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Summary

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 3
(TGFB) 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

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.

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

Movie available online
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Introduction activins, which belong to the same superfamily, play a
Mammalian pancreas development is being intensively studigefominent role as they are involved at several stages of
as a model of differentiation of pluripotent precursors intgPancreas development. The ligands of this superfamily bind to
several cell types. In the mouse, the pancreas develops hg&terodimeric receptors composed of a type Il and a type |
embryonic day (E) 8.5 from a specified dorsal and ventregubunit. The type Il subunit is required for ligand binding and
territory of the posterior foregut endoderm. At E9-9.5, thdt phosphorylates and activates the type | subunit. The latter is
prepancreatic epithelium buds out of the endoderm and begifgsponsible for downstream signaling events. The BsGdet
to differentiate into ductal precursors, exocrine precursors, ofia receptors that are distinct from those of the activin ligands.
endocrine precursors which will give rise to cells producingrhe three activins are dimers of distinct suburfifs nd(3B).
insulin, glucagon, somatostatin or pancreatic polypeptide. Adctivin A (BA/BA), activin B 3B/BB) and activin AB BA/3B)
E12.5, morphogenetic events take place, with proliferatioshare the four activin receptors ActRI (also called ALK2),
and branching of the epithelium within the surroundingActRIB (also called ALK4), ActRIl and ActRIIB. The actions
mesenchyme, segregation of clusters of hormone-producirgf activins, but not of TGS, are specifically blocked by
cells that delaminate from the epithelium, and organization dbllistatin, a physiological inhibitor that binds to them
ductal cells into canaliculi and of exocrine cells into acini. ThdMassagué and Chen, 2000). Because of the differential
endocrine cells become organized into islets of Langerhans @xpression, in time and space, of the members of this complex
E17-18, just before birth, and the acinar cells start secretirgijgnaling network, it is possible that the different PGihd
their digestive enzymes shortly after birth (Pictet and Rutterctivin ligands control different developmental events.
1972; Kim and MacDonald, 2002). Work in chick embryos showed that pancreas specification
All these developmental events depend on extracellulanequires notochord-mediated repression of Sonic hedgehog
signals that mediate precisely timed cross-talks betweeBhh) in the prepancreatic endoderm. This repressive activity
epithelial and mesenchymal cells (Kim and Hebrok, 2001; Kintan be mimicked by activin B which, unlike activin A, is
and MacDonald, 2002). Among these signals, B&Rnd  present in the notochord (Hebrok et al., 1998). In the mouse
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embryo, TGB1 appears to control later events, as it stimulatethese agents were added with each change of medium, namely on day
endocrine differentiation and promotes apoptosis of the acinak,(after one night in culture), on day 3 and on day 5. Cycloheximide
but not canalar, tissue (Sanvito et al., 1994) and it plays a képigma) was dissolved in dimethylsulfoxide and added at a final
role in islet morphogenesis (Miralles et al., 1998a). concentration of 3ig/ml 30 minutes prior to addition of activin A.
As to activin A, which is expressed with its receptors inCycIopamlne (Toronto Research Chemicals Inc.) was dissolved in

; . 5% ethanol to 10 mM (stock solution) and was usedpgd! 5n the
cljg\ée;)ori)ggrgznigrﬁgf ((:::etzlarru?%?eests?(l)'ﬁ :t)gl‘ga?a\c/)?rzisr?:r?te;eegaettiv Ulture medium. Control explants were exposed to thgi:lame quantity
ActRIl in transgenic mice perturbs both endocrine andSlf vehicle.
exocrine differentiation (Shiozaki et al., 1999). In contrast,

ActRII7= and ActRIM-ActRIIB*~ mice have impaired Histological and immunofluorescence analysis

endocrine development (Kim et al., 2000). Since thes@ancreatic explants were fixed for 30 minutes at room temperature
receptors bind not only the three activins, but also several othier 4% paraformaldehyde/PBS, and stained overnight at 4°C in 2%
ligands (Vg1, nodal, BMP4, BMP7, Gdf11l and Lefty2), a roleCertistair® Lightgreen SF .yeIIowish (Merck) in PBS. The stained

of activin A is not conclusively established by suchexplants were included in PBS/4% Seapldqu8TG® agarose
experiments. In pancreatic explants obtained from E12.5 ré?ﬁﬂlsn\?vkeig gﬂn?é)eecducllz:j ﬁpggf:#iﬁngz{ | Zﬂffﬁmg:gg;;imbedded
2%2%?2 ig%g;:i%ggtm d(tar\llglc?ggs?’lr:)cr?‘r'l;lllcym%ﬁn%r;\):j%ging/ issue sections were rehydrated and agarose was dissolved in a

: AR I . o oiling 0.01 M citrate solution, pH 6.0 for 10 minutes. Tissue sections
differentiation is inhibited. This phenomenon can be mimickedere permeabilized for 15 minutes with 0.3% Triton X-100-PBS, and

by follistatin, suggesting that activin receptor ligands promot@jocked in 3% milk/10% BSA/0.3% Triton X-100 in PBS for

endocrine differentiation (Miralles et al., 1998b). However, asi5 minutes at room temperature. Primary antibodies and dilutions
follistatin inhibits all the activins, it is not possible to be were: monoclonal mouse anti-human Ki67 at 1:250 (Pharmingen),
conclusive about the involvement of activin A per se. In a moreabbit anti-Pdx-1 at 1:1000 (a kind gift from C. V. Wright),

direct approach, Ritvos et al. (Ritvos et al., 1995) tested th@onoclonal mouse anti-E-cadherin at 1:50 (BD Transduction
effect of activin A on cultured mouse pancreatic rudiments-aboratories), rabbit anti-carboxypeptidase A at 1:1000 (Biogenesis
from E11 embryos. They concluded that activin A inhibitsLtd')' monoclonal mouse anti-insulin at 1:500 (Sigma), rabbit anti-

: : : ; - ucagon at 1:200 (Dako), rabbit anti-laminin at 1:50 (Sigma),
epithelial morphogenesis and that this effect is prevented onoclonal mouse anti-smooth muscle actin at 1:40 (Dako).

fO"'St’?‘“”* but they_dld F‘Ot stu_dy_ the effect of activin A on Incubation of primary antibodies was performed in 3% milk/10%
exocrine or endocrine differentiation. _BSA/0.3% Triton X-100 in PBS for 1 hour at 37°C. Washes were done
The aim of the present work was to reassess the possibigh 0.1% Triton X-100 in PBS three times for 5 minutes each.
influence of activin A on pancreas differentiation. To this endsecondary antibodies and dilutions were: fluorescein isothiocyanate-
we have studied the effect of activin A on mouse pancreatior Texas-Re# dye-conjugated goat anti-mouse or anti-rabbit IgG at
explants obtained from E12.5 mouse embryos. Our data shdwl00 (Jackson ImmunoResearch Laboratories, Inc.), or biotin-
that activin A does not appear to affect exocrine or endocringonjugated affinity purified anti-mouse or anti-rabbit IgG at 1:500
differentiation. However, we find that activin A induces (Chemicon) in 10% BSA/0.3% Triton X-100 in PBS for 1 hour at

intestinal  differentiation of pancreatic epithelium and37°C: In the latter case streptavidin-Alexa FRudi8 conjugate at

i :1000 (Molecular Probes) was added to reveal the biotin. Washes
mesenchyme, and' demonstrate that this involves a Sh\I}'vere repeated with 0.1% Triton X-100-PBS three times for 5 minutes
dependent mechanism.

each. Slides were stained with bis-benzimide (Sigmag/thl in PBS
(Hoechst staining) for 10 minutes, rinsed in distillated water and
Materials and Methods _mounted in Dak8 fluorescent mounting r_nedium (Da_ko). F_ollis_tatin_

] i ) immunofluorescence was detected with a rabbit anti-follistatin
Dissection and culture of pancreatic explants antibody at 1:100 (a kind gift from S. Werner) according to the
The explants were cultured for 7 days on microporous membrangsotocol of Wankell et al. (Wankell et al., 2001). Fluorescence was
according to the method of Gittes et al. (Gittes et al., 1996). The dorsahmediately observed with a Zeiss Axiovert 200 inverted fluorescence
pancreatic bud from embryonic day (E)12.5 129/Swiss mice embryasicroscope. All the pictures were taken using a Coolpix 995 digital
was excised with a dissecting microscope in Hank’s balanced saltsimera (Nikon).
solution (HBSS) containing 50 Units/ml penicillin and B@/ml
streptomycin (Gibco-BRL Life Technologies). Care was taken to ) )
avoid pancreatic tissue proximal to the gut so that the explants wel¥NA preparation and RT-PCR analysis
derived exclusively from tissue not contaminated by prospectivBotal RNA was isolated from individual pancreatic explants with the
intestinal tissue. Mice were treated according to the principles ofriPure RNA Isolation kit (Roche). Total RNA was diluted in {l0
laboratory animal care of the University animal welfare committeewater, denatured at 85°C for 3 minutes, and quickly chilled on ice.
The explants were rinsed once in Medium 199 with Earle’s salt3otal RNA was incubated in a final volume of @50f 50 mM Tris-
(Gibco-BRL Life Technologies) supplied with 10% fetal bovine HCI (pH 8.3), 75 mM KCI, 3 mM MgG| 10 mM dithiothreitol, 200
serum (BioWhittaker), 50 Units/ml penicillin, %@/ml streptomycin, units of Moloney murine leukemia virus reverse transcriptase
and 2.5 pg/ml fungizone (Gibco-BRL Life Technologies). The (Invitrogen), 40 units of RNAsin (Promega)p8 of random hexamers
pancreatic explants were then laid on Milli@edulture plate inserts  (Invitrogen) and 1 mM dNTPs (Amersham Pharmacia Biotech), and
(Millipore) in standard 24-well plates containing 3%i0of the same  was left for 10 minutes at room temperature and subsequently for 1
medium. No medium was added on top of the filter, so that thbour at 37°C. After cDNA synthesis, the sample was diluted with 25
explants grew at the air/medium interface. Medium was changegl of H20. For the PCR, 3ul of the diluted cDNA sample were
every other day. Activin A (15 ng/ml), activin B (15 ng/ml), follistatin incubated in a volume of 3@ of 10 mM Tris-HCI (pH 9.0), 50 mM
(250 ng/ml) and Shh (200 ng/ml) (all from R&D systems) wereKCl, 0.1% (vol/vol) Triton X-100, 1.5 mM MgG| 40 pM dATP,
dissolved in PBS/0.15% bovine serum albumin (BSA) and were usediT TP, dCTP and dGTP, 10 pmol of each primer and 2.5 units of Taq
at the final concentration indicated. Unless mentioned otherwise, glolymerase (Promega). For the semi-quantitative PCR, & the



diluted cDNA sample were incubated in fiDof 10 mM Tris-HCI
(pH 9.0), 50 mM KCl, 0.1% (vol/vol) Triton X-100, 1.5 mM MgCl
40 uM dATP, dTTP and dGTP, 20M dCTP, 10 pmol of each primer,
2.5 units of Tag polymerase (Promega) anduZbof 3000 Ci/mmol

[32P]dCTP (Amersham Pharmacia Biotech). The number of cycle
was determined for each amplicon as required to reach mi
logarithmic phase of amplification. Primer sequences wére 5

ACCCTTCACCAATGACTCCTATG-3 and 3-ATGATGACTGCA-
GCAAATCGC-3 (TBP, 190 bp), 5GATCAGAAAGCTT-
CATGTGG-3 and 3-TCAGGAAGAGCCACACTTCTG-3 (activin
A, 220 bp), 5CCGAGGAGGATGTGAACGAC-3 and 3-CACC-
ACACAAGTGGAGCTGC-3 (follistatin, 360 bp), 5 ACCACCAA-
TGTGGGAGACAGC-3 and 3-GGGAGGAGAAGATCTTCACAG-
3 (ALK2, 204 bp), >TGCACGAAGATGCAATTCTGG-3 and 5-
ATGCGCAGAGCTGTCAGACGG-3 (ALK4, 230 bp), 5TTGAT-
GACTCTCAGGACAATGC-3 and 3-CTTGTGAGGCAGGTCC-
AATCTTC-3 (carbonic anhydrase Il, 244 bp),/-GTACCAA-
TTGCAGAGCCAGG-3 and 3-CCATTTTATTGTCACCTTCC-3
(-FABP, 252 bp), 5CGGCACGTGGAAAGTAGACC-3 and 5-
TCCGTCTGCTAGACTGTAGG-3(i-FABP, 197 bp), 5GAACGA-
TTTAAGGAACTCACC-3 and 53-CCCTCATAGTGTAGAGA-
CTCC-3 (Shh, 217 bp).

Results

Expression of activin A and its receptors during

pancreas development

We started our study by assaying the expressi@ttiin A
its two specific type | receptorALK2 and ALK4, and its
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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

f the epithelium continued during the following days and on

ay 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-1l-expressing cells (data not

inhibitor follistatin, during the course of mouse pancreasShown). Cell proliferation was also observed in the
development. RT-PCR experiments performed on pancreatif€seénchyme on day 1 and on day 7, as some cells were stained
RNA from E12.5 embryos showed that these genes were Avith the Ki67 antibody, but not with the Pdx-1 antibody (Fig.

expressed (Fig. 1A). Their expression remained constant unglc)-
birth, except that oALK2, which decreased after E12.5 (Fig.

To better characterize epithelial differentiation during

1A). While our work was in progress, results compatible witfh€ culture, we first visualized the exocrine marker
those shown in Fig. 1A were published by Dichmann et al¢arboxypeptidase A (CPA). Epithelial cells were identified
(Dichmann et al., 2003). These data indicated that all th&ith an anti-E-cadherin (E-cad) antibody (Fig. 3A,C). On day

components to initiate or modulate activin A signaling ar

&, some of these cells, usually located at the periphery of the

test the role of activin A on pancreatic explants in culture.

Differentiation of pancreatic explants in culture

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

The explants were studied over the 7-day culture period tand Eosin staining (Fig. 2B), these exocrine cells were
validate them as an ex vivo model system of pancreasrganized in acini, with apical CPA staining and basal
differentiation. Just after dissection at E12.5 (day O of culture)pcalization of nuclei (inset of Fig. 3C). Thus, a typical

the dorsal pancreatic buds in culture showed epithelial cellsxocrine differentiation process took place during the culture.
surrounded by mesenchyme (Fig. 2A). At this stage, th&ome epithelial cells that were E-cad positive, but CPA
epithelial cells visualized by Hematoxylin and Eosin staininghegative, were most probably ductal cells (arrowheads in Fig.

3C). Consistent with this interpretation, carbonic
A pancreas B explants anhydrase Il mRNA was detected by RT-PCR in the
explants at that stage (data not shown).
PRGOS & T docrine differentiation during the cult
Q¥ 0T 8 L s o & & 0 assess endocrine differentiation during the culture,

the explants were double-stained for insulin and

ALK2 glucagon. On day 0, there were a few clusters of

ALK4

Fig. 1. Expression of activin A signaling components in
embryonic mouse pancreas and pancreatic explants.
Expression ofctivin A follistatin and type | activin receptors
ALK2 andALK4was 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).

Activin A
Follistatin

TBP
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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, 50Qum for A, 100pum for B and 5Qum for C.

A [do

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.enmd)

was about twice the number on day 0 (see above). The increase
in number of insulin-expressing cells during the culture period
glucagon-expressing cells and very scarce insulin-expressimguld be explained by proliferation of pre-existing insulin-
cells, scattered in the pancreatic tissue (Fig. 3B). The totglositive cells or, as is the case in vivo, by differentiation of
numbers of insulin- and glucagon-expressing cells at this stagmdocrine precursors. As we never detected endocrine cells
were 723 and 854 for two explants, as determined by scorirexpressing the proliferation marker Ki67 (data not shown), we
labeled cells on serial sections (150 per explant). On day @ssume that these cells differentiate from epithelial precursors,

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 O,
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

I(M=1Y 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, 10@m (A-C); 50um (B).
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thereby reproducing the physiological process of endocrin jg§
differentiation.

We concluded from this analysis that the explants o |
embryonic pancreas cultured under our conditions are
convenient model system to study the differentiation processi
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 signalin
pathway under our culture conditions. RT-PCR experiment
showed thagctivin Aand its type | recepto’sLK2 andALK4
were expressed in the explants as in developing pancreas
vivo (Fig. 1B). Expression dbllistatin 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 ¢
culture, which were observed until day 7. Macroscopic
observation of activin A-treated explants=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 &
it exhibited peristaltic contractions which persisted until
the end of the culture period (see Movie 1, http://
jcs.biologists.org/supplemental/) (Fig. 4). This phenomenol
was also observed after a single addition of activin A on da
1. Occasionally, two such cysts appeared simultaneously in ti
same activin A-treated explant. Cystic structures were nevefig 4 Morphological and histological changes in pancreatic
observed in control cultures<96) or before activin treatment. explants treated with activin A. Activin A, added on day 1 of culture,
Histological analysis of activin A-treated explants revealednduces the appearance of a cystic structure within 24 hours (arrow,
that the cystic structure is surrounded by a single-layeredR). This structure expands during the following days and peristaltic-
epithelium (Fig. 4). This epithelium was metaplasia-like, adike activity of surrounding cells appears on day 5 (see Movie 1,
both cuboidal cells and cylindrical cells were found on thettp:/jcs.biologists.org/supplemental/). On day 7, Hematoxylin and

same sections. In the regions where the epithelium Wéosin staining of sections (bottom panel) shows that the cyst lumen
PR T it ; : Is surrounded by a cylindrical epithelium with villi. Pancreatic tissue
cylindrical, it sent out villosities into the cavity and the. still present, but it is aside of the cyst. Scale barsyEO€r

underlying mesenchyme showed a pink coloration, indicatin

the pr)e/segnce of sm)(;oth muscle celﬁs. These features, Whigﬁper panels and 10 for lower panel.
were never observed in untreated explants, are typical of the

intestinal wall.

To confirm the intestinal character of the differentiationdifferent genes and are both present in the intestine. The
process induced by activin A, immunofluorescenceexpression of these genes in our explants was determined by
experiments were performed with antibodies directed again®T-PCR as a function of time. The expressionidbp and
laminin or smooth muscle actin (SMA) (Fig. 5A). In of -Fabpwas induced after 6 and 12 hours of treatment with
untreated explants on day 7, all the epithelial structures weeetivin A, respectively (Fig. 5B). These mRNAs were never
surrounded by thin basement membranes, as revealed Ugtected in untreated explants, even after 7 days of culture
laminin staining. Laminin was also found at the periphery ofFig. 5B). This ruled out that the culture procedure per se
the explant. In contrast, in activin A-treated explants, thergvould allow spontaneous differentiation of intestinal
was a thick basement membrane underlying the cylindricgirecursors present in the explants.
epithelium that surrounds the lumen of the cystic structure. Additional experiments were performed to assess the
Under this basal lamina, mesenchymal cells hadpecificity of the effect of activin A. First, this effect was dose
differentiated into smooth muscle cells, as they expressedependent. In explants incubated with 5, 10, 15 or 25 ng/ml
SMA and exhibited spontaneous contractile activity. SMAthe intestinal structure appeared with the latter two
was never detected in untreated explants (Fig. 5A). As theoncentrations (data not shown). Second, addition of follistatin
intestinal structure appeared within 24 hours of activin Atogether with activin Arg=13) prevented the appearance of the
treatment, we investigated whether this treatment induceidtestinal structure and neitherFabp nor I-Fabp was
expression of intestinal markers. Fatty acid binding proteinexpressed in the explants treated in this way (Fig. 5B). Third,
(FABPs) are markers of intestinal differentiation (Gordon etunlike activin A, activin B (=6) did not induce an intestinal
al., 1985), which occur naturally as a liver isoform (I-FABP)structure or the FABPs in the explants (Fig. 6). The activin B
and an intestinal isoform (i-FABP). They are coded bytested was biologically active since, in transient transfection
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A SMA/Laminin/Hoe 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, 10én. (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-Fabpand|-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, 10Am.

Act A +
follistatin

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
assays, it stimulated a CAGA-luciferase reporter gene (whicand 1014 cells for two explants, as compared to a mean of 1670
is sensitive to activin signaling) as strongly as did activin Acells for four untreated explants, see above). Similar data were
(data not shown). We concluded that induction of an intestinalbtained on explants treated with 5, 10 or 25 ng/ml of activin
phenotype in developing pancreas is specific to activin A.  A.

Pancreatic tissue persisted alongside this intestinal structureWe concluded from these experiments that activin A does
in the activin A-treated explants (Fig. 4). To determine thenot affect exocrine or endocrine differentiation in our model.
possible effect of activin A on exocrine or endocrineHowever, under the influence of activin A, the pancreatic
differentiation in the pancreatic region of the explant, weepithelium and mesenchyme undergo a rapid intestinal
performed the same immunofluorescence experiments diferentiation, as shown by molecular markers, by histological
described above (Fig. 3) for the untreated explants on activemd immunohistological criteria and by a functional parameter
A-treated explants. As in the latter, E-cad-positive celld.e. spontaneous contractions.
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 epitheliumintestinal differentiation of embryonic pancreas by
surrounding the cystic structure was positive for E-cad, but @ctivin A involves Shh
did not express CPA. We also analyzed, by insulin andlVe next investigated the mechanism by which activin A
glucagon staining, the consequences of activin A treatment anduces intestinal differentiation of pancreatic tissue. Shh plays




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
4 in culture (scale bar, 5@0n) and induces the intestinal markers

Fabpandl-Fabp, detected by RT-PCR on day 7, as welSaf
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A on day 1Shhexpression increased by about 3.5-fold within
the two first hours of treatment and showed a further 50-fold
increase after 6 hours of treatmeBhhexpression decreased
after 24 hours, but was maintained until day 7 (Fig. 7A). The
rapid (less than 2 hours) induction 8hhby activin A was
consistent with a direct effect of activin A signaling $hh
gene expression. To test this, we incubated explants with
activin A in the presence of the protein synthesis inhibitor
cycloheximide. This prevented induction ®ih as well as of
theFabps(Fig. 7B). Thus, it appears that a protein intermediate
is required for the induction &hhby 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 AShhwas not induced (Fig.
TA).

After addition of activin A, Shh mRNA increased before the
FABPs mRNA. This suggested that Shh is involved in the
(%%?stinal differentiation process. To confirm this, we treated

ee explants with activin A and cyclopamine, a specific
inhibitor of Hh signaling that binds to the Smoothened

detected by semi-quantitative RT-PCR on day 7 (B). None of these transmembrane protein (King, 2002). As shown in Fig. 7C, no

effects are seen when activin B is used instead of activin A.

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

a key role in differentiation of the intestine in the chick embrycShh. This was the case. Explants treated with $i6) (
(Roberts et al., 1998; Sukegawa et al., 2000). We thereforexhibited the same intestinal phenotype as activin A-treated

determined by semi-quantitative RT-PCR wheth8hh

explants (Fig. 7C). Moreover, treatment with Shh indueed

expression was induced in activin A-treated explants. Shh wa&abp and I-Fabp (Fig. 7D) as did treatment with activin A.
barely detectable in untreated explants over the culture peridthese data showed that induction of Shh by activin A is not an
(Fig. 7A), consistent with previous observations (Apelgvist eepiphenomenon, but that Shh mediates the effect of activin A
al., 1997; Hebrok, 2003). Following a single addition of activinin inducing intestinal differentiation of pancreatic tissue.

We conclude from all these data that activin A
can induce Shh expression in embryonic pancreas,

A e Sy B that this effect occurs prior to induction of the
: - intestinal markers FABPs, and that functional Shh
Shh Act A + cycloheximide . . . . L. .
o —— < Signaling is required for activin A to induce
TBP -— A . - - .- l v intestinal differentiation from the pancreatic

cmtmw -

ActA :
TBP T - -

epithelium.

ActA+ | Shh

Fig. 7.Intestinal differentiation in pancreatic explants by

follistatin TBP

activin A depends upon an indirect induction of Shh.

Cc

Act A +
cyclopamine

(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 &hh which does

not occur spontaneously with time in culture (upper
panels), is inhibited by follistatin (lower panels).

(B) Cycloheximide prevents induction 8hhand 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, 5Q0n. (D). Shh induces in pancreatic explants
the intestinal markerisFabp andl-Fabp. RT-PCR were performed on
RNA extracted on day 7 of culture.
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Discussion cylindrical and no longer cuboidal. We also demonstrate that
The aim of this work was to investigate the effect of activin Aactivin A can act upstream of Shh in this differentiation
on pancreas differentiation. We resorted to an organ cultuggrogram. An increased expression of Shh has been reported
which, as we show here, mimicks pancreas development imhen activin A induces dorsal mesoderm in animal caps of
vivo. Our model differs from those of Ritvos et al. (Ritvos etCynopsembryos (Takabatake et al., 1996). The finding that
al., 1995) and of Gittes et al. (Gittes et al., 1996) who usactivin A can induce Shh in differentiating pancreas should be
rudiments from E11 embryos. The explants studied herdéaken into account to interpret the phenotype of knockout
obtained from E12.5 embryos, contain exclusively pancreatimouse embryos lacking activin receptors (Kim et al., 2000).
tissue with its surrounding mesenchyme. Under our cultur®ne conclusion of the analysis of such mutants was that
conditions, these explants exhibited spontaneouactivin signaling in the foregut endoderm inhibits Shh
developmental changes similar to those observed in the intaexpression. It is noteworthy that these receptors bind not only
embryo. Both the epithelial cells and the mesenchymal cellactivin A, but also activin B. It has been assumed that activin
proliferated, the mesenchyme became reorganized, and tAeand activin B are functionally interchangeable (Dichmann
epithelium underwent branching and budding with formatioret al., 2003). We show here that this is not the case. This fits
of acini and ducts. Exocrine and endocrine differentiation tookvith the observation that activin A and activin B transcripts
place, with segregation of hormone-expressing cells intbave quite distinct distribution patterns in E12.5 mouse
clusters. Moreover, activin A and its receptors, as well as itsmbryos (Feijen et al., 1994). Thus, there is no contradiction
physiological inhibitor follistatin, were expressed in thein the facts that activin B would repress Shh expression in the
explants. Thus, such explants were appropriate to test the effgeepancreatic territory of the endoderm (Hebrok et al., 1998)
of activin A on pancreatic cytodifferentiation. and that activin A can induce Shh in committed pancreatic
The data reported here do not support the idea that activirssue, as demonstrated here. Therefore, the activin pathway
A controls exocrine or endocrine differentiation. Neverthelesszan elicit opposite effects on Shh expression, depending on
the expression of both activin A and follistatin in developingthe ligand, target tissue and developmental stage. Similar
pancreas suggests a role for the activin-follistatin system. Froopposing effects of bone morphogenetic proteins (BMP) at
work on pancreatic rudiments of E11 mouse embryos, Ritvagifferent stages of pancreatic development have been reported
et al. (Ritvos et al., 1995) concluded that activin A inhibits(Kumar and Melton, 2003).
epithelial morphogenesis. We could not determine Work on transgenic mice has led to a model in which it is
conclusively whether this effect of activin A also occurs at &8hh expression in a limited lateral territory of the endoderm
later stage, i.e. in our E12.5 explants. We observed a reductitimat promotes intestinal differentiation from that territory,
in the amount of pancreatic epithelium in activin A-treatedwvhereas the flanking, Shh-negative, dorsal and ventral regions
explants, but this could result from reduced epitheliabecome pancreatic tissue (Apelqvist et al., 1997). Activin A
morphogenesis or from differentiation of part of the epitheliunis expressed with its receptors in developing pancreas in vivo.
into intestinal epithelium. However, it is likely that the activin- Since activin A can induce Shh, why does this tissue not
follistatin system still controls epithelial morphogenesis adifferentiate into intestinal tissue? One explanation was that
E12.5 in the pancreas. Indeed, follistatin-treated explant8atched, the Shh receptor, is not expressed in embryonic
showed more growth and branching, over time in culture, thapancreas, as it was not detectable by in situ hybridization
control explants (Fig. 5B). (Apelgvist et al., 1997). However, Patched expression was
Unexpectedly, activin A induced intestinal differentiation indetected more recently in this tissue by RT-PCR and Patched
the pancreatic explants. This was confirmed by moleculamutants exhibit developmental defects in the pancreas
histochemical, morphological and functional criteria. The(Hebrok et al., 2000). Thus, the observations on the activin A-
cylindrical epithelium of this intestinal structure strongly treated pancreatic explants reported here demonstrate that the
expressed Pdx-1 (data not shown), which is not only aignaling pathway downstream of Shh is functional in
pancreatic marker, but also a duodenal marker (Jonsson et &mbryonic pancreas and that the latter is not refractory to Shh.
1994). However, we did not detect the intestinal marker cdx-2Ve are left with the hypothesis that, in the intact embryo, the
in this epithelium. In the intact embryo at E15.5, pancreas must be refractory to endogenous activin A. Since
immunofluorescence experiments with an anti-cdx-2 antibodwe were able to trigger a response to activin A, i.e. intestinal
revealed strong labeling of the small intestine, but not of thdifferentiation, this refractoriness must be due to a factor
duodenum (data not shown). We conclude that the intestinapstream of the activin A receptors. An obvious candidate is
structure induced in the explants by activin A more closelyollistatin, which is expressed in the pancreas at E12.5
resembles the duodenum than the jejunum or the ileum.  (Miralles et al., 1998b) (this paper). This strongly suggests
As to the mechanism by which activin A induces conversiotthat it is the balance between activin A and follistatin that
of pancreatic tissue into intestinal tissue, we found that thidetermines tissue sensitivity, and that this balance would be in
effect involves Shh signaling. Our data extend those dfavor of activin A in the intestine, but not in the pancreas.
Apelgvist et al. (Apelgvist et al., 1997) who showed thatConsistent with this hypothesis, immunoreactive follistatin
incubating pancreatic rudiments, taken from E10 mouswas detected at E12.5 in the pancreas, but not in the intestine
embryos, with Shh for 7 days induces the conversion ofdata not shown). In our pancreatic explants, the drop in
pancreatic mesenchyme into intestinal mesenchyme. We shdullistatin expression (Fig. 1B) would allow intestinal
here that the intestinal phenotype induced in our explants ifferentiation to proceed upon addition of sufficient
activin A involves not only the mesenchyme, whichexogenous activin A.
differentiates into smooth muscle, but also the pancreatic One condition for pancreas development from the endoderm
epithelium, which becomes villous and in which cells ares repression of Shh by signals from the mesenchyme (Hebrok
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et al., 1998). The data reported here suggest that, oncates, G. K., Galante, P. E., Hanahan, D., Rutter, W. J. and Debas, H. T.
endodermal precursors are committed to a pancreatic fate, Shit1996). Lineage-specific morphogenesis in the developing pancreas: role of
repression must be maintained in the developing pancreag.mesemhyma' factorflevelopment.22, 439-447.

. A ordon, J. |, Elshourbagy, N., Lowe, J. B., Liao, W. S., Alpers, D. H. and
Indeed, when Shh was added, or was induced by activin A 'nTaylor, J. M. (1985). Tissue specific expression and developmental

pancreatic tissue already specified, this tissue could still assumeegulation of two genes coding for rat fatty acid binding proteingiol.
an intestinal fate. This observation refines our knowledge on theChem.260 1995-1998.
hierarchy of the molecular determinants of developmentdprapin-Botton, A., Majithia, A. R. and Melton, D. A. (2001). Key events

. . in pancreatic formation are triggered in gut endoderm by ectopic expression
processes.  Chronologically, these processes involve pancreatic regulatory genddenes Devls, 444-454.

competence, specification and differentiation. In endodermsenrok, M. (2003). Hedgehog signaling in pancreas developrivth. Dev.
derived organs, such as the pancreas and liver, progress througte 45-57. _
these three stages is determined by extracellular signals tH#Prok, M., Kim, S. K. and Melton, D. A. (1998). Notochord repression of

instruct the tissue to express distinct patterns of transcription‘iggg?f;rlnsa' Sonic hedgehog permits pancreas developEens Dev.2

facto_rs. Th6§e in turn direct gene expression programs thgfprok, M., Kim, S. K., St-Jacques, B., McMahon, A. P. and Melton, D.
specify the tissue cell type (reviewed by Edlund, 2002; Zaret, A. (2000). Regulation of pancreas development by hedgehog signaling.
2002). Thus, ectopically expressed transcription factors canDevelopmeni27, 4905-4913. _ _ _
drive pancreatic organogenesis and differentiation (Grapirf?092n. B. L. M. and Wright, V. E. (1996). PDX-1 is required for pancreatic
Botton et al., 2001), or convert pancreatic exocrine cells into outgrowth and differentiation of the rostral duodenievelopment 22,

o , P 983-995.
hepa_t(?cytles (Sh?n etal., 2000) We show her_e that, even afigfisson, J., Carlsson, L., Edlund, T. and Edlund, H(1994). Insulin-
specification, a tissue-specific program can still be reshuffled, promoter-factor 1 is required for pancreas development in Natere371,
not only by transcription factors, but also by an extracellular 606-609.

signal such as activin A. This, together with earlier work b I?év%lo%rr?gr?tHaﬁzr?ukﬁc'\t/ilbggr?g;' l'D”éSlrger_rlsz'?”a'S regulating pancreas

others (reviewed by Scharfmann, 2000; Kim an_d Hebrokgim, s. k. and MacDonald, R. J.(2002). Signaling and transcriptional

2001), demonstrates that apparently well-established genecontrol of pancreatic organogenes@urr. Opin. Genet. Dev12, 540-

expression programs, i.e. the corresponding transcription>47. _

networks, remain subordinate to continuous control by<M: S- K. Hebrok, M., Li, €., Oh, S. P., Schrewe, H., Harmon, E. B, Lee,
llular signals. The remarkable develoomental plasticit J. S. and Mglton, D. A.(2000). Activin receptor patterning of foregut

extrace u_ 9 A9 . g ! p g p yorganogene5|£enes Devl4, 1866-1871.

of committed epithelia has interesting implications for thexing, R. W. (2002). Roughing up Smoothened: chemical modulators of

generation of differentiated cells for therapeutic purposes. TheHedgehog signalingl. Biol. 1, 8. - _

present findings raise the important issue of the need to al§gmar M. and Melton, D. (2003). Pancreas specification: a budding

trol the cellular environment of the targeted tissue. Finally,, duestionCurt. Opin. Genet. Dewls, 401-407.

con 9 ) Wassagué, J. and Chen, Y(2000). Controling TGH signaling.Genes Deuv.

Thayer et al. (Thayer et al., 2003) have recently shown that14 627-644.

inappropriate expression of Shh in the pancreas can lead Mballes, F., Battelino, T., Czernichow, P. and Scharfmann, R(1998a).

metaplasia of the epithelium and to adenocarcinoma. This raised GF# plays a key role in morphogenesis of the pancreatic islets of

: : Langerhans by controlling the activity of the matrix metalloproteinase
the question of the control of the Shh pathway in the pancreas, ;5" Cel Biol. 143 827-836.

In this context, our discovery that Shh signaling can be triggeregiralies, ., Czernichow, P. and Scharfmann, R.(1998b). Follistatin
by activin A and inhibited by follistatin is of obvious interest.  regulates the relative proportions of endocrine versus exocrine tissue during
pancreatic developmeriDevelopmeni25 1017-1024.
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