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Figure 9. The location of DVE formation is deter-
mined by the concerted action of Smad1- and Smad2-
mediated signals. (A) BMP signaling promotes the
differentiation of primitive endoderm (PrE) into VE until
E4.5. (B) VE differentiates into embryonic VE as a re-
sult of the concerted action of BMP and other signals
until E5.2. (C) DVE arises from a region of embryonic
VE in which Activin signaling is present and BMP sig-
naling is absent at E5.5. (D and E) VE gives rise to
extraembryonic and embryonic VE until E5.2. (F) Sum-
mary of the relation between endoderm development
and signaling by multiple TGF-B superfamily members
from E4.5 to E5.5. a, Activin; b, BMP; Epi, epiblast;
ICM, inner cell mass; |, Lefty1; n, Nodal; PE, pariefal
endoderm; PrE, primitive endoderm; s1P, phosphory-
lated Smad1/5; s2°, phosphorylated Smad2/3; s4,
Smad4; TE, trophectoderm. Broken arrows indicate
the mechanism is obscure.

not a cell in the VE will become DVE. To test this, it would be
necessary to quantify the amounts of p-Smadl and p-Smad2 in
individual cells and to monitor their interaction with Smad4,
such as by FRET analysis.

Mutant embryos lacking Activin establish a normal A-P
axis, most likely because Activin is provided by the decidual
zone of the dam, not by the embryo (Albano et al., 1994; Jones
et al., 2006). Maternally derived molecules of a large molecular
weight can cross Reichert membrane and be transferred to the
embryo. For example, maternal immunoglobulins (Bernard et al.,
1977) and maternal and Dil-labeled high density lipoprotein
intravenously injected into a pregnant mother (Smith et al., 2006)
have been found in the embryo. In fact, maternally derived Ac-
tivin proteins have been detected within the embryo including
the VE between E3.5 and E6.5 (Jones et al., 2006).

Antagonism between Smad2 and Smadl signaling may
play a role in vertebrate development more generally. For ex-
ample, BMP4 blocks the dorsal mesoderm-inducing activity of
Activin in Xenopus laevis (Dale et al., 1992; Jones et al., 1992;
Piccolo et al., 1996; Zimmerman and Mathews, 1996). Also in
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Xenopus, Chordin and Noggin prevent BMPs from interacting
with their cognate receptors and thus allow underlying Activin
signaling in the dorsal region of the embryo to induce dorsal
mesoderm (Piccolo et al., 1996; Zimmerman and Mathews,
1996). Expression of Nodal is observed in the deep region of the
involuting marginal zone, which is equivalent to AVE in mouse,
before the onset of gastrulation in Xenopus embryos (Jones et al.,
1995). Whereas p-Smad2 is present in these cells, p-Smadl is
absent (Schohl and Fagotto, 2002). In the mouse, Chordin and
Noggin, in addition to Nodal, are expressed in the future node
region (Conlon et al., 1994; Bachiller et al., 2000), and they
may similarly shift the balance toward Activin—Nodal signaling.
Indeed, the reduction in the level of Nodal signaling in Foxhl '~
embryos prevents node formation (Hoodless et al., 2001; Yama-
moto et al., 2001). These observations suggest that the antago-
nism between Activin—Nodal and BMP signaling may play a
role in organizer formation in vertebrates.

What is the molecular basis of the antagonism between
BMP and Activin—Nodal signaling? Our result suggests that com-
mon signaling components, ActR2a and ActR2B, are rate-limiting



factors in the ES.5 mouse embryo (Fig. 8). However, these re-
sults obtained by overexpression experiments need to be con-
firmed by other approaches because overexpressed type II
receptor molecules may bind to type I receptor easily, which is
often sufficient to activate signaling, or may interact with non-
physiological type I receptors. In Xenopus animal caps, Activin
and BMP signaling have been shown to antagonize each other
through the intracellular component Smad4 (Candia et al., 1997).
However, the level of Smad4 was not low enough to cause the
antagonism at least in the ES.5 mouse embryo. Different mech-
anisms may underlie the antagonism between BMP and Ac-
tivin—Nodal depending on the cell type.

Materials and methods

In situ hybridization and immunohistofluorescence

Embryos were carefully staged on the basis of their morphology. Whole-
mount in situ hybridization was performed according to a standard proce-
dure or a method designed for peri-implantation embryos (Strumpf et al.,
2005; protocol is available at http://www.sickkids.ca/rossant/protocols/
doublefluor.asp). Plasmids to generate probes for in situ hybridization were
provided by R. Behringer (University of Texas, Houston, TX), R.S. Beddington
(National Institute for Medical Research, London, England, UK), J.E. Darnell
Jr. (The Rockefeller University, New York, NY), B. Hogan (Duke University
Medical Center, Durham, NC), C.L. Macleod (University of California, San
Diego, La Jolla, CA), A. McMahon (Harvard University, Cambridge, MA),
C. Nihers (Deutsches Krebsforschungszentrum, Heidelberg, Germany), M.S.
Parmacek (University of Pennsylvania, Philadelphia, PA), J. Rossant (The
Hospital for Sick Children, Toronto, Canadal), and E. De Robertis (University
of California, Los Angeles, CA). Immunostaining was performed with rabbit
polyclonal antibodies to p-Smad1 generated in response to the phosphory-
lated C-terminal region of mouse Smad1 (Persson et al., 1998; a gift from
P. ten Dijke, Leiden University Medical Center, Leiden, Netherlands), rabbit
monoclonal antibodies to p-Smad2 (Cell Signaling Technology), and Alexa
Fluor 568-conjugated goat antibodies to rabbit immunoglobulin G (Invitro-
gen) used at 1:200, 1:25, and 1:2,000 dilutions, respectively. Nuclei were
stained with YOYO-1 (Invitrogen). For immunostaining, embryos recovered
in DME or PBS including phosphatase inhibitor cocktail containing 10 mM
sodium fluoride, 2 mM sodium orthovanadate, and 50 mM B-glycerophos-
phate were fixed in 4% PFA for 10 min and were blocked in TSA blocking
reagent (PerkinElmer). Methanol series is necessary for p-Smad1 staining be-
fore the blocking process. Washing solution is PBS including 0.1% Triton
X-100. Confocal images were obtained with a laser scanning confocal
microscope (LSM 510; Carl Zeiss, Inc.) mounted on an inverted microscope
(Axiovert 100M; Carl Zeiss, Inc.), using Plan Apochromat 20x/0.75 NA
and C-Apochromat 40x/1.2 NA obijectives (Carl Zeiss, Inc.). Inages were
processed with Photoshop CS software (Adobe). Genomic DNA isolated
from whole embryos was used for genotype analysis. Second antibody
alone did not give rise to detectable staining of p-Smad1 and p-Smad?2.

Generation and andlysis of chimeric embryos

Chimeras were generated by ES cell tetraploid embryo aggregation. Two-
cell embryos were collected from intercrosses between Bmpr2*/~ or
Bmpr2*/~,Actr2b*/~ mice and were aggregated with green ES FM260
cells expressing EGFP (provided by M. Okabe, Osaka University, Osaka,
Japan). Chimeric embryos were recovered at the indicated stages, fixed,
and both examined by fluorescence microscopy (MZ FLII; Leica) using
PlanApo 1.0x WILD objective (Leica) and processed for whole-mount in
situ hybridization or for immunohistofluorescence analysis. The genotype
of the host embryo was determined refrospectively with extraembryonic tis-
sue. Images were obtained with a digital camera (DP11; Olympus) and
processed with Photoshop CS software.

Embryo explant culture

For explant cultures, the EXE and epiblast overlying embryonic VE were re-
moved from ICR mouse (SLC) or Hex-Venus transgenic mouse embryos dis-
sected at E5.5 with fine forceps and a tungsten needle (Takaoka et al.,
2006). Chimeric explants were generated with the use of a fine glass nee-
dle (Drummond Scientific Co.). The explants were cultured for 6 h or the in-
dicated times under a humidified atmosphere of 5% CO, at 37°C in dishes
or in gel matrix (Mebiol) containing DME supplemented with 75% rat serum.

Noggin, BMP4, follistatin, Activin (R&D Systems), and SB431542 (Sigma-
Aldrich) were used at concentrations of 500 ng/ml, 50 ng/ml, 1.2 pg/ml,
50 pg/ml, and 10 pmol/I, respectively. Images were analyzed using a
laser scanning confocal microscope (LSM 510) mounted on an inverted
microscope (Axiovert 100M) using Plan Apochromat 20x/0.75 NA and
C-Apochromat 40x/1.2 NA objectives (Carl Zeiss, Inc). Images were
processed with Photoshop CS software.

Introduction of expression vectors into the epiblast

Introduction of expression vectors (a GFP expression alone or with various
effectors; Mizushima and Nagata, 1990) into the epiblast was performed
as described by Yamamoto et al. (2004). Embryos were cultured for 12 h
under a humidified atmosphere of 5% CO; at 37°C in dishes containing
DME supplemented with 75% rat serum.

Online supplemental material

Fig. S1 shows expression of DVE markers in the wild-type mouse embryos
at E5.2 and E5.5. Fig. S2 shows phenotype of AVE, VE, and ExE in
Bmpr2~/~ embryos. Fig. S3 shows p-Smad1 staining in wildtype E5.5 em-
bryos and in the chimeric embryo at E5.0. Fig. S4 shows phenotype of DVE
in Bmpr2~/~,Nodal*/~ embryos. Fig. S5 shows effects of SB431542, folli-
statin, and BMP4 on DVE formation. Online supplemental material is avail-
able at http://www.icb.org/cgi/content/full/jcb.200808044/DC1.
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