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Foregut development produces a characteristic sequence
of gastrointestinal and respiratory organs, but the signal-
ing pathways that ensure this developmental order re-
main largely unknown. Here, mutations of activin recep-
tors ActRIIA and ActRIIB are shown to disrupt the de-
velopment of posterior foregut-derived organs, including
the stomach, pancreas, and spleen. Foregut expression of
genes including Shh and Isl1 is shifted in mutant mice.
The endocrine pancreas is particularly sensitive to the
type and extent of receptor inactivation. ActRIIA*/~B*/~
animals lack axial defects, but have hypoplastic pancre-
atic islets, hypoinsulinemia, and impaired glucose toler-
ance. Thus, activin receptor-mediated signaling regu-
lates axial patterning, cell differentiation, and function
of foregut-derived organs.
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Organs, including the lungs, stomach, spleen and pan-
creas, develop at stereotyped positions along the ante-
rior-posterior (AP) axis of the vertebrate foregut. Signal-
ing pathways that govern skeletal and central nervous
system AP patterning have been identified (Sasai and De
Robertis 1997; McPherron et al. 1999), but compar-
atively little is known about the genetic programs that
specify foregut organ position, morphogenesis, and cel-
lular differentiation. Restricted endodermal expression
of Sonic hedgehog (Shh), a member of the Hedgehog fam-
ily of secreted signaling proteins, specifies domains
within the gut to generate boundaries and proper differ-
entiation of the stomach, spleen, pancreas, intestines,
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and respiratory tract (Roberts et al. 1995; Apelqvist et al.
1997; Kim et al. 1997a,b; Hebrok et al. 1998; Kim and
Melton 1998). Shh misexpression or inactivation in mice
leads to defects in foregut organogenesis that mimic
common human congenital disorders, including tra-
cheal-esophageal fistula, heterotopic pancreas, annular
pancreas, and hyposplenism (Apelqvist et al. 1997; He-
brok et al. 1998, 2000; Kim and Melton 1998; Litingtung
et al. 1998; Pepicelli et al. 1998).

Activins, members of the transforming growth fac-
tor-B (TGF-B) superfamily, govern embryonic axial pat-
terning (Hoodless et al. 1999), and may restrict Shh ex-
pression in embryonic chicks (Levin et al. 1995; Hebrok
et al. 1998). Type II activin receptors, ActRIIA and
ActRIIB, are cell-surface protein kinases, and previous
work has demonstrated that ActRIIB-mediated signaling
controls both AP pattern of the axial skeleton and lateral
asymmetry of heart and lungs (Oh and Li 1997). Follow-
ing gastrulation, and during organogenesis in mid-gesta-
tional embryos, both ActRITA and ActRIIB are expressed
in the primordia of foregut organs, including lungs,
stomach, intestines, and pancreas (Feijen et al. 1994;
Manova et al. 1995; Verschueren et al. 1995). In adult
mice, both ActRITA and ActRIIB are expressed in pancre-
atic islet cells (Yamaoka et al. 1998; Shiozaki et al. 1999).
Thus, ActRIIA and ActRIIB are transcribed in foregut
organ anlagen before and during morphogenesis and cel-
lular differentiation. To study type II activin receptor
function in foregut patterning, we examined embryos
with combinations of ActRITA and ActRIIB null muta-
tions derived by gene targeting (Oh and Li 1997; Song et
al. 1999). In this study we show that type II activin re-
ceptors are crucial for normal development of many fore-
gut organs, and that these receptors have a particularly
critical role in development and function of the endo-
crine pancreas.

Results and Discussion

ActRIIA~/"B~/~ and ActRIIA~/"B*/~ embryos failed to
gastrulate (Song et al. 1999) and therefore could not
be used to examine foregut development. ActRIIA*/-,
ActRITA~/~, and ActRIIB*/~ embryos displayed no detect-
able malformations of the spleen (Oh and Li 1997; Song
et al. 1999, or the stomach, pancreas, and liver (Fig. 1A).

ActRIIB~/~ and ActRIIA*/"B~/~ mutants showed mul-
tiple foregut patterning defects, including an anteriorly
directed transformation of the posterior stomach. The
mammalian stomach is patterned along its AP axis (Fig.
1G; Rubio 1992; Larsson et al. 1996). Normal posterior
stomach contains mucin-negative vacuoles in columnar
epithelium, adjacent to a thick mesenchymal layer (Fig.
1A,G), whereas anterior stomach epithelium is normally
squamous and nonvacuolated (Rubio 1992; Larsson et al.
1996). The spleen forms within posterior stomach
mesenchyme (Apelgvist et al. 1997; Kim et al. 1997b).
ActRIIB~/~ embryos had posterior stomachs comprised
of poorly vacuolated, cuboidal epithelium adjacent to an
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Figure 1. Pancreatic and stomach development in compound ActRIIA, ActRIIB mutant embryos at E13.5. In these and later panels,

dorsal is toward the top and anterior toward the Ieft. (A—C) Dorsal pancreas (p), liver (1), and posterior stomach (s). (Arrowheads)
Posterior stomach epithelium; (red dashes) stomach mesenchyme border; epithelial morphology (columnar, cuboidal, squamous) and
number of vacuoles indicated. Stomach mesenchyme surrounds stomach epithelium. (Arrow) Pancreas epithelium. The anterior
stomach and spleen are absent in these sections. (A) Sagittal section through ActRIIA*/*B*/~ foregut. (B) Sagittal section through
ActRIIB~/~ foregut. (C) Sagittal section through ActRIIA*/~B~/~ foregut. Note reduction of pancreatic epithelium in B and C. In analysis
of >10 embryos per genotype, we observe greater reductions of pancreatic size and epithelial components in ActRIIA*/~B~/~ animals
than in ActRIIA*/*B~/~ animals. An embryo with a somewhat milder reduction of pancreatic epithelial structures is shown in C to aid
identification of the pancreas. (D-F) Ventral pancreas (p), ventral pancreas mesenchymal border (dashed line), ventral pancreas epi-
thelium (arrows), and intestine (in). (D) Normal appearance of ventral pancreas. (E) ActRIIA*/*B~/~ ventral pancreas surrounds and
partly embeds in intestinal wall. (F) ActRIIA*/~B~/~ ventral pancreas surrounds and embeds within intestinal wall. (G) Summaries
of sagittal foregut morphology in ActRIIA*/*B*/~, ActRIIA*/*B~/~, and ActRIIA*/-B~/~ mutants. Esophagus (esoph.) and duodenum
(duod.) are marked. Absent spleen, reduced pancreatic epithelium, and increased pancreatic mesenchyme in ActRIIA*/*B~/~ and

ActRIIA*/~B~/~ mutants are indicated.

attenuated mesenchymal layer (Fig. 1B,G). The pancreas
in these mutants was reduced (Fig. 1B), and the spleen
was absent, as shown previously (Oh and Li 1997). Thus,
the stomach appeared anteriorized, and the posterior
foregut organs like pancreas and spleen, were hypoplas-
tic or absent in ActRIIB~/~ mutants.

Stomach and pancreatic defects were most severe in
ActRIIA*/"B/~ embryos (Fig. 1C,G). The stomach in
these mutants was comprised entirely of nonvacuo-
lated, squamous epithelium, adjacent to a thin layer of
mesenchyme: These mutants were also asplenic. So-
matostatin, normally expressed in posterior, but not an-
terior stomach epithelium (Larsson et al. 1996; Rubio
1992), was reduced severely in the posterior stomach of
ActRIIA*/~B~/~ embryos (J. Lee, E. Harmon, S. Kim, un-
publ.). At E13.5 (Fig. 1C) and later stages (see below), the
pancreas in these animals was reduced drastically. Wild-
type ventral pancreas attaches to only one side of adja-
cent intestines (Fig. 1D). In contrast, the ventral pancreas

in ActRIIA*/*B~/~ and ActRIIA*/~B~/~ embryos was ab-
normally merged with adjacent intestines, forming a par-
tially encircling annulus (Fig. 1E-G). Thus, type II ac-
tivin receptors are required both for morphogenesis
within foregut organs, and for establishment of bound-
aries between foregut organs.

Shh and the LIM homeodomain transcription factor
Islet1 (Isl1) are both regulators and molecular markers of
foregut axial specification (Ahlgren et al. 1997; Apelqvist
et al. 1997; Bellusci et al. 1997; Kim et al. 1997a; Hebrok
et al. 1998; Litingtung et al. 1998). In a previous analysis
of chick pancreatic development in vitro, we showed
that activin signals from notochord may repress Shh ex-
pression in embryonic pancreas endoderm (Hebrok et al.
1998). Early in wild-type mouse foregut development,
Shh is expressed in anterior stomach epithelium (Fig.
2A,1), but absent from posterior stomach (Fig. 2A,C,I).
Ectopic expression of Shh in posterior foregut epithelium
results in asplenia, disrupted pancreatic morphogenesis,
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Figure 2. Posteriorly shifted gene expression along the AP fore-
gut axis in ActRIIA*/"B~/-mutants. (A-H) Anterior stomach (as),
posterior stomach (ps). (A-D) Shh expression in stomach epithe-
lium detected by in situ hybridization in sagittal sections of E11.5
and E13.5 embryos. (A) Shh expressed in epithelium of wild-type
anterior stomach but not in posterior stomach. (Dashed lines)
Combined boundaries of dorsal pancreas and spleen anlagen. Pan-
creatic epithelium is absent from this tissue section. (B) Expanded
Shh expression domain in E11.5 ActRIIA*/~B~/~ embryos includes
the posterior stomach epithelium. Dorsal pancreas and splenic
anlagen (dashed lines) are reduced. (C-D) Anterior stomach is not
present in the section plane. Posterior stomach epithelium out-
lined by dashed lines. (Arrowhead) Pancreas. (C) Shh not detected
in E13.5 wild-type posterior stomach epithelium. (D) Ectopic Shh
expression in E13.5 ActRIIA*/~B~/~ posterior stomach epithelium.
(E-H) IsI1 in pancreatic and stomach mesenchyme at stage E11.5
and E13.5. Isl1-expressing nuclei are stained brown, blue nuclear
counterstain is Gill’s hematoxylin. Stomach epithelium, which
does not express Isl1, marked by dashed lines in E and F. (E) Isl1
expression in wild-type dorsal pancreatic (panc.) mesenchymal
cells (arrowhead) and mesenchyme surrounding stomach epithe-
lium. (Arrows) Anterior boundary of Isl1 expression in foregut
mesenchyme. (F) Reduced IslI expression in dorsal pancreas
(panc.) mesenchyme (star), and in stomach mesenchyme. Isl1 ex-
pression detected only in posterior stomach mesenchyme. Note
reduced dorsal pancreas size in the ActRIIA*/~B~/~ mutant. (G)
Isl1 expression in E13.5 wild-type pancreas. (H) Reduced pancre-
atic Isl1 expression in E13.5 A*/~B~/~ mutants. Over 30,000 nuclei
were scored in E13.5 wild-type and A*/"B~/~ embryos. Twenty-six
Isl1-positive nuclei were counted in A*/"B~/~ animals vs. 2845 in
wild type. (I) Summary of gene expression observed in wild-type
and ActRIIA*/"B~/~ mutant foregut.

and pancreatic cell differentiation within intestinal wall
(Apelgvist et al. 1997). In ActRIIA*/~B~/~ embryos, Shh
was expressed inappropriately in both anterior (Fig. 2B,1)
and posterior stomach epithelium (Fig. 2B,D,I); adjacent
pancreatic and splenic primordia were reduced. These
results and those of Apelqvist et al. (1997) suggest that
the observed foregut phenotypes in ActRIIA*/“B~/~ mu-
tants result from Shh misexpression. Thus, activin re-
ceptor-mediated signaling restricts Shh expression in
mouse foregut endoderm.

Pancreatic islet cells and dorsal mesenchyme fail to
develop in mice lacking Isi1 (Ahlgren et al. 1997). At
E11.5, IsI1 expression was detected in wild-type anterior
and posterior stomach mesenchyme, pancreatic mesen-
chyme (Fig. 2E,I), and pancreatic epithelium (Ahlgren et
al. 1997; Kim et al. 1997b). By E13.5, IsI1 expression in
normal foregut was detected only in pancreatic epithelial
cell clusters (Fig. 2G). In contrast, ActRIIA*/"B~/~ em-
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bryos had decreased Isl1 expression. At E11.5 IsI1 expres-
sion in the stomach was restricted to posterior mesen-
chyme, and was reduced in pancreatic mesenchyme (Fig.
2FI). By E13.5, pancreatic epithelial IsI1 expression in
ActRIIA*/“B~/~ mutants was reduced severely (Fig. 2H)
compared to wild type. Thus, type II activin receptor-
mediated signaling regulates Isl1 expression in foregut
mesenchyme and pancreas epithelium.

Altered expression of pancreatic IslI in animals with
ActRIIA and ActRIIB mutations prompted studies of
pancreatic cell differentiation. Analysis at stage E13.5
revealed a severe reduction of insulin and glucagon ex-
pression, but only slight reduction of carboxypeptidase A
expression in ActRIIA*/"B~/~ embryos (Fig. 3A). This
pancreatic endocrine defect persisted throughout gesta-
tion (Fig 3B). Pancreatic islets form by E17.5-18.5, and at
this stage in ActRIIB~/~ and ActRIIA*/~B~/~ embryos we
observed a marked reduction in the size and number of
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Figure 3. Defective endocrine development in type II activin receptor mutants. (A) Stage E13.5. Immunohistochemistry reveals a
severe reduction of glucagon and insulin expression in ActRIIA*/“B~/~ embryos. Little change in carboxypeptidase A (carbA) expression
is observed. Data shown for dorsal pancreas, but the same result is also observed in the ventral pancreas. (B) Stage E18.5. Reduction
in Pdx1 and insulin-expressing cells in embryos with ActRII mutations. Pdx1-expressing cells in ActRIIA*/~B~/~ embryos form small
clusters contiguous with ductules (arrowhead). Increased ductular cell expression of Pdx1 is also noted. Amylase expression is well
maintained. An increase of ductal structures in fibrotic mesenchyme (arrowhead) is evident in the ActRIIA*/~B~/~ pancreas stained for
amylase expression. Magnification: 40x in A; 100x in amylase panels in B; 200x in remaining panels in B.

islets expressing the transcription factor Pdx1 and insu-
lin (Fig. 3B). E18.5 ActRIIA*/"B~/~ embryos have no de-
tectable somatostatin in islets, and in the posterior
stomach (data not shown). In contrast, levels of amylase
expression within intact portions of pancreas in these
mutants appeared unchanged (Fig. 3B). Thus, type II ac-
tivin receptors are required for endocrine differentiation
in pancreas and stomach.

Inactivation of ActRIIA and ActRIIB in adult mice re-
sulted in pancreatic islet hypoplasia (Fig. 4A,B). Mice
with three or four null alleles of type II activin receptors
were not viable; however, ActRIIA~/~, ActRIIB~/~, and
ActRIIA*/“B*/~ animals were viable and fertile (Matzuk
et al. 1995; Oh and Li 1997; Song et al. 1999). Histo-
logic and morphometric analysis of pancreatic islets in
ActRIIB~/~ and ActRIIA*/~B*/~ animals revealed a sig-
nificant reduction of islet size in these animals (Fig. 4B).
Average islet size in wild-type animals is 29,800 + 4600
pm?, in ActRIIB~/~ animals is 9300 + 790 um?, and in
ActRIIA*/~B*/~ animals is 5600 = 620 um?. Islet size in
ActRIIA~/~ mice was not reduced significantly (J. Lee
and S. Kim, unpubl.).

Characterization of >100 ActRIIA*/“B*/~ mutants re-
veals that these animals do not have detectable axial
defects, or severely disrupted Shh expression (Song et al.
1999; S.P. Oh and S. Kim, unpubl.). It is therefore
unlikely that changes in islet size and function in
ActRIIA*/~B*/~ animals are secondary to axial patterning

defects. Thus, independent of their roles in axial pattern-
ing, type Il activin receptors also regulate pancreatic islet
development.

Pancreatic expression of a dominant-negative type II
activin receptor in transgenic mice results in islet hypo-
plasia (Yamaoka et al. 1998; Shiozaki et al. 1999). Trans-
genic animals had hypoinsulinemia and impaired glu-
cose tolerance in one study (Yamaoka et al. 1998), but
had normal serum insulin levels and glucose tolerance in
a more recent study (Shiozaki et al. 1999). Thus, these
previous studies have not established a role for activin
signaling in pancreatic endocrine function. Our studies
revealed impaired glucose tolerance in ActRIIB~/~ and
ACctRIIA*/~B*/~ mutants (Fig. 4C). In glucose tolerance
tests after overnight fasting, ActRIIB~/~ animals had ab-
normally elevated peak blood glucose levels, but other-
wise normal glucose handling. In contrast, ActRIIA*/“B*/~
animals had abnormal peak glucose levels, and a pro-
longed ensuing hyperglycemia (Fig. 4C). ActRIIA~/~ mice
had normal-sized islets and showed no impairment of
glucose tolerance (n = 9; H. Schrewe, unpubl.). Thus, the
severity of impaired glucose tolerance depended on
the type and degree of activin receptor inactivation and
correlated with the degree of islet hypoplasia (Fig. 4B).
We then measured insulin levels in wild-type and
ACctRIIA*/"B*/~ animals after overnight fasting and glu-
cose challenge. Insulin levels after overnight fasting
were similar in wild-type and ActRIIA*/~B*/~ animals.
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Figure 4. Pancreas morphology and glu-
cose tolerance in adult ActRII mutants.
(A,B) Islet hypoplasia in ActRIIB~/~ mu-
tants and ActRIIA*/“B*/~ compound het-
erozygotes. (A) (Top row) Tissues stained
by hematoxylin and eosin (H&E). Is-
lets (arrowheads) from wild-type, B~/~ and
A*/-B*/~ adults. (Lower row) Insulin ex-
pression in wild-type and mutant islets de-
tected in central islet cells, indicating pre-
served islet architecture. Expression of
glucagon, PP and somatostatin by periph-
eral islet cells surrounding centrally lo-
cated insulin® cells is preserved in mu-
tant islets (data not shown). (B) Morpho-
metric analysis of islet area in pancreata
from wild-type and mutant adults. For
wild-type, n=259; ActRIIB~/~, n=259;
ActRIIA*/~B*/~, n = 237. Distribution of is-
let areas <5000 pm?, 5000-10,000 um?, or
>10,000 pm? is shown as a percentage of
islets measured. P<0.001 for wild type vs.
ActRITIA*/~B*/~ and P<0.005 for wild type
vs. ActRIIB~/~. Data presented as average +
standard error of the mean (s.e.M.). (C) Glu-
cose tolerance testing of 12-16 week-old
adult male mice after 14 hr. overnight
fast. Wild type, n=6; ActRIIB/~, n=5;
ActRIIA*/-B*/~, n = 5. Identical testing of
ActRIIA~/~ animals (n = 9) revealed no sig-
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nificant difference in glucose tolerance compared to wild-type controls (H. Schrewe, unpubl.). (D) Serum insulin levels in wild-type and
ActRITIA*/~B*/~ animals after overnight fasting and 30 min after glucose challenge. Data presented as average +S.E.M.

Insulin levels were reduced inappropriately, however, in
ActRIIA*/"B*/~ animals after glucose challenge (Fig. 4D),
suggesting that the observed impairment in glucose tol-
erance may result from inadequate insulin production or
secretion. Thus, while not overtly diabetic, trans-hetero-
zygous type II activin receptor mutants provide a poly-
genic animal model of impaired glucose tolerance.

Activin and Hedgehog signal transduction pathways
are relatively well-characterized, and provide attractive
molecular targets for modifying growth of vital tissues
like pancreatic islets. Biochemical and genetic data sug-
gest that ActRITA and ActRIIB can interact with a num-
ber of ligands, including activins A and B, Vg-1, Nodal,
BMP4, BMP7, Gdf11, and Lefty2. Results from this study
and others (Attisano et al. 1993; Oh and Li 1997,
McPherron et al. 1999; Song et al. 1999) suggest that
multiple ligands may pattern foregut development
through type IT activin receptor pathways. Type Il activin
receptors also have known interactions with type I re-
ceptors (for review, see Heldin et al. 1997), and intracel-
lular signal transduction proteins like Smad2 and Smad3
(for review, see Massagué and Chen 2000; Wrana 2000).
Thus, TGF-B signaling pathways may govern both cell
autonomous and nonautonomous processes in foregut
development. Understanding the role of activin signaling
in embryonic and adult organogenesis may aid develop-
ment of novel diagnostic and cell-replacement strategies
for diseases like diabetes mellitus.
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Materials and methods

Generation and genotyping of ActRITA and ActRIIB mutant mice
Targeted disruption of ActRIIA (Song et al. 1999) and ActRIIB (Oh and Li
1997) has been described. Both ActRIIA and ActRIIB heterozygotes were
intercrossed to generate embryos and adult mice of the desired genotype.
The genotypes of all offspring were determined by Southern blot or PCR
analysis of genomic DNA as described previously (Oh and Li 1997; Song
et al. 1999). All mice were on a mixed 129/Sv-C57BL/6] hybrid genetic
background.

Histologic and morphometric methods

Pancreas was fixed by immersion in 10% neutral buffered formalin, de-
hydrated, embedded, sectioned (6 pm), and stained with hematoxylin and
eosin (Kim et al. 1997a). Each section was subjected to morphometry
using the Metamorph Image analyzer (Universal Imaging Corp., West
Chester, PA). The area of each pancreatic islet was measured and the data
was subjected to statistical analysis using Excel (Microsoft). ActRIIA and
ACctRIIB in situ hybridization probes are available on request from Dr. H.
Schrewe. In situ hybridizations were performed as described in Kim et al.
(1997a). Isi1 antibody was obtained from the Developmental Hybridoma
bank (University of Iowa), was used at 1:100 dilution, and detected in
paraffin-embedded tissue sections thrice microwaved in antigen unmask-
ing solution (Vector, Burlingame, CA) for 5 min. Antibodies against Pdx1
were a gift from Dr. C. Wright (Vanderbilt University) and used as de-
scribed in O’Reilly et al. (1997) and Wu et al. (1997). Other primary
antibodies including anti-insulin, anti-glucagon, anti-carboxypeptidase
A, and anti-amylase were used as described previously (Kim et al. 1997a;
Hebrok et al. 1998, 2000).

Glucose-tolerance testing and insulin measurements

Glucose tolerance and insulin levels in male mice were measured as
described by Bruning et al. (1998), except that glucose levels were mea-
sured with a Glucometer Elite (Bayer, Inc.).
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