
A better understanding of the mechanisms that regu-
late beta cell growth and regeneration might be use-
ful in the treatment of diabetes mellitus, the hope be-
ing that diabetes could be treated by either stimulat-
ing the growth of endogenous beta cells or increasing
the number of exogenous (i.e. transplanted) beta

cells [1–3]. Ligation of the pancreatic duct has been
shown to induce islet cell neogenesis from duct cells
in the adult rat pancreas [4, 5]. Because islet cell neo-
genesis only occurs in the duct-ligated part of the
pancreas, paracrine or autocrine regulation of the
neogenetic process by growth factors can be assumed
[5]. Little is known, however, about the nature and
origin of the factors that regulate these events. Mac-
rophages, a known source of growth stimulating cyto-
kines [6], assemble rapidly after duct ligation in the
pancreas in order to phagocytose apoptotic acinar
cells [7, 8]. The factors released by these macro-
phages may stimulate the proliferation of both stro-
mal fibroblasts and duct cells [7–9]. One factor that
is of particular interest in this process is transforming
growth factor-a (TGFa), because it is not only
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Summary In adult rats islet cell neogenesis can be
stimulated by partial duct ligation. Duct to islet cell
differentiation is thought to be regulated by growth
factors such as gastrin and transforming growth fac-
tor-a (TGFa). To test this hypothesis, we examined
the expression of gastrin and TGFa at the mRNA
and protein level in pancreatic tissue following partial
duct ligation. Pancreatic specimens were investigated
on days 3, 5, 7 and 14 after duct ligation by means of
non-isotopic in situ hybridization, immunocytochem-
istry and Western blotting. Gastrin mRNA was
strongly expressed in newly developed duct-like cell
structures in the ligated tail portion of the pancreas
before the period of pronounced islet cell neogenesis
(days 5 and 7), and immunostaining for gastrin pep-
tides was positive at days 5–7. In the non-ligated
head portion and in control pancreases, gastrin was
not expressed. Expression of TGFa was found to be
increased in the ligated tail portion of the pancreas

on day 3 and particularly on day 5, while there was
no enhanced signal in the non-ligated part. Western
blotting revealed two different TGFa isoforms (18
kDa and 42 kDa) in the ligated tail part and three iso-
forms (18 kDa, 24 kDa and 42 kDa) in the non-li-
gated head part and in untreated pancreases. The in-
duction of gastrin and TGFa expression preceded
the peak in the bromodeoxyuridine pulse labelling in-
dex of beta cells, known from a previous study to oc-
cur on day 7. We conclude that pancreas duct ligation
induces the overexpression of gastrin and TGFa in
the first days following ligation. Since ductal cells
are known to give rise to endocrine cells after duct li-
gation, gastrin and TGFa may play a role as growth
factors in islet neogenesis. [Diabetologia (1997) 40:
887–893]
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produced by macrophages but is also expressed in
pancreatic duct and islet cells [10, 11]. Since the pan-
creas of TGFa-overexpressing transgenic mice has
been found to develop metaplastic ducts [12–14], it
has been proposed that TGFa is a regulator of duct
cell proliferation and differentiation [15]. Another
factor that could influence the growth of the endo-
crine pancreas is gastrin, which is transiently ex-
pressed in the islets of the developing pancreas [16–
18], and therefore may affect islet cell neogenesis.
Based on these observations, double transgenic mice
were generated that overexpress TGFa in their exo-
crine pancreas and gastrin in their beta cells [15]. In
these animals an increased islet mass (approximately
twice that of control mice) was found, which was not
noted in single transgenes that expressed either
TGFa or gastrin alone.

To test the hypothesis that growth factors such as
gastrin and TGFa may be involved in endocrine cell
growth and differentiation after pancreas duct liga-
tion, we examined the expression of both factors in
rat pancreatic tissue following partial duct ligation.
Western blotting and immunocytochemical staining
were applied to identify the protein levels of TGFa
and in situ hybridization and immunocytochemistry
to determine gastrin mRNA and protein expression.
We now report that gastrin and TGFa are overex-
pressed in the pancreas of duct-ligated adult rats and
that this overexpression occurs in ductal complexes.

Materials and methods

Experimental design and tissue processing. Male Wistar Han-
nover rats (Harlan Winkelmann GmbH, Hannover, Germany)
were used. The animals weighed around 270 g and were
3 months old. Duct-ligated animals were anaesthetized with
diethyl ether and operated on as described previously [5]. Nor-
mal (untreated) animals not subjected to any surgical proce-
dure served as controls. Duct-ligated animals were killed 3, 5,
7 and 14 days after the operation, untreated rats were killed
at the onset of the experiments. One hour prior to death the
animals were injected intraperitoneally with bromodeoxyuri-
dine (BrdU) (Sigma, St. Louis, Mo., USA) at a dose of 50 mg/
kg body weight. Eight to nine rats were investigated per time
point and group. Pancreatic head and tail portions were dis-
sected at the site of the duct ligature in the treated rats and at
the corresponding site in the pancreas of untreated rats. For
normal histology, immunocytochemistry and in situ hybridiza-
tion, pieces of pancreas from three animals in each group
were then either frozen in dry-ice-cooled isopentane or fixed
in 4 % paraformaldehyde overnight at room temperature. Af-
ter fixation, the tissues were dehydrated and embedded in par-
affin following routine procedures. Five to six pancreases from
each group were frozen in liquid nitrogen and kept at –80 °C
for Western blotting.

Immunocytochemistry. Acetone-fixed cryostat sections (5 mm
thick) or deparaffinized sections (3 mm thick) from control an-
imals and from animals 3, 5, 7 and 14 days post-ligation were
immunostained for gastrin and TGFa, respectively, using the
AB complex method as described previously [2, 5, 19, 20].

The rabbit polyclonal anti-human gastrin antibody (kindly pro-
vided by Dr. J. J. Van der Haeghen) was used at a dilution of
1:6000. TGFa was detected with a mouse monoclonal anti-hu-
man TGFa Ab-2 antibody (Oncogene Science, Uniondale,
N. Y., USA) diluted 1:20. BrdU was detected with a mouse
monoclonal anti-BrdU antibody (Euro-Diagnostics, Apel-
doorn, The Netherlands) diluted 1:10. Staining was visualized
by incubation in DAB (3,3 ′-diaminobenzidine tetrahydrochlo-
ride, Sigma). The controls for immunostaining consisted of
omission of the primary antibodies. In addition the antibodies
against TGFa and gastrin were tested by absorption with ex-
cess human TGFa protein (Oncogene Science) and gastrin, re-
spectively. These tests resulted in negative staining.

In situ hybridization. Paraformaldehyde-fixed pancreatic tis-
sue from animals 3, 5, 7 and 14 days post-ligation was used for
in situ hybridization. Control tissues were included. For detec-
tion of gastrin mRNA, an 87 nucleotide Hind III – Nco1 anti-
sense DIG-RNA probe was used [21]. The DIG-labelled in
situ hybridization method was essentially that of Komminoth
[22]. Deparaffinized sections (3 mm thick) were digested with
10 mg/ml proteinase K (Sigma) and washed with 0.1 mol Tris
buffer, pH 7.4, as previously reported [2]. After prehybridiza-
tion for 3 h, hybridization was initiated by adding the DIG-la-
belled gastrin RNA and 250 mg/ml yeast tRNA and 500 mg/ml
herring sperm DNA (Sigma) for 16 h at 42 °C. The sections
were then washed with graded concentrations of sodium chlo-
ride and sodium citrate (SSC) solution and incubated with al-
kaline phosphatase-conjugated polyclonal sheep anti-DIG an-
tibody (diluted 1:1000). Sites of alkaline phosphatase activity
were revealed by incubation in nitro blue tetrazolium and 5-
bromo-4-chloro-3-indolyl phosphate medium as chromogen
to obtain a dark blue reaction. The specificity of the gastrin
mRNA probe was tested by omission of the probe and pre-
treatment of tissue sections with RNase [2], which abolished
all reactivity.

Western blot analysis. Proteins were extracted from fresh-fro-
zen pancreas specimens from untreated animals and animals
3, 5, 7 and 14 days post-ligation. Samples were homogenized
in lysine buffer containing 5 % sodium dodecyl sulfate (SDS),
80 mmol/l Tris-HCl buffer (pH 6.8), 5 mmol/l EDTA (pH 8.0)
and 25 mmol/l phenylmethylsufonyl fluoride. After centrifuga-
tion at 3500 rev/min for 20 min, the resulting supernatant was
frozen. The protein concentration was measured by BCA pro-
tein assay kit (Pierce, Rockford, Ill., USA), using bovine serum
albumin (fraction V) as standard. Proteins were separated by
SDS-PAGE with a separating gel of 16.5 %, spacer gel of
10 % and stacking gel of 4 % according to the system of Laemm-
li [23]. Fifty mg of proteins were electrophoresed per lane
and transferred to Hybond-PVDF (hydrophobic polyvinyli-
dene difluoride; Amersham, Little Chalfont, UK) membrane
with a semi-dry electroblotter. The transfer buffer contained
39 mmol/l glycine, 48 mmol/l Tris-HCl buffer, 0.04 % SDS and
20 % methanol. TGFa was identified with the ECLTM protein
detection system (Amersham). The membranes were washed
in Tris-buffered saline (20 mmol/l Tris, 150 mmol/l NaCl) con-
taining 0.1 % Tween 20 (TBST) and then blocked with TBST
solution containing 5 % non-fat dry milk. After blocking, im-
munoblotting was performed with the monoclonal anti-human
TGFaAb-1 antibody used for immunocytochemistry at a con-
centration of 5 mg/ml for 1 h at room temperature. The second
antibody, a sheep anti-mouse Ig horseradish peroxidase anti-
body, was used at a dilution of 1:1000. Proteins were detected
by ECL reagents for 1 min and exposed to BioMax MR film
(Kodak, Rochester, N. Y., USA) for 5 min within 30 min after
the reaction.
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Quantitative estimation of TGFa protein. The TGFa protein
levels in the pancreas of duct-ligated and untreated rats were
quantified by densitometric analysis of autoradiograms of
TGFa Western blots [24]. From each sample, 50 mg of protein
was separated by SDS-PAGE, and the density of the TGFa
bands (18 kDa) was scanned using computerized densitometry
(Scanpack, Biometra, Göttingen, Germany) following a stan-
dardized protocol.

Statistical analysis. All data are expressed as mean ± SEM. The
difference between groups was evaluated by one-way analysis
of variance and paired and unpaired Student’s t-test.

Results

Pancreas morphology and BrdU labelling. The histo-
logical appearance and the BrdU labelling pattern of
the pancreas tail after duct ligation have been de-
scribed in detail by us [5] and others [7, 8]. Briefly, af-
ter 3 days the normal acinar cells were replaced by
ductal structures and tubular complexes, which were
embedded in an inflammatory infiltrate rich in mac-
rophages. At days 5, 7 and 14 the normal acinar pa-
renchyma had disappeared. Instead there were duc-
tules and tubular complexes intimately associated
with dilated ducts and islet cell clusters. There was
marked interstitial inflammation. BrdU labelled par-
ticularly the cells of ducts and tubular complexes
(Fig. 1).

Gastrin expression. In the ligated tail portion of the
pancreas, gastrin mRNA was strongly expressed in
the cells of ductal complexes at day 3 post-ligation
(Fig. 2A), while immunostaining for gastrin remained
negative. On days 5, 7 and 14 post-ligation, the inten-
sity of the hybridization signal for gastrin mRNA
gradually decreased (Fig. 2B), whereas the immuno-
staining for gastrin was positive in the ductal com-
plexes (Fig. 3). In the non-ligated head part of the
pancreas and in untreated control pancreases, gastrin
mRNA was not detected at either the mRNA
(Fig. 2C) or protein levels.

TGFa expression. Weak immunocytochemical stain-
ing for TGFa was found in both the duct cells and en-
docrine cells of the non-ligated head part (Fig. 4A)
and in the untreated pancreas of controls. No positive
signal was observed in acinar cells and interstitial
cells. Immunostaining for TGFa was increased in the
tubular complexes and ducts of the ligated tail part
at day 3 and even more at day 5 post-ligation,
(Fig. 4B). After 7 days post-ligation, TGFa expres-
sion decreased.

To confirm the TGFa immunostaining, Western
blots of pancreatic extracts were performed using
the same monoclonal antibody to TGFa as for immu-
nocytochemistry. TGFa isoforms of about 18 kDa
and 42 kDa were detected in the ligated tail part of

the pancreas, while isoforms of 18 kDa, 24 kDa and
42 kDa were found in the non-ligated head part and
the untreated pancreas (Fig. 5). Densitometric analy-
sis of the autoradiograms demonstrated that TGFa
(18 kDa) protein levels were significantly increased
in the ligated tail portion of the pancreas, compared
to the unligated head portion, at days 3, 5, 7 and 14
post-ligation (388 ± 53u ligated rats vs 176 ± 28u un-
treated rats, p < 0.01). The highest values were noted
at day 5 post-ligation. Subsequently they gradually
decreased (Fig. 6). Densitometric analysis of all the
Western blots (18 kDa) indicated that TGFa levels
were increased by a factor of 2.5 in the ligated tail of
the pancreas at day 5, compared with the correspond-
ing levels in the untreated pancreas.

Discussion

It is generally thought that islet cells in general and
the pancreatic beta cells in particular have a limited
proliferative potential in the postnatal period [25,
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Fig. 1 A, B. BrdU labelling on sections from the tail portion of
the rat pancreas 3 (A) and 5 (B) days post-ligation. Numerous
BrdU signals were found (arrows) in cells of ducts and tubular
complexes. Arrowhead, islet. Original magnification × 400



26]. However, several experimental models have
been developed that show that neoformation and
replication of pancreatic endocrine cells are reacti-
vated under certain conditions in adult animals [15,
27–30]. In this study we used the model of pancreas

duct ligation in the adult rat, in which we recently
demonstrated islet cell neogenesis from adult pancre-
atic duct cells. It is likely that endocrine cytodifferen-
tiation and cell proliferation in the pancreas involve
both circulating factors and factors produced in the
pancreatic tissue during the growth response. Among
the factors implicated in this process are TGFb1 [31],
nicotinamide [32] hepatocyte growth factor/scatter
factor [33], TGFa [15] and gastrin [15, 34]. Our study
revealed that both gastrin and TGFa are overex-
pressed in response to duct ligation in the ligated
part of the adult rat pancreas. Increased immuno-
staining for proteins or peptides and increased gastrin
mRNA expression were evident in cells of tubular
complexes and pre-existing ducts, but not in the sur-
rounding fibroblasts or connective tissue.

Gastrin appears to have a dual function as a hor-
mone and as a trophic factor. As a hormone it stimu-
lates gastric acid secretion by parietal cells indirectly
via induced enterochromaffin like cell histamine re-
lease. Additionally it also stimulates the parietal cell
receptor directly. As a trophic factor gastrin exerts a
potent effect on the enterochromaffin like cell and,
possibly, other intestinal cells as well [35]. Gastrin
and the homologous cholecystokinin have been sug-
gested to be responsible for increased [3H]thymidine
labelling of pancreatic ductal and acinar cells in rats
fed raw soya flour [36]. In the mammalian pancreas
and particularly in the rat pancreas, gastrin is ex-
pressed both at the mRNA and the protein level
[16–18] during late fetal gestation when cytodifferen-
tiation into ductal, acinar and endocrine cells occurs
[37], but disappears rapidly from the pancreas in the
postnatal period. These findings suggest that pancre-
atic gastrin may play a role in pancreatic growth and
development. In the duct-ligated adult rat pancreas,
gastrin expression was strongest at day 3, as
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Fig. 2 A–C. In situ hybridization for gastrin mRNA on sections
from the tail portion of the rat pancreas, 3 (A) and 5 (B) days
post-ligation. Cells of small ducts and tubular complexes show
strong signals (A, B) for the mRNA probe (arrows). No signals
are found in the head portion (C) of the pancreas. Arrowhead,
islet; Asterisk, duct. Original magnification × 400

Fig. 3. Immunostaining for gastrin on an acetone-fixed cry-
ostat section from the tail portion of the rat pancreas, 5 days
post-ligation. Strong positivity of tubular complexes and duc-
tules (arrows). Original magnification × 400



evidenced by in situ hybridization (mRNA), and at
day 5, as shown by immunocytochemistry (protein),
and then declined. This coincided with the increased
duct cell proliferation and also with the occurrence
of newly formed beta and alpha cells observed in our
previous study [5], suggesting that gastrin may medi-
ate these regenerative changes. The mechanism by
which gastrin is expressed in the duct-ligated rat pan-
creas is apparently also operative in humans. It has
been found that pancreatic tissue from patients with
duct-obstructing papilla Vateri tumours also ex-
presses gastrin [38].

TGFa belongs to a small family of structurally re-
lated growth factors with mitogenic potential [39]. In
particular, TGFa has been implicated in the prolifer-
ation of gastric mucosal cell types [40, 41]. In the pan-
creas, TGFa, like gastrin, is also expressed in the late

fetal period, but, contrary to gastrin, continues to be
present after birth [42]. During this period TGFa im-
munoreactivity is mainly found in islet and duct cells.
TGFa exerts its effect through the epidermal growth
factor receptor, which is known to be expressed by al-
most all cell types of the pancreas, but most abun-
dantly by islet cells [42]. However, when duct cells
are exposed to inflammation, they strongly express
the epidermal growth factor receptor [43]. In the
duct-ligated part of the adult rat pancreas we found
substantially elevated TGFa protein expression in
the cells of the tubular complexes and ducts as
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Fig. 4 A, B. Immunocytochemical staining for TGFa on sec-
tions from the head (A) and tail portion of the rat pancreas
(B), 5 days post-ligation of the pancreas tail. In the normal
pancreas head (A) TGFa is expressed in islet cells (arrow-
heads) and duct cells (arrows). In the ligated pancreas tail (B)
there is strong perinuclear staining in cells of ducts and tubular
complexes (arrows) and weak labelling of islet cells (arrow-
heads). Original magnification × 400

Fig. 5. TGFa Western blot. 50 mg of protein from the various
pancreas homogenates was loaded onto each lane. TGFa iso-
forms were detected by a monoclonal antibody to human
TGFa. Three isoforms of TGFa (18, 24 and 42 kDa) were pres-
ent in the duct-ligated head portion and the untreated pan-
creas, and two isoforms (18 and 42 kDa) in the duct-ligated
tail portion of the pancreas. Molecular weight markers (Stds)
are shown on the right. PDL, duct-ligated group; H, head por-
tion; T, tail portion

Fig. 6. Densitometric analysis of TGFa (18 kDa isoform)
Western blots. Data are expressed as mean ± SEM of densito-
metric units (n = 6). Statistical analysis showed significant dif-
ferences in the tail portion of the pancreas between untreated
and duct-ligated rats (p < 0.01). *p < 0.05; **p < 0.01. R head
portion,A tail portion



remodelling of the ligated pancreas parenchyma oc-
curred. The intensity of the TGFa immunostaining
and the densitometric analysis of TGFa Western
blots indicated that TGFa was strongly amplified at
days 3, 5 and 7 post-ligation and later decreased.
Western blot analysis revealed the expression of two
TGFa isoforms, one with 18 kDa and the other with
42 kDa, in the ligated pancreas, which were also pre-
sent, though weakly, in the non-ligated part of the
pancreas and the untreated control pancreas. TGFa
isoforms have been previously reported and may
range from 5 to 45 kDa [44–46]. In the case of the rat
pancreas it seems that in particular the two isoforms,
18 kDa and 42 kDa, are processed from pro-TGFa
[47].

Although we did not perform any co-localization
experiments, it was obvious from the labelling pat-
terns that gastrin and TGFa were both expressed in
cells with a ductal phenotype, which were shown in a
previous study to contain cytokeratin 20 [5, 19]. Since
the precursor/stem cells that can give rise to new islet
cells most likely belong to this cell compartment [1, 3,
19, 48–51], we assume that gastrin and TGFa interact
with the precursor/stem cells in an autocrine and/or
paracrine fashion. Whether gastrin and TGFa inter-
act with each other or with other growth factors or
hormones, such as insulin-like growth factors 1 and
2, growth hormone or hepatocyte growth factor/scat-
ter factor [31, 52], is not known. It also remains to be
elucidated whether the effects of both gastrin and
TGFa are receptor mediated. Finally, it would be in-
teresting to observe the expression of gastrin and
TGFa for longer periods after duct ligation, to see
whether the overexpression of both factors returns
to normal once parenchymal remodelling has ceased.

In summary, we have shown that gastrin and TGFa
are strongly expressed in pancreatic cells of the ductal
phenotype with the capability to transform into endo-
crine cells in response to duct ligation. In contrast to
the situation after partial (90%) pancreatectomy, in
which the development of both acinar and islet cells
from ductal epithelium is found [49], pancreas duct li-
gation appears to stimulate only the proliferation and
differentiation of endocrine cells.
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