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SUMMARY

Pancreatic acinar cell necrosis is indicative of severe pancreatitis and the degree of

necrosis is an index of its outcome. We studied whether the dose and duration of

injury correlates with severity, particularly in terms of necrosis, in caerulein-induced

acute pancreatitis (AP) in Swiss albino mice. In addition to control group 1 (G1),

groups 2 and 3 received four injections of caerulein every hour but were sacrificed at

five hours (G2) and nine hours (G3) respectively, and group 4 received eight injec-

tions and was sacrificed at nine hours (G4). The severity of pancreatitis was assessed

histopathologically and biochemically. The histopathological scores of pancreatitis in

groups 3 and 4 were significantly higher than in groups 1 and 2 (4 vs. 1, 4 vs. 2, 3

vs. 1, 3 vs. 2; P < 0.05). TUNEL-positive apoptotic cells were significantly higher in

groups 2 and 3 compared with groups 1 and 4 (P < 0.05). Necrosis was significantly

more in group 4 than other groups (37.49% (4.68) vs. 19.97% (1.60) in G2;

20.36% (1.56) in G3; P = 0.006 for G 2 vs. 4 and P = 0.019 for G 3 vs. 4). Elec-

tron microscopy revealed numerous autophagosomes in groups 2 and 3 and mito-

chondrial damage and necrosis in group 4. The pancreatic and pulmonary

myeloperoxidase activity in group 4 was significantly higher than that in the other

groups (P < 0.01). Hence, severity of pancreatitis is a function of the dose of injuri-

ous agent, while inflammation is both dose and duration dependent, which may also

explain the wide spectrum of severity of AP seen in clinical practice.
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The incidence of acute pancreatitis (AP) is increasing with

significant morbidity and mortality (Su et al. 2006). About

25% of these patients have severe disease (severe acute pan-

creatitis – SAP) that has a mortality of up to 40% (Bradley

1993) and is associated with necrosis, sepsis and multiple

organ failure (Sharma et al. 2007). The severity of AP

depends on the extent of the pancreatic necrosis and corre-

lates with organ failure and mortality (Garg et al. 2005).

There has been little decrease in mortality in AP because

of incomplete understanding of its pathophysiology. The

decrease in mortality that has been recently reported in a

North American cohort study on biliopancreatic diseases

requiring ERCP has been due to better selection of patients,

better skills and lower incidence of open cholecystectomies

(James et al. 2014). Due to reasons like late clinical presen-

tation and diagnosis, unavailability of pancreatic tissue, and

ethical considerations, animal models of AP are important

to study the pathogenesis and test therapeutic agents (Chan

& Po 2007).

The most commonly used animal model for AP is the

caerulein-induced mouse model (Su et al. 2006). Caerulein

is a cholecystokinin analogue that produces hyperstimula-

tion of the pancreatic acinar cells at supramaximal dosage.

The acute necrotizing pancreatitis produced is histopatho-

logically similar to human AP (Van Acker et al. 2007). Vari-

ous investigators have used different dosages for inducing
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AP in this model (Lupia et al. 2004; Su et al. 2006), but the

correlation of relative degrees of apoptosis and necrosis with

the dose and duration of caerulein has not been well estab-

lished. Apoptosis represents a milder form of pancreatitis,

while necrosis is a hallmark of severe pancreatitis (Kaiser

et al. 1995). Whether the pathophysiological changes are a

function of the increasing dosage of caerulein or time dura-

tion or both has not been studied adequately.

Thus, the present study was conducted to find out

whether severity of pancreatitis, relative degrees of apoptosis

and necrosis and inflammation correlate with different dos-

ages and duration of caerulein in experimental AP in mice.

Materials and methods

Animals

Experiments were performed according to the protocol

approved by Animal Ethics Committee of the All India Insti-

tute of Medical Sciences, New Delhi (file number 469/IAEC/

09). Adult male Swiss albino mice weighing 25–40 g were

housed in shoebox cages in a standard-climate-controlled

condition and were fed standard chow. The animals were

fasted overnight on the day of the experiment but had free

access to water.

Induction of acute pancreatitis

We induced AP by giving hourly intraperitoneal injections

of caerulein (Sigma, St Louis, MO, USA), dissolved in nor-

mal saline, at a dose of 50 lg/kg/h (Chan & Po 2007). The

mice were divided into four groups.

Mice of group 1 (G1, n = 14) were controls and received

injections of equivalent volumes of normal saline. Of the 14

control animals, six animals were sacrificed at five hours

and eight at nine hours.

Mice of group 2 (G2, n = 12) were given four injections of

caerulein every hour and were sacrificed one hour after the

last injection, that is, at five hours.

Mice of group 3 (G3, n = 14) were also given four injec-

tions of caerulein every hour but were sacrificed five hours

after the last injection, that is, at nine hours.

Mice of group 4 (G4, n = 16) were given eight injections of

caerulein every hour and were sacrificed 1 h after the last

injection, that is, at 9th hour.

Groups 2 and 3 received half the dose of caerulein with

respect to group 4; hence, they represent a lower dose.

However, group 3, which was sacrificed at nine hours, had

a longer duration of exposure to caerulein than group 2 that

was sacrificed at five hours and hence would reveal whether

the duration of injury affects the outcome of severity. The

experiments were conducted in triplicate.

The mice were euthanized in a CO2 inhalation chamber.

The thoraco-abdominal cavity was opened, and blood was

drawn from the right ventricle into heparinized syringes.

The blood was centrifuged at 252 g for 5 min, and the

plasma was stored at �80 °C. A portion of pancreas and

lung were snap-frozen in liquid nitrogen and stored at

�80 °C. The remaining pancreas, lung and kidney were

immersed in 4% buffered paraformaldehyde solution for

histological examination. For transmission electron micros-

copy (TEM), 1 mm3 blocks of the pancreas were immersed

in modified Karnovsky’s solution.

We also repeated the experiments in 12 Balb/c mice with

three animals in each group to study whether genetic vari-

ability affected the course of the disease.

Assessment of severity of acute pancreatitis

Histopathology. The fixed pancreas, lung and kidney tissue

samples were processed for paraffin embedding, and sections

were stained with standard haematoxylin and eosin. All the

histopathological slides were coded by an individual not

associated with the study. The histopathologist was blinded

to the identity of the animal groups. Oedema, inflammation,

haemorrhage and necrosis of the pancreas were graded on

the basis of a well-established scoring system, where each

parameter had a maximum score of 4 (Schmidt et al. 1992a,

b). In addition, the percentage of necrotic area to the nor-

mal tissue in the sections of the pancreas was calculated

using the Cavalieri probe of the image-analysis software Ste-

reoInvestigator (MicroBrightfield, Inc., Williston, VT, USA;

Figure S1). This method has been standardized in our labo-

ratory (Sharma et al. 2009). Sections of the lung and kidney

were also scored, where the maximum score was 3 and the

minimum score was 0 (Schmidt et al. 1992a,b).

Periodic acid–schiff staining. We stained deparaffinized sec-

tions of the pancreas with periodic acid–Schiff (PAS; Ban-

croft & Gamble 2008) to demonstrate the basement

membrane of the pancreatic acini. Briefly, the sections were

oxidized with periodic acid, then covered with Schiff

reagent, washed in running tap water, and then, the nuclei

were stained with Meyer’s haematoxylin.

Reticular fibre staining. We stained the reticular fibres in

the pancreas by the Gordon and Sweet’s method (Bancroft

& Gamble 2008). This not only demonstrates the basement

membrane in the pancreatic tissue but also reveals the retic-

ular connective tissue in the organ. Briefly, the sections were

deparaffinized, hydrated and treated with 1% potassium

permanganate solution, rinsed in tap water, bleached in 1%

oxalic acid solution, washed, treated with 2.5% iron alum,

washed again and then placed in silver solution. The sec-

tions were reduced in 10% formaldehyde, toned in 0.2%

gold chloride solution and finally treated with 5% sodium

thiosulphate solution. The sections were counterstained with

neutral red.

TUNEL assay for studying apoptosis. We quantified apop-

tosis in the pancreatic tissue using the TUNEL assay

(Bio-Vision DNA Fragmentation Assay Kit, Milpitas, CA,

USA) according to the manufacturer’s instructions. Briefly,

the sections were deparaffinized, rehydrated, permeabilized
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with proteinase-K, quenched with 30% H2O2 in methanol,

labelled with terminal deoxynucleotidyl transferase (TdT)

and Br-dUTP, and then, the Br-dUTP was detected using

anti-Br-dUTP antibody and HRP-conjugated secondary anti-

body using diaminobenzidene (DAB) as the chromogenic

agent. The sections were counterstained with methyl green.

The apoptotic and the normal nuclei were counted under oil

immersion objective (600X) of an Olympus BX51 trinocular

microscope using an image analyser, in two different sec-

tions per animal in six different high power fields. The

results were expressed as percentage of apoptotic nuclei to

total number of cells counted.

Transmission electron microscopy

A portion of the pancreatic tissue was immediately

immersed in modified Karnovsky’s fixative (4% paraformal-

dehyde and 1% glutaraldehyde in 0.1 M phosphate buffer,

pH 7.4). The specimens were post-fixed in 1% osmium

tetroxide in 0.1 M phosphate buffer for 1–2 h, washed,

dehydrated in graded series of acetone, embedded and

blocked in araldite CY 212. Ultrathin sections (50–60 nm)

were cut on Reichert Ultramicrotome, picked up on 300-

mesh copper grids, stained with uranyl acetate and lead cit-

rate, and viewed under a Philips Morgagni 268 D TEM

(Field Emission Inc., Eindhoven, the Netherlands).

Biochemical assays

Plasma amylase measurement. Amylase levels were deter-

mined using a kinetic assay utilizing a chromogenic sub-

strate (Genzyme, Mississauga, ON, Canada) with an ELISA

plate reader (Tecan, Gr€odig, Austria) as has been described

by Fenton et al. (1982).

Neutrophilic myeloperoxidase activity in the tissue. Neutr-

ophilic myeloperoxidase activity was measured in the pan-

creas and lung as described by Dawra et al. (2008).

Total protein estimation. The tissue extract that was

obtained for myeloperoxidase (MPO) estimation was also

used to determine the concentration of protein in the tissue

using the Bradford’s assay (Sigma-Aldrich). Protein stan-

dards were made using Bovine Serum Albumin standard

(Sigma P0834). To 5 ll of the standards and samples,

200 ll of Bradford’s reagent (Sigma B6916) was added in a

96-well plate in triplicate. After 15 min, the absorbance was

read at 595 nm using an ELISA plate reader (Tecan) at

room temperature. Protein concentration (mg/ml) in the

samples was computed using the standard curve.

Statistical analysis

Data are expressed as mean and standard deviation. Para-

metric data were analysed by one-way ANOVA with post-hoc

Bonferroni’s or Tukey’s correction for multiple comparisons

as appropriate. A P-value of <0.05 was taken as significant.

Results

Behaviour of the mice

The animals that received multiple injections of caerulein

showed reluctance to move about in the cage compared to

the controls.

Mortality

There was no mortality of the animals during the course of

the experiment.

Observations during laparotomy

The animals in G2, 3 and 4 showed the presence of ascites,

oedematous pancreas and visible spots of haemorrhage in

the pancreas, more marked in the pancreata of G4. The

lungs showed foci of spotty haemorrhage in G4. The kid-

neys appeared to be normal in all the groups.

Severity of acute pancreatitis

General microscopic morphology of the pancreas. Under

low magnification, normal acinar cells of the pancreas showed

intense bipolar staining – eosinophilic towards the lumen sig-

nifying the zymogen granules and basophilic towards the

basal side, which indicated the rough endoplasmic reticulum

(RER; Figure 1a). Under high magnification, there appeared

to be large, round to oval, basophilic structures near the basal

aspect of the cell in groups 2, 3 and 4 (Figure 1b–d). These
were seen more clearly and confirmed by TEM.

Periodic acid–schiff staining. With PAS staining, the base-

ment membrane appeared magenta and the nuclei appeared

blue with PAS staining (Figure 2a). The basement membrane

was seen to be intact around pancreatic acini, islets, blood

vessels and ducts in all the groups except around areas

of necrosis, which was seen predominantly in group 4

(Figure 2a–d).

Reticular fibre staining. The reticular fibres appear black

in the stained sections, and the nuclei appear red. The nor-

mal pancreas showed acini that were well demarcated by

black lines of the silver-stained reticular fibres in the

basement membrane (Figure 3a). The basement mem-

brane around the inflamed pancreatic acini (G2, 3 and 4)

appeared to be diffuse, and the interacinar and intercellular

oedema could be appreciated by a separation of the black

lines (Figure 3b–d). Generally, the basement membrane of

the pancreatic acini was intact, except around areas of

necrosis (Figure 3d).

Transmission electron microscopy. The pancreas in control

animals showed heterochromatic nuclei, regular parallel

arrangement of the stacks of RER and zymogen granules

towards the apical part of the acinar cells (Figure 4a).

International Journal of Experimental Pathology, 2014, 95, 199–208

Injury and necrosis in murine pancreatitis 201



Numerous autophagosomes containing disintegrating mem-

branes of the ER and zymogen granules could be seen in the

animals that were given caerulein injections (Figure 4b and

inset, 4c and 4d). The interstitial space was expanded due to

oedema (Figure 4c,d), but the basement membrane was found

to be intact except around areas of necrosis (Figure 4d). The

cells were also more oedematous in G4. The RER, in these

animals, was in the form of concentric whorls (Figure 4c,d).

The basophilic, round structures seen in light microscopy

could have been these expanded and whorled RER. Some of

the nuclei showed peripheral clumping of their chromatin

(Figure 4b). Cells in G3 and G4 also showed a greater number

of abnormal mitochondriae.

Histopathological scoring of the pancreas. Histopathologi-

cally, the pancreas in G2 showed extensive oedema, acinar

cell necrosis and moderate inflammatory infiltration but

scanty haemorrhage (Figure 1b). In G3, the findings were sim-

ilar to those in G2, but the number of apoptotic cells was

more. In G4, the pancreas showed more extensive oedema,

(a) (b)

(c) (d)

Figure 1 Photomicrographs of 5 l thick
H&E-stained paraffin sections of the
pancreas. ‘a’ shows a control pancreas
(G1) with normal acini (black arrow),
islet of Langerhan (black star) and an
interlobular duct (four-pointed star). ‘b’
from G2, ‘c’ from G3 and ‘d’ from G4
show varying degrees of interacinar and
intercellular oedema, areas of necrosis
(arrowhead), inflammatory infiltration
(white dashed arrow; micro-abscess in
‘d’) and apoptosis (black arrowhead).
Scale bars: a = b = c = d = 100 lm.

(a) (b)

(c) (d)
Figure 2 Photomicrographs of 5 l thick
periodic acid–Schiff (PAS)-stained
paraffin sections of the pancreas. ‘a’ is
from G1, ‘b’ from G2, ‘c’ from G3 and
‘d’ from G4. The black arrow points to
the magenta-coloured basement
membrane. ‘d’ shows an area of
necrosis (black dashed arrow) that is
not surrounded by the basement
membrane. A normal islet of
Langerhans is seen in ‘c’ (star). Scale
bars: a = b = c = d = 50 lm.

International Journal of Experimental Pathology, 2014, 95, 199–208

202 T. G. Jacob et al.



acinar cell necrosis, inflammatory infiltration and haemor-

rhage as compared to either G2 or G3 (Figure 1d). The mean

histological severity score of the pancreas of control animals

is represented in Table 1. There was significant difference in

severity of pancreatitis between all groups (P < 0.001).

Apoptosis and necrosis. The TUNEL-positive nuclei

appeared brown, whereas those that were negative appeared

green (Figure 5). The mean percentage of TUNEL-positive

nuclei and the percentage of necrosis in each group are sum-

marized in Table 1. Animals in the control group did not

show any necrosis.

Histopathological scoring of the lung. In the animals with

AP, the lungs showed varying degrees of collapse, conges-

tion, haemorrhage and inflammatory infiltration around

the bronchioles and blood vessels (Figure 6). The mean

scores of lung injury are presented in Table 1. There was

(a) (b)

(c) (d)

Figure 3 Photomicrographs of 5 l thick
silver-stained (Gordon and Sweet’s
method for reticular fibres) paraffin
sections of the pancreas. ‘a’ is from G1,
‘b’ from G2, ‘c’ from G3 and ‘d’ from
G4. The sections show the basement
membrane as black lines (black
arrows). The black lines are absent at
areas of necrosis (dashed black arrow).
Interacinar oedema (black arrowhead)
and inflammatory infiltration (black
arrow) are more prominent in ‘d’. A
normal islet of Langerhans is seen in
‘a’. Scale bars: a = b = c = d = 100 lm.

(a) (b)

(c) (d)

Figure 4 Transmission electron
micrographs from G1 (a), G2 (b), G3
(c) and G4 (d). The nuclei of an acinar
cell (N) in ‘A’ have been shown to be
distinct from the nuclei of ductal cells
(ND). The black arrows in ‘a’ point to
the intact basement membrane that is
not seen in ‘d’. Asterisks (*) in ‘c’ and
‘d’ mark the interstitial oedema.
Autophagosomes have been marked by
arrows in ‘c’ and ‘d’. The inset in ‘b’
displays the magnified view of the
docking of a zymogen granule (Z) with
the autophagosome (arrow). The rough
endoplasmic reticulum (arrowhead)
appears whorled and expanded in ‘c’
and ‘d’. Scale bars: a = 5 lm,
b = 1 lm, c = 2 lm and d = 5 lm.
Inset scale bar = 1 lm.
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significant difference in scores between all the groups

(P < 0.01) except groups 2 and 4 (P = 0.136; Table 1).

Histopathological scoring of the kidney. In the animals

with AP, the kidneys showed varying degrees of congestion

of blood vessels, interstitial oedema, haemorrhage and tubu-

lar necrosis (Figure 7). The mean scores of renal injury for

the various groups are presented in Table 1. There was sig-

nificant difference in scoring between all the groups

(P < 0.01) except between groups 3 and 4 (P = 0.401).

Biochemical assays

Plasma amylase estimation. The mean amylase activity of

the different groups is summarized in Table 1. The enzyme’s

activity was significantly increased in animals with pancrea-

titis with much higher levels seen in animals of groups 3

and 4 (Table 1). There was no significant difference in G3

and G4 (P = 1).

MPO activity of pancreas. The mean MPO activity in the

pancreas of the different groups has been summarized in

Table 1. There was significant increase in MPO activity in

G2 and G4 when compared to G1 and G3. (1 vs. 3,

P = 0.003; 2 vs. 3, P = 0.039; all other groups, P < 0.001).

MPO activity of lung. The mean MPO activity in the lung

is presented in Table 1. There was significant increase in

pulmonary MPO activity in G3 and 4 when compared to G

1 and 2 (1 vs. 2, P = 0.001, 1 vs. 3, 1 vs. 4, 2 vs. 3, 3 vs. 4

P < 0.001).

Balb/c mice. The histopathological and biochemical data

that were derived from the replication of the above experi-

ments in Balb/c mice have been summarized in the Table S1.

Discussion

In the present study, we have shown that caerulein can

induce milder AP with predominance of inflammation and

apoptosis, but also can produce severe pancreatitis with sig-

nificant necrosis in mice. The pattern of cell injury and

death was found to be a function of both the dose and dura-

tion of caerulein. Apoptosis and necrosis define mild and

Table 1 Summary of the various histological and biochemical parameters in different groups of animals

Parameter Group 1 Group 2 Group 3 Group 4 P-values

Histopathology

Pancreas N 14 12 14 16 (1 vs. 2, 1 vs. 3, 1 vs.
4, 2 vs. 3, 2 vs. 4, 3 vs.
4 – P < 0.001)

Mean (SD) 0.33 (0.05) 7.83 (1.01) 9.38 (0.78) 11.75 (1.69)

Lung N 14 12 14 16 (1 vs. 2, 1 vs. 3, 1 vs. 4, 2
vs. 3, 3 vs. 4 – P < 0.01)

(2 vs. 4 – P = 0.136)

Mean (SD) 0.10 (0.05) 1.89 (0.26) 1.04 (0.17) 2.39 (0.49)

Kidney N 14 12 14 16 (1 vs. 2, 1 vs. 3, 1 vs. 4, 2
vs. 3, 2 vs. 4 – P < 0.01)

(3 vs. 4 – P = 0.401)

Mean (SD) 0 (0) 1.07 (0.29) 1.08 (0.19) 2.01 (0.50)

Apoptosis
(TUNEL)

N 6 12 10 13 (1 vs. 2 – P = 0.002)
(1 vs. 3 – P = 0.005)

(2 vs. 4 – P = 0.031)

Mean (SD) 38.51 (6.58) 50.40 (4.92) 51.89 (5.06) 43.39 (5.55)

Percentage of

necrosis

N 9 10 12 13 (1 vs. 2, 1 vs. 3, 1 vs.
4 – P < 0.001)
(2 vs. 4 – P = 0.006)

(3 vs. 4 – P = 0.019)

(2 vs. 3 – P = 1)

Mean (SD) 0 (0) 19.97 (1.60) 20.36 (1.56) 37.49 (4.68)

MPO (U/mg of
protein)

Pancreas N 12 12 14 16 (1 vs. 2, 1 vs. 4, 2 vs. 4, 3
vs. 4 – P < 0.001)

(1 vs. 3 – P = 0.003)
(2 vs. 3 – P = 0.039)

Mean (SD) 0.46 (0.14) 5.10 (1.06) 2.38 (0.45) 12.73 (2.36)

Lung N 8 12 14 16 (1 vs. 2 – P = 0.001)

(1 vs. 3, 1 vs. 4, 2 vs. 3, 3
vs. 4 – P < 0.001)

Mean (SD) 1.79 (0.60) 6.24 (1.23) 15.66 (2.24) 31.23 (4.01)

Plasma Amylase

(U/ml)

N 9 11 14 12 (1 vs. 2, 1 vs. 3, 1
vs. 4 – P < 0.001)

(2 vs. 3, 2 vs. 4 – P = 0.001)
(3 vs. 4 – P = 1)

Mean (SD) 1059.8 (198.33) 2257.80 (465.82) 6299.79 (1167.94) 6714.00 (757.81)

Group 1 represents the control animals, Group 2 represents the animals that received four injections and were sacrificed at the 5th hour, ani-

mals of Group 3 received four injections but were sacrificed at the 9th hour and animals of Group 4 received eight injections and were sacri-

ficed at the 9th hour. N, Number of animals; SD, standard deviation; TUNEL, terminal deoxyuridine nick end labelling; MPO,
myeloperoxidase; U, units; vs., versus.
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severe forms of AP, respectively. The relative degree of

apoptosis and necrosis is generally model specific. It depends

on the animals and the method used to induce pancreatitis,

for example caerulein induces more necrosis in the mice but

apoptosis and milder pancreatitis in rats, while bile salts

induce necrosis and severe pancreatitis in both mice and rats

(Kaiser et al. 1995). Caerulein given for 4 h caused AP with

apoptosis and milder systemic injury. On the other hand,

the injury was much more severe with predominance of

necrosis after prolonged and sustained exposure to caeru-

lein. Both doses of caerulein produced AP although the

severity of injury was significantly more in the mice that

were given eight injections. This finding was in accordance

with previous studies (Schmidt et al. 1992a,b; Kaiser et al.

1995). We also found that the milder form of AP produced

a greater amount of apoptosis. This was also consistent with

some of the earlier reports (Kaiser et al. 1995; Bhatia

2004a,b).

These observations suggest that there is a switch in the

pattern of cell death from apoptosis to necrosis. This could

be related to the specific manner in which the pancreatic aci-

nar cells respond to noxious stimuli, both in human and

(a) (b)

(c) (d)

Figure 5 Photomicrographs of 5 l thick
TUNEL (terminal deoxynucleotidyl
transferase deoxyuridine triphosphate
nick end labelling)-stained paraffin
sections of the pancreas. ‘a’ is from G1,
‘b’ from G2, ‘c’ from G3 and ‘d’ from
G4. TUNEL-positive nuclei appear as
dark brown dots (black arrow). The
normal nuclei take up the counter-stain
of methyl green (black arrowhead).
There is progressively increasing
necrosis from b to d (dashed black
arrow). Scale bars:
a = b = c = d = 50 lm.

(a) (b)

(c) (d)

Figure 6 Photomicrographs of 5 l thick
H&E-stained paraffin sections of the
lung. ‘a’ is the section from G1
showing a bronchiole (star) surrounded
by alveoli and blood vessels. ‘b’ is from
G2, ‘c’ from G3 and d from G4. b–d
show different degrees of collapse,
haemorrhage (dashed arrow) and
inflammatory infiltration (black arrow).
Scale bars = 100 lm.
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experimental pancreatitis. With a severe injury that produces

intense inflammation, the cells respond with mitochondrial

injury, which promote pancreatic necrosis as evidenced by

mitochondrial dysfunction (Gukovskaya & Gukovsky

2011). This is further aided by neutrophils that infiltrate the

pancreas, generate reactive oxygen species (ROS) and facili-

tate necrosis (Abdulla et al. 2011). In a recent study, how-

ever, it was shown in the bile-acid induced model of AP

that increased concentration of ROS in murine acinar cells

(both intracellular and mitochondrial) actually led to apop-

totic cell death instead of necrosis (Booth et al. 2011).

To find out whether the injury continued for a while even

after the caerulein was stopped, that is, was injury a function

of time as well, a group of mice were given only four injec-

tions of caerulein but were sacrificed after five hours, that is,

at the same time as the mice that were given eight injections.

Most of the histopathological and biochemical indicators of

severity were fairly similar in this group to that which was

given eight injections, except that the former had a lower

score of lung injury, lower MPO activity both in pancreas

and lung, lesser necrosis and a higher incidence of apoptosis.

The continuing damage to acinar cells was also evidenced

biochemically by a high plasma amylase activity. Therefore,

even after the injections of caerulein were stopped, the

inflammatory pathway continued but not necessarily with

acute inflammatory cells (i.e. neutrophils). This inflammatory

cascade also led to more apoptosis instead of necrosis. Thus

even though the mice showed most of the signs of severe

injury, they showed less direct and severe immediate cell

death manifestoing as necrosis (Bhatia 2004a,b).

Some authors have shown that the effect of caerulein

starts diminishing four to six hours after its administration

(Tani et al. 1987; Willemer et al. 1992). The 5-hour wait

before sacrificing the mice fell within this window and hence

explains the continued injury of a lesser degree. This injury

was commensurate with the degree of basement membrane

injury seen with the PAS and silver staining. In the present

study, the arrest of injury at four hours decreased the neutr-

ophilic infiltration and promoted the cells to undergo apop-

tosis instead of necrosis that was seen with continued

injurious stimulus for eight hours. This situation, of a con-

tinued injury after the insult causing AP is withdrawn, is

similar to the continuing pancreatic damage that is seen in

alcoholic pancreatitis even after the incident binge drinking

is stopped (Gorelick 2003; Frey et al. 2006) and in biliary

pancreatitis even after the blockage caused by the bile stone

has been relieved (Lerch et al. 1995; Garg et al. 2007).

The pancreata of G4 had extensive damage to the base-

ment membrane that was indicative of cellular disruption,

which could further enhance necrosis in the pancreas due to

the presence of proteolytic enzymes that can get activated at

suitable pH seen in necrotic tissue (Van Acker et al. 2007).

This observation was also confirmed by electron micros-

copy, wherein the mice with a later period of death after

caerulein injections showed more apoptosis and autophago-

somes than the other groups. The animals that were given

eight injections had appreciable necrosis. This necrotic mor-

phology has been described earlier in SAP (Kaiser et al.

1995). But we observed numerous autophagosomes, espe-

cially in group 3. These autophagosomes may be a method

of recovery from the acute attack of AP and may explain

why this group shows greater apoptosis than necrosis. The

role of autophagy is now being appreciated in the pathogen-

esis of AP (Gukovskaya & Gukovsky 2012; Sah et al.

2012). What was remarkable is that we did not observe any

basolateral location of zymogen granules even in the acinar

cells of group 4 that had necrotic injury. These observations

were similar to those made earlier by Niederau et al. (1985)

(a) (b)

(c) (d) Figure 7 Photomicrographs of 5 l thick
H&E-stained paraffin sections of the
kidney. ‘a’ is the section from G1
showing glomeruli (blue arrow)
surrounded by tubules and blood
vessels. ‘b’ is from G2, ‘c’ from G3 and
d from G4. b–d show progressive
increase in interstitial oedema and
congestion of the glomeruli. ‘d’ also
shows areas of tubular necrosis (dashed
arrow). Scale bars = 100 lm.
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in caerulein-induced AP but distinctly different from what

was observed by some workers in the model of alcoholic

pancreatitis (Lam et al. 2007; Cosen-Binker et al. 2008).

Whether the pathogenesis in these two different models is

substantially different will need to be validated by further

molecular studies that would examine the vesicular trans-

port system in the pancreatic acinar cells and any disrup-

tions therein in different models of AP.

The replication of the experiments in in-bred Balb/c mice

revealed a similar pattern of histopathological and biochemi-

cal test results to what was seen in Swiss albino mice (Table

S1). Hence, genetic differences alone are unlikely to change

the overall effects of caerulein in producing AP.

The caerulein-induced model of AP replicates most of the

pathological features of human pancreatitis although the

aetiology of hyperstimulation does not resemble the usual

causes of the human disease (Granger & Remick 2005; Su

et al. 2006). However, this model has been widely and suc-

cessfully used to study the pathogenetic mechanisms under-

lying the disease process in the pancreas (Saito et al. 1987;

Jaworek et al. 2002; Saeki et al. 2012) and other organs

that are affected by severe AP (Closa et al. 1999; Bhatia

et al. 2003; Gultekin et al. 2007), leading to a systemic

shut-down, which has a very high mortality (Beger et al.

1997; Baron & Morgan 1999). In addition, many therapeu-

tic interventions for AP have been tested using this model

(Demols et al. 2000; Frossard et al. 2002; Malleo et al.

2007). The clinical parallel of apoptosis and necrosis as

shown in the present study is well known with the majority

of patients having mild interstitial pancreatitis and about

20% having severe necrotizing pancreatitis (Sharma et al.

2007). Understanding the pathophysiological mechanisms of

apoptosis and necrosis could be useful in developing ther-

apy, which could potentially be effective in ameliorating the

pancreatic injury early during the course of illness.

In summary, we have shown that the severity of AP

induced by caerulein is not only dependent on dose but also

on the duration of exposure. This model may be modified

by dose and duration to suit the specific needs of the investi-

gation at hand. This versatility is not available with the L-

arginine, the ethionine diet induced or the surgical obstruc-

tive model of AP that are also used to evaluate interventions

(Su et al. 2006). The switch from apoptosis to necrosis

might be due to mitochondrial and other organellar dysfunc-

tion and needs further study.

This has relevance to clinical practice because the length

of exposure to an agent that induces pancreatitis, like bili-

ary stones, could augment the inflammatory cascade. This

may explain the wide spectrum of clinical manifestation in

terms of necrosis, apoptosis and inflammation seen in

patients.
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