mice.  In addition and, 

perhaps of even greater importance, is the fact that large numbers of genetically altered 

mouse strains have now been created and, for the most part, they are widely available 

for use in mechanistic studies.    
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Studies dealing with the mechanistic issues related to pancreatitis, however, have been 

limited, to some extent, by the fact that relatively few mouse models of pancreatitis are 

available for use and by the fact that the clinical relevance of some of those models has 

been questioned.  The most widely used and best characterized of the mouse 

pancreatitis models is the model elicited by exposing mice to a supramaximally 

stimulating concentration of the secretagogue cholecystokinin or, as is usually the case, 

the cholecystokinin analog caerulein (3).  Within 30 minutes of supramaximal 

stimulation with caerulein, digestive enzyme zymogens become activated within acinar 

cells in this model and, within hours of caerulein administration, extensive pancreatic 

edema and acinar cell necrosis are observed.  The attractive features of the caerulein-

induced pancreatitis model include its non-invasive nature and the highly reproducible 

results which it yields but, as an investigatory tool, its clinical relevance has been 

questioned because there is no evidence that clinical pancreatitis is triggered by 

supramaximal secretagogue stimulation.  Unfortunately, there are few, if any, suitable 

alternative mouse pancreatitis models.  The diet-induced model, elicited by feeding 

young female mice a choline-deficient ethionine-supplemented diet (8), is cumbersome 

to use because it may yield inconsistent results and, therefore, multiple replicate 

experiments must be performed.  Furthermore, the clinical relevance of the diet-

induced model has been questioned and, when used for studies employing genetically 

altered mouse strains, very large mouse colonies are required since large numbers of 

comparably aged, female mice must be simultaneously available for each experiment.  

Attempts to adapt the rat l-arginine-induced model of pancreatitis (9) for use in mice 

have been hampered by the fact that near lethal doses of l-arginine must be 

administered and, with less toxic doses, the pancreatic injury that is observed is 

minimal, at best.   

  

We reasoned that, with gentle operative technique, the rat model of duct infusion-

induced pancreatitis (4,5) could be adapted for use with mice and, in the current 

communication, we report studies which have characterized this new mouse model.  

We have shown that infusion of saline, alone, causes only mild and transient changes 
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suggestive of pancreatic injury but that inclusion of Na-taurocholate in the infusate 

causes extensive pancreatic injury and inflammation.  The extent of that injury is 

dependent upon the volume of the Na-taurocholate infusion, the concentration of Na-

taurocholate in the infusate, and the time which elapses following Na-taurocholate 

infusion.  It appears to be maximal 24 hours after 2% Na-taurocholate infusion and, at 

later times, injured pancreatic cells appear to either recover or to be cleared from the 

pancreas.  The earliest evidence of injury appears to be confined to acinar cells and 

terminal duct cells.  At the light microscope level of resolution, no evidence of injury 

to larger ducts or intrapancreatic vascular structures in observed.  Similar changes 

suggestive of terminal duct and acinar cell injury are also observed shortly (i.e. 10 

minutes) after infusion of saline, alone, but those changes appear to resolve.  In 

contrast, when Na-taurocholate in included in the infusate the injury persists and the 

area involved expands to include entire lobules.  Our findings, therefore, suggest that 

Na-taurocholate modifies the extent of injury but that it does not alter the 

intrapancreatic distribution of the infusate.    

  

The mechanisms responsible for Na-taurocholate-induced pancreatic injury in this 

mouse model of Na-taurocholate induced pancreatitis remains to be established but 

studies by others using either rats or employing in-vitro systems, have suggested that 

bile salts such as Na-taurocholate trigger transient pathological intra-acinar cell 

calcium elevations which can lead to acinar cell injury or death (14,15).  

Intrapancreatic activation of digestive zymogens including trypsinogen has been shown 

to occur during the evolution of both rat and mouse caerulein-induced pancreatitis (13) 

and, in the rat Na-taurocholate model, intrapancreatic trypsinogen activation has also 

been observed 6 hours after bile salt infusion (16).  Furthermore, in the caerulein-

induced models and in the rat Na-taurocholate induced model, interventions which 

prevent zymogen activation have been found to reduce the severity of pancreatitis. In 

the current communication, we have shown that Na-taurocholate infusion in mice leads 

to an early (i.e. 5-10 minute) profound, but transient, intrapancreatic activation of 

trypsinogen.  That activation occurs prior to morphological evidence of cell 
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injury/necrosis but after bile salt-induced intra-acinar cell calcium changes would be 

expected to have been completed.  It is tempting, therefore, to speculate that the 

pathological calcium changes which are known to follow acinar cell exposure to bile 

salts such as Na-taurocholate may trigger acinar cell injury and pancreatitis by 

mechanisms involving this intracellular zymogen activation but further studies will be 

needed to clarify this issue.   

  

We believe that the mouse model of Na-taurocholate duct infusion-induced model of 

necrotizing pancreatitis which we have described, will have considerable impact upon 

the field of pancreatitis-related research.  It is, perhaps, more clinically relevant than 

the caerulein-induced model and it will provide an alternative to that model for studies 

employing genetically altered mouse strains to probe mechanistic issues related to 

pancreatitis.  In this regard, our observation that the extent of pancreatic injury induced 

by Na-taurocholate is dependent upon both the Na-taurocholate concentration 

employed and the volume of the infusate should add to the attractiveness of this model 

because it will allow investigators to modify the severity of the pancreatitis and, in this 

way, to determine if altering the expression of selected genes causes either up- or 

down-regulation of pancreatitis severity.     
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ABSTRACT 

 

Acute pancreatitis is generally believed to be a disease in which the pancreas is injured 

by digestive enzymes that it normally produces.  Most of the potentially harmful 

digestive enzymes produced by pancreatic acinar cells are synthesized and secreted as 

inactive zymogens which are normally activated only upon entry into the duodenum 

but, during the early stages of acute pancreatitis, those zymogens become prematurely 

activated within the pancreas and, presumably, that activation occurs within pancreatic 

acinar cells.  The mechanisms responsible for intracellular activation of digestive 

enzyme zymogens have not been elucidated with certainty but, according to one widely 

recognized theory (the “Co-Localization Hypothesis”), digestive enzyme zymogens are 

activated by lysosomal hydrolases when the two types of enzymes become co-localized 

within the same intracellular compartment. This review focuses on the evidence 

supporting the validity of the co-localization hypothesis as an explanation for digestive 

enzyme activation during the early stages of pancreatitis. The findings, summarized in 

this review, support the conclusion that co-localization of lysosomal hydrolases with 

digestive enzyme zymogens plays a critical role in permitting the intracellular 

activation of digestive enzymes that leads to acinar cell injury and pancreatitis. 
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INTRODUCTION 

 

Acute pancreatitis is an inflammatory disease of the pancreas which, in its severe 

forms, leads to varying degrees of pancreatic necrosis.  Passage of a biliary tract stone 

into or through the terminal biliopancreatic ductal system is the most frequent inciting 

cause for clinical acute pancreatitis and studies performed using an opossum model of 

biliary acute pancreatitis have suggested that the offending stone triggers pancreatitis 

by obstructing drainage from the pancreatic duct[1].  Other studies performed using that 

same model have indicated that the earliest changes of pancreatitis occur within the 

acinar cells of the pancreas and that periductal as well as perilobular changes, 

including cell injury and inflammation, occur at later times[2].  

 

The morphological changes of acute pancreatitis suggest that an autodigestive process 

has occurred and, indeed, activated digestive enzymes can be detected within the 

pancreas during clinical acute pancreatitis.  Activated digestive enzymes can also be 

detected within the pancreas during the very early stages of most experimental 

pancreatitis models.  Since the pancreas normally synthesizes and secretes many 

potentially harmful digestive enzymes, it is generally believed that it is the premature, 

intrapancreatic activation of those pancreas-derived enzymes which, ultimately, leads 

to cell injury and acute pancreatitis.  However, for the most part, the potentially 

harmful digestive enzymes that are synthesized and secreted by the pancreas are 

present, within the gland, as inactive pro-enzymes or zymogens and activation of those 

zymogens normally occurs only when they reach the duodenum.  How, then, might 

these zymogens be prematurely activated within the pancreas during the early stages of 

acute pancreatitis and how might that activation lead to acinar cell injury/necrosis?   

 

Not surprisingly, these questions have prompted the performance of many studies, 

using various experimental models of acute pancreatitis, over the past several decades 
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and several hypotheses have been advanced which address these questions.  One of 

those hypotheses is the so called “Co-Localization Hypothesis” which suggests that, 

during the early stages of acute pancreatitis, pancreas derived digestive zymogens 

become co-localized with lysosomal hydrolases in acinar cell cytoplasmic vacuoles 

and that, as a result of this co-localization, lysosomal hydrolases such as cathepsin B, 

activate trypsinogen.  According to this hypothesis, trypsin then activates the other 

digestive enzyme zymogens and the activated digestive enzymes gain access to the cell 

interior leading to the cell injury/necrosis which typify acute pancreatitis[3]  

 

This review will summarize current evidence that supports the co-localization 

hypothesis.  To place this hypothesis in its proper context, we will begin by briefly 

summarizing current concepts regarding the physiological synthesis, intracellular 

trafficking, and secretion of certain types of proteins by the exocrine pancreas.  This 

will be a highly selective review which will primarily draw upon work performed by 

many collaborators in the authors’ laboratory over the past 25 years and the 

contributions of those individuals are gratefully acknowledged. 
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PANCREATIC ACINAR CELL BIOLOGY 

 

Protein assembly 

On a “gram of protein-per-cell” basis, pancreatic acinar cells synthesize more protein 

than any other cell in the body.  Digestive enzymes, which are secreted from the 

pancreas and designed to act within the gastrointestinal tract, account for most of the 

protein mass synthesized by acinar cells but acinar cells also synthesize many other 

types of proteins, including the hydrolytic enzymes that are designed to digest un-

needed material within intracellular lysosomes. Both types of enzymes, secretory 

digestive enzymes and lysosomal hydrolases, are assembled on ribosomes attached to 

the rough endoplasmic reticulum (ER).  As they are assembled, they elongate within 

the cisternae of the rough ER until a signal peptide is added and, at that point, they are 

cleaved freeing them to assume their tertiary structure within the ER.  Many secretory 

digestive enzymes are synthesized as pro-enzymes or zymogens which are inactive 

until they are proteolytically processed following secretion.  Many of the lysosomal 

hydrolases are also synthesized as inactive pro-enzymes but their post-translational 

processing and activation is accomplished within the cell.  

 

Intracellular trafficking of secretory proteins[4] 

Following their assembly within the ER, the enzymes destined for secretion are carried 

within small transport vesicles to the Golgi stacks where they are sorted and some are 

post-translationally modified.  Those that are destined to be secreted in a constitutive 

manner are then transported to the cell surface where they exit the cell.  Most of the 

secreted digestive enzymes and their zymogens, however, are subject to regulated 

discharge – i.e. they are stored within the cell until their secretion is accelerated in 

response to extracellular stimuli.  Following their assembly and transport to the Golgi, 

these proteins traverse the Golgi stacks and they are then packaged within condensing 

vacuoles which evolve into zymogen granules as they mature and migrate towards the 

luminal surface of the cell. There, by mechanisms which are regulated by 
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neurohormonal secretagogue stimuli, fusion/fission of the zymogen granule membrane 

with the luminal plasmalemma occurs and this leads to the formation of a fusion pore 

which permits the granule contents to be discharged into the extracellular (i.e. ductal) 

space.  In an overall sense, this regulated pathway allows for the massive and rapid 

discharge of intracellularly stored proteins which, in the case of pancreatic acinar cells, 

consists primarily of digestive enzymes[5].   

 

Intracellular trafficking of lysosomal hydrolases[6] 

The lysosomal hydrolases are a group of more than 50 dissimilar acid hydrolases 

which function to degrade un-needed cellular material as well as material taken up by 

cells via either endocytosis or phagocytosis. As noted for other proteins, lysosomal 

hydrolases are assembled within the cisternae of the rough ER and, in common with 

other newly synthesized proteins, the nascent lysosomal hydrolases are transported to 

the Golgi complex which they traverse from its cis to its trans surface, passing through 

the medial and trans-Golgi subcompartments.  In contrast to proteins destined for 

either secretion or transport to other intracellular sites, the lysosomal hydrolases are 

sorted from other newly synthesized proteins as they traverse the Golgi stacks by a 

complex mechanism in which N-acetylglucosamine phosphates are added to mannose 

residues and then the N-acetylglocosamine groups are removed, leaving the remaining 

mannose residues phosphorylated at the 6-position. Those mannose-6-phosphorylated 

lysosomal hydrolases are then bound to receptors in the trans-Golgi that specifically 

recognize mannose-6-phosphate residues. The mannose-6-phosphate receptors along 

with their associated lysosomal hydrolases are then shuttled to the pre-lysosomal 

compartment where, as a result of the acidic pH of this compartment, dissociation of 

the hydrolase/receptor complexes occurs, thereby liberating the hydrolases within the 

pre-lysosomal compartment and allowing the now unoccupied receptors to return to the 

Golgi where they are free to bind and transport additional mannose-6-phosphorylated 

lysosomal hydrolases. Of potential significance however, is the fact that, even under 

physiological conditions, sorting of lysosomal hydrolases from secretory proteins in 

the Golgi is incomplete and, as a result, a fraction of the newly synthesized lysosomal 
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hydrolases enters the secretory pathway[7-9]. This fraction of the lysosomal hydrolases 

is subject to regulated secretion from the cell along with other secretory proteins[10].  

Another fraction of lysosomal hydrolases may also be secreted from the cell by being 

enclosed within so-called secretory lysosomes[11].  Lysosomal hydrolases may also be 

constitutively secreted from the cell without ever being packaged within lysosomes.  

 

Many of the lysosomal hydrolases are initially synthesized as inactive or only partially 

activated pro-enzymes.  Their complete activation is achieved through post-

translational processing of the pro-peptide as it undergoes intracellular transport to pre-

lysosomes[12].  Together, pre-lysosomes, lysosomes, endosomes, phagosomes, and 

autophagosomes function as an interconnected network of organelles which contain a 

wide variety of acid hydrolases capable of degrading nucleic acids, proteins, 

carbohydrates, and lipids. 

 

Activation of digestive enzyme zymogens 

Some of the digestive enzymes (e.g. amylase, lipase, DNAase, RNAase) are 

synthesized and secreted from pancreatic acinar cells as active enzymes but others, 

including most of the potentially harmful digestive enzymes (e.g. trypsin, 

chymotrypsin, phospholipase, elastase, carboxypeptidase) are synthesized as inactive 

pro-enzymes or zymogens.  Under physiological conditions, activation of these 

zymogens does not occur until they reach the duodenum where the brush border 

enzyme enterokinase (enteropeptidase) catalytically activates trypsinogen and trypsin 

then catalyzes the activation of the other zymogens.  In most instances, activation 

involves cleavage of the zymogen and release of an “activating peptide” which, prior 

to its release, had maintained the zymogen in its inactive state.  Thus, quantitation of 

free activating peptide levels may provide information regarding the extent of zymogen 

activation prior to that measurement[13]. 
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Protective mechanisms 

In a general sense, the acinar cells of the pancreas are protected from the injury which 

might be inflicted by premature, intracellular activation of trypsinogen and other 

digestive enzyme zymogens by virtue of 3 features.  The first, as noted above, is the 

fact that most of the potentially harmful digestive enzymes are normally present within 

acinar cells as inactive zymogens.  The second is the fact that potent inhibitors of 

trypsin are synthesized and co-transported through the cell along with trypsinogen and 

those inhibitors are available to dampen any trypsin activity that might arise as a result 

of intracellular trypsinogen activation.  The third protective feature of pancreatic acinar 

cells is the fact that, throughout their intracellular trafficking within the cell, digestive 

enzymes and their zymogens are sequestered from the remainder of the cell by being 

enclosed within membrane bounded organelles.  Very recently, two reports have 

appeared that suggest that acinar cells may have yet another protective feature. 

Pancreatic acinar cells express proteinase-activated receptor-2 (PAR2) which is a 

tethered ligand receptor that is activated by trypsin and, as shown by Namkung et al.[14] 

and Sharma et al.[15], activation of pancreatic PAR2 triggers events that protect the 

pancreas from pancreatitis.   

 

THE CO-LOCALIZATION HYPOTHESIS 

 

History 

The so-called “co-localization hypothesis” grew out of studies, performed more than 

two decades ago, that employed the diet-induced and the secretagogue-induced models 

of acute experimental pancreatitis[16-20]. Those studies had shown that digestive enzyme 

synthesis and intracellular transport continue during the early stages of pancreatitis, but 

secretion of newly synthesized digestive enzymes from acinar cells is blocked. Those 

studies had also shown that, prior to the appearance of evidence reflecting acinar cell 

injury, the normal segregation of digestive enzyme zymogens from lysosomal 

hydrolases is perturbed and, as a result, both types of enzymes become co-localized 
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within intra-acinar cell cytoplasmic vacuoles. That co-localization phenomenon could 

be demonstrated using techniques of immunolocalization as well as using techniques of 

subcellular fractionation. Finally, those studies had shown that digestive enzyme 

zymogens, including trypsinogen, are activated within acinar cells at very early stages 

during the evolution of experimental pancreatitis—i.e. prior to the appearance of cell 

injury.  Since the lysosomal hydrolase cathepsin B is known to be capable of activating 

the digestive zymogen trypsinogen[21,22] and, since trypsin can activate the other 

digestive zymogens, these various observations suggested the following 3-tiered 

hypothesis: (a) that perturbation of normal intracellular trafficking of digestive 

zymogens and lysosomal hydrolases, is a very early event during the evolution of 

pancreatitis and that, as a result of this perturbation, digestive enzyme zymogens 

become co-localized with lysosomal hydrolases within acinar cell cytoplasmic 

vacuoles; (b) that, as a result of this co-localization phenomenon, the lysosomal 

hydrolase cathepsin B (and, most likely, other lysosomal hydrolases) activates 

trypsinogen and trypsin activates the other zymogens; and (c)  that the organelles 

containing intracellularly activated digestive zymogens become fragile and they release 

their content of activated enzymes within the cell interior where those enzymes trigger 

changes leading to cell injury/death[23].   

 

Challenges 

Subsequent to its initial proposal, the co-localization hypothesis was challenged on two 

grounds.  The first was the fact that, while most lysosomal hydrolases have a pH 

optimum of roughly 5.0, the site of co-localization during the early stages of 

pancreatitis appears to have a neutral pH. Subsequent studies characterizing the pH 

optimum for cathepsin B, however, indicated that considerable (although perhaps not 

optimal) activity was also present at pH 7.0[24] and, thus, this concern regarding the co-

localization hypothesis appears to be unwarranted. The second challenge to the 

hypothesis, however, proved to be more substantial because it focused on the issue of 

causality.  Its advocates suggested that the co-localization phenomenon, although real, 

might be a response to the early injury of pancreatitis.  They argued that the co-
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localization of digestive enzymes with lysosomal hydrolases might simply be a 

reaction to injury, rather than causing this injury[25].  Some even suggested that cell 

injury-induced co-localization might be a protective response which could allow 

lysosomal hydrolases to inactivate and degrade those prematurely activated digestive 

zymogens[26].  

 

 

THE EVIDENCE THAT CO-LOCALIZATION LEADS TO ZYMOGEN 

ACTIVATION IN PANCREATITIS 

 

The remainder of this review will be devoted to an examination of the evidence which 

suggests that the co-localization phenomenon is not simply a reaction to injury or a 

protective response but that it is, in fact, an early and critical event which leads to 

zymogen activation and acinar cell injury in pancreatitis.  Ideally, studies addressing 

these issues would be performed using clinically derived material and patients with 

acute pancreatitis but, unfortunately, those studies are not possible since patients with 

acute pancreatitis are only identified after the very early phases of the disease have 

been completed and access to the pancreas of patients with early acute pancreatitis is 

generally not possible.  Thus, by necessity, studies testing the co-localization 

hypothesis have all been performed using various models of acute pancreatitis in 

experimental animals.  

  

Validation of the co-localization hypothesis would require fulfillment of the following 

6 postulates: 

1. The co-localization phenomenon should be observed in all 

experimental models of acute pancreatitis. 

2. Lysosomal hydrolases should be capable of activating digestive 

enzyme zymogens such as trypsinogen. 
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3. During the evolution of pancreatitis, the co-localization 

phenomenon should occur prior to zymogen activation and cell 

injury. 

4. The co-localization phenomenon and digestive zymogen activation 

should occur within the same intracellular compartment. 

5. Digestive zymogen activation should be dependent upon the 

presence of lysosomal hydrolase activity. 

6. Prevention of co-localization should interfere with zymogen 

activation but prevention of zymogen activation should not 

interfere with co-localization. 

The evidence supporting fulfillment of these 6 postulates will now be summarized. 

 

The co-localization phenomenon occurs in all models of experimental pancreatitis 

As noted above, early studies performed using the diet-induced and the secretagogue 

(caerulein)- induced models of experimental pancreatitis and employing the techniques 

of both subcellular fractionation and immunolocalization, indicate that the co-

localization phenomenon occurs in both of those models[16-20,9].  Subsequent studies 

using the rabbit model of duct obstruction[27], the closed duodenal loop model[28], and 

the taurocholate model of retrograde duct injection[29], indicate that the co-localization 

phenomenon occurs in each of those models as well. In each of these models, co-

localization is an early event which can be demonstrated to occur prior to the 

appearance of cell injury/necrosis. 
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The mechanism(s) responsible for the co-localization phenomenon in each of these 

models appears to be different (Figure 1).  In the diet-induced model, it reflects fusion 

of zymogen granules with lysosomes (i.e. crinophagy) while, in the secretagogue-

model, it reflects both 

crinophagy and 

defective sorting of 

lysosomal hydrolases 

away from secretory 

proteins because of a 

defect in processing 

lysosomal hydrolases 

prior to their passage 

through the medial 

Golgi compartment.  In 

the opossum model, co-

localization occurs 

because previously 

secreted digestive 

zymogens are taken up 

by acinar cells via 

endocytosis and then 

transported to the 

endosome / lysosome 

compartment.  

 

 

Figure 1. Acinar cell demonstrating mechanisms of co-localization. Arrows 
represent physiological and pathological pathways. Co-localization can occur 
as a result of (1) missorting of lysosomal hydrolases from digestive zymogens 
in the Golgi, (2) fusion of zymogen granules with lysosomes and (3) reuptake 
into the lysosomal compartment of secreted digestive zymogens. Note the 
ruptured co-localization vacuole (RV) and release of activated digestive 
enzymes inside the cell. (ER=endoplasmic reticulum, N=nucleus, 
LYS=lysosomes, CV=condensing vacuoles and ZG=zymogen granules). 
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Lysosomal hydrolases such as cathepsin B can activate trypsinogen 

Studies independently performed and reported by at least 3 groups of investigators 

have shown that cathepsin B can activate trypsinogen under in-vitro conditions[21,22,24].  

The most recent of those studies evaluated the pH profile of this activation process and 

found that a considerable degree of activation could occur at pH 7.0[24]. 

 

The co-localization phenomenon occurs prior to acinar cell injury/necrosis 

If the co-localization phenomenon is a reaction to cell injury, it should occur after 

changes indicative of that injury are already demonstrable while, if it is the cause of 

cell injury, it should occur prior to the appearance of that injury.  Time-dependence 

studies using the secretagogue-induced model have been performed to evaluate this 

issue[30]. In these studies, pancreatic tissue was homogenized and subcellulary 

fractionated to obtain zymogen granule-enriched and lysosome-enriched fractions at 

selected times after the start of caerulein administration.  Redistribution of cathepsin B 

from the lysosome-enriched to the zymogen granule-enriched fraction was noted 

within 15 minutes after the start of caerulein administration and, at roughly this same 

time, evidence of trypsinogen activation (i.e. increased trypsin activity and increased 

pancreatic levels of trypsinogen activation peptide) was also first detected.  In contrast, 

hyperamylasemia, pancreatic edema and acinar cell injury/necrosis were only detected 

at later times.  Thus, these studies indicate that the co-localization phenomenon occurs 

prior to, and not after, cell injury in pancreatitis.   

 

 

Co-localization and zymogen activation occur within the same intracellular 

compartment during pancreatitis 

Studies addressing this issue have been performed using antibodies directed against the 

lysosomal hydrolase cathepsin B and antibodies directed against the peptide released 

during the process of trypsinogen activation (i.e. trypsinogen activation peptide, TAP).  

During the early stages of secretagogue-induced pancreatitis, both types of antibodies 

were found localized in the same cytoplasmic vacuoles[31,9,20].  Similar observations 
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have been made in studies using antibodies directed against lysosomal membrane 

proteins[32].  In both cases, the site of co-localization appeared to be in the area of the 

trans-Golgi network.  Taken together, these immunolocalization studies support the 

conclusion that co-localization and activation occur within the same intracellular 

compartment. 

 

Zymogen activation and pancreatitis severity are dependent upon cathepsin B 

activity 

This issue has been addressed in two ways.  In one, cathepsin B inhibition was 

achieved using the cell permeant and highly specific cathepsin B inhibitor CA-074me.  

The effect of this inhibitor in two dissimilar models of pancreatitis (secretagogue-

induced and taurocholate-induced) was evaluated[33] and, in both models, inhibition of 

cathepsin B was found to prevent trypsinogen activation.  That inhibition was also 

found to reduce the severity of pancreatitis.  The second approach to this issue 

involved the use of genetically modified mice that did not express cathepsin B and, in 

those mice, both trypsinogen activation and the severity of pancreatitis were found to 

be reduced[34].  These observations support the conclusion that cathepsin B (either 

alone or, perhaps with other lysosomal hydrolases) plays a critical role in trypsinogen 

activation during pancreatitis and that, in pancreatitis, trypsinogen activation is closely 

related to the severity of the disease. 

 

Prevention of the co-localization phenomenon interferes with zymogen activation 

but inhibition of zymogen activation does not prevent co-localization 

The co-localization of digestive zymogens with lysosomal hydrolases in both the 

secretagogue-induced and the taurocholate-induced models of pancreatitis is dependent 

upon the activity of phosphoinositide-3-kinase (PI3K) and co-localization can be 

prevented in those models by administration of the PI3K inhibitors wortmannin and 

LY49002.  In a recently reported study, administration of those PI3K inhibitors was 

found to reduce trypsinogen activation[35].  These findings indicate that prevention of 
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co-localization, by administration of PI3K inhibitors, can reduce zymogen activation in 

these models of pancreatitis.   

 

As noted above, CA-074me is a potent in-vivo cathepsin B inhibitor and administration 

of CA-074me to animals can prevent trypsinogen activation during pancreatitis.  To 

further evaluate the possible causative role of co-localization in zymogen activation, 

mice subjected to secretagogue-induced pancreatitis were given CA-074me and the 

effect of inhibiting trypsinogen activation (via inhibition of cathepsin B) on the co-

localization phenomenon was evaluated (Van Acker et al., submitted for publication).  

Under these conditions, co-localization of lysosomal hydrolases with digestive 

enzymes was still observed even though zymogen activation had been prevented.  

Taken together, these findings are consistent with the conclusion that zymogen 

activation is dependent upon the co-localization phenomenon and they are inconsistent 

with the theory that zymogen activation leads to the co-localization phenomenon.   
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SUMMARY 

 

Acute pancreatitis is generally believed to be a disease in which the pancreas is injured 

by digestive enzymes that it normally produces.  Most of the potentially harmful 

digestive enzymes produced by pancreatic acinar cells are synthesized and secreted as 

inactive zymogens which are normally activated only upon entry into the duodenum 

but, during the early stages of acute pancreatitis, those zymogens become prematurely 

activated within the pancreas and, presumably, that activation occurs within pancreatic 

acinar cells.  The mechanisms responsible for intracellular activation of digestive 

enzyme zymogens have not been elucidated with certainty but, according to one widely 

recognized theory (the “Co-Localization Hypothesis”), digestive enzyme zymogens are 

activated by lysosomal hydrolases when the two types of enzymes become co-localized 

within the same intracellular compartment.   

 

This review has been focused on the evidence supporting the validity of the co-

localization hypothesis as an explanation for digestive enzyme activation during the 

early stages of pancreatitis.  Indeed, there is considerable evidence that, under 

appropriate conditions lysosomal hydrolases such as cathepsin B are capable of 

activating digestive enzyme zymogens such as trypsinogen. Normally, that activation 

does not occur because, under physiological conditions, newly synthesized lysosomal 

hydrolases are segregated from digestive enzyme zymogens as the two types of 

enzymes traffic through acinar cells. However, during pancreatitis, that segregation is 

perturbed and lysosomal hydrolases become co-localized with digestive enzyme 

zymogens within cytoplasmic vacuoles.  Evidence supporting the co-localization 

hypothesis as an explanation for intracellular zymogen activation include the 

following: (a) the co-localization phenomenon is observed in virtually all of the 

experimental models of pancreatitis that have been studied; (b) lysosomal enzymes 

such as cathepsin B can activate digestive zymogens such as trypsinogen and trypsin 

can activate the other zymogens; (c) the co-localization phenomenon occurs prior to 
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the appearance of cell injury/necrosis during pancreatitis; (d) co-localization and 

zymogen activation occur within the same intracellular compartment; (e) zymogen 

activation is dependent upon the presence of lysosomal enzyme (i.e. cathepsin B) 

activity; and finally, (f) preventing the co-localization phenomenon prevents zymogen 

activation during pancreatitis but preventing zymogen activation does not, necessarily, 

prevent the co-localization phenomenon. Taken together, these findings support the 

conclusion that co-localization of lysosomal hydrolases with digestive enzyme 

zymogens plays a critical role in permitting the intracellular activation of digestive 

enzymes that leads to acinar cell injury and pancreatitis. 
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ABSTRACT 

Intrapancreatic activation of trypsinogen is believed to play a critical role in the 

initiation of acute pancreatitis, but mechanisms responsible for intrapancreatic 

trypsinogen activation during pancreatitis have not been clearly defined. In previous in 

vitro studies, we have shown that intra-acinar cell activation of trypsinogen and acinar 

cell injury in response to supramaximal secretagogue stimulation could be prevented 

by the cell permeant cathepsin B inhibitor E64d (19). The present studies evaluated the 

role of intrapancreatic trypsinogen activation, this time under in vivo conditions, in two 

models of pancreatitis by using another highly soluble cell permeant cathepsin B 

inhibitor, L-3-trans-(propylcarbamoyl)oxirane-2-carbonyl-L-isoleucyl-L-proline 

methyl ester (CA-074me). Intravenous administration of CA-074me (10 mg/kg) before 

induction of either secretagogue-elicited pancreatitis in mice or duct infusion-elicited 

pancreatitis in rats markedly reduced the extent of intrapancreatic trypsinogen 

activation and substantially reduced the severity of both pancreatitis models. These 

observations support the hypothesis that, during the early stages of pancreatitis, 

trypsinogen activation in the pancreas is mediated by the lysosomal enzyme cathepsin 

B. Our findings also suggest that pharmacological interventions that inhibit cathepsin B 

may prove useful in preventing acute pancreatitis or reducing its severity.  

 56



Cathepsin B and acute pancreatitis 
 
INTRODUCTION 

 

Over 100 years ago, Chiari suggested that acute pancreatitis is an autodigestive disease 

in which the pancreas is injured by enzymes that it normally synthesizes and secretes. 

Under physiological conditions, most of the potentially harmful digestive enzymes 

produced by pancreatic acinar cells are synthesized and secreted as inactive zymogens 

that become activated only after they reach the duodenum. Considerable interest, 

therefore, has been focused on the mechanisms by which those enzymes might become 

activated, prematurely, within the pancreas and cause pancreatic injury. Our own 

studies have suggested that intrapancreatic activation of trypsinogen, and presumably 

other zymogens, occurs within acinar cells and that it is mediated by the lysosomal 

hydrolase cathepsin B (19). Although controversial, several recent publications have 

supported this proposal. In one, genetic deletion of cathepsin B was shown to partially 

protect mice from pancreatitis and to reduce intrapancreatic activation of trypsinogen, 

which occurs during pancreatitis (8). In another study, one of the mutated forms of 

cationic trypsinogen shown to be associated with hereditary pancreatitis was noted to 

display increased sensitivity to cathepsin B-mediated activation (22).  

We (19) have previously shown that, under in vitro conditions, the cell permeant 

cathepsin B inhibitor E64d can prevent the intra-acinar cell activation of trypsinogen, 

which follows exposure of freshly isolated pancreatic acini to a supramaximally 

stimulating concentration of the cholecystokinin analog cerulein. The present studies 

were designed to examine the role of cathepsin B in the in vivo rather than in vitro in-

trapancreatic activation of trypsinogen and the importance of this phenomenon in two 

dissimilar models of pancreatitis. We did not use E64d for these studies because of its 

relatively short half-life in vivo (23). Instead, we used another cathepsin B inhibitor, 

[L-3-trans-(propylcarbamoyl)oxirane-2-carbonyl]-L-isoleu-cyl-L-proline methyl ester 

(CA-074me), which is known to be highly soluble, cell permeant, and effective for 

prolonged periods. CA-074me was tested in two dissimilar models of pancreatitis, the 

secretagogue and the duct infusion model, and in both, it was found to prevent 

 57



Chapter 4 
 
intrapancreatic activation of trypsinogen as well as to markedly reduce the severity of 

pancreatitis. These studies suggest that pharmacological methods of inhibiting 

cathepsin B activity may offer promise in the prevention and/or treatment of clinical 

pancreatitis.  

 

MATERIALS AND METHODS 

 

All experiments were performed according to protocols approved by the Institutional 

Animal Care and Use Committee of the Beth Israel Deaconess Medical Center. Male 

Wistar rats (100–125 g), obtained from Charles River Laboratories (Wilmington, MA) 

and male CD-1 mice (18–20 g) obtained from Taconic (Germantown, NY) were 

housed in temperature-controlled (23 ± 2°C) rooms with a 12:12-h light-dark cycle. 

They were fed standard laboratory chow, given water ad libitum, fasted overnight 

before each experiment, and randomly assigned to control or experimental groups. Cer-

ulein, the decapeptide analog of the potent pancreatic secretagogue cholecystokinin, 

and the cathepsin B substrate were purchased from Research Plus (Bayonne, NJ). Boc-

Glu-Ala-Arg-4-methylcoumaryl-7-amide (MCA; the trypsin substrate) and CA-074me 

were from Peptides International (Louisville, KY). Anti-rabbit trypsinogen activation 

peptide (TAP) antibody was a kind gift from D. McNally (Abbott Laboratories, North 

Chicago, IL), and biotinylated anti-rabbit IgG and streptavidin alkaline phosphatase 

were purchased from Vector Laboratories (Burlingame, CA). Ketamine and xylazine 

were obtained from Abbott Laboratories and Bayer, respectively. Na
+
-taurocholate, as 

well as other chemicals and reagents, were purchased from Sigma (St. Louis, MO).  

Pretreatment of animals with CA-074me. 

Stock solutions of the cathepsin B inhibitor CA-074me were made at a concentration 

of 10 mg/ml in dimethyl sulfoxide. This was diluted 1:10 in saline and administered at 

a dose of 10 mg/kg body wt by tail vein injection 1 h before the induction of 
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pancreatitis. Control animals received vehicle alone.  

 

Induction of pancreatitis. 

CD-1 mice were given hourly (x6) intraperitoneal injections of cerulein (50 µg/kg) to 

elicit secretagogue-induced pancreatitis, whereas control animals received 

intraperitoneal injections of a comparable amount of saline. At selected times, animals 

were killed by CO2 asphyxia and tissue samples were obtained for study. To elicit duct 

infusion-induced pancreatitis, male Wistar rats were anesthetized with ketamine and 

xylazine and subjected to midline laparotomy. A blunt needle was introduced trans-

duodenally into the common biliopancreatic duct by the method of Heinkel (11) and 

secured in place with a ligature around the duct. The hepatic duct was closed at the 

hilum of the liver with a bulldog clamp. Sodium taurocholate (5% in saline) was 

infused using a compact infusion pump (model 975; Harvard Apparatus) at a rate of 

0.052 ml/min, and each rat received a total volume of 1 ml/kg body wt. The needle, 

ligature, and clamp were then removed, and the laparotomy incision was closed. 

Control animals underwent sham operation, which, under an identical anesthesia, 

consisted of laparotomy and puncture of the duodenum. Six hours after duct infusion 

or sham operation, animals were killed by CO2 asphyxia and samples were taken for 

study.  

 

Trypsin activity in pancreas homogenates. 

Preliminary studies were done to decide the time at which trypsin activity peaked in 

the pancreas during each form of experimental pancreatitis. In the secretagogue-

induced model, this was found to be 30 min after the start of cerulein administration, 

after which time the levels declined. In the duct infusion model, trypsin activity peaked 

45 min after taurocholate infusion and remained elevated to the same extent until 6 h 

after duct infusion. After tissue harvest, the pancreas samples were homogenized in 

cold (4°C) MOPS buffer, pH 7.0 (250 mM sucrose, 5 mM MOPS, 1 mM MgSO4) 

using a motorized glass-Teflon homogenizer. The resulting homogenate was 

centrifuged (50 g, 5 min), and the supernatant was taken for assay. Trypsin activity was 
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measured fluorometrically using Boc-Glu-Ala-Arg-MCA as the substrate according to 

the method of Kawabata et al. (14). DNA was measured using Hoechst dye 33258, 

according to the method of Labarca and Paigen (17). The trypsin results were 

expressed as trypsin activity per microgram of DNA in the homogenate, as described 

previously (12).  

 

TAP levels. 

Immediately after death, the pancreas was removed and a portion was resuspended in 

TAP assay buffer, pH 7.4 (20 mM Tris·HCl, 5 mM EDTA, 150 mM NaCl). The 

samples were boiled for 10 min, homogenized in the same buffer, and centrifuged; the 

supernatant was frozen and stored for later TAP measurement. TAP levels were deter-

mined by direct competitive ELISA using affinity-purified rabbit polyclonal anti-TAP 

antibodies, according to the method of Gudgeon et al. (7). TAP levels were expressed 

as picograms of TAP per microgram of DNA. 

 

Serum amylase.  

Harvested blood was allowed to clot and was centrifuged, and the serum obtained was 

used for measurement of amylase activity. Serum amylase activity was measured using 

4,6-ethylidene (G7)-p-nitrophenyl (G1)-α1D-maltoheptoside as the substrate according 

to the method of Kruse-Jarres et al. (16).  

 

Cathepsin B activity.  

Cathepsin B activity was determined according to the method of McDonald and Ellis 

(18), with minor modifications, using CBZ-arginyl-arginine-β-naphthylamide as the 

substrate. Cathepsin B results were expressed as cathepsin B activity (slope of 

fluorescence emission) per microgram DNA in the homogenate.  

 

Neutrophil sequestration.  

The sequestration of neutrophils within the pancreas was evaluated by quantitating 

tissue myeloperoxidase (MPO) activity using a modification of the bromide-dependent 
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chemiluminescence technique as described by Haqqani et al. (10).  

 

Morphology.  

The extent of pancreatic acinar cell necrosis and interstitial edema were 

morphometrically quantitated by an observer who was not aware of the sample 

identity. For these studies, paraffin-embedded samples were sectioned (5 µm) and 

stained with hematoxylin and eosin. Ten randomly chosen microscopic fields (x125) 

were examined for each tissue sample, and the extent of acinar cell injury/necrosis was 

expressed as a percentage of total acinar tissue as described previously (13). Using the 

same slides, tissue edema was scored using a 0–3 scale in which 0 = none and 3 = 

severe.  

 

In vitro studies.  

For these studies, dispersed rat pancreatic acini were prepared by collagenase digestion 

and gentle shearing as described previously (4). Acini were resuspended in HEPES-

Ringer buffer (pH 7.4), which contained (in mM) 115 NaCl, 5 KCl, 1 MgSO4, 1 

CaCl2, 10 HEPES, and 15 glucose and 0.1% bovine serum albumin. Viability of acini 

was >95% as assessed by trypan blue exclusion. After incubation of acini with various 

agents, the cells were washed twice with HEPES-Ringer buffer and processed for 

either trypsin activity or TAP measurements as described above. Amylase secretion 

from pancreatic acini was determined as described previously (19).  

 

Data presentation.  

Results reported represent means ± SE for multiple determinations from four or more 

animals in each group. In the figures, vertical bars denote SE. Student’s t-test was used 

to evaluate the significance of changes. A value of P < 0.05 was considered statistically 

significant.  
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RESULTS  

 

We and others (1, 6) have previously reported that both supramaximal secretagogue 

stimulation and retrograde duct infusion result in acute pancreatitis. Both models are 

characterized by a rise in serum amylase activity, pancreatic edema, and acinar cell 

necrosis (Figs. 1 and 2).  

 

 

Intrapancreatic TAP levels and trypsin activity 

that intrapancreatic trypsinogen activation occ

pancreatic MPO activity in the pancreas increase
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Fig. 2. Effect of CA-074me on the severity of 

Fig. 1. Effect of [L-3-trans-
(propylcarbamoyl)oxirane-2-carbonyl]-L-
isoleucyl-L-proline methyl ester (CA-074me) 
on the severity of secretagogue-induced 
pancreatitis. Mice were given hourly (x6) 
intraperitoneal injections of cerulein (CER; 50 
µg/kg) and killed 1 h after the last CER 
injection. When given, CA-074me (10 mg/kg) + 
CER was administered by tail vein injection 1 h 
before the first CER injection. After death, 
serum amylase activity, pancreatic 
myeloperoxidase (MPO) activity, pancreatic 
necrosis, and pancreatic edema were measured 
as described in the text and expressed relative to 
that noted when only CER had been given. * P 
< 0.05 compared with CER-alone group. 
Maximum absolute values for the reported 
parameters observed when only CER was given 
were as follows: MPO = 6.6 ± 2.2 U/µg protein; 
necrosis = 11.8 ± 1.1% of acinar cell mass; 
edema scoring = 2.4 ± 0.1; amylase = 14,800 ± 
1,700 U/l.  
increased in both models, indicating 

duct infusion-induced pancreatitis. 
Pancreatitis was induced in rats by retrograde 
infusion of Na

+
-taurocholate (TAUR; 5% in 

saline, 1 ml/kg body wt). When given, CA-
074me (10 mg/kg) + TAUR was administered 
by tail vein injection 1 h before the duct 
infusion. Animals were killed 6 h after duct 
infusion. Serum amylase activity, pancreatic 
MPO activity, and pancreatic necrosis were 
measured as described in the text and expressed 
relative to that noted when only CER had been 
given. * P < 0.05 compared with TAUR alone 
group. Maximum absolute values for the 
reported parameters after duct infusion but 
without CA-074me were as follows: MPO = 4.8 
± 0.3 U/µg protein; necrosis = 28.5 ± 2.0% of 
acinar cell mass; amylase = 8,700 ± 950 U/l.  
urred (Figs. 3 and 4). In addition, 

s in both models, indicating that se-
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questration of neutrophils within the pancreas occurred (Figs. 1 and 2).  

 

Fig. 3. Effect OF CA-074me on trypsinogen 
activation in secretagogue-induced 
pancreatitis. Mice were given 50 µg/kg CER by 
intraperitoneal injection and killed 30 min later. 
When administered, CA-074me (10 mg/kg) + 
CER was given by tail vein injection 1 h before 
CER. Trypsin activity and trypsinogen 
activation peptide (TAP) levels in the pancreas 
samples were determined as described in the 
text and expressed relative to that when only 
CER was given.  * P < 0.05 when CA-074me + 
CER was compared with CER alone. Maximum 
values for the reported parameters, noted when 
CER was given without CA-074me, were as 
follows: trypsin = 1.60 ± 0.24 U/µg DNA; TAP 
= 16.8 ± 2.6 pg/µg DNA. 

 

 

Fig. 4. Effect of CA-074me on trypsinogen 
activation in duct infusion-induced 
pancreatitis. Rats were intraductally infused 
with Na

+
-TAUR (5% in saline; 1 ml/kg body wt) 

and were killed 6 h later. When administered, 
CA-074me (10 mg/kg) + TAUR was given by 
tail vein injection 1 h before duct infusion. 
Trypsin activity and TAP levels in the pancreas 
samples were determined as described in the 
text and expressed relative to that when only 
CER was given. * P < 0.05 compared with 
TAUR alone. Maximum values for the reported 
parameters observed when TAUR was infused 
in animals without CA-074me were trypsin = 
11.6 ± 1.9 U/µg DNA and TAP = 12.0 ± 1.7 
pg/µg DNA.  

 

 

Effects of CA-074me on pancreatic cathepsin B activity. 

 

As shown in Fig. 5, A and B, cathepsin B activity in the pancreas was not significantly 

changed during either model of pancreatitis. Pretreatment of animals with CA-074me 

resulted in a profound decrease in pancreatic cathepsin B activity in both the 

secretagogue-and the duct infusion-induced model. Under these conditions cathepsin B 

activity was barely detectable. A similar reduction in pancreatic cathepsin B activity 

was observed when control animals were given CA-074me (data not shown) 
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Fig. 5. Effect of CA-074me on pancreatic cathepsin B activity during secretagogue-induced (A) and duct 
infusion-induced (B) pancreatitis. Groups are as defined in Figs. 1 and 2 legends. Cathepsin B activity in the 
pancreas was measured, as described in the text, 6 h after the start of CER administration or duct infusion. 
Results are expressed relative to that observed for animals given only saline (1.6 ± 0.15 U/µg DNA; A, 
Control) or only subjected to sham operation (6.3 ± 0.24 U/µg DNA; B, Control). * P < 0.05 compared with 
value of control animals not given CA-074me.
ffects of CA-074me on cerulein-induced in vitro trypsinogen activation.  

s shown in Fig. 6, incubation of freshly prepared acini with 1 mM CA-074me com-

letely prevented cerulein-induced in vitro activation of trypsinogen activation as 

etermined by measurement of trypsin activity and TAP levels in cellular 

omogenates.  

       

 

Fig. 6. Effect of CA-074me on CER-induced in vitro trypsinogen activitation. Freshly prepared rat 
pancreatic acinar cells were pre-incubated with 1 mM cathepsin B inhibitor CA-074me for 30 min. The acini 
were further incubated with 0.1 µM CER along with CA-074me for 30 min, and trypsin activity (A) and TAP 
levels (B)in homogenized acini were measured as described in the text. Values shown are expressed as means 
± SE obtained from at least three different experiments. 
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Effects of CA-074me on secretagogue-induced pancreatitis.  

As shown in Fig. 3, the extent of trypsinogen activation within the pancreas during 

secretagogue-induced pancreatitis was markedly reduced when mice were pretreated 

with CA-074me before the start of cerulein administration. Under these conditions, in-

trapancreatic TAP levels were the same in control and cerulein-treated animals, 

whereas intrapancreatic trypsin activity was only slightly greater in the cerulein-treated 

group than in the controls. Pancreatic MPO activity, pancreatic edema, and the extent 

of acinar cell necrosis were also markedly reduced by CA-074me pretreatment (Fig. 1). 

 

Fig. 7. Effect of CA-074me on morphological changes of pancreatitis. A–C: representative photomicrographs 
taken of samples from control mice (A), mice given CER for 6h(B), and mice given CA-074me before CER (C). 
Note marked inflammation, edema, and acinar cell necrosis in the CER-alone sample that are markedly reduced 
in a sample taken from an animal given CA-074me before CER (compare B and C). D–F: are representative 
photomicrographs taken of samples from control rats (D), rats intraductally infused with Na+-TAUR (E), and rats 
given CA-074me before duct infusion with TAUR (F). Note inflammation and necrosis in duct infusion-alone 
group that are markedly reduced by the administration of CA-074me before duct infusion (compare E and F). 
(Color figures on page 150) 

 

These effects of CA-074me pretreatment noted in our biochemical studies (Fig. 1) 

were also observed in morphological studies (Fig. 7) that showed a marked reduction 
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in the changes that characterize this model. In contrast to these rather profound 

changes, CA-074me pretreatment caused only modest, but significant, reduction in the 

magnitude of secretagogue-induced hyperamylasemia (Fig. 1).  

    
To rule out the possibility that the protease inhibitor protects against pancreatitis by 

some nonspecific effects with respect to acinar cell function or by directly inhibiting 

the enzymatic activity of trypsin, we studied the effects of CA-074me on cerulein-

induced amylase secretion from freshly prepared acini and in vitro trypsin activity in a 

cell-free system. Results of these experiments indicate that the cysteine protease 

inhibitor by itself had no effect on either trypsin activity or on cerulein-stimulated 

amylase secretion from acinar cells (Fig. 8). In another in vitro study (data not shown), 

we found that the cysteine protease inhibitor did not directly effect the measurements 

of TAP in a cell-free system.  
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A

p

t
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Fig. 8. Effect of CA-074me on amylase secretion and trypsin activity. A: rat pancreatic acini were incubated 
for 30 min with different concentrations of CER in the presence and absence of cathepsin B inhibitor, CA-
074me. The fraction of amylase secreted into the medium was quantitated as described in the text. Results are 
expressed as the percentage of maximal response. The maximal amylase secretion was 25 ± 3% of total acinar 
amylase content and was observed after stimulation with 0.1 nM CER for 30 min. B: different amounts of 
commercial trypsin were assayed in the presence and absence of 1 mM CA-074me. Trypsin activity is expressed 
in relative fluorescence units. Data shown are typical of three experiments. 
 
ffects of CA-074me on duct infusion-induced pancreatitis.  

s shown in Figs. 2 and 4, the administration of CA-074me before retrograde 

ancreatic duct infusion with Na
+
-taurocholate reduces the intrapancreatic rise in 

rypsin activity and MPO activity as well as the extent of acinar cell necrosis in this 
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model of pancreatitis. Morphological changes that characterize this model, including 

inflammation and necrosis, are  

also reduced by CA-074me pretreatment (Fig. 7). In contrast to findings with the 

secretagogue model, a more profound reduction in hyperamylasemia was noted after 

pretreatment with CA-074me in this model (Fig. 2). On the other hand, little or no 

change in the magnitude of pancreatic edema was observed (Fig. 7).  

 

DISCUSSION  

 

In the present studies, we used a pharmacological approach to inhibit acinar cell 

cathepsin B, a lysosomal cysteine protease belonging to the papain family of 

endopeptidases (15). Studies by others (2) using the agent we chose for our 

experiments, CA-074, have shown that it is relatively specific for cathepsin B and 

highly potent. It is believed to act by irreversibly binding to Cys
29

, causing permanent 

inactivation of the enzyme. In addition to inhibiting cathepsin B, CA-074 can inhibit 

other lysosomal cysteine proteases, including cathepsins H and L, but only with a 

potency that is two to three orders of magnitude less than that noted for cathepsin B 

(2). CA-074 is highly negatively charged and, as a result, relatively impermeant to 

cells. To increase the likelihood that we would achieve effective intracellular levels of 

CA-074 in our studies, we have administered the cathepsin B inhibitor in its methyl 

ester form. CA-074me is readily taken up by cells, and it remains intracellularly active 

after deesterification by intracellular esterases (2). For in vivo studies, others used 

doses ranging from 4 to 80 mg/kg body wt (24, 25). In our studies, we chose to use a 

dose of 10 mg/kg body wt.  

We have found that the administration of CA-074me markedly reduces pancreatic 

cathepsin B activity under resting conditions and in two dissimilar models of 

pancreatitis. This reduction in cathepsin B activity is associated, in both models, with 

1) a reduction in intrapancreatic trypsinogen activation and 2) a reduction in the 
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severity of pancreatitis. The observation that CA-074me pretreatment results in these 

changes in both models would strongly indicate that the protective effects we noted are 

not model specific. Rather, they suggest that our findings are applicable to the general 

issue of pancreatitis. Thus our observation that cathepsin B inhibition with CA-074me 

prevents trypsinogen activation and reduces the severity of pancreatitis indicates that 

cathepsin B inhibition, with this or other agents, might reduce the severity of clinical 

pancreatitis as well. Interestingly, we also found that CA-074me pretreatment prevents 

nuclear factor (NF)-κB activation during cerulein-induced pancreatitis (data not 

shown). This effect on NF-κB activation is not surprising, because cysteine proteases 

are known to play an important role in proteasome function and proteasome function is 

required for NF-κB activation (9). This reduction in NF-κB activation, observed after 

CA-074me administration, may contribute to the reduction in pancreatitis severity we 

observed, because, as recently noted by Chen et al. (3), direct NF-κB activation in the 

pancreas can induce pancreatic inflammation. This mechanism, however, cannot 

explain the prevention of trypsinogen activation noted in our studies to follow CA-

074me pretreatment, because direct activation of NF-κB leads to little, if any, trypsino-

gen activation (3). In contrast to its effects on NF-κB activation, CA-074me was not 

observed in our studies to alter the upregulated expression of several 

cytokines/chemokines (e.g., monocyte chemoattractant protein-1 and macrophage 

inflammatory protein-1α)in the pancreas during pancreatitis (data not shown). 

Presumably, this indicates that expression of those inflammatory mediators is not 

regulated by NF-κB activation and that at least these mediators are not, by themselves, 

sufficient to induce pancreatitis in the absence of trypsinogen activation.  

A series of in vitro studies were performed to be certain that the cysteine protease 

inhibitor CA-074me does not interfere with intrapancreatic trypsinogen activation by 

nonspecific mechanisms. In those studies, we found that CA-074me prevents in vitro 

ceruleininduced trypsinogen activation (i.e., it inhibits the cerulein-induced rise in 

intra-acinar cell trypsin activity and TAP levels) (Fig. 6) as it does under in vivo condi-

tions. On the other hand, CA-074me does not appear to alter acinar cell function, i.e., 

cerulein-stimulated acinar cell secretion of amylase is not altered in the presence of 
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CA-074me (Fig. 8). Furthermore, CA074me does not directly alter either trypsin 

activity (Fig. 8) or measurable TAP levels when evaluated in vitro in a cell-free 

system. From these studies, we conclude that the in vivo changes noted with CA-

074me are not the result of nonspecific effects of CA-074me on either acinar cell 

function or the measurement of trypsinogen activation.  

Mechanisms by which cathepsin B might mediate intracellular trypsinogen activation 

and regulate the severity of pancreatitis are poorly understood. The theory we favor 

suggests that, during the early stages of pancreatitis before intracellular zymogen 

activation, digestive enzyme zymogens and lysosomal hydrolases, including cathepsin 

B, become colocalized, and, within that colocalization compartment, cathepsin B 

catalytically activates trypsinogen (20). Although this theory remains unproven, there 

is a gradually enlarging body of evidence that has supported it. Work by several groups 

has clearly shown that, under appropriate conditions, cathepsin B can cleave the 

activation peptide from trypsinogen and, as a result, activate the zymogen (5, 19). Our 

own studies have indicated that colocalization of lysosomal hydrolases with digestive 

enzyme zymogens occurs before zymogen activation in experimental pancreatitis and 

that the colocalization of these two types of enzyme occurs within the compartment in 

which zymogen activation occurs (12, 21). Furthermore, in an in vitro system, we 

found that the cathepsin B inhibitor E64d could prevent secretagogue-induced intra-

acinar cell activation of trypsinogen (19). The results of the present studies are consis-

tent with these prior observations, and they extend our earlier work by demonstrating 

that, in addition to preventing trypsinogen activation, cathepsin B inhibition reduces 

the severity of pancreatitis when evaluated under in vivo conditions.  

Halangk et al. (8) recently reported the results of studies evaluating the role of 

cathepsin B in pancreatitis using mice with a genetic deletion of cathepsin B. They 

found that deletion of cathepsin B was associated with ~50% reduction in 

intrapancreatic trypsinogen activation and in the severity of pancreatitis. In contrast, in 

the present studies, we noted a more profound reduction in both trypsinogen activation 

and in pancreatitis severity. These somewhat discrepant observations may indicate that 
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other cathepsins, sensitive to CA-074me inhibition but not lost by a genetic deletion of 

cathepsin B, may contribute to trypsinogen activation and disease severity in 

pancreatitis. Further studies using agents targeting other lysosomal enzymes will be 

needed to address this issue. Regardless of the results of those studies, however, our 

present observations suggest that pharmacological interventions resulting in cathepsin 

B inhibition might prove useful in either preventing acute pancreatitis or reducing its 

severity.  

 

Acknowledgement 
A. K. Saluja and M. L. Steer contributed equally to this work.  
These studies were supported by National Institute of Diabetes and Digestive and Kidney 
Diseases Grants DK-31396 (to M. L. Steer) and DK-58694 (A. K. Saluja).  

 70



Cathepsin B and acute pancreatitis 
 
 

References 

1. Aho HJ, Koskensalo SM, and Nevalainen TJ. Experimental pancreatitis in the 
rat. Sodium taurocholate-induced acute haemorrhagic pancreatitis. Scand J 
Gastroenterol 15: 411–416, 1980.  

2. Buttle DJ, Murata M, Knight CG, and Barrett AJ. CA074 methyl ester: a 
proinhibitor for intracellular cathepsin B. Arch Biochem Biophys 299: 377–380, 
1992.  

3. Chen X, Ji B, Han B, Ernst SA, Simeone D, and Logsdon CD. NFκB activation 
in pancreas induces pancreatic and systemic inflammatory response. 
Gastroenterology 122: 448–457, 2002.  

4. Dawra RK, Saluja AK, Runzi M, and Steer ML. Inositol trisphosphate-
independent agonist-stimulated calcium influx in rat pancreatic acinar cells. J 
Biol Chem 68: 20237–20242; 1993.  

5. Figarella C, Miszczuk-Jamska B, and Barrett AJ. Possible lysosomal activation 
of pancreatic zymogens. Activation of both human trypsinogens by cathepsin B 
and spontaneous acid. Activation of human trypsinogen 1. Biol Chem Hoppe 
Seyler 369, Suppl: 293–298, 1988.  

6. Gerard C, Frossard JL, Bhatia M, Saluja A, Gerard NP, Lu B, and Steer M. 
Targeted disruption of the beta-chemokine receptor CCR1 protects against 
pancreatitis-associated lung injury. J Clin Invest 100: 2022–2027, 1997.  

7. Gudgeon AM, Heath DI, Hurley P, Jehanli A, Patel G, Wilson C, Shenkin A, 
Austen BM, Imrie CW, and Hermon-Taylor J. Trypsinogen activation peptides 
assay in the early prediction of severity of acute pancreatitis. Lancet 335: 4–8, 
1990.  

8. Halangk W, Lerch MM, Brandt-Nedelev B, Roth W, Ruthenbuerger M, 
Reinheckel T, Domschke W, Lippert H, Peters C, and Deussing J. Role of 
cathepsin B in intracellular trypsinogen activation and the onset of acute 
pancreatitis. J Clin Invest 106: 773–781, 2000.  

9. Han B, Ji B, and Logsdon CD. CCK independently activates intracellular 
trypsinogen and NF-kappaB in rat pancreatic acinar cells. Am J Physiol Cell 
Physiol 280: C465–C472, 2001.  

10. Haqqani AS, Sandhu JK, and Birnboim HC. A myeloperox-idase-specific assay 
based upon bromide-dependent chemiluminescence of luminol. Anal Biochem 
273: 126–132, 1999.  

11. Heinkel K. Die ratte als versuchstier in der experimentellen pankreasdiagnostik. 
II. Mitteilung Die erzeuging einer akuten hamorrhagischen pankreatitis durch 
injektion vol gallensaure in den ductus pancreaticus. Klin Wschr 31: 815, 1953.  

12. Hofbauer B, Saluja AK, Lerch MM, Bhagat L, Bhatia M, Lee HS, Frossard JL, 
Adler G, and Steer ML. Intra-acinar cell activation of trypsinogen during 
caerulein-induced pancreatitis in rats. Am J Physiol Gastrointest Liver Physiol 
275: G352–G362, 1998.  

13. Kaiser AM, Saluja AK, Sengupta A, Saluja M, and Steer ML. Relationship 

 71



Chapter 4 
 

between severity, necrosis, and apoptosis in five models of experimental acute 
pancreatitis. Am J Physiol Cell Physiol 269: C1295–C1304, 1995.  

14. Kawabata S, Miura T, Morita T, Kato H, Fujikawa K, Iwanaga S, Takada K, 
Kimura T, and Sakakibara S. Highly sensitive peptide-4-methylcoumaryl-7-
amide substrates for blood-clotting proteases and trypsin. Eur J Biochem 172: 
17–25, 1988.  

15. Kirschke H, Barrett AJ, and Rawlings ND. Proteinases 1: lysosomal cysteine 
proteinases. Protein Profile 2: 1581–1643, 1995.  

16. Kruse-Jarres JD, Kaiser C, Hafkenscheid JC, Hohenwallner W, Stein W, Bohner 
J, Klein G, Poppe W, and Rauscher E. Evaluation of a new alpha-amylase assay 
using 4.6-ethylidene-(G7)-1–4-nitrophenyl-(G1)-alpha-D-maltoheptaoside as 
substrate. J Clin Chem Clin Biochem 27: 103–113, 1989.  

17. Labarca C and Paigen K. A simple, rapid, and sensitive DNA assay procedure. 
Anal Biochem 102: 344–352, 1980.  

18. McDonald JK and Ellis S. On the substrate specificity of cathepsins B1 and B2 
including a new fluorogenic substrate for cathepsin B1. Life Sci 17: 1269–1276, 
1975.  

19. Saluja AK, Donovan EA, Yamanaka K, Yamaguchi Y, Hof-bauer B, and Steer 
ML. Cerulein-induced in vitro activation of trypsinogen in rat pancreatic acini is 
mediated by cathepsin B. Gastroenterology 113: 304–310, 1997.  

20. Steer ML. Frank Brooks memorial lecture: the early intraacinar cell events 
which occur during acute pancreatitis. Pancreas 17: 31–37, 1998.  

21. Steer ML, Meldolesi J, and Figarella C. Pancreatitis. The role of lysosomes. Dig 
Dis Sci 29: 934–938, 1984.  

22. Szilagyi L, Kenesi E, Katona G, Kaslik G, Juhasz G, and Graf L. Comparative in 
vitro studies on native and recombinant human cationic trypsins: cathepsin B is a 
possible pathological activator of trypsinogen in pancreatitis. J Biol Chem 276: 
24574–24580, 2001.  

23. Tamai M, Matsumoto K, Omura S, Koyama I, Ozawa Y, and Hanada K. In vitro 
and in vivo inhibition of cysteine proteinases by EST, a new analog of E-64. J 
Pharmacobiodyn 9: 672–677, 1986.  

24. Towatari T, Nikawa T, Murata M, Yokoo C, Tamai M, Hanada K, and 
Katunuma N. Novel epoxysuccinyl peptides. A selective inhibitor of cathepsin 
B, in vivo. FEBS Lett 280: 311– 315, 1991.  

25. Tsuchiya K, Kohda Y, Yoshida M, Zhao L, Ueno T, Yamashita J, Yoshioka T, 
Kominami E, and Yamashima T. Postictal blockade of ischemic hippocampal 
neuronal death in primates using selective cathepsin inhibitors. Exp Neurol 155: 
187–194, 1999.  

 

 

 72



 

CHAPTER 5 
 

 

CAUSE-EFFECT RELATIONSHIPS BETWEEN ZYMOGEN 

ACTIVATION AND OTHER EARLY EVENTS IN SECRETAGOGUE-

INDUCED ACUTE PANCREATITIS 

 

Gijs J. D. Van Acker, Eric Weiss, George Perides and Michael L. Steer 

 

Department of Surgery 

Tufts-New England Medical Center, Boston USA 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 73



Chapter 5 
 
 

ABSTRACT 

 

 

Co-localization of digestive zymogens and lysosomal hydrolases occurs during the 

early stages of every experimental pancreatitis model. We have hypothesized that this 

phenomenon facilitates activation of those zymogens by lysosomal hydrolases such as 

cathepsin B leading to acinar cell injury, and triggering acute pancreatitis.  Some, 

however, have argued that the co-localization phenomenon may be the result, rather 

than the cause, of zymogen activation and pancreatitis. The current studies were 

designed to resolve this controversy and explore causal relationships between zymogen 

activation and other early pancreatitis events. Pancreatitis was induced by repeatedly 

administering supramaximally stimulating doses of caerulein to mice.  CA-074me was 

administered to some mice to inhibit cathepsin B and prevent caerulein-induced 

intrapancreatic activation of digestive zymogens. The effects of this pre-treatment on 

the caerulein-induced co-localization phenomenon, sub-apical F-actin redistribution, 

sub-cellular organellar fragility, and pro-inflammatory responses were examined. Pre-

treatment with CA-074me prevents intrapancreatic zymogen activation and reduces 

organellar fragility but does not alter the caerulein-induced co-localization 

phenomenon, sub-apical F-actin redistribution, activation of ERK1/2 and JNK, or up-

regulated expression of cyto-chemokines.  This leads to the conclusion that co-

localization of digestive zymogens with lysosomal hydrolases, redistribution of F-

actin, activation of pro-inflammatory transcription factors, and up-regulated expression 

of cyto-chemokines are not dependent upon either cathepsin B activity or zymogen 

activation. In contrast, zymogen activation and increased sub-cellular organellar 

fragility during caerulein-induced pancreatitis are dependent upon cathepsin B activity.  

These findings indicate that the co-localization phenomenon may be the cause but it is 

not the result of zymogen activation during secretagogue-induced pancreatitis.   
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INTRODUCTION 

 

 

Studies designed to elucidate mechanisms involved in the pathophysiology of acute 

pancreatitis should ideally be performed using clinically derived material but, 

unfortunately, that approach is not feasible because patients with acute pancreatitis are 

generally not identified during the earliest stages of the disease and, even if identified, 

access to the pancreas in patients with early acute pancreatitis is generally not possible. 

As an alternative, most studies dealing with the events associated with early 

pancreatitis have been performed using animal models of the disease and the 

secretagogue (i.e. caerulein)-induced rodent model of acute pancreatitis is, perhaps, the 

most commonly employed and best characterized of those models. We have used it 

extensively in studies designed to elucidate mechanisms responsible for the early 

events in pancreatitis.  In those studies, we have noted that (a) lysosomal hydrolases 

become co-localized with digestive enzyme zymogens1, 2 and (b) digestive zymogens 

become activated within acinar cells during the very early stages of pancreatitis3.  

Similar events occur in each of the other pancreatitis models as well4-6.  Based on these 

as well as other observations, we hypothesized that lysosomal hydrolases catalytically 

activate trypsinogen during pancreatitis and we suggested that this intra-acinar cell 

zymogen activation is the cause of the acinar cell injury/necrosis which leads to acute 

pancreatitis.  Support for our hypothesis comes from the observation that cathepsin B, 

a lysosomal hydrolase, can catalytically activate trypsinogen and trypsin can activate 

the other zymogens7-9. Furthermore, both pharmacological inhibition of cathepsin B 

and genetic deletion of cathepsin B have been shown to diminish intrapancreatic 

activation of digestive enzyme zymogens during pancreatitis and, under these 

conditions, the severity of pancreatitis is reduced10, 11.  However, our hypothesis that a 

direct causal relationship exists between the co-localization phenomenon, intracellular 

zymogen activation, and acinar cell injury has been questioned by some investigators 
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who have suggested that the co-localization phenomenon may be the result, rather than 

the cause, of zymogen activation and/or cell injury12.  Similar concerns have been 

raised about the potential causal relationships involving some of the other early events 

in pancreatitis – e.g. acinar cell cytoskeletal changes, increased fragility of lysosome-

like organelles, and activation of pro-inflammatory events.  

 

The currently reported studies were designed to address these mechanistic cause-effect 

issues and to resolve uncertainty regarding whether the co-localization phenomenon is 

the cause or the effect of intracellular zymogen activation during pancreatitis.  To this 

end, we took advantage of the previously reported observation that (a) effective 

inhibition of pancreatic cathepsin B can be achieved by intravenous administration of 

the cell-permeant and highly specific cathepsin B inhibitor CA-074me and (b) that, 

under these conditions, digestive zymogen activation and the severity of caerulein-

induced pancreatitis are markedly reduced10.  In the currently reported studies, we 

pretreated mice with CA-074me, induced pancreatitis by supramaximal stimulation 

with caerulein, and evaluated the effects of cathepsin B inhibition on the co-

localization phenomenon and other early events which occur during secretagogue-

induced pancreatitis.  We show that CA-074me pre-treatment does not alter the co-

localization phenomenon in spite of the fact that the cathepsin B inhibitor prevents 

intrapancreatic trypsinogen activation and reduces the severity of pancreatitis.  From 

these observations, we conclude that the co-localization phenomenon is not the result 

of either intrapancreatic zymogen activation or cell injury during caerulein-induced 

pancreatitis.  On the other hand, we show that pre-treatment with CA-074me does 

prevent the increase in sub-cellular organellar fragility which occurs during caerulein-

induced pancreatitis and this finding leads us to suggest that that increased fragility 

may be the result of zymogen activation.  Finally, we note that pre-treatment with CA-

074me does not prevent F-actin redistribution, pro-inflammatory transcription 

activation, or the generation of pro-inflammatory mediators during the early stages of 

this pancreatitis model and these findings lead us to conclude that these latter events 
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are triggered by mechanisms that do not require either cathepsin B activity or intra-

acinar cell activation of zymogens. 
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MATERIALS AND METHODS   

 

All experiments were performed according to protocols approved by the Institutional 

Animal Care and Use Committee of the Tufts-New England Medical Center and 

C56BL/6 mice, weighing 20-25 g, obtained from Taconic (Germantown, NY), were 

used in these studies.  The animals were housed in temperature-controlled (23 +/- 2 0C) 

rooms with a 12:12h light-dark cycle. They were fed standard laboratory chow, given 

water ad libitum, fasted overnight before each experiment, and randomly assigned to 

control or experimental groups.  Caerulein was purchased from Sigma-Aldrich (St. 

Louis, MO).  The trypsin substrate (Boc-Glu-Ala-Arg-4-methylcoumaryl-7-amide, 

MCA) and the cell permeant cathepsin B inhibitor  [L-3-trans-(propylcarbamoyl) 

oxirane-2-carbonyl]—L-isoleucyl-L-proline methyl ester  (CA-074me) were purchased 

from Peptides International (Louisville, KY).  Antibodies against amylase (sheep 

antiserum) were purchased from The Binding Site (San Diego, CA); LAMP-1 (rat 

monoclonal 1D4B) from The Developmental Studies Hybridoma Bank, University of 

Iowa (Iowa City, IA); phospho-JNK and phospho-ERK1/2 from Cell Signaling 

(Beverly, MA).  Alexa fluor-546 conjugated phalloidin was purchased from Molecular 

Probes (Junction City, OR).  All other chemicals were of analytical grade and 

purchased from Sigma-Aldrich (St. Louis, MO).  

 

Induction of pancreatitis.  

Mice were given caerulein (50 µg/kg body weight) by intraperitoneal injection at 

hourly intervals and sacrificed at selected times thereafter.  Some animals were 

pretreated with CA-074me 1 hour before the start of caerulein administration.  For this 

purpose, stock solutions of CA-074me (10 mg/ml) in dimethyl sulfoxide were 

prepared.  The CA-074me/DMSO solution was diluted in PBS (1:10) and administered 

by tail-vein injection at a dose of 10mg/kg body weight.  Control animals received a 

comparable injection of dimethyl sulfoxide diluted in PBS.   
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Subcellular fractionation   

At the time of sacrifice, a portion of the pancreas was homogenized in cold (4 0C) 

buffer (250 mM sucrose, 5 mM MOPS, 1 mM MgSO4, pH 6.5) using a Teflon coated 

homogenizer.  Duplicate 1 ml aliquots of the homogenate were centrifuged (150 g, 10 

min, 4 0C) and the pellet, containing unbroken cells and debris, was discarded.  A 0.75 

ml aliquot of each supernatant was taken and considered to be representative of the 

total homogenate in later calculations.  It was centrifuged (1000 g, 10 min, 4 0C) and 

the resulting pellet was considered to be the “zymogen granule-enriched” fraction.  The 

supernatant from this centrifugation was, itself, centrifuged (12,000 g, 15 min, 4 0C) 

and the pellet resulting from this centrifugation was considered to be the “lysosome-

enriched” fraction.  The zymogen granule-enriched and the lysosome-enriched pellets 

were kept on ice until later assay.  Preliminary studies in untreated animals, 

quantitating the distribution of amylase, cathepsin B, and aryl sulphatase in fractions 

obtained from untreated animals, revealed that 41% of amylase content was localized 

to the zymogen granule-rich fraction, 11% to the lysosome-enriched fraction, and 48% 

to the 12,000 g supernatant which was expected to contain the endoplasmic reticulum, 

ribosomes, and soluble components.  Thirty-two percent of cathepsin B activity was 

localized to the zymogen granule-rich fraction, 46% to the lysosome-enriched fraction, 

and 22% in the 12,000 g supernatant.  Twenty-nine percent of aryl sulphatase activity 

was found in the zymogen granule-rich fraction, 42% in the lysosome-enriched 

fraction, and 29% in the 12,000g supernatant. 

 

Biochemical assays 

Aryl sulfatase activity was quantitated to allow for the tracking of lysosomal 

hydrolases after administration of the cathepsin B inhibitor CA-074me since, under 

these conditions, cathepsin B activity was below the measureable threshold.  For this 

purpose, the zymogen granule-enriched and the lysosome-enriched pellets were 

resuspended in 150 µl 0.2% w/v NaCl (4 0C) and 100 µl of this suspension was added 

to 900 µl of pre-warmed (37 0C) PNCS buffer (111.1 mM Na-acetate (pH 5.0), 2.78 

mM p-nitrocatechol sulfate).  The mixture was incubated at 37 0C for 30 minutes, after 
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which the reaction was stopped by addition of 5 ml 1 M NaOH.  Aryl sulfatase activity 

was then fluorometrically quantitated at 515 nm using the Bio-Rad SmartSpec 3000 

spectrophotometer.   

Amylase activity was measured using 4,6-ethylidene (G7)-p-nitrophenyl (G1)-αD-

maltoheptoside (Diagnostics Chemical Limited, Oxford, CT) as the substrate 13.   

Trypsin activity was fluorometrically measured using the specific substrate Boc-gln-

ala-arg-MCA (Peptides International, Louisville, KY). 

 

Subcellular localization studies  

For immunolocalization of the digestive enzyme amylase and the lysosomal membrane 

protein LAMP-1, portions of the pancreas were frozen in OCT compound.  

Cryosections (8 µm) were prepared and fixed with acetone.  Prior to antibody binding, 

mounted sections were first treated with sodium borohydride at a final concentration of 

1mg/ml in PBS to reduce auto-fluorescence.  The tissue was then treated with blocking 

solution (1 mM L-Lysine, 0.1% BSA in PBS) followed by incubation with primary 

antibodies against amylase  and LAMP-1 at a dilution of 1:200 with blocking solution.  

Slides were washed with PBS, incubated with secondary antibodies (Texas Red 

conjugated anti-sheep and FITC conjugated anti-rat from Vector, Burlingame, CA) at a 

dilution of 1:100, and coverslipped with Vectashield (Vector, Burlingame, CA).  The 

stained samples were then examined using a Leica confocal microscope with 

appropriate filter sets.  The extent of amylase/LAMP-1 co-localization was quantitated 

using CoLocalizer Pro (CoLocalization Research Software, Boise, ID) and expressed 

as the percent of LAMP-1 that was co-localized with amylase.  An arbitrary set 

threshold that allowed for reduction in background noise errors was used and the same 

threshold was applied to all images. 

 

For studies evaluating possible redistribution of sub-apical F-actin, 8 µm sections were 

treated with sodium borohydride (1mg/ml), blocked, stained with Alexa fluor-546 

conjugated phalloidin (5 µl/ml), rinsed with PBS, and covered with Vectashield.  The 

localization of F-actin was quantitated as described earlier 14. 
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Sub-cellular organelle fragility 

After subcellular fractionation as described above, the 1000 g x10 min pellet  (i.e. the 

zymogen granule-enriched fraction to which lysosomal enzymes including cathepsin B 

and aryl sulfatase are redistributed during pancreatitis) was resuspended in 1 ml MOPS 

buffer and incubated at room temperature (22ºC) for 0-120 minutes.  At selected times, 

the samples were centrifuged (10,000 g, 2 min), a 50 µl aliquot of the supernatant 

containing soluble material was taken for amylase assay, and the pellet was then 

resuspended for the remainder of the experiment. 

 

Activation of ERK1/2 and JNK 

Cytoplasmic protein extracts from pancreatic fragments were prepared as described 

earlier 15 in the presence of phosphatase inhibitors.  ERK1/2 and JNK activation were 

quantitated by western blotting using these extracts and antibodies raised against the 

phosphorylated forms of ERK1/2 and JNK (Thr183/Tyr185) (Cell Signaling, Beverly, 

MA). 

 

Evaluation of neutrophil chemoattractant expression by pancreas cells using 
quantitative rt-PCR  

Quantitative rt-PCR for the housekeeping gene ARP and the neutrophil 

chemoattractant genes MCP-1 and IL-6 was performed as previously described (31) 

using the following primers: ARP: forward 553aaactggagacaaggtggga, reverse 

1021ttggttactttggcgggatta (489bp), IL-6 forward 33 agttgccttcttgggactgat, reverse 

421ctctggctttgtctttcttgt (389bp). MCP-1: forward 182 ctcacctgctgctactcattc, reverse: 

499gcttgaggtggtgtggaaaa (318bp). 

Analysis of data. 

The results reported represent the mean +/- SEM of values obtained from multiple 

determinations in three or more experiments.  The significance of changes was 
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evaluated by using student’s t-test when the data consisted of only two groups or by 

analysis of variance (ANOVA) when comparing three or more groups.  A P value of ≤ 

0.05 was considered to indicate a significant difference.  In all figures, vertical bars 

denote the SEM and the absence of such bars indicates that the SEM is too small to 

illustrate.  

 

RESULTS 

 

We have previously shown that intravenous administration of CA-074me to mice 

markedly inhibits pancreatic cathepsin B activity and reduces the severity of caerulein-

induced pancreatitis10.  This appears to be a relatively specific effect of the cell 

permeant cathepsin B inhibitor because, under in-vitro conditions, CA-074me neither 

alters the pancreatic acinar cell secretory response to caerulein nor directly inhibits 

trypsin activity10.  Furthermore, as shown in Figure 1, tail vein administration of CA-

074me, 1 hour prior to the intraperitoneal injection of a supramaximally stimulating 

dose of caerulein, markedly inhibits caerulein-induced intrapancreatic activation of 

trypsinogen. Based on these preliminary observations, we concluded that CA-074me 

might be an ideal tool for studies designed to determine whether early events in 

experimental pancreatitis are dependent upon prior cathepsin B- induced trypsinogen 

activation. 
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Figure 1. CA-074me prevents caerulein-induced 
trypsinogen activation.  Mice were given 10 
mg/kg CA-074me or vehicle by intravenous 
injection and, one hour later, they were given an 
intraperitoneal injection of 50 µg/kg caerulein.  
They were sacrificed 30 minutes later and the 
pancreas removed and extracted to determine the 
levels of trypsin activity.  Note that the cathepsin 
inhibitor CA-074me inhibits caerulein induced 
trypsinogen activation.  Results are the average 
from three mice each group and bars SEM. 

Effects of CA-074me on the “co-localization phenomenon”   

Previously reported studies by our group as well as others has shown that digestive 

enzyme zymogens become co-localized with lysosomal hydrolases during the early 

stages of virtually all experimental models of pancreatitis evaluated to date 1, 2, 4-6, 16-19.  

This so-called co-localization phenomenon can be detected using either techniques of 

sub-cellular fractionation or techniques of immunolocalization.  In the currently 

reported studies, both of these complementary approaches were used to probe the 

effects, on this phenomenon, of inhibiting cathepsin B activity and, thus, preventing 

intracellular zymogen activation.  

 

Since CA-074me is a potent cathepsin B inhibitor, our subcellular fractionation studies 

could not use cathepsin B activity measurements to track lysosomal enzyme 

localization during pancreatitis and, as an alternative to accomplish our goal, we chose 

to track the activity of another lysosomal enzyme – i.e. aryl sulfatase—which is not 

inhibited by CA-074me.  As shown in Figure 2A, supramaximal stimulation with 

caerulein causes a time-dependent change in the relative distribution of aryl sulfatase 

between the lysosome-enriched and zymogen granule-enriched fractions.  As expected, 

most of the sedimentable aryl sulfatase activity is initially detected within the 

lysosome-enriched fraction but, with time, aryl sulfatase becomes redistributed 

following caerulein administration.   As a result, progressively more aryl sulfatase is 
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detected within the zymogen granule-enriched fraction while less remains in the 

lysosome-enriched fraction and the lysosome/zymogen granule ratio of aryl sulfatase 

activity falls (Figure 2A). This change in the distribution of aryl sulfatase activity 

mimicks the change noted when cathepsin B distribution is monitored during the early 

stages of caerulein-induced pancreatitis and, from this observation, we conclude that 

aryl sulfatase activity can be used as a surrogate for cathepsin B activity in studies 

tracking the distribution of lysosomal hydrolases in the presence of a cathepsin B 

inhibitor such as CA-074me. 
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Figure 2.  Administration of CA-074me does not prevent caerulein-induced lysosomal enzyme 
redistribution.  Mice were given 10 mg/kg CA-074me or vehicle by intravenous injection and, 1 hour 
later, they began receiving intraperitoneal injections of caerulein (50µg/kg).  After sacrifice at varying 
times, the pancreata were subjected to subcellular fractionation.  The distribution of aryl sulfatase between 
the lysosomal and the zymogen rich fraction was monitored by measuring aryl sulfatase using p-
nitrocatechol sulfate as a substrate.  Results are the average from three different mice in each group and 
bars indicate SEM.   

In experiments designed to achieve that goal (Figure 2B), we find that tail vein 

administration of CA-074me 1 hour before the intraperitoneal injection of caerulein 

does not alter either the magnitude or the time-dependence of caerulein-induced aryl 

sulfatase redistribution between the lysosome-enriched and the zymogen granule 

enriched subcellular fractions.  

 

To complement subcellular fractionation studies, confocal microscopic 

immunolocalization studies were performed using antibodies directed against the 

digestive enzyme amylase and the lysosomal membrane protein LAMP-1.  
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Representative images from these studies are shown in Figure 3A while Figure 3B 

reports quantitation of co-localized immunofluorescence.  Supramaximal stimulation 

with caerulein increases the co-localization of LAMP-1 with amylase but the prior 

administration of CA-074me does not alter this caerulein-induced response.   
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Figure 3.  Administration of CA-074me does not alter caerulein-induced colocalization of amylase and 
LAMP-1.  Mice were given 10 mg/kg CA-074me or vehicle by intravenous injection and, 1 hour later, they 
received an intraperitoneal injection of caerulein (50 µg/kg).  They were sacrificed 30 min later and cryostat 
sections of the pancreas were incubated with antibodies raised against LAMP-1 and amylase as markers for 
lysosomes and zymogen granules.  Nuclei were marked blue using Photoshop.  The % of LAMP-1 
fluorescence (green) colocalized with amylase fluorescence (red) is shown.  The results are the average from 
three different mice in each group and at least 6 optic fields (10X) and bars indicate SEM. (Color figures on 
page 151) 

 

Taken together, these sub-cellular fractionation and immunolocalization studies 

indicate that redistribution of lysosomal enzymes and their co-localization with 

digestive enzymes occurs in spite of cathepsin B inhibition and in the absence of intra-

acinar cell trypsinogen activation.  

 

Effect of CA-074me on caerulein-induced changes in sub-cellular organelle 

fragility   

The sub-cellular fractionation studies described above, as well as many similar studies 

previously published by our group and others, indicate that the sub-cellular distribution 
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Figure 4.  Inhibition of cathepsin B and prevention of trypsinogen activation prevents the caerulein-
induced increase in organelle fragility.  Mice were pretreated with CA-074me and then given caerulein 1 
hour later as described in the text.  Pancreata were removed 30 minutes later and subjected to subcellular 
fractionation.  The zymogen granules-enriched fractions were then incubated at room temperature for varying 
periods after which samples were subjected to centrifugation (10,000 g).  Rupture of amylase-containing 
organelles during the incubation period (i.e. organelle fragility) was quantitated by measuring amylase activity 
in the supernatant and expressing that activity as a percent of the total amylase activity in the sample.  Note 
that caerulein treatment increases the rate of amylase release into the supernatant but prior administration of 
CA-074me prevents this response to caerulein.  Results shown are the average of three independent zymogen 
granule preparations and the bars indicate SEM.   

of lysosomal enzymes is altered during caerulein-induced pancreatitis and that, as a 

result, those enzymes become localized within digestive enzyme zymogen-containing 

organelles that co-sediment with the zymogen granule-enriched fraction.  To evaluate 

the effects of inhibiting trypsinogen activation on the fragility of those organelles, the 

zymogen granule-enriched fraction from CA-074me treated, caerulein exposed animals 

was isolated and incubated for varying times at 22 0C.  Fragility was monitored by 

measuring the release, into the medium, of the digestive enzyme amylase.  

As shown in Figure 4, little or no release of amylase is noted when samples taken from 

saline-injected control animals are studied but a progressive, time-dependent release of 

amylase into the suspending medium is observed when samples obtained from 

caerulein-injected, non-CA-074me treated animals are evaluated.  Prior treatment with 

CA-074me and, thus, CA-074me-induced inhibition of cathepsin B activity and of 

trypsinogen activation, markedly reduces the increase in amylase release when 

compared to that observed in samples taken from caerulein-injected animals that were 

not pre-treated with CA-074me. This finding indicates that the increase in organelle 
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fragility that is observed during the early stages of caerulein-induced pancreatitis is 

dependent upon the presence of cathepsin B activity and/or intra-acinar cell activation 

of trypsinogen.   

 

 

Effect of CA-074me on redistribution of sub-apical F-actin   

Shortly after the start of supramaximal caerulein stimulation, disorganization of the 

acinar cell sub-apical F-actin web occurs and F-actin becomes primarily localized at 

the basolateral surface of the cells20.  Caerulein-induced F-actin redistribution can by 

monitored using confocal fluorescence microscopy (Figure 5).  Within minutes of 

caerulein administration, the intense sub-apical fluorescence, which gives the image 

the appearance of “train tracks,” disappears and, in its place, a honey-combed pattern 

emerges which reflects the localization of fluorescence at the basolateral side of acinar 

cells. That redistribution of F-actin can be quantitated by measuring the ratio between 

apical and basolateral phalloidin fluorescence and the magnitude of F-actin 

redistribution is similar in animals subjected to supramaximal caerulein stimulation 

regardless of whether or not cathepsin B had been inhibited and digestive zymogen 

activation prevented by 

pretreatment with CA-074me.  

Figure 5.  CA-074me does not prevent 
caerulein-induced F-actin 
redistribution.  Mice were pretreated 
with CA-074me or vehicle and then 
given caerulein 1 hour later as described 
in the text.  Pancreata were removed 30 
minutes later and cryostat sections were 
stained with phalloidin for visualization 
of F-actin.  Note that samples taken 
from control, saline-injected mice show 
a “train-track” pattern of F-actin 
staining indicating that F-actin is 
primarily localized to the sub-apical 
regions of opposing cells (arrows).  In 
samples taken from caerulein-injected 
animals, F-actin is redistributed to the 
basolateral region of acinar cells and a 
“honey-comb” pattern of F-actin 
(arrowheads) staining is seen regardless 
of whether the animals had been pre-
treated with CA-074me or vehicle. 
(Color figures on page 151) 
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These results indicate that sub-cellular redistribution of F-actin during pancreatitis is 

not dependent upon cathepsin B activity and/or intracellular digestive zymogen 

activation.   

 

Effect of CA-074me on caerulein-induced activation of JNK, and ERK1/2   

Pro-inflammatory cascades, including those leading to the activation of JNK, and 

ERK1/2 are up-regulated during the early stages of caerulein-induced pancreatitis21.  

To determine the effects of inhibiting cathepsin B and preventing digestive zymogen 

activation on this process, we evaluated the activation (i.e. phosphorylation) of JNK 

and ERK1/2 by western blot analysis using anti-phospho-JNK and anti-phospho-

ERK1/2 antibodies.  Samples of pancreas were taken from animals 30 minutes 

following caerulein stimulation and the extent of activation in animals pre-treated with 

CA-074me was compared to that observed in pancreas samples taken from animals 

that were not pre-treated with CA-074me. As shown in Figure 6, activation of JNK and 

ERK1/2 is observed within 30 minutes of caerulein administration and the magnitude 

of that activation declines over the subsequent 30 min.  Prior administration of CA-

074me does not alter this activation but it prevents the decrease in activation observed 

over the second 30 minute period (Figure 6).  

 

 

Figure 6.  CA-074me does not prevent 
caerulein-induced ERK and JNK 
activation.  Mice were pretreated with CA-
074me or vehicle and then given caerulein 1 
hour later as described in the text.  Pancreata 
were removed 30 and 60 minutes after 
caerulein or saline administration and total 
protein extracts were subjected to 
immunoblot analysis with the antibodies 
raised against phospho ERK1/2 and phospho-
JNK.  Note the increased immunoreactivity 
of both JNK and ERK1/2 in samples obtained 
30 minutes after caerulein administration 
regardless of whether the mice were 
pretreated with CA-074me or vehicle.  
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Effect of CA-074me on acinar cell generation of pro-inflammatory mediators  

During the early stages of secretagogue-induced pancreatitis, the intrapancreatic 

expression of several pro-inflammatory mediators is increased.  As shown in Figure 7, 

the increased expression of MCP-1 and IL-6 is not altered by prior inhibition of 

cathepsin B in spite of the fact that, under these conditions, intra-pancreatic activation 

of trypsinogen is prevented and the severity of pancreatitis is reduced.  

 

 

 
Figure 7.  CA-074me does not prevent caerulein-induced pro-inflammatory cyto-chemokine expression.  
Mice were pretreated with CA-074me or vehicle and then given caerulein 1 hour later as described in the text.  
Total RNA was isolated from pancreata removed 2 hours after the start of caerulein administration.  Quantitative 
rt-PCR was performed and the number of copies of IL-6 and MCP-1 mRNA/ng total RNA was determined.  
Note that caerulein causes the up-regulated expression of these pro-inflammatory mediators and that response to 
caerulein is not altered by pre-treatment with CA-074me.  The results are the average from three to six mice in 
each group, bars indicate SEM. 
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DISCUSSION 

 

Co-localization of digestive enzyme zymogens with lysosomal hydrolases has been 

observed to occur during the very early stages of virtually every experimental 

pancreatitis model examined1, 2, 4-6, 16-19.  We have previously suggested that this co-

localization phenomenon may play a causal role in the intra-cellular activation of 

digestive enzymes which occurs during pancreatitis since the lysosomal hydrolase 

cathepsin B can activate trypsinogen and trypsin can activate the other digestive 

zymogens.  Others, however, have argued that, rather than being the cause of zymogen 

activation and cell injury, the co-localization phenomenon might be the result of 

zymogen activation and/or cell injury12.  In this regard, the co-localization 

phenomenon could represent a protective response by facilitating the degradation, by 

lysosomal hydrolases, of inappropriately activated digestive enzymes within acinar 

cells.   

 

To resolve this controversial issue, we have performed a series of studies in which the 

lysosomal hydrolase cathepsin B (and, perhaps, other lysosomal hydrolases as well) 

was inhibited by the intravenous administration of CA-074me. In previously published 

work, we have shown that pre-treating mice with this cell permeant cathepsin B 

inhibitor virtually eliminates measurable pancreatic cathepsin B activity, prevents the 

intrapancreatic activation of trypsinogen which follows supramaximal stimulation with 

caerulein, and markedly reduces the severity of caerulein-induced murine 

pancreatitis10.   

 

Our initial goal in the currently reported studies was to determine if preventing 

zymogen activation would, by itself, alter or prevent the co-localization phenomenon 

since, if that were the case, one might reasonably conclude that the co-localization 

phenomenon was, in some way, the result of zymogen activation.  On the other hand, 

results indicating that preventing zymogen activation does not alter the co-localization 
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phenomenon that is noted after supramaximal caerulein stimulation would lead to the 

unambiguous conclusion that the co-localization phenomenon is not the result of 

inappropriate intracellular activation of digestive enzyme zymogens during the early 

stages of caerulein-induced pancreatitis. 

 

CA-074 is a potent cysteine protease inhibitor which is relatively specific for cathepsin 

B. It binds irreversibly to Cys29 of cathepsin B causing permanent inactivation of the 

enzyme22.  With 2-3 orders of magnitude lesser potency, it can also inhibit other 

lysosomal hydrolases including cathepsins H and L.  As a result of its highly negative 

charge, CA074 is not very cell permeant but entry into target cells can be markedly 

improved by using the methyl ester form of the inhibitor.  In its methylester form, CA-

074me is taken up by cells and it remains in the cell after de-esterification by 

intracellular esterases.  In-vivo studies reported by others23,24 have, in general, 

employed CA-074me doses of 4-80 mg/kg body weight and, in our studies, we used a 

dose of 10 mg/kg.  For our studies, CA-074me was administered by tail vein injection 

1 hour prior to the intraperitoneal injection of caerulein.   

 

After confirming that pre-treatment with CA-074me completely inhibits 

intrapancreatic activation of trypsinogen during caerulein-induced pancreatitis (Figure 

1), we embarked on a series of studies testing the effects of the cathepsin B inhibitor on 

the co-localization of digestive zymogens with lysosomal hydrolases.  In our studies, 

we could not track either trypsin or cathepsin B activity for this purpose since, after 

pre-treatment with CA-074me, the activity of both enzymes falls below the detectable 

threshold. As an alternative, we tracked aryl sulfatase and amylase activities in 

subcellular fractionation studies.  To compliment our studies using the technique of 

sub-cellular fractionation, we also performed studies using the technique of 

immunolocalization and, for those studies, we tracked the lysosomal membrane protein 

LAMP-1 and the digestive enzyme amylase.  As shown in Figures 2 and 3, the results 

of studies using these two independent but complementary techniques were similar.  

Supramaximal stimulation with caerulein induces sub-cellular redistribution of aryl 
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sulfatase from the lysosome-enriched to the zymogen granule-enriched fraction, but 

administration of CA-074me prior to caerulein does not alter this redistribution.  

Supramaximal stimulation with caerulein also causes amylase and LAMP-1 to be 

immunolocalized to the same cytoplasmic vacuoles but this co-localization of the 

digestive enzyme with the lysosomal membrane marker is not altered by administration 

of CA-074me.  Taken together, these observations indicate that preventing intra-

pancreatic activation of trypsinogen does not alter the co-localization phenomenon 

which follows supramaximal secretagogue stimulation.  While these findings do not 

allow us to unequivocally conclude that the co-localization phenomenon is the cause of 

digestive zymogen activation, they are not compatible with the claim that either the 

process of trypsinogen activation or the presence of active trypsin triggers the co-

localization phenomenon.   

 

In addition to the co-localization phenomenon and activation of digestive enzyme 

zymogens, the early phases of secretagogue-induced pancreatitis are characterized by 

several other acinar cell events including an increase in (a) organellar fragility, (b) 

baso-lateral distribution of sub-apical F-actin, (c) activation of pro-inflammatory 

transcription factors, and (d) expression of certain pro-inflammatory mediators.  Some 

of these events have also been noted during the early phases of other experimental 

pancreatitis models but, prior to the current studies, their dependence upon 

intrapancreatic digestive enzyme activation has not been examined.   

 

We evaluated the relationship between digestive enzyme activation and increased 

organellar fragility by isolating the zymogen granule-enriched sub-cellular fraction 

obtained from animals given caerulein either with or without prior administration of 

CA-074me.  After incubating that fraction at room temperature for varying periods of 

time, we evaluated organellar fragility by quantitating the conversion of sedimentable 

amylase into non-sedimentable amylase.  We found that organellar fragility was 
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increased in samples prepared from animals given caerulein but that pre-treatment of 

animals with CA-074me prevented that caerulein-induced increase in organellar 

fragility.  It should be noted that this zymogen granule-enriched sub-cellular fraction is 

the fraction to which lysosomal hydrolases are redistributed during the co-localization 

process and it is the fraction in which digestive enzyme zymogens are activated during 

the early phases of caerulein-induced pancreatitis.  It is tempting, therefore, to 

speculate that, in samples prepared from animals not exposed to CA-074me, the 

observed organellar disruption reflects the injurious effects of those activated digestive 

enzymes and that the rate of organellar rupture in samples obtained from animals 

exposed to CA-074me is reduced because, after administration of the cathepsin B 

inhibitor, those digestive enzymes are not activated.  

 

In contrast to marked reduction in caerulein-induced organellar fragility which was 

observed following pre-treatment with CA-074me, no change in caerulein-induced F-

actin redistribution, pro-inflammatory transcription factor activation, or cytokine 

generation was observed when digestive enzyme activation was prevented by 

administration of the cathepsin B inhibitor.  These observations lead us to conclude 

that digestive enzyme activation does not play an important role in regulating the 

cytoskeletal or pro-inflammatory acinar cell changes which occur during the early 

stages of caerulein-induced pancreatitis.  Whether or not those cytoskeletal and pro-

inflammatory events play an important role in mediating either the co-localization 

phenomenon or intra-pancreatic activation of digestive enzyme zymogens can not be 

resolved by our studies but such a role would seem unlikely.  
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SUMMARY  

 

In this communication, we have reported the first studies that address the causative 

relationship between intra-acinar cell activation of digestive enzyme zymogens and 

other early events in the caerulein-induced model of acute pancreatitis.  We 

administered the cathepsin B inhibitor CA-074me to completely inhibit pancreatic 

cathepsin B and prevent digestive zymogen activation.  We found that the co-

localization of digestive enzyme zymogens with lysosomal hydrolases following 

supramaximal stimulation with caerulein is unaltered under these conditions and this 

observation leads us to conclude that the co-localization phenomenon is not dependent 

upon either intrapancreatic activation of digestive enzyme zymogens or induction of 

cell injury in the secretagogue-induced model.  In addition, we found that the 

subcellular redistribution of sub-apical F-actin, the activation of pro-inflammatory 

transcription factors and the up-regulated expression of pro-inflammatory mediators 

following caerulein administration were unaltered indicating that none of these 

responses to supramaximal secretagogue stimulation is the result of intracellular 

digestive zymogen activation.  In contrast, we found that the increased organelle 

fragility noted following caerulein administration is markedly reduced by CA-074me 

indicating that this phenomenon is, most likely, caused by either digestive zymogen 

activation, the presence of activated digestive zymogens, or the induction of cell injury.  

We speculate that co-localization leads to zymogen activation and zymogen activation 

leads to increased organelle fragility in pancreatitis.  Other events including F-actin 

redistribution, activation of pro-inflammatory transcription factors, and up-regulated 

expression of pro-inflammatory mediators may be necessary, but they are not 

sufficient, for the evolution of pancreatitis.     
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ABSTRACT 

 

The mechanisms responsible for regulating local as well as systemic inflammation and 

coupling that inflammation to pancreatic injury during severe acute pancreatitis are 

poorly understood but clinically important issues. We have employed two dissimilar 

models of pancreatitis and mice with genetic ablation of the proto-oncogene and 

mitogen-activated protein kinase kinase kinase tpl2 to examine these issues. We find 

that tpl2 ablation markedly reduces the sequestration of neutrophils in the pancreas and 

lungs and reduces lung injury during pancreatitis in spite of the fact that it does not 

alter pancreatitis-associated digestive zymogen activation, pancreatic edema, or acinar 

cell injury/necrosis. Studies employing bone marrow chimeric mice suggest that the 

immunomodulatory effects of tpl2 are mediated by non-bone marrow-derived cells 

which, in the absence of tpl2, are incapable of generating chemoattracting pro-

inflammatory signals. This is supported by both in-vivo and in-vitro studies which 

indicate that tpl2 ablation interferes with the activation of AP-1 and JNK as well as the 

expression of the neutrophil chemoattractants MCP-1, MIP-2, and IL-6 by pancreatic 

cells. Since pancreatic inflammation and lung injury account for most of the morbidity 

and mortality of pancreatitis, our studies suggest that interventions targeting tpl2 might 

significantly impact the outcome of the clinical disease.  
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INTRODUCTION 

 

Severe acute pancreatitis is a devastating disease with considerable morbidity and 

mortality rates which can reach or exceed 20%. Most of the early deaths during severe 

pancreatitis are the result of inflammation-related complications that include the 

systemic immune response syndrome (SIRS) and/or a pancreatitis-associated lung 

injury which clinically presents as the Acute Respiratory Distress Syndrome (ARDS). 

The events responsible for regulating the inflammatory response in acute pancreatitis 

and for coupling pancreatic injury with lung injury are poorly understood but clinically 

important.  

In the current communication, we report studies which have examined the inter-

relationships between pancreatic inflammation on the one hand and pancreatic injury 

as well as lung inflammation and injury on the other hand. We used the mouse 

secretagogue-induced (1) and the mouse duct infusion-induced (2) models of 

pancreatitis for our studies and, in both models, we found that genetic ablation of the 

proto-oncogene and mitogen-activated protein kinase kinase kinase tpl2 markedly 

reduces pancreatic and lung inflammation without altering the extent of pancreatic 

injury. Tpl2 is expressed by pancreatic acinar cells and in-vivo studies, with bone 

marrow chimeric animals, indicate that it is tpl2, expressed by non-bone marrow-

derived (possibly pancreatic acinar) cells which couples pancreatic injury to 

inflammation during pancreatitis. In-vitro studies, employing freshly prepared 

pancreas fragments, indicate that, in pancreas cells, tpl2 plays an essential role in 

mediating the secretagogue-induced activation of the pro-inflammatory transcription 

factors AP-1 and JNK and the secretagogue-induced upregulated expression, by 

pancreas cells, of several neutrophil chemoattractants including MCP-1, MIP-2, and 

IL-6. Taken together, our studies identify tpl2 as an important and, perhaps, critical 

intermediary that regulates pancreatic and lung inflammation during pancreatitis. We 

suggest that tpl2 accomplishes this task by facilitating the activation of pro-

inflammatory transcription factors in pancreas cells and that this subsequently leads to 
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the expression, by those cells, of neutrophil chemoattractant chemokines which 

promote the sequestration of inflammatory leukocytes within the pancreas and lungs 

during pancreatitis.  

 

 

METHODS  

All experiments were performed according to protocols approved by the Institutional 

Animal Care and Use Committee of the Tufts-New England Medical Center. Tpl2 

deficient (tpl2-/-) mice were generated and their identity confirmed by PCR analysis as 

described previously (19, 31 ). Animals were housed in standard shoe-box cages in a 

climate-controlled room with an ambient temperature of 23 +/- 2 0C and a 12-h 

light/12-h dark cycle. They were fed standard laboratory chow, given water ad libitum, 

and randomly assigned to experimental groups. Tpl2-/-mice were back-crossed ten 

times into a C57B6 background and C57B6 mice served as the wild-type control for 

each experiment. Fluorescein isothiocyanate (FITC)-labeled dextran, with an average 

mass of 4 kDa (FD-4), was purchased from Sigma Chemicals (St. Louis, MO). 5-

Fluorouracil, caerulein (the decapeptide analog of cholecystokinin) and all other 

reagents were purchased from Sigma Chemicals unless otherwise stated.  

Preparation and assay of pancreatic fragments. After overnight fasting, tpl2-/-and, 

wild-type mice weighing 20-25 g were sacrificed by CO2 asphyxia and the pancreas 

was rapidly removed. Pancreas fragments were prepared by injecting the excised 

pancreas with DMEM-F12 medium containing 15 mM Hepes (pH 7.4), 5 mM Na-

pyruvate, 5 mM CaCl2, and 0.1% bovine serum albumin. The injected pancreas was 

cut into small (< 0.2 mm3) pieces which were washed 3 times with the same medium. 

The fragments were pacified by pre-incubation while shaking in the DMEM-F12 

medium for 2 hours at 37 oC. The medium was replaced and the fragments were then 

incubated in the presence or absence of 10-8 M caerulein for 30 min at 37 0C. For 
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studies of enzymatic secretion, the net stimulated amylase secretion into the incubation 

medium was calculated as a percent of total amylase content as previously described 

(32). For studies of intra-acinar cell activation of chymotrypsinogen and trypsinogen, 

fragments were exposed to increasing concentrations of caerulein (0-10-8 M) for 30 

min, homogenized and enzyme activity was fluorometrically quantitated using Boc-

gln-ala-arg-MCA and Suc-ala-ala-pro-phe-MCA as the substrates for trypsin and 

chymotrypsin, respectively (33).  

Activation of pro-inflammatory signaling cascades. Nuclear and cytoplasmic 

protein extracts from pancreatic fragments were prepared as described by Dingham et 

al (34). JNK activation was quantitated by western blotting using the cytoplasmic 

protein extracts and antibodies raised against the phosphorylated forms of JNK 

(Thr183/Tyr185) (Cell Signaling, Beverly, MA). After incubation with horseradish-

conjugated secondary antibodies, immunoreactive bands were visualized by 

quantitating chemiluminescence using a commercially available kit (Perkin Elmer, 

Boston, MA). AP-1 activation was evaluated by electrophoretic mobility shift assay 

(EMSA) using the nuclear protein extracts and a 32P-ATP labeled 

5’cgcttgatgagtcagccggaa3’ probe (Promega, Madison, WI).  

Evaluation of neutrophil chemoattractant expression by pancreas cells using 

quantitative rt-PCR. Quantitative rt-PCR for the housekeeping gene ARP and the 

neutrophil chemoattractant genes MCP-1, MIP-2, and IL-6 was performed as 

previously described (31) using the following primers:  

ARP: forward 553aaactggagacaaggtggga, reverse 1021ttggttactttggcgggatta (489bp )  

MCP-1: forward 182 ctcacctgctgctactcattc, reverse: 499gcttgaggtggtgtggaaaa (318bp ) 

MIP-2: forward 117accaaccaccaggctacaggg, reverse 461cagacagcgaggcacatcagg 
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(345bp )  

IL-6 forward 33 agttgccttcttgggactgat, reverse 421ctctggctttgtctttcttgt (389bp ).  

Induction and evaluation of experimental pancreatitis. Secretagogue-induced 

pancreatitis (1) was elicited in 20-25 g mice by administration of 12 hourly 

intraperitoneal injections of caerulein (50 µg/kg). Either 12 or 24 hours after the initial 

caerulein injection, the animals were sacrificed by CO2 asphyxia, and samples of 

pancreas, lung, and blood were rapidly harvested. Serum amylase activity was 

determined using 4,6-ethylidene (G7)-p-nitrophenyl (G1)-α1-D-maltoheptoside as the 

substrate as previously described (35). For measurement of pancreatic edema, 

fragments of pancreas were weighed to determine tissue wet weight, desiccated by 

overnight incubation at 70 0C, and re-weighed to determine tissue dry weight. 

Pancreatic edema was quantitated by calculating tissue water content - i.e. the 

difference between tissue wet and dry weight - and expressed as a percentage of tissue 

wet weight (33). The extent of acinar cell injury/necrosis was evaluated by a 

morphologist without knowledge of the sample identity. For this purpose, 

injury/necrosis was quantitated by morphometry using samples that had been fixed in 

formalin, embedded in paraffin, sectioned, and stained with hematoxylin/eosin as 

previously described (35). Acinar cell apoptosis was quantitated using the terminal 

transferase-mediated dUTP-nick end labeling (TUNEL) technique as previously 

described (3). For this purpose, samples were counter-stained with methyl green to 

permit counting of all nuclei and apoptosis was expressed as the percent of total acinar 

cells showing positive staining. In contrast to the other studies using the secretagogue-

induced model, studies evaluating apoptosis were performed using samples obtained 

from animals sacrificed 1 hour after the 6th caerulein injection. This approach was 

used after preliminary studies indicated that the extent of tissue injury observed in 

animals given 12 hourly injections was so great that accurate distinction between 

apoptotic and necrotic cells could not be reproducibly accomplished.  
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To elicit duct infusion-induced pancreatitis, mice were anesthetized with 

ketamine/xylazine and subjected to laparotomy. The biliopancreatic duct was 

cannulated with a 30G blunted needle connected to a Harvard infusion apparatus and 

the bile duct was clamped at the liver hilus. The pancreatic duct was then infused with 

Na-taurocholate (5% wt/vol, 10 µl) in methylene blue-containing saline at a rate of 5 

µl/min. Following infusion, the cannula and clamp were both removed thereby 

allowing the duct to drain freely. The duodenotomy and laparotomy incisions were 

closed and the animals were allowed to awaken (2). All of the animals survived and 

appeared healthy after a 24 hour period of observation and they were then sacrificed. 

Samples of blood and pancreas samples were rapidly removed and used for 

measurements employing techniques identical to those utilized with the secretagogue-

induced model.  

Quantitation of neutrophil sequestration within the pancreas and lung during 

experimental pancreatitis. Neutrophil sequestration within the pancreas and lung was 

quantitated by measuring bromide-enhanced myeloperoxidase activity in pancreas and 

lung samples as described by Haqqani et al (36).  Pancreas tissue was first rinsed in 

PBS and then flash frozen in liquid N2 and stored at –80ºC. For measurement of lung 

myeloperoxidase activity, the lungs were rinsed, in-situ, by perfusion with 3 ml of 

saline (37°C) instilled through a cannula placed into the pulmonary artery via the right 

ventricle. The left lung was removed, rinsed in PBS, flash frozen in liquid nitrogen and 

stored at –80 °C. Immediately prior to assay, tissue samples from pancreas and lung 

were homogenized using a Tissue Tearor, (Biospec Products, Inc.) in 5 volumes of ice 

cold 20 mM phosphate buffer (pH 7.4), containing Complete© protease inhibitors 

(Roche Biochemicals). Hexadecyltrimethylammoniumbromide, at final concentration 

of 0.25%, was added and the homogenate was vigorously vortexed. It was then 

incubated on ice for 5 min and the samples were centrifuged at 10,000g for 10 

minutes. Aliquots containing 25 µg of protein from lung tissue and 50 µg of protein 

from pancreas tissue were used for the assay. Samples were assayed in 0.1 M sodium 

acetate buffer containing 10 mM diethylenetriaminepentaacetic acid and 0.1 mM 
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luminol in the presence or absence of 5 mM KBr. The reaction was initiated by adding 

0.06% hydrogen peroxide to the mixture and luminescence was read with a Lumimark 

microplate reader (Bio-Rad, Hercules, CA). Bromide enhanced chemiluminescence 

was determined by subtracting the values obtained from samples lacking KBr from the 

values obtained from the same samples in the presence of KBr. All samples were 

measured in triplicate.  

Quantitation of lung injury. Lung injury during secretagogue-induced pancreatitis 

was evaluated by quantitating the leakage of intravenously-administered FD-4 into the 

bronchoalveolar space (5). Fifteen minutes before sacrifice, mice used for evaluation 

of pulmonary microvascular permeability were given 10 mg/kg FD-4 in 200 µl 

phosphate-buffered saline by tail vein injection. After sacrifice, a 400µl sample of 

blood was obtained by cardiac puncture with a heparinized needle and all animals 

underwent a broncho-alveolar lavage. For this, the trachea was exposed and a PE-240 

cannula was inserted for a distance of 0.5 cm into the trachea via a small incision. 

With constant flow (0.1ml/sec), the lungs were lavaged twice with the same 1ml of 

PBS (room temperature). This wash process was repeated two additional times and the 

combined wash fluid (BAL) (approximately 2.6 ml recovered) was kept on ice. The 

blood sample was centrifuged for 5 minutes at 1,000g and the plasma was removed. 

The presence of FD-4 in the BAL and the plasma (1% dilution) was measured using a 

Hitachi fluorescence spectrophotometer, an excitation wavelength of 494 nm, and an 

emission wavelength of 518 nm. Background levels of fluorescence, determined in 

each group by measuring fluorescence in blood and BAL from animals that did not 

receive FD-4, were subtracted from the actual FD-4 readings. Lung microvascular 

permeability (i.e. injury) was expressed as the ratio of fluorescence units in BAL to 

fluorescence units in 1% plasma.  

Generation of bone marrow chimeras. Bone marrow donor animals were prepared 

by pretreating wild type and tpl2-/-mice with 5-fluorouracil (160 mg/kg i.v.). Five days 
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later, the animals were sacrificed and bone marrow was collected from their harvested 

tibias and femurs as described (6). Other wild type and tpl2-/-mice, destined to serve as 

bone marrow recipients, were placed in sterile cages and given sterile food and water 

for 1 week prior to bone marrow transplantation. The recipient mice were irradiated (5 

Gray at each of 2 treatment sessions separated by 4 hours) and injected with the 

selected bone marrow (200 µl) containing penicillin (100,000 U/ml), streptomycin 

(100 µg/ml), and amphotericin B 0.25 µg/ml) within 2 hours after the final irradiation. 

They were maintained in their sterile cages and given sterile food for 4 weeks to allow 

for bone marrow engraftment. The adequacy for that engraftment was evaluated by 

measuring the circulating blood hematocrit and quantitating circulating leukocytes. At 

that time, circulating leukocytes were harvested and DNA was isolated using the 

Qiagen kit (Qiagen, Studio City, CA) and PCR analysis was then performed using 

thetpl2 forward caagtgaagagccaggagtgt and reverse gagccgatgttcctgtatgtc and 

neomycin forward gttgtcactaagcgggaaggg and reverse gcgataccgtaaagcacgaggaa 

primers to document the genetic nature of circulating leukocytes. Only animals 

manifesting the appropriate genotype were used for further experiments.  

Analysis of Data. The results reported represent the mean +/- SEM of values obtained 

from multiple determinations in three or more experiments. The significance of 

changes was evaluated by using student’s t-test when the data consisted of only two 

groups or by analysis of variance (ANOVA) when comparing three or more groups. A 

P value of ≤ 0.05 was considered to indicate a significant difference. In all figures, 

vertical bars denote the SEM and the absence of such bars indicates that the SEM is 

too small to illustrate. 
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RESULTS 

 

Effects of tpl2 ablation on the severity of secretagogue-induced pancreatitis. Serum 

amylase activity, pancreatic edema, and acinar cell injury/necrosis are all comparably 

increased during secretagogue-induced pancreatitis in both wild-type and tpl2-/-mice 

12 and 24 hours after the first of 12 hourly caerulein injections (Figure 1, Panels A-C) 

but neutrophil sequestration within the pancreas, quantitated by measuring 

myeloperoxidase (MPO) activity, is markedly reduced in tpl2-/-mice (Figure 1, Pane1 

D). In wild-type mice, pancreas MPO activity is increased 12 hours after the start of 

caerulein administration and a further increase is noted 24 hours after the initial 

injection of caerulein. In contrast, no significant increase in MPO activity is noted 12 

hours after the start of caerulein administration in tpl2-/-mice and the moderate 

increase in MPO activity noted 24 hours after the initial injection of caerulein in tpl2-/-

mice is significantly less than that observed, at the same time point, in the wild-type 

group. Representative photomicrographs of pancreas sections obtained from both 

groups of animals (Panel E) also indicate that ablation of tpl2 reduces neutrophil 

sequestration within the pancreas without altering pancreatic edema or the extent of 

acinar cell injury/necrosis.  

On purely morphological grounds, histological distinction between necrosis and 

apoptosis may be imprecise, particularly when the inflammatory reaction has been 

altered. To determine if tpl2 ablation changes the mode of cell death during 

pancreatitis, studies were performed to quantitate acinar cell apoptosis during 

secretagogue-induced pancreatitis in wild-type and tpl2-/-mice using the TUNEL 

staining technique (3). For these studies, the mice were given 6, rather than 12, hourly 

injections of caerulein because the extensive tissue injury noted at the later time made 

accurate quantitation of apoptosis using the TUNEL technique impossible. As shown 

in Figure 1, Panel F, after 6 hourly injections of caerulein the fraction of TUNEL-

positive acinar cells is not altered by Tpl2 ablation. Roughly 3-4% of acinar cells are 

TUNEL-positive in both tpl2+/+ and tpl2-/-mice.  
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Effects of tpl2 ablation on the severity of duct infusion-induced pancreatitis. To 

exclude the possibility that the effects of tpl2 ablation on pancreatitis might be model-

specific and limited to the secretagogue-induced model, we also induced pancreatitis 

in wt and tpl2-/-mice by retrogradely infusing the pancreatic duct with Na-taurocholate. 

We found that the extent of acinar cell injury/necrosis is comparable when either wt or 

tpl2-/-mice are infused with Na-taurocholate and, in both groups of animals, little or no 

injury/necrosis is observed following infusion with saline (Figure 2A). A marked rise 

in pancreatic MPO activity is observed when wild-type mice are infused with Na-

taurocholate but that rise is significantly blunted by tpl2 ablation (Figure 2B). 

Figure 1. Effects of tpl2 ablation on severity of pancreatitis. Wild-type (wt) and tpl2-/-mice were given 
12 hourly injections of caerulein and sacrificed either 12 or 24 hrs after the initiation of the experiment. 
Serum amylase activity (Panel A), pancreatic edema (Panel B), acinar cell necrosis (Panel C), and pancreas 
myeloperoxidase activity (Panel D) were quantitated as described in the text. Results shown represent mean 
+/- SEM values obtained from 4 mice in each group. Asterisks indicate p<0.05 when the bracketed groups 
were compared. Panel E shows representative photomicrographs of samples taken from wild type and tpl2-/-

mice given 12 hourly injections of either saline (control) or caerulein and sacrificed 24 hours after the 
initial saline or caerulein administration. Note similar degree of necrosis in samples from both groups given 
caerulein but the reduced number of leukocytes in the samples from tpl2-/-mice given caerulein. Panel F 
reports results obtained using TUNEL technique to quantitate acinar cell apoptosis in pancreas of wild-type 
and tpl2-/-mice 6 hours after the start of caerulein administration. Panel G shows results of western blotting 
experiments probing expression of tpl2 (62 and 60 kDa bands) in pancreas homogenates obtained from 
wild-type and tpl2-/-mice. (Color figures on page 152) 
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Representative photomicrographs of samples taken from wt and tpl2-/-mice infused 

with Na-taurocholate also demonstrate that acinar cell injury/necrosis is similar in both 

groups but that sequestration of neutrophils within the pancreas is markedly reduced in 

tpl2-/-mice (Figures 2C and D).  

  

    

Figure 2. Effects of tpl2 
ablation on taurocholate-
induced pancreatitis. Acute 
pancreatitis was induced in 
wild-type and tpl2-/- mice by 
infusing 10 µl of 5% Na-
taurocholate into the bilio-
pancreatic duct as described in 
the text. The animals were 
sacrificed 24 hours later and 
pancreatic injury (necrosis) and 
inflammation (MPO content) 
were quantitated (Panels A and 
B). Results reflect findings 
obtained with 4 animals in each 
group and bracketed asterisks 
indicate p <0.05. Panels C and 
D show representative 
micrographs form wild-type and 
tpl2-/-mice. Note similar degree 
of edema and necrosis but 
marked reduction in 
inflammatory cell content in 
samples obtained from tpl2-/-

mice. (Color figures on page 
152) 

 

Taken together, the above observations indicate that, in these two dissimilar models of 

experimental pancreatitis, pancreatic inflammation is reduced by tpl2 ablation. In 

contrast, however, tpl2 ablation does not alter the extent of pancreatitis-induced 

pancreatic injury in either model.  

 

 

Effects of tpl2 ablation on secretagogue-induced pancreatitis-associated lung 

inflammation and injury. Previously reported studies have indicated that 

intrapulmonary sequestration of neutrophils (i.e. lung inflammation) and an increase in 

pulmonary microvascular permeability  
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(i.e. lung injury) are evident after 12 hourly injections of caerulein (4). To evaluate the 

role of tpl2 in coupling pancreatitis to lung inflammation and lung injury during 

secretagogue-induced pancreatitis, the effect of tpl2 ablation on these phenomena were 

evaluated 12 and 24 hours after the first of 12 caerulein injections. We found that 

MPO activity in the lung is increased 12 hours after the first administration of 

caerulein to wild-type animals and even further increased 24 hours after the start of 

caerulein administration but that this increase in lung MPO activity is significantly 

attenuated by genetic ablation of tpl2 (Figure 3A). 

T

t

p

i

(

Figure 3. Effects of tpl2 ablation on lung injury during caerulein-induced pancreatitis. The severity of 
pancreatitis-associated lung injury was evaluated by measuring the extent of intrapulmonary leukocyte 
sequestration (Panel A) and the increase in pulmonary microvascular permeability (Panel B). For this purpose, 
wild-type (wt) and tpl2-/-mice were given 12 hourly injections of caerulein and sacrificed either 12 or 24 hours 
after the initiation of the experiment. Leukocyte sequestration within the lungs was quantitated by measuring 
myeloperoxidase activity in lung homogenates. Lung permeability was evaluated by measuring the ratio FD-4 
fluorescence in the bronchoalveolar lavage (BAL) to that in plasma as described in the text and expressed as a 
percent increase over that observed in animals of the same genotype not given caerulein. Results shown 
represent mean +/- SEM values obtained from 4 animals in each treatment group. Asterisks indicate p<0.05 
when compared to the control or bracketed group. Control animals received 12 hourly saline injections and 
they were sacrificed 12 hours after the initiation of the experiment.  
he leakage rate of intravenously administered 4 kDa fluorescein-dextran (FD-4) into 

he broncho-alveolar space was employed as a measure of pulmonary microvascular 

ermeability (5) and our studies indicate that that rate of leakage is significantly 

ncreased 1 hour after the final administration of caerulein to wild-type animals 

Figure 3B). In contrast, no significant increase in pulmonary microvascular 
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permeability is noted in tpl2-/-mice evaluated at the same time. Leakage of FD-4 is also 

increased 24 hours after the start of caerulein administration to wild-type mice but, 

again, no increase in tpl2-/-mice is observed at that time. These observations indicate 

that tpl2 ablation reduces neutrophil sequestration in the lungs and prevents lung injury 

during secretagogue-induced pancreatitis.  

Effects of selective tpl2 ablation in bone marrow or non-bone marrow-derived 

cells on pancreas and lung inflammation during secretagogue-induced 

pancreatitis. We used the technique of lethal irradiation followed by bone marrow 

transplantation (6) to determine if the immunomodulatory effects of tpl2 ablation on 

pancreatitis are mediated by tpl2 expressed by bone marrow-derived or non-bone 

marrow-derived cells. For this purpose, wild-type and tpl2-/-mice were exposed to 

lethal irradiation and then rescued by transplantation with bone marrow obtained from 

either non-irradiated wild-type or tpl2-/-animals. As a result, we generated the 

following 4 groups of experimental animals: (a) a “ reconstituted global tpl2+/+” group 

that had both non-bone marrow and bone marrow-derived wild-type cells; (b) a 

“reconstituted global tpl2-/-“ group that had both non-bone marrow and bone marrow-

derived tpl2-/-cells; (c) a “tpl2-/-non-bone marrow” group that had wild type bone 

marrow-derived cells but tpl2-/-non-bone marrow cells; and (d) a “tpl2-/-bone marrow” 

group that had tpl2-/-bone marrow-derived cells but wild-type non-bone marrow-

derived cells. Animals with subsequently normal hematocrit values, normal circulating 

leukocyte counts, and the appropriate leukocyte genotype were then given supra-

maximally stimulating doses of caerulein to elicit secretagogue-induced pancreatitis 

and the extent of pancreatic injury, pancreatic inflammation, and lung inflammation in 

all 4 groups of animals was evaluated. We found that pancreatic edema and acinar cell 

necrosis are similarly increased following administration of caerulein to all 4 groups of 

animals (Figure 4A and B) and the magnitude of those increases is comparable to the 

increases noted in animals exposed to caerulein but never subjected to the bone 

marrow transplant protocol (compare Figure 4A and B to Figure1B and C). 

Furthermore, we found (a) that neutrophil sequestration within the pancreas during 
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caeruleininduced pancreatitis, whether quantitated by measuring pancreatic MPO 

activity (Figure 4C) or by counting neutrophils in pancreas sections (Figure 4D), is 

increased when the reconstituted global tpl2+/+ mice are exposed to caerulein and (b) 

that neutrophil sequestration within the pancreas is reduced in the reconstituted global 

tpl2-/-group as it had been in tpl2-/-mice never exposed to the bone marrow 

transplantation protocol (compare Figure 4C and D to Figure 1D). Taken together, our 

finding that the characteristics of pancreatitis in naïve tpl2+/+ and tpl2-/-animals is 

replicated in our globally reconstituted tpl2+/+ and tpl2-/-animals following lethal 

irradiation and bone marrow transplantation indicate that (a) lethal irradiation followed 

by bone marrow transplant-induced rescue does not, by itself, alter the pancreatic 

injury or inflammation which accompanies secretagogue-induced pancreatitis and (b) 

that the animals used in our studies had been functionally reconstituted so that the 

effect of global tpl2 ablation on pancreatitis-induced inflammation (i.e. decreased 

intrapancreatic sequestration of neutrophils) is manifest. Under these conditions, the 

lineage of the cells (i.e. bone marrow-derived vs. non-bone marrow derived) 

responsible for the immunomodulatory effects of tpl2 ablation on pancreatitis and lung 

injury can be determined by comparing the results obtained using the two mixed 

chimeric groups of animals. As shown in Figure 4C and D, the results of our studies 

indicate that neutrophil sequestration within the pancreas during secretagogue-induced 

pancreatitis is reduced when tpl2 ablation is limited to non-bone marrow derived cells 

and no reduction in neutrophil sequestration within the pancreas is observed in the 

group in which tpl2 ablation is confined to bone marrow-derived cells. Representative 

photomicrographs from each of the 4 groups also indicate that intrapancreatic 

sequestration of neutrophils is reduced when non-bone marrow-derived, but not bone 

marrow-derived cells are tpl2-/-(Figure 4E). 
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These observations indicate that it is tpl2 expression in non-bone-marrow derived cells 

which couples acinar cell injury/necrosis with pancreatic inflammation during 

pancreatitis.   

Figure 4. Effects of global or selective tpl2 ablation on the severity of pancreatitis. Four groups of tpl2 
chimeric mice were generated as described in the text (i.e. wt/wt, wt/tpl2-/-, tpl2-/-/wt and tpl2-/-/tpl2-/- 
(recipient/donor)). They were subjected to 12 hourly injections of caerulein or saline and sacrificed 24 hours 
after the first injection. Pancreatic edema (Panel A), acinar cell necrosis (Panel B), pancreas MPO activity 
(Panel C) and pancreatic leukocyte count (Panel D) were determined as described in the text. Results shown 
represent mean +/- SEM values obtained from 4 animals in each group. Asterisks indicate p<0.05 when the 
bracketed groups were compared. Panel E shows representative photomicrographs of samples obtained from 
animals in each group 24 hours after the initial injection of caerulein. Note comparable acinar cell 
injury/necrosis in all 4 groups but diminished inflammatory cell infiltration confined to samples obtained from 
either global tpl2-/-animals or tpl2-/-recipient mice transplanted with bone marrow from wild-type animals. 
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As shown in Figure 5, our studies of lung inflammation during pancreatitis also 

indicate that the sequestration of neutrophils in the pulmonary microvasculature is 

similarly dependent upon the genetic nature of the chimera group being examined. It is 

increased 24 hours after the start of caerulein administration in the global tpl2+/+ group 

but that increase is prevented by global tpl2 ablation. An even greater increase in lung 

MPO activity is observed in mice with tpl2 ablation limited to bone marrow-derived 

cells but that increase is not observed in the group with ablation confined-non-bone 

marrow-derived cells.  

  

Figure 5. Effects of global or 
selective tpl2 ablation on 
pancreatitis-associated lung 
inflammation. Animals were 
prepared and treated as described 
in Figure 4 legend. Lung 
inflammation was quantitated by 
measuring MPO activity in lung 
homogenates prepared from each 
of the 4 chimeric groups 24 hours 
after the initial administration of 
saline or caerulein. Results shown 
represent mean +/- SEM values 
obtained from 4 animals in each 
group. * indicates p<0.05 and # 
indicates p>0.05 when caerulein-
treated animals were compared to 
saline treated animals from the 
same chimeric group.  

These observations indicate that, as noted for pancreatic inflammation, the lung 

inflammation during pancreatitis is dependent upon the expression of tpl2 by non-bone 

marrow-derived cells. In the absence of tpl2 expression by those cells, extensive 

pancreatic acinar cell injury/necrosis can occur without triggering lung inflammation.  

Effects of tpl2 ablation on pancreas cell activation of AP-1 and JNK and 

expression of the neutrophil chemoattractants MCP-1, MIP-2, and IL-6. The 

above studies led us to suspect that tpl2 might play an essential role in the generation 

of pro-inflammatory signals elaborated by non-bone marrow-derived, pancreatic cells 

during pancreatitis. To examine this possibility, in-vitro studies were performed using 
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freshly prepared, pacified pancreatic fragments and in-vivo studies were performed 

during the very early stages of secretagogue-induced pancreatitis – i.e. under 

conditions and times in which observed changes are likely to reflect events in 

pancreatic cells rather than in chemoattracted and sequestered inflammatory cells. 

  

 

Figure 6. Effects of tpl2 ablation on caerulein-induced JNK and AP-1 activation in pancreas 
fragments. Pancreatic fragments, obtained from wt and tpl2-/-mice, were incubated at 37ºC for 30 min in 
the presence or absence of 10-8M caerulein as described in the text. JNK activation in cytosolic protein 
extracts (Panel A) was quantitated by immunoblot analysis using antibodies raised against phospho-JNK. 
Activation of AP-1 in nuclear protein extracts (Panel B) was quantitated by EMSA. Results shown 
represent mean +/- SEM values obtained from 3 independent experiments performed using different 
animals and pancreas fragment preparations. Asterisks indicate p<0.05 when bracketed groups were 
compared.  
 

As shown in Figure 6, a supramaximally stimulating concentration of caerulein 

triggers the activation of AP-1 and JNK in pancreatic fragments obtained from wild-

type mice but activation of these pro-inflammatory transcription factors is markedly 

diminished in fragments prepared from tpl2-/-animals. Under in-vitro conditions, 

supramaximal secretagogue stimulation triggers the up-regulated expression of MCP-

1, MIP-2, and IL-6 in pancreatic fragments prepared from wild-type mice but little or 

no up-regulated expression of these neutrophil chemoattractants is observed in 

fragments obtained from tpl2-/-animals (Fig 7A-C). An identical pattern of response 

and effect of tpl2 ablation is observed when the expression of these neutrophil 

chemoattractants is monitored in wild type mice injected with 50µg/kg caerulein. The 

pancreas from wild type mice showed an early up-regulated pancreatic expression of 
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the neutrophil chemoattractants MCP-1, MIP-2, and IL-6 but little or no up-regulated 

expression is observed when tpl2-/-mice are given a supramaximally stimulating dose 

of caerulein (Fig 7 D-F).  

 

 

Figure 7. Effect of tpl2 ablation on caerulein-induced expression of IL-6, MCP-1 and MIP2 in pancreas 
and pancreatic fragments . In in-vitro experiments (Panels A-C), pancreatic fragments were incubated in 
buffer alone or buffer containing 10 nM caerulein for 2hours and the expression of IL-6, MCP-1, and MIP-2 
was evaluated by quantitative rt-PCR as described in the text. Results from 5 independent experiments are 
expressed relative to the expression of ARP in the same samples. In in-vivo experiments (Panels D-F), wild-
type and tpl2-/-mice (n=6 in each group) were given 2 hourly injections of saline or caerulein. The expression 
of IL-6, MCP-1, and MIP-2 in pancreas homogenates was evaluated by quantitative rt-PCR as described in the 
text and expressed relative to the expression of ARP. Results shown reflect mean +/- SEM values. * indicate 
p<0.05 when the bracketed groups were compared. The absence of asterisks indicate p>0.05 when results for 
wild-type and tpl2-/-mice were compared. 
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DISCUSSION 

 

Acute pancreatitis, in its severe form, is a destructive disease of the pancreas that can 

be associated with considerable morbidity and mortality. The local and systemic 

inflammatory events triggered during the early stages of severe acute pancreatitis 

appear to be largely responsible for that morbidity and mortality. Ideally, mechanistic 

studies exploring issues related to inflammation during pancreatitis might best be 

performed using clinically derived material but such studies have not been possible 

because (a) most patients with severe acute pancreatitis are not identified during the 

very early stages of their disease and (b) access to human pancreatic tissue during the 

early stages of severe acute pancreatitis is only rarely possible. As a result, our current 

concepts regarding the early events in pancreatitis have emerged primarily from 

studies employing models of the disease induced in experimental animals and it is 

generally assumed that events common to dissimilar experimental models of the 

disease are likely to be also relevant to the clinical disease.  

The two best studied and widely employed experimental models of pancreatitis are 

those initiated either by subjecting rats or mice to supramaximal secretagogue 

stimulation by the cholecystokinin analog caerulein (1) or by subjecting rats to 

retrograde pancreatic duct infusion of the bile salt Na-taurocholate (7). Both models 

can be used for in-vivo studies of pancreatitis but the secretagogue-induced models 

can also be adapted to in-vitro studies by exposing freshly isolated pancreatic tissue or 

cells to supramaximally stimulating concentrations of caerulein. Of these various 

models, the duct infusion-induced model may be the most clinically relevant since it 

appears to replicate the triggering event of human gallstone pancreatitis but, for 

technical reasons, the duct infusion model of acute pancreatitis has been only used in 

rats or larger experimental animals. We have found that, with patience and gentle 

surgical technique, acute pancreatitis can also be induced by retrogradely infusing the 

mouse pancreatic duct with Na-taurocholate (2) and, in the currently reported studies, 
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we report the first use of this model in experiments employing genetically modified 

mice to evaluate mechanistic issues related to pancreatitis.  

The early stages of both the secretagogue-induced and the rat duct infusion-induced 

models have been extensively characterized and the two models have been found to 

share many features -- i.e. digestive enzyme secretion from the pancreas is reduced, 

digestive enzyme zymogens become activated within the pancreas, hyperamylasemia 

develops, and pancreatic edema as well as acinar cell necrosis occur. Both models are 

associated with intrapancreatic and intrapulmonary inflammation and both are 

associated with evidence of acute lung injury (8). Based on the results of studies which 

have used these models of pancreatitis, most students of the disease currently believe 

that pancreatitis is initiated within pancreatic acinar cells as a result of inappropriate 

intracellular digestive enzyme activation and that this leads to an initial acinar cell 

injury/necrosis (9). Early acinar cell pro-inflammatory events, including the activation 

of pro-inflammatory transcription factors and the generation of pro-inflammatory 

mediators, also occur during this very stage of pancreatitis (10, 11) and it is the release 

of those pro-inflammatory mediators from acinar cells that is believed to promote the 

activation and intrapancreatic sequestration of circulating leukocytes, eventually 

resulting in intrapancreatic inflammation and further pancreatic injury. It is also 

believed that the initial inflammatory process which is localized to the pancreas 

subsequently becomes generalized and that, in this way, it eventually leads to the 

intrapulmonary sequestration of leukocytes and the acute lung injury which 

accompany severe pancreatitis. Previous studies by our group as well as others have 

indicated that the severity of pancreatic inflammation may be a prime determinant of 

the extent of pancreatic injury/necrosis and that the extent of pancreatic injury/necrosis 

may be a prime determinant of the severity of lung inflammation during pancreatitis 

(12-14).  

The current communication focuses upon the potential importance of Tumor 
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Progression Locus2 (tpl2) as a regulator of injury and inflammation in the pancreas 

and lungs during acute pancreatitis. Tpl2 is a serine-threonine protein kinase that was 

initially identified in 1993 and later noted to be the rat homologue of Cot (cancer 

Osaka thyroid), an oncogene expressed by a human thyroid cancer cell line (15). In 

rodents, provirus integration into tpl2 was found to promote the development of 

Moloney virus-induced T-cell lymphoma and mouse virus-induced mammary 

carcinoma (15, 16). Transgenic mice expressing tpl2, under the control of a T cell-

specific promoter, were found to develop T cell lymphoblastic lymphoma (17). More 

recently, however, tpl2 has been found to be an important immunomodulator, 

primarily in hematopoetic cells where it has been shown to function as a mitogen-

activated protein kinase kinase kinase (MAP3K) (18). tpl2 is widely expressed in other 

cell types as well (i.e. spleen, liver, thymus, lung, etc) and we have found that tpl2 is 

also expressed in mouse pancreatic cells (Figure 1G). Over-expression of tpl2 in 

mouse embryonic fibroblasts has been shown to result in the cell- and stimulus-

specific activation of ERK, JNK, SAPK, p38MAPK, NFAT, and NF-κB pathways 

(18) and global genetic ablation of tpl2 has been shown to interfere with LPS-

stimulated PGE2 synthesis by preventing induction of COX2 and interfering with 

TNF-α generation in response to LPS (19, 20). This latter phenomenon is believed to 

explain the observation that tpl2-/-mice are protected against LPS/D-galactosamine-

induced septic shock. Tpl2-/-mice are also protected against TNF-α induced Crohn’s-

like inflammatory bowel disease (21).  

In this communication, we report the results of the first studies which have examined 

the role of tpl2 in pancreatic inflammatory disease. Our findings indicate that tpl2 

ablation markedly reduces the extent of pancreatic inflammation in both the 

secretagogue-induced and the duct infusion-induced models of acute pancreatitis 

(Figures 1 and 2). This effect is specific to inflammation since tpl2 ablation does not 

reduce the hyperamylasemia, pancreatic edema, or acinar cell injury/necrosis which 

are observed in both of these models (Figures 1 and 2) and it does not alter either the 

high-dose inhibition of secretion or intrapancreatic activation of digestive zymogens 
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which occur when animals or pancreatic tissue are exposed to supramaximally 

stimulating concentrations of caerulein (data not shown). We considered the 

possibility that tpl2 might modulate pancreatic inflammation by altering the mode of 

acinar cell death during pancreatitis – i.e. by promoting acinar cell apoptosis while 

preventing acinar cell necrosis – since apoptosis is often the mode of cell death that is 

observed in the absence of inflammation while necrosis is generally believed to trigger 

an inflammatory reaction. However, our studies examining this issue using the 

TUNEL technique to quantitate the rate of acinar cell apoptosis would indicate that 

ablation of tpl2 does not increase the rate of acinar cell apoptosis, at least not in the 

secretagogue-induced model (Figure 1F).  

Our finding that pancreatic inflammation can be virtually eliminated (by ablation of 

tpl2) without altering the extent of pancreatic injury during pancreatitis clearly 

challenges the current widely held belief that the severity of pancreatic injury during 

pancreatitis is determined by the severity of the intrapancreatic inflammatory process. 

Rather, the two manifestations of pancreatitis appear to be independently regulated.  

Secretagogue-induced pancreatitis, like its clinical counterpart, is associated with 

significant acute lung injury and that lung injury is believed to be mediated, to a great 

extent, by the sequestration of activated inflammatory cells within the pulmonary 

microcirculation. The magnitude of intrapulmonary sequestration of neutrophils can be 

quantitated by measurement of myeloperoxidase activity while the magnitude of 

pancreatitis-associated acute lung injury can be monitored by quantitating the leakage 

of plasma components across the alveolar capillary membrane into the broncho-

alveolar space (5). We find that the sequestration of neutrophils within the pulmonary 

microvascular compartment , is reduced during caerulein-induced pancreatitis in 

animals that lack tpl2 and that that reduction in neutrophil sequestration is associated 

with reduced leakage of the intravenously administered 4 kDa molecular mass marker 

FD-4 (Figure 3) into the broncho-alveolar space. These observations indicate that 
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ablation of tpl2 protects animals from both pancreatitis-associated lung inflammation 

and lung injury and they lead us to conclude that tpl2 regulates events which are 

critical to the coupling of acute pancreatitis to pancreatitis-associated acute lung 

injury. The fact that tpl2 ablation prevents both pancreatic inflammation and lung 

injury without altering pancreatic injury suggests that the severity of acute lung injury 

of pancreatitis is primarily determined by the extent of pancreatic inflammation, and 

not by the extent of pancreatic injury, during pancreatitis.  

The mechanisms by which tpl2 might function as an immunomodulator during 

pancreatitis were also addressed in our studies. Although tpl2 is widely expressed, 

most of the previous studies evaluating the inflammatory functions of tpl2 have been 

focused upon tpl2 in hematopoietic cells including T-cells and macrophages in which 

tpl2 has been shown to play a pro-inflammatory role by functioning as MAP3K (18). 

Based on this knowledge, we anticipated that, in tpl2-/-mice, the failure of 

inflammatory cells to be sequestered within the pancreas during pancreatitis would 

reflect an inability of circulating inflammatory (i.e. bone marrow-derived) cells to 

respond to pro-inflammatory signals arising from the pancreas during pancreatitis and 

we designed experiments using chimeric animals to test this hypothesis. To our 

surprise, we found that neutrophil sequestration within the pancreas as well as in the 

lung during secretagogue-induced pancreatitis is reduced in animals that have tpl2 

ablated primarily in non-bone marrow-derived cells and the changes in that chimeric 

group are similar to those noted in the global tpl2-/-group Figures 4 and 5). These 

observations lead us to the unexpected conclusion that it is tpl2 expression in non-bone 

marrow-derived cells which couples pancreatic injury to pancreatic inflammation and, 

similarly, that it is tpl2 expression in non-bone marrow-derived cells which plays an 

essential role in regulating both pancreatic and lung inflammation during pancreatitis.  

It is tempting to speculate that the non-bone marrow-derived cell which is responsible 

for the immunomodulatory effects of tpl2 during pancreatitis is the pancreatic acinar 
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cell but, based purely on the bone marrow chimera studies reported in this 

communication, that conclusion can only be tentative. The relevant cell could, in 

theory, be any non-bone marrow-derived cell and, for that matter, it could even be a 

bone marrow-derived cell if that cell type had not been eliminated by the radiation 

exposure in our study protocol. Thus, the bone marrow chimera studies do not allow us 

to exclude the possibility that a peripherally localized but bone marrow-derived cell, 

such as the resident pancreatic macrophage, could be the cell responsible for tpl2-

dependent immunomodulation during pancreatitis but we consider this to be unlikely 

since selective and conditional elimination of macrophages, including resident 

macrophages in the pancreas, prior to and during both secretagogue-induced and duct 

infusion-induced pancreatitis does not replicate the changes in pancreatitis which we 

have observed following tpl2 ablation (Perides et al, manuscript in preparation).  

Our in-vivo experiments examining pancreas samples obtained at very early times 

after the onset of supramaximal secretagogue stimulation and our in-vitro studies 

employing freshly prepared but pacified pancreas fragments (a preparation composed 

of >90% acinar cells) exposed to a supramaximally stimulating concentration of 

caerulein also support our speculation that it is tpl2 expression by pancreatic acinar 

cells which regulates intrapancreatic sequestration of neutrophils during pancreatitis 

(Figures 6 and 7). Supramaximal secretagogue stimulation of acinar cells is known to 

lead to the activation of pro-inflammatory transcription factors under both in-vivo and 

in-vitro conditions (22-24) and, as reported here, this response to supramaximally 

stimulating concentrations of caerulein is aborted in the setting of tpl2 ablation. 

Furthermore, supramaximal secretagogue stimulation is known to trigger the up-

regulated expression of neutrophil chemoattracting factors including MCP-1, MIP-2, 

and IL-6 in pancreas cells (25-27) and, as reported here, this response to caerulein is 

also aborted in the setting of tpl2 ablation. It is perhaps noteworthy that the promoters 

for these neutrophil chemoattracting peptides contain AP-1 binding sites (28-30).  
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In summary, we have employed two dissimilar models of experimental pancreatitis 

and mice with genetic ablation of the MAP3K tpl2 to examine events which regulate 

pancreatic and lung inflammation during acute pancreatitis. We find that tpl2 plays a 

critical role in regulating pancreatic inflammation, but not pancreatic injury, during 

pancreatitis. It also plays a critical role in coupling lung inflammation and injury to 

pancreatic inflammation during pancreatitis. Our studies suggest that pancreatic injury 

and inflammation are regulated by separate mechanisms and that the extent of lung 

inflammation during pancreatitis is primarily governed by the extent of pancreatic 

inflammation and not by the extent of pancreatic injury. Finally, our studies suggest 

that tpl2 exerts its immunomodulatory effects in pancreatitis by coupling the triggering 

event(s) in pancreatitis to the activation of pro-inflammatory transcription factors such 

as AP-1 and that, it is tpl2-mediated up-regulation of those pro-inflammatory 

transcription factors which subsequently leads to the up-regulated expression and 

generation of neutrophil chemoattractant mediators including MCP-1, MIP-2 and IL-6.  

Pancreatitis-associated lung injury, the systemic immune response syndrome, and the 

late inflammation-related peri-pancreatic complications of pancreatitis such as 

pancreatic abscess formation account for most of the morbidity and mortality of severe 

clinical pancreatitis. The observations reported in this communication indicate that 

tpl2 plays an important role in regulating inflammation during pancreatitis and they 

suggest that interventions which modify tpl2-dependent events might prove beneficial 

in the treatment and/or prevention of severe acute pancreatitis.  

 

Acknowledgements  
We would like to thank Drs. Anupriya Chaudjuri and Xiaohong Tao for their help during 
the early experiments of these studies. This research was supported by the DK031396-24 
(to M.L. Steer) CA38047 (to P.N. Tsichlis), the AA015410 (to G. Perides), the Stichting 
Prof. Michaël van Vloten Fonds in the Netherlands (to G.J.D. van Acker) and the 
Netherlands Organisation for Health Research and Development (ZonMw, MD-Medical 
Research Trainee Grant 920-03-327) (to G.J.D. van Acker).  

 124 



Tumor progression locus-2 and acute pancreatitis 
 

References:  

 

1. Lampel, M., and Kern, H. 1977. Acute interstitial pancreatitis in rats induced by 
excessive doses of a pancreatic secretagogue. Virchows Arch. 373:97-117. 

2. van Acker, G.J., Weiss, E.R., Steer, M.L., and Perides, G. 2006. Description and 
characterization of an experimental model of severe acute pancreatitis in mice 
induced by infusing Na-taurocholate into the pancreatic duct. Gastroenterology 
130:A-708.  

3.  Kaiser, A.M., Saluja, A.K., Sengupta, A., Saluja, M., and Steer, M.L. 1995. 
Relationship between severity, necrosis, and apoptosis in five models of 
experimental acute pancreatitis. Am. J. Physiol. Cell Physiol. 269:C1295-1304.  

4. Yamanaka, K., Saluja, A.K,, Brown, G.E., Yamaguchi, Y., Hofbauer, B., and 
Steer, M.L. 1997. Protective effects of prostaglandin E1 on the acute lung injury 
of caerulein-induced acute pancreatitis in rats. Am. J. Physiol. Gastrointest. 
Liver Physiol. 272:G23-G30.  

5. Han, X., Fink, M.P., Uchiyama, T., Yang, R. and Delude, R.L. 2004. Increased 
iNOS activity is essential for pulmonary epithelial tight junction dysfunction in 
endotoxemic mice. Am. J. Physiol. Lung Physiol. 286:L259-267.  

6. Cui, Y.Z., Hisha, H., Yang. G.X., Fan, T.X., Jin, T., Li, Q., Lian, Z. and Ikehara, 
S. 2002. Optimal protocol for total body irradiation for allogeneic bone marrow 
transplantation in mice. Bone Marrow Transplant. 30:843-849.  

7. Aho, H.J., Koskensalo, S.M.L. and Nevalainen, T.J. 1980. Experimental 
pancreatitis in the rat. Sodium taurocholate-induced haemorhagic pancreatitis. 
Scand. J. Gastroenterol. 15:411-416.  

8. Steer, M.L. 2001. Models for the study of pancreatitis in Surgical Research, 
Souba WW and Wilmore DW (eds), Academic Press, San Diego pp 733-746.  

9. Steer, M.L. 1998. Frank Brooks Memorial Lecture: The early intraacinar cell 
events which occur during acute pancreatitis. Pancreas 17:31-37.  

10.  Norman, J. 1998.  The role of cytokines in the pathogenesis of acute 
pancreatitis. Am. J. Surg. 175:76-83.  

11.  Bhatia, M., Wong, F.L., Cao, Y., Lau, H.Y., Huang, J., Puneet. P. and Chevali, 
L. 2005. Pathophysiology of acute pancreatitis. Pancreatology 5:132-144.  

12.  Frossard, J.L., Saluja, A.K., Bhagat, L., Lee, H.S., Bhatia, M., Hofbauer, B. 
and Steer, M.L. 1999. The role of intracellular adhesion molecule 1 and 
neutrophils in acute pancreatitis and pancreatitis-associated lung injury. 
Gastroenterology. 116:694-701.  

13 Sandoval, D., Gukovskaya, A., Reavey, P., Gukovsky, I., Sisk, A., Braquet, P., 
Pandol, S.J. and Poucell-Hatton, S. (1996). The role of neutrophils and platelet-
activating factor in mediating experimental pancreatitis.  Gastroenterology. 
111:1081-1091  

14.  Gukovskaya, A.S., Vaquero, E., Zaninovic, V., Gorelick, F.S., Lusis, A.J., 
Brennan, M.L., Holland, S. and Pandol, S.J. 2002. Neutrophils and NADPH 
oxidase mediate intrapancreatic trypsin activation in murine experimental acute 

 125



Chapter 6 
 

pancreatitis. Gastroenterology. 122:974-984.  
15.  Patriotis, C., Makris, A., Bear, S.E. and Tsichlis, P.N., 1993.  Tumor 

progression locus 2 (Tpl2) encodes a protein kinase involved in the progression 
of rodent T-cell lymphomas and in T-cell activation. Proc. Natl. Acad. Sci. 
USA 90:2251-2255.  

16.  Erny, K.M., Peli, J., Lambert, J.F., Muller, V. and Diggelmann, H., 1996. 
Involvement of the Tpl-2/cot oncogene in MMTV tumorigenesis. Oncogene 
13:2015-2020.  

17.  Ceci, J.D., Patriotis, C.P., Tsatsanis, C., Makris, A.M., Kovatch, R., Swing, 
D.A., Jenkins, N.A., Tsichlis, P.N. and Copeland, N.G. 1997. Tpl-2 is an 
oncogenic kinase that is activated by carboxy-terminal truncation. Genes Dev. 
11:688-700.  

18.  Das, S., Cho, J., Lambertz, I., Kelliher, M., Eliopoulos, A., Du, K. and Tsichlis, 
P.N. 2005. Tpl2/Cot signals activate ERK, JNK and NF-κB in a cell type and 
stimulus-specific manner. J. Biol. Chem. 280:23748-57.  

19.  Dumitru, C.D., Ceci, J.D., Tsatsanis, C., Kontoyiannis, D., Stamatakis, K., Lin, 
J.H., Patriotis, C., Jenkins, N.A., Copeland, N.G., Kollias, G. and Tsichlis, P.N. 
2000. TNF-α induction by LPS is regulated postranscriptionally via a 
Tpl2/ERK-dependent pathway. Cell 103:1071-1083.  

20.  Eliopoulos, A.G., Dumitru, C.D., Wang, C.C., Cho, J. and Tsichlis, P.N. 2002. 
 Induction of COX-2 by LPS in macrophages is regulated by Tpl2-dependent 
CREB activation signals. EMBO J. 21:4831-4840.  

21.  Kontoyiannis, D., Bjoulougouris, B., Manoloukos, M., Armaka, M., 
Apostolaki, M., Pizarro, T., Kotlyarov, A., Forster, I., Flavell, R., Gaestel, M., 
Tsichlis, P.N., Comineli, F., and Kollias, G. 2002. Genetic dissection of the 
cellular pathways and signaling mechanisms in modeled tumor necrosis factor-
induced Crohn’s-like inflammatory bowel disease. J. Exp. Med. 196:1563-
1574.  

22.  Gukovsky, I., Reyes, C.N., Vaquero, E..C., Gukovskaya, A.S. and Pandol, S.J. 
2003. Curcumin ameliorates ethanol and nonethanol experimental pancreatitis. 
Am. J. Physiol. Gastrointest. Liver Physiol. 284:G85-95.  

23.  Blinman, T.A., Gukovsky, I., Mouria, M., Zaninovic, V., Livingston, E., 
Pandol, S.J. and Gukovskaya, A.S. 2000. Activation of pancreatic acinar cells 
on isolation from tissue: cytokine upregulation via p38 MAP kinase. Am. J. 
Physiol. Cell Physiol. 279:C1993-2003.  

24.  Pandol, S.J., Gukovsky, I., Satoh ,A., Lugea, A. and Gukovskaya, A.S. 2003.  
 Animal and in vitro models of alcoholic pancreatitis: role of cholecystokinin. 
Pancreas 27:297-300.  

25.  Bhatia, M., Brady, M., Shokuhi, S., Christmas, S., Neoptolemos, J.P. and 
Slavin, J. 2000. Inflammatory mediators in acute pancreatitis. J. Pathol. 
190:117-125.  

26.  Bhatia, M., Brady, M., Kang, Y.K., Costello, E., Newton, D., Christmas, S.E., 
Neoptolemos, J.P. and Slavin, J. 2002.  MCP-1 but not CINC synthesis is 
increased in rat pancreatic acini in response to cerulean hyperstimulation. Am. 
J. Physiol. Gastrointest. Liver Physiol. 282:G77-85.  

 126 



Tumor progression locus-2 and acute pancreatitis 
 
27.  Pastor, C.M., Rubbia-Brandt, L., Hadenque, A., Jordan, M., Morel, P. and 

Frossard, J.L. 2003. Role of macrophage inflammatory peptide-2 in cerulean-
induced acute pancreatitis and pancreatitis-associated lung injury. Lab. Invest. 
83:471-478.  

28.  Nakajima, K., Kusafuka, T., Takeda, T., Fujitani, Y., Nakae, K. and Hirano, T. 
1993. Identification of a novel interleukin-6 response element containing an 
Ets-binding site and a CRE-like site in the junB promoter. Mol. Cell Biol. 
13:3027-3041.  

29.  de Haij, S., Bakker, A.C., van der Geest, R.N., Haegeman, G., Yanden, B.W., 
Aarbiou, J., Daha, M.R. and van Kooten, C. 2005. NF-kappaB mediated IL-6 
production by renal epithelial cells is regulated by c-jun NH2-terminal kinase. 
J. Am. Soc. Nephrol. 16:1603-1611.  

30.  Park, S.K., Yang, W.S., Han, N.J., Lee, S.K., Hanjong, A., Lee, I.K, Park, J.Y., 
Lee, K.U. and Lee, J.D. 2004. Dexamethasone regulates AP-1 to repress TNF-
α induced MCP-1 production in human glomerular endothelial cells. Nephrol. 
Dialysis Transplant. 19:312-319.  

31.  Perides, G., Tao, X., West, N., Sharma, A. and Steer, M. 2005. A mouse 
model of ethanol dependent pancreatic fibrosis. Gut. 54:1461-7.  

32.  Powers, R.E., Saluja, A.K., Houlihan, M.J. and Steer, M.L. 1986. Diminished 
agonist-stimulated inositol triphosphate generation blocks stimulus-secretion 
coupling in mouse pancreatic acini during diet-induced experimental 
pancreatitis. J. Clin. Invest. 77:1668-1674.  

33.   Perides, G., Sharma, A., Gopal, A., Tao, X., Dwyer, K., Ligon, B. and Steer, 
M.L. 2005. Secretin differentially sensitizes rat pancreatic acini to the effects 
of supramaximal stimulation with caerulein. Am. J. Physiol. Gastrointest. Liver 
Physiol. 289:G713-21.  

34.  Dingham, J.D., Lebovitz, R.M. and Roeder, R.G. 1983.  Accurate 
transcription initiation by RNA polymerase II in a soluble extract from isolated 
mammalian nuclei. Nucleic Acid Res. 11:1475-1489.  

35.  Sharma, A., Tao, X., Gopal, A., Ligon, B., Andrade-Gordon, P., Steer, M.L. 
and Perides, G. 2005. Protection against acute pancreatitis by activation of 
protease-activated receptor-2. Am. J. Physiol. Gastrointest. Liver Physiol. 
288:G388-95. 

36.  Haquani, A.S., Sandhu, J.K. and Birnboim, H.C. 1999.   A 
myeloperoxidase-specific assay based upon bromide-dependent 
chemiluminescence of luminol. Anal. Biochem. 273:126-132.  

 

 

 127



Chapter 6 
 

 128 



 

CHAPTER 7 
 

 

SUMMARY AND DISCUSSION 
G.J.D. van Acker 

 

 129



Chapter 7 
 
For over a hundred years people have tried to understand why acute pancreatitis occurs 

and how the disease develops.  Elucidating these issues, is of considerable interest 

since (a) a fair number of patients die from the disease, (b) there is still no golden 

standard in the treatment of the disease and (c) the incidence of acute pancreatitis 

keeps rising, currently up to 75 per 100,000.  As discussed in Chapter 1, there are 

many conditions that could lead to acute pancreatitis, the gallstone disease being the 

most common one.  The precise mechanism by which (obstructing) gallstones can 

cause acute pancreatitis is not clear, however bile reflux into the pancreatic duct and 

intraductal hypertension are the best explanatory theories.  The primary injury appears 

to take place inside the acinar cell, since intracellular changes (i.e. injury) precede 

ductal and lobular injury. 

 

Studying the early changes during acute pancreatitis, would best be performed by using 

human material.  However, those studies are not possible because patients suffering 

from acute pancreatitis are not recognized as such, during the early stages of the 

disease.  In addition, access to human pancreatic tissue during the early stages of acute 

pancreatitis is very difficult and frequently not recommended. Therefore experimental 

pancreatitis models have been developed and many of those models have been 

employed in different animals as described in Chapter 2.  Several factors make the 

mouse the preferred animal for studying the pathogenesis and pathophysiology of acute 

pancreatitis e.g. they have a well characterized genome, they are cheap and easily 

handled and most importantly the existence of a large number of genetically altered 

mouse strains that allow studies to understand the specific role proteins may play 

during the development of acute pancreatitis.  The supramaximally secretagogue-

induced model of acute pancreatitis in mice is the most reliable, reproducible and most 

frequently used model, but its clinical relevance has been questioned since there is no 

evidence that clinical pancreatitis is triggered by supramaximal secretagogue 

stimulation.  To overcome this issue and the fact that results could be interpreted as 

only model-specific, a new model of acute pancreatitis in mice has been developed and 

characterized, by using a bile salt (sodium taurocholate) retrogradely infused into the 
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pancreatic duct.  The extent of pancreatic injury depends on the volume and 

concentration of sodium taurocholate and upon the time which elapses after Na-

taurocholate infusion and appears to be maximal 24 hours after 2% Na-taurocholate 

infusion (50µl).  The initial damage seems to be limited to acinar cells and terminal 

duct cells.  In mice, infusion of sodium-taurocholate, leads to intrapancreatic activation 

of trypsinogen and this phenomenon is also observed in the rat Na-taurocholate model, 

as well as it has been shown to occur during the early stages of secretagogue-induced 

pancreatitis in both mice and rats.  It is therefore generally believed that pancreatitis is 

an autodigestive disease in which the pancreas is injured by (prematurely activated) 

digestive enzymes that it normally produces (e.g. trypsinogen).  In Chapter 3 it is 

postulated that during acute pancreatitis, according to the Co-Localization Hypothesis, 

zymogen activation takes place within the acinar cell when lysosomal hydrolases 

including cathepsin B and digestive enzyme zymogens become co-localized within the 

same intracellular compartment.  There is evidence that the lysosomal enzyme 

cathepsin B is capable of activating trypsinogen and Chapter 4 reports the importance 

of cathepsin B to the process of trypsinogen activation and pancreatitis.  For this 

purpose a very potent and selective inhibitor of cathepsin B is used (CA074-me), and 

this inhibitor is administered to selected animals prior to the induction of two 

dissimilar models of pancreatitis.  In those animals trypsinogen activation is abolished, 

as a result of cathepsin B inhibition.  In addition, the inhibition of cathepsin B is 

associated with a significant reduction of pancreatitis severity, expressed in terms of 

serum amylase levels, pancreatic edema, pancreatic necrosis and neutrophil infiltration.  

In summary, it is demonstrated that during the early stages of acute pancreatitis (a) 

lysosomal hydrolases and digestive enzyme zymogens become co-localized, (b) 

trypsinogen activation occurs and (c) to a great extent trypsinogen activation depends 

on cathepsin B.  It remains unclear which event occurs first, and what their 

interrelationship is, if any.  It is hypothesized that co-localization leads to trypsinogen 

activation, and that this, ultimately, results in organelle fragility and cell-injury.  Others 

have suggested the opposite, i.e. trypsinogen activation causes co-localization and this 

co-localization phenomenon is a reflection of cell injury.  In Chapter 5, several in vivo 
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studies are described, to resolve this controversy and to explore the causal relationship.  

Confocal microscopy and the subcellular fractionation technique using the cathepsin B 

inhibitor CA074-me, are employed to demonstrate that co-localization of lysosomes 

and zymogens during acute pancreatitis, is not dependent upon either cathepsin B 

activity or trypsinogen activation.  

 

As a result of co-localization during acute pancreatitis, the vacuole, containing both 

lysosomal hydrolases and digestive enzyme zymogens, becomes more fragile over time 

and ultimately ruptures.  The effects of trypsinogen activation on the fragility of those 

organelles are reported in chapter 5 and show that when trypsinogen activation is 

prevented by pre-treatment with the cathepsin B inhibitor CA074-me, the increase in 

organelle fragility -that is observed during the early stages of pancreatitis- is abolished.  

This finding indicates that the increase in organelle fragility during the early stages of 

acute pancreatitis is dependent upon the presence of cathepsin B activity and/or intra-

acinar cell activation of trypsinogen, but co-localization, by itself, does not lead to 

increased fragility.  Other events, associated with experimental acute pancreatitis like 

F-actin redistribution and the activation of pro-inflammatory and pro-proliferative 

signals, occur independently of trypsinogen activation.  These results lead to the 

conclusion that during (caerulein-induced) pancreatitis, co-localization leads to 

zymogen activation that in turn leads to increased organelle fragility in pancreatitis.  F-

actin redistribution and activation of JNK or ERK are mediated by events other than 

trypsinogen activation.    

 

Acute experimental pancreatitis is, in addition to the intrapancreatic events, also 

associated with an acute lung injury, like its clinical counterpart.  This lung injury is 

characterized by leukocyte sequestration within the pulmonary microcirculation and 

leakage of intravascular fluid across the injured pulmonary capillary membrane into 

the bronchoalveolar space.  It is generally believed that neutrophils, chemoattracted 

and sequestered within the pancreas during the early stages of acute experimental 

pancreatitis, play a critical role in regulating the extent of acinar cell injury/necrosis 
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during pancreatitis and that neutrophils, chemoattracted and sequestered within the 

lungs, trigger pancreatitis-associated acute lung injury.  This purported importance of 

neutrophils in pancreatitis has led to the suggestion that pancreatitis may be a 

“neutrophil disease”.  In Chapter 6 the results of studies challenging the concept that 

neutrophils are critical to the early evolution of acute pancreatitis, are reported.  

Ablating the gene for the cell- and stimulus-specific immunomodulator Tumor 

Progression Locus-2 (Tpl2) markedly reduces the sequestration of neutrophils in the 

pancreas and lungs and reduces lung injury, during acute pancreatitis.  Furthermore, 

the results indicate that it is Tpl2, expressed by pancreatic acinar cells, that regulates 

the acinar cell generation of pro-inflammatory signals which, in turn, trigger the 

activation and chemoattraction of inflammatory cells to the pancreas and lungs during 

pancreatitis.  Surprisingly however, in spite of these effects, global ablation of Tpl2 

does not alter (a) the pancreatitis associated digestive enzyme activation, (b) the 

magnitude of pancreatic edema or (c) the extent of acinar cell necrosis during 

pancreatitis.  These observations strongly suggest that the severity of pancreatic injury 

(trypsinogen activation, edema and necrosis) during acute pancreatitis is not 

determined by the intrapancreatic inflammatory process.  Rather the two 

manifestations of pancreatitis appear to be regulated by separate mechanisms.  Finally, 

the fact that Tpl2 ablation prevents both pancreatic inflammation and lung injury 

without altering pancreatic injury suggests that during pancreatitis, the severity of its 

associated acute lung injury, is primarily determined by the extent of pancreatic 

inflammation, and not by the extent of pancreatic injury.  

 

From these data we can conclude that acute pancreatitis is a complex but poorly 

understood disease which can be triggered by a number of associated processes.  This 

trigger causes, by unknown mechanisms, changes in pancreatic acinar cells which lead 

to lysosome/zymogen co-localization, cathepsin B-mediated trypsinogen activation and 

acinar cell necrosis.  Simultaneously, it initiates a series of acinar cell inflammatory 

events which, in time, leads to the activation of a number of pro- and anti-

inflammatory pathways that regulate the severity of pancreatitis and pancreatitis 
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associated lung injury.  The pathophysiology of acute pancreatitis also depends on 

numerous other events including acinar cell cytoskeletal changes, alterations in 

calcium levels, activation of Proteinase-Activated Receptor-2, generation of heat shock 

proteins, initiation of pro- and anti-apoptotic pathways and the activation and/or 

recruitment of other cells like macrophages and polymorphonuclears.  Clarifying these 

events and identifying the initial triggers, will in the future allow us to treat or prevent 

acute pancreatitis.  
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APPENDIX 1: SAMENVATTING EN DISCUSSIE 

 
Ruim een eeuw proberen wetenschappers er achter te komen waarom acute pancreatitis 

ontstaat en hoe de ziekte zich verder ontwikkelt. Het verkrijgen van antwoorden op 

deze vragen is belangrijk omdat (a) een aanzienlijk percentage van de patiënten aan 

deze ziekte overlijdt (b) een gouden standaard voor de behandeling ontbreekt en (c) de 

incidentie van acute pancreatitis blijft toenemen, met recent gerapporteerde cijfers die 

oplopen tot 75 per 100.000. Zoals besproken in Hoofdstuk 1 zijn er verschillende 

omstandigheden die kunnen resulteren in acute pancreatitis, waarvan galsteenlijden de 

meest voorkomende is. Het is onduidelijk hoe de (obstruerende) galsteen exact acute 

pancreatitis induceert, maar reflux van gal in de ductus pancreaticus en intraductale 

hypertensie lijken de meest voor de hand liggende theorieën te zijn. De initiële schade 

lijkt zich te manifesteren in de acinaire cel, daar deze voorafgaat aan ductale en 

lobulaire schade. 

 

De vroege veranderingen tijdens acute pancreatitis zouden het best onderzocht kunnen 

worden door gebruik te maken van patiëntmateriaal. Deze onderzoeken zijn helaas niet 

mogelijk aangezien de meeste patiënten in de beginfase van de ziekte nog geen 

klachten hebben en zich derhalve (nog) niet in het ziekenhuis zullen presenteren. 

Daarnaast is een chirurgische benadering van de pancreas in de acute fase lastig en 

vaak niet aan te bevelen. Om die reden zijn experimentele pancreatitis modellen 

ontwikkeld en deze modellen zijn toegepast op verschillende proefdieren zoals 

beschreven in Hoofdstuk 2. Voor de bestudering van de pathogenese en 

pathofysiologie van acute pancreatitis gaat de voorkeur uit naar de muis. Hiervoor zijn 

verschillende argumenten aan te voeren waaronder het uitgebreid in kaart gebrachte 

genoom, de lage aanschafprijs, de handelbaarheid, maar in het bijzonder het ruime 

aanbod van genetisch gemanipuleerde muizenrassen. Dit laatste maakt het mogelijk om 

studies te verrichten naar de specifieke rol die eiwitten eventueel spelen in de 

ontstaanswijze van acute pancreatitis. Het supramaximale secretagoog-geïnduceerde 

model van acute pancreatitis bij muizen is het meest betrouwbare, meest 
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reproduceerbare en meest gebruikte model, maar de klinische relevantie is twijfelachtig 

aangezien er geen bewijs is dat klinische acute pancreatitis wordt veroorzaakt door 

supramaximale secretagoge stimulatie. Vanwege dit discussiepunt en het feit dat 

onderzoeksresultaten geïnterpreteerd zouden kunnen worden als model-specifiek, is er 

een nieuw model van acute pancreatitis in muizen ontwikkeld en gekarakteriseerd. 

Hierbij is gebruik gemaakt van een galzout (natrium taurocholaat), dat retrograad 

wordt geïnfuseerd in de ductus pancreaticus. De mate van pancreas-schade is 

afhankelijk van het volume en de concentratie van natrium taurocholaat alsmede van 

de periode die verstrijkt nadat Na-taurocholaat is geïnfuseerd. Deze schade blijkt 24 

uur na de infusie van 50µl, 2% natrium taurocholaat maximaal te zijn.  De initiële 

schade lijkt gelimiteerd te zijn tot de acinaire en terminale ductus cellen. In muizen 

leidt het infuseren van Na-taurocholaat tot intrapancreatische activatie van 

trypsinogeen en dit fenomeen wordt tevens gezien in het rat Na-taurocholaat model 

evenals tijdens de vroege fase van secretagoog-geïnduceerde acute pancreatitis in 

zowel muizen als ratten. Daarom wordt over het algemeen aangenomen dat acute 

pancreatitis een autodigestieve ziekte is, waarbij de pancreas wordt beschadigd door 

zijn eigen (vroegtijdig geactiveerde) spijsverteringsenzymen (e.g. trypsinogeen). In 

Hoofdstuk 3 wordt gesteld dat tijdens acute pancreatitis, zymogeen-activatie 

plaatsvindt ín de acinaire cel, wanneer lysosomale hydrolases zoals cathepsine B 

samenkomen met digestieve zymogenen in hetzelfde intracellulaire compartiment, de 

‘Co-Localisatie Hypothese’. Er is voldoende bewijs om aan te nemen dat cathepsine B 

in staat is tot het activeren van trypsinogeen en in Hoofdstuk 4 wordt uiteengezet dat 

cathepsine B essentieel is voor de deze activatie en voor het ontstaan van acute 

pancreatitis. Om dit aan te tonen is gebruik gemaakt van een zeer potente en selectieve 

cathepsine B remmer (CA074-me), welke toegediend is aan geselecteerde proefdieren 

vóór de inductie van twee verschillende modellen van acute pancreatitis. In die 

voorbehandelde proefdieren wordt trypsingeen activatie tegen gegaan als gevolg van 

de inhibitie van cathepsine B. Daarnaast gaat de inhibitie van cathepsine B gepaard 

met een significante reductie in de ernst van pancreatitis, uitgedrukt in serum amylase 

niveaus, pancreas oedeem en neutrofielen infiltratie. Samenvattend kan worden gezegd 
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dat tijdens de vroege fase van acute pancreatitis (a) lysosomale hydrolases en 

digestieve  zymogenen bij elkaar komen, (b) trypsinogeen activatie optreedt en (c) voor 

een groot deel deze trypsinogeen activatie afhankelijk is van cathepsine B. Er bestaat 

onduidelijkheid over de volgorde waarin deze fenomenen zich afspelen en over de 

eventuele causaliteit. Verondersteld wordt dat co-localisatie leidt tot trypsinogeen 

activatie, wat uiteindelijk resulteert in celschade. Anderen propageren het 

tegenovergestelde, dat wil zeggen trypsingeen activatie veroorzaakt co-localisatie en 

dit co-localisatie fenomeen is een afspiegeling van celschade. In Hoofdstuk 5 worden 

verschillende in vivo experimenten beschreven, waarin gepoogd wordt deze 

controverse op te lossen en om de eventuele causale relatie te exploreren. Door 

confocale microscopie en subcellulaire fractinatie technieken toe te passen wordt 

gedemonstreerd dat de co-localisatie van lysosomen en zymogenen tijdens acute 

pancreatitis onafhankelijk is van cathepsine B activiteit of trypsinogeen activatie.  

 

Tijdens acute pancreatitis wordt, als gevolg van de co-localisatie, de vacuole die zowel 

de lysosmale hydrolases als de digestieve zymogenen bevat, toenemend breekbaar en 

valt uiteindelijk uiteen. De effecten van trypsinogeen activatie op de fragiliteit van 

deze organellen worden beschreven in hoofdstuk 5 en laten zien dat de toename in 

fragiliteit, welke gezien wordt tijdens de vroege fase van acute pancreatitis, afhankelijk 

is van de aanwezigheid van cathepsine B en/of de intracellulaire activatie van 

trypsinogeen. Co-localisatie op zichzelf leidt niet tot een toename van de fragiliteit. 

Andere processen die geassocieerd zijn met experimentele acute pancreatitis, zoals de 

redistributie van F-actine en de activatie van pro-inflammatoire en pro-proliferatieve 

signalen, vinden onafhankelijk van de activatie van trypsinogen plaats. Deze resultaten 

leiden tot de conclusie dat tijdens (door ceruline geïnduceerde) pancreatitis, co-

localisatie tot zymogeen activatie leidt, wat vervolgens de organel toenemend fragiel 

maakt en uiteindelijk resulteert in pancreatitis. F-actine redistributie en de activatie van 

JNK of ERK worden veroorzaakt door andere gebeurtenissen dan trypsinogeen 

activatie.  
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Naast de intrapancreatische gebeurtenissen treedt tijdens acute experimentele 

pancreatitis ook acute longschade op, zoals dat ook vaak gebeurt tijdens klinische acute 

pancreatitis. Deze longschade gaat gepaard met leukocyten sekwestratie in de 

pulmonale microcirculatie en met lekkage van intravasculaire vloeistoffen door het 

beschadigde pulmonale capillaire membraan tot in de bronchoalveolaire holte. Het 

wordt over het algemeen aangenomen dat de neutrofielen, die tijdens de vroege fase 

van acute pancreatitis worden aangetrokken door de pancreas, een significante rol 

spelen bij de regulatie van de ernst van acinaire celschade. Tevens wordt aangenomen 

dat neutrofielen worden aangetrokken door de longen en zo de pancreatitis-

geassocieerde longschade induceren. Dit veronderstelde belang van neutrofielen heeft 

geleid tot de suggestie dat pancreatitis een ‘neutrofielen ziekte’ zou zijn. In Hoofdstuk 

6 worden de onderzoeksresultaten gepresenteerd die toetsen of neutrofielen essentieel 

zijn voor de vroege evolutie van acute pancreatitis. Het verwijderen van het gen voor 

de cel- en stimulusspecifieke immunomodulator Tumor Progression Locus-2 (Tpl2), 

laat tijdens acute pancreatitis een significante reductie zien in de sekwestratie van 

neutrofielen in de pancreas en longen en vermindert de longschade. Daarnaast wordt 

beschreven dat de Tpl2 genexpressie van de acinaire pancreascel vermoedelijk 

verantwoordelijk is voor de regulering van acinaire cel generering van pro-

inflammatoire signalen. Deze signalen induceren op hun beurt de activatie en chemo-

attractie van ontstekingscellen naar de pancreas en longen tijdens acute pancreatitis. 

Opmerkelijk is echter dat het volledig verwijderen van Tpl2 geen effect heeft op (a) de 

pancreatitis geassocieerde enzym activatie (b) de mate van oedeem van de pancreas of 

(c) de mate van acinaire celnecrose tijdens acute pancreatitis. Deze observaties 

suggereren in hoge mate dat tijdens acute pancreatitis de ernst van pancreasschade 

(trypsinogeen activatie, oedeem en necrose) niet wordt bepaald door het 

intrapancreatische onstekingsproces. Integendeel, de twee manifestaties van 

pancreatitis (dat wil zeggen schade en ontsteking) lijken te worden gereguleerd door 

verschillende mechanismen. Tenslotte, het feit dat Tpl2 ablatie zowel 

pancreasontsteking als longschade voorkómt, zonder dat het invloed heeft op de 

pancreasschade, suggereert dat tijdens pancreatitis de ernst van pancreatitis- 
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geassocieerde longschade voornamelijk wordt bepaald door de mate van 

pancreasonsteking en niet door de mate van pancreasschade.  

 

Geconcludeerd kan worden dat acute pancreatitis een complexe en onvolledig 

begrepen aandoening is, die op verschillende manieren veroorzaakt kan worden. In de 

vroege fase van de ziekte treden er veranderingen op in de acinaire cel, welke leiden tot 

lysosoom/zymogeen co-localisatie, cathepsine B afhankelijke trypsinogeen activatie en 

acinaire cel necrose. Tegelijkertijd worden multipele acinaire cel ontstekingsprocessen 

geïnitieerd, die uiteindelijk leiden tot de activatie van pro- en anti-inflammatoire 

cascades, welke de ernst van pancreatitis en pancreatitis-geassocieerde longschade 

reguleren. De pathofysiologie van acute pancreatitis is tevens afhankelijk van vele 

andere factoren zoals veranderingen in het acinaire celskelet, veranderingen in 

calciumlevels, de activatie van Proteinase-Activated Receptor-2, de generering van 

Heat Shock Proteins (HSP), het initiëren van pro- en anti-apoptotische cascades en de 

activatie en/of recrutering van andere cellen, zoals macrofagen en polymorfonucleaire 

neutrofielen. Het ophelderen van deze gebeurtenissen en het identificeren van de 

initiële triggers, zullen ons in de toekomst in staat stellen om pancreatitis te 

behandelen en/of te voorkomen.  
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AP-1  Activating Protein 1 

ARDS  Acute Respiratory Distress Syndrome 

CER  Cerulein 

EMSA  Electrophoretic Mobility Shift Assay 

ERK  Extracellular signal-Regulate Kinase 

FITC  Fluorescein Isothyocianate 

IL  Interleukine 

JNK  Jun N-terminal Kinase 

LAMP-1 Lysosomal-Associated Membrane Protein 1 

MAPK  Mitogen-Activated Protein Kinase 

MCP-1  Monocyte Chemotactic Protein 1   

MIP 2  Marcophage Inflammatory Protein 2 

MPO  Myeloperoxidase 

OCT  Optimal Cutting Temperature 

PAR  Proteinase Activated Protein 

PBS  Phosphate Buttered Saline 

SIRS  Systemic Inflammatory Response Syndrome 

TAP  Trypsinogen Activation Peptide 

TPL-2  Tumor Progression Locus 2 
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APPENDIX 3: RECOGNITIONS 
Acht verhuizingen, twee emigraties, drie jaar Boston, vijf nieuwe werkplekken en een 
boekje verder, is het tijd om een aantal mensen te bedanken.  
 
Professor Steer, dear Mike, first I would like to thank you for being one of your 
research fellows. I’ve learned so much in the field of pancreatitis, but maybe even 
more of life itself. Your hospitality, the dinners and barbecues in Newton, the times we 
could spend at your house on Cape Cod, every time it felt like being home. You were 
always there when I needed your advice, even if it were at night. It’s a true honor 
having worked for such a great scientist. 
 
Professor Obertop. Het is een voorrecht om te mogen promoveren bij een professor en 
chirurg van uw statuur. ‘Alleen je best doen telt niet, het is het resultaat wat telt’ zei u 
eens, en zie hier. Uw inspirerende persoonlijkheid, de altijd positieve instelling over 
het onderzoek en uw enthousiasme over de stad Boston hebben mij hierbij geholpen. 
Velen zijn mij voor gegaan en bij u gepromoveerd, het is op zijn minst gezegd 
bijzonder om die lange reeks te mogen afsluiten.  
 
Dr. Perides, dear George. Although we first met in 2000, we only started working 
together two years ago, unfortunately. Having you as a PI is the best a researcher could 
wish for. Your door was never closed, you always came up with the right answer, were 
always in the lab and even made coffee, every morning. I’ll miss our (sometimes long) 
conversations.  
 
Dr. Boermeester, dr. van Eijck, Professor Gooszen, Professor Gouma, Professor van 
Gulik en dr. Pierik, ik wil u hartelijk danken voor uw bereidheid zitting te nemen in de 
promotiecommissie.  
 
All people I worked with at Dana 817 and Tupper 2, Ashok, Antti, Vijay, Lakshmi, 
Albert, Andreas, Muchun and Johanna. Thanks for all I’ve learned from you and the 
time we spent together. Especially John (Yang) and Eric (Weiss), you made working at 
Tupper 2 a joy.  
 
Stafleden, collegae, verpleging en OK-personeel van het AMC en de Isala Klinieken, 
de samenwerking met jullie heeft mijn werkzaamheden als assistent chirurgie een extra 
dimensie gegeven. Met name Bart (van Wagensveld) en Mark (van Berge-
Henegouwen), jullie wil ik bedanken voor de tijd in, maar vooral buiten het AMC. Nog 
vaak denk ik terug aan onze speciale manier van compenseren na een dienstperiode 
(Zandvoort…). Willem (Bemelman), wonen in de Ronde Venen is zo slecht nog niet 
zoals je weet, de waterski-momenten hebben daar zeker aan bijgedragen. Stefaan 
(Tytgat), zonder jouw toedoen en enthousiasme over Boston, was mijn onderzoeksplek 
aan Harvard waarschijnlijk nooit tot stand gekomen. Robert (Pierik), gelukkig schuilt 
er veel meer in jou dan alleen een kruikenzeiker en een goed chirurg, de opleiding vaart 
daar wel bij! 
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Boston Friends, you’ve been there. Het is geweldig om die fantastische ervaring met 
jullie te hebben mogen delen. Jullie weten wat het is geweest. Co Bosch, Joost  
Bruggeman, Dennis Dolmans, Jochem Fockema Andreae en Hinne Rakhorst, mede 
door jullie is het leven in Boston tot een onvergetelijk hoofdstuk in mijn leven 
geworden. Joost, still there, wij hebben samen een hoop meegemaakt, zeker de tweede 
keer. Die momenten koester ik, voor ons speelt afstand geen rol, thanks. 
 
Schoonfamilie en vrienden, Marion, Rob, Harry, Harm, Femke en Liselot, maar 
natuurlijk ook Paul en andere Vestalen, de vrienden van Scine, Didier, Joep, Bas en 
Roy in het bijzonder, dank voor jullie liefde en vriendschap.  
 
Paranimfen Guus van Acker en Johan Lange. Guus, ‘Dzjoelie’, mijn gepoogde 
zorgzaamheid voor jou als ‘kleine’ broertje is al jaren niet meer nodig. Jij komt er wel 
en daar ben ik trots op. Fijn dat je -wederom op zo’n belangrijk moment- aan mijn 
zijde staat. Lange -bijnaam gecensureerd- de stelling over humor is op jouw lijf 
geschreven. In een korte periode is onze vriendschap uitgegroeid tot een zeer hechte, 
gevuld met veel memorabele momenten. Het meeste daarvan kan beter niet openbaar 
gemaakt worden. Je bent oprecht en dat waardeer ik in jou. Ik hoop dat, na jouw 
vertrek uit Zwolle, onze band zal blijven bestaan.  
 
Catherine, Noor en Joris. Lieve zusjes, beste zwager, het doet mij deugd om te zien dat 
het goed met jullie gaat en het is fijn om te weten dat jullie er altijd voor me zijn als dat 
nodig is.  
 
Lieve papa, sinds jij in 1991 ons hebt moeten verlaten zijn er vele mijlpalen geweest 
waar jij bij had moeten zijn. Dit is er ook een van. Op deze mooie en belangrijke 
momenten is het gemis van een vader onbeschrijflijk. De precisie en finesse, nodig in 
zowel jouw als mijn professie, heb ik van jou mogen erven. Gelukkig heb ik nog 
zoveel van je kunnen leren en ik weet zeker dat je daarboven meekijkt en trots op me 
bent.  
 
Lieve mama, het is overduidelijk van wie ik het doorzettingsvermogen heb. Na alles 
wat jij hebt meegemaakt, sta jij nog steeds vol in het leven. Het verdient meer dan 
alleen respect voor wat jij voor elkaar hebt gekregen en daar mag je heel trots op zijn. 
Ik ben goed terecht gekomen en daar ben ik je dankbaar voor. Bedankt voor al je liefde 
en zorg.  
 
Lieve Olivier, kanjer, jij bent mijn grote trots. 
 
Lieve Rosan, al ruim tien jaar bij elkaar en elke dag is nog als die eerste. Jouw 
onvoorwaardelijke liefde, steun en geduld, maar ook je nuchtere instelling houden mij 
op de been en scherp. Jouw liefde voor mij en Olivier en jouw manier van opvoeden is 
onbeschrijflijk en heerlijk. Het is af, dus nu komt er nog meer tijd voor ons. Love you 
100 100. 
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APPENDIX 4: CURRICULUM VITAE 
 

 
The author of this thesis was born on June 18, 1972 in Tilburg, The Netherlands. He 

graduated from Het Theresia Lyceum in Tilburg in 1990 and started his studies in 

Econometrics at the University of Amsterdam. One year later he was admitted to the 

University of Amsterdam Medical School resulting in graduation in 1997. Following 

the clinical rotations, he received his Medical Doctor degree in November 1999. 

Hereafter he moved to The United States where he worked as a research fellow at the 

department of surgery at the Beth Israel Deaconess Medical Center, Harvard Medical 

School, Boston. His studies, in part presented in this thesis, were carried out under 

supervision of Prof. M.L. Steer. Nearly two years later, he returned to the Netherlands 

where, in 2002, he started his surgical training at the Academic Medical Center in 

Amsterdam (head Prof. dr. H. Obertop). In 2004 he moved to the Isala Clinics, Zwolle 

to continue his surgical training (head dr. D. van Geldere). For the year 2005 he 

received the MD-Medical Research Trainee Grant from the Netherlands Organization 

for Health Research and Development (ZonMw), which allowed him to interrupt his 

training program for a year and return to Boston, USA to finish the research presented 

in this thesis. From 2006 onwards he is continuing his surgical training program again 

at the Isala Clinics in Zwolle (head 2006 dr. J.E. de Vries, head 2007 dr. E.G.J.M. 

Pierik). In the past decade, he also mastered the expertise in webdesign and made 

several medical internet sites. Gijs is married to Rosan and they have a son, Olivier 

(2004).  
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COLOR FIGURES 
Ad page 22 

 
Figure 2. Photomicrographs of pancreatic samples obtained 24 hours after infusion of 50µl  2% Na-
taurocholate.  Representative samples obtained from sham-operated mice and from mice infused with 50 µl 
saline or saline containing 2% Na-taurocholate are shown.  Note evidence of pancreatic edema, inflammation, and 
extensive lobular injury/necrosis in sample taken from Na-taurocholate infused animal but not in sample taken 
from saline infused animal. H&E; x20 (upper panels) and x100 (lower panels) 
 

Ad page 23 

 
Figure 3.  Effect of time on severity of pancreatitis.  Mice were infused with 50 µl of saline or saline containing 
2% Na-taurocholate and sacrificed at varying times.  H&E, x20. 
 
 
 
Ad page 24 

 
 
Figure 4.  Effect of Na-taurocholate concentration on severity of pancreatitis.  Mice were infused with 50 µl 
of saline or saline containing varying concentrations of Na-taurocholate and sacrificed 24 hours later.  H&E, x20 

 149



Appendix 6: Color figures 
 
Ad page 26 

 
Figure 6.  Effect of Na-taurocholate on the distribution of duct infusate.  Mice were infused with 50 µl of 
saline containing India ink with or without 2% Na-taurocholate and sacrificed 10 minutes, 3 or 6 hours later.  
Representative photomicrographs are shown demonstrating that India ink particles are similarly distributed within 
large ducts, small ducts, and terminal ducts in samples taken from either saline or Na-taurocholate infused animals.  
H&E; x20 
 
Ad page 65 

 
Fig. 7. Effect of CA-074me on morphological changes of pancreatitis. A–C: representative photomicrographs 
taken of samples from control mice (A), mice given CER for 6h(B), and mice given CA-074me before CER (C). 
Note marked inflammation, edema, and acinar cell necrosis in the CER-alone sample that are markedly reduced in 
a sample taken from an animal given CA-074me before CER (compare B and C). D–F: are representative 
photomicrographs taken of samples from control rats (D), rats intraductally infused with Na+-TAUR (E), and rats 
given CA-074me before duct infusion with TAUR (F). Note inflammation and necrosis in duct infusion-alone 
group that are markedly reduced by the administration of CA-074me before duct infusion (compare E and F). 
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Figure 3.  Administration of CA-
074me does not alter caerulein-
induced colocalization of amylase 
and LAMP-1.  Mice were given 10 
mg/kg CA-074me or vehicle by 
intravenous injection and, 1 hour later, 
they received an intraperitoneal 
injection of caerulein (50 µg/kg).  
They were sacrificed 30 min later and 
cryostat sections of the pancreas were 
incubated with antibodies raised 
against LAMP-1 and amylase as 
markers for lysosomes and zymogen 
granules.  Nuclei were marked blue 
using Photoshop.  The % of LAMP-1 
fluorescence (green) colocalized with 
amylase fluorescence (red) is shown.  
The results are the average from three 
different mice in each group and at 
least 6 optic fields (10X) and bars 
indicate SEM. 
 

 
 
Ad page 87 

 
 
 Figure 5.  CA-074me does not 
prevent caerulein-induced F-actin 
redistribution.  Mice were pretreated 
with CA-074me or vehicle and then 
given caerulein 1 hour later as 
described in the text.  Pancreata were 
removed 30 minutes later and cryostat 
sections were stained with phalloidin 
for visualization of F-actin.  Note that 
samples taken from control, saline-
injected mice show a “train-track” 
pattern of F-actin staining indicating 
that F-actin is primarily localized to 
the sub-apical regions of opposing 
cells (arrows).  In samples taken from 
caerulein-injected animals, F-actin is 
redistributed to the basolateral region 
of acinar cells and a “honey-comb” 
pattern of F-actin (arrowheads) 
staining is seen regardless of whether 
the animals had been pre-treated with 
CA-074me or vehicle.   
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Appendix 6: Color figures 
 
Ad page 109  

  
 
 
Figure 1. Effects of tpl2 ablation on 
severity of pancreatitis. Panel E shows 
representative photomicrographs of 
samples taken from wild type and tpl2-/-

mice given 12 hourly injections of either 
saline (control) or caerulein and 
sacrificed 24 hours after the initial saline 
or caerulein administration. Note similar 
degree of necrosis in samples from both 
groups given caerulein but the reduced 
number of leukocytes in the samples 
from tpl2-/-mice given caerulein. 

wildtype 

 tpl2-/-
 
 
 
 
 
 

caerulein control 

 
Ad page 110  

Figure 2. Effects of tpl2 ablation 
on taurocholate-induced 
pancreatitis. Acute pancreatitis 
was induced in wild-type and tpl2-/- 
mice by infusing 10 µl of 5% Na-
taurocholate into the bilio-
pancreatic duct as described in the 
text. The animals were sacrificed 
24 hours later Note similar degree 
of edema and necrosis but marked 
reduction in inflammatory cell 
content in samples obtained from 
tpl2-/-mice. 
 

Ad page 114 

 
Figure 4. Effects of global or selective tpl2 ablation on the severity of pancreatitis. Four groups of tpl2 
chimeric mice were subjected to 12 hourly injections of caerulein or saline and sacrificed 24 hours after the first 
injection. Note comparable acinar cell injury/necrosis in all 4 groups but diminished inflammatory cell infiltration 
confined to samples obtained from either global tpl2-/-animals or tpl2-/-recipient mice transplanted with bone 
marrow from wild-type animals.  
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Stellingen 
behorende bij het proefschrift 

 
Early Changes During Acute Pancreatitis 

I Pancreatitis is an autodigestive disease. 
this thesis 

 
II The Na-taurocholate duct infusion-induced model of acute pancreatitis in 

mice is more clinically relevant than any other model so far. 
this thesis 

 
III Cathepsin B mediates intracellular trypsinogen activation and regulates the 

severity of pancreatitis. 
this thesis 

 
IV Lysosome/zymogen co-localization during acute pancreatitis is not 

dependent upon trypsinogen activation.  
this thesis 

 
V Cathepsin B activity and/or intracellular trypsinogen activation leads to 

increased organelle fragility in pancreatitis. 
this thesis 

 
VI The severity of pancreatitis associated lung injury is primarily determined by 

the extent of pancreatic inflammation, and not by the extent of pancreatic 
injury. 
this thesis 

 
VII Op medisch gebied is Google een link medium. 
 
VIII Humor is mankind’s greatest blessing.  

Mark Twain 
 
IX Science never solves a problem without creating ten more.  

George Bernard Shaw 
 
X Trust is good, control is better.  

Vladimir Ilyich Lenin 
 
XI BTB (Been to Boston) and an academic surgical career are positively 

correlated. 
 
XII Some people dream of success, while others wake up and work hard at it. 
 
 
 

Gijs van Acker 
Mei, 2007 
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