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Summary

The neural crest is a multipotent, migratory cell population
arising from the border of the neural and surface ectoderm.
In mouse, the initial migratory neural crest cells occur
at the five-somite stage. Bone morphogenetic proteins
(BMPs), particularly BMP2 and BMP4, have been
implicated as regulators of neural crest cell induction,
maintenance, migration, differentiation and survival.
Mouse has three known BMP2/4 type | receptors, of which
Bmprlais expressed in the neural tube sufficiently early to
be involved in neural crest development from the outset;
however, earlier roles in other domains obscure its
requirement in the neural crest. We have ablatedmprila

However, mutant embryos display a shortened cardiac
outflow tract with defective septation, a process known to
require neural crest cells and to be essential for perinatal
viability. Surprisingly, these embryos die in mid-gestation
from acute heart failure, with reduced proliferation of
ventricular myocardium. The myocardial defect may
involve reduced BMP signaling in a novel, minor
population of neural crest derivatives in the epicardium, a
known source of ventricular myocardial proliferation
signals. These results demonstrate that BMP2/4 signaling
in mammalian neural crest derivatives is essential for
outflow tract development and may regulate a crucial

specifically in the neural crest, beginning at the five-somite
stage. We find that most aspects of neural crest
development occur normally; suggesting that BMPRIA is

unnecessary for many aspects of early neural crest biology.

proliferation signal for the ventricular myocardium.
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Introduction molecules, bone morphogenetic proteins (BMPs), particularly

The neural crest is a transient vertebrate tissue with a wiggP2 and BMP4, have been implicated in promoting NCC
variety of cell fates, including peripheral nervous systerﬁ”dUCt'O”g maintenance, migration and differentiation in
neurons and glia, melanocytes, smooth muscle cells and mg§veral different model organisms (Aybar and Mayor, 2002;
craniofacial cartilages and bones (Le Douarin and Kalcheinfhristiansen et al., 2000; Knecht and Bronner-Fraser, 2002).
1999). The neural crest also contributes crucial cell populatiofd0st evidence has come from gain-of-function manipulations,
to several thoracic tissues, including the developing outflogUch as application of recombinant BMP proteins, or
tract of the heart (Kirby and Waldo, 1995). Neural crest cell§verexpression of transgenes that modulate BMP signaling.
(NCCs) delaminate from the dorsal neural folds, undergo afowever, zebrafish embryos with reduced BMP2 show
epithelial to mesenchymal transition, and migrate to targedeficient NCCs (Nguyen et al., 1998). Mouse embryos null for
tissues. In mouse, this process starts in the rostral hindbrdfVIP2 show no evidence of migratory NCCs, but die while
around the five somite (5 s) stage (Nichols, 1981), extends fgural crest is forming, obscuring the requirement for BMP2
the midbrain, forebrain and caudal hindbrain, and progresség this process (Kanzler et al., 2000). The involvement of other
to increasingly caudal trunk levels. At any given axial levelBMPs and signaling pathway components are masked by
the process of NCC production lasts about 9 hours (Serbedzgarlier roles or, possibly, by functional redundancy. Thus,
et al., 1992). Thus, the early phases of NCC development affee requirements for BMP activity in various aspects of
ongoing at all axial levels in mouse; for example, in the rostrahammalian neural crest development remain unclear.
hindbrain, emigration appears to be complete around 11 s,We have used a conditional gene ablation approach to
while it lasts until 14 s in midbrain and caudal hindbrain, andddress the requirements for BMP signaling in mammalian
extends to yet later stages at other axial levels (Serbedzija€C biology. BMP ligands activate a bipartite receptor
al., 1992). complex composed of a type | and type Il receptor (Kawabata
In conjunction with several other developmental signalinget al., 1998). Mouse has three known type | receptors for
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BMP2 and BMP4, BMPRIA (ALK3), BMPRIB (ALK6) and  Ink injections

possibly ActRIA (ALK2) (Miyazono et al., 2001). Neither To analyze blood flow, dissected embryos were injected with India ink

Bmprlbnor Actrlais expressed in the neural tube until well into the ventricle using a pulled capillary tube and mouth pipette.

after NCC migration has begun (Gu et al., 1999; PanchisioBmbryos were subsequently fixed in paraformaldehyde and cleared in
et al., 2001; Yoshikawa et al., 2000). By contr8shprlais  BABB (Hogan et al., 1994).

expressed throughout the early embryo, including the dorsgh pcRr and PCR

nleurlaéggldsl:, bt” mtml mutantsdf?II tol gaS”trulllatle %Shina GtI'o test for the presence of Cre, tissues were microdissected from
al., )- Fortunately, a conditional null allele®pria onpvos RNA was purified using Trizol reagent and standard

allows the deletion of this gene in tissues expressing Crgocedures, including DNAse treatment to prevent genomic DNA
recombinase (Mishina et al., 2002). We usetlVatl-Cre  contamination (Sambrook and Russell, 2001). Total RNA was used
transgene, which triggers recombination exclusively irfor in vitto cDNA synthesis with MMLV reverse transcriptase
forming NCCs (Brault et al.,, 2001; Chai et al., 2000;(MMLV-RT; Gibco). Cre was amplified with the same primers as for
Danielian et al., 1998; Jiang et al., 2000), to deRatgorla  genotyping. HPRT primers were used as published (Stottmann et al.,
specifically in the neural crest from the outset of migration2001).

Embryos lacking Bmprla in NCCs die abruptly at

midgestation with no defects in the induction, maintenanceResunS

delamination or initial migration of NCCs. Instead, we

observed severe defects in the cardiac outflow tract an@/ntl-Cre mediates Bmprla ablation from early
ventricular myocardium. stages of neural crest development, resulting in

mid-gestational lethality

Our strategy for assessing the role Bfprla in NCC

Materials and methods development relied on the use of a conditional alleBnpria

M int q o (Mishina et al., 2002) in concert with an establistéut1-Cre
ouse maintenance and genotyping o transgene (Danielian et al., 1998) to drive recombination
Embryos were generated by matidntl-Cré+;Bmprld"/+ mice  ghacifically in NCCs (Brault et al., 2001; Chai et al., 2000;

with mice homozygous for theBmprid®* allele or doubly Jiang et al., 2000). To visualize Cre activity in NC@&t1-

homozygous for the R26R reporter and Brmpridox allele. All C . dt C binati wer li
Bmprlaalleles and their genotyping are as published (Mishina et al re mice were crossed (o a Lre recombination reporter fine,

2002). Mutant embryos were identified by PCR genotyping fort26R (Soriano, 1999). Recombination by Cre at the R26R
presence of the Cre transgene (Crel, TGATGAGGTTCGCAAJOcus brings dacZ transgene under the irreversible control of
GAACC; Cre 2, CCATGAGTGAACGAACCTGG) and a null allele a ubiquitous promoter. Embryos carryiRg6RexpressacZ
of Bmprla R26R alleles were identified by a 250 bp PCR producin all cells that express active Cre recombinase, and in the
(R26R-1, AAAGTCGCTCTGAGTTGTTAT; R26R-2, GCGAAGAG- descendents of those cells.
TTTGTCCTCAACC). Tie2lacZ (Schlaeger et al., 1997) -positve  Recombination at the dorsal neural folds of the
animals were identified by X-gal staining (see below) of tail biopsiesnidbrain/hindbrain junction was visible by 4 s (Fig. 1A,B),
blefo)re Weag'”g' N‘iog on tg‘é gayEaftber mating (aStJ”dgded by .Va?'” flecting a domain dfvntlexpression required for midbrain
plug) was designated as E0.5. Embryos were staged precisely - I
somite count and comparison with established references (Kaufm évelopment (McMahon and Bradley, 1990). The first Q'Stmc'.[
1992). CCs were seen along the dorsal neural folds of the hmdbram
at the 5 s stage; these are more numerous by 6 s (Fig. 1C,D).
Gene expression assays and histology Recombination extended into the rostral spinal cord by 8 s (Fig.
RNA probes were labeled with digoxigenin (Roche) and used folE,F). Transverse sections Wint-1Cre; R26Rembryos at
whole-mount in situ hybridization according to standard protocols-10 s (E8.5) revealed migration from the neural tube to the
(Belo et al., 1997). All riboprobes were synthesized from publisheghharyngeal arches and other target tissues (Fig. 1G and data
plasmids:Tcfap2a(Mitchell et al., 1991)Crabp1(Stoner and Gudas, not shown). Recombination then extended caudally along the
1989), cadherin 6 (Inoue et al.,, 199721 (Quaggin et al., 1998).  dqorsal neural tube to include the entire neural crest and its
lacZ transgenes were visualized by fixing embryos for 15 minutes &§ascendents (Fig. 1H,Wnt1-Creactivity in the neural crest
room temperature with 4% paraformaldehyde, rinsed and staineéfl5 s coincides with ’the time at which the first NCCs have

overnight with X-gal stainTie2-lacZembryos were cleared to benzyl - . "
alcohol: benzyl benzoate (BABB). Histological analysis wasP€een detected by cell labeling studies (Serbedzija et al., 1992).

conducted on §im paraffin wax-embedded sections using established Nus,Wnt1-Creallows recombination d8mprlain the neural
protocols (Hogan et al., 1994). Section immunohistochemistry witter€st from very early stages of its development.

antibodies for smooth muscle actin (Sigma clone 1A4) and PECAM1 Mice carrying theWntl-Cretransgene and a null allele of
(BD Pharmingen) used colorimetric substrates (NBT/BCIP). ThéBmprla(Bmprldul) were crossed to mice homozygous for a
WT1 antibody (Santa Cruz) was used on cryosections at 1:500 amdnditional allele ofBmprla (Bmprldlox, Fig. 2A). One
visualized with AlexaFluor 594 Goat anti-Rabbit IgG (Molecular quarter of the resulting embryos are of the genotypel-Cre;
Probes) at 1:500. Whole-mount immunohistochemistry was carriegmprldlox/null, and are presumably unable to signal through
out with 2H3 supernatant from the Developmental Studies HybridomBMPR'A in NCCs and their derivatives: we designate these as
Bank at the University of lowa. Proliferating cells were marked‘mutant,_ Simultaneous expression of #ént1-Cretransgene

with an antibody against phosphorylated histone H3 (Upstate o . L9
Biotechnologies) at 1:1000 overnight at 4°C; Goat anti-Mouse Cygnd theBmprlaconditional allele results in recombination at

(Jackson) overnight at 4°C at 1:1000. Confocal microscopy utilized '€ Bmprlalocus as intended (Fig. 2B; data not shown).
Zeiss LSM 510. Mitotic indices were calculated as percent of labele@lthough we are unable to analyze precisely when BMPRIA
cells among the total number of DAPI counterstained cells (stainingeases to function in any given NCC cell, our experimental
for 5 minutes at room temperature). system results in the removal of BMPRIA during all but the
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4 somites 6 somites 8 somites Fig. 1. Wnt1-Crerecombination in the neural crest cells is marked by
A Cc E the expression d3-galactosidase iWnt1-Cre; R26Rmbryos.
. (A,B) At 4 somitesWntl-Cremediates loxP recombination in the
‘ . ‘\ forming NCCs of the hindbrain, but not the neural tube.

‘ i (C,D) Multiple neural crest cells are positive fogalactosidase
o activity in the neural tube at 6 somites. (E,F) NCCs are more

plentiful at the eight-somite stage and are present at more caudal
levels of the neural tube. Black arrowheads indicate the NCCs. B,D,F
are dorsal, higher magnification views of embryos shown in A,C,E,
respectively. Anterior is towards the top in B, towards the left in D,F.
(G) A transverse section through the first pharyngeal arch (pa) of an
embryo at similar stages to E,F. (H) E9.0 (15 somites) and (I) E10.5
embryos show caudal progressionfit1-Creactivity and increased

NCC induction and migration.

hindbrain (Serbedzija et al., 1992), by which time expression
of Cre has been robust for half a day. Moreover, BMPRIA
should be absent in NCCs during their migration to target
10.5 tissues and their differentiation upon arrival.
In dissections from the crosses to produce mutant embryos,
Wnt1-Cre; Bmpri#pxnull embryos were fully represented up

earliest stages of NCC development. Available antibodiet E11.5 (Fig. 2H,J), but did not survive beyond E18-®(47;
against BMPRIA and the phosphorylated form of SMAD1Fig. 2K; Table 1). At E.11.0, mutants looked externally normal
(indicating BMP signal transduction) proved ineffective inand had normal circulation (Fig. 2E,F). By contrast, from
assessing BMPRIA protein and its output at the single-celE11.5, they showed evidence of severe circulatory defects
level (RW.S. and J.K., unpublished). However, severa{n>60). For example, yolk sacs appeared to contain no blood
previous studies with this conditional allele in a variety of(Fig. 2I) and embryos displayed pooling of blood in major
contexts (Ahn et al., 2001; Gaussin et al., 2002; Hebert et aligssels, heart and liver (Fig. 2J). The majority of embryos
2002; Jamin et al., 2002; Mishina et al., 2002) have given neecovered at E12.5 were clearly necrotic (Table 1). Thus,
reason to suspect significant residual BMPRIA protein oembryos lackinddmprlain NCCs die abruptly with symptoms
incompleteBmprlai'OX recombination. Thus, although ablation of acute heart failure around E11.5-12.0.
of BMPRIA in the neural crest domain will not necessarily
happen before the induction of the first NCCs, which mushieural crest cells are specified and differentiate in
occur prior to 5 s in the hindbrain, the receptor is likely to bddmprla neural crest mutants
absent well before NCC generation is complete at any axidllutant embryos showed no deficit in NCC specification or
level. This occurs at 11 s at the earliest location, in the rostratigration from the neural tube, as assayed by expression of the

' +
Fig. 2. Ablation of Bmprlain A B o @
neural crest cells. We have O &)
_ Wit1-Cre: Brpr-lA null Cre (+): Bmpr-lA null | Cre (+): +
used thevntl Cretransgene t " xre PRI sy Bmpr-lA floxed  |ipgy, Bmpr-IA floxed 400 b Cre

ablateBmprlaactivity in

—-

. Bmpr-1A floxed Cre (-); Bmpr-lA null_| Cre (-): +
mouse NCCs. In the mating Bmpr-IA floxed zsw)  Bmpr-lA floxed |5y Bmpr-IA floxed 200 bp_ Erlrnpr1d?
oxe

E11.5 (45-50 som) K Survival of Wnt1-Cre;

29
r‘a

scheme outlined here (A), on
quarter of the resulting
embryos cannot transduce
signals through BMPRIA in
the neural crest. (B) PCR
primers designed to detect
recombinedBmprlaalleles
from genomic DNA show
recombination from 15 s
embryos only in the presence
of Cre. (C-F) At E11.0, wild-
type andwWntl-Cre;
Bmpridloxnull (mutant)
embryos were morphological
indistinguishable.

(G-J) Dissections at E11.5
showed an apparent lack of
blood flow in mutant yolk sacs despite the presence of yolk sac blood vessels (I, arrows). Mutant embryos at E11.5 (Jdnghaivblooal in
peripheral vessels, heart, and liver. (K) Genotyping of dissected embryos revedlatthatre; Bmpr18ox/nullembryos are fully represented
(Mendelian expectation is 25%) until E12.5. At E12.5, half of embryos recovered are in the process of resorption (redyarnttasly
necrotic. No mutants have been recovered after E12.5.

E11.0 (36-40 som)

Bmpria flox/null embryos

Control

)}
Percem recovered |2

4771 | 6oizs2 | 6aizas ou7
E9 E10 E‘H E12E13-P0

Bmpria flox/null

Whnt1-Cre;
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Table 1. Survival of Wnt1-Cre; Bmprido¥nul embryos E9-5 Crabp1 | E11.0 R26R

Cre negative; Cre positive; Cre negative; Cre positive;

Age Bmprlaf/”ox Bmprla-/ﬂox Bmprlamlllflox Bmprlaw”/f'ox §

E9 29 11 14 17 (24%) 5

E10 75 57 61 69 (26%) O

E11 50 65 45 64 (29%)

E12 21 27 36 14* (14%)

E13 3 1 0 d (0%)

E16 3 8 4 0 (0%) =B

PO 11 11 6 0 (0%) g
*Seven out of 14 embryos recovered at E12 were in process of resorption: o E

remaining embryos showed obvious signs of necrosis. Five more resorptions G ©

were genotyped aa/nt1-Cre; Bmpriapl/fiox < T
TOne resorption at E13 and five resorptions at E16 were recovered and = =N

genotyped asvnt1-Cre; Bmpr1al/flox = HE]

Fig. 3.NCCs develop in BMPRIA NCC mutant embryos.

. A,C,E) Wild-type, stage-matched control embryos\iént1-Cre;
neural crest markerbcfap2a (AP#: n=4), cadherin 61{=4) (Bmprlzi'oxmu”%putants%B,D,F). (AB) Expressioz Gfabpland

a_nd Cra_bp_l (n=3) at E9.5 and E10.5 (Fig. 3A,B). In|t_|al other neural crest markers showed normal NCC specification in
differentiation also appeared normal; for example, an antibodyytants. (C,D) Immunostaining for neurofilaments with the 2H3
marking neurofilaments of the peripheral nervous systemantibody showed proper differentiation of NCCs in mutants.
indicated normal formation of sensory neurons (Fig. 3C,D). BYE,F) Mutant embryos expressing tR@6Rreporter, to label NCCs,
including the recombination report®26Rin our breeding show a normal distribution of NCCs and proper formation of many
scheme to ablatBmprilain the neural crest, such that eachtarget tissues, including pharyngeal arches (arrows) and dorsal root
resulting embryo carries one copyR26R we simultaneously ~9anglia (arowheads).

mark both NCCs and cells lackiynprla(though we cannot

be certain that any specific labeled cell necessarily lacksetween wild-type and mutant embryos before the onset of
Bmprla as the loxP sites iR26RandBmprid°X recombine  embryonic necrosis. These data strongly suggest that the lack
independently). These NCC-labeled embryos showed thaf yolk sac circulation and the frequent pooling of blood in the
mutant cells achieved a normal distribution at E11.0 andhutant (Fig. 2J) is a sign of impending death, secondary to a
integrated into many differentiating tissues and organs, such asucial cardiovascular deficit elsewhere in the embryo, such as
pharyngeal arches and dorsal root ganglia (Fig. 3E,F)nadequate blood flow from the heart.

Although assessing the ability of mutant NCCs to contribute

to each neural crest derivative type is well beyond the scope 8blation of Bmprla in neural crest cells leads to

this study, it is clear that NCCs devoid Bimprla can outflow tract defects

contribute normally to many tissues up through the time oNCCs are known to have an essential role in heart
embryonic death. Our experiments do not allow us to assedsvelopment: they migrate along the pharyngeal arch arteries
the requirement for BMPRIA during initial neural crestto populate the outflow tract (OFT), where they are required
specification; nevertheless, the data show Bmprlais not for septation of the truncus arteriosus into the aorta and
required in NCCs from early somite stages for any ongoingulmonary artery (Kirby and Waldo, 1995). All mutant
specification, nor for migration or differentiation into many embryos analyzed (14) showed shortened OFTs and right

derivative cell types. ventricles as early as the 18 s stage when compared with stage-
) . matched control embryos. Further analysis of mutant embryos
Circulatory defects in  Bmprla neural crest mutants carrying theR26Rreporter showed reduced NCC contribution

The appearance of mutant embryos at E11.5 indicated sevecethe truncus arteriosus. This reduced NCC population and
cardiovascular defects. Although we observed a loss of yolkght ventricle shortening was observed at all stages examined
sac circulation, we detected no NCC contribution to extrafrom E9.0 (Fig. 5A-D, ~18 s) to E11.0 (Fig. 5I-L, 36-40 s).
embryonic tissues such as the yolk sac in either wild-type @hortened truncus arteriosus and right ventricle were present
mutant embryos (Fig. 4A). Moreover, yolk sac vesselsn mutant embryos past E11.0/40 s but these were excluded
appeared normal, as judged by histological analysis and yom analysis as the defect in the dying embryos could be a
expression of the endothelial markeég2-lacZ(Fig. 4B). Thus, result of overall embryonic necrosis (data not shown).
the effect of NCCs on the yolk sac blood flow is indirect.Shortened outflow tract tissue with reduced NCCs also lacked
Embryonic peripheral vascular circulation in the mutants alspronounced, well-formed endocardial cushions (Fig. 5M,N).
appeared abnormal at E11.5, but did not show a structur@lonsistent with reduced NCC immigration, tAg&2-lacZ
defect in endothelium, as marked by the expressiofia#-  transgene marked the endothelium of the distinct aorta and
lacZ or by anti-PECAML1 (Fig. 4C-F). NCCs contribute to the pulmonary artery of wild-type embryos (Fig. 5Q), but revealed
supportive  smooth muscle layer surrounding peripherah lack of septation of the truncus arteriosus in mutants (arrow
vasculature (Etchevers et al., 2001; Waldo et al., 1996; Willettiem Fig. 5R). Although the embryos observed at E12.0 were
et al., 1999). However, immunohistochemistry to label vasculdoeginning to show signs of necrosis, their apparent lack of
smooth muscle cells in either pharyngeal arch arteries (Fig@ndocardial cushion formation is consistent with the findings
4G,H) or outflow tract tissue (Fig. 41,J) showed no differencesf reduced NCCs and persistent truncus arteriosus.
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Whnt1-Cre; Whnt1-Cre; Wnt1-Cre;

Fig. 4.Normal vasculature in BMPRIA R Control. Bmpria-flox/null
NCC mutants. (A) NaWnt1-Cre A

expressing cells were observed in yolk
sacs (corresponding embryo i) A
Expression of die2-lacztransgene

marking endothelial cells showed no A ik
structural defect in mutant yolk sacs ¥l
(B) or in mutant embryos (D) H

»

PECAM-1

compared with controls (C).

(E-J) Immunostaining for the Whnt1-Cre Wnt1-Cre;

endothelial marker, PECAML (E,F; ;
sagittal sections through descending negative Bmpria-fiox/null

aorta) and for smooth muscle actin c D
(G,H; coronal sections through

pharyngeal arch arteries, highlighted

by arrowheads; and 1,J, coronal ;

sections through outflow tract tissue)

further confirm the lack of structural

defects in peripheral vessels of

mutants. p, pharynx. All paired images

are shown at identical magnification.

Tie2-lacZ
Smooth Muscle Actin

We considered that a reduction in NCC migration to the OFThese defects were seen prior to the onset of embryonic
might result in occlusion of pharyngeal arch arteries by ectopicecrosis (Fig. 6F).
NCCs, which could potentially cause embryonic death at mid- Such dramatic changes in the morphology of ventricular
gestation due to insufficient blood flow to the body. It istissue could be accomplished via a change in the amount of
noteworthy that these mutant embryos also occasionallgell death or cell proliferation. Using the TUNEL assay to mark
showed hypoplastic aortic arch arteries at E11.5 (Fig. 5T arapoptotic cells in sectioned hearts, we detected no increase in
data not shown). We tested the ability of the heart, great vessaigocardial cell death prior to global necrosis of mutant
and aortic arch arteries froBmprlaNCC mutants to allow embryos (data not shown). By contrast, cell proliferation
unimpeded blood flow by injecting ink into the ventricles andassays, using immunohistochemistry for phosphorylated
following its dispersal; we never detected any blockage ohistone H3 to mark cells in metaphase, revealed a dramatic
impeded flow (Fig. 5S,T). More importantly, we examineddifference in cell proliferation rates in the ventricular
mutant and control embryos by serial histological sections afyocardium (Fig. 6l). Total myocardial proliferation in
the entire OFT and pharyngeal arches at E11.5, and neveutants was decreased 24% at E1®80(001) and 21% at
observed blocked or occluded vessels (Fig. 5M-P). Even in&11.5 £<0.001), relative to stage-matched control embryos.
clearly necrotic embryo at E12.5 (Fig. 5V), sections througtWhen proliferating cells were tallied as a percentage of total
the outflow tract show a lack of septation and pooling of bloodells in the ventricular myocardium to calculate a myocardial
cells, but no ectopic tissues creating a barrier to blood flow tmitotic index, they were significantly reduced by this measure
the peripheral tissues (Fig. 5U). OFT septation defects per ss well (2.93% in controls versus 1.63% in muta@t€).015).
are not necessarily lethal until birth in chicks, mice or humans _ o
(Conway et al., 1997; Kirby and Waldo, 1995; Mair et al.,A population of neural crest cell derivatives may
1992), and thus seem unlikely to account for the midcolonize the epicardium
gestational death we observed. These considerations led usTioe mechanism by which the lack of a gene specifically in
suspect that although the outflow tract defects might exacerbatsCCs could lead to a deficient ventricular myocardium is
circulatory deficiency, the primary problemBmprlaneural unclear. To determine whether there might be a previously

crest mutants lies elsewhere. unknown NCC contribution to the mouse heart, we ¥gatll-
. ) . Cre; R26R embryos to assess the distribution of NCC
Thin ventricular wall in ~ Bmprla neural crest mutants derivatives in and around the ventricles. Embryos at E9.5

To elucidate the cause of the cardiovascular dysfunction arghowed a few[p-galactosidase-positive cells immediately
lethality in embryos lackin@mprlain NCCs, we examined ventral to the heart and in the epicardium (Fig. 7A), a thin
whether there might be defects in cardiac tissues not known toesothelial tissue surrounding the heart. The epicardium
involve NCC contributions. Ventricular structure at E10.5 andderives primarily from cells on the posterior side of the septum
E11.0 looked normal in mutant embryos (Fig. 6A-D) withtransversum, which lies just caudal to the primitive ventricles.
formation of both the compact myocardium on the peripheryrhe epicardium expands to cover the ventricular surface in an
of the ventricle, and the trabecular myocardium adjacent to thepithelial sheet by E10.0 (Komiyama et al., 1987). Some of the
ventricular cavity. At E11.5, however, both layers wereepicardial cells undergo an epithelial-mesenchymal transition
significantly reduced in mutants, showing a severely thinnednd contribute to several lineages within the heart, including
compact myocardial wall and little expansion of theconnective tissue and coronary vascular elements (Munoz-
trabeculated myocardium relative to wild type (Fig. 6E-H).Chapuli et al., 2002). In E10.5 and E13Mt1-Cre; R26R
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Fig. 5.BMPRIA mutant embryos Wnt1-Cre; Wnt1-Cre;
show cardiac outflow tract defects. Control Bmpri1a flox/null Control Bmprfa flox/null
(A-D) Dissections at E9.5 show
mutant embryos (B,D) to have
shortened outflow tract and future
ventricular tissue (rv and Iv indicate
future right and left ventricle,
respectively; broken lines indicate
limit of the future right ventricle).
These defects continue through E10. 5
(E-H) and E11.5 (I-L) with reduced
contributions of NCCs to outflow
tract tissue clearly visible by E10.5
(H; black arrows highlight extent of
NCC migration into outflow tract).
(M-P) Frontal sections of E11.0
Wnt1-Cre;Bmpr18oxnulk R26R
embryos (NCCs stained blue) show
no occlusion of the outflow tract
lumen (N) or aortic arch arteries (P,
black arrowheads) but do reveal a
reduction in endocardial cushion (ec)
size compared with wild type (M).
(Q,R) Tie2-lacZtransgene expression
marks endothelial cells, highlighting
the lack of outflow tract septation in
mutants at E12.0: red arrowhead
indicates aorta, blue arrowhead
indicates pulmonary artery, purple
arrowhead indicates persistent
(unseptated) truncus arteriosus.
(S,T) Injection of ink into E11.5
ventricles shows dispersion through
aortic sac to peripheral vasculature in
both control and mutant embryos.
Note the hypoplastic arch arteries
evident in mutants (T; iii, third aortic
arch artery; iv, fourth aortic arch
artery). (U,V) Frontal section through
a necrotioVnt1-Cre;Bmpr18ox/null
embryo at E12 still reveals a blood
filled, but unoccluded outflow tract.
White arrows indicate lumenal edge.
All paired images are shown at
identical magnification.

! ’

E10.5 (30-35 som) E9.5 (17-20s)

E12.0 Tie2-lacZ

E11.0 (36-40som)

E11.5 Wht1-Cre;
Bmpr1 a!ﬂox/nu.-‘i

embryos, progressively more marked cells were seen in the the epicardium of somé/nt1-Cre; R26Rembryos, despite
epicardium, and also in the outer ventricular myocardium (Figequivalent staging, fixation and processing. We suspect the
7B,C). No labeled cells were ever seen in the epicardium (dailure to observe these cells in all specimens reflects a
elsewhere) ofR26R embryos lacking Cre; furthermore, the technical limitation of our detection procedures.
same distribution of stained cells is seeint1-Cre; R26R Like other epicardial cells, a few of these lineage-labeled
embryos regardless of whether they were processe@-for cells then invade the ventricular myocardium (Fig. 7F).
galactosidase activity and then sectioned, or sectioned and thBacause cells of the epicardium populate the coronary arteries,
processed for activity (Fig. 7F). Together, these data eliminatge examined these vessels in late-gestafiol-Cre; R26R
the possibility that the labeled cells are artifacts fof = embryos for the presence of labeled cé&lle observed labeled
galactosidase staining. Although an epicardial NCC lineageells in the coronary arteries in both whole-mount (Fig. 7D)
has not been documented previously using this transgene, alid sectioned hearts (Fig. 7E). Collectively, this distribution of
otherWntl-Crelineages detected in our embryos are identicaimarked cells suggests that a small population of NCCs
to those shown in previous studies (Jiang et al., 2000). migrates to the epicardium, where it integrates into the nascent
Importantly, in both wild-type and mutant embryos, mostepicardial epithelium and has similar cell fates as neighboring
cells of the epicardium do not express the NCC lineage markezpicardial cells from other origins.
the labeled epicardial population never exceeded 12% in any We conducted additional tests to further evaluate the
of our specimens. Moreover, we failed to detect labeled cellsypothesis that the labeled epicardial cells derive from the
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Wnt1-Cre; Fig. 6. Embryos lacking BMPRIA in NCCs show defective
ventricular myocardium by the 45-50 somite stage. Transverse
COI’Ol : _ Bp ” flox/ h_ sections of ventricles from embryos at E11.0 [36-40 somites (A-D)]
e a8 ' and E11.5 [45-50 somites (E-H)]. The lower row shows higher
magnification images from the sections immediately above.
(B,D,F,H) Mutantwnt1-Cre;Bmpr18°x/null embryos;
(A,C,E,G) wild-type (control) littermates. (A-D) Histological
analysis of ventricular tissue revealed no mutant phenotype at E11.0,
with mutant hearts (B,D) having similar degrees of compact
myocardium (cm) as control hearts (A,C). (E-H) Control hearts at
E11.5 (E,G) have robust compact myocardium as well as
trabeculated myocardium occupying much of the ventricular
chamber. Mutant hearts (F,H) have reduced compact and trabeculated
myocardium, observable prior to global necrosis (inset in F shows
the embryo from which heart was taken; embryo appears healthy).
() Proliferation rates were measured by counting cells stained for
anti-phosphohistone H3 (pHH3+) as a percentage of the total at
E10.5. A significant reduction (asterisk;0.015) was seen in
mutant embryos. Scale bars: 25@ for A,B,E,F; 32um for
C,D,G,H.

E11.0 (36-40 som)

E10.5Wnt1-Creembryos, covering a wide range of somite
numbers (0/37; Fig. 71). We cannot exclude the possibility that
there may be a brief burst of short-lived Cre expression in a
temporal window not represented in our samples, although this
seems unlikely. Instead, these data taken together strongly
suggest that a small population of labeled epicardial and
myocardial cells derive from the neural crest.

Among several BMPs expressed in the developing heart,
BMP2 and BMP4 are known to be ligands for BMPRIA.
BMP?2 is expressed in the atrioventricular canal from E9 to E11
(Zzhang and Bradley, 1996). Using Bmp4-lacZtransgene
(Lawson et al., 1999), we observed tBatp4is expressed at
high levels in the parietal pericardium of the thoracic body wall
from E9.5 through E11.5 (Fig. 7J-L; data not shown). This
suggests that at least one BMPRIA ligand, BMP4, is present
in a cell population adjacent to potential receiving cells in the
epicardium.

E11.5 (45-50 som)

[ 3.50%
3.00%
2.50%
2.00%

1.50% . . .
? Intact epicardium in  Bmprla neural crest mutants

We then assessed whether the epicardium might show
abnormalities inBmprla neural crest mutants. Examination
of Wntl-Cre; Bmprl#* R26R embryos revealed an
indistinguishable distribution of labeled cells in the epicardium
between mutant and wild-type embryos (Fig. 8A,B compared
with Fig. 7A,B). This is in contrast to the truncus arteriosus,
where there is a striking reduction in NCC population in mutants.
neural crest. First, we assessed the distribution of cells labelédthough mutant NCC derivatives populate the epicardium, it is
by an independent NCC genetic lineage marl0;Cre  conceivable nonetheless that the epicardium is structurally
(Yamauchi et al., 1999)P0-Cre; R26Rembryos showed abnormal in the mutants. Physical delay of migration of cells
a similar contribution of NCCs to the epicardium andfrom the proepicardial organ results in a less extensive epicardial
myocardium (Fig. 7G,H). We then considered whether theseovering of the ventricles; this in turn is associated with reduced
cells might reflect coincidental activity ¥nt1-Creand PO-  myocardial proliferation in underlying tissue (Perez-Pomares et
Cre transgenes in some novel domain outside the neural crest,, 2002). To analyze the structure of the epicardium, we
such as the proepicardial organ or epicardium itself. Teompared ventricular epicardium in sectioned mutant hearts and
determine whether these cells could result from ect@p&c  control littermates, and found no evidence for a disrupted or
expression outside the neural crest, we assayed tissue venfratchy epicardium (Fig. 8C-F). Moreover, the epicardial cell
to the neural tube, including the heart and all other thoracidensity in sections was not significantly differe®>@.100)
tissues, forWntl-Cre expression by reverse transcription between stage-matched mutant and wild-type embryos.
coupled to the polymerase chain reaction (RT-PCR). We found Although mutant embryos displayed a structurally intact
no Cre expression in ventral tissues collected from E9.5 arepicardium, we assayed molecular markers of the epicardium

total clles

1.00%

0.50%

average #pHH3 + cells/

0.00%
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Wnt1- Fig. 7.NCCs populate epicardium and ventricular
myocardium. (A-CWntl-Cre R26Rembryos showed blue
B-galactosidase-positive cells (arrowheads) immediately
caudal to the heart (abutting the septum transversum) and
on the cardiac ventral surface, in the epicardium at E9.5
(A), E10.5 (B) and E11.5 (C). A transverse section of the
heart (C,F) reveals stained cells in the epicardium (epi) and
myocardium (m). ivs, interventricular septum; pp, parietal
pericardium. (D,E) Neonat&l/nt1-Cre; R26Rearts show
B-galactosidase-positive cells (arrowheads) contributing to
the coronary vasculature, consistent with an epicardial
lineage (inset shows entire heart shown in detail in D).

(E) Sections through E17 hearts (relative plane of section
indicated in D inset) indicaf@-galactosidase-positive cells
surrounding an artery containing red blood cells.

(G,H) Similarp-galactosidase-positive cells are seen in the
epicardium ofPO-Cre; R26Rembryos. (I) RT-PCR analysis
to assay for expression Wfnt1-Crein ventral tissues. From
each of twoNnt1-Cre; R26Rmbryos (Cre+) and one
controlR26Rembryo (Cre—), RNA was isolated from

tissues ventral to the dorsal aorta (ventral), including the
heart and septum transversum, and the neural tube (neural).
RNA was reverse-transcribed and subjected to PCR
amplification ofCre or Hprt (positive control). HPRT was
amplified from all samples except water( or those
prepared without reverse transcriptase (RT-). Cre was
amplified only in the neural tube samples from Cre+
embryos. (J-LBmp4-laczxpression. Whole-mount

embryos at E9.5 (J) and transverse sections at E9.5 (K) and
E11.5 (L), showing high levels &mp4expression in the
septum transversum (s.t.) and parietal pericardium (pp), but
not epicardium. cm, compact ventricular myocardium.

Cre cDNA

HPRT cDNA Discussion

In this work, we sought to determine the requirements
for BMPRIA signaling in neural crest cell development
by ablating this receptor specifically in the neural crest
domain from early somite stages. Although BMP 2/4
to determine whether epicardial gene regulation is generallsignaling promotes NCC induction, maintenance, delamination
perturbed in theBmprlaneural crest mutants. In the heart, and migration from the neural tube (Aybar and Mayor, 2002;
epicardin is expressed specifically in the epicardium (Robb é&necht and Bronner-Fraser, 2002; LaBonne and Bronner-
al., 1998). We detected no change in the expression @raser, 1999), embryos lackiBgnprlain forming NCCs show
epicardin relative to wild type (Fig. 8G,H). WT1 is alsono discernable defects in these processes. However, these
expressed in the epicardium, but unlike epicardin, has beenutant embryos die of mid-gestational acute heart failure, with
shown to have an important role in epicardial promotion otleficient ventricular myocardium proliferation and defective
myocardial maturation (Kreidberg et al., 1993; Moore et al.outflow tract morphogenesis.
1999). Immunohistochemistry for the WT1 protein revealed no
change in protein levels or localization between control anéileural crest develops in the absence of BMPRIA
mutant embryos (Fig. 81,J). Thus, the epicardium appears to #dthoughBmprlais expressed throughout the neural plate, this
largely normal in mutant embryos. receptor is dispensable for many aspects of NCC development.
Taken together, these data indicate that cells may migra@efinitive neural crest is first detectable at 5 s, beginning in the
from the neural crest to the epicardium, where they areostral hindbrain (Nichols, 1981), and production of NCCs is
potentially exposed to several BMPs, including BMP4. Loss obngoing for ~9 hours at any given axial location, ending first
Bmprlain NCCs results in midgestational defects in thein the hindbrain at 11 s to 14 s (Serbedzija et al., 1992).
underlying ventricular myocardium similar to those seen irMeanwhile,Wnt1-Creis expressed from 5 s in the hindbrain,
epicardial ablations. The epicardial population of NCCs isand has been strongly expressed there for several hours by 11 s.
distributed normally in mutant embryos, and the epicardium i&€ven if there were perdurance of BMPRIA protein long after
structurally intact. These results therefore suggest a specifise gene has been ablated (not suggested by previous studies
compromise in the proliferative influence of epicardium onwith this allele), it seems unlikely that significant numbers of
ventricular myocardium upon loss of BMPRIA in neural crestputative NCCs would retain BMPRIA protein during the whole
derivatives. window of NCC production. If the receptor were required for




Development and disease

v B cardium Bmpria flox/null
b I I
“~.. BMPs .
b ~..BMP:
' 2 \ % Gl . o % b
= roliferation _.. %
o ignals o
~0 A ~0
E9.5 E11. 5 S I
Wnt1-Cre, D wildtype E  Wnti-Cre;

Whnt1-Cre; Bmpr1a flox/null

Bmprla ablation in mouse neural crest cells 2213

A parietal per.icargjum

B

wild type

C  Wnti-Cre;

Bmpria flox/null

PA1
PA1

Fig. 9. A model for the promotion of ventricular myocardium
proliferation by BMP signaling in neural crest derivatives. (A) A
limited population of cells in #/nt1-Crelineage (blue) migrates to
the epicardium, located between the pericardial wall and ventricular
myocardium. (B) Within the epicardium, these cells transduce
signals through BMPRIA, resulting in the production of a
proliferative signal, botBmprladependent (solid arrows) and
Bmprlaindependent (broken arrows), for the underlying ventricular
myocardium. BMP ligands for BMPRIA are expressed in both the
pericardium and ventricular myocardium. In mutant embryos (C),

L although BMPs and cells of thint1-Crelineage are both still

: present, BMPRIA is not present\Wint1-Crepositive cells. This

lineage

E10.5 epicardin

P - 5 h A r w9 results in decreased production of the unidentified trophic factor
be ﬂ%e. .- downstream of BMPRIA, leading to decreased myocardial

proliferation. (D) An alternative explanation for the myocardial
proliferation defects involves the cardiac neural crest of the outflow
tract (OFT). These cells may produce a long range signal (red
arrows) stimulating proliferation throughout the myocardium. (E) In
mutant embryos, decreased migration of NCCs into the OFT results
in decreased production of myocardial proliferation signals.

-1

E10.5

Fig. 8. Epicardium appears normal in BMPRIA mutants.

(A,B) NCCs appear in the same limited quantities in mutants asin . . .
control embryos at E9.5 (A) and E11.5 (B: compare to Fig. 7A,B). indistinguishable from wild-type controls. Moreover, the
(C-F) Histological analysis (transverse sections) of the epicardium BMPRIA protein would have been absent for many hours as
(e) at E11.5 shows no significant difference in the appearance of théhe NCCs migrate to target tissues and differentiate. It may be
epicardium of mutant tissue (D,F) which shows a clear ventricular that the only crucial period for BMPRIA signaling occurs prior
myocardial phenotype (D, ivs: interventricular septum, pp: parietal to 5-6 s, wherWnt1-Crerecombination becomes prevalent in
pericardium). Dotted lines in E,F delineate the boundary between  the forming neural crest; our current experiment is unable to
epicardium and compact ventricular myocardium. (G,H) In situ assess the necessity for this receptor during the earliest phases
hybridization forepicardinalso shows no defectinmutant ot NcC specification. Taken together, these considerations
epicardium (insets show that hybridization is specific to epicardial strongly suggest that BMPRIA signaling, is unnecessary in vivo

layer, pericardium was removed prior to in situ hybridization). o . - . R
(1) Immunohistochemistry for the WT-1 protein shows no decreaselOF Neural crest delamination, migration and differentiation into

in expression in the mutant in either the epicardium or the coelomic MOst derivative cell types.
epithelial cells of the parietal pericardium (cm, compact ventricular A potential implication of our results is that BMP signaling
myocardium). PA1, first pharyngeal arch; a, atrium; e, epicardium. in general may not have an essential role in many aspects of
All paired images are shown at identical magnification. mammalian NCC development. Neither of the other known
BMP type | receptors, BMPRIB and ActRla, is known to be
expressed in the neural tube during early NCC development
(Gu et al., 1999; Panchision et al., 2001; Yoshikawa et al.,
early NCC development but were not ablated soon enough, 02800). However, it remains possible that ectopic expression of
would have expected that the initial NCCs would form andBmprlbor Actrla or perhaps an unknown T@GRFamily type
migrate away, but that continued production would decline antireceptor, can compensate for the absend@ngrlain this
stop. Instead, we observed continuous production of NCGsontext.
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BMP signaling in neural crest cells is required for BMPRIA functions outside the ventricular
outflow tract development myocardium to promote its proliferation
Our study reveals a critical requirement for BMPRIA signalingThe primary cause of death in thént1-Cre; Bmprlanutants
in proper formation and septation of the cardiac OFT. Althougls ventricular dysfunction and a consequent failure to pump an
NCCs successfully migrate to the OFT in mutant embryos, wadequate supply of blood. The lethal phase is very narrow:
observed severe OFT defects, including a failure of septatianutants occur at Mendelian levels (25%) at E11, but are
and reduced conotruncal length. These phenotypes, whi@ntirely absent by E13. The ventricular myocardium appears
result from the ablation of a single gene product, closelyeduced shortly before death, particularly the outer, compact
resemble those resulting from physical ablation of the entirlayer. Although the ventricles of mutant embryos look normal
cardiac neural crest in chick embryos, roughly extending fronthrough E11.0, the ventricular myocardium shows significantly
the otic vesicle to the fourth somite (Kirby and Waldo, 1995)reduced cell proliferation by E10.5.
Further studies into the mechanism of the reduced OFT in The thin-walled ventricular myocardial phenotype that we
cardiac NCC ablations reveal an accompanying defectivebserve resembles phenotypes reported for loss-of-function
migration of the outflow tract myocardium from an anteriormutations in several other mouse loci. These include the genes
heart field (Yelbuz et al., 2003). We see no evidence for ancoding WT1 (Kreidberg et al., 1993), R&RKastner et al.,
change in cell number through cell death or cell proliferatior1997), RXRx (Sucov et al., 199434 integrin (Yang et al.,
changes in the OFT of our mutant embryos. Therefore, w&995), VCAM1 (Kwee et al., 1995), FOG2 (Tevosian et al.,
suggest that NCCs require BMPRIA for proper colonization o2000), erythropoietin and the erythropoietin receptor (Wu et
the OFT. Furthermore, we speculate that the NCCs colonizingl., 1999), and others. These mutants are all general ‘knockout’
the OFT in wild-type embryos may secrete a factomutations, in which the entire embryo has deficient gene
downstream of BMPRIA signal transduction, lacking in ouractivity. By contrast, our ablation &mprlawas restricted to
mutants, that stimulates migration of future outflow tracta very limited extracardiac population, wimprlaactivity
myocardial cells from the secondary heart field to form a fullyintact in myocardial cells. Thus, the myocardial phenotype is
mature OFT and right ventricle (Kelly et al., 2001; Mjaatvedtcaused indirectly, specifically as a result of deficient BMP
et al., 2001; Waldo et al., 2001). signaling in an extracardiac cell population that must function
Although other organogenesis defects also result frorn a tissue interaction that regulates myocardial proliferation in
cardiac neural crest ablations, such as deficient thymus attie ventricles.
parathyroid, th&mprlamutant embryos studied here died too o ) .
soon (prior to E12.5) to address whether BMPR1A in NCCs ié small cell population in the epicardium that
required for development of these organs. Nevertheless, oggnals through BMPRIA may promote ventricular
results complement earlier genetic evidence that BMmroliferation
signaling is necessary for OFT septation. A hypomorphic allelg§Ve observed a novel population of labeled cells contributing
of the gene encoding BMPRII, the binding partner ofto the epicardium from E9.5, and propose that deficient
BMPRIA, also results in OFT defects (Delot et al., 2003)BMPRIA activity in this lineage is responsible for the
Overexpression of the BMP antagonist Noggin in chick heantentricular defects. Considerable genetic evidence suggests
and great vessels, expected to decrease effective BMP ligatitht a defective epicardium can lead to reduced myocardial
levels in these tissues, results in OFT septation anomalies poliferation. For examplé)tlis expressed in epicardium, but
well (Allen et al., 2001). In both the chick Noggin cardiacnot in myocardium, yet has a very similar thin compact
misexpression experiments and the mouse NB@prla myocardium phenotype; expressionWitl specifically in the
ablation studies, NCCs entered the OFT but failed to migratepicardium rescued the thin-walled phenotype and death
as far towards the ventricles as in control embryos. Severélfloore et al., 1999). Interference with retinoic acid signaling
BMP ligands are expressed in the early OFT, including BMP2n the epicardium mimicked the thin-walled myocardium
BMP4, BMP6 and BMP7 (Bitgood and McMahon, 1995;phenotype ofRxra mutant embryos (Chen et al., 2002). In
Jones et al., 1991; Kim et al.,, 2001; Lyons et al.,, 1990the VCAM1, FOG2 anda-4integrin mutants, the tight
Together, these considerations suggest that local BMPs in apktaposition of epicardium with ventricular myocardium was
around the conotruncus signal through BMPRIA in theabnormal, with corresponding thinning of the myocardium
incoming NCCs to promote myocardial morphogenesis an(Kwee et al., 1995; Tevosian et al., 2000; Yang et al., 1995).
NCC colonization of the septating truncus arteriosus. Embryological studies complement these results. Ablation of
The acute heart failure observed just before death of thtbe proepicardial organ has a similar phenotype, and reduced
Wntl1-Cre;Bmpr18/nullembryos was not due to a failure of migration to the heart results in patchy epicardium with
blood to flow through the OFT to the periphery. Persistenteduced ventricular myocardium thickness underlying the
(unseptated) truncus arteriosus is not necessarily lethdkficient areas of the epicardium (Gittenberger-de Groot et al.,
until birth, when the fetus requires distinct pulmonary and2000; Perez-Pomares et al., 2002; Poelmann et al., 2002). This
systemic circulations. Although the aortic arch arteries wereeduction in ventricular wall thickness resulting from
occasionally somewhat hypoplastic in the mutants and manterference with the epicardium is caused primarily by
have reduced flow, the lumens of neither these arteries nor treduced cell proliferation (Pennisi et al., 2002).
truncus arteriosus were occluded. Indeed, other mutants with Thus, the thin-walled ventricular phenotype we observe in
hypoplastic aortic arch arteries survive beyond E12.5 (Abuwnt1-Cre;Bmprlamutants is very similar to those resulting
Issa et al., 2002; Lindsay and Baldini, 2001; Yanagisawa dtom molecular or structural epicardial defects. Our analysis
al., 2003), by which time th8mprla NCC mutants have indicated that the epicardium in the mutants has no detectable
died. structural problems, and that the expression of at least some
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epicardial markers was normal. Moreover, we found that thtéhe ventricles. It is possible that NCC derivatives colonizing
epicardial population of recombined (labeled) cells waghe OFT require BMPRIA for production of a secreted mitogen
indistinguishable between mutants and wild-type littermatedor the myocardium. In the absence of the receptor, there would
These data suggest that the relevant defect in the mutants is bee less of this mitogen produced, with a consequent under-
specific lack of functional BMPRIA in this population of proliferation of the myocardium. Some evidence consistent
epicardial cells. with this model comes from studies in the chicken, where NCC
Two recent studies have demonstrated directly that thablation leads to defective ventricular myocardium (Waldo et
epicardium produces secreted factors that promotal., 1999). Although the resulting phenotypes varied widely
proliferation of the underlying ventricular myocardium. Chenand showed a general increase in myocardial proliferation (in
and colleagues (Chen et al., 2002) found that cultured mousentrast to the consistently reduced proliferation observed
epicardial cells produce trophic factors for myocardial celhere), these results support the view that the neural crest in
proliferation, and production of this trophic activity dependssome way exerts an early influence on organization of the
on retinoid signal transduction in the epicardial cellsventricular myocardium. A molecular mechanism for this
Stuckmann et al. (Stuckmann et al.,, 2003) also found thatfluence is difficult to envision, in that it must involve very
blocking retinoid signaling in the epicardium blockslong-range signaling. However, direct co-culture of the
production of a secreted myocardial proliferation factor, asnyocardium with ventral pharynx (i.e. without NCCs) resulted
does blocking erythropoietin signaling. Neither studyin changes in myocardial &a signaling and increased
identified the proliferation factor(s) produced by epicardialproliferation (Farrell et al., 1999); this action of the pharynx
cells. was repressed by FGF function blocking antibody. This may
Our data lead us to propose a model for an essential roledicate that signaling from the pharynx has a negative effect
of BMPRIA signaling in an epicardial cell population on myocardial development, mediated by FGFs, that is
in promoting ventricular development (Fig. 9A-C). An normally alleviated by NCCs as they colonize the pharyngeal
extracardiac lineage of cells (reflectingVntl-Cre arches and OFT. To extrapolate this model to the experimental
recombination) migrates to the epicardium, and via BMPRIAsituation studied here, one might envision that reduced NCC
transduces a BMP signal. We found that BMP4 (a knowmnigration into the developing OFT in th&/ntl-Cre;
ligand) is expressed at high levels in cells adjoining th@mprldloXnul embryos allows more pharyngeal FGF to
epicardium, though other work has demonstrated expressiqerturb ventricular development. Although we cannot rule out
of Bmp5 Bmpg§ Bmp7 and Bmp10in the myocardium at such an interaction between NCCs in the pharynx and FGF (or
many stages (Dudley and Robertson, 1997; Kim et al., 200bther) signals, we suggest that a disrupted epicardial signaling
Neuhaus et al.,, 1999; Solloway and Robertson, 1999fascade is a more likely cause of the myocardial proliferation
Transduction of BMP signals by BMPRIA in these epicardialdefect seen in our mutants.
cells would in turn stimulate production within the o
epicardium of an unidentified proliferation signal for thels there a neural crest contribution to the
underlying ventricular myocardium. As we can detect only &picardium?
limited contribution of recombined cells to the epicardium,AlthoughWnt1-Creexpression has been associated exclusively
this population probably acts upon other cells of thewith the neural crest and its derivatives (Brault et al., 2001;
epicardium to stimulate production of this myocardialChai et al., 2000; Jiang et al., 2000), the epicardiuiViofl-
proliferation signal(s). Thus, a limited number of recombinedCre; R26R embryos contained a small proportion of
cells may lead to a defect in signaling from a much largerecombined cells. This indicates that they are derived from a
region of the epicardium. As a result, th&ntl-Cre; Cre-expressing lineage. Although we were unable to detect
Bmpr1dloxnull embryos would produce reduced proliferationsuch cells in every specimen (probably for technical reasons),
signal(s) and consequently experience a criticatontrol experiments indicated that the labeling was not a
underproliferation of the ventricular myocardium. Reducedstaining artifact. These labeled cells later populated the same
compact and trabeculated myocardium precludes sufficienissues as epicardial derivatives (coronary arteries and scattered
blood flow for the metabolic demands of the rapidly growingcells in the ventricular wall). Because these epicardial cells
embryo. Embryonic lethality then results primarily from clearly underwent epithelial-mesenchymal transition (EMT) to
ventricular failure, caused by deficient myocardialclonally populate these structures, it is possible that this
maturation. The ventricular deficiency of the mutantspopulation represents a fraction of the epicardium that is
analyzed here may be compounded by restricted flow througtompetent to undergo EMT rather than remaining an obligate
the unseptated outflow tract and hypoplastic aortic arcpart of the epicardial mesothelium.
arteries. Within the ventricular myocardium itself, BMPRIA We observed avntl-Crelineage of cells in the septum
has been proposed to transduce a myocyte growth signahnsversum adjacent to the ventricles at E9.5. This is the
(Gaussin et al., 2002), though in our mutants the myocardiutocation of the proepicardial organ, the source of epicardial
per se is wild type. cells. We therefore suspect that the labeled cells of the
An alternative model for the defective ventricularepicardium came from this tissue, though it is also possible that
proliferation we observed in th@/ntl-Cre; Bmprléex/null  they have migrated in from a known neural crest domain
embryos involves the NCCs that migrate around the pharyngealsewhere. We are uncertain whether these labeled cells are of
tissues to populate the outflow tract (Fig. 9D,E). We observedeural crest origin, or if they represent a hitherto undetected
that the colonization of the developing OFT by NCCs wasndependent expression domain \6ht1-Cre However, we
much reduced when these cells lacked BMPRIA; notably, theaw exactly the same distribution of labeled cells when we used
NCC population extended much less far down the OFT towarBO-Cre as an independent neural crest lineage marker.
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Moreover, using the sensitive assay of RT-PCR, we nevercranial neural crest during tooth and mandibular morphogenesis.
detected Cre expression in non-dorsal tissues dissected fronPevelopment27, 1671-1679. _
Wnt1-Cre embryos from E9.5-10.5 (during which time the Chen T. H., Chang, T. C., Kang, J. O., Choudhary, B., Makita, T., Tran,

. di f Th id ti lead t t that: M., Burch, J. B, Eid, H. and Sucov, H. M(2002). Epicardial induction
epicardium forms). These considerations lead us to suspec f fetal cardiomyocyte proliferation via a retinoic acid-inducible trophic

the labeled epicardial cells are of neural crest origin, though factor. Dev. Biol.250, 198-207.
they probably arrive via the proepicardial organ. Christiansen, J. H., Coles, E. G. and Wilkinson, D. G{2000). Molecular
Although an epicardial NCC lineage has not been otherwise control of neural crest formation, migration and differentiaturr. Opin.

observed in mice or chicks, recent evidence suggests Ncggis\'lgs'o';slz’jlgggﬁi R. E. Hatcher, C. J. Leatherbury, L

contribute to ventricular myocardi_um in zeb_rafish (Li_ et al., zolotouchnikov, V. V., Brotto, M. A., Copp, A. J., Kirby, M. L. and
2003; Sato and Yost, 2003). In mice and chickens with NCC Creazzo, T. L.(1997). Neural crest is involved in development of abnormal
defects, myocardial defects are seen before NCCs are knownnyocardial functionJ. Mol. Cell Cardiol.29, 2675-2685.

; eazzo, T. L., Godt, R. E., Leatherbury, L., Conway, S. J. and Kirby, M.
to populate the outflow tract, suggesting that NCCs prOdUC%rL. (1998). Role of cardiac neural crest cells in cardiovascular development.

factor(s) involved in myocardial _deve_lopment (Creazzo et al., xpnu. Rev. Physio60, 267-286.

1998). Moreover,Pax3 expression in NCCs rescues the panielian, P. S., Muccino, D., Rowitch, D. H., Michael, S. K. and
reduced myocardial tissue phenotypd’ak3null mutants (Li McMahon, A. P. (1998). Modification of gene activity in mouse embryos
et al., 1999). We suggest that lesions in an early population ofin utero by a tamoxifen-inducible form of Cre recombin&serr. Biol. 8,

A AT . . 1323-1326.
NCC derivatives, migrating into the epicardium and/or OUtﬂOWDelot, E. C., Bahamonde, M. E., Zhao, M. and Lyons, K. M2003). BMP

tract, account for previously observgd myocardial defects gjgnaling is required for septation of the outflow tract of the mammalian
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