
Introduction
Mammalian pancreas development is being intensively studied
as a model of differentiation of pluripotent precursors into
several cell types. In the mouse, the pancreas develops at
embryonic day (E) 8.5 from a specified dorsal and ventral
territory of the posterior foregut endoderm. At E9-9.5, the
prepancreatic epithelium buds out of the endoderm and begins
to differentiate into ductal precursors, exocrine precursors, or
endocrine precursors which will give rise to cells producing
insulin, glucagon, somatostatin or pancreatic polypeptide. At
E12.5, morphogenetic events take place, with proliferation
and branching of the epithelium within the surrounding
mesenchyme, segregation of clusters of hormone-producing
cells that delaminate from the epithelium, and organization of
ductal cells into canaliculi and of exocrine cells into acini. The
endocrine cells become organized into islets of Langerhans at
E17-18, just before birth, and the acinar cells start secreting
their digestive enzymes shortly after birth (Pictet and Rutter,
1972; Kim and MacDonald, 2002).

All these developmental events depend on extracellular
signals that mediate precisely timed cross-talks between
epithelial and mesenchymal cells (Kim and Hebrok, 2001; Kim
and MacDonald, 2002). Among these signals, TGFβs and

activins, which belong to the same superfamily, play a
prominent role as they are involved at several stages of
pancreas development. The ligands of this superfamily bind to
heterodimeric receptors composed of a type II and a type I
subunit. The type II subunit is required for ligand binding and
it phosphorylates and activates the type I subunit. The latter is
responsible for downstream signaling events. The TGFβs act
via receptors that are distinct from those of the activin ligands.
The three activins are dimers of distinct subunits (βA and βB).
Activin A (βA/βA), activin B (βB/βB) and activin AB (βA/βB)
share the four activin receptors ActRI (also called ALK2),
ActRIB (also called ALK4), ActRII and ActRIIB. The actions
of activins, but not of TGFβs, are specifically blocked by
follistatin, a physiological inhibitor that binds to them
(Massagué and Chen, 2000). Because of the differential
expression, in time and space, of the members of this complex
signaling network, it is possible that the different TGFβ and
activin ligands control different developmental events.

Work in chick embryos showed that pancreas specification
requires notochord-mediated repression of Sonic hedgehog
(Shh) in the prepancreatic endoderm. This repressive activity
can be mimicked by activin B which, unlike activin A, is
present in the notochord (Hebrok et al., 1998). In the mouse
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The pancreas develops from the endoderm to give rise to
ducts, acini and islets of Langerhans. This process involves
extracellular signals of the Transforming Growth Factor β
(TGFβ) family. The aim of this work was to study the
effects of activin A, a member of this family, whose
potential role in pancreas differentiation is controversial.
To this end, we used pancreatic explants from E12.5 mouse
embryos. In culture these explants exhibited spontaneous
growth, epithelial morphogenesis and endocrine and
exocrine differentiation. Exposure to activin A did not
affect exocrine or endocrine differentiation. Surprisingly,
activin A induced in the explants the appearance of a
large contractile structure surrounded by a cylindrical
epithelium, a thick basal lamina and a smooth muscle layer.
This structure, the formation of which was prevented by
follistatin, was typical of an intestinal wall. Consistent with
this interpretation, activin A rapidly induced in the
explants the mRNAs for fatty acid binding proteins
(FABPs), which are markers of the intestine, but not of the
pancreas. We also found that induction of the FABPs was

preceded by induction of Sonic hedgehog (Shh), a known
inducer of intestinal differentiation in the endoderm.
Activin B induced neither Shh nor intestinal
differentiation. The activin A-mediated intestinal
differentiation was blocked by cyclopamine, an inhibitor of
Hedgehog signaling, and it was mimicked by Shh. We
conclude that activin A does not appear to affect the
exocrine or endocrine components of the pancreas, but that
it can promote differentiation of pancreatic tissue into
intestine via a Shh-dependent mechanism. These findings
illustrate the plasticity of differentiation programs in
response to extracellular signals in the pancreas and they
shed new light on the regulation of pancreas and intestinal
development.

Movie available online

Key words: Activin A, Differentiation, Intestine, Mouse embryo,
Pancreas, Sonic hedgehog

Summary

Shh-dependent differentiation of intestinal tissue from
embryonic pancreas by activin A
Jonathan M. van Eyll, Christophe E. Pierreux, Frédéric P. Lemaigre and Guy G. Rousseau*
Hormone and Metabolic Research Unit, Institute of Cellular Pathology and Université catholique de Louvain, 75 Avenue Hippocrate,
B-1200 Brussels, Belgium
*Author for correspondence (e-mail: rousseau@horm.ucl.ac.be)

Accepted 22 December 2003
Journal of Cell Science 117, 2077-2086 Published by The Company of Biologists 2004
doi:10.1242/jcs.01067

Research Article



2078

embryo, TGFβ1 appears to control later events, as it stimulates
endocrine differentiation and promotes apoptosis of the acinar,
but not canalar, tissue (Sanvito et al., 1994) and it plays a key
role in islet morphogenesis (Miralles et al., 1998a).

As to activin A, which is expressed with its receptors in
developing pancreas (Furukawa et al., 1995; Verschueren et al.,
1995), its role is not clear. Expression of a dominant-negative
ActRII in transgenic mice perturbs both endocrine and
exocrine differentiation (Shiozaki et al., 1999). In contrast,
ActRII–/– and ActRII+/–ActRIIB+/– mice have impaired
endocrine development (Kim et al., 2000). Since these
receptors bind not only the three activins, but also several other
ligands (Vg1, nodal, BMP4, BMP7, Gdf11 and Lefty2), a role
of activin A is not conclusively established by such
experiments. In pancreatic explants obtained from E12.5 rat
embryos and cultured in the presence of mesenchyme, the
exocrine compartment develops normally, but endocrine
differentiation is inhibited. This phenomenon can be mimicked
by follistatin, suggesting that activin receptor ligands promote
endocrine differentiation (Miralles et al., 1998b). However, as
follistatin inhibits all the activins, it is not possible to be
conclusive about the involvement of activin A per se. In a more
direct approach, Ritvos et al. (Ritvos et al., 1995) tested the
effect of activin A on cultured mouse pancreatic rudiments
from E11 embryos. They concluded that activin A inhibits
epithelial morphogenesis and that this effect is prevented by
follistatin, but they did not study the effect of activin A on
exocrine or endocrine differentiation.

The aim of the present work was to reassess the possible
influence of activin A on pancreas differentiation. To this end,
we have studied the effect of activin A on mouse pancreatic
explants obtained from E12.5 mouse embryos. Our data show
that activin A does not appear to affect exocrine or endocrine
differentiation. However, we find that activin A induces
intestinal differentiation of pancreatic epithelium and
mesenchyme, and demonstrate that this involves a Shh-
dependent mechanism.

Materials and Methods
Dissection and culture of pancreatic explants
The explants were cultured for 7 days on microporous membranes
according to the method of Gittes et al. (Gittes et al., 1996). The dorsal
pancreatic bud from embryonic day (E)12.5 129/Swiss mice embryos
was excised with a dissecting microscope in Hank’s balanced salts
solution (HBSS) containing 50 Units/ml penicillin and 50 µg/ml
streptomycin (Gibco-BRL Life Technologies). Care was taken to
avoid pancreatic tissue proximal to the gut so that the explants were
derived exclusively from tissue not contaminated by prospective
intestinal tissue. Mice were treated according to the principles of
laboratory animal care of the University animal welfare committee.
The explants were rinsed once in Medium 199 with Earle’s salts
(Gibco-BRL Life Technologies) supplied with 10% fetal bovine
serum (BioWhittaker), 50 Units/ml penicillin, 50 µg/ml streptomycin,
and 2.5 µg/ml fungizone (Gibco-BRL Life Technologies). The
pancreatic explants were then laid on Millicell® culture plate inserts
(Millipore) in standard 24-well plates containing 350 µl of the same
medium. No medium was added on top of the filter, so that the
explants grew at the air/medium interface. Medium was changed
every other day. Activin A (15 ng/ml), activin B (15 ng/ml), follistatin
(250 ng/ml) and Shh (200 ng/ml) (all from R&D systems) were
dissolved in PBS/0.15% bovine serum albumin (BSA) and were used
at the final concentration indicated. Unless mentioned otherwise, all

these agents were added with each change of medium, namely on day
1 (after one night in culture), on day 3 and on day 5. Cycloheximide
(Sigma) was dissolved in dimethylsulfoxide and added at a final
concentration of 30 µg/ml 30 minutes prior to addition of activin A.
Cyclopamine (Toronto Research Chemicals Inc.) was dissolved in
95% ethanol to 10 mM (stock solution) and was used at 5 µM in the
culture medium. Control explants were exposed to the same quantity
of vehicle.

Histological and immunofluorescence analysis
Pancreatic explants were fixed for 30 minutes at room temperature
in 4% paraformaldehyde/PBS, and stained overnight at 4°C in 2%
Certistain® Lightgreen SF yellowish (Merck) in PBS. The stained
explants were included in PBS/4% Seaplaque® GTG® agarose
(BioWhittaker Molecular Applications). These agarose-embedded
explants were embedded in paraffin and cut into 5 µm sections.

Tissue sections were rehydrated and agarose was dissolved in a
boiling 0.01 M citrate solution, pH 6.0 for 10 minutes. Tissue sections
were permeabilized for 15 minutes with 0.3% Triton X-100-PBS, and
blocked in 3% milk/10% BSA/0.3% Triton X-100 in PBS for
45 minutes at room temperature. Primary antibodies and dilutions
were: monoclonal mouse anti-human Ki67 at 1:250 (Pharmingen),
rabbit anti-Pdx-1 at 1:1000 (a kind gift from C. V. Wright),
monoclonal mouse anti-E-cadherin at 1:50 (BD Transduction
Laboratories), rabbit anti-carboxypeptidase A at 1:1000 (Biogenesis
Ltd.), monoclonal mouse anti-insulin at 1:500 (Sigma), rabbit anti-
glucagon at 1:200 (Dako), rabbit anti-laminin at 1:50 (Sigma),
monoclonal mouse anti-smooth muscle actin at 1:40 (Dako).
Incubation of primary antibodies was performed in 3% milk/10%
BSA/0.3% Triton X-100 in PBS for 1 hour at 37°C. Washes were done
with 0.1% Triton X-100 in PBS three times for 5 minutes each.
Secondary antibodies and dilutions were: fluorescein isothiocyanate-
or Texas-Red® dye-conjugated goat anti-mouse or anti-rabbit IgG at
1:100 (Jackson ImmunoResearch Laboratories, Inc.), or biotin-
conjugated affinity purified anti-mouse or anti-rabbit IgG at 1:500
(Chemicon) in 10% BSA/0.3% Triton X-100 in PBS for 1 hour at
37°C. In the latter case streptavidin-Alexa Fluor® 488 conjugate at
1:1000 (Molecular Probes) was added to reveal the biotin. Washes
were repeated with 0.1% Triton X-100-PBS three times for 5 minutes
each. Slides were stained with bis-benzimide (Sigma), 1 µg/ml in PBS
(Hoechst staining) for 10 minutes, rinsed in distillated water and
mounted in Dako® fluorescent mounting medium (Dako). Follistatin
immunofluorescence was detected with a rabbit anti-follistatin
antibody at 1:100 (a kind gift from S. Werner) according to the
protocol of Wankell et al. (Wankell et al., 2001). Fluorescence was
immediately observed with a Zeiss Axiovert 200 inverted fluorescence
microscope. All the pictures were taken using a Coolpix 995 digital
camera (Nikon).

RNA preparation and RT-PCR analysis
Total RNA was isolated from individual pancreatic explants with the
TriPure RNA Isolation kit (Roche). Total RNA was diluted in 10 µl
water, denatured at 85°C for 3 minutes, and quickly chilled on ice.
Total RNA was incubated in a final volume of 25 µl of 50 mM Tris-
HCl (pH 8.3), 75 mM KCl, 3 mM MgCl2, 10 mM dithiothreitol, 200
units of Moloney murine leukemia virus reverse transcriptase
(Invitrogen), 40 units of RNAsin (Promega), 3 µg of random hexamers
(Invitrogen) and 1 mM dNTPs (Amersham Pharmacia Biotech), and
was left for 10 minutes at room temperature and subsequently for 1
hour at 37°C. After cDNA synthesis, the sample was diluted with 25
µl of H2O. For the PCR, 3 µl of the diluted cDNA sample were
incubated in a volume of 30 µl of 10 mM Tris-HCl (pH 9.0), 50 mM
KCl, 0.1% (vol/vol) Triton X-100, 1.5 mM MgCl2, 40 µM dATP,
dTTP, dCTP and dGTP, 10 pmol of each primer and 2.5 units of Taq
polymerase (Promega). For the semi-quantitative PCR, 3 µl of the
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diluted cDNA sample were incubated in 50 µl of 10 mM Tris-HCl
(pH 9.0), 50 mM KCl, 0.1% (vol/vol) Triton X-100, 1.5 mM MgCl2,
40 µM dATP, dTTP and dGTP, 20 µM dCTP, 10 pmol of each primer,
2.5 units of Taq polymerase (Promega) and 2.5 µCi of 3000 Ci/mmol
[32P]dCTP (Amersham Pharmacia Biotech). The number of cycles
was determined for each amplicon as required to reach mid-
logarithmic phase of amplification. Primer sequences were 5′-
ACCCTTCACCAATGACTCCTATG-3′ and 5′-ATGATGACTGCA-
GCAAATCGC-3′ (TBP, 190 bp), 5′-GATCAGAAAGCTT-
CATGTGG-3′ and 5′-TCAGGAAGAGCCACACTTCTG-3′ (activin
A, 220 bp), 5′-CCGAGGAGGATGTGAACGAC-3′ and 5′-CACC-
ACACAAGTGGAGCTGC-3′ (follistatin, 360 bp), 5′- ACCACCAA-
TGTGGGAGACAGC-3′ and 5′-GGGAGGAGAAGATCTTCACAG-
3′ (ALK2, 204 bp), 5′-TGCACGAAGATGCAATTCTGG-3′ and 5′-
ATGCGCAGAGCTGTCAGACGG-3′ (ALK4, 230 bp), 5′-TTGAT-
GACTCTCAGGACAATGC-3′ and 5′-CTTGTGAGGCAGGTCC-
AATCTTC-3′ (carbonic anhydrase II, 244 bp), 5′-GTACCAA-
TTGCAGAGCCAGG-3′ and 5′-CCATTTTATTGTCACCTTCC-3′
(l-FABP, 252 bp), 5′-CGGCACGTGGAAAGTAGACC-3′ and 5′-
TCCGTCTGCTAGACTGTAGG-3′ (i-FABP, 197 bp), 5′-GAACGA-
TTTAAGGAACTCACC-3′ and 5′-CCCTCATAGTGTAGAGA-
CTCC-3′ (Shh, 217 bp).

Results
Expression of activin A and its receptors during
pancreas development
We started our study by assaying the expression of activin A,
its two specific type I receptors ALK2 and ALK4, and its
inhibitor follistatin, during the course of mouse pancreas
development. RT-PCR experiments performed on pancreatic
RNA from E12.5 embryos showed that these genes were all
expressed (Fig. 1A). Their expression remained constant until
birth, except that of ALK2, which decreased after E12.5 (Fig.
1A). While our work was in progress, results compatible with
those shown in Fig. 1A were published by Dichmann et al.,
(Dichmann et al., 2003). These data indicated that all the
components to initiate or modulate activin A signaling are
present during pancreas development, which prompted us to
test the role of activin A on pancreatic explants in culture.

Differentiation of pancreatic explants in culture
The explants were studied over the 7-day culture period to
validate them as an ex vivo model system of pancreas
differentiation. Just after dissection at E12.5 (day 0 of culture),
the dorsal pancreatic buds in culture showed epithelial cells
surrounded by mesenchyme (Fig. 2A). At this stage, the
epithelial cells visualized by Hematoxylin and Eosin staining

did not exhibit an organized structure (Fig. 2B). After 24 hours
in culture (on day 1), the epithelium was beginning to branch
and was invading the surrounding mesenchyme, with rounding
of the explant (Fig. 2A). Growth and branching morphogenesis
of the epithelium continued during the following days and on
day 7 the explant consisted of small dark clusters of epithelial
cells surrounded by mesenchymal tissue (Fig. 2A). At that
stage, histological examination showed an impressive
reshaping of the epithelium (Fig. 2B). Numerous acini with a
pink coloration of the apical pole and a basal localization of
nuclei could be observed. This organization and polarization
of epithelial cells is typical of differentiated pancreatic
exocrine tissue. Other cells were arranged in duct-like
structures with a cuboidal epithelium. Endocrine cells could
not be identified with this staining (Fig. 2B).

To determine whether cells in the explants were dividing
during the culture, we performed double immunofluorescence
experiments with anti-Ki67 and anti-Pdx-1 antibodies. Ki67 is
a marker of proliferation. Pdx-1 is a transcription factor
expressed in the epithelial pancreatic cells during development
and it is used as a marker of pancreatic precursor cells (Hogan
and Wright, 1996). As shown in Fig. 2C, on day 1 all the
epithelium was strongly stained for Pdx-1 and on day 7 many
epithelial cells were still Pdx-1 positive. At these two stages,
some Pdx-1-expressing cells were also labeled for Ki67,
showing that the epithelium kept proliferating. Mitotic figures
were indeed observed in Pdx-1-expressing cells (data not
shown). Cell proliferation was also observed in the
mesenchyme on day 1 and on day 7, as some cells were stained
with the Ki67 antibody, but not with the Pdx-1 antibody (Fig.
2C).

To better characterize epithelial differentiation during
the culture, we first visualized the exocrine marker
carboxypeptidase A (CPA). Epithelial cells were identified
with an anti-E-cadherin (E-cad) antibody (Fig. 3A,C). On day
0, some of these cells, usually located at the periphery of the
epithelium in contact with the mesenchyme, expressed CPA.
At this stage, CPA-positive cells were not polarized and were
not organized into acini (Fig. 3A). On day 7, most of the cells
that were stained for E-cad were exocrine cells, as they also
expressed CPA (Fig. 3C). As was seen with the Hematoxylin
and Eosin staining (Fig. 2B), these exocrine cells were
organized in acini, with apical CPA staining and basal
localization of nuclei (inset of Fig. 3C). Thus, a typical
exocrine differentiation process took place during the culture.
Some epithelial cells that were E-cad positive, but CPA
negative, were most probably ductal cells (arrowheads in Fig.

3C). Consistent with this interpretation, carbonic
anhydrase II mRNA was detected by RT-PCR in the
explants at that stage (data not shown).

To assess endocrine differentiation during the culture,
the explants were double-stained for insulin and
glucagon. On day 0, there were a few clusters of

Fig. 1.Expression of activin A signaling components in
embryonic mouse pancreas and pancreatic explants.
Expression of activin A, follistatin and type I activin receptors
ALK2and ALK4was assessed by RT-PCR, with TBP mRNA
as a reference, on RNA extracted from the pancreas of embryos
at the stages indicated (A) or from pancreatic explants cultured
for the times (days) indicated (B).
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glucagon-expressing cells and very scarce insulin-expressing
cells, scattered in the pancreatic tissue (Fig. 3B). The total
numbers of insulin- and glucagon-expressing cells at this stage
were 723 and 854 for two explants, as determined by scoring
labeled cells on serial sections (150 per explant). On day 7,

clusters containing both glucagon-expressing cells and insulin-
expressing cells were observed (Fig. 3D). Unlike on day 0,
there were more insulin-positive cells than glucagon-positive
cells. These clusters of endocrine cells did not yet resemble
typical islets of Langerhans, which appear around E18.5 in
vivo, as the insulin-expressing cells were not surrounded by the
glucagon-expressing cells. On day 7, the total number of
insulin- or glucagon-expressing cells (1670±360 s.e.m., n=4)
was about twice the number on day 0 (see above). The increase
in number of insulin-expressing cells during the culture period
could be explained by proliferation of pre-existing insulin-
positive cells or, as is the case in vivo, by differentiation of
endocrine precursors. As we never detected endocrine cells
expressing the proliferation marker Ki67 (data not shown), we
assume that these cells differentiate from epithelial precursors,
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Fig. 2. Differentiation of
pancreatic explants in culture.
(A) Low magnification
microscopy shows rounding of
the explant, expansion and
branching morphogenesis of the
epithelium (e) and redistribution
of the mesenchyme (m), for the

same explant over the 7 days (d) in culture. (B) Hematoxylin and
Eosin staining of sections shows that on day 0 the pancreas consists
of epithelial precursors surrounded by mesenchymal cells, and that
by day 7 epithelial cells have differentiated into ducts (d) and acini
(a). The surrounding mesenchyme has invaded the epithelial
structures. (C) Double immunostaining for the pancreatic epithelial
cell marker Pdx-1 (green) and the proliferation marker Ki67 (red) in
d1 (left) and d7 (right) pancreatic explants. Both epithelial cells and
mesenchymal cells are proliferating on day 1 and on day 7. Scale
bars, 500 µm for A, 100 µm for B and 50 µm for C.

Fig. 3.Ex vivo differentiation of
pancreatic precursors. Double
immunostaining for CPA (green) and E-
cad (red) (A,C) or for insulin (green) and
glucagon (red) (B,D) in pancreatic
explants on day 0 (A,B) and on day 7
(C,D) in culture. Nuclei are stained blue
with Hoechst in B and D. (A) On day 0,
only a few of the epithelial cells stained
for E-cad express CPA and most of these
are located at the periphery (yellow).
These CPA positive cells are not
polarized and are not organized into
acini. (B) On day 0, there are small
clusters of glucagon-expressing cells and
very few insulin-expressing cells. (C) On
day 7, epithelial cells strongly
expressing CPA form acini with a
characteristic polarization of the cells
and a central lumen (inset). Ductal
structures that are negative for CPA
(arrowheads in C) are also observed.
(D) On day 7, insulin-expressing cells,
which have appeared during the culture,
and glucagon-expressing cells are
organized in large endocrine clusters.
Scale bars, 100 µm (A-C); 50 µm (B).
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thereby reproducing the physiological process of endocrine
differentiation.

We concluded from this analysis that the explants of
embryonic pancreas cultured under our conditions are a
convenient model system to study the differentiation processes
that occur in vivo during pancreas development.

Activin A treatment does not affect exocrine or
endocrine pancreatic explants
Before testing the effect of activin A on the explants, we
verified that they still express the components of this signaling
pathway under our culture conditions. RT-PCR experiments
showed that activin Aand its type I receptors ALK2 and ALK4
were expressed in the explants as in developing pancreas in
vivo (Fig. 1B). Expression of follistatin was reduced on day 1,
but it returned later to levels similar to those in developing
pancreas (Fig. 1).

Activin A was added to the explants on days 1, 3 and 5 of
culture, which were observed until day 7. Macroscopic
observation of activin A-treated explants (n=89) revealed the
appearance of a small cystic structure in 87% of them (Fig. 4).
The cyst, which became visible within 24 hours (arrow in
Fig. 4), expanded during the following days and, on day 5,
it exhibited peristaltic contractions which persisted until
the end of the culture period (see Movie 1, http://
jcs.biologists.org/supplemental/) (Fig. 4). This phenomenon
was also observed after a single addition of activin A on day
1. Occasionally, two such cysts appeared simultaneously in the
same activin A-treated explant. Cystic structures were never
observed in control cultures (n=96) or before activin treatment.
Histological analysis of activin A-treated explants revealed
that the cystic structure is surrounded by a single-layered
epithelium (Fig. 4). This epithelium was metaplasia-like, as
both cuboidal cells and cylindrical cells were found on the
same sections. In the regions where the epithelium was
cylindrical, it sent out villosities into the cavity and the
underlying mesenchyme showed a pink coloration, indicating
the presence of smooth muscle cells. These features, which
were never observed in untreated explants, are typical of the
intestinal wall.

To confirm the intestinal character of the differentiation
process induced by activin A, immunofluorescence
experiments were performed with antibodies directed against
laminin or smooth muscle actin (SMA) (Fig. 5A). In
untreated explants on day 7, all the epithelial structures were
surrounded by thin basement membranes, as revealed by
laminin staining. Laminin was also found at the periphery of
the explant. In contrast, in activin A-treated explants, there
was a thick basement membrane underlying the cylindrical
epithelium that surrounds the lumen of the cystic structure.
Under this basal lamina, mesenchymal cells had
differentiated into smooth muscle cells, as they expressed
SMA and exhibited spontaneous contractile activity. SMA
was never detected in untreated explants (Fig. 5A). As the
intestinal structure appeared within 24 hours of activin A
treatment, we investigated whether this treatment induced
expression of intestinal markers. Fatty acid binding proteins
(FABPs) are markers of intestinal differentiation (Gordon et
al., 1985), which occur naturally as a liver isoform (l-FABP)
and an intestinal isoform (i-FABP). They are coded by

different genes and are both present in the intestine. The
expression of these genes in our explants was determined by
RT-PCR as a function of time. The expression of i-Fabp and
of l-Fabp was induced after 6 and 12 hours of treatment with
activin A, respectively (Fig. 5B). These mRNAs were never
detected in untreated explants, even after 7 days of culture
(Fig. 5B). This ruled out that the culture procedure per se
would allow spontaneous differentiation of intestinal
precursors present in the explants.

Additional experiments were performed to assess the
specificity of the effect of activin A. First, this effect was dose
dependent. In explants incubated with 5, 10, 15 or 25 ng/ml
the intestinal structure appeared with the latter two
concentrations (data not shown). Second, addition of follistatin
together with activin A (n=13) prevented the appearance of the
intestinal structure and neither i-Fabp nor l-Fabp was
expressed in the explants treated in this way (Fig. 5B). Third,
unlike activin A, activin B (n=6) did not induce an intestinal
structure or the FABPs in the explants (Fig. 6). The activin B
tested was biologically active since, in transient transfection

Fig. 4. Morphological and histological changes in pancreatic
explants treated with activin A. Activin A, added on day 1 of culture,
induces the appearance of a cystic structure within 24 hours (arrow,
d2). This structure expands during the following days and peristaltic-
like activity of surrounding cells appears on day 5 (see Movie 1,
http://jcs.biologists.org/supplemental/). On day 7, Hematoxylin and
Eosin staining of sections (bottom panel) shows that the cyst lumen
is surrounded by a cylindrical epithelium with villi. Pancreatic tissue
is still present, but it is aside of the cyst. Scale bars, 500 µm for
upper panels and 100 µm for lower panel.
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assays, it stimulated a CAGA-luciferase reporter gene (which
is sensitive to activin signaling) as strongly as did activin A
(data not shown). We concluded that induction of an intestinal
phenotype in developing pancreas is specific to activin A.

Pancreatic tissue persisted alongside this intestinal structure
in the activin A-treated explants (Fig. 4). To determine the
possible effect of activin A on exocrine or endocrine
differentiation in the pancreatic region of the explant, we
performed the same immunofluorescence experiments as
described above (Fig. 3) for the untreated explants on activin
A-treated explants. As in the latter, E-cad-positive cells
expressing CPA were organized into acini (Fig. 5C). Duct-like
structures, positive for E-cad but negative for CPA, were also
present in the activin A-treated explants. The epithelium
surrounding the cystic structure was positive for E-cad, but it
did not express CPA. We also analyzed, by insulin and
glucagon staining, the consequences of activin A treatment on

endocrine differentiation. The pancreatic
region of activin A-treated explants showed
clusters of cells containing insulin-expressing
cells and glucagon-expressing cells (Fig. 5C),
as observed in untreated explants (Fig. 3B,D).
The total number of endocrine cells, assessed
by counting them on 150 serial sections of the
pancreatic tissue in day-7 explants, was not
increased by the activin A treatment (1402

and 1014 cells for two explants, as compared to a mean of 1670
cells for four untreated explants, see above). Similar data were
obtained on explants treated with 5, 10 or 25 ng/ml of activin
A.

We concluded from these experiments that activin A does
not affect exocrine or endocrine differentiation in our model.
However, under the influence of activin A, the pancreatic
epithelium and mesenchyme undergo a rapid intestinal
differentiation, as shown by molecular markers, by histological
and immunohistological criteria and by a functional parameter
i.e. spontaneous contractions.

Intestinal differentiation of embryonic pancreas by
activin A involves Shh
We next investigated the mechanism by which activin A
induces intestinal differentiation of pancreatic tissue. Shh plays
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Fig. 5. Pancreatic and intestinal differentiation in
explants treated with activin A.
(A) Immunostaining for SMA (red), laminin
(green) and nuclei (blue) on day 7 in culture in
control explants (left panel) or in explants treated
with activin A (right panel). In control explants,
thin basement membranes, revealed by laminin
staining, surround all the epithelial structures.
SMA is not detected. In activin A-treated
explants, a thick basal lamina separates the
cylindrical epithelial cells layer from the smooth
muscle layer, which is stained for SMA. This
organization is typical of the intestinal wall
structure. Scale bars, 100 µm. (B) Expression of
FABP mRNAs, with TBP mRNA as a reference,
as detected by RT-PCR in untreated explants
(upper panel) and in explants treated with activin
A (middle panel) or with a mixture of activin A
and follistatin (lower panel) for the times
indicated starting on day 1 (0 hours). Activin A
induces i-Fabpand l-Fabp, two intestinal
markers, and triggers the appearance of an
intestinal structure (seen here on day 4 of
culture). These effects, which do not occur
spontaneously with time in culture, are blocked
by follistatin. (C) Immunostaining for E-cad (red)
and CPA (green) (left panel) or for glucagon
(red), insulin (green) and nuclei (blue) (right
panel) on day 7 of culture in activin A-treated
explants. Exocrine (E-cad and CPA positive),
ductal (E-cad positive and CPA negative) and
endocrine (glucagon or insulin positive) cells are
found, organized as in control explants (see
Fig. 3). Note that the epithelium surrounding the
lumen is positive for E-cad, but not for CPA.
Scale bars, 100 µm.
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a key role in differentiation of the intestine in the chick embryo
(Roberts et al., 1998; Sukegawa et al., 2000). We therefore
determined by semi-quantitative RT-PCR whether Shh
expression was induced in activin A-treated explants. Shh was
barely detectable in untreated explants over the culture period
(Fig. 7A), consistent with previous observations (Apelqvist et
al., 1997; Hebrok, 2003). Following a single addition of activin

A on day 1, Shhexpression increased by about 3.5-fold within
the two first hours of treatment and showed a further 50-fold
increase after 6 hours of treatment. Shhexpression decreased
after 24 hours, but was maintained until day 7 (Fig. 7A). The
rapid (less than 2 hours) induction of Shhby activin A was
consistent with a direct effect of activin A signaling on Shh
gene expression. To test this, we incubated explants with
activin A in the presence of the protein synthesis inhibitor
cycloheximide. This prevented induction of Shh, as well as of
the Fabps(Fig. 7B). Thus, it appears that a protein intermediate
is required for the induction of Shhby activin A. The induction
of Shhexpression by activin A was specific. This effect was
not observed with activin B (Fig. 6), which, as mentioned
above, did not induce intestinal differentiation. Moreover,
when intestinal differentiation was prevented by adding
follistatin together with activin A, Shhwas not induced (Fig.
7A).

After addition of activin A, Shh mRNA increased before the
FABPs mRNA. This suggested that Shh is involved in the
intestinal differentiation process. To confirm this, we treated
three explants with activin A and cyclopamine, a specific
inhibitor of Hh signaling that binds to the Smoothened
transmembrane protein (King, 2002). As shown in Fig. 7C, no
intestinal structure was observed in explants treated with
activin A and cyclopamine. If Shh mediates the effects of
activin A reported here, these effects should be mimicked by
Shh. This was the case. Explants treated with Shh (n=6)
exhibited the same intestinal phenotype as activin A-treated
explants (Fig. 7C). Moreover, treatment with Shh induced i-
Fabp and l-Fabp (Fig. 7D) as did treatment with activin A.
These data showed that induction of Shh by activin A is not an
epiphenomenon, but that Shh mediates the effect of activin A
in inducing intestinal differentiation of pancreatic tissue.

We conclude from all these data that activin A
can induce Shh expression in embryonic pancreas,
that this effect occurs prior to induction of the
intestinal markers FABPs, and that functional Shh
signaling is required for activin A to induce
intestinal differentiation from the pancreatic
epithelium.

Fig. 6. Intestinal differentiation in pancreatic explants is induced by
activin A, but not by activin B. Treatment of explants with activin A
leads to the appearance of an intestinal structure (A) seen here on day
4 in culture (scale bar, 500 µm) and induces the intestinal markers i-
Fabp and l-Fabp, detected by RT-PCR on day 7, as well as Shh,
detected by semi-quantitative RT-PCR on day 7 (B). None of these
effects are seen when activin B is used instead of activin A.

Fig. 7. Intestinal differentiation in pancreatic explants by
activin A depends upon an indirect induction of Shh.
(A) Shhexpression in pancreatic explants, measured by
semi-quantitative RT-PCR as a function of time for 7
days, is induced rapidly after a single addition of activin
A (middle panels). This induction of Shh, which does
not occur spontaneously with time in culture (upper
panels), is inhibited by follistatin (lower panels).
(B) Cycloheximide prevents induction of Shhand of the
Fabps(measured as described in Fig. 6) by activin A in
pancreatic explants. (C) Treatment of pancreatic

explants with cyclopamine, a Hedgehog signaling inhibitor, prevents
the activin A-induced appearance of the intestinal structure.
Treatment of explants with Shh mimics the effect of activin A. Note
that the appearance of two cystic structures is not specific of Shh
treatment, as it can also be observed after activin A treatment.
Pictures were taken on day 4, after a single addition of the agents
indicated. Scale bar, 500 µm. (D). Shh induces in pancreatic explants
the intestinal markers i-Fabp and l-Fabp. RT-PCR were performed on
RNA extracted on day 7 of culture.
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Discussion
The aim of this work was to investigate the effect of activin A
on pancreas differentiation. We resorted to an organ culture
which, as we show here, mimicks pancreas development in
vivo. Our model differs from those of Ritvos et al. (Ritvos et
al., 1995) and of Gittes et al. (Gittes et al., 1996) who use
rudiments from E11 embryos. The explants studied here,
obtained from E12.5 embryos, contain exclusively pancreatic
tissue with its surrounding mesenchyme. Under our culture
conditions, these explants exhibited spontaneous
developmental changes similar to those observed in the intact
embryo. Both the epithelial cells and the mesenchymal cells
proliferated, the mesenchyme became reorganized, and the
epithelium underwent branching and budding with formation
of acini and ducts. Exocrine and endocrine differentiation took
place, with segregation of hormone-expressing cells into
clusters. Moreover, activin A and its receptors, as well as its
physiological inhibitor follistatin, were expressed in the
explants. Thus, such explants were appropriate to test the effect
of activin A on pancreatic cytodifferentiation.

The data reported here do not support the idea that activin
A controls exocrine or endocrine differentiation. Nevertheless,
the expression of both activin A and follistatin in developing
pancreas suggests a role for the activin-follistatin system. From
work on pancreatic rudiments of E11 mouse embryos, Ritvos
et al. (Ritvos et al., 1995) concluded that activin A inhibits
epithelial morphogenesis. We could not determine
conclusively whether this effect of activin A also occurs at a
later stage, i.e. in our E12.5 explants. We observed a reduction
in the amount of pancreatic epithelium in activin A-treated
explants, but this could result from reduced epithelial
morphogenesis or from differentiation of part of the epithelium
into intestinal epithelium. However, it is likely that the activin-
follistatin system still controls epithelial morphogenesis at
E12.5 in the pancreas. Indeed, follistatin-treated explants
showed more growth and branching, over time in culture, than
control explants (Fig. 5B).

Unexpectedly, activin A induced intestinal differentiation in
the pancreatic explants. This was confirmed by molecular,
histochemical, morphological and functional criteria. The
cylindrical epithelium of this intestinal structure strongly
expressed Pdx-1 (data not shown), which is not only a
pancreatic marker, but also a duodenal marker (Jonsson et al.,
1994). However, we did not detect the intestinal marker cdx-2
in this epithelium. In the intact embryo at E15.5,
immunofluorescence experiments with an anti-cdx-2 antibody
revealed strong labeling of the small intestine, but not of the
duodenum (data not shown). We conclude that the intestinal
structure induced in the explants by activin A more closely
resembles the duodenum than the jejunum or the ileum.

As to the mechanism by which activin A induces conversion
of pancreatic tissue into intestinal tissue, we found that this
effect involves Shh signaling. Our data extend those of
Apelqvist et al. (Apelqvist et al., 1997) who showed that
incubating pancreatic rudiments, taken from E10 mouse
embryos, with Shh for 7 days induces the conversion of
pancreatic mesenchyme into intestinal mesenchyme. We show
here that the intestinal phenotype induced in our explants by
activin A involves not only the mesenchyme, which
differentiates into smooth muscle, but also the pancreatic
epithelium, which becomes villous and in which cells are

cylindrical and no longer cuboidal. We also demonstrate that
activin A can act upstream of Shh in this differentiation
program. An increased expression of Shh has been reported
when activin A induces dorsal mesoderm in animal caps of
Cynopsembryos (Takabatake et al., 1996). The finding that
activin A can induce Shh in differentiating pancreas should be
taken into account to interpret the phenotype of knockout
mouse embryos lacking activin receptors (Kim et al., 2000).
One conclusion of the analysis of such mutants was that
activin signaling in the foregut endoderm inhibits Shh
expression. It is noteworthy that these receptors bind not only
activin A, but also activin B. It has been assumed that activin
A and activin B are functionally interchangeable (Dichmann
et al., 2003). We show here that this is not the case. This fits
with the observation that activin A and activin B transcripts
have quite distinct distribution patterns in E12.5 mouse
embryos (Feijen et al., 1994). Thus, there is no contradiction
in the facts that activin B would repress Shh expression in the
prepancreatic territory of the endoderm (Hebrok et al., 1998)
and that activin A can induce Shh in committed pancreatic
tissue, as demonstrated here. Therefore, the activin pathway
can elicit opposite effects on Shh expression, depending on
the ligand, target tissue and developmental stage. Similar
opposing effects of bone morphogenetic proteins (BMP) at
different stages of pancreatic development have been reported
(Kumar and Melton, 2003).

Work on transgenic mice has led to a model in which it is
Shh expression in a limited lateral territory of the endoderm
that promotes intestinal differentiation from that territory,
whereas the flanking, Shh-negative, dorsal and ventral regions
become pancreatic tissue (Apelqvist et al., 1997). Activin A
is expressed with its receptors in developing pancreas in vivo.
Since activin A can induce Shh, why does this tissue not
differentiate into intestinal tissue? One explanation was that
Patched, the Shh receptor, is not expressed in embryonic
pancreas, as it was not detectable by in situ hybridization
(Apelqvist et al., 1997). However, Patched expression was
detected more recently in this tissue by RT-PCR and Patched
mutants exhibit developmental defects in the pancreas
(Hebrok et al., 2000). Thus, the observations on the activin A-
treated pancreatic explants reported here demonstrate that the
signaling pathway downstream of Shh is functional in
embryonic pancreas and that the latter is not refractory to Shh.
We are left with the hypothesis that, in the intact embryo, the
pancreas must be refractory to endogenous activin A. Since
we were able to trigger a response to activin A, i.e. intestinal
differentiation, this refractoriness must be due to a factor
upstream of the activin A receptors. An obvious candidate is
follistatin, which is expressed in the pancreas at E12.5
(Miralles et al., 1998b) (this paper). This strongly suggests
that it is the balance between activin A and follistatin that
determines tissue sensitivity, and that this balance would be in
favor of activin A in the intestine, but not in the pancreas.
Consistent with this hypothesis, immunoreactive follistatin
was detected at E12.5 in the pancreas, but not in the intestine
(data not shown). In our pancreatic explants, the drop in
follistatin expression (Fig. 1B) would allow intestinal
differentiation to proceed upon addition of sufficient
exogenous activin A.

One condition for pancreas development from the endoderm
is repression of Shh by signals from the mesenchyme (Hebrok
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et al., 1998). The data reported here suggest that, once
endodermal precursors are committed to a pancreatic fate, Shh
repression must be maintained in the developing pancreas.
Indeed, when Shh was added, or was induced by activin A in
pancreatic tissue already specified, this tissue could still assume
an intestinal fate. This observation refines our knowledge on the
hierarchy of the molecular determinants of developmental
processes. Chronologically, these processes involve
competence, specification and differentiation. In endoderm-
derived organs, such as the pancreas and liver, progress through
these three stages is determined by extracellular signals that
instruct the tissue to express distinct patterns of transcription
factors. These in turn direct gene expression programs that
specify the tissue cell type (reviewed by Edlund, 2002; Zaret,
2002). Thus, ectopically expressed transcription factors can
drive pancreatic organogenesis and differentiation (Grapin-
Botton et al., 2001), or convert pancreatic exocrine cells into
hepatocytes (Shen et al., 2000). We show here that, even after
specification, a tissue-specific program can still be reshuffled,
not only by transcription factors, but also by an extracellular
signal such as activin A. This, together with earlier work by
others (reviewed by Scharfmann, 2000; Kim and Hebrok,
2001), demonstrates that apparently well-established gene
expression programs, i.e. the corresponding transcription
networks, remain subordinate to continuous control by
extracellular signals. The remarkable developmental plasticity
of committed epithelia has interesting implications for the
generation of differentiated cells for therapeutic purposes. The
present findings raise the important issue of the need to also
control the cellular environment of the targeted tissue. Finally,
Thayer et al. (Thayer et al., 2003) have recently shown that
inappropriate expression of Shh in the pancreas can lead to
metaplasia of the epithelium and to adenocarcinoma. This raises
the question of the control of the Shh pathway in the pancreas.
In this context, our discovery that Shh signaling can be triggered
by activin A and inhibited by follistatin is of obvious interest.
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