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We have cloned chick homologues of the type-II activin receptor, which we have designated cActR-IIA and -IIB. Binding
assays show that the two receptors are indistinguishable in their ability to bind activin-A, with comparable kds. Injection
of mRNAs encoding these receptors into Xenopus embryos causes axial duplications. Expression of both receptors can first
be detected in the primitive streak by in situ hybridization. This suggests that these genes may be activated in response
to mesoderm induction. In agreement with this, we find that treatment of preprimitive streak chick embryos with activin-
A leads to rapid induction of the expression of cActR-IIB. At later stages, cActR-IIA transcripts become localized mainly
in the notochord and myotome and cActR-IIB in the dorsal neural tube, proximal-anterior part of the limb bud, sensory
placodes, and specific regions of the fore- and midbrain. To test the response of early chick embryonic tissues to activin,
we designed a new in vitro assay for differentiation. We find that explants of area opaca epiblast or posterior primitive
streak from various stages can respond to activin treatment by differentiating into a variety of mesodermal cell types in a
dose-dependent manner. These results suggest that the importance of activin-related signaling pathways is not confined
to pregastrulation stages and that these receptors may be involved in mediating the effects of inducing signals during later
stages of development of the mesoderm, limbs, and nervous system. q 1995 Academic Press, Inc.

INTRODUCTION isolated frog animal caps lose their ability to respond to
activin treatment after about stage 91

2 –10, during the early
In Xenopus, considerable advances have been made in stages of gastrulation (Green and Smith, 1991; Lamb et al.,

understanding the molecular bases of mesodermal induc- 1993; Hemmati-Brivanlou and Melton, 1994; Hemmati-Bri-
tion. Among the most exciting findings is the identification vanlou et al., 1994; Lemaire and Gurdon, 1994).
of the mesoderm-inducing factor XTC-MIF as activin, a In the chick, there is also some evidence that activin-like
member of the TGF-b superfamily of peptide growth factors molecules might play a role in the early stages of formation
(Smith et al., 1990). Mesoderm induction in amphibians is of the mesoderm. Mitrani and his colleagues discovered that
thought to take place during the blastula stage (Nieuwkoop, activin can replace the hypoblast in isolated central fragments
1969; Gurdon, 1987; Smith et al., 1990; Green and Smith, of blastoderms by allowing them to form an embryonic axis.
1991; Slack, 1991; Green et al., 1992). Consistent with this, Moreover, activin mRNA appears to be transcribed in the

embryo from early stages of development (Mitrani et al., 1990;
Mitrani and Shimoni, 1990; Ziv et al., 1992). Activin-B tran-1 Present address: Nara Institute of Science and Technology,
scripts seem to appear first, followed by activin-A after forma-Graduate School of Biological Sciences, 8916-5 Takayama, Ikoma,

Nara 630-01, Japan. tion of the primitive streak (Mitrani et al., 1990). Cooke and
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193Activin and Its Receptors in Chick

Wong (1991) also found that avian cells can respond to activin from McIntyre Poultry, CA) and RNA was extracted by the
lithium chloride method (Auffray and Rougeon, 1980). Aftertreatment by enhanced spreading on fibronectin substrates

and by varying their pattern of incorporation into different purification of poly(A) RNA, a cDNA library was con-
structed in Lambda ZAP, which contained inserts up to 2.5sites of an untreated host blastoderm and that embryos

flooded with activin develop an abnormal axis. Finally, local- kb (see Kakizuka et al., 1993). A stage 17–18 chick embry-
onic library was similarly constructed. Approximately 3 1ized application of activin (Ziv et al., 1992) or of activin to-

gether with Wnt-1 (Cooke et al., 1994) can induce the forma- 105 plaques per library were screened with a EcoRV–HincII
fragment of the mouse activin receptor cDNA (mActR-II;tion of a supernumerary primitive streak.

Despite this information in avian embryos, the only evi- Mathews and Vale, 1991) at low stringency. Hybridization
was performed at 607C in 1 M NaCl, 50 mM Tris, 1% SDS,dence that activin can induce mesoderm is based on the

ability of the central part of the embryo to form a complete 10% dextran sulfate, 100 mg/ml denatured salmon sperm
DNA, 200 mg/ml yeast RNA, and 6 ng/ml 32P-labeled ran-embryonic axis despite the absence of the hypoblast, and

there is no direct assay for mesodermal differentiation com- dom primed probe (approx. 2 1 108 cpm/mg). The filters
were washed in 61 SSC and 0.1% SDS at 557C. Positiveparable to the animal cap assay in amphibians. A further

complication when extrapolating results from amphibians clones were characterized; sequence compilation and com-
parison were performed with the GCG computer programto the amniote embryo is that in amniotes, mesoderm for-

mation occurs over a much more protracted period than packages (Devereux et al., 1984).
appears to be the case in amphibians. For example, when
single cells in the superficial layer of Hensen’s node at the

COS Cell Transfection and Binding Studiesfull primitive streak stage (stage 4 and later) are marked by
intracellular injection of a lineage tracer, their descendants The complete coding regions of cActR-IIA and -IIB were

subcloned into pCMX-PL2, a modified eukaryotic expres-are sometimes found in both ectodermal (floor plate, neural
tube) and mesodermal (notochord, somites) derivatives (Sel- sion vector (Umesono et al., 1991). COS-7 cells were tran-

siently transfected with either cActR-IIA or -IIB expressionleck and Stern, 1991). Therefore, mesoderm induction does
not end at the beginning of gastrulation, at least in avian plasmids and competition binding assays with human re-

combinant activin A (supplied by Genentech, Inc.) wereembryos (Stern, 1992; Stern et al., 1992).
To resolve some of these issues, we have isolated full- performed as described by Mathews and Vale (1991).

length cDNAs of chick homologues of two activin receptors,
which we designate as cActR-IIA and cActR-IIB, from a

Xenopus mRNA Injection AssaysHensen’s node cDNA library. We find that both receptors
start to be transcribed in the primitive streak and continue The complete coding regions of cActR-IIA and -IIB

cDNAs were subcloned into pSP64T (Krieg and Melton,to be expressed at later stages of development. These chick
receptors can induce axial duplications and gastrulation de- 1984), and capped, polyadenylated mRNAs were generated

with SP6 polymerase. Two doses (0.5 and 2 ng) of cActR-fects when injected into Xenopus embryos, and both recep-
tors bind iodinated activin-A. We have developed a new assay IIA, cActR-IIB, or b-galactosidase mRNA were injected bi-

laterally into the marginal zone of 2- to 4-cell stage embryos.for mesodermal differentiation in the chick embryo, in which
small explants of extraembryonic, area opaca epiblast are The embryos were incubated in 0.11 MMR to stage 28

(Nieuwkoop and Faber, 1967).placed in culture and their differentiation assessed using cell-
type-specific markers for different mesodermal tissues and
for the organizer. The results suggest that the epiblast of the

Whole-Mount in Situ Hybridizationchick embryo maintains responsiveness to activin treatment
into the stages of gastrulation and that there is a hierarchy Whole-mount in situ hybridization was performed ac-

cording to Harland (1991), with several modifications (Izpi-of responsiveness among different regions of the embryo, the
primitive streak itself being the most sensitive. Finally, we súa-Belmonte et al., 1993). Chick embryos were staged ac-

cording to Hamburger and Hamilton (1951) for postprimi-show that transcription of cActR-IIB itself is induced by ac-
tivin treatment, which provides a molecular basis for the tive streak stages and to Eyal-Giladi and Kochav (1976) for

prestreak stages and fixed in MEMFA, treated for 30 minhierarchy of activin responsiveness seen in explants. We con-
clude that in the chick, the role of activin-like molecules in in 10 mgrml01 proteinase-K (Sigma), and postfixed in 4%

paraformaldehyde. Antisense and sense RNA probes weremesoderm formation may extend into gastrulation and even
to later stages of development. generated from linearized pBluescript plasmids containing

the coding regions of cActR-IIA and -IIB in the presence of
digoxigenin-labeled UTP with either T3 or T7 RNA poly-

MATERIALS AND METHODS merase and detected with anti-digoxigenin alkaline phos-
phatase antibody (Boehringer-Mannheim). Hybridization

Construction and Screening of cDNA Libraries was performed at 707C overnight. High stringency washes
consisted of two 30-min incubations at 377C in 21 SSC andHensen’s node tissue was dissected from stage 3–4 (Ham-

burger and Hamilton, 1951) chick embryos (White Leghorns two incubations of 30 min at 627C in 0.21 SSC, both in the
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presence of 0.1% Chaps. The color reaction was performed density (280 nm) was adjusted to 0.15 with sterile distilled
water, and it was stored at 47C for up to 4 weeks.with 4-nitro blue tetrazolium chloride (Boehringer-Mann-

heim) and 5-bromo-4-chloro-3-indolyl-phosphate (Sigma). Cultures of the explants described above were set up in
24-well plates. The medium consisted of 7 parts of collagenAfter the color reaction, embryos were washed in PBS and

postfixed in buffered formol (4%) saline (pH 7.0). supernatant as described above, 1 part of 101 medium-199,
1 part sodium bicarbonate solution (1.1 mgrml01 in water),
1 part of fetal calf serum, and 1:100 antibiotic/antimycotic

Activin Treatment of Embryos solution (Sigma), kept on ice. First, a drop of human recom-
binant activin-A (a generous gift of Dr. J. C. Smith, NIMR,

To investigate whether activin-A treatment can induce
London) was placed in the center of each well so as to give

expression of the receptors, whole chick embryos at stage
a final concentration in the range of 0–80 Xenopus

XII (Eyal-Giladi and Kochav, 1976) were treated with activin
unitsrml01 (1 Xenopus unit in this preparation corresponds

and then subjected to in situ hybridization. Fertile hens’
to approximately 0.2 ng activin A; J. C. Smith, personal

eggs were incubated for 3–5 hr to obtain embryos at stage
communication) after adding 400ml of the collagen-medium

XII–XIII. These were explanted in Tyrode’s solution at room
mixture. This mixture was then added and one to two ex-

temperature, attached to small squares of vitelline mem-
plants quickly transferred into it. The solution usually gels

brane. The embryos, still on their membrane, were then
at room temperature in 1–5 min, as the pH increases. Aftertransferred to glass scintillation vials (6–12 embryos per
setting up the explants in the collagen gels, the plates werevial) containing 2 ml Tyrode’s solution with 1:100 antibi-
transferred to an incubator at 377C supplied with 5% CO2.otic/antimycotic solution (penicillin, streptomycin, am-
Cultures were grown for 5–7 days and examined every day

photericin-B; Sigma) and incubated for 8 hr at 387C in the
by phase-contrast microscopy. After this they were fixed

presence (experimental) or absence (control) of human re-
for 24 hr in absolute methanol in the presence of 0.3% H2O2combinant activin-A at a final concentration of 35 or 70
prior to immunocytochemistry or in MEMFA for in situ

Xenopus unitsrml01.
hybridization to determine the cell types that differentiated.

Under these conditions, the primitive streak does not de-
velop, and the embryos remain flat enough for fixation and
whole-mount in situ hybridization. After incubation, the Immunohistochemistry to Assess Cell Phenotype
squares of vitelline membrane with the embryos attached

A variety of monoclonal antibodies was used: Not-1 (Ya-
were washed twice in a large volume of PBS and placed into

mada et al., 1991; Selleck and Stern, 1992) for notochord,
MEMFA. Soon after this, the embryos were detached from

3A10 (Yamada et al., 1991; see also Storey et al., 1992)their vitelline membrane and processed for whole-mount
specific for a phosphorylated neurofilament-associated anti-in situ hybridization as described above, except that the
gen, a mixture of three monoclonal antibodies against neu-proteinase-K step was reduced to 20 min. Four separate ex-
rofilament proteins (Boehringer-Mannheim), Sigma or Cal-

periments were conducted, each with four vials which were
biochem monoclonal antibodies against skeletal muscle

used, respectively, as control and experimental for probing
myosin, 13F4 (Rong et al., 1992) for skeletal muscle, and

with cActRIIA and control and experimental for cActRIIB.
Sigma monoclonal antibody against smooth muscle actin.

To stain cultured explants, the methanol-fixed wells were
first rehydrated to PBS containing 0.25% Triton X-100 andIn Vitro Assay for Differentiation
0.02% thimerosal (PBT) and then blocked with 1% BSA and
1% heat-inactivated goat serum in PBT overnight. Mono-To investigate whether activin can induce the differentia-

tion of various mesodermal cell types from chick epiblast, clonal antibody was then added to a suitable dilution (1:4
for Not-1, 1:1 for 3A10, 1:50 for neurofilament antibodies,small explants (about 1501 150 mm) were cut out from four

different regions of chick embryos at two different stages 1:100 for Sigma and 1:500 for Calbiochem antibodies against
muscle myosin, 1:3 for 13F4, 1:500 for Sigma anti-smoothof development: (a) the inner lateral margin; or (b) the inner

posterior margin (just outside and excluding Koller’s sickle) muscle actin) and the explants incubated at 47C for 1–3
days. They were then washed four to six times (1–2 hr perof the area opaca of chick embryos at stage XI–XIII; (c) the

posterior end of the primitive streak; or (d) the inner lateral wash) in PBT and then incubated in appropriate peroxidase-
coupled secondary antibody (1:100 goat anti-mouse IgM,margin of the area opaca of stage 3 embryos. All sets of

experiments included positive controls (explants of the an- Sigma, for 13F4; 1:5000 goat anti-mouse IgG, Jackson Im-
munoresearch, for the remaining antibodies) for 24 hr atterior half of the primitive streak).

Collagen was prepared by dissolving, overnight at 47C, 8– 47C. After four to six further washes in PBT they were rinsed
twice in 0.1 M Tris (pH 7.4) and placed into 1 ml diamino-10 sets of tendons obtained from the terminal sections of

the tails (approximately 11 cm long) of two young rats into benzidine (500 mgrml01) in Tris for 3 hr in the dark at 47C.
Ten microliters of hydrogen peroxide (100 V, which had50 ml sterile distilled water containing 7 ml glacial acetic

acid. The volume was brought up to 110 ml with sterile been diluted 1:100 in Tris) were then added to each well
and incubated for 5–10 min. The wells were then washeddistilled water and the solution centrifuged at 35,500g for

30 min at 47C. The supernatant was collected, its optical repeatedly with tap water and then 70% ethanol, in which
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they were stored. The stained explants were photographed (referred to as cActR-IIB) to both the mouse ActR-II and
cActR-IIA (Fig. 1) was calculated to be 70% at the aminousing TMAX-100 (Kodak) through an inverted microscope

with bright-field or phase-contrast optics or using Fuji 64T acid sequence level, and it appears that both chick cDNAs
code for related transmembrane receptor kinase proteins,through a dissecting microscope with dark-field optics.
with domain structures analogous to the mouse ActR-II
(Mathews and Vale, 1991).

In Situ Hybridization to Assess Cell Phenotype in By comparing the chick receptors with the mActR-II, we
Explants predict the transmembrane domain to extend from amino

acid 135 to 160 in cActR-IIA and from amino acid 134 toTo determine the expression of the homeobox gene
159 in cActR-IIB. Significant amino acid conservation ingoosecoid, a marker for the organizer (Izpisúa-Belmonte et
the extracellular domains of the two cActR-II proteins isal., 1993), collagen gels containing explants cultured over-
limited to a region of less than 90 amino acids, which proba-night in the presence or absence of activin were fixed in
bly corresponds to the ligand-binding domain. In the pro-MEMFA overnight, dehydrated in methanol, removed from
posed kinase domain (Mathews and Vale, 1991), we notedthe wells, and placed in glass scintillation vials. In situ
the conservation of a phosphorylation consensus site (Pear-hybridization with digoxigenin-labeled RNA probes was
son and Kemp, 1991), in subdomain XI of this class of serine/then performed exactly as described above except that the
threonine kinases (the TGF-b type-II receptor and Caeno-antibody incubation and postantibody washes were per-
rhabditis elegans daf-1 proteins also belong to this class;formed in saline containing 1% Tween 20.
Lin et al., 1992; Georgi et al., 1990).

RESULTS
Affinity of the Chick Activin Receptor Proteins for
Activin-A

Identification of Chick Activin Receptor cDNAs in
Embryonic cDNA Libraries To test whether both types of chick ActR-IIs bind activin,

we conducted a radioligand-binding assay for activin-A (Ma-
Hensen’s node and stage 17–18 cDNA libraries were

thews and Vale, 1991) with each of the chick ActR proteins
screened with a mouse ActR-II cDNA fragment (Mathews

expressed in mammalian cells. COS cells transiently
and Vale, 1991). Two classes of cDNAs were isolated. One

transfected with the cActR-II expression plasmids exhibit
class strongly resembled the mActR-II; the longest open

a specific binding activity for iodinated activin-A, which
reading frame contained a coding region of 1542 bp, with a can be competitively inhibited by an excess amount of unla-
long (1.2 kb) 5* untranslated region. The 3* untranslated beled ligand (Fig. 2). Relative binding affinities of the two
region did not contain a poly(A) stretch but contained a cActR-II proteins, as revealed by displacement curves in the
potential polyadenylation signal at nucleotide 3371. Com-

presence of increasing amounts of unlabeled activin-A, are
parison of the nucleotide sequence with that of the mouse

similar (Fig. 2). This indicates that the two subtypes of
activin receptor cDNA (Mathews and Vale, 1991) showed

chick receptors are comparable in their activin-A-binding
82% nucleotide identity in the coding region and a similarly

capacities.
high degree of homology (84%) in the 3* untranslated region,
including the conservation of a potential polyadenylation
signal. However, the two cDNAs diverge upstream of the Expression of the Chick Activin Receptors in
proposed initiator methionine codon (Mathews and Vale, Xenopus Embryos Generates an Ectopic Axis
personal communication). The predicted protein product
consists of 513 amino acids (Fig. 1) which align perfectly To test the possibility that chick ActR-II proteins, when

expressed in Xenopus embryos, may affect axial patterningwith those encoded by mActR-II (Mathews and Vale, 1991),
with an overall amino acid conservation between the chick (Thomsen et al., 1990; Asashima et al., 1991a,b), the two

chick ActR-II proteins in Xenopus embryos were comparedand mouse proteins of 92%. This degree of homology allows
us to conclude that the protein encoded by these chick by injecting approximately 0.5–2 ng of in vitro transcribed

mRNA into 2- to 4-cell stage Xenopus embryos at thecDNAs, which we designated cActR-IIA (see below), is
structurally almost identical to mActR-II. boundary between the animal and vegetal poles. Compared

to control embryos (injected with b-galactosidase mRNA),The second class of cDNAs generated weaker hybridiza-
tion signals with the mouse probe and its restriction map the injection of synthetic mRNAs for either of the chick

cActR-IIs resulted in an increased incidence of spina bifida,differed from the cActR-IIA clones. Sequence analysis of a
full-length clone revealed 69% nucleotide identity to ectopic protrusions, and secondary axes (as observed after

injection of Xenopus ActR mRNA; Kondo et al., 1991; Ma-cActR-IIA and mActR-II within their coding regions. The
longest open reading frame encodes a predicted 512-amino- thews et al., 1992; Hemmati-Brivanlou et al., 1992). These

results show that both chick receptors are functional inacid long protein (Fig. 1), with up to 500 bp 5* untranslated
region and a 163-bp 3* untranslated region, which lacks a vivo, causing the formation of ectopic axial structures in

amphibian embryos.poly(A) tail. The homology of this second group of cDNAs
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FIG. 1. Alignment of the predicted amino acid sequence of the chick activin receptors IIA and IIB. The vertical lines show amino acids
that are not conserved. The complete nucleotide sequences, including the 3* and 5* untranslated regions, has been submitted to GenBank
(accession numbers: cActRIIA: U31222; cActRIIB: U31223).

In Situ Hybridization Studies of ActR gene described for the somites, diffuse expression is seen in the
limb buds (Fig. 3F). In sections, this appears to be associatedExpression during Development
with the forming dorsal and ventral muscle masses (not

We used whole-mount in situ hybridization to study the shown), which are made up of cells of dermomyotomal
expression of cActR-IIA and -IIB during chick embryonic origin.
development. cActR-IIB. cActR-IIB mRNA starts to be expressed

cActR-IIA. Transcripts of cActR-IIA are first detected slightly earlier than the other receptor, from stage 3, when
at stage 3/ (Hamburger and Hamilton, 1951) and are strong- it is found exclusively in the primitive streak (Fig. 3I). By
est in the primitive streak (Fig. 3A); at lower levels, they stage 3/–4 it is stronger in the anterior two-thirds of the
are also seen throughout the mesoderm that has emerged primitive streak (including Hensen’s node) and weaker pos-
from the primitive streak. Within the primitive streak, ex- teriorly (Fig. 3J). Unlike cActR-IIA, this receptor mRNA is
pression is stronger in the right primitive ridge than in the expressed symmetrically with respect to the mediolateral
left. By stage 5, expression is still found in the right side of axis at these stages.
Hensen’s node but is much weaker in the rest of the primi- From about stage 9, cActR-IIB mRNA is strongly ex-
tive streak. Outside the streak, mesodermal expression be- pressed in the whole of the neural tube (Fig. 3K). Expression
comes confined to the precardiac regions and, at lower level, gradually becomes restricted to the dorsal part of the neural
to the forming head process/notochord (Fig. 3B). tube (Fig. 3L), a landmark feature of this receptor mRNA

At stages 10–11, the expression of cActR-IIA is strongest that can be seen as late as stage 28 (the latest stage exam-
in the notochord, and at a lower level in the dorsal part of ined; Fig. 3P). Between stages 12 and 22, cActR-II shows
the somites (Figs. 3C and 3D). By stage 16, cActR-IIA is restricted expression in segmented structures: rhombom-
expressed in the dorsal part of the younger (most caudal) eres 2 and 4 of the hindbrain, the caudal halves of the youn-
somites, as seen at earlier stages, but in older somites tran- gest (most posterior) somites, both halves of the somites in
scripts become concentrated in the myotome (Figs. 3E–3H). the middle of the trunk, and the rostral halves of the oldest
This pattern persists throughout later stages of develop- (most anterior) somites (not shown). At stage 22, cActR-IIB

is expressed at the boundaries between all rhombomeres ofment (Figs. 3F–3H). At stage 22, in addition to the pattern
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the hindbrain and in the anterior-proximal part of the limb
buds (Figs. 3N–3P). In addition, transcripts are found in the
telencephalic neuroepithelium, in the second diencephalic
neuromere (D2) including the epiphysis, and in the sensory
placodes (nasal, otic, and optic) and their derivatives, as well
as in the optic nerve. At this stage, the distal, ventrolateral
(limb-facing) edge of the dermomyotome expresses mRNA
encoding this receptor (Fig. 3L).

Activin Treatment Induces Expression of the
Receptor cActRIIB

Since activin treatment of stage XIII embryos has been
reported to induce the formation of a primitive streak and
subsequent development of an embryonic axis in central
discs of chick epiblasts (Mitrani et al., 1990; Mitrani and
Shimoni, 1990), and since the cActR-IIA and -IIB receptorsFIG. 2. Radioreceptor assay of chick ActR-II binding to activin-
only appear to be expressed at relatively late stages of devel-A. Profiles of 125I-activin-A binding to COS cells expressing either
opment, it seemed likely that activin might induce the ex-cActR-IIA (solid square) or cActR-IIB (open circle) proteins are

plotted. Binding was performed on cell monolayers and was com- pression of these receptors. We therefore treated whole em-
peted with unlabeled activin-A. Data are shown as percentage bryos at stages XII–XIII with activin-A, under conditions
specific binding, where 100% specific binding was set as 2.6% (submerged in saline) that do not allow the formation of a
of input cpm in the absence of competitor which was retained primitive streak during the 8- to 9-hr incubation. After this
on the cells expressing cActR-IIB. Nonspecific binding (0.6% of treatment, embryos were subjected to in situ hybridization
input cpm) was determined in the presence of 500-fold molar

to examine the expression of the IIA and IIB receptors asexcess of unlabeled activin-A. An activin-A-binding profile of
described above.cActR-IIA was plotted over that for cActR-IIB, taking its maxi-

The results are illustrated in Fig. 4A. Treatment with 70mum binding activity as 80% of that of cActR-IIB in the absence
unitsrml01 activin-A induces the expression of cActR-IIBof the competitor.

FIG. 3. Expression of cActR-IIA (A–H) and cActR-IIB (I –P) visualized by whole-mount in situ hybridization with digoxigenin-labeled
probes. (A) Expression of cActR-IIA is first seen in the primitive streak (PS) and lateral plate mesoderm at stage 3/, particularly concentrated
on the right primitive ridge. (B) By stage 5, expression is concentrated in Hensen’s node (HN) and in two lateral regions of the mesoderm
corresponding to the future heart-forming area. The emerging head process and the primitive streak express at a much lower level. (C)
At stage 11, the most prominent site of expression is the notochord (arrow). (D) This is seen in transverse section (arrow), which also
reveals fainter dorsal expression in the somite and lateral plate mesoderm. (E) At stage 15 –16, the expression in the somites has intensified.
(F and G) By stage 22, it becomes clear that somitic expression is exclusively within the myotome. (H) In transverse section, myotomal
expression is apparent (green arrows), as is a lower level of transcripts forming two concentric rings in the gut mesenchyme. (I) cActR-
IIB is first expressed at stage 3, in the entire primitive streak (PS). (J) By stage 4, the posterior part of the primitive streak (PS) has lost its
expression, but the anterior two-thirds express strongly. (K) At stage 11 –12, the most prominent site of expression is the whole of the
neural tube (NT). (L) In transverse section, the neural tube shows strongest expression in its dorsal part (arrows); the dorsal root ganglia
display a much lower level of expression. The ventrolateral edge of the dermomyotome displays localized cActR-IIB expression. (M) At
stage 17, expression is seen along the dorsal part of the neural tube (white arrow) and in the somites. (N–P) Stage 22. At this stage, in
addition to dorsal expression in the neural tube (dNT in N; NT in P), the anterior-proximal expression of the receptor in the limb bud
(arrow in N, O, P) is most conspicuous. N and O are lateral views. P is a dorsal view.
FIG. 4. (A) Treatment of early embryos with activin-A enhances the expression of cActR-IIB mRNA. The embryo on the upper left of
the panel has been cultured in the absence of activin (Cont.); the three on the right (Exp.) in the presence of 70 Xenopus units/ml activin-
A. In situ hybridization reveals strong induction of cActR-IIB mRNA throughout the treated embryos except in a most peripheral ring of
area opaca. (B and C) Explants of area opaca epiblast cultured in the absence (B) or presence (C) of activin-A overnight. In the absence of
factor, the explant rounds up into a sphere. Explants exposed to activin-A develop a protrusion (arrow). (D –F) Effects of activin treatment
on differentiation of smooth muscle in vitro. (D) Explant of area opaca epiblast cultured in the absence of activin, stained with antibody
against smooth muscle actin. No immunoreactivity is apparent. (E) Positive control: explant of primitive streak cultured in the absence
of factors; smooth muscle develops. (F) Explant of area opaca epiblast cultured in the presence of 40 Xenopus units/ml activin-A: smooth
muscle develops. (G–I) Effects of activin treatment on expression of the homeobox gene goosecoid, a marker for the organizer, revealed
by in situ hybridization. (G) Control explant cultured in the absence of activin: no goosecoid mRNA expression is apparent. (H) Positive
control: explant of Hensen’s node cultured in the absence of activin: goosecoid mRNA expression can be seen. (I) Explant of area opaca
epiblast cultured in the presence of 80 Xenopus units/ml activin-A. Strong goosecoid expression is seen.
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throughout the epiblast of the treated embryos, except in these are expressed from the primitive streak stage, and that
the most peripheral rim of the area opaca. Control embryos the two receptor types appear to be very similar in their
incubated for the same length of time in the absence of ligand-binding affinity for activin-A. However, the diver-
activin did not exhibit detectable levels of cActR-IIB expres- gence of their ligand-binding domains suggests that they
sion but did express moderately high levels of cActR-IIA, may differ significantly in their affinities for other forms of
as did treated ones. One of the four experiments (33 embryos activin or other related members of this family of mole-
in all) was conducted in medium 199 containing 10% heat- cules. Analysis of these presumed ligand-binding domains
inactivated (for 30 min at 557C) fetal calf serum, instead of reveals that amino acid conservation is limited to a region of
Tyrode’s saline. In this experiment, the untreated control less than 90 amino acids, which may constitute a minimal
embryos expressed the genes for both receptor subtypes. activin-binding domain. Further detailed studies with other
These results are in agreement with recent reports (Dalkin members of the TGF-b family, which might be potential
et al., 1994; Trudeau et al., 1994) that the levels of expres- ligands, as well as with the type-I receptor, should shed
sion of the activin type-II receptor is regulated by its ligand. more light on the specificity of these two receptor proteins.

In addition to their similarity in binding specificity for
In Vitro Assay for Mesodermal Differentiation in activin-A, the two receptors resemble each other in that
Chick overexpression of either in early Xenopus embryos produces

We investigated whether different regions of the chick supernumerary axial structures and muscle, as found when
embryo at different developmental stages can respond to Xenopus activin receptor mRNAs are injected (Kondo et
activin treatment by differentiating into mesoderm, as does al., 1991; Mathews et al., 1992; Hemmati-Brivanlou et al.,
the amphibian animal cap. In amphibians, the higher the 1992). This indicates that the avian receptors can activate
dose of activin, the more dorsal/axial the mesoderm that downstream activin-related signaling pathways in Xenopus
forms (Green et al., 1992), and the competence to respond embryos. This may find a parallel in the finding that the
to this ends in the late blastula stage, at about stage 91

2 ‘‘vegetalizing factor’’ identified in chick embryos by its
(Nieuwkoop and Faber, 1967). We therefore treated anterior/ mesoderm-inducing activity in Xenopus has been shown to
lateral margins or posterior margins of ‘‘mid-blastula’’ stage correspond to chick activin-A (Tiedemann et al., 1992). It
(stage XII) or the lateral margin or posterior primitive streak therefore appears that the signaling pathway for activin-
of ‘‘mid-gastrula’’ stage (stage 3) chick embryos with differ- related molecules in embryonic induction is highly con-
ent concentrations of activin-A. The results obtained are served across species.
shown in Figs. 4B–4I and 5.

Like the amphibian animal cap, the chick epiblast re-
sponds to activin in a dose-dependent way. After a few Functional Roles of the Activin Receptors during
hours’ culture, untreated explants roll up into a sphere the Early Steps of Mesodermal Induction
which swells with fluid, while treated explants develop a
proboscis-like protrusion (Figs. 4B and 4C). After more pro- In Xenopus, activin responsiveness is lost by animal caps
longed culture, all explants spread in the collagen matrix. at the time gastrulation begins (stage 91

2–10) (Green and
Those treated with activin differentiate into cells with a Smith, 1991; Lamb et al., 1993; Hemmati-Brivanlou and
variety of morphologies. The type of mesoderm that devel- Melton, 1994; Hemmati-Brivanlou et al., 1994; Lemaire and
ops, assessed with a number of molecular markers (see Ma- Gurdon, 1994). Similarly, in the chick, Eyal-Giladi, Mitrani,
terials and Methods for details), broadly follows the concen- and their colleagues (Eyal-Giladi, 1984; Khaner et al., 1985;
tration of activin applied. Smooth muscle develops at the Eyal-Giladi and Khaner, 1989; Khaner and Eyal-Giladi,
lowest concentrations (Figs. 4D–4F and 5), then skeletal/ 1989; Mitrani and Shimoni, 1990; Mitrani et al., 1990; Eyal-
cardiac muscle, and finally notochord and organizer Giladi et al., 1992; Ziv et al., 1992) have argued that meso-
(goosecoid-positive; Figs. 4G–4I and 5) at the highest con- derm induction occurs at a stage equivalent to the ‘‘late
centrations. In contrast with published results from am- blastula’’ of amphibians, just before the appearance of the
phibians, however, the competence of the chick epiblast to primitive streak (about stage XIII).
respond to activin by differentiating into all of these types of However, our in situ hybridization experiments reveal
mesoderm does not end at the start of gastrulation. Perhaps that both activin receptor mRNAs are expressed during de-
surprisingly, explants from later stage embryos seem to be

velopment at stages other than when mesoderm induction
more sensitive to activin, with more dorsal/axial cell types

is believed to take place. At the level of sensitivity of thisdifferentiating at lower doses than in younger explants
technique, neither can be detected before the primitive(Fig. 5).
streak stage. Both receptors continue to be expressed at later
stages, in the somites and neural tissues among other sites.DISCUSSION
Therefore, if activin is involved in mesoderm induction and

Multiple Activin Receptors in Vertebrate if this induction indeed occurs just before the appearance
Development and their Phylogenetic Conservation of the primitive streak (as seems likely), then receptors

other than cActR-IIA and -IIB (or other isoforms of the type-Our results show that at least two types of functional
type-II activin receptors exist in the chick embryo, that IIB receptor; see Mathews, 1994) must be involved.
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FIG. 5. Dose–response relationship between activin-A concentration and four tissue types that differentiate in vitro, in explants obtained
from four regions of the early embryo.

In Xenopus, Hemmati-Brivanlou et al. (1992) have iso- One possibility is that their in vivo ligands are peptide
lated an activin receptor (XAR1) that appears to be unrelated growth factors other than activin, perhaps other members
in its pattern of expression to those reported in the present of the TGFb family, including Vg-1 or BMPs, as has recently
paper, despite its high degree of structural similarly to been reported in other systems (Bhushan et al., 1994; Koenig
cActR-IIB. This is expressed ubiquitously and the mRNA et al., 1994; Schulte-Merker et al., 1994; Kingsley, 1994;
is of maternal origin, suggesting that it could mediate the Kessler and Melton, unpublished results). This receives
earlier steps of mesodermal induction in vivo. In support of strong support from the finding that null mutants for either
this, the phenotype of dominant negative XAR1 mutants the bA or the bB subunits, or the double-mutant, do not
indicates that this receptor may be involved in normal display defects in mesodermal induction (Matzuk et al.,
mesodermal induction (Hemmati-Brivanlou and Melton, 1995a). Another possibility, however, is that the functions
1994; Hemmati-Brivanlou et al., 1994). By contrast, null of these receptors continues during development, beyond
mutants in the mouse homologue of the cActR-IIA gene, the early primitive streak stage, as suggested by the later
produced by homologous recombination, do not display ob- phenotypic consequences of targeted mutations in activin,
vious defects in mesoderm induction (Matzuk et al., 1995b). activin receptor, and follistatin genes (Matzuk et al.,

It seems possible, by analogy with results in other species 1995a,b,c).
(see Mathews, 1994), that the chick should possess other
activin receptors, expressed at earlier stages of development
than the cActR-IIs reported here. This would account for A New in Vitro Assay for Mesodermal
our finding that preprimitive streak stage embryos can re- Differentiation in the Chick Embryo
spond to activin treatment. Such treatment in fact leads

In the experiments of Mitrani and his colleagues (Mitranito ubiquitous induction of expression of cActR-IIB, which
and Shimoni, 1990; Mitrani et al., 1990; Ziv et al., 1992),therefore can itself be considered as an early marker for the
mesoderm induction in the chick embryo is assessed ac-mesoderm of the primitive streak. But what, then, is the
cording to whether embryos deprived of hypoblast and mar-function of these later receptors, which only appear to be

expressed in response to activin treatment? ginal zone form a complete embryonic axis. There is, as yet,
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no direct assay for mesodermal differentiation independent Activin, Hensen’s Node, and the Origins of the
Axial Mesodermof other morphogenetic events, as is possible with small

Xenopus animal caps (see reviews by Green and Smith,
The preceding argument brings us back to the original

1991; and Stern, 1992). For this reason, and to test the possi-
question: how do mesendodermal progenitor cells acquire

bility suggested above that activin responsiveness may con-
their fates during gastrulation in Hensen’s node? The ex-

tinue beyond the early stages of primitive streak formation,
pression of both of these receptors in the primitive streakwe have designed a new in vitro assay for mesodermal differ-
and Hensen’s node makes them obvious candidates to medi-entiation in small isolated explants of epiblast. With this
ate the effects of activin seen in culture on explants of theassay, we were able to investigate the stage and position
primitive streak.

dependence of the responses of the epiblast to activin treat-
In the experiments of Selleck and Stern (1991), single cells

ment.
in the epiblast of Hensen’s node at the full primitive streak
stage (stage 4) were seen to contribute progeny to both the
neural tube (an ectodermal derivative) and to the notochord

Activin Responsiveness of Mesodermal (axial mesoderm). Therefore, at this relatively late stage in
Differentiation Persists through Later Stages of development, some cells derived from uncommitted precur-
Development sors are still acquiring mesodermal phenotypes. It seems

possible that activin-related signals could play a role in this
At early stages of development (stage XII), explants of

process, an idea supported both by the patterns of expression
anterior/lateral area opaca epiblast generate smooth muscle,

of the cActR-IIs and by the persistent sensitivity of explantsskeletal muscle, notochord and organizer (goosecoid-ex-
to activin at these late stages.pressing cells) in response to activin treatment, in a concen-

These results lead to a simple model: that a chick homo-tration-dependent manner. The relationship between ac-
logue of the amphibian XAR1 and/or type-I receptor might

tivin concentration and the mesodermal cell types that dif-
mediate the earlier steps of mesoderm induction and that

ferentiate is closely reminiscent of the results obtained by
this early response could result initially in the activation

Green et al. (1992). However, at later stages of development,
of transcription of the cActR-IIs in the primitive streak. In

the area opaca epiblast retains its ability to respond to ac-
turn, all of these receptors would then cooperate to account

tivin in a concentration-dependent manner, unlike findings
for the full range of activin responsiveness. Activin itself

made in amphibian animal caps, which lose their respon-
could compete with other ligands for the same receptors,

siveness to activin as gastrulation begins. Our experiments
and different ligands might have different affinities for these

reveal that there is a hierarchy of sensitivity of explants
various receptors. Thus, in addition to concentration

to activin: early anterior/lateral margin is least sensitive,
thresholds (Green et al., 1992), more subtle timing and se-

followed by the early posterior margin, the later stage lateral
quential activation of transcription of specific receptorsmargin, and finally the posterior primitive streak, which is
could be responsible for the complex patterns of mesodermmost sensitive. Thus, not only does the epiblast of the area
formation and differentiation seen at earlier and later stagesopaca retain its responsiveness to activin at later stages, but
of development.

also these stages show an enhanced responsiveness to the
factor. It will be interesting to investigate whether equiva-
lent regions of the frog gastrula, such as the lips of the Activin and goosecoid
blastopore, show similar behavior.

Among the responses of early embryonic tissues to ac-The finding that the area opaca epiblast can be induced by
tivin is the activation of transcription of the homeobox geneactivin to differentiate into various mesodermal cell types
goosecoid (Cho and De Robertis, 1990; Gaunt et al., 1993;appears at first to contrast with the findings of Khaner et
Green et al., 1992; and present results). This gene is nor-al. (1985). They showed that this region is ‘‘not competent
mally expressed in the dorsal lip of the blastopore of theto develop any sort of axial structures’’ at stages X–XIII,
amphibian embryo (Blumberg et al., 1991) and in Hensen’sbased on grafting experiments. The present results show
node of the chick embryo (Izpisúa-Belmonte et al., 1993).that activin can indeed induce mesoderm including the
Its expression pattern is consistent with the localizationmost axial types, notochord and organizer, from area opaca
of transcripts for the activin receptors studied here, andepiblast. These two results suggest either that the marginal
Hensen’s node might be expected to be the most sensitivezone used in the experiments of Khaner et al. (1985) is not
tissue, with other regions of the primitive streak followinga source of activin or that the area opaca is competent to
it in the hierarchy.form mesodermal tissues but is not able to organize them

into a coherent axis. The experiments of Storey et al. (1992)
argue that the latter may not be the case, even at later stages Activin Signaling Pathways in Limb Pattern
of development, since a graft of Hensen’s node is able to Formation and Neural Development
induce a complete axis, which also expresses a full range of
regional markers (engrailed, Hox-c6, and diencephalic and Interestingly, we find that cActR-IIB, like goosecoid, is

expressed particularly strongly in the proximal-anterior parthindbrain markers).
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P. (1995). Activin-A inhibits Pax-G expression and perturbs cellof the limb bud (see also Gaunt et al., 1992; Ohuchi et
differentiation in the developing spinal cord in vitro. Proc. Natl.al., 1992; Nohno et al., 1993). This suggests that cActR-II
Acad. Sci. USA 92, 6952–6956).receptors could underlie the activation of goosecoid both

in Hensen’s node and in the limb mesenchyme. This con-
clusion is particularly interesting because it has been shown
that a graft of Hensen’s node into the anterior margin of REFERENCES
the limb bud mimics a graft of a polarizing region or of a
local source of retinoids by producing extra digits (Horn-

Asashima, M., Nakano, H., Uchiyama, H., Sugino, H., Nakamura,bruch and Wolpert, 1986). In addition, activin treatment of
T., Eto, Y., Ejima, D., Nishimatsu, S., Ueno, N., and Kinoshita,limb bud mesenchyme can induce chondrogenesis (Chen et
K. (1991a). Presence of activin (erythroid differentiation factor)al., 1993; Jiang et al., 1993). It is also interesting that ectopic
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Acad. Sci. USA 88, 6511–6514.
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34, 135–141.ing is somehow involved in the events leading to limb pat-
Attisano, L., Wrana, J. L., Cheifetz, S., and Massagué, J. (1992).tern formation.

Novel activin receptors: Distinct genes and alternative mRNAThe two receptors are also expressed in the nervous sys-
splicing generate a repertoire of serine/threonine kinase recep-tem, which could be related to reports that activin is a nerve
tors. Cell 68, 97–108.cell survival molecule for P19 cells (Schubert et al., 1990)

Auffray, C., and Rougeon, F. (1980). Purification of mouse immuno-and that it can modulate neuronal phenotype (Hashimoto
globulin heavy-chain messenger RNAs from total myeloma tu-

et al., 1990; Fann and Patterson, 1994). While the present mor RNA. Eur J. Biochem. 107, 303–314.
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