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Abstract
Aims/hypothesis Epidermal growth factor receptor (EGFR)
signalling is essential for the proper fetal development of
pancreatic islets and in the postnatal formation of an
adequate beta cell mass. In this study we investigated the
role of EGFR signalling in the physiological states of beta
cell mass expansion in adults during metabolic syndrome
and pregnancy, as well as in regeneration after pancreatic
duct ligation.
Methods Heterozygous Pdx1-EGFR-dominant-negative
(E1-DN) mice, which have a kinase-negative EGFR under
the Pdx1 promoter, and wild-type mice were both subjected
to a high-fat diet, pregnancy and pancreatic duct ligation.
Results The beta cell mass of wild-type mice fed the high-
fat diet increased by 70% and the mice remained

normoglycaemic; the E1-DN mice became diabetic and
failed to show any compensatory beta cell mass expansion.
Similarly, pregnant wild-type mice had four times more
proliferating beta cells and a 75% increase in beta cell mass
at mid-gestation, in contrast to the pregnant E1-DN mice,
which did not show any significant beta cell compensation
and were hyperglycaemic in an intraperitoneal glucose
tolerance test. However, after pancreatic duct ligation, both
the wild-type and E1-DN mice showed similar expression of
Ngn3 (also known as Neurog3) and beta cell proliferation
increased to a similar level in the ligated part of pancreas.
Conclusions/interpretations EGFR signalling is essential in
beta cell mass expansion during a high-fat diet and
pregnancy where replication is the primary mechanism for
compensatory beta cell mass expansion. In contrast, EGFR
signalling appears not to be crucial to increased beta cell
proliferation after pancreatic duct ligation.
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EGF Epidermal growth factor
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Introduction

The achievement and maintenance of an adequate and
functional beta cell mass is important for glucose homeo-
stasis and is controlled at all stages of development. In
rodents the beta cell mass is mostly determined during the
last days of gestation and first postnatal weeks [1, 2]. In
adulthood the beta cell mass remains quite constant under
normal physiological circumstances, with very low rates of
beta cell replication [3, 4]. However, beta cells adaptively
compensate for both physiological and pathophysiological
states of insulin resistance, including pregnancy and
metabolic syndrome [5–10]. During metabolic syndrome
and the associated insulin resistance, the normal pancreatic
beta cell response is compensatory insulin hypersecretion in
order to maintain normoglycaemia. This compensation
involves the expansion of the beta cell mass and enhanced
insulin synthesis and secretion [5, 8–12]. The same is
probably true in obese non-diabetic humans, although the
increase in beta cell mass (about 50%) is less than that seen
in mice [13]. Also, during pregnancy the maternal
pancreatic beta cell mass increases both in rodents and
humans to meet the increased physiological demands
[6, 14, 15]. There is plenty of evidence for replication
being the primary mechanism for beta cell mass expansion
during obesity-induced insulin resistance and pregnancy in
mice [7, 9, 16–18].

Another well-characterised situation of rapid beta cell
mass expansion is pancreatic regeneration that occurs after
partial pancreatectomy and in pancreatic inflammation
triggered by ligation of the pancreatic duct [19–22]. The
beta cell mass doubles in 1 week in the ligated part of the
pancreas, which cannot be explained by replication alone
without additional sources of new beta cells [19, 23].
Neurogenin 3 (NGN3)-positive precursor cells have indeed
been shown to recapitulate the embryonic programme of
islet differentiation in the duct-ligated pancreas [23]. The
origin of the Ngn3-expressing endocrine precursor cells
remains unclear, however. One possibility for beta cell
regeneration is direct conversion of glucagon-producing
alpha cells into beta cells, which has been demonstrated in a
model of extreme rapid beta cell loss [24].

Epidermal growth factor receptor (EGFR) is a tyrosine
kinase receptor [25] belonging to the ERBB receptor
family, consisting of EGFR/ERBB1, NEU/ERBB2, ERBB3
and ERBB4 [26, 27]. All ERBBs are produced in the
developing pancreas [28, 29]. We have previously shown
that the EGFR is essential for normal pancreatic develop-
ment and important in postnatal beta cell growth. In EGFR-
deficient mice the development of beta cells occurs at a
later stage and the nascent beta cells have a migration
defect [30]. We further showed that ligands of the EGFR/
ERBB1 and ERBB4 receptors, particularly betacellulin,

regulate the lineage determination of developing islet cells
[29]. In mice expressing a dominant-negative EGFR under
the Pdx1 promoter (E1-DN mice), the relative beta cell
surface area is markedly reduced because of impaired beta
cell proliferation [31]. In the E1-DN beta cells the
phosphorylation of EGFR and the activation of
downstream-signalling molecules is downregulated by
approximately 40% in homozygous animals. The pheno-
type of heterozygous E1-DN mice, which were used in
these experiments, is less pronounced, and the heterozy-
gous mice are nearly normoglycaemic under normal
circumstances [31].

This study aims to elucidate the role of EGFR-mediated
signalling in the expansion of beta cells during metabolic
challenges or pancreatic regeneration. The E1-DN mice
were challenged with high-fat diet or pregnancy, two
conditions known to be associated with increased beta cell
replication. Finally, the same mice were subjected to
pancreatic duct ligation, a model for islet neogenesis.

Materials and methods

Animals and experimental setup FVB E1-DN mice were
generated as previously described by Miettinen et al. [31].
Briefly, the E1-DN transgene consists of the mouse Pdx1
promoter, followed by a rabbit β-globin second intron, the
human kinase-deficient EGFR cDNA with a myc tag and a
growth hormone polyA tail [31]. The study protocol was
approved by the Animal Ethics Committee of the University
of Helsinki and the principles of laboratory animal care
were followed. Wild-type controls were derived from
litters or non-related litters.

For the high-fat diet experiment, 5-week-old heterozy-
gous male mice (FVB Pdx1-EGFR-DN) were fed on a
high-fat diet (TD 06414, Harlan Laboratories, Indianapolis,
IN, USA) or standard chow (Altromin 1324; Altromin,
Lage, Germany) for 8 weeks. Proliferating cells were
continuously labelled by administering BrdU (Sigma-Aldrich,
St Louis, MO, USA) in drinking water (1 mg/ml). An
intraperitoneal glucose tolerance test (IPGTT) was performed
after 4 and 8 weeks. The mice were killed immediately after
the second IPGTT and the pancreases collected.

For the pregnancy experiment, 12-week-old heterozy-
gous female mice (E1-DN FVB) were mated with male
FVB mice. Mating was confirmed by the presence of a
vaginal plug the next morning, designated as day 0.5 of
gestation. An IPGTT was performed on day 13.5 and the
mice were killed and the pancreases collected on day 14.5
of pregnancy.

For the pancreatic duct ligation the E1-DN and the wild-
type mice were sent to Brussels and left to adapt to the new
environment for 1 week prior to the operation. The
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pancreatic duct of 9 week old mice (E1-DN FVB) was
ligated as described in rats by Wang et al. [19] with some
minor modifications. The mice were killed 7 days after the
operation and the pancreatic head and tail parts were
collected separately.

IPGTT Glucose (10% [wt/vol.] solution, 1 mg/g body
weight) was injected i.p. Blood samples were collected at
0, 30, 60 and 120 min and glucose concentrations were
measured from whole blood using a clinical glucose meter
(OneTouch Ultra glucose meter; Lifescan, Milpitas, CA,
USA).

Immunohistochemistry and beta cell mass analysis The
mice were killed by >70% carbon dioxide followed by
cervical dislocation, and the pancreases were dissected,
weighed and fixed overnight in 4% (wt/vol. in phosphate
buffer) paraformaldehyde following embedding in paraffin.
The paraffin sections were stained as described previously
by Huotari et al. [29]. In brief, the deparaffinised rehydrated
sections were treated with 1 mmol/l EDTA buffer (pH 8) in
a microwave oven to reveal antigen sites. The sections were
incubated for 10 min in Ultra V Block (Thermo Scientific,
Waltham, MA, USA) to block non-specific binding sites
prior to incubation overnight at 4°C with a primary
antibody (guinea pig anti-swine insulin [DakoCytomation,
Glostrup, Denmark]; mouse anti-BrdU [DakoCytomation,
Glostrup, Denmark]; rabbit anti-human antigen identified
by monoclonal antibody Ki67 [Ki67; Novocastra,
Newcastle upon Tyne, UK]; mouse anti-mouse neurogenin
3 [Beta Cell Biology Consortium, Nashville, TN, USA];
and rabbit anti-human cleaved caspase 3 [Cell Signaling
Technology, Danvers, MA, USA]) diluted in PBS contain-
ing 0.1% Tween 20 (vol./vol.) (Sigma-Aldrich). For light-
microscopy staining the sections were incubated for 30 min
at room temperature with biotinylated secondary antibody
(Zymed Laboratories, South San Francisco, CA, USA),
rinsed and incubated with peroxidase-conjugated streptavi-
din (Zymed Laboratories). The sections were finally
developed with 3-amino-9-ethyl-carbazole substrate
(Thermo Scientific). For fluorescence microscopy, the
following secondary antibodies were used: donkey anti-
mouse IgG (Alexa, A21202, Invitrogen, Carlsbad, CA,
USA); goat anti-guinea pig IgG (Alexa, A11076, Invitrogen);
donkey anti-rabbit IgG (Alexa, A21206, Invitrogen). Nuclear
staining was performed with DAPI (Vectashield with DAPI,
Vector Laboratories, Burlingame, CA, USA).

For the beta cell mass analysis, the pancreases were
sectioned and five sections, one per 50–100 μm, were
analysed. These sections were stained for insulin, counter-
stained with haematoxylin and morphometrically analysed
directly under light microscopy using an Image-Pro
Analyzer 6.0 (Media Cybernetics, Bethesda, MD, USA).

The beta cell mass was calculated by multiplying the
relative cross-sectional area of the insulin-positive area per
total pancreatic tissue area by the weight of the pancreas.

RT-PCR Total RNA from E1-DN and wild-type mice
pancreases was isolated 7 days after pancreatic duct ligation
with TRIzol (Invitrogen) and RNA quality was controlled
with 2100 Bioanalyzer (Agilent Technologies, Santa Clara,
CA, USA). The PCR analysis for Ngn3 mRNA expression
was made with the following primers: forward 5′-
AAGAGCGAGTTGGCACTCAG-3′ and reverse 5′-
TACAAGCTGTGGTCCGCTAT-3′ (amplicon 227 bp, NM
009719.4 position 454–680) according to the following
PCR protocol: denaturation for 2 min at 95°C, followed by
36 cycles of 35 s at 95°C, 35 s at 59°C, 35 s at 72°C,
followed by a 7 min extension at 72°C. Full-length mouse
Ngn3 cDNA (gift from H. Edlund, Umeå University,
Sweden) was used as a positive control.

DNA extraction and genotyping of the mice was done as
previously described by Miettinen et al. [31].

Statistical analysis All data are expressed as the mean±SE.
Mean and SE values are calculated from at least three
experiments. Significance of the differences between two
groups was measured by Student’s unpaired t test. Differ-
ences between more than two groups were calculated with
one-way ANOVA followed by Tukey’s test, using SPSS
PASW Statistics 18 software. General linear model with
repeated measurements was used to calculate significances
between the IPGTT values, using the same software. p<0.05
was used as the limit for statistical significance.

Results

High-fat diet Wild-type and E1-DN mice were fed on
either the high-fat diet or standard chow for 8 weeks.
During this period the two genotypes showed similar
significant weight gain on the high-fat diet (Fig. 1a). The
transgene expression driven by the Pdx1 promoter was
similar with both diets, as shown by immunohistochem-
istry (electronic supplementary material [ESM] Fig. 1c–f).
After 8 weeks the fasting blood glucose of E1-DN mice
had increased from 9 to 16 mmol/l when fed with the high-
fat diet, while the wild-type mice maintained normal
fasting blood glucose levels (Fig. 1b). In an IPGTT the
glucose tolerance of obese wild-type mice was only
slightly impaired, with a 2 h blood glucose average of
14 mmol/l compared with 10 mmol/l on standard chow. In
contrast, the E1-DN mice fed the high-fat diet were overtly
diabetic with blood glucose values over 25 mmol/l at 2 h
after glucose injection (Fig. 1b).
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We analysed the beta cell mass after 1 and 8 weeks from
the onset of the diet. At 1 week, the beta cell mass did not
show any signs of compensation (data not shown). After
8 weeks, the high-fat diet resulted in a 1.7-fold increase in beta
cell mass in the wild-type mice, but no increase was observed
in the E1-DN mice (Fig. 1c,g). The individual beta cell size
remained unaffected by the diet in both groups (Fig. 1d),
suggesting that the beta cell mass increase was due to an
increase in cell number rather than hypertrophy.

The increased number of beta cells in wild-type mice fed
the high-fat diet could be caused by replication of pre-
existing beta cells, neogenesis (generation of new beta cells
from non-beta cells), reduced apoptosis, or a combination
of these mechanisms. To address this question, we analysed
the rates of proliferation and apoptosis of the beta cells in
these mice by Ki67 and caspase 3 immunohistochemistry
and long-term BrdU incorporation. After the 8 week high-
fat diet, there was a trend for increased Ki67 labelling of

Fig. 1 Development of diabetes and failure of beta cell mass
expansion in the E1-DN mice during high-fat feeding. a Body weight
of the E1-DN and wild-type mice during 8 weeks on a standard chow
or high-fat diet (n=6). b After 8 weeks on a standard chow or high-fat
diet wild-type and E1-DN mice were intraperitoneally injected with
glucose (1 mg/g body weight) and blood glucose values were
measured at the time intervals indicated (n=6). Circles, E1-DN mice;
squares, wild-type mice; black symbols, high-fat diet; white symbols,
standard chow. c, d Quantification of the beta cell mass (c) and the
mean beta cell size (d) in the wild-type and E1-DN mice after 8 weeks

on a standard chow or high-fat diet (n=6). e Replication rate of beta
cells, expressed by insulin and Ki67 double-positive cells relative to
insulin-positive cells (n=6). f Beta cell proliferation analysis after
8 weeks of continuous BrdU labelling via drinking water (n=3). Black
bars, high-fat diet; white bars, standard chow. g Histological analysis
of pancreatic islets of wild-type and E1-DN mice after 8 weeks on
standard chow or high-fat diet. Sections were stained with anti-insulin
antibody. Original magnification×4. Representative islets are shown.
Values represent mean±SE. *p<0.05, **p<0.01. C, control; HF, high-
fat; LI, labelling index; WT, wild-type
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insulin-immunoreactive cells in the wild-type mice, but this
difference did not reach statistical significance (0.15% vs
0.21%, p=0.12). In contrast, the E1-DN mice showed a
slight non-significant decrease in beta cell proliferation
while on the high-fat diet (0.13% on standard chow vs
0.10% on high-fat diet) (Fig. 1e). We also analysed the beta
cell proliferation after 1 week on the diet but at this time
point there were no differences between the diets in either
group (data not shown). We further carried out long-term
BrdU labelling by adding BrdU to the drinking water of the
mice, which has been demonstrated to label all proliferating
cells throughout the labelling period [4]. After 8 weeks of
continuous BrdU administration, the proportion of insulin
and BrdU double-positive cells was up to 30% even in the
mice that had eaten standard chow. Surprisingly, we did not
detect any significant increase in the proportion of BrdU
and insulin double-positive cells after the 8 week high-fat
diet (Fig. 1f). However, both BrdU labelling and Ki67
immunostaining showed that beta cell proliferation with the
high-fat diet was significantly higher in the wild-type mice
compared with the E1-DN mice (Fig. 1e–f).

Activated (i.e. cleaved) caspase 3 immunohistochemistry
revealed no differences between the beta cell apoptosis rate
after 1 and 8 weeks on the diet. Overall, only very rare
apoptotic islet cells were identified (data not shown). We
also looked for NGN3-immunoreactive cells as a possible
sign of islet neogenesis, but did not detect any positive cells
in any of the mice (data not shown).

Pregnancy We have previously shown that female E1-DN
mice are less hyperglycaemic than males despite a similar
beta cell mass defect [31]. In line with this, the glucose
tolerance of non-pregnant female E1-DN mice did not
differ from wild-type controls in the IPGTT (Fig. 2a).
However, at gestational day (GD) 13.5 the pregnant E1-
DN mice displayed impaired glucose tolerance when
compared with the pregnant wild-type mice (Fig. 2b).
The transgene expression during pregnancy did not change
(ESM Fig. 1c–d, g–h).

The beta cell mass of wild-type mice increased by 75%
during pregnancy (1.04 mg in non-pregnant females vs
1.82 mg in pregnant mice, p<0.001). In striking contrast,
the E1-DN mice did not show any significant adaptive
increase in the beta cell mass (0.47 mg in control vs
0.57 mg in pregnant mice, p=0.95) (Fig. 2c). Beta cell
proliferation was again analysed by Ki67/insulin double
labelling. The wild-type mice displayed a fourfold increase
in beta cell proliferation at GD 14.5 compared with non-
pregnant control mice, whereas the proliferation rate of the
E1-DN mice did not increase significantly (Fig. 2d). There
was no increase in the number of apoptotic beta cells at this
stage of pregnancy in any of these groups, studied with
activated caspase 3 immunostaining (data not shown).

Pancreatic duct ligation Pancreatic duct ligation was
performed in male wild-type and E1-DN mice at the age
of 9 weeks. At 1 week after the operation most of the acinar
cells had disappeared from the tail of the operated mice and
many remaining acinar cells were positive for activated
caspase 3 as a sign of apoptosis. The density of ductal
structures had increased (Fig. 3c) and ductal cells were
actively proliferating (data not shown). Transgene expres-
sion after pancreatic duct ligation was confirmed by
immunohistochemistry (ESM Fig. 1i–j). Ngn3 mRNA
expression was upregulated in the tail of the operated mice
in both the wild-type and the E1-DN mice (Fig. 3e). The
total insulin-positive surface area increased more than sixfold
in the pancreatic tail of the wild-type mice 1 week following
surgery (Fig. 3a,c). In the E1-DN mice, the total insulin-
positive surface area was increased more than fourfold in the
pancreatic tail compared with the pancreatic head (Fig. 3a,c).

Beta cell proliferation increased in the ligated tail part to
a similar level (1.1%) in both the wild-type and the E1-DN
mice, analysed by Ki67 labelling of insulin-positive cells
(Fig. 3b). Islet density also increased in both groups

Fig. 2 Development of impaired glucose tolerance through defects in
beta cell proliferation and beta cell mass compensation in the E1-DN
mice during pregnancy. a, b Blood glucose concentrations, measured
at the time intervals indicated after an i.p. injection of glucose (1 mg/g
body weight) in non-pregnant (a) and pregnant (13.5 GD) (b) wild-
type (squares) and E1-DN (circles) mice (n=5–7). c The beta cell
mass of wild-type pregnant 14.5 GD mice is significantly higher than
that of non-pregnant mice (p<0.001). There is no difference between
groups of E1-DN mice (p=0.95) (n=5–7). d Beta cell proliferation
(quantified by Ki67 and insulin double-positive cells relative to the total
number of insulin-positive cells) is significantly higher during pregnancy
in wild-type mice (p<0.001), but not in E1-DN mice (p=0.27) (n=5–7).
White bars, non-pregnant; black bars, pregnant. Values represent
mean±SE. *p<0.05, ***p<0.001. LI, labelling index; WT, wild type
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(Fig. 3d). In the wild-type mice this was due to an increase
in all sizes of islets, whereas in the E1-DN mice the
increase was more prominent in the small- and medium-
sized islets (≤30,000 μm2) and was not significant in the
large islets (≥30,001 μm2) (Fig. 3d). The proportion of
large islets (≥30,001 μm2) after the operation was 6.5% in
the wild-type mice and only 1.3% in the E1-DN. However,
the proportion of large islets was low even in the head part
of the E1 mice (0.3%), suggesting that the difference in islet
size distribution was not due to the pancreatic duct ligation
but the inherent phenotype of the E1-DN mice (Fig. 3d).

Insulin and glucagon double staining revealed some cells
double positive for insulin and glucagon in the ligated tail

part of both wild-type and E1-DN mice. These cells were
not found in the non-ligated pancreases (Fig. 4a–d). In the
E1-DN mice these double-positive cells were also positive
for human EGFR (hEGFR), an indication of transgene
expression (Fig. 4e–f).

Discussion

EGFR ligands such as epidermal growth factor (EGF),
heparin-binding EGF and betacellulin have been implicated
in both beta cell replication and differentiation [29, 32–34].

Fig. 3 Pancreatic duct ligation activates Ngn3 gene expression and
increases beta cell proliferation in wild-type and E1-DN pancreases.
a–f The main pancreatic duct was ligated, and the ligated tail of
pancreas at day 7 was compared with the unligated head part of the
same pancreas. a The insulin-positive area relative to the total
pancreatic area (n=3–4). b Replication rate of beta cells, expressed
by insulin and Ki67 double-positive cells relative to insulin-positive
cells (n=3–4). White bar, head of ligated pancreas; black bar, tail of
ligated pancreas. c Insulin immunohistochemistry shows typical

morphological changes in the tail part of the ligated pancreas. Original
magnification×4. d The islet number and islet size distribution per
10 mm2 in head and tail parts of the ligated pancreas. Red,
0–500 μm2; dark blue, 501–5,000 μm2; light blue, 5,001–
30,000 μm2; purple, ≥31,000 μm2 e Ngn3 expression was detected
in the ligated tail part of the pancreas in both the wild-type and E1-DN
but not in the unligated head part of the pancreas in RT-PCR. Values
represent mean±SE. *p<0.05, **p<0.01. pos, positive; WT, wild type
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In addition to direct ligand-induced activation of EGFR,
transactivation of the receptor is also associated with other
mitogenic receptor signalling pathways, including the
glucagon-like peptide 1 (GLP-1) receptor pathway [35]. In
this study we wanted to explore the importance of EGFR
signalling in vivo in beta cell mass expansion in adults. We
specifically chose models in which the beta cell mass
expansion is known to primarily involve replication (high-
fat diet and pregnancy) and a model where neogenesis is
crucial for the generation of new beta cells (pancreatic duct
ligation). The E1-DN mice, which produce a kinase-
negative and non-functional EGFR in beta cells under the
Pdx1 promoter, were used to evaluate the contribution of
EGFR signalling. In this model the phosphorylation of
EGFR and the activation of downstream-signalling mole-
cules in beta cells is reduced by approximately 40% in
homozygous animals [31]. The phenotype of heterozygous
E1-DN mice, which were used in these experiments, is less
pronounced, and the heterozygous mice are nearly normo-

glycaemic under normal circumstances. However, when
metabolically challenged these mice showed impaired beta
cell compensation.

Our results confirm that EGFR plays a pivotal role in
beta cell proliferation, as the beta cells of the E1-DN mice
failed to replicate during pregnancy. Also, during high-fat
feeding, the wild-type mice showed a compensatory
increase in their beta cell mass that was lacking in the
transgenic mice. Surprisingly, we did not detect a signifi-
cant increase in beta cell proliferation even in the wild-type
mice during high-fat feeding, although there was a trend for
this effect (Fig. 1e–f). Analysis of beta cell size, apoptosis
or neogenesis did not provide any explanation for the
changing beta cell mass. Based on previous studies, the
most probable explanation for the increase in beta cell mass
while on the high-fat diet is beta cell replication. Most
likely, the actual difference in the rate of replication was
relatively small, and we failed to study it at the optimal
time.

The basal beta cell replication rate of the adult
heterozygous E1-DN mice was not different from wild-
type mice in males or females. However, when the mice
were metabolically challenged, the E1-DN mice completely
failed to increase their rate of beta cell proliferation. In our
previous study we showed that postnatal beta cell prolifer-
ation is attenuated in homozygous E1-DN mice [31]. In this
study even the heterozygous mice failed to increase beta
cell proliferation when metabolically challenged by high-fat
diet or pregnancy. Inability to compensate for the increased
metabolic demand in the E1-DN mice led to an insufficient
beta cell mass and impaired glucose tolerance.

Multiple intracellular signalling pathways participate in
beta cell proliferation. These pathways include protein
kinase A pathways, mitogen-activated protein kinase
(MAPK) pathways, janus kinase (JAK)-signal transducer
and activator of transcription (STAT) pathways, phosphati-
dyl inositol-3 (PI3) kinase/protein kinase B (AKT) path-
ways and insulin-receptor-substrate pathways [36]. These
signalling cascades lead to G1/S transition, mainly by
stimulating the activity of the cyclin-dependent-kinase
4–cyclin D complex [8, 37–39]. The EGFR has been
shown to activate the RAS- and SHC-activated MAPK
pathway and the PI3 kinase-activated AKT pathway [40]. It
has also been shown to have a role in GLP-1 downstream
signalling, as part of the mitogenic effect of GLP-1 appears
to act through the EGFR [35, 41]. Recently it has been
shown that EGFR regulates the stability of survivin [42], an
oncofetal protein with both pro-proliferative and anti-
apoptotic functions. Furthermore, it was also shown that,
during pregnancy, the synthesis of serotonin and its
receptor 5-hydroxytryptamine receptor-2b (5-HTR2B) are
upregulated in beta cells and by inhibiting the 5-Htr2b, the
maternal beta cell mass expansion is blocked [43, 44].

Fig. 4 Insulin and glucagon double-immunoreactive cells were
present in the ligated tail part of pancreas after pancreatic duct
ligation. a–d Insulin (red) and glucagon (green) double-positive cells,
detected by yellow fluorescence, were present in the pancreatic tail of
both (b) wild-type and (d) E1-DN mice, indicated with white arrows.
These cells were not present in the unligated pancreatic head in (a)
wild-type or (c) E1-DN mice. e,f In the E1-DN tail pancreas, the
insulin (e, blue) and glucagon (f, red) double-immunoreactive cells (e,
higher magnification, seen in purple) were also positive for the E1-DN
transgene, stained with anti-hEGFR (f, higher magnification, green).
Representative islets are shown (original magnification: a–d×20; e, f ×40)
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Interesting in this context is the evidence that 5-HTR2B
transactivates the EGFR in astrocytes [45]. It is thus
possible that EGFR is transactivated through 5-HTR2B
during pregnancy and this is needed for beta cell mito-
genesis. This could explain the failure of beta cell
proliferation in pregnant E1-DN mice. Several lines of
evidence suggest that EGFR could have a central position
at the crossroads of signalling pathways that are crucial for
the triggering of the cell cycle in the beta cell. Further
studies are needed to verify some of these links, such as
that between serotonin and EGFR signalling in pregnancy.

Pancreatic regeneration following pancreatic duct liga-
tion involves both islet neogenesis and islet cell prolifera-
tion. Neogenesis after pancreatic duct ligation has been
convincingly demonstrated to be based on the reactivation
of embryonic differentiation programs [23]. As a sign of
this we detected Ngn3 expression in the ligated pancreases
of both wild-type and transgenic mice. The relative growth
of the beta cell surface area was equal in the E1-DN and the
wild-type mice. Interestingly, the rate of beta cell prolifer-
ation increased to a similar level in E1-DN mice and wild-
type mice. As beta cell proliferation was markedly reduced
in E1-DN mice in the other two models studied, this
suggests that the mechanisms of beta cell proliferation are
fundamentally different in the pancreatic duct ligation
model from those in the more physiological models of
insulin resistance. Ligation of the pancreatic duct leads to
acute strong inflammation [46], which induces rapid beta
cell mass expansion within days. Based on these results it
appears that the ‘cytokine storm’ in the inflamed ligated
pancreas is able to induce the regenerative response without
an intact EGFR-signalling pathway.

The origin of neogenic beta cells in the pancreatic duct
ligation model is still controversial after several lineage
tracing studies [47, 48]. Labelling based on Hnf1β (also
known as Hnf1b) promoter activity suggests that these cells
do not originate from ductal cells [48]. However, another
lineage-tracing study based on the human carbonic anhy-
drase II promoter, which targets reporter expression in the
ductal epithelial cells, suggested that a significant part of
the regenerated beta cells had arisen from the duct
epithelium [49]. One possibility is that the new beta cells
arise from transdifferentiating alpha cells, as has been
shown to be the case after a combination of pancreatic duct
ligation and elimination of pre-existing beta cells with
alloxan [50]. We specifically looked for insulin and
glucagon co-localisation in the ligated and non-ligated parts
of the pancreas and found some double-positive cells in the
tail part of the ligated pancreases. These cells were also
positive for hEGFR, showing that they have activated Pdx1
promoter, which drives the transgene expression (Fig. 4).
However, we are not able to conclude whether these cells
represent alpha to beta cell conversion. Definitive proof of this

will require genetic lineage tracing analysis. Nevertheless, our
results suggest that EGFR signalling does not play a primary
role in beta cell proliferation after pancreatic duct ligation.

In summary, our study elucidates the specific role of
growth factors that act through EGFR to regulate the beta
cell mass. The results provide further confirmation of the
essential role of the EGFR in the signalling cascade leading
to cell cycle progression in the beta cell. Furthermore, we
also show that beta cell expansion following pancreatic
duct ligation is not dependent on this signalling pathway.
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