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SUMMARY

In the mouse and chick embryo, the node plays a central
role in generating left-right (LR) positional information.
Using several different strategies, we provide evidence in
the mouse that bone morphogenetic protein 4 (Bmp4) is
required independently in two different sites for node
morphogenesis and for LR patterning.Bmp4 expression
in the trophoblast-derived extra-embryonic ectoderm is
essential for the normal formation of the node and
primitive streak. However, tetraploid chimera analysis
demonstrates that Bmp4 made in epiblast-derived tissues
is required for robust LR patterning, even when normal
node morphology is restored. In the absence of embryonic
Bmp4, the expression of left-side determinants such as

Nodal and Lefty2 is absent in the left lateral plate
mesoderm (LPM). Noggin-mediated inhibition of Bmp
activity in cultured wild-type embryos results in
suppression ofNodal expression in the LPM. Thus, unlike
previous models proposed in the chick embryo in which
Bmp4 suppresses left-sided gene expression, our results
suggest that Bmp acts as a positive facilitator of the left-
sided molecular cascade and is required forNodal
induction and maintenance in the left LPM.

Key words: Bone morphogenetic protein 4, Mouse, Embryo, LR
asymmetry, Node

INTRODUCTION

the body axis to establish asymmetric gene expression in the

node (Wright, 2001; Hamada et al., 2002). In the chick embryo,

During vertebrate embryogenesis, the morphogenesis amoh flow in the blastoderm at the streak stage may in&hte
positioning of internal organs depends upon the establishmeaon the left side of Hensen’s node and this, in turn, activates the
of the three primary body axes: anteroposterior (AP)left-sided program in the embryo (Pagan-Westphal and Tabin,
dorsoventral (DV) and left-right (LR). Over the past few years,1998; Levin and Mercola 1999). In the mouse, monocilia in
significant progress has been made towards defining thbe ventral node cells rotate unidirectionally and may generate
mechanisms that initiate LR asymmetry in the early embrya left-specific flow of morphogens within the node to establish
and regulate the downstream molecular pathways that reinfortiee program for LR asymmetry (Wright, 2001; Hamada et al.,
the asymmetry and lead to specific anatomical differences (f@002). In both cases, the node, influenced by its surrounding
reviews, see Wright, 2001; Hamada et al., 2002). However, ttenvironment, serves as a center for establishing LR asymmetry.
precise function of some of the signaling components in LR The mechanisms for reinforcing the LR molecular cascade
patterning remains unclear, or contradictory, depending on theithin and from the node are different in the chick and the
model organism and experimental techniques used. Amongouse (Wright, 2001; Hamada et al., 2002). In the chick
these components is bone morphogenetic protein 4 (Bmp4mbryo, it is thought theBhhinducesNodal to reinforce the
which, from experimental studies in the chick embryo, haseft-side pathway while on the right Bmp4 indud¢es8 that,
been assigned a key role as a suppressor of the L-sidadturn, locally represseShh(Levin et al., 1995; Monsoro-
molecular cascade (Monsoro-Burg and le Douarin, 2000Burqg and le Douarin, 2001). The left-side signaling cascade in
However, until now there has been no genetic evidence for thee node is subsequently extended to the lateral plate
role of endogenouBmp4in vertebrate LR patterning. mesoderm (LPM), possibly by the diffusion of Nodal from the

The initiation of LR asymmetry in the vertebrate embryo isnode. Significantly, caronte, a secreted Bmp antagonist induced
thought to involve the unidirectional flow of molecules acrosdy Shh, is expressed in the left paraxial mesoderm and left
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LPM and inhibits the activity of Bmp2, Bmp4 and Bmp7 in in epiblast-derived tissues is required for the propagation of the
the LPM that would otherwise reprededal Caronte thereby left-side molecular cascade. Taken together, our results
permitsNodal expression in the left LPM (Rodriguez Estebanhighlight the dynamic interplay that must occur between
et al., 1999; Yokouchi et al., 1999). Nodal in turn induces alifferent tissues, signaling pathways and anatomical structures
transcription factorPitx2, in the left LPM to complete the for establishing and maintaining LR axial patterning.
establishment of the molecular left-side patterning (Logan et
al., 1998).

In the mouse, as described earlier, the first asymmetridATERIALS AND METHODS
expression ofNodal is thought to be driven by asymmetric
physical flow leading to higher levels of transcripts on the lefMouse strains and tetraploid chimeras
side of the node compared with the right (Collignon et al.For generatin®mp4™Phnull mutants, the mutation was maintained
1996). However, unlike in the chicl§hhand Fgf8 are not on a (129/SvEvTacfBRBlack Swiss) background by intercrossing.
asymmetrically expressed in the mouse node, at least at tREW4*°?* heterozygotes were maintained on the Black Swiss
RNA level: Shhis transcribed throughout the node (Collignonoutbred background Zé/itnBlmp{laCZ"acz embryos were obtained by
et al., 1996), whileFgf8 is exclusively expressed in the g‘éﬁrecr;otzs(‘j'”gy 2§gprizatir:1gHI¥VSI|dc_glgeth;ett:f/lg:glczargzltrgsri?]s were
primitive stre_ak bUt. not in the node ((_Zrossley and |\/lartmalleles and wild-type ICR embryos, as previously described (Fujiwara
1995). Genetic studies have provided evidence that these genes 2001).
have functions distinct from those proposed in the chick.
Specifically, Shhis required to maintain the midline and so Whole-mount in situ hybridization and immunostaining
prevent left-side identity ‘invading’ into the right side (Meyerswhole-mount in situ hybridization was performed essentially as
and Martin, 1999), whild-gf8 positively facilitates left-side previously described (Hogan et al., 1994). For double whole-mount in
patterning (Meyers and Martin, 1999). How molecularsitu hybridization, RNA probes fddodal andFoxf1 (Foxfla— Mouse
asymmetries at the node are transferred to the left LPM in tHeenome Informatics) were labeled with digoxigenin and fluorescein,
mouse embryo remains obscure because, among other thin ,pectively.. BM-purpre and BCIP were used for the color reactions.
no caronte homolog has been identified. However, crypti%g;ias%“?hf”gzaf E?As[igt?o%?ffgm (gg gﬁ%ri%i(i)zoatrg\r?
which encodes a membrane-bound protein of the EGI:'CFembrylos were fixed in 4% paraformaldehyde in PBS, dehydra’Eed

family that is a co-factor of Nodal signaling, is a known playerinto 100% isopropanol, washed with 1:1 isopropanol/paraffin

in LR patterning in the mouse. It is expressed in the nodyax embedded in wax and sectioned atum. Whole-mount
midline and bilaterally in the LPM; analysis of cryptic-null immunostaining with anti VCAM1 antibody (Pharmingen) was
embryos suggests that the protein is required in the left LPMerformed as previously described (Fujiwara et al., 2001).

to enable the expression dflodal and other left-side ) .

determinants (Shen et al., 1997; Yan et al., 1999; Shen arfg§anning electron microscopy

Schier, 2000; Yeo and Whitman, 2001). Ohwelalis induced  Dissected embryos were immediately washed three times in
in the LPM, the molecular left-side signaling pathway seems§orenson’s phosphate buffer (SU|I!( et al., 1994). After fixation with
to be conserved between most vertebrates (Wright, 200%;>% glutaraldehyde in Sorenson's phosphate buffer@tfer 48
Hamada et al., 2002). Nodal indudesfty2 (Leftb — Mouse burs, embryos were rinsed in Sorenson’s phosphate buffer, then post-

X L . . e
Genome Informatics), which acts as a feedback repressor(;éjed in 2% osmium tetroxide for 2 hours. After dehydration in a

. g aded series of ethanols, the specimens were critical-point dried,
Nodal expression (Meno et al., 1999; Whitman, 2001), andnounted on metal stubs and sg)utter-coated with gold ppalladium.
Pitx2, which maintains the left-sided environment (Meno et al.glectron microscopy was performed on a JOEL microscope.
2001; Shiratori et al., 2001).

In the early mouse embryBmp4is expressed in a dynamic Whole embryo culture

pattern, first in the extra-embryonic ectoderm (EXE) andieadfold-stage wild-type embryos were isolated and Reichert’s
then in epiblast-derived tissues, including extra-embryoni¢neémbrane removed mechanically. Three to four embryos were
mesoderm (ExM), posterior primitive streak and bilaterally incultured with rotation in a silicon-coated vial in §@Gulture medium
the LPM. Moreover, genetic loss of function and chimericith/without 1ug/ml noggin for 20 hours at 3¢, 5% CQ/95% air.
embryo analyses have demonstrated distinct functions nga culture medium was Dulbecco's Modified Eagle’s Medium

- ; . o ; EM) supplemented with 50% rat serum (Harlan Bioproducts),
Bmp4 in these different tissues (Winnier et al., 1995; Lawsoy™ \\1' | ‘slutamine (GIBCO) and 5Qug streptomycin/penicillin

etal.,, 1999; Fujiwara et al., 200Bmp4expressed in the EXE (gBc0). Recombinant mouse noggin (R&D Systems) was dissolved
is required for patterning the epiblast along the proximodistadt 100pg/ml in PBS containing 0.1% bovine serum albumin (BSA)
axis that is later transformed during gastrulation into thgBSA/PBS). The BSA/PBS solution was used as a negative control.
anteroposterior axis. Consequently, epiblast cells closest to tider culture, the embryos were washed in BSA/PBS three times and
source of Bmp4 in the EXE give rise to the most posterior cefixed with 4% PFA in PBS for 75 minutes &G4 and subsequently
types, the allantois, ExM, and primordial germ cells (PGCsgnalyzed by whole-mount in situ hybridization.

(Lawson et al., 1999Bmp4expressed in the ExM regulates

the subsequent migration and survival of PGCs, and the

development of the allantois and its blood vessels (FujiwarRESULTS

et al.,, 2001). We employ a variety of strategies to further o

investigate the function @mp4in the early patterning of the Reduced Nodal expression in the node and

mouse embryo. Our data indicate tBatp4expression in the a@bnormal node and posterior morphology in Bmp4-

EXE is essential for the normal morphological development ofull mutants

the node and primitive streak. At the same tiB®p4made Based on previous findings that the severity of Bhgp4m-
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null mutant phenotype varies with genetic background, theells, resembling endodermal cells, scattered within the node
(129/SvEvTacfBRBlack Swiss) background, on which (Fig. 2B, part i). The notochord was formed in all mutants
homozygotes develop up to around the 20 somite stage, wasamined, although the boundary of the notochord and the
chosen for this study. Mutant embryos can be unambiguousgdjacent endoderm was less regular than in the wild-type
identified by the absence of an allantois (Lawson et al., 1999%mbryos (Fig. 1B, part e).
To analyze LR patterning in mutant embryos, we first examined The morphology of the posterior region of the embryos was
the expression dflodal by whole-mount in situ hybridization. analyzed by cutting through them in a dorsoventral plane and
Nodal expression normally begins symmetrically in the crownviewing posteriorly. In the wild-type embryos, the amnion
cells of the node from the late-streak stage, and becomestends over the embryo and demarcates a well-expanded
enriched on the left side at the two- to eight-somite stag@mniotic cavity (Fig. 1B, parts c,d,j). However, Bmp4m!
accompanied by transient expression in the left LPMmutants, much of the posterior amniotic cavity is filled up by
(Collignon et al., 1996). As expected, in all three- to five-a mass of mesodermal cells that extends to the apical surface
somite-stage wild-type embryos examineg®), Nodalwas  of the ectoderm (Fig. 1B, parts g,h). This phenotype closely
expressed in the periphery of the node, with enrichment on thesembles that oFgf8-null mutants, in which mesodermal
left side, and in the left LPM (Fig. 1A, part a). By contrast, incells that have failed to move out of the streak fill up the
more than 75%n=14/18) ofBmp4™ mutants examined at the amniotic cavity (Sun et al., 1999). In situ hybridization with an
same somite stage as wild typndal expression in the node Evx1probe (Dush and Martin, 1992) confirms that Bmp4
was patchy (Fig. 1A, part b) or significantly reduced (Fig. 1Anull cells are embryonic in origin, rather than extra-embryonic
part c), and no expression was observed in the left LPM. A(Fig. 1B, parts j,k).
Bmp4/~ mutants with patchy or reducétbdal expression in ) o
the node 1=14/14) had no LPMNodal expression. The Reduced Lefty2 and cryptic expression in Bmp4-null
remainder 1=4/18) appeared relatively normal at this level ofmutants
analysis (data not shown). To exclude the possibility that th&o further examine the L-sided molecular cascadgnmp4™1
absence oNodal expression in the LPM was due to abnormalmutants, we analyzed expressiorLefty2and cryptic.Lefty2
loss of this tissue, we examined mutant embryos by double is normally transiently expressed in the left LPM between the
situ hybridization withNodal and Foxfl, which encodes a two- and five-somite stage (Fig. 1C, part a) (Meno et al., 1996),
forkhead transcription factor bilaterally expressed in the LPMwvhile cryptic is expressed bilaterally in the LPM, node, and the
(Mahlapuu et al., 2001). We found that all mutants lackingnidline from the headfold to the six- to eight-somite stage (Fig.
Nodal expression in the LPM nevertheless expredsedl  1C, parts d,g) (Shen et al., 1997). In about 65846/9) of
at a comparable level to the wild type (Fig. 1A, parts d-f;Bmp4Mmutants at the 3-4 somite stabefty2expression was
n=3/3). not detected (Fig. 1C, part b). The remaindet3(9) had
Defects in the function of monocilia in the node arerelatively normal left-side expression (Fig. 1C, part c). In the
associated with LR abnormalities in the mouse (reviewedase of cryptic, three out of thrBenp4mutants at the two- to
by Wright, 2001; Hamada et al., 2002). Therefore, thdour-somite stage and four out of four at the five- to six-somite
morphology of the node iBmp4™ mutants was analyzed stage had no expression of the gene in the LPM, node and
using scanning electron microscopy (SEM). Although not almidline (Fig. 2C, parts e,f). However, in all earlier (headfold
mutants have abnormal LR asymmetry, whole-mount in sitto one somite-stage) mutants examined4(4), cryptic was
hybridization forNodalallowed normal and abnormal embryos expressed bilaterally in the LPM, but was greatly reduced in
to be sorted out prior to SEM. The wild-type embryos had ¢he node (Fig. 2C, part h). This suggests that Bmp4 signaling
prominent hindgut pocket, well-formed primitive streak, and as required for the maintenance of cryptic expression in the
concave node (Fig. 1A, parts g,j). However, in theBrmp4™  LPM.
mutants examined, the posterior region had an abnormal The absence dfefty2 and cryptic transcripts in the LPM
bulge that projected ventrally (Fig. 1A, parts h,i). At highagain raised the issue of whether this tissue fails to develop or
magnification, the node was flat or slightly convex and itslegenerates iBmp4™lmutants. To address this possibility, we
periphery was irregular (Fig. 1A, parts k,l). made use of the fact thatBmp42°Z/+ embryos the expression
It was not possible in the above study to compare thef Bmpd4in the LPM is marked biacZ activity (Fig. 1C, parts
detailed morphology (Sulik et al., 1994) of ventral node cells,j) (Lawson et al., 1999). Staining fBfgalactosidase revealed
of mutant and wild-type embryos because the cell boundariebundantBmp4acZ-positive cells with a normal morphology
and architecture of the monocilia were disrupted by the in sitin the LPM of Bmp4acZ/lacz ny|| mutants at the four- to six-
hybridization protocol. We therefore analyzed by SEM thesomite stage (Fig. 1C, parts I,m). Moreover, analysisogfl
gross morphology of five additional, untreateBmp4™l  expression as described above (Fig. 1A, parts d-f) also
mutants from the headfold to the six-somite stage. Wild-typeonfirmed that the LPM is formed in @imp4™ mutants
embryos §=5) showed a well-formed primitive streak and aexamined at the two- to six-somite staged/8) (Fig. 1C, parts
concave and tear-drop shaped node with monocilia in almoktn).
every cell. The extended notochord had well demarcated )
borders with the endoderm (Fig. 1B, parts a,b). By contrast, Abnormal expression of Fgfs and  Dte but
ventrally projected bulge was present in the posterior region dpaintenance of midline tissues in -~ Bmp4-null
all Bmp4™! mutants examinedh€5). The shape of the node mutants
was also abnormal and was either flat or slightly convex (Fig=gf8 has been implicated as a positive facilitator of left-sided
1B, parts, e,f). Most cells had monocilia, but one embryo at thgatterning in the mouse embryo, and as a right-sided
headfold stage showed large and irregularly shaped unciliatetéterminant in the chick (Meyers and Martin, 1999; Monsoro-
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fit Right

Fig. 1.Gene expression and node morphologgrimpd™! mutants. Le
(A) Posteroventral views of five-somite stage wild-type (parts a,d,% a
and four- to five-somite stag@mp4™! mutants (all other panels).

(a) Nodalexpression in the node periphery and left LPM. (Kagjal
expression is either patchy or greatly reduced in the node (arrowhead
and absent in the LPM. (dodal (purple) and-oxf1(blue)

expression by double whole-mount in situ hybridizationN@bal
expressed in the left LPM (arrow), aaixf1 bilaterally in the LPM
(arrowheads)r=5/5). (e,f) These show the same five-somite stage
embryo. There is nodalexpression in either the node or the LPM
(e), but, after second hybridizatidfoxf1transcripts are seen bilaterally
in the LPM (f, arrowhead$=3/3). (g-I) Scanning electron micrograph
(SEM) of the embryos in a-c after in situ hybridization. (j-I) Higher
magnification of the node (yellow brackets). (g,j) Wild-type embryo
with well-formed primitive streak and a concave node. (h,i,k,I) Mutant
embryos show abnormal bulge (h,i; arrows) in the posterior region and
flat node morphology with irregular periphery. (B) Node morphology.
SEM of embryos at the six somite (a-h) and presomite stage (i).
(a-d,j) Wild-type embryos; all other paneBnp4™! mutants.

(b,f,d,h) Higher magnification of the node (b,f), indicated by yellow
brackets in a,e, and the amniotic cavity (d,h), indicated by white
brackets in c,g. (a,b,e,f) Ventral views of wild-type embryo with well-
formed primitive streak (a) and a concave node (b), and a mutant
embryo with abnormal posterior bulge (e, arrowhead) and flat node
morphology with irregular periphery (f). (c,d,g,h) Embryos were cut

(c) or dorsoposteriorly (g). (c,d) Amnion extends over the amniotic
cavity in wild-type embryo; (g,h) mesodermal cells (arrows) .
abnormally fill up the amniotic cavity and extend to the surface of the
ectoderm in mutant embryo; (i) mutant embryo with abnormal large  #&a
endoderm-like cells inside the node (arrows). (j,k) Sagittal sections of
three- to four-somite stage embryos shovirglexpression (blue).
Anterior is towards the left. Note abnormal accumulatioBvof:

positive mesodermal cells in the posterior of mutant embryo (k, arrow,
compared with wild-type (j, arrow). (C) Gene expression. (zefty2

(a-c) and cryptic (d-h) expression by whole-mount in

situ hybridization. (a,d)efty2in the left LPM Left
(arrowheads) of the 3- to 4-somite stage wild typB d
(a,n=2/2) and some mutants (&3/9). (b) Other
mutants show nhefty2expression at the three- to
four-somite-stagenE6/9). (d-f) Cryptic is bilaterally
expressed in the LPM and node (arrowheads) of
wild-type (d,n=2/2), but not of mutants at the two-
to four- (e;n=3/3) and five- to six- (in=4/4) somite
stage. (g,h) Cryptic is expressed in the LPM and
node (arrowheads) of wild type (@s3/3), whereas
expression in the node (arrowhead) is reduced in
mutants (hn=4/4) at the headfold to one-somite
stage. (i,j,|,mB-galactosidase staining to detect
Bmp4acZ reporter expression in six-somite stage
Bmp4acZ+ heterozygous (i,j) and seven-somite stage
Bmp4acZilacZhomozygous-null (I,m) embryos. (j,m)
Transverse sections in the plane indicated (yellow
bar) iniand |. Arrows indicate ti@mp42°Zpositive
LPM. Note that n@mp4expression is detected in
either the primitive streak (bracket), or the node
(arrowhead) in i. (k,nFoxflexpression by whole-
mount in situ hybridizatiorFoxflis expressed _
bilaterally in the LPM (arrowheads) in both two- and
six-somite stage wild type (k=4/4) and mutants at
the same stage (n=8/8). a, allantois; ac, amniotic
cavity; am, amnion; e, ectoderm; nc, notochord; nf,

in A, 10um for parts g-i; in B, 10Qum for parts
a,c,e,g,j,k and 10m for parts b,d,f,h,i; in C, 100m
for parts i,j,I,m.
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expressed in the node and midline tissues such as the
notochord and the prospective floor plate in the
headfold to 6-somite stage embryos (Collignon et al.,
1996). In 10/11Bmp4™1 mutants examined at the pre-

to 6-somite stage, expression $fihwas observed in

the node and midline tissues at a level comparable with
that seen in wild-type embryos (Fig. 2G-J). One
headfold-stagl8mp4™! mutant showed scatterehh
expression only in the node, possibly reflecting a delay
of midline development (data not shown).

Members of the cerberlZan-related gene family
encode proteins that are thought to directly bind to
Nodal and Bmps and to inhibit signaling through their
receptors (Pearce et al., 1999; Massague and Chen,
2000). One gend)ante(Dte), is expressed specifically
in the periphery of the node in the mirror image of
Nodal with somewhat higher expression on the right
than the left at the four- to six-somite stage (Fig. 2K)
(Pearce et al., 1999). In 80%=@/5) of Bmp4™m!
mutants examined)te expression in the node periphery
was reduced and patchy but still relatively higher on the
right (Fig. 2L), while one mutant was normal (Fig. 2M).
Taken together, our results wiodal cryptic andDte
suggest that the normal development of the node
requiresBmp4expression in the embryo.

Mesocardia in Bmp4 null mutants

Homozygous nulBmp4™1 mutants do not survive to
the stage when there is clear asymmetry of organs such
as the lung and gut, and the only anatomical indicator
of early LR patterning that can be scored is heart
looping. In about half of thBmp4™! mutant embryos
examined at the nine- to ten-somite stage4(7) the
heart tube lay centrally in the midline, and showed no
evidence of heart looping, either to the left or right
(mesocardia) (Fig. 3A-F). This was seen both in the
intact embryo and after sectioning. The remainder of
the Bmp4™ mutants (=3/7) had normal rightward
looping, as in the wild-type embryo at the same somite
stage.

Burg and le Douarin, 2001). In the mouskEgf8 is
symmetrically expressed in the primitive streak, and expressidaxtra-embryonic ectoderm Bmp4 signaling restores
of Fgf4 and Nodal is dependent on the gene doseFgfg  nhode and primitive streak morphology
(Crossley and Martin, 1995; Meyers and Martin, 1999; Sun é@mp4is normally expressed in the extra-embryonic ectoderm
al., 1999). We therefore examined the expression of both FEXE) and extra-embryonic mesoderm (ExM) in pre- and post-
genes in one- to six-somite-sta@mp4™L mutants. In five- to  gastrulation embryos, respectively (Lawson et al., 1999). Later
seven-somite stage wild-type embry®gf8 expression was at the somite stage, it is expressed in the ExM, posterior
detected in the primitive streak (Fig. 2A). By contr&sif8  primitive streak, and the LPM (Fig. 1C, parts h,i). As shown
expression was significantly reduced in around 8896/6) of  previously (Fujiwara et al., 2001), aggregatiomBofp4acZ/tml
five- to six-somite stageémp4™Imutants (Fig. 2B,C). One six- null ES cells and tetraploid (4N) wild-type host embryos
somite staglBmp4™ mutant showedrgf8 expression in the generated chimeras (hereafter called tetraploid chimeras) in
primitive streak at a level comparable with the wild type (datavhich Bmp4expression is restored in the ExE but not in the
not shown). As foFgf4, about 70% r{=3/4) of one- to two- embryo (including the ExM). Analysis of such chimeras
somite stageBmp4™! mutants showed reduced levels in theshowed thaBmpd4activity in the ExM is required for the proper
primitive streak compared with wild-type embryos (Fig. 2D,E),migration and survival of PGCs, and for the development of
while one mutant showed comparatively normal expressiothe allantois, while anterior structures and the primitive streak
(Fig. 2F). appear normal (Fujiwara et al., 2001). In this present study we
Because of the importance of the midline in maintaining LRobtained 19 tetraploid chimeras from the late-streak to 10-
asymmetry, we confirmed that trunk midline tissues stillsomite stage. The gross morphology of the node and posterior
develop robustly despite the posterior abnormalities imegion was analyzed by SEM in five of them, from the headfold
Bmp4™Imutants. In the mous8hhis normally symmetrically to 3-somite stage. The primitive streak was normal and did not



4690 T. Fujiwara and others

bulge ventrally, and the concave and tear-drop shape of tlmtochord is properly formed in tetraploid chimeras; the level
node was restored (Fig. 4A-D). Monocilia projected ventrallyof Shh expression in five- to six-somite-stage tetraploid
from the node cells, the overall number of which was about thehimeras 1(=2/2) was comparable with that seen in wild-type
same as in wild-type embryos. Therefore, Bmp4 produced iembryos (Fig. 4E,F).

the EXE restores at least the morphology of the node and ] o

primitive streak. Molecular analysis confirmed that the midlindEmbryonic Bmp4 signaling affects early heart

Left

development and LR asymmetric gene expression

An important finding from the tetraploid chimera studies
described above is that the morphology of the node is restored.
We therefore examined whether heart looping and LR
asymmetric gene expression were also normal. All tetraploid
chimeras examined at the eight- to ten-somite stag) had
mesocardia similar to that seen in about half ofBhg4m!
mutants (Fig. 4G-L). As previous studies have shown that the
technique of generating tetraploid chimeras does not itself
affect the LR patterning of the resulting embryos (Dufort et al.,
1998), the defects in the chimeras must be due to the genotype
of the ES-derived cells. In support of this argument, no
morphological or looping defects were seen in equivalent

Fig. 2. Reduced expression BffsandDte and maintenance of
midline tissues iBmp4™! mutants. Posteroventral views of wild-
type embryos (A,D,G,|,K), and mutants (all
other panels). (A-Crgf8is expressed in the
primitive streak of wild-type (A), but strongly
reduced 1§=5/6) in the posterior (arrowheads) of
mutant embryos (B,C), at the five- to seven-
somite stage. (D-Hjgf4is expressed in the
primitive streak of wild-type (D) and one mutant
(arrowheadn=1/4) (F), but strongly reduced
(arrowheadn=3/4) in posterior of mutant
embryos (E), at the one- to two-somite stage.
(G-J)Shhis expressed in the node and midline of wild type at the
headfold (G) to four-somite (l) stage, and mutant embryos at the
headfold (H) to six-somite (J) stage=(0/11). (K-M) Asymmetric

Dte expression, enriched on right side of the node (arrowheads), in
the wild-type (K) and one mutant (Ms=1/5), but low and patchy in
the node (arrowheads) of other mutant embryos£4/5), at the

four- to six-somite stage.

Fig. 3. Abnormal heart development Bmp4m?!

mutants. (A,D) Ventral views of nine-somite-stage
wild-type (upper panels) ar@imp4™! mutant (bottom
panels) stained with anti-VCAM-1 antibody. (B,C,E,F)
Transverse section of embryos counterstained with
Eosin in planes indicated by white (B,E) and yellow
(C,F) bars in AD. VCAML1 is expressed in the
myocardium mostly in the primitive ventricle (purple)

of both the wild-type an8mp4™! mutant, although

levels are reduced in the latter. (A) Rightward looping
of the heart (arrow). (D) Failure of looping, with

midline heart tube (arrow). (B) Anterior heart showing
clear boundary of the primitive ventricle to the left of
the embryo and the bulbus cordis to the right. (C) Clear
distinction between primitive ventricle and atrial
chamber in the posterior heart. (E,F) Abnormal
positioning of the primitive ventricle and bulbus cordis
caused by looping failure. ac, atrial chamber; bc, bulbus
cordis; pv, primitive ventricle. Scale bars: 100 for
B,C.E,F.



somite-stage tetraploid chimeras=8/3) generated
Bmp4acZ/+ heterozygous ES cells (data not shown).
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using 1999). Two roles have been proposed for Bmp4; to positively
regulate Fgf8 expression on the right side of the node

In spite of the restoration in node morphology, a reductioffMonsoro-Burg and Le Douarin, 2001) and to prevent initiation
in Nodal expression was still observed in tetraploid chimeraspf Nodalexpression in the LPM (Wright, 2001; Hamada et al.,
at both the late streak£2/2) (compare Fig. 5A,D) and the 2002). These ideas predict thAmp4null mouse embryos
headfold stagenE2/2) (compare Fig. 5B,E). Later somite- would show L-side character on both sides of the node and

stage tetraploid chimerasn=2/2) also showed
significant reduction oNodal expression in both tt
node and left LPM (compare Fig. 5C with 5F). Tt
results suggest thBmp4expression in epiblast-deriv
cells is required foNodal expression in the node a
left LPM, independently of node morphogenesis.

In Bmp4™® null mutants, Fgf8 expression we
strongly reduced in nearly all embryos examil
However, the expression ff8in tetraploid chimere
at the six-somite staga<2/2) was only moderately le
in the primitive streak than in wild-type embryos (I
5H).

Effect of exogenous noggin on LR patterning

Previous studies in the chick embryo suggested
Bmp activity suppresseNodal expression in the le
LPM, because caronte inhibits Bmp2, Bmp4 and B
and permitdNodal expression in this tissue (Rodrigt
Esteban et al., 1999; Yokouchi et al., 1999). In
mouse embryoBmp2is expressed bilaterally in t
LPM but not in the midline (Fig. 6A) but no spec
expression oBmp6or Bmp7is observed in the LPN
although Bmp7 expression is seen in the node

midline (data not shown). We therefore addresse
role of Bmps produced in the LPM by cultur
embryos in the presence of noggin, an inhibitor of B
normally expressed in the node and notochord &
headfold to four-somite stage (Fig. 6B) (Massague
Chen, 2000). This was carried out at the headfold

when embryos have already establishétbdal
expression in the node. Of the nine control emkt
cultured to the two- top five-somite stage, seven sh
left-sided and two showed bilatefdbdalexpression i
the LPM (Fig. 6C and data not shown). By cont
none of the embryos cultured with noggin to the <
stage (=17) showed aniNodal expression in the LPI
(Fig. 6D). Unlike in tetraploid chimerasNodal
expression in the periphery of the node was
observed in all noggin-treated embryos (Fig. |
Moreover, the addition of noggin did not affect cry
expression in the LPM and midline (Fig. 6&16/16).
a result that indirectly demonstrates that the LPNV
develop in cultured embryos. Proper mid
development was confirmed b8hh expression i
embryos cultured with exogenous noggin (Fig.
n=7/7).

DISCUSSION

Current models for the role of Bmps in early
patterning are based on experiments with the «
embryo in whichBmp4is expressed in Hensen’s na
with the highest levels on the right, and bilaterally ir
LPM (Rodriguez Esteban et al., 1999; Yokouchi et

Left

Fig. 4. Development oBmp4acZtmlES cell., wild-type tetraploid chimeras.
(A-F) SEM (A-D) andShhexpression (E,F) by whole-mount in situ
hybridization. Posteroventral views of wild-type embryos (A,E) and tetraploid
chimeras (B,F), and higher magnification of the node (C,D) indicated by
brackets in A and B. (A-D) Concave node morphology (C,D), well-formed
primitive streak (B, arrow), and well-defined notochord in the presomite-stage
wild-type embryo (A,C) and tetraploid chimera (B,D). (E¥Rhexpressed in

the node (arrowheads) and midline of the five- to six-somite-stage wild-type
embryo (E) and tetraploid chimera (F). (G,J) Ventral view of the heart after
staining with anti-VCAML1 antibody. Nine-somite stage wild-type embryo
shows normal rightward looping (G) and ten-somite stage tetraploid chimera
showing abnormal midline heart tuber§34/4). (H,l,K,L) Transverse

sections stained with Hematoxylin and Eosin taken at levels indicated in white
for H,K, and yellow for I,L. ac, atrial chamber; bc, bulbus cordis; nc,
notochord; pv, primitive ventricle. Scale bars: 160 in A,B,H,I,K,L; 10pum

in C,D.



4692 T. Fujiwara and others

Left ig conclusion (summarized in model form in Fig. 7A) is based on
Nodal| B Nodal| C the_ hypothesis_: that Bmp4 in the EXE patterns the p_roxir_nodistal
axis of the epiblast that is converted, by gastrulation, into the
dorsal/anteroposterior/ventral axis of the embryo (Beddington
and Robertson, 1999). Fate-mapping studies and previous
analysis oBmp4null embryos, suggest that the epiblast cells
closest to the source of Bmp4 are specified as precursors of the
posterior ExM, allantois and PGCs, while somewhat more
distal cells are specified as precursors of the posterior
embryonic mesoderm (Lawson et al.,, 1991; Lawson et al.,
1999). Accordingly, in the absence of EBEp4the epiblast
is dorsalized, fewer posterior-proximal epiblast cells are
specified as prospective ExM, and the development of posterior
mesoderm-derived tissues is disrupted. Two kinds of data
obtained here support this model. First, posterior proximal
epiblast and cells in the posterior primitive streak normally
expressFgf8, and Fgf8 regulatesgf4 expression in the
primitive streak (Crossley and Martin, 1995; Sun et al., 1999).

Left

Right

Fig. 5.Gene expression in tetraploid chimeras. (A-C) In wild-type
embryosNodalis expressed in the node at the late-streak stage (A,
bracket; lateral view), symmetrically in the node at presomite stage
(B, bracket; posteroventral view), and asymmetrically, higher on the
left, in the node and left LPM at the five-somite stage (C, bracket an
arrow). (D-F) Tetraploid chimeras show Nodalexpression in the
node (brackets) at all three stages (W2/2 each) or in the left

LPM (n=2/2) at the five-somite stage (F). (GJFHf8is expressed in

the primitive streak (arrow) of the seven-somite stage wild-type
embryos (G), and at a moderately lower level (arrow) in the 6-somite
stage tetraploid chimeras (H52/2). LS, late streak.

bilateral Nodal expression in the LPM. By contrast, our data
strongly suggest that, in mammals, Bmp4 is in fact require
for L-sideNodalexpression. This reinforces the idea that there
are important species differences in the molecular regulatic
of LR patterning (Meyers and Martin, 1999; Wright, 2001). In
addition, our tetraploid chimera studies clearly establist
independent functions for Bmp4 produced in two different
tissues. Thus, Bmp4 made in the trophoblast-derived Ex
regulates the formation of the node and primitive streak, whil

Bmp4 made in the eplbla_s_t-derlved ExM, posterior prlmlt'VeFig. 6. Effect of exogenous noggin on LR patterning. Whole-mount
streak, and/or LPM, posmvely regulates_the_ left moleculajy, ity hybridization of wild-type embryos, except for B (which
pathway of LR patterning. The_se results hl_ghllght the fa_lct thegetectsNodacZ reporter). (A-F) Posteroventral views. (Binp2is
during LR patterning there is a dynamic and continuouexpressed bilaterally in the LPM (arrowheads) from the headfold to
interplay between different cell populations and theirfour-somite stage. (B) Noggin is expressed in the node (bracket) and
associated signaling pathways and anatomical structures. the notochord (arrow). (C,INodalexpression in three- to five-

somite stage embryos cultured with (D) or without (C) recombinant

Morphogenesis of the node and primitive streak noggin protein. (C) In control embrydsdpdalis expressed in both
requires Bmp4 made in the extra-embryonic the left LPM (arrowhead) and node={’/9). (D) NoNodal
ectoderm (EXE) expression was observed in the LPM when embryos were cultured

. with noggin 6=17/17). HoweverNodalexpression (*) was detected
Comparison of the phenotype &mp4null mutants and in the noder{=17/17). (E,F) Cryptic an8hhexpression in noggin-

tetraploid chimeras suggests that Bmp4 signaling from the Exyreated embryos at the three- to five-somite stage. Cryptic is
is a key factor in regulating the development of the postericexpressed bilaterally in the LPM and midline (E, arrowheads;
mesoderm and the node in the headfold to 6-somite stain=16/16), andShhis expressed in the node and midline (F,
mouse embryo (Fig. 1A, parts e,f,h,i; Fig. 2B, parts e,f). Thiarrowheadn=7/7).
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(A) Pre- and streak Stage (B) Presomite Stage (C) 2-8 Somite Stage

EXIVI; PV

Bmp4
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* Streak >
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NodalT

Proximal

Anterior Posterior
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Distal
Left Right
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Fig. 7.Model for independent functions of Bmp4 in node and primitive streak morphogenesis, and LR asymmetry. (A) Pre- to early-streak
stage; lateral view. Bmp4 produced in the EXE patterns the proximodistal axis of the epiblast and thereby plays a yleincgticeites

along the anteroposterior axis of the future primitive streak. The most proximal cells (black circle) will give rise (yeli@)tarthe

precursors of allantois, PGCs and ExM, which will translocate posteriorly (blue/green striped arrow), while the morecdistatgod

embryonic mesoderm move anteriorly and laterally (red arrdwg$3.is expressed in the posteroproximal epiblast. (B) The presomite stage;
ventral view. Progenitors of the node are thought to lie in the mid-anterior primitive streak and move anteriorly to batedténpmthe node

(red arrows). This morphogenetic process is dependent on Bmp4 expression in the EXE (see A) and Fgf8 in the primitiva strabk (S
1999). We speculate that Bmp4 produced in the ExM and/or posterior mesoderm (PM) positively regulates an unkixaivatgeitiates the
expression oNodal (broken black arrows) in the periphery of the node (purple). Nodal flow (left-pointing black arrows) generates enrichment
of left-sideNodalexpression in the periphery of the node. The fulNodalexpression in the left LPM is possibly initiated by Nodal protein
diffusing from the node (broken blue arrow). (C) The two- to eight-somite stage. Bmp4 in the LPM is reqiNtedbi@xpression in the LPM
(broken blue arrow). Nodal produced in the node may maintain the expression of cryptic that permits the expression déteftrsinknt

genes such ddodalin the left LPM (broken black arrows).

Both Fgf8 andFgf4 are strongly downregulated Bmp4null embryos, the abnormal patterning of the epiblast and the
embryos, whileEvxZpositive embryonic mesodermal cells reduced expression d¢¥gf8 and Fgf4 (Fig. 3B,C,E) might
accumulate in the posterior region (Fig. 2B, part k; Figaffect the migration and incorporation of node progenitors into
3B,C,E). Second, the posterior phenotype RBrhp4null  the node. This hypothesis is supported by the rescue of node
embryos analyzed by SEM strongly resembles th&@gé8/~  morphology in the tetraploid chimeras (Fig. 4D).
mutants, with an accumulation of cells in the primitive streak One important character of the mouse node is the formation
region filling the amniotic cavity and creating a characteristi@and function of monocilia. Although these cilia are present in
bulge [compare Fig. 2B, parts g,h with Fig. 1C,D by Sun et aklmost all ventral cells iBmp4null mutants and tetraploid
(Sun et al.,, 1999)]. This posterior streak defect and thehimeras analyzed, whether leftward nodal flow is present
expression oFgf8are rescued in tetraploid chimeras, in whichremains to be determined.
EXE Bmp4 is restored. ] . . ) ) )

Our present study shows that formation not only thé3mp4 made in epiblast-derived tissues is required
posterior streak but also the node is dependent on ExE Bmp®@r molecular LR patterning
A recent study has provided insight into the ontogeny of thé key finding of this study is that in boBmp4null mutants
mouse node (Kinder et al., 2001). At the mid-streak stage, thend tetraploid chimeras, there is reductioMoflalexpression
majority of node precursors appear to be localized in th& the node and left LPM (Fig. 1A, parts b,c; Fig. 5D-F). This
primitive streak immediately posterior to the cells that colonizesuggests that Bmp4 made in epiblast-derived tissues is an
the prechordal mesoderm, foregut endoderm, notochord amgbstream regulator of Nodal signaling and the establishment or
prospective floor plate of the neural tube. BBti8 andFgf4  maintenance of the left-side molecular pathway.
are expressed in the prospective node region, and genetic los©ne unanswered question is whether defects in the
of Fgf8 function results in severe abnormalities in the nodenolecular LR pathway iBBmp4 mutants are translated into
(Crossley and Martin, 1995; Sun et al., 1999)Bmp4null defect in anatomical structures. Homozyg®&mp4 mutants
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die before asymmetries in gut derivatives develop, and the ontiierefore took an alternative approach and inhibited the activity
anatomical read-out that can be assayed is heart loopingf Bmps, including Bmp4, in the LPM by applying noggin in
HypomorphicNodal mutants have randomized heart looping,culture to embryos that already exprieslalin the node. This
with ~50% to the right and 50% to the left (Lowe et al., 2001)resulted in the absence ldbdalexpression in the LPM, while
By contrast, about half of thBmp4null mutants examined transcription continued in the node. This finding in the mouse
here have mesocardia, in which the heart does not loop at a#i. inconsistent with the model proposed in the chick embryo
We have observed thaBmp4 is strongly expressed, in which the function of Bmps (Bmp2, Bmp4, Bmp7) is to
symmetrically, in the outflow tract of the eight- to ten-somitesuppress Nodal signaling in the LPM. An important feature of
stage embryo (data not shown). This raises the possibility thtte chick model is the presence of caronte in the left LPM that
abnormalities in the LR patterning of the heart are compoundedhibits Bmp signaling and consequently permitodal
by a secon@®mp4function intrinsic to cardiac morphogenesis. expression in the left LPM (Rodriguez Esteban et al., 1999;
Early cardiac specific inactivation Bimp4will be required to  Yokouchi et al., 1999). In the mouse, no caronte homolog has
test this hypothesis. been identified, and the Bmp antagonists, noggin and chordin,
The cardiac and LR molecular marker expression defectse not expressed in the LPM (Davidson and Tam, 2000) (Fig.
caused by loss dmp4function are observed in 50-75% of 6A). Therefore, it can be concluded that mouse and chick
Bmp4null mutants, but in all tetraploid chimeras. Thisembryos use different molecular mechanisms in the LPM to
discrepancy is possibly due to the different genetiestablish and maintain LR asymmetry.
backgrounds on which the null mutation is presented. Cryptic is a positive co-factor of Nodal signaling (Shen and
Tetraploid chimeras are completely ES cell-derived (Nagy €Bchier, 2000; Yeo and Whitman, 2001), and is expressed
al., 1993), so that our chimeras reflect the phenotyBenpi4 bilaterally in the LPM, node, and midline axis, from the
null mutants on the 129/SvEvTaqfBR inbred background. Asieadfold to six- to eight-somite stage (Shen et al., 1997).
previously shown, homozygolBmp4 mutants on an inbred Bilateral cryptic expression in the LPM is seerBimp4null
background have more severe defects than on an outbretutants at the headfold to one somite stage (Fig. 2C, part g),
background (Winnier et al., 1995; Lawson et al., 1999)putis undetected in later two- to six-somite-stage mutants (Fig.
although the genetic basis for this effect is not yet known. 2C, parts e,f). This suggests that embryo-derived Bmp4
) ) ) . functions as a maintenance factor for cryptic expression in the
Role of epiblast-derived Bmp4 in regulating  Nodal LPM. It is of interest that, unlik®mp4null mutants and
expression in the node tetraploid chimeras, the headfold-stage embryos cultured in
Several epiblast-derived cell populations expré&a®p4, vitro with added noggin did express cryptic in the LPM and
including the ExM, the most posterior mesoderm of themidline (Fig. 6E). A significant difference between the mutants
primitive streak, and, later, the LPM (Lawson et al., 1999)and the wild-type embryos cultured with noggis17) is that
Based on timing of expression, it is likely that Bmp4 expresseth the latterNodalexpression is still observed in the node (Fig.
in the ExM and/or the most posterior primitive streak affect€D). This argues that cryptic expression in the LPM and/or
the initiation of Nodal expression in the node, while midline is initiated and can be maintainedNbydalexpressed
consolidation and maintenance of tiN®dal expression is in the node (Fig. 7C). In the future, sorting out the precise
regulated byBmp4expressed in the posterior LPM from the contribution of the different tissues expressBmgp4will be
late neural plate stage. Previous genetic loss of function studibest achieved by inactivation of the gene by conditional gene
using hypomorphi€&gf8 mutants proposed that Fgf8 producedtargeting strategies.
in the primitive streak positively regulatii®dal expression in ] o ] )
the node (Meyers and Martin, 199%)gf8 expression in our Downstream Bmp4 signaling in LR axis formation
tetraploid chimeras was moderately reduced, but still preseBmps signal through transmembrane receptors and
(Fig. 5H). However, whether the level of Fgf8 in thesedownstream components such as Smadl, Smad5, Smad8 and
chimeras reaches the threshold necessary to supjooldl Smad4 (Massague and Chen, 2000). Recently, it was reported
expression in the node still remains unclear. An attractivéhat about half of th&mad5null mutants at the one- to five-
alternative possibility is that molecules other than Fgf8 arsomite stage have bilaterdlodal expression, while the
required in this signaling pathway. Examining the expressioremainder show no expression in the LPM. Moreover, in
of other signaling molecules Bmp4/~ mutants might shed Smad5null mutants,Nodal expression in the node is normal,

light on the answer to this question in the future. with enrichment in the left periphery (Chang et al., 2000).

However, Leftyl, which functions as a midline barrier, is
Role of epiblast-derived Bmp4 in regulating  Nodal absent in alBmad5null mutants examined, suggesting that the
expression in the lateral plate mesoderm bilateral LPMNodal expression is a result of a midline defect

Left side determinant genes, includiNgdal andLefty2 are  (Chang et al., 2000). By contrast, we did not observe any
first expressed in the left LPM of the embryo at the two- to sixBmp4null mutants with bilateraNodal expression in the
somite stage (Collignon et al., 1996; Meno et al., 1996). BYPM, and the loss of left LPMlodalexpression iBmp4null
contrast, expression &mp4in the ExM, posterior primitive mutants and tetraploid chimeras was, in all cases, accompanied
streak and LPM starts earlier, at least from the headfold stagay strongly reducedNodal expression in the node (mutants,
This suggests that Bmp4 positively regulates downstream=14/14; chimeras)=6/6). The discrepancy in LR patterning
genes that establish and maintain LR asymmetry, includingetween thé&mad5-andBmp4null phenotypes may therefore
expression ofNodal Lefty2and cryptic. Our genetic loss-of- be due to differences in the level of Nodal production in the
function studies alone do not address the specific role of LPMrode, which is required to activaidal signaling in the left
produced Bmp4 in regulating Nodal signaling in the LPM. WeLPM.
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Summary: a model for the establishment of LR Hogan, B., Beddington, R., Constantini, F. and Lacy, E.(1994).

asymmetry in the mouse embryo Manipulating the Mouse Embry@&old Spring Harbor, NY: Cold Spring

o tic | Bmp4 f ti | id Harbor Laboratory Press.
ur genetic 10ss obmpa4 function analyses provide new Kinder, S. J., Tsang, T. E., Wakamiya, M., Sasaki, H., Behringer, R. R.,

insight into the signaling cues that initiddedal expression in Nagy, A. and Tam, P. P(2001). The organizer of the mouse gastrula is
the node and left LPM of the mouse embryo. We propose thatcomposed of a dynamic population of progenitor cells for the axial
Bmp4 functions at two stages. As summarized in Fig. 7, Bmp4a’J‘V§§gdeKrfTADe&2gg;”ees”%Z% 3:nzd3'sgggr-sen R @961). Clonal analysis
madg_ln the ExM ,and/or postgrlor primitive Streak promOteé- of ep,iblast ’fate durin,g germ layer form'ation in the mouse embryo.
the initial expression oNodal in the node, possibly by a  pevelopment13 891-911.

mechanism independent &fgf8 (Fig. 7B). This effect is Lawson, K. A,, Dunn, N. R., Roelen, B. A., Zeinstra, L. M., Davis, A. M.,
apparently independent of an earlier role for Bmp4 in Wright, C. V. Korving, J. P. and Hogan, B. L.(1999). Bmp4 is required

; ; ; ; : for the generation of primordial germ cells in the mouse em@goes Dev.
proximodistal patterning of the epiblast and the morphogene3|313’ 424.436.

_Of the_ node (Fig. 7A). Second, _we propose that BmpS,evin, M. and Mercola, M. (1999). Gap junction-mediated transfer of left-
including Bmp2 and Bmp4, function later in the LPM to right patterning signals in the early chick blastoderm is upstream of Shh
positively regulate the expression Nibdal Cryptic might asymmetry in the nod@evelopment26 4703-4714. _
ensure the competence of the LPM to respond to the signal tHﬁE‘”' M., Johnson, R. L., Stern, C. D., Kuehn, M. and Tabin, C(1995).

tia

. . . . . molecular pathway determining left-right asymmetry in chick
activates the left-side signaling cascade (Fig. 7C). The essential, v ogenesicCell 82, 803-814.

feature of this proposal is that Bmp4 is a left-side-signalingogan, M., Pagan-Westphal, S. M., Smith, D. M., Paganessi, L. and Tabin,

facilitator during mammalian embryonic development. C. J. (1998). The transcription factor Pitx2 mediates situs-specific
morphogenesis in response to left-right asymmetric sig@al$.94, 307-
Note added in proof 317.

. . . . Lowe, L. A., Yamada, S. and Kuehn, M. R(2001). Genetic dissection of
Since the submission of this manuscript, two papers havenogal function in patterning the mouse embrpevelopment.28 1831-
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