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to experimentally induced acute pancreatitis with
regulation of Prss1 and Spink3 expression
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To analyze susceptibility to acute pancreatitis, five mouse strains including Japanese Fancy Mouse 1 (JF1), C57BL/6J,
BALB/c, CBA/J, and C3H/HeJ were treated with either a cholecystokinin analog, cerulein, or a choline-deficient, ethionine-
supplemented (CDE) diet. The severity of acute pancreatitis induced by cerulein was highest in C3H/HeJ and CBA/J,
moderate in BALB/c, and mildest in C57BL/6J and JF1. Basal protein expression levels of the serine protease inhibitor,
Kazal type 3 (Spink3) were higher in JF1 and C57BL/6J mice than those of the other three strains under normal feeding
conditions. After treatment with cerulein, expression level of Spink3 increased remarkably in JF1 and mildly in C57BL/6J,
BALB/c, CBA/J, and C3H/HeJ strains. Increased proteinase, serine, 1 (Prss1) protein expression accompanied by increased
trypsin activity with cerulein treatment was observed in susceptible strains such as CBA/J and C3H/HeJ. Similar results
were obtained with a CDE diet. In the 3 kb Spink3 promoter region, 92 or 8 nucleotide changes were found in JF1 or C3H
vs C57BL/6J, respectively, whereas in the Prss1 promoter region 39 or 46 nucleotide changes were found in JF1 or C3H vs
C57BL/6J, respectively. These results suggest that regulation of Prss1 and Spink3 expression is involved in the suscept-
ibility to experimentally induced pancreatitis. The JF1 strain, which is derived from the Japanese wild mouse, will be
useful to examine new mechanisms that may not be found in other laboratory mouse strains.
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Over 450 inbred strains of mice have been described,1 pro-
viding a wealth of different genotypes and phenotypes
for studying human diseases. Actually, the use of various
breeding strategies in combination with positional cloning
and positional candidate gene approach has led to the dis-
covery of many genes that underlie human disease.2 The
Japanese wild mouse, belonging to Mus musculus molossinus,
has several genetic characteristics clearly distinguishable from
the European wild mouse, derived from M.m. domesticus.
These subspecies were separated about one million years ago
and about 1% of their genome sequences are different.3–8

Therefore, strains MSM/Ms9 and Japanese Fancy Mouse 1
(JF1),10 which were established from M.m. molossinus, are
powerful genetic resources to analyze disease processes.

Many inbred strains have been bred for specific pheno-
types. C57BL/6J mice are susceptible to high-fat diet-induced

type II diabetes.11 JF1 mice are especially sensitive to high-fat
diet-induced diabetes and obesity, whereas MSM/Ms mice
are resistant.12 To date, however, there is little information
about the difference in severity of pancreatitis among inbred
strains of mice.

Acute pancreatitis is an important disease that can be
triggered by a variety of factors, including excessive alcohol
consumption,13–16 obstruction of the ampulla of Vater by gall
stones,17,18 and genetic factors.19,20 Hereditary chronic pan-
creatitis is a rare form of early onset chronic pancreatitis,
characterized by the onset of recurrent attacks of acute
pancreatitis in childhood, and frequently progresses to
chronic pancreatitis. One type of the hereditary pancreatitis
is caused by a mutation in the proteinase, serine, 1 (PRSS1)
gene, encoding cationic trypsinogen. PRSS1 mutation results
in an amino-acid substitution in the autolytic domain of
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trypsin. Thus, the mutation blocks autolysis and results in
continuous trypsin activity.21,22 In addition, mutation of the
trypsin-specific inhibitor, serine protease inhibitor, Kazal
type 1 (SPINK1), has been found to be associated with
chronic pancreatitis as well.23 We earlier showed that Spink3
(mouse homolog of human SPINK1) has dual functions
for trypsin inhibition: one as a trypsin inhibitor by direct
binding to trypsin24 and another as a suppressor of autop-
hagy, which is involved in trypsinogen activation.25,26 In
summary, mutations in PRSS127 and SPINK119 genes are
acknowledged as genetic risk factors for pancreatitis in
human patients.

To address whether genetic background can affect the
development of acute pancreatitis in relation to expression of
Prss1 and Spink3, the susceptibility of acute pancreatitis was
compared among five inbred mouse strains including JF1 in
two models of experimental acute pancreatitis, cerulein-in-
duced and choline-deficient ethionine-supplemented (CDE)
diet-induced acute pancreatitis. We found that there were
significant differences in susceptibility to acute pancreatitis
among mouse strains, and that susceptibility to acute pan-
creatitis was negatively or positively related with expression
levels of Spink3 or Prss1, respectively. In addition, sequence
differences in Spink3 promoter regions between JF1 and
other strains were considered to be involved in differences in
expression levels.

MATERIALS AND METHODS
Mouse Strains
All procedures were approved by the Animal Care and Use
Committee of Kumamoto University. The five mouse strains
were used in the following experiments: JF1 (Riken BioR-
esource Center, Tsukuba, Japan), C57BL/6J, CBA/J, and
BALB/c (CLEA Japan, Inc. Tokyo, Japan), and C3H/HeJ
(Charles River Laboratories Japan, Inc. Yokohama, Japan).
For every experiment, five mice in each strain were assigned
to either a control or experimental group.

Cerulein-Induced Pancreatitis
After an overnight fast, mice were given hourly in-
traperitoneal injections of either saline (control) or cerulein
(50 mg/kg) (Sigma-Aldrich Corp, Tokyo, Japan) for 12 h. One
hour after the last injection, serum and the pancreas were
isolated for the following studies.

CDE Diet-Induced Pancreatitis
Composition of CDE chow was described earlier.28 Mice were
fasted for 24 h and then fed with either CDE or control (regular
laboratory chow) diet for 72 h. Then, animals were fed with
regular laboratory chow for 12 h before they were killed.

Histological Examination and Pathologic Scoring
For histological analysis, pancreatic tissue was fixed overnight
in 10% formalin, embedded in paraffin, sectioned, and

stained with hematoxylin and eosin. The extent of injury was
estimated using a method described earlier with some minor
modifications.29 Briefly, 10 randomly chosen microscopic
fields were examined for each pancreas specimen, and the
total surface of the slide was scored for five different variables
determining severity of inflammation: edema (E), hemor-
rhage (H), inflammatory cell infiltration (I), acinar cell
vacuolization (V), and acinar cell necrosis (N). Total scores
for these five parameters were obtained in each group after
mapping the pancreas into 10 fields and evaluating each field
independently.

Serum Amylase Activity
Mouse blood was used to measure pancreatic amylase acti-
vity using substrate, 2-chloro-4-nitrophenyl-4-galactopyr-
anosylmaltoside (Gal-G2-CNP) (CicaLiquid-N p-AMY,
Kanto Chemical Co., Inc. Tokyo, Japan).

Measurement of Trypsin Activity
Measurement of trypsin activity was performed as described
earlier.25

Northern Blot Analysis
Total RNAs were extracted from the pancreas with Sepasol
(Nacalai Tesque, Kyoto, Japan). For making digoxigenin-
labeled RNA probes (Roche Molecular Biochemicals,
Germany), mouse Spink3 and Prss1 probes were derived
from mouse pancreas RNA by reverse transcriptase PCR
using the following nucleotide sequences: mPsti1
(agttcttctggcttttgcaccc) and mPsti26 (cccacgttgcctttcattacgg);
Prss1: mPrss1-s1 (taaaggcaggcttccatccagg) and mPrss1-a1
(tgacagtgactgcagagggatt). cDNA was subsequently subcloned
into a pGEM-T easy vector (Promega, Madison, WI, USA).

Sequence Analysis
Both cDNAs and the promoter regions of Spink3 and Prss1
gene were amplified by PCR using TaKaRa LA Taq poly-
merase mix (Takara Bio Inc., Kyoto, Japan). Primers used
in the RT–PCR included the following sequences: mPsti1
(agttcttctggcttttgcaccc) and mPsti26 (cccacgttgcctttcattacgg)
for Spink3; mPrss1-s1 (taaaggcaggcttccatccagg) and mPrss1-
a1 (tgacagtgactgcagagggatt) for Prss1. Three pairs of primers
were applied to sequence the 3 kb promoter region of each
gene. Sequencing was performed using the Big Dye Termi-
nator Cycle Sequencing ready kit and an ABI 310 Genetic
Analyzer (Applied Biosystems).

Western Blot Analysis
Western blot analysis was carried out according to the
method described earlier.25 Primary antibodies to the fol-
lowing antigens were used at the indicated dilutions: Spink3
(Transgenic Inc., Kumamoto, Japan), 1:1000; Prss1 (Nordic
immunological laboratories, Tilburg, Netherlands), 1:1000;
amylase (Santa Cruz Biotechnology, CA, USA), 1:1000; and
light chain 3 (LC3) (MBL International, Woburn, MA, USA),
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1:1000. An anti-rabbit secondary immunoglobulin G anti-
body conjugated with horseradish peroxidase (Amersham
Biosciences Corp, Piscataway, NJ, USA) was used to detect
all proteins. Intensities of the bands were quantified by
densitometry using ImageJ software (version 1.38, a program
inspired by NIH image; http://rsb.info.nih.gov/ij/docs/
index.html).

Statistical Analysis
All values are presented as mean±s.d. (range, 95% CI), and
statistical analysis was performed applying unpaired
Student’s t-tests. Po0.05 was considered to be a statistically
significant difference.

RESULTS
Cerulein-Induced Pancreatitis
The pancreas of all strains of mice injected with normal saline
showed no histological changes, whereas cerulein treatment
induced variable degrees of acute pancreatitis among these
five strains (Figure 1). C57BL/6J mice showed the mildest
pancreatitis (Figure 1g and h), whereas C3H/HeJ mice dis-
played the most severe pancreatitis (Figure 1s and t). BALB/c
and CBA/J mice showed a moderate degree of pancreatitis
(Figure 1k, l, o and p). Acute pancreatitis in JF1 mice was
obviously milder than pancreatitis in BALB/c and CBA/J
mice, yet more severe than C57BL/6J with evidence of acinar
cell necrosis (Figure 1c). Further calculations of semi-quan-
titative pathologic scores and statistical analysis strongly
supported this statistical difference in susceptibility (Figure
1u and v). Levels of amylase coincide with histological
findings, highest in C3H/HeJ, followed by CBA/J and BALB/
c, and lowest in C57BL/6J and JF1 with statistically sig-
nificant differences (Po0.05) (Figure 1w). Interestingly,
serum levels of amylase in JF1 mice were lowest in spite of the
presence of low grade of acinar cell necrosis when compared
with C57BL/6J mice.

CDE Diet-Induced Pancreatitis
In CDE diet-induced pancreatitis, the general histological
appearance of pancreatic tissues was much milder than those
in cerulein-induced pancreatitis. Acinar cells presented al-
most no obvious histological changes in JF1, C57BL/6J or
BALB/c mice (Figure 2c, d, g, h, k and l). C3H/HeJ mice,
however, showed signs of obvious necrosis in acinar cells
together with infiltration of inflammatory cells and slight
vacuolization of acinar cells (Figure 2s and t). A mild degree
of acinar cell necrosis was observed in CBA/J mice (Figure 2o
and p). Peripancreatic hemorrhage was a frequent sign
observed in this model as shown in Figure 2l, whereas fewer
inflammatory cells were found within the pancreatic inter-
stitium (Figure 2s). Pathologic scores were quite consistent to
the microscopically gross observation (Figure 2u and w).
Levels of serum amylase were proportional to these histolog-
ical findings (Figure 2w).

Basal Expression Levels of Spink3 in Mice under Normal
Feeding
Basal expression levels of Spink3 without induction were
examined by western blot analysis in each strain of mice.
Interestingly, results showed that expression of Spink3 was
statistically higher in JF1 and C57BL/6J than the other
three strains of mice that were susceptible to pancreatitis
(Supplementary Figure 1).

Expression of Spink3 and Prss1 after Treatment with
Cerulein
We examined the levels of mRNA and protein expressions of
Spink3 and Prss1 without and with cerulein treatment.
Without induction, CBA/J mice had lower Spink3 mRNA
levels than those in other strains (Figure 3a and b). With
cerulein treatment, Spink3 mRNA expression significantly
increased in JF1, mildly in C57BL/6J, but decreased in BALB/
c and C3H/HeJ strains (Figure 3a and c).

Without cerulein treatment, BALB/c mice had higher Prss1
mRNA levels than those in other strains (Figure 3a and b).
After cerulein treatment, Prss1 mRNA levels in JF1, C57BL/
6J, and BALB/c remained unchanged, but decreased in CBA/J
and C3H/HeJ mice (Figure 3a and c). Expression G3PDH
was notably augmented with cerulein treatment (Figure 3a),
suggesting that this gene expression could not be used as
reference loading control. Thus, we used 18S or 28S rRNA as
reference RNAs.

Then, protein expression for Spink3 and Prss1 was ex-
amined by western blot analyses. Notably, Spink3 levels in JF1
mice decreased after overnight starvation (Figure 3e) when
compared with normal feeding (see Supplementary Figure 1),
although levels in other strains were unchanged after star-
vation. Without treatment, levels of Spink3 in C57BL/6J mice
were higher than those in the other four strains (Figure 3d
and e). With cerulein treatment, Spink3 expression was
increased significantly in JF1, moderately in C57BL/6J and
BALB/c, and slightly in CBA/J and C3H/HeJ (Figure 3d
and f).

The level of Prss1 protein expression was lower in CBA/J
and C3H/HeJ than those in the other three strains without
induction (Figure 3d and e). However, levels of Prss1 in-
creased significantly in BALB/c, CBA/J, and C3H/HeJ with
cerulein treatment, whereas no notable changes were
observed in JF1 and C57BL/6 strains (Figure 3d and f). Taken
together, these results suggest that induction levels of Spink3
and Prss1 were negatively and positively related to suscept-
ibility of cerulein-induced pancreatitis, respectively.

Expression of Spink3 and Prss1 with CDE Diet
When given a normal diet, levels of Spink3 mRNA in C57BL/
6, CBA/J, and C3H/HeJ mice were higher than those in JF1
and BALB/c (Figure 4a and b). In the CDE diet model,
Spink3 mRNA expression was significantly increased in JF1
mice, but mildly increased in C57BL/6J and CBA/J (Figure 4a
and c).
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Figure 1 Histological changes, pathologic scores, and serum amylase levels in pancreas with and without cerulein treatment. (a, b, e, f, i, j, m, n, q, r)

Saline-treated mice. (c, d, g, h, k, l, o, p, s, t) Cerulein-treated mice. (b, d, f, h, j, l, n, p, r, t) Higher magnification of areas indicated in (a, c, e, g, i, k, m, o, q, s).

(u) Pathologic scores calculated based on five parameters: edema (E), hemorrhage (H), infiltrates (I), vacuolization (V), necrosis (N) of acinar cells. (t) Scores:

total scores derived from the evaluation of five parameters. (v) Column graph of pathologic scores shown as mean±s.d. (error bar). (w) Serum amylase

levels. Black arrows indicate respective inflammatory changes. Scale bar: 50 mm. *Po0.05. NS: no significance.
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Figure 2 Histological changes, pathologic scores, and serum amylase levels in pancreas with and without CDE diet-induced acute pancreatitis.

(a, b, e, f, i, j, m, n, q, r) Saline-treated mice. (c, d, g, h, k, l, o, p, s, t) Cerulein-treated mice. (b, d, f, h, j, l, n, p, r, t) Higher magnification of areas indicated

in (a, c, e, g, i, k, m, o, q, s). (u) Pathologic scores calculated based on five parameters: edema (E), hemorrhage (H), infiltrates (I), vacuolization (V), necrosis

(N) of acinar cells. (v) Column graph of the pathologic scores shown as mean±s.d. (error bar). (w) Serum amylase levels. Black arrows indicate respective

inflammatory changes. Scale bar: 50 mm. *Po0.05. NS: no significance.
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Levels of Prss1 mRNA in JF1 and C57BL/6 strains were
lower than those in other strains under a normal diet (Figure
5a and b). After CDE diet, levels of Prss1 mRNA were
decreased in C57BL/6, BALB/c, CBA/J, and C3H/HeJ mice

(Figure 4a and c). Protein expression for Spink3 and Prss1
was examined by western blot analyses. Under normal diet,
the levels of Spink3 were again higher in JF1 and C57BL/6J
than those in other three strains (Figure 4d and e). After CDE

Figure 3 Northern and western blots analyses on Spink3, Prss1, and amylase expressions in cerulein-induced acute pancreatitis. (a) Northern blot analysis;

18S and 28S were used as loading controls because G3PDH expression was induced by cerulein treatment. The same JF1 samples were arranged in the first

four lanes of northern blots. (b) Densitometric analysis for Spink3 and Prss1 expressions without cerulein induction in northern blot. (c) Densitometric

analysis for Spink3 and Prss1 expressions with cerulein induction in northern blot. (d) Western blot analysis. b-actin was used as a loading control. The same

JF1 samples were arranged in the first four lanes of western blots. (e) Densitometric analysis for Spink3 and Prss1 expressions after cerulein induction in

western blot. (f) Densitometric analysis for Spink3 and Prss1 expressions with cerulein induction in western blot. Unfilled bars represent untreated strains of

mice, whereas black bars indicate the treated strains. ‘�’: saline treatment. ‘þ ’: cerulein treatment. *Po0.05. NS: no significance.
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diet, Spink3 expression increased significantly in JF1, but
moderately in other strains (Figure 4d and f).

The level of Prss1 protein expression was lower in CBA/J
than those in other four strains without CDE diet (Figure 4d
and e). With CDE diet, Prss1 expression increased sig-

nificantly in CBA/J and C3H/HeJ, whereas expression re-
mained unchanged in JF1, C57BL/6J, and BALB/c mice
(Figure 4d and f). These results also suggest that the induction
levels of Spink3 and Prss1 are negatively and positively related
to susceptibility of CDE-induced pancreatitis, respectively.

Figure 4 Northern and western blot analyses on Spink3, Prss1, and amylase expressions in CDE diet-induced acute pancreatitis. (a) Northern blot analysis;

18S and 28S were used as loading controls because G3PDH expression was induced by cerulein treatment. The same JF1 samples were arranged in the first

four lanes of northern blots. (b) Densitometric analysis for Spink3 and Prss1 expressions without CDE diet in northern blot. (c) Densitometric analysis for

Spink3 and Prss1 expressions with CDE diet in northern blot. (d) Western blot analysis. b-actin was used as a loading control. The same JF1 samples were

arranged in the first four lanes of western blots. (e) Densitometric analysis for Spink3 and Prss1 expressions without CDE diet in western blot. (f) Densito-

metric analysis for Spink3 and Prss1 expressions with CDE diet in western blot. Unfilled bars represent untreated strains of mice, whereas black bars indicate

the treated strains. *Po0.05. NS: no significance.
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Trypsin Activity
As activation or extent of trypsinogen to trypsin during in-
itiation of acute pancreatitis is associated with the severity of
acinar cell injury, we examined the trypsin activity level within
pancreatic tissue homogenates among five mouse strains. The
highest activity was shown in C3H/HeJ, followed by CBA/J,
BALB/c, JF1, whereas C57BL/6J displayed the lowest value in
cerulein-induced pacreatitis (Figure 5a, left panel). In CDE diet,
trypsin activity level was significantly higher in C3H/HeJ than
those in other strains (Figure 5a, right panel). Not surprisingly,
the variation of trypsin activity was consistent with the ex-
pression pattern of trypsinogen among the five mouse strains.

Expression of LC3, an Autophagic Indicator
To approve that Spink3 functions also as a suppressor of
autophagy, we checked in the five mouse strains the expres-

sion level of microtubule-associated protein 1 LC3. As LC3-I
is converted into LC3-II during autophagosome formation,
we determined the LC3-II/LC3-I ratio by densitometric
analysis. As shown in Figure 5b, the ratio was higher in C3H/
HeJ, BALB/c, and CBA/J than that in JF1 and C57BL/6J when
treated with cerulein, showing that the mouse strain with
higher Spink3 expression possessed low level of LC3-II,
meaning less severe degree of autophagy.

Nucleotide Sequences of Prss1 and Spink3 cDNAs
To examine whether there was any nucleotide changes in
coding regions of the Prss1 and Spink3 genes, we sequenced
cDNA of these two genes isolated from all five strains.
Nucleotide sequences of Prss1 and Spink3 cDNAs were ex-
actly the same in four strains of mice: C57BL/6J, CBA/J,
BALB/c, and C3H/HeJ. In contrast, in the 807 bp of the Prss1

Figure 5 Trypsin activity and LC3-II expression. (a) Trypsin activity in cerulein-induced and CDE-diet-induced acute pancreatitis. Trypsin activity coincided

with protein expression level of Prss1. (b) LC3-II/LC3-I ratio in cerulein-induced and CDE diet-induced acute pancreatitis. LC3-II levels were inversely related

to Spink3 levels when treated with cerulein, suggesting the function of Spink3 as an inhibitor of autophagy.
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cDNA sequence of JF1 mice, five nucleotide changes were
found (Table 1). However, only the alteration, G to A at
position 568, resulted in substitution of glutamic acid with
lysine at amino-acid position 190 (Table 1). On the other
hand, three nucleotide changes were found within the 284 bp
region of Spink3 cDNA of JF1 mice without an amino-acid
substitution (Table 1).

Nucleotide Sequences of 3 kb Upstream Regions of
Spink3 and Prss1 Genes
As expression patterns of Spink3 and Prss1 differed among
mouse strains, we sequenced the approximately 3 kb pro-
moter regions of Spink3 and Prss1 genes. We chose JF1 and
C3H/HeJ as representatives of resistant and susceptible
mouse strains, respectively. As the most conserved binding
sites for transcription factors in pancreas-specific genes reside
within the 1 kb upstream region, we focused on the 3 kb
upstream regions of both Spink3 and Prss1 genes in this
study. All of the sequence data were aligned and compared
with the corresponding public database for C57BL/6J mice.
For the upstream nucleotide sequence of the Spink3 gene,
eight nucleotide changes (8/3000¼ 0.27%) were found
in C3H/HeJ vs C57BL/6J, whereas 92 nucleotide changes
(92/3000¼ 3.07%) appeared in JF1 vs C57BL/6J mice,
representing a huge difference in the 3 kb upstream of the
transcription start site in JF1 mice (Supplementary Figure 2).
Notably, almost half of nucleotide changes30 were found
within the 1 kb upstream region in JF1 (Supplementary
Figure 2). Several conserved motifs for transcription fac-
tors31–36 were found in the 3 kb upstream regions of Spink3
genes as summarized in Supplementary Figure 2. Interest-
ingly, an additional 10 bp was found between �372 and �381
in JF1 mice, although a conserved motif has not been
reported around this region.

With respect to the Prss1 gene, 46 (46/3000¼ 1.53%) or 39
(39/3000¼ 1.30%) nucleotide changes were identified in
C3H/He or JF1 strains against C57BL/6J mice, respectively
(Supplementary Figure 3). However, the region between
�3000 and �2300 bp of C57BL/6J was the same as that of
JF1, but not of C3H. On the other hand, the region between
�2300 and �1 bp of C57BL/6J mice was similar to that

of C3H mice. Three binding sites were found in the 1 kb
upstream region of the Prss1 gene31,37 (Supplementary
Figure 3). All these sequences are identical in all strains ex-
cept one nucleotide change at �192 of the binding site
(ATCACCTGCT) for nuclear protein in JF1 mice.

DISCUSSION
In this study, we showed strain differences using two models
of experimental acute pancreatitis and identified a negative
and positive relationship regarding the expression levels of
Spink3 and Prss1, respectively, in the susceptibility to ex-
perimental acute pancreatitis. In addition, we showed that
sequence differences in the promoter region of the Spink3
gene was significant between JF1 and other laboratory mouse
strains, suggesting that differences in gene regulation are
connected to a susceptibility to induced acute pancreatitis.

Pathologically, there were qualitative differences between
cerulein- and CDE diet-induced pancreatitis in addition to
the severity of pancreatitis. In the CDE diet model, much
more hemorrhagic legions were noticed, as has been reported
before.28 This difference may be caused by different induction
mechanisms in the early stages of acute pancreatitis. Cerulein
is a cholecystokinin analog that can stimulate pancreatic
acinar cells to secrete digestive enzymes. In supramaximal
stimulation by cerulein, secretory activity increases drama-
tically, but membrane recruitment is insufficient for a strong
demand of zymogen granule membrane, resulting in an
inhibition of exocytosis at the luminal plasma membrane. On
the other hand, a more likely target of ethionine is phos-
pholipid metabolism of membranes that are involved in the
processes of intracellular transport and secretion of pan-
creatic enzymes. Feeding a choline-deficient diet potentiated
the activity of ethionine, because a choline-deficient diet also
induced changes in membrane phospholipids of cellular
organelles.38–40 Although the detailed mechanism for he-
morrhagic lesions remains unclear, destruction of the elastic
tissue of the intrapancreatic vessels may also occur in such a
situation.

In two experimental models, we observed similar strain
differences in disease susceptibility, which were most severe
in C3H/HeJ and CBA/J strains, moderate in BALB/c mice,

Table 1 Single-nucleotide polymorphisms in JF1 cDNA vs B6

Prss1 (807bp) Spink3 (284bp)

Position Nucleotide change Amino-acid change Position Nucleotide change Amino-acid change

Exon 1 15G4C No Exon 3 192G4A No

Exon 3 342A4T No Exon 3 198C4T No

Exon 4 516G4A No Exon 4 279A4G No

Exon 4 519T4C No

Exon 4 568G4A E190K

JF1, Japanese Fancy Mouse 1. E190A, substitution of the glutamic acid (E) at amino-acid position 190 with lysine (K).
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and mildest in C57BL/6J and JF1 strains. In human beings, a
relationship between the PRSS1 gene mutations and the
onset of pancreatitis has been established by many in-
vestigations.21,30,41,42 Thus, it is possible that differences in
primary structure or expression of the Prss1 gene are
responsible for strain differences. Although we found one
single-nucleotide polymorphism (SNP) in exon 4 that
resulted in substitution of glutamic acid with lysine at ami-
no-acid position 190 in JF1 mice, this mutation was not
observed in the PRSS1 gene of human patients, suggesting
that the coding region of the Prss1 gene is not related to the
susceptibility to pancreatitis among these strains.

Interestingly, Prss1 protein expression was obviously in-
creased in BALB/c, CBA/J, and C3H/HeJ mice, but not in JF1
and C57BL/6J mice with cerulein treatment. This high Prss1
expression coincided with a high trypsin activity. Many
nucleotide changes found in the 3 kb upstream region of the
Prss1 gene among C57BL/6J, C3H/HeJ, and JF1 strains may
be responsible for different expression level.

Differences in the primary structure or expression of the
Spink3 gene may also be involved in susceptibility to the
development of pancreatitis. However, we could not find any
SNPs with an amino-acid substitution between JF1 and other
strains of mice. Thus, the coding region of the Spink3 gene
was not related to pancreatitis susceptibility. Meaningfully,
we found a significantly higher expression of Spink3 in JF1
and C57BL/6J mice under normal feeding (Figure 3a and b).
Furthermore, Spink3 expression was strongly augmented in
JF1 mice with cerulein treatment. This high Spink3 expres-
sion was associated with low level of LC3-II expression, im-
plying the function of Spink3 as an inhibitor of autophagy.
As shown in Supplementary Figure 2, we found significant
nucleotide changes in the 3 kb upstream region of the Spink3
gene of JF1 mice. It is of interest that an additional 10 bp was
inserted between �372 and �381 region in JF1 mice, al-
though a conserved motif has not been reported around this
region. Therefore, this region might be involved in the reg-
ulation of gene expression under cerulein stimulation. Taking
these into account, the mechanisms by which Prss1 and
Spink3 might be influencing the susceptibility are proposed
here in a molecular model shown in Figure 6. In resistant
strains, increased Spink3 expression caused by cerulein or
CDE diet suppresses autophagy, leading to reduced activation
of trypsinogen. In addition, Spink3 can bind to trypsin to
inhibit its activity directly. Thus, both enhanced Spink3 and
low Prss1 expression result in reduced trypsin activity, lead-
ing to less severe acute pancreatitis. In susceptible strains, low
level of Spink3 expression results in enhanced autophagy,
causing the conversion of trypsinogen to trypsin, and in
low-level inhibition of trypsin. Thus, both high Prss1 and low
Spink3 expressions result in increased trypsin activity,
leading to more severe acute pancreatitis.

After activation of trypsinogen, inflammation is eventually
induced in both models. Therefore, different responses
in inflammatory factors, such as NF-kB, TNF-a, IL-1,

Heat Shock Protein, NO, or TLR4, among strains may be
involved in pancreatitis susceptibility. Actually, inflammatory
responses are different from one strain to another and a given
strain can have variable inflammatory responses from one
form of damage to another. For example, inbred mice
varied significantly in their susceptibility to cigarette smoke-
induced emphysema.43,44 Further studies will be required to
analyze genetic mechanisms for differences in inflammatory
responses.

Advances in molecular physiology indicate the mouse to be
an ideal investigative model to determine genomic variants
that affect susceptibility to disease. This model offers the
advantage of studying a large number of genetically identical
animals under controlled conditions. Animal studies com-
plement human studies by introducing an experimental
control and the opportunity to pursue functional genomics
and expression studies at the level of organs, tissues, or cells.
Molecular mechanisms for disease resistance/susceptibility
may differ among strains, and the JF1 strain may give a
unique opportunity to examine such mechanisms that may
not be found in other laboratory mouse strains.

Supplementary Information accompanies the paper on the Laboratory

Investigation website (http://www.laboratoryinvestigation.org)

ACKNOWLEDGEMENTS

We herein sincerely appreciate the excellent work on the tissue sectioning

preparation by Mrs Michiyo Nakata and Ms Yumi Otake. We also thank the

Riken BioResource Center, Tsukuba, Japan for supplying JF1 mice. This work

was supported in part by KAKENHI (Grant-in-Aid for Scientific Research) in

Priority Areas ‘Integrative Research Toward the Conquest of Cancer’

(17012018) from the Ministry of Education, Culture, Sports, Science, and

Technology, a Grant-in-Aid for Scientific Research (S) (21220010) and a

Grant-in-Aid for Young Scientists (B) (18790968) from the Japan Society for

the Promotion of Science (JSPS) of Japan.

Figure 6 Proposed model for the function of Prss1 and/or Spink3 on

susceptibility of acute pancreatitis. In resistant strains, increased Spink3

expression caused by cerulein suppresses autophagy, and trypsin activity,

leading to less severe acute pancreatitis. In susceptible strains, low

expression of Spink3 and high expression of Prss1 result in enhanced

autophagy, causing the conversion of trypsinogen to trypsin and in low-

level inhibition of trypsin, thus leading to more severe acute pancreatitis.
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