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Abstract
Premature intrapancreatic trypsinogen activation is widely regarded as an initiating event for acute pancreatitis. Previous stud-
ies have alternatively implicated secretory vesicles, endosomes, lysosomes, or autophagosomes/autophagolysosomes as the 
primary site of trypsinogen activation, from which a cell-damaging proteolytic cascade originates. To identify the subcellular 
compartment of initial trypsinogen activation we performed a time-resolution analysis of the first 12 h of caerulein-induced 
pancreatitis in transgenic light chain 3 (LC3)-GFP autophagy reporter mice. Intrapancreatic trypsin activity increased within 
60 min and serum amylase within 2 h, but fluorescent autophagosome formation only by 4 h of pancreatitis in parallel with 
a shift from cytosolic LC3-I to membranous LC3-II on Western blots. At 60 min, activated trypsin in heavier subcellular 
fractions was co-distributed with cathepsin B, but not with the autophagy markers LC3 or autophagy protein 16 (ATG16). 
Supramaximal caerulein stimulation of primary pancreatic acini derived from LC3-GFP mice revealed that trypsinogen 
activation is independent of autophagolysosome formation already during the first 15 min of exposure to caerulein. Co-
localization studies (with GFP-LC3 autophagosomes versus Ile–Pro–Arg–AMC trypsin activity and immunogold-labelling 
of lysosomal-associated membrane protein 2 [LAMP-2] versus trypsinogen activation peptide [TAP]) indicated active 
trypsin in autophagolysosomes only at the later timepoints. In conclusion, during the initiating phase of caerulein-induced 
pancreatitis, premature protease activation develops independently of autophagolysosome formation and in vesicles arising 
from the secretory pathway. However, autophagy is likely to regulate overall intracellular trypsin activity during the later 
stages of this disease.

Keywords Acute pancreatitis · Autophagy · Premature trypsin activation · LC-3 · Gastrointestinal disorder · Protease · 
Secretory vesicle · Endosome · Organelle

Abbreviations
Em  Emission
Ex  Excitation
AMC  7-Amido 4-methylcoumarin

Cellular and Molecular Life Sciences

Markus M. Lerch and Julia Mayerle equally contributed to the 
study.

Walter Halangk passed away on August 20th 2018. This 
manuscript is dedicated to his memory.

 * Markus M. Lerch 
 markus.lerch@uni-greifswald.de

1 Department of Medicine A, University Medicine Greifswald, 
Ferdinand-Sauerbruchstrasse, Greifswald 17475, Germany

2 Division of Medical Biology, University of Rostock, 
Rostock 18051, Germany

3 Division of Experimental Surgery, University of Magdeburg, 
Magdeburg 39120, Germany

4 Yale University Medical School, New Haven, CT 06510, 
USA

5 Institute of Molecular Medicine and Cell Research, 
University of Freiburg, Freiburg 79104, Germany

6 Veterans Affairs Greater Los Angeles Healthcare System, 
David Geffen School of Medicine, Southern California 
Research Center for Alcoholic Liver and Pancreatic Disease 
and Cirrhosis, University of California at Los Angeles, 
Los Angeles, CA 90073, USA

7 Department of Medicine II, Ludwigs-Maximilians University 
Munich, 80539 Munich, Germany

http://orcid.org/0000-0002-9643-8263
http://crossmark.crossref.org/dialog/?doi=10.1007/s00018-019-03254-7&domain=pdf


1812 S. R. Malla et al.

1 3
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Introduction

Pancreatitis is a common gastrointestinal disorder for 
whose inherited and idiopathic variety a strong association 
with mutations in the genes for trypsinogen (PRSS1) or its 
inhibitor PSTI (SPINK1) was reported [1–3]. These human 
genetic studies, therefore, suggest that pancreatic proteases 
and their inhibitors, trypsin, and PSTI, in particular, play a 
critical role in the aetiology of the disease. Animal studies 
in which members of the trypsin family were either overex-
pressed [4] or deleted [5] appear to confirm this hypothesis, 
at least for the acute form of pancreatitis. Acute pancreatitis 
in humans is not only burdened with considerable hospi-
tal mortality, but also associated with an increase in tissue, 
serum, and urinary concentrations of either trypsin activ-
ity or of its activation peptide TAP (trypsinogen activation 
peptide) [6]. This not only provides further evidence for an 
involvement of trypsin in the pathogenesis of pancreatitis, 
but the extent of its activation appears to parallel the severity 
of the disease [6].

Experimental studies using animal models of pancreatitis 
[7–9] or isolated acini stimulated with supramaximal secre-
tagogue concentrations [10–12] have shown that premature 
and intracellular activation of trypsinogen is not only a very 
early, but also an initiating event in the disease process. 
What has remained the subject of ongoing investigations are 
the mechanisms that trigger premature intracellular protease 
activation [5, 12–14] as well as the subcellular compart-
ment in which it begins. Identifying the latter would not 
only allow for conclusions regarding the underlying activa-
tion mechanisms, but also suggest potential drug targets to 
prevent the disease onset [15, 16]. Several lines of carefully 
obtained experimental evidence have alternatively identified 
lysosomes [9, 14, 17], endosomes [18, 19], cytoplasmic ves-
icles [7, 14, 20], or autophagosomes/autophagolysosomes 
[14, 21, 22] as the principal intracellular organelle, in which 
active trypsin was identified [23]. While these intracellular 
compartments may not be mutually exclusive as trypsinogen 
activation organelles, the timepoints at which active trypsin 
were identified inside those vesicles were often relatively 
late, i.e., up to 8 h into the disease process. The respec-
tive organelles may, therefore, alternatively represent sites 
of elimination/degradation of active trypsin, rather than for 
its activation.

While the cellular mechanisms that explain the dominant 
role of trypsin in pancreatitis are still being debated [5, 13, 

24], several groups have shown that the activation of trypsin 
depends on the activity of cathepsin B [9, 14, 25, 26], a 
lysosomal hydrolase. The problem with this transactivation 
of trypsinogen by cathepsin B is the fact that the former, as 
secretory enzyme, and the latter, as a lysosomal hydrolase, 
ought to be sorted and secreted via completely separate sub-
cellular pathways and in distinct organelles. The discovery 
that the start of experimental pancreatitis is characterized 
by the formation of prominent cytoplasmic vacuoles [27], 
that these vacuoles/vesicles show a highly unregulated mem-
brane–fusion, fission, and exocytosis kinetic [28, 29], and 
that in these vacuoles lysosomal enzymes co-localize with 
trypsinogen [7] and trypsin activity [8], has prompted many 
laboratories to search for the mechanisms by which these 
vacuoles arise and which organelle they represent.

Given the fact that cathepsin B is a lysosomal enzyme that 
is sorted into lysosomes via a mannose-6-phosphate (M6PR) 
receptor-dependent mechanism, the first suspects were, 
accordingly, lysosomes. While this remains a possibility, it 
became less resounding when it was discovered that a very 
large proportion of ER-synthesized cathepsin B bypasses the 
M6PR pathway and is sorted into secretory vesicles under 
physiological conditions [17, 25]. The fact that pharmaco-
logical interference with M6PR sorting of cathepsin B [30] 
or deletion of the M6PR, which induces massive accumula-
tion and co-localization of trypsinogen and cathepsin B into 
lysosomes [31], does not induce spontaneous trypsinogen 
activation or pancreatitis failed to lend further support to 
the assumption that lysosomes represent the initial activa-
tion compartment.

The endosome is an organelle that originates at the cell 
surface and can thus carry extracellular cargo (including 
already secreted digestive enzymes) into the cytoplasm, 
where fusion with other vesicles would lead to co-localiza-
tion of different protein classes [28, 32]. Elegant functional 
studies have shown that trypsin activity can, indeed, be 
detected in pancreatic acinar cell endosomes [19] but often, 
this co-localization occurred relatively late in the experiment 
[18], allowing for the possibility that it affects the degra-
dation, rather than the activation of trypsin. Interestingly, 
endosome-associated trypsin activity was associated with 
a prominent disturbance in the intracellular fusion of secre-
tory vesicles, termed compound exocytosis, that is distinct 
from the direct fusion of zymogen granules with the cell 
surface [20].

A forth mechanism that has recently been proposed 
to be involved in premature trypsinogen activation is 
autophagy [22, 33, 34]. Autophagy is a fundamental cel-
lular mechanism employed to degrade defective or excess 
cellular proteins and to recycle their components for fur-
ther use. It involves the formation of specified vesicles, 
so-called autophagosomes, that encircle the cellular con-
stituents targeted for degradation, and, in later stages 
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of the process, fuse with lysosomes and endosomes. 
Autophagy and autophagosome formation have been 
shown to play a critical role in experimental pancreati-
tis [33, 34] as well as in regulating intracellular trypsin 
activity levels [35]. Specifically, genetic deletion of atg5, 
a key component of the autophagosome formation mecha-
nism, reduced intracellular trypsin levels in caerulein-
induced pancreatitis by 8 h into the disease process, but 
also results in the development of chronic pancreatitis and 
pancreatic inflammation [35]. It has since been confirmed 
that autophagy is involved in regulating intracellular pro-
tease levels [22, 33], but these studies also allowed for 
the interpretation that a delayed degradation of activated 
trypsin or a specific form of macroautophagy that targets 
secretory vesicles and was termed ‘zymophagy’ [36] exe-
cute this regulation. Autophagic clearance of proteins or 
damaged organelles is impaired after induction of pancre-
atitis [22, 37]. Because of the degradation of LAMP2, a 
critical protein which is involved in the process of fusion 
of autophagosomes and lysosomes, the autophagic flux 
is defective and degradation of proteins and organelles is 
delayed [33, 37]. The pancreas specific deletion of Rab7, 
another protein which is involved in vesicular fusion pro-
cess, also results in impaired autophagic flux [38]. In 
all of these animal models, an increased trypsin activity 
can be observed, which indicates that autophagic flux 
is involved in the degradation of proteases rather than 
its activation. Fusion of lysosomes with autophagosomes 
results in a co-localisation of lysosomal enzymes with 
secretory proteases, not only of cathepsin B, the major 
activator of trypsinogen [9, 14], but also of cathepsin L 
a lysosomal hydrolase which degrades trypsinogen as 
well as active trypsin [39], co-localize with pancreatic 
zymogens.

We have used techniques for the in situ localisation of 
active trypsin (TAP antibodies, fluorogenic substrates in 
living cells), as well as density gradient centrifugation to 
isolate organelles, to characterize the compartments in 
which active trypsin appears at first in pancreatic acinar 
cells during experimental pancreatitis. We specifically 
attempted to confirm or refute whether the formation 
of those trypsinogen activation compartments requires 
autophagy. We found that at timepoints below 60 min, 
trypsinogen activation neither requires autophagy nor 
does it need to occur in autophagosomes or autophago-
lysosomes. Conversely, vesicles carrying no autophago-/
lysosomal marker contain active trypsin in the early phase 
after supramaximal secretagogue stimulation, move to a 
heavier subcellular fraction previously believed to contain 
only zymogen granules, and thus represent an alterna-
tive, secretory organelle in which trypsinogen activation 
is initiated.

Materials and methods

Materials

Caerulein was obtained from Sigma (Taufkirchen, Ger-
many). Collagenase from clostridium histolyticum 
(EC.3.4.24.3) was from Serva (lot # 14007, Heidelberg, 
Germany). Human myeloperoxidase was from Calbiochem 
(San Diego, CA, USA). The substrate R110-(CBZ-Ile-Pro-
Arg)2 was obtained from Invitrogen (Eugene, OR, USA) 
and AMC-(Suc-Ala2-Pro-Phe) from Bachem (Heidelberg, 
Germany). The Amylase quantification kit Amyl was pur-
chased from Roche (Grenzach-Whylen, Germany). The 
biologically active, phosphorylated CCK octapeptide 
[Tyr(SO3H)27]–cholecystokinin fragment, Boc–Glu-
tamine–Alanine–Arginine–AMC. HCl as well as caerulein 
was obtained from Bachem (Bubendorf, Switzerland) and 
Vinblastine from Sigma-Aldrich (St. Louis, US). All the 
other chemicals were of the highest purity and obtained 
either from Sigma-Aldrich (Eppelheim, Germany), Merck 
(Darmstadt, Germany), Amersham Pharmacia Biotech 
(Buckinghamshire, UK), or Bio-Rad (Hercules, CA, USA).

Animal experiments

All animal experiments were conducted after institutional 
review board (IRB) approval and according to the guide-
lines of the American Physiological Society. C57Bl/6n 
mice were purchased by Charles river (Sulzfeld, Germany) 
and used for experiments at an age of 8–12 weeks. For 
all experiments, 5 or more mice were used for each time-
point. Mice were kept in Nalgene shoebox cages with 12 h 
light/dark cycle and used after an overnight fast with water 
ad libitum. Pancreatitis was induced by 8 intraperitoneal 
caerulein injection (50 µg/kg/h) at hourly intervals with 
saline-treated animals serving as controls. Caerulein acts 
as a Cholecystokinin (CCK) analogue. Stimulation with 
supramaximal concentrations of either Caerulein of CCK 
leads to a secretion blockage in pancreatic acinar cells 
which directly results in intracellular protease activation 
and acinar cell injury in vivo as well as in vitro when using 
isolated acini [14]. For induction of autophagy vinblastine 
(50 mg/kg), intraperitoneally was used and the pancreas 
was harvested after 4 h. C57BL/6 male mice or transgenic 
littermates [40] were used throughout to isolate pancreatic 
acini as previously described [12, 14]. Animal breeding 
and selection of GFP LC3 animals: the GFP-LC3 posi-
tive animals were crossed with C57BL/6 and maintained 
as heterozygous for GFP-LC3 transgene. Genotyping was 
carried out by PCR analysis from cDNA using the fol-
lowing primers  5I-ATA ACT TGC TGG CCT TTC CACT-3I 
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and  5I-CGG GCC ATT TAC CGT AAG TTAT-3I and internal 
primer  5I-CAG CTC ATT GCT GTT CCT CA-3I. The mice 
are left for minimum of 1 week to adjust to the laboratory 
conditions before conducting any experiments.

Subcellular fractionation

Subcellular fractions were prepared immediately after sacri-
fice as previously described [14, 26]. Pancreas was trimmed 
off fat and dissected into small pieces in homogenisation 
buffer (250 mM sucrose, 10 mM EDTA, 10 mM HEPES; pH 
7.4; 4 °C) and dounced with pestle A and B for one stroke 
each in a tissue grind douncer (Kontes, USA). The pancre-
atic homogenate was cleared from nuclei and tissue debris 
by centrifugation at 150×g for 10 min. The supernatant was 
termed post-nuclear supernatant (PNS) and centrifugation 
at 610×g generated a heavier H-fraction mostly containing 
secretory vesicles, at 3000×g for 15 min a lighter L-fraction 
mostly containing lysosomes, and at 12,000×g 12 min a 
microsomal fraction and cytosolic supernatant. All the cen-
trifugation steps were carried out at 4 °C. Protein content 
was determined according to Bradford using a commercially 
available Bradford reagent kit Sigma-Aldrich (Eppelheim, 
Germany).

Enzyme activity measurement

Trypsin activity was measured fluorometrically using the 
Rhodamine110 coupled bis-(CBZ-l-isoleucyl-l-prolyl-l-ar-
ginine amide) dihydrogen chloride, and catalytic activity in 
units was quantified using microtitre plate reader (Fluostar 
OPTIMA, BMG Labtech, Ortenberg, Germany). The activi-
ties were calculated and represented as U/mg of protein [13]. 
Pancreatic tissue was homogenized on ice in measurement 
buffer containing 100 mM TRIS, 5 mM  CaCl2, and pH 8.0. 
The samples were immediately measured by adding sub-
strate solution in a final concentration of 10 µM. Trypsin 
activity was studied as a kinetic over 60 min at 37 °C and 
pH 8.0.

Measurement of trypsin activity in isolated acini

The acinar cells were isolated from overnight fasted mice 
by collagenase (Serva, Heidelberg, Germany) digestion 
as previously reported [10, 14]. Acini were maintained in 
isolation medium (DMEM high Glucose, 100 mM HEPES 
containing 5% BSA) at 37 °C and stimulated with 0.001 mM 
CCK (Sigma-Albrecht, Germany). Intracellular protease 
activity was measured using Boc–Glutamine–Alanine–Argi-
nine–AMC–HCl. Living acini were transferred to measure-
ment buffer (24.5 mM HEPES, 96 mM NaCl, 11.5 mM 
glucose, 6 mM KCl, 1 mM  MgCl2  6H2O, 0.5 mM  CaCl2 
 2H2O, 2.5 mM  NaH2PO4  H2O, 5 mM sodium fumarate, 

5 mM sodium glutamate, 5 mM sodium pyruvate, and 1% 
BSA and DMEM) containing 10 µM AMC. Intracellular 
protease activity was measured as a kinetic over 1 h using 
microtitre plate reader (Fluostar OPTIMA, BMG Labtech, 
Ortenberg, Germany).

Amylase secretion assay

Serum was separated from the blood using Vacutainer (BD 
Pharmingen, Plymouth, UK). Amylase was measured col-
orimetrically using the  AMYL®kit in accordance with the 
manufacturers’ instructions. Amylase activity is presented 
as units/ml of serum.

Western blot analysis

Tissue samples and subcellular fractions for Western blot 
experiments were homogenized on ice in lysis buffer con-
taining 25 mM HEPES (pH7.5), 75 mM NaCl, 0.5% Triton 
X-100, 5% Glycerol, and 1 mM EDTA in the presence of 
different protease inhibitors (10 mM NaF, 5 mM  Na4P2O7, 
1 mM PMFS, and 1 µg/ml aprotinin). Protein content was 
determined by Bradford assay. 50 µg of total protein were 
loaded on 12.5% polyacrylamide gels and transferred to 
nitrocellulose membranes for immunoblotting as previously 
described [14]. Blots were developed in enhanced chemilu-
minescence kit (Thermo Scientific, Rockford, IL, USA) and 
captured by Fluorchem™SP image capture system (Alpha 
Innotech, Santa Clara, CA, USA). The bands were analysed 
using AlphaEaseFC for densitometry and plotted as increase 
in density in arbitrary values compared to 0 h [14]. Anti-
bodies used for immunoblotting were Rabbit polyclonal 
anti-trypsin originally raised against human Trypsin-1, but 
cross-reactive with mouse Trypsin-7 (Lot# 0606632271, 
Cat# AB1823 [now discontinued], Chemicon, Temecula, 
CA, USA), rabbit polyclonal anti-LC3 (Clone#5, Cat#2755), 
rabbit monoclonal anti-LAMP1 (C54H11, Cat#3243), rabbit 
polyclonal anti-Rab5 (Cat#2143),Cell Signaling, Danvers, 
MA, USA, mouse monoclonal anti-GAPDH (Clone#6C5, 
Meridian Lifesciences, Memphis, TN, USA), mouse mon-
oclonal anti-Syncollin (Cat#612468, BD Transduction 
laboratories, San Diego, CA, USA), mouse monoclonal 
anti-chymotrypsin (Cat#130601-13604, QED Biosciences, 
San Diego, CA, USA), rabbit mAb anti-ATG16 (Cat #8089 
(D6D5) Cell Signaling Technology), mouse monoclonal 
anti-p115 (Cat#612261, BD biosciences, San Diego, CA, 
USA), goat polyclonal anti-58 k (Cat#KL1275131, Thermo 
Scientific, Rockford, IL, USA), mouse monoclonal anti-
Syntaxin 6 (Cat#610635, BD biosciences), rabbit poly-
clonal anti-GP2 (Cat#LS-C80665, Lifespan Biosciences, 
Seattle, USA), rabbit polyclonal anti-LIMP2 (Lot#B3, 
Cat#NB400-129, Novus Biologicals, Cambridge, UK), 
rabbit polyclonal anti-GRP.78 (sc-13968) and anti-TGN38 
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(sc-33784, Santa Cruz Biotechnol. Inc., Dallas, TX, USA), 
and rabbit polyclonal anti-Rab9a (ABIN715331, antibodies 
online GmbH, Aachen, Germany). The following second-
ary antibodies were used: anti-mouse IgG (NA931V, GE 
Healthcare UK), anti-rabbit IgG (NA934V, GE Healthcare), 
goat anti-mouse IgG-HRP (Cat-nr. sc-2005, Santa Cruz), 
goat anti-rabbit IgG-HRP (Cat-nr. sc-2054, Santa Cruz), and 
anti-goat IgG (305-035-045, Jackson ImmunReasearch, Suf-
folk, UK). Primary antibodies were used at a dilution of 
1:100, whereas secondary antibodies were used at a dilution 
of 1:125,000.

Immunofluorescence

Pancreatic tissue was fixed in 4% paraformaldehyde, and 
after overnight fixation, tissues were embedded in paraffin. 
The tissue slides were de-paraffinized in xylol for 30 min and 
rehydrated in decreasing concentrations of ethanol before 
they were transferred to 1x phosphate buffer saline (PBS). 
Antigen was retrieved by cooking in 10 mM citrate buffer in 
a pressure cooker for 5 min. Tissue was blocked overnight in 
1x aurion BSA. Tissue slides were incubated with primary 
antibodies a combination of trypsin (AB 1823, Chemicon, 
CA, USA) with GFP (Cat no # MAB3580, Millipore), and 
LAMP2 (cat no # L0668, Sigma-aldrich, St. Louis, Ger-
many) with GFP for 2 h followed by corresponding second-
ary antibodies Cy3-conjugated goat anti-rabbit IgG (Jackson 
ImmunReasearch, Suffolk, UK) and FITC-conjugated goat 
anti-mouse IgG (Jackson ImmunReasearch, Suffolk, UK) for 
1 h, respectively. Primary antibodies were used at a dilution 
of 1:100, and secondary antibodies were used at a dilution 
of 1:200. DAPI is used to stain nuclei. Tissues were mounted 
with mowiol embedding media. Images were taken by Leica 
SP5 at 400× magnification. Co-localization was analysed 
with ImageJ using JACoP plug-in. The percentage of trypsin 
or LAMP2 positive dots were plotted against LC3 positive 
dots and graphically shown as co-localized [33].

Confocal imaging of pancreatic acinar cells

For simultaneous measurement of autophagy and trypsino-
gen activation, a high-resolution digital imaging system 
(Inverse Microscope IX70 (Olympus, Hamburg, Germany) 
with CCD camera (Imago) was used. Trypsinogen activation 
was measured by cleavage of AMC-coupled-bis-(CBZ-l-iso-
leucyl-l-prolyl-l-arginine amide) dihydrogen chloride (Inv-
itrogen, Eugene, OR, USA) at Ex340 Em460 and autophagy 
by GFP dots (Ex488 Em507). The emitted fluorescent units 
were measured by ratio-imaging system (TILL Photonics) 
and fluorescent units were calculated with TILLvision soft-
ware (4.0) as previously reported [10].

Electron microscopy

For electron microscopy, small blocks (2 mm in diameter) of 
pancreatic tissue from controls and pancreatitis animals after 
30 and 60 min were fixed in 5% (wt/vol) paraformaldehyde 
in 0.2 mol/L piperazine-N,N′-bis [2-ethanesulfonic acid], pH 
7.0, cryoprotected with polyvinylpyrrolidone/sucrose, and 
frozen in liquid nitrogen. Ultrathin frozen sections (60 nm) 
were prepared using a Leica (Wetzlar, Germany) Cryoultra-
microtome (block temperature − 110 °C, knife temperature 
− 100 °C). The sections on formvar-coated copper grids were 
blocked with 5% (wt/vol) fetal calf serum (Life Technolo-
gies, Rockville, MD) in phosphate-buffered saline (PBS), 
pH 7.4, and then incubated with mouse monoclonal anti-
LAMP2 antibody (1:10–1:30; Clone#Gl2A9, Cat# ab13524, 
Abcam, Cambridge, UK) for 45 min at room temperature. 
After washing with PBS, the sections were incubated with 
10-nm gold-conjugated goat anti-mouse antibody (dilution 
1:10; Dianova, Hamburg, Germany), washed again with PBS 
and water, and subsequently contrasted and embedded by 
incubation with methylcellulose/uranyl acetate on ice (9:1 
mixture of 2% methylcellulose and 4% uranyl acetate). For 
co-labelling experiments, anti-TAP antibody (6 nm gold) 
was used as previously described [7]. Samples were exam-
ined on a Philips (Eindhoven, The Netherlands) 400 electron 
microscope and photographed at 30,000 × magnification.

High‑resolution density gradient centrifugation

Multiple fractions were prepared from total mouse pan-
creas that was rinsed in 0.9% NaCl and homogenized with 
a Potter-Elvehjem in HS buffer (250 mM sucrose/10 mM 
citric acid/0.5 mM EGTA/0.1 mM  MgSO4 pH 6.0). The 
post-nuclear supernatant (at 500 g) was loaded onto a 50% 
(v/v) Percoll solution/2× HS-buffer mix and centrifuged at 
50,000g for 45 min at 4 °C. Percoll gradients were fraction-
ated in 46 fractions using a peristaltic pump (Pharmacia, 
LKB Pump P-1) beginning from bottom using a needle.

Measurement of protease activity from multiple 
fractions

Trypsinogen upon enterokinase activation and free trypsin 
activity from the fractions were fluorimetrically measured in 
50 mM Tris/150 mM NaCl/1 mM  CaCl2 containing 100 µg/
ml BSA at 37 °C using 64 µM BOC–Gln–Ala–Arg-7-amido-
4-methylcoumarin as a substrate Bachem (Bubendorf, Swit-
zerland) in a microtitre plate reader Saphire/Tecan. Cathep-
sin B was measured as relative fluorescent units (RFU) in 
50 mM Na-acetate/1 mM EDTA/1 mM DTT pH 5.5 using 
10 µM Z-Phe-Arg-7-amido-4-methylcoumarin.
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Results

Supramaximal secretagogue stimulation in vivo 
induces trypsinogen activation before autophagy 
develops

Pancreatitis was induced in mice using caerulein (50 µg/
kg/h i.p. every hour for 8 h). At hourly intervals, we meas-
ured amylase activity in serum as an indicator of pancrea-
titis (Fig. 1a), trypsin activity in pancreatic homogenates 
of sacrificed animals (Fig. 1b), and microtubule-associ-
ated protein1 light chain 3 (MAP-LC3) as a marker of 
autophagosome formation and autophagy [33, 35] in 
homogenates (Fig.  1c, d). MAP-LC3 is a mammalian 
homologue of the yeast autophagy protein Atg8 of which 
the cytosolic form (LC3-I; 18 kDa) is conjugated and lipi-
dated by phosphatidyl-ethanolamine and thus converted 
into the membranous form LC3-II (16 kDa). The shift 
from the heavier to the lighter band indicates autophago-
some formation [41]. During the course of pancreatitis in 

mice, trypsin activity in the pancreas was found as early 
as 1 h after the start of supramaximal caerulein incubation 
(Fig. 1b), elevated serum amylase concentration was first 
found at 2 h (Fig. 1a), and the membranous form LC3-
II as indicator of autophagy was significantly increased 
only at timepoints later than 4 h of pancreatitis on densi-
tometry (Fig. 1d) from Western blots (Fig. 1c). This sug-
gests that trypsinogen activation is an earlier process than 
autophagosome formation in pancreatitis and even cellular 
injury precedes autophagosome formation.

Autophagosomes form and contain trypsin only 4 h 
into the disease course

As a second line of evidence for the different timepoints 
of autophagosome formation and the presence of active 
trypsin in cytosolic vesicles, we used co-localisation stud-
ies for fluorescent microscopy. As we used mice which 
express a GFP-labelled LC3 which is not fluorescent when 
present in cytosolic form, but appears as distinct fluores-
cent foci when incorporated in the membranes of newly 

Fig. 1  Induction of caerulein 
pancreatitis in mice triggers 
autophagy and protease activa-
tion. a Serum amylase levels, a 
marker of pancreatic damage, 
showed an increase in a time-
dependent manner after the 
onset of disease. b Significant 
rise in trypsin activity was 
detected as early as 1 h after 
the onset of pancreatitis and 
was paralleled by a decrease in 
trypsinogen. Trypsin activity 
rise followed a biphasic pattern 
over the course of the disease. 
c Immunoblotting of LC3 in 
pancreatic homogenates from 
caerulein-treated mice revealed 
a time-dependent conversion of 
the cytosolic LC3 I (18 kDa) 
to the membranous form of 
LC3 II (16 kDa) and indicates 
autophagosome formation. 
Vinblastine (Vbl) treatment 
which induces autophagy served 
as positive control. GAPDH 
was used as loading control. d 
Densitometric quantification 
analysis of LC3-II expression in 
caerulein-treated mice indicated 
a significant increase in LC3 
conversion only 4 h after the 
first caerulein injection. Data 
expressed as mean ± SEM. 
*p < 0.05 vs respective control, 
one-away ANOVA test. Number 
of animals employed in the 
experiment equals > 5
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formed autophagosomes [40], autophagy can be studied on 
a subcellular level. In methanol-fixed sections, the detec-
tion of this fluorescence allows the characterization of 
forming autophagosomes and we used it for co-labelling 
experiments with an antibody that detects trypsinogen (as 
well as trypsin), or an antibody that detects the lysosomal/
autophagolysosomal membrane protein LAMP2. This allows 
us to distinguish between lysosomes (LAMP2+/LC3−), 
autophagosomes (LAMP2−/LC3+), and autophagolys-
osomes (LAMP2+/LC3+). The microscopic findings were 
quantitated morphometrically (Fig. 2a, b) and confirmed a 
significant co-localization of LC3-II positive autophago-
somes/autophagolysosomes with either trypsin/trypsinogen 
(Fig. 2a) only at time intervals later than 4 h after the start 
of supramaximal secretagogue stimulation, with a maximum 
12 h after induction of pancreatitis (Fig. 2a). In addition, the 
maturation of autophagosomes to autophagolysosomes fol-
lows this time course, shown by the co-localisation of LC3 
and the lysosomal marker LAMP2 (Fig. 2b).

Trypsinogen processing precedes LC‑3 processing

When trypsinogen is processed, this can be detected on 
Western blot analysis by a shift from the heavier 26 kDa 
trypsinogen band to the lighter 24 kDa band. The proteolytic 
cleavage of TAP by enterokinase or cathepsin B results in 
a shift of protein size which can be detected by Western 

blot [13]. Beside the proteolytic activation of trypsinogen, 
also the proteolytic degradation by lysosomal cathepsin L 
results in a reduced protein size in nearly the same range 
[39]. While this band-shift method for the detection of pro-
tease activation has been firmly established for detecting 
the activation of Pro-carboxypeptidase A1 [8], it can also 
be used for trypsinogen processing in subcellular fractions. 
A not dissimilar molecular weight shift can be detected on 
Western blots for the conversion of cytosolic LC3-I (18 kDa) 
to membranous LC3-II (16 kDa). We, therefore, used subcel-
lular fractions generated by the method of differential cen-
trifugation resulting in a heavy H-fraction, a 3000 g lighter 
L-fraction enriched in endo-lysosomal and autophagosomal 
markers and a 12,000 g supernatant C-fraction containing 
mostly cytosol. As shown in Fig. 3a, LC3 in its cytosolic 
form predominates in the cytosolic supernatant throughout 
the 12 h experiment. The lower molecular weight, mem-
brane-bound LC3-II begins to appear in the lighter L-frac-
tion only after 4 h of the experiment and increases thereafter. 
In the heavier H-fraction, it becomes more clearly detectable 
after 4 h. Conversely, activated trypsin appears as a lower 
molecular weight band as early as 1 h into the experiment 
and predominates in the heavier H-fraction. Densitometry of 
proteins bands in the secretory vesicle H-fractions confirmed 
the non-parallel processing of trypsinogen and LC3 during 
the course of pancreatitis (Fig. 3a). These observations 
are further evidence for the non-parallel spatial as well as 

Fig. 2  Trypsinogen process-
ing precedes LC-3 process-
ing. a Percentage of trypsin 
co-localization with LC3 shows 
significance after 4 h and later 
in disease development with a 
maximum at 12 h after induc-
tion of pancreatitis. Data are 
derived from 4 independent 
experiment and 5 random view 
fields per animal. Percentage 
of co-localization is shown 
as Mender overlap coefficient 
value calculated using JACoP 
plug-in in ImageJ. b Similar 
kinetic was found for LAMP2 
co-localization with LC3. Earli-
est trypsin co-localization with 
autophagosome markers (LC3) 
can be detected after 4 h. At this 
timepoint, also autophagosomal 
and lysosomal markers are co-
localized (a, b). (Bar 20 µM)
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Fig. 3  Processing and localization of Trypsin and LC-3. a Immuno-
blotting for LC3 (upper blot) and trypsinogen/trypsin (lower blot) 
was performed during the time course of caerulein-induced pancrea-
titis in pancreatic subcellular fractions: secretory vesicles (heavier 
H-fraction), lysosomes (lighter L-fraction), and cytosol (C-fraction) 
prepared by density gradient centrifugation. b Densitometric quanti-
fication of LC3 II and active Trypsin in the heavier secretory vesi-
cle fraction was done with Image J software. (*) Indicates significant 
differences with respect to LC3, whereas (#) indicates significant 
differences with respect to trypsin at 0  h. Data confirm that early 
trypsinogen activation takes place in a secretory compartment, while 
late trypsin activity can be found in a LC3 positive subcellular com-
partment (Data are expressed as % mean ± SEM. *p < 0.05, vs respec-
tive controls, one-away ANOVA test for respective groups). Ultras-
tructural evidence of trypsin activity in autophagosomes. Shown on 
the micrographs is the early phase of caerulein-induced pancreatitis 

at 30 min (c, d) and 60 min (e, f) after the first caerulein injection. 
6  nm gold particles (black arrows) label TAP (trypsinogen acti-
vation peptide) and 12  nm gold particles (white block arrow) label 
LAMP2. Bars indicate 1 µm. c In a secretory vesicle in the top left 
corner active trypsin is labelled by TAP but no LAMP2 signal can 
be detected. The autophagosome in the lower right corner contains 
LAMP2 but not TAP. In d, top left corner the small arrows indicate 
the presence of TAP in a secretory vesicle without co-labelling of 
LAMP2. The autophagolysosome at the bottom of d contains both, 
TAP and LAMP2. Both Autophagosomes (e, f) contain both mark-
ers after 1 h of pancreatitis. At the bottom of figure f another vesicle 
without LAMP2 is visible that contains TAP and, morphologically 
would be consistent with a Golgi-derived secretory vesicle but has no 
features of an autophagosome. Mitochondria (asterisk) contain nei-
ther TAP nor LAMP2 and thus served as internal controls
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temporal development of trypsin activation and autophago-
some formation.

Ultrastructural evidence of trypsin activity 
in secretory vesicles and autophagosomes

To confirm the presence of a non-autophagosomal compart-
ment of trypsinogen activation, we also used ultrathin pan-
creatic cryosections after 30 and 60 min of supramaximal 
caerulein stimulation. We labelled them for electron micros-
copy with an antibody against the lysosomal/autophagolyso-
somal marker LAMP2 (12 nm gold particles) and co-labelled 
them with an antibody directed against the activation peptide 
of trypsinogen (TAP, 6 nm gold particles). At 30 min, we 
could, indeed, find subcellular, membrane-confined vesicles, 
that contained TAP (and thus by implication active trypsin) 
without evidence of LAMP2. While these vesicles could 
represent secretory vesicles, they are clearly not autophago-
lysosomes or lysosomes and, therefore, represent a possible 
activation compartment that is independent of autophagy 
(Fig. 3b, c). At 60 min after caerulein infusion, we found 
occasional evidence for some TAP-containing structures that 
were also labelled for LAMP2 and thus represent formation 
of autophagolysosomes in later stages of the experiment 
(Fig. 3d, e).

Early protease activation and autophagosome 
formation determined by high‑resolution Percoll 
gradient

To confirm the non-parallel development of trypsinogen 
activation and autophagosome formation, we used high-
resolution Percoll density gradient separation of 46 subcel-
lular fractions and compared the distribution of trypsinogen 
content and trypsin activity, amylase activity (as secretory 
enzyme) and cathepsin B activity (as a lysosomal enzyme) 
together with Western blots of the respective fractions 
for markers of the autophagosome compartment (LC3-1, 
ATG16). While activities are shown in Fig. 4a, respective 
protein blots are found in Fig. 4b and the lower fraction 
number (1 or higher) refers to the heavier fractions (mostly 
zymogen granules), whereas the higher fraction number (up 
to 46) to lighter organelles such as microsomes. Activity 
measurements showed that fractions 5-7 had the highest 
activity of trypsin, trypsinogen content, and alpha-amyl-
ase. The complete absence of LC3-1 and ATG16 indicates 
that trypsin activity is not only clearly present after 1 h of 
supramaximal caerulein stimulation, but also predominantly 
confined to a vesicular compartment that clearly corresponds 
to secretory vesicles (as these fractions contain Spink3 and 
syncollin) and has no features of autophagomes. A second, 
but lower activity peak was observed for trypsin, trypsino-
gen content and alpha-amylase activity in fractions 32-46. 

In these lighter fractions, only the cytosolic form of LC3 as 
well as ATG16 was detected, suggesting that autophago-
some formation had barely started by 1 h. The presence of 
Lamp1 in these fractions suggests an autophagolysosomal 
redistribution of the second peak of trypsin activity. In addi-
tion to autophagosomal markers, also markers for early and 
late endosomes (Rab5 and Rab9a) were present within these 
fractions [18, 42]. The trypsin activity-containing fraction 
shows a clear signal for Rab5, an early endosomal marker, 
but not for Rab9a, a late endosomal marker. The early time-
point of 1 h after onset of pancreatitis may be responsible 
for the absence of trypsin activity in the late endosomal frac-
tion, Sherwood et al. [18] reported in isolated acini trypsin 
activity in endocytic vesicles 112 min after stimulation, an 
interval nearly 1 h later than our observation. In addition, 
trans-Golgi (TRP58) or ER markers (GRP78) were only pre-
sent in the very light fractions and can, therefore, largely be 
excluded as initial activation compartment of trypsinogen. 
That leaves secretory vesicles (i.e., condensing vacuoles or 
zymogen granules) as the primary suspect.

Interestingly, activity of the lysosomal hydrolase cathep-
sin B (predominantly in fractions 11–13) had some overlap 
with the secretory vesicle compartment containing the bulk 
of trypsin activity, but also some overlap with the lighter 
activation compartment. While it is known that the pres-
ence of cathepsin B is required for trypsinogen activation 
to occur [30, 39], we cannot distinguish to what extent this 
co-distribution represents an overlap of heavy lysosomes 
with secretory vesicles in the same fraction or the known 
default-missorting of cathepsin B into the secretory com-
partment [17]. What is now unequivocal is that the early 
subcellular trypsinogen activation compartment is part of the 
secretory pathway and displays no evidence of belonging to 
the autophagosomal pathway.

Trypsinogen activation and autophagy are 
independent processes in CCK‑stimulated acinar 
cells

As a fifth line of evidence, we investigated isolated, liv-
ing acini that were stimulated in vitro with supramaximal 
CCK (10 nM) in the presence of a specific and cell per-
meant trypsin substrate (Boc–Glutamine–Alanine–Argi-
nine–AMC–HCl). Upon cleavage, the substrate emits fluo-
rescence indicating the extent and the site of active trypsin 
(trypsinogen activation). Acinar cells were prepared from 
overnight fasted animals according to previously reported 
protocols [26, 39, 43]. We again used GFP-LC3 transgenic 
mice [40] to allow the visualization and quantification of 
autophagosome formation in living cells. When LC3-I, the 
cytosolic form converts to LC3-II, the membranous form, it 
appeared as green fluorescent (GFP) dots upon incorporation 
into the membrane of autophagosomes. The simultaneous 
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registration of the trypsin activity signal (AMC substrate) 
with the autophagosome formation signal (GFP) allowed 
us to investigate the spatial and temporal distributions of 
the two processes in the same acinus at high resolution. 
Upon supramaximal CCK stimulation and as early as after 
3 min, we observed a rapid increase in AMC fluorescence 

indicating the generation of active trypsin which, at that 
timepoint, was distinct and spatially separate from most 
GFP-LC3 dots. AMC and GFP fluorescence recorded in the 
same acinus and plotted against time revealed the following: 
some acinar cells emit increasing GFP fluorescence upon 
supramaximal CCK and thus undergo autophagy. At the 

Fig. 4  Activation of trypsin dur-
ing the early phase of pancreati-
tis is independent of autophagy. 
a Multiple subcellular fractions 
were prepared after 1 h of 
caerulein-induced pancreatitis 
from pancreatic homogenate by 
differential Percoll centrifuga-
tion. Trypsinogen, α-amylase, 
trypsin and cathepsin B activity 
was measured using respective 
fluorogenic substrates. b Immu-
noblotting was performed in 
selected fractions for LC3 
and ATG16 as markers for 
autophagosomes and Spink3 as 
well as syncollin as markers for 
secretory vesicles. Lamp1 indi-
cates lysosomal compartment, 
Rab5 refer as marker for early 
and Rab9a for late endosomes. 
TGN38 is a marker for the 
trans-Golgi fraction and GRP78 
markers the endoplasmic reticu-
lum containing fractions. Data 
indicate that zymogen activity 
peaks in the heavier fractions 
representing the secretory com-
partment (lanes 5–13), while 
markers of autophagosomes 
were detected in the lighter frac-
tions (lanes 34–36)
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same time, they remain negative for trypsin activity fluo-
rescence (no AMC emission, Fig. 5a, the first and second 
measurements). Conversely, some cells develop prominent 
AMC fluorescence (trypsin activity), but remain negative 
for GFP florescence (absent LC3-II conversion and thus no 
autophagy, Fig. 5b, the third measurement). This indicates 
clearly that autophagosome formation and trypsinogen acti-
vation are independent processes and intracellular trypsin 
activity can arise in the complete absence of autophagy. It 
needs to be mentioned, however, that a significant number of 
cell also developed both types of fluorescence at later time-
points (AMC and GFP), indicating that the processes are not 

mutually exclusive and can develop in parallel. The earliest 
timepoint at which acinar cells were positive for both AMC 
and GFP occurred at around 25–30 min after CCK stimula-
tion (Fig. 5d), whereas earlier signals were usually not co-
localized (Fig. 5c). At later timepoints, a parallel increase in 
fluorescence was more common (Fig. 5d, e). This confirms 
that trypsinogen activation and autophagy are independ-
ent processes at the very early timepoints of supramaximal 
stimulation and can develop in separate and distinct com-
partments. During the later course of the disease, an effect 
of autophagy on trypsin activity cannot be ruled out.

Fig. 5  Live cell fluorometry 
of acinar cells. Simultaneous 
fluorometry in individual acinar 
cells for trypsin activity (by 
cleavage of Boc–Glutamine–
Alanine–Arginine–AMC. HCl) 
and LC3-GFP upon caerulein 
stimulation shows that LC3 
conversion (autophagosome 
formation) develops in the 
absence of trypsin activity (a, 
b) and trypsin activity arises in 
the absence of LC3 conver-
sion (c, d). Whole cell view 
time course is shown in e. This 
indicates that in the early phase 
of pancreatitis, autophagy and 
trypsinogen activation can 
develop independently
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Discussion

Acute pancreatitis begins in pancreatic acinar (exocrine) 
cells which are packed with stored digestive proteases 
[44]. An involvement of these proteases in the pathogen-
esis of the disease has already been proposed more than 
a century ago [45] and was based on the observation that 
the post-mortem changes in acute pancreatitis suggest 
autodigestion of the gland by proteolytic enzymes. This 
led to the hypothesis that a premature and intracellular 
activation of digestive proteases represents an initial and 
initiating event for the development of acute pancreatitis 
[7, 13]. Because of the known and dominant position of 
trypsin in the protease activation cascade [7, 8, 14], it was 
proposed that activation of trypsin is the starting point 
of this process [46]. Evidence from human pancreatitis 
appears to support this assumption: measurements of free 
trypsin activity in blood or tissue of pancreatitis patients 
or, more specifically, detection of the activation peptide 
that is cleaved when trypsinogen is converted to active 
trypsin (TAP) with mono-specific antibodies, indicated 
that trypsinogen activation cannot only be demonstrated 
in early human pancreatitis, but also that the severity of 
acute pancreatitis corresponds to the degree of trypsino-
gen activation [6]. Another line of evidence comes from 
genetic studies: while it had long been established that 
pancreatitis can affect whole families in an apparently 
autosomal dominant manner [47], genetic linkage studies 
identified mutations in cationic trypsinogen (PRSS1) as 
the first genetic change to be associated with hereditary 
pancreatitis [1]. Later studies found not only additional 
mutations in the same gene [47, 48], but also mutations in 
other genes. What remains consistent with the premature 
protease activation hypothesis of pancreatitis, however, 
is the fact that, with few exceptions [49–51], the asso-
ciated gene mutations involve either varieties of trypsin 
[1, 47, 52], other digestive proteases that are either regu-
lated by trypsin or control trypsin activity [53, 54], or 
a trypsin inhibitor [2, 55]. The transgenic expression of 
active trypsin within the pancreas of mice also results in 
increased disease severity in experimental pancreatitis [4, 
56], which underlines the crucial role of trypsinogen acti-
vation in the disease process. Recent studies of genetically 
engineered mice could demonstrate that mutations within 
the activation site of trypsinogen that lead to a dramati-
cally increased autoactivation of trypsinogen results in 
the development of acute and chronic pancreatitis [57]. In 
contrast to a p.D23A-mutated T7 trypsinogen, wild-type 
trypsinogen does not exhibit such extensive autoactivation 
[23, 57]. Therefore, autoactivation appears to play a criti-
cal role in hereditary pancreatitis, but these cases represent 
only a minority, whereas most patients with pancreatitis do 

not carry trypsin (PRSS1) mutations and other induction 
mechanisms must be operative. It has been well estab-
lished that the lysosomal hydrolase cathepsin B is essen-
tial for the activation of trypsinogen during experimental 
pancreatitis [9, 14, 23]. Trypsinogen activation is almost 
completely abolished in mice deficient for CTSB [9, 14] 
and pharmacological inhibition of CTSB reduces trypsino-
gen activation and the severity of pancreatitis dramatically 
[14, 23, 58]. As a defence against CTSB-mediated trypsin 
activation, the two enzymes are stored in different sub-
cellular compartment under physiological conditions and 
need to undergo co-localization for trypsinogen activation 
to occur. The cellular compartment where they co-localize 
and in which the initial trypsinogen activation arises has 
long been a matter of debate.

We have addressed the question whether autophago-
somes represent the initial activation compartment and 
whether autophagy is a required process for premature 
trypsinogen activation to occur in acinar cells. Autophago-
lysosomes have been suggested to represent a subcellular 
compartment in which secretory and lysosomal proteases 
are co-localized. Autophagy is induced during pancreati-
tis and in direct response to CCK and the  Ca2+ signaling 
[59]. Previous studies could clearly show that dysfunctional 
autophagy is associated with pancreatitis and influences the 
disease severity [22, 33, 35]. Our data show that, in vitro as 
well as in vivo, trypsinogen activation precedes autophago-
some formation by significant time intervals. Moreover, 
on immunogold-labelling for electron microscopy and in 
live cell fluorescence imaging, where the development of 
trypsin activity can be monitored in real time and in paral-
lel with autophagosome formation, abundant examples can 
be found in which protease activation occurs independently 
of autophagosome formation and vice versa. Neither seems 
protease activation to be a precondition for autophagy, nor 
autophagy a precondition for intracellular protease activa-
tion. High-resolution subcellular fractions further confirm 
that the initial trypsinogen activation compartment is char-
acterized by proteins consistent with secretory organelles, 
rather than autophagosomes.

Taken together, these data clearly indicate that the ini-
tial activation of trypsin in response to supramaximal caer-
ulein stimulation occurs in a subcellular compartment of 
the secretory pathways and neither lysosomes, endosomes 
nor autophagosomes. Trypsin activation in the pancreas 
and during pancreatitis follows, however, a biphasic curve. 
While the first peak is clearly independent of autophagy and 
autophagosome formation, the second is not. We and oth-
ers have shown that at this timepoint, during experimental 
pancreatitis, inflammatory cells have infiltrated the pan-
creas [11, 60] and that they induce the activation of trypsin 
in acinar cells directly via TNF-α [12]. Moreover, trypsin 
activation can even occur completely independent of acinar 
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cells in infiltrating macrophages when they have phagocy-
tosed either trypsinogen, debris from damaged acinar cells, 
or intact zymogen granules [60]. Interestingly, in all of the 
above processes, activation of trypsin is consistently medi-
ated via Cathepsin B [9, 14, 26]. To what extend subcel-
lular fractions in the later phases of pancreatitis contain 
autophagosomes or autophagolysosomes from inflammatory 
cells, in addition to those of acinar cells, cannot be answered 
at this point. Whether the initial autophagy-independent 
trypsin activation or the second autophagy-dependent 
wave of trypsin activation contributes to a greater extend 
to pancreatic damage and local or systemic inflammatory 
responses will also have to be elucidated. What appears to 
be clear at this point is that the earliest premature and intra-
cellular trypsin activation begins in acinar cells, requires no 
autophagy or autophagosome formation, and is initiated in 
membrane-confined vesicles that arise in the secretory path-
way. A strategy that intends to prevent the earliest cellular 
events of pancreatitis will, therefore, have to target these 
very organelles.
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