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Abstract

The intercellular signaling mediated by endothelins and
their G protein—coupled receptors has recently been shown
to be essential for the normal embryonic development of
subsets of neural crest cell derivatives. Endothelin-1 (ET-1)
is proteolytically generated from its inactive precursor by
endothelin-converting enzyme-1 (ECE-1) and acts on the
endothelin-A (ET,) receptor. Genetic disruption of this ET-
1/ECE-1/ET, pathway results in defects in branchial arch—
derived craniofacial tissues, as well as defects in cardiac
outflow and great vessel structures, which are derived from
cephalic (cardiac) neural crest. In this study, in situ hybrid-
ization of ET,’~ and ECE-1"'~ embryos with a cardiac
neural crest marker, cellular retinoic acid-binding protein—1,
shows that the migration of neural crest cells from the neu-
ral tube to cardiac outflow tract is not affected in these em-
bryos. Immunostaining of an endothelial marker, platelet
endothelial cell adhesion molecule CD-31, shows that the
initial formation of the branchial arch arteries is not dis-
turbed in ET,~~ or ECE-1"'~ embryos. To visualize the
subsequent patterning of arch vessels in detail, we generated
ET,”'~ or ECE-1""~ embryos that expressed an SM22a-lacZ
marker transgene in arterial smooth muscle cells. Whole-
mount X-gal staining of these mutant embryos reveals that
the abnormal regression and persistence of specific arch ar-
teries results in disturbance of asymmetrical remodeling of
the arch arteries. These defects include abnormal regression
of arch arteries 4 and 6, enlargement of arch artery 3, and
abnormal persistence of the bilateral ductus caroticus and
right dorsal aorta. These abnormalities eventually lead to
various types of great vessel malformations highly similar to
those seen in neural crest-ablated chick embryos and hu-
man congenital cardiac defects. This study demonstrates
that ET-1/ET s—mediated signaling plays an essential role in
a complex process of aortic arch patterning by affecting the
postmigratory cardiac neural crest cell development. (J.
Clin. Invest. 1998. 102:22-33.) Key words: cardiovascular
malformation « branchial arch artery « cardiac neural crest «
gene targeting « mouse
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Introduction

Establishing the circulatory system requires the organized de-
velopment of the heart and vessels. During embryogenesis, six
pairs of branchial arch arteries appear in a rostral to caudal di-
rection, and form the precursors of the great vessels and large
arteries in the head and neck. Arch arteries arise from the aor-
tic sac and terminate in the dorsal aorta, penetrating the corre-
sponding branchial arches. The first pair of arch arteries is
formed on approximately embryonic day 8.5 (E8.5)' in mice
(1, 2). Arch arteries 1 and 2 regress and become capillaries in
branchial arches 1 and 2 by E11.0, whereas arch arteries 3 and
4 continue to enlarge. Bilateral pulmonary arteries branch off
from the proximal part of arch arteries 6. All of the caudal arch
arteries develop symmetrically until around E11.5. However,
arch arteries undergo dramatic remodeling to correctly estab-
lish the embryonic circulatory system and to prepare for post-
natal circulation. This remodeling process includes the asym-
metrically programmed regression and persistence of specific
arch arteries. For instance, right arch artery 4 reduces in rela-
tive size and leads to vertebral and subclavian arteries,
whereas left arch artery 4 persists and forms a segment of the
arch of aorta. Right arch artery 6 regresses and eventually dis-
appears, whereas left arch artery 6 becomes the ductus arterio-
sus and supports the fetal circulation until parturition. Both
arch arteries 3 remain to form bilateral common carotid arter-
ies. This sequential remodeling of the arch arteries together
with the regression of the right dorsal aorta results in a highly
asymmetrical arterial system.

The molecular mechanisms of the arch artery remodeling
and genetic determinant involved in this process are yet to be
fully understood. The intimate involvement of cardiac neural
crest cells in this process have been suggested by the pheno-
type resulting from the cardiac neural crest ablation in chick
embryos, where various types of great vessel abnormalities
and septation defects of the outflow tract develop (3). Cardiac
neural crest derives from the dorsal aspect of the neural tube
at the level between otic placode and somite 3. Cardiac neural
crest cells undergo epithelial-mesenchymal transformation
and migrate through branchial arches 3, 4, 6, and the circum-
pharyngeal region, eventually to the outflow tract of the heart
(4). Cardiac neural crest cells entering the heart can be de-
tected using genetic markers such as cellular retinoic acid-
binding protein—1 (CRABP-1) and pax3 in E10.5 mice (5). It is
shown in the quail-to-chick chimeras that the mesenchyme of

1. Abbreviations used in this paper: CRABP-1, cellular retinoic acid-
binding protein-1; E, embryonic day; ECE-1, endothelin-converting
enzyme-1; ET, endothelin; ET 4, endothelin receptor type-A; DORYV,
double outlet right ventricle; PECAM, platelet endothelial cell adhe-
sion molecule; PTA, persistent truncus arteriosus; RT, room temper-
ature.



branchial arch arteries is entirely made from neural crest cells
(6). Contribution of the cardiac neural crest cells in the forma-
tion of the aorticopulmonary septum is also demonstrated in
neural crest-ablated chick embryos (7). Cardiac neural crest—
ablated chick embryos seem to develop a wide spectrum of
malformations depending on the amount and location of the
neural crest taken from the embryos, e.g., ablating a large
amount results in persistent truncus arteriosus (PTA), whereas
ablating small amounts results in dextroposed aorta (8). Cer-
tain types of human congenital cardiovascular malformations,
including the CATCH 22 syndrome (9, 10), type B interrup-
tion of the aortic arch (11), PTA (12), and double outlet right
ventricle (DORYV) (13), strongly resemble defects seen in neu-
ral crest—ablated chick embryos. However, the precise cellular
and molecular mechanism by which the neural crest is in-
volved in cardiac development is not completely understood.
We have recently shown that mice deficient in either the
endothelin receptor type-A (ET,) gene or the endothelin-con-
verting enzyme—1 (ECE-I) gene develop defects in a subset of
cephalic and cardiac neural crest derivatives (14, 15). Endothe-
lins are a family of small peptides comprised of three structur-
ally related isoforms called ET-1, ET-2, and ET-3 (16, 17).
ECE-1 catalyzes the proteolytic activation of biologically inac-
tive intermediates big ET-1 and big ET-3 to biologically active
ET-1 and ET-3, respectively (14, 18). ET, is one of the two
known endothelin receptors that belong to the seven mem-
brane-spanning G protein—coupled receptor family. It binds
ET-1 and ET-2, but not ET-3 at physiological concentrations
(19). ET receptor—deficient mice show defects in craniofacial
structures, great vessels, and cardiac outflow tract. ECE-1 null
mice exhibit a virtually identical phenotype to ET-17~ (20)
and ET, 7'~ (15) embryos in these tissues due to the absence of
biologically active ET-1. In addition, ECE-I-deficient mice
lack enteric neurons and epidermal/choroidal melanocytes, re-
producing the phenotype of ET-37~ (21) or ET ™~ mice (22).
The most common great vessel malformations in ECE-17'~
and ET, ™'~ mice are interruption of the aortic arch between
the left common carotid artery and left subclavian artery (type
B interruption of the aortic arch). The second most common
defect is an absence of the right subclavian artery. Among out-
flow tract abnormalities, perimembranous interventricular
septal defect is observed in almost all the ECE-17~ and ET, '~
embryos. We also observe overriding of the aorta, DORYV, and,
in a small number of cases, PTA. These cardiac phenotypes
highly resemble those of mice and chick embryos that have de-
fects in cardiac neural crest development (3, 23). In this study,
we further investigated the role of ET-1/ECE-1/ET,—medi-
ated signaling in the cardiac neural crest development. To visu-
alize the development of the branchial arch vessels, we crossed
ET,”~ and ECE-17"~ mice with SM22a-lacZ reporter trans-
genic mice (24). The lacZ gene, driven by a smooth muscle-spe-
cific SM22a promoter, was expressed in arterial smooth muscle
cells in these transgenic mice. Therefore, we were able to exam-
ine the arch artery patterning by wholemount X-gal staining in
mutant embryos. We show that abnormal regression and per-
sistence of the branchial arch arteries in ECE-1~"'~ and ET, '~
embryos leads to the observed great vessel malformations.

Methods

Mice. All animal experimental procedures were reviewed and ap-
proved by the Institutional Animal Care and Research Advisory

Committee of the University of Texas Southwestern Medical Center.
Mice deficient for ECE-1 and ET, were generated by homologous
recombination as described (14, 15), and maintained on a C57BL6 X
129/SvEv hybrid genetic background. SM22a-lacZ transgenic mice
harboring the pSM2737/1093-lacZ transgene were generated and
maintained on a C57BL6 X CBA hybrid background as previously
described (24). Mice were housed in a conventional animal colony
and maintained on a 14-h light/10-h dark cycle.

Generation and harvesting of embryos. Male mice homozygous for
SM22a-lacZ transgene were mated to heterozygous ECE-1 or ET, fe-
males to subsequently generate male offspring that were heterozygous
for ECE-1 or ET, and homozygous for transgene. They were then
mated to heterozygous ECE-I or ET, females to obtain embryos that
were positive for the transgene and wild type, heterozygous or homozy-
gous for the targeted ECE-1 or ET 4 allele. The morning that the vaginal
plug was found was counted as E0.5. Pregnant females were killed be-
tween E9.0-13.5 by inhalation of CO,, and embryos were harvested from
the uterus. The staging of the embryos was determined by the number of
somites as well as the external features of embryos as previously de-
scribed (2). The yolk sac was kept for genomic DNA preparation.

Genotyping. Genomic DNA was prepared from tail biopsies at
postnatal day 21 or from embryo yolk sac, and subjected to PCR and/
or Southern blot analysis. Oligonucleotide primers used for the detec-
tion of wild-type ECE-I allele were: upstream, 5'-ATGACGCCGC-
CCATGGTGAAC-3" and downstream, 5'-TGGTTGGGCTAAGA-
CATAAC-3'. Primers for the detection of neo” allele were: upstream
primer, 5'-TATTCGGCTATGACTGGGCACAACAG-3' and down-
stream primer, 5'-TTCCACCATGATATTCGGCAAGCAGG-3'.
The reaction was cycled 30X (30 s at 94°C, 1 min at 60°C, 3 min at
72°C), which amplified a 128-bp of the ECE-1 gene and a 500-bp of
the neo” gene, respectively. Primers used for the detection of wild-
type ET, allele were; upstream primer, 5'-TCTGGTCAGTTCCT-
GCTTTCCTCCTGG-3" and downstream primer, 5'-CGATGT-
AATCCATTAGCAGCAAGAAGCTGG-3'. The reaction was cy-
cled 30X (30 s at 93°C, 30 s at 60°C, 3 min at 68°C) and amplified a
800-bp band. For the detection of mutated ET, allele, upstream
primer, 5'-TCGCCTTCTTGACGAGTTCTTCTGAG-3' and down-
stream primer, 5'-TGGGAATGGACCTGAGTCCTCTGC-3" were
used. The reaction was cycled 35X (1 min at 94°C, 2 min at 55°C, 3 min
at 72°C), which amplified a 450-bp band. Genotyping of SM22a-lacZ
transgenic mice was performed as previously described (25). For
Southern blot analysis, 10 pg of genomic DNA was digested with
Apal and BamHI for the analysis of the ECE-I allele and with Xbal
for the ET 4 allele, respectively. Membranes were hybridized with a 5’
external probe for ECE-1 and with a 3’ external probe for ET, as
previously described (15).

B-Galactosidase staining and histology. Embryos were rinsed with
PBS and fixed in 4% paraformaldehyde/PBS at 4°C for 1 h. After
rinsing with lacZ rinse buffer (0.2 M sodium phosphate, pH 7.3, 2
mM MgCl,, 0.02% NP-40, 0.01% sodium deoxycholate), embryos
were incubated in lacZ rinse buffer containing 5 mM K, Fe(CN)y, 5 mM
K;Fe(CN)g and 1 mg/ml 5-bromo-4-chloro-3-indolyl-B-D-galactopy-
ranoside (X-gal) at 37°C for 24-48 h. Embryos were postfixed in 10%
formalin at 4°C overnight, dehydrated through graded steps into
100% methanol and cleared in a solution of benzyl benzoate:benzyl
alcohol (1:1). For histology, stained embryos were dehydrated in eth-
anol and cleared in cedar oil (Polyscience, Warrington, PA). Then
they were embedded in paraffin and sectioned into 4-um thickness
and counterstained with eosin.

Wholemount immunohistochemistry. Harvested embryos were
rinsed with cold PBS and fixed in 4% paraformaldehyde at 4°C over-
night. After rinsing and dehydration through a graded series of meth-
anol at room temperature (RT), embryos were bleached in 5% H,0,/
methanol for 5 h, followed by rehydration and blocking in PBSMT
(3% skim milk, 0.1% Triton X-100, PBS) at RT twice for 1 h. Em-
bryos were incubated in 10 pg/ml purified antimouse CD31
(MEC13.3, antimouse platelet-derived endothelial adhesion mole-
cule, PharMingen, San Diego, CA) in PBSMT at 4°C overnight,
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washed with PBSMT at 4°C, and incubated with 1:100 dilution of
horseradish peroxidase—conjugated goat anti-rat IgG (H+L) (Kirke-
gaad and Perry Laboratories Inc., Gaithersburg, MD) in PBSMT at
4°C overnight. Embryos were again washed in PBSMT at 4°C and
rinsed in PBST (0.2% BSA, 0.1% Triton X-100, PBS) at RT for 20
min. For signal detection, embryos were incubated in 0.3 mg/ml di-
aminobenzidine (Sigma Chemical Co., St. Louis, MO), 0.5% NiCl, in
PBT for 20 min and H,O, was added to the final concentration of
0.03% and incubated for 10 min. The staining reaction was termi-
nated by rinsing the embryos in PBT. Stained embryos were postfixed
in 4% paraformaldehyde/PBS at 4°C overnight and transferred to
50% glycerol/PBS, and then 70% glycerol/PBS.

Wholemount in situ hybridization. To generate the CRABP-1
probe, a 755-bp EcoRI fragment from pGmCRAPB I (26) was sub-
cloned into a Bluescript vector (Stratagene, La Jolla, CA), and a sin-
gle-stranded RNA probe was transcribed and labeled with digoxige-
nin-11-UTP (Boehringer Mannheim Biochemicals, Indianapolis, IN)
using T7 RNA polymerase (antisense) and T3 RNA polymerase
(sense). Embryos were fixed in 4% paraformaldehyde/diethyl pyro-
carbonate—treated saline at 4°C overnight. After rinsing in PBT
(0.1% Tween 20, PBS), embryos were dehydrated in graded metha-
nols and bleached in 6% H,0,/methanol at RT for 5 h, rinsed, and re-
hydrated in PBT. Wholemount hybridization was performed as previ-
ously described (27). For signal detection, embryos were incubated
with alkaline phosphatase—conjugated antidigoxigenin antibody (Boeh-
ringer Mannheim), and stained with nitroblue tetrazolium chloride
and 5-bromo-4 chloro-3-indolyl-phosphate for 45 min at RT. Color
reaction was terminated by washing embryos with PBT.

Sectional in situ hybridization. Sectional in situ hybridizations for
ET-1, ECE-1, and ET, mRNA were performed as previously de-
scribed (28), except that riboprobes were labeled with ¥*P-UTP (> 1,000
Ci/mmol; Amersham, Arlington Heights, IL) using the Maxiscript in
vitro translation kit (Ambion, Inc., Austin, TX.). For RNA probes, a
380-bp Sacl-HindIII fragment of the mouse E7T-1 cDNA, a 350-bp
EcoRV-BamHI fragment of the mouse E7, cDNA, and a 350-bp
EcoRI fragment of the mouse ECE-I cDNA were transcribed in both
sense and antisense directions, as previously described (14, 15).

Results

Expression of ET-1, ECE-1, and ET, mRNAs in branchial
arch arteries. In situ hybridization analysis of E9.5, wild-type
mouse embryos with E7-1, ET,, and ECE-I riboprobes
showed the complementary expression patterns of ET, and
ET-1 mRNA in migratory/postmigratory neural crest cells and
their juxtaposing epithelial cells in branchial arches, respec-
tively (14, 15). To examine the expression pattern of endothe-
lin-related molecules in arch artery development, we per-
formed in situ hybridization analysis using frontal sections of
E10.25 embryos. Overall expression of ET-I mRNA in the
embryos was less abundant compared to ET, or ECE-I
mRNA. ET-1 mRNA was detected in the endothelium of arch
arteries 2, 3, and bilateral dorsal aorta (Fig. 1, A and E). ET,
mRNA was abundantly expressed in the mesenchyme sur-
rounding arch arteries 2 and 3 (Fig. 1 F, *), as well as the mes-
enchyme of the head and the body (Fig. 1, B and F). The en-
dothelium of the arch arteries was negative for the ET,
mRNA expression. ECE-1 mRNA was expressed in both the
endothelium of arteries and the mesenchyme surrounding arch
arteries 2 and 3, although the intensity of the expression was
weaker than that of ET, mRNA (Fig. 1, C and G; * in G).
These findings are consistent with the previous observations in
E9.5 embryos. There was no difference in the expression pat-
tern of ET-1, ET,, and ECE-1 mRNA between the right and
left sides of the arch arteries.
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Cardiac neural crest migration is not affected in ECE-1 or
ET, null embryos. To examine whether migration of cardiac
neural crest cells is affected in ET, '~ or ECE-1"'~ embryos,
we performed wholemount in situ hybridization analysis using
CRABP-1, a marker for cardiac neural crest cells. In E10.5
wild-type embryos, a stream of CRABP-1-positive cells was
detected from the occipital neural tube to branchial arches 3, 4,
and 6, as well as to the circumpharyngeal region (Fig. 2 A, ar-
row). This staining pattern was compatible with that previ-
ously reported for migratory cardiac neural crest cells (5). In
ET,~~ embryos, CRABP-1-positive cardiac neural crest cells
migrated to the cardiac tissues in a manner similar to that of
wild-type embryos (Fig. 2 B). Intensity of the CRABP-1 stain-
ing was similar between wild-type and mutant embryos, indi-
cating that the defects in ET,~'~ embryos were not the result
of a significant reduction in numbers of migratory neural crest
cells. The CRABP-1 staining in ECE-I7'~ embryos was also
identical to that of wild-type and ET,™'~ embryos (data not
shown). These results indicate that the initial migration of the
cardiac neural crest cells was not detectably affected in the ab-
sence of ET-1-mediated signaling.

Formation of the anterior arch arteries is not affected in
ECE-1 or ET, null embryos. Because ECE-I and ET, mutant
embryos develop various defects in first and second branchial
arch—derived tissues, we examined whether arch arteries 1 and
2 were also affected in ECE-17'~ or ET,~'~ embryos. To ex-
amine early vessel formation, we performed wholemount anti—
platelet endothelial cell adhesion molecule CD-31-(PECAM)
immunostaining in E9.5 mutant embryos. The endothelial cell-
specific expression of PECAM highlights the endothelial lin-
ing of the aortic arches and other large arteries, thus enabling
us to examine the gross anatomy of the vessels (29). In wild-
type embryos, arch arteries 1 and 2 were well formed and
drained into the dorsal aorta (Fig. 3 A, n = 14). The endothe-
lial staining of the dorsal aorta and cardinal veins as well as en-
docardium of the heart and somites were detected. In ET,,~/~
(Fig. 3 B) and ECE-1"'~ (not shown) embryos, arch arteries 1
and 2 developed normally and drained into dorsal aorta. There
was no aberrant branching or interruption of the dorsal aorta.
Abnormal regression of aortic arches 1 and 2 was not found in
any of the ET,™~ (n = 3) and ECE-1"~ (n = 7) embryos ex-
amined. There were no differences in the structure of dorsal
aorta and branchial arteries between wild-type, ET,'~, and
ECE-I""~ embryos. These results indicate that initial forma-
tion of the branchial arch arteries is not affected in ET,,~'~ and
ECE-17"~ embryos.

SM22«-lacZ expression is not altered in ECE-1 or ET, null
embryos. We have previously shown that the cardiovascular
defects observed in E18.5 ECE-17'~ or ET,~'~ embryos were
indistinguishable from each other, and resulted from the ab-
sence of ET-1/ET,—mediated signaling (14, 15). To investigate
how and when the aortic arch abnormalities develop in ECE-
17"~ or ET,~'~ embryos, we generated embryos positive for a
SM22a-lacZ marker transgene and wild type, heterozygous or
homozygous for the disrupted ECE-1 or ET, allele. SM22a is
a putative calcium-binding protein expressed in all myogenic
lineages during mouse embryogenesis, and later restricted to
smooth muscle cells (30). The promoter region of the SM22«
gene that was used to direct transgene expression in these em-
bryos showed a similar expression pattern to that of the endog-
enous molecule, except that it was detected only in arterial
smooth muscle cells, the heart, and somites (24). The trans-



gene starts to express in the primitive heart tube at E8.75, and
in the outflow tract and dorsal aorta at E9.0. The expression in
the developing branchial arch arteries and other arteries in-
creases after E11.5, which coincides with the start of asymmet-
rical remodeling of paired arch arteries in mouse embryos.
Taking advantage of this marker transgene, we analyzed the
development of arch vessels by wholemount X-gal staining in
ECE-17"; SM22a-lacZ and ET,”'; and SM22a-lacZ em-
bryos, and compared them with wild-type or heterozygous em-
bryos. First, we examined whether the expression of this trans-
gene was maintained in E11.5 ECE-17~ or ET,~'~ embryos.
In wild-type embryos, lacZ staining was detected in dorsal
aorta, somites, and the heart as well as large arteries including
branchial arch arteries, carotid artery, basilar artery, and um-
bilical artery (Fig. 4 A, left). The transgene expression was also
detected in ECE-1""" (Fig. 4 A, right) or ET,~'~ (not shown)
embryos in a manner similar to wild-type embryos. These re-
sults suggest that ET-1/ET,—mediated signaling does not af-
fect the expression of the SM22«a-lacZ transgene.

An intricate sequence of regression, persistence, and remod-
eling of arch arteries is affected in ECE-1 or ET, null em-
bryos. The first abnormality in branchial arch arteries was ob-
served in E11.5 mutant embryos. In wild-type embryos, the
right and left arch arteries 3, 4, and 6 arose from aortic sac and
extended dorsolaterally to join dorsal aorta (Fig. 4 B). At this
stage, a symmetrical pattern of the arch arteries was main-
tained. In contrast, 75% of ECE-17/~ embryos and 50% of
ET,~'~ embryos showed enlargement of arch artery 3 and rel-
ative narrowing of arch artery 4 and 6, both of which occurred
more frequently on the right side (Fig. 4 C; Table I). Staining
in pulmonary arteries was detectable by this stage both in nor-
mal and mutant embryos.

By E12.0, asymmetry was seen in the normal arch artery
development. Right arch artery 6 started to narrow from its
proximal part (Fig. 5 A, arrow). The left ductus caroticus also
started narrowing (Fig. 5 B). At this time, arch arteries 1 and 2
had regressed. In histological sections, arch artery 6 was clearly
smaller in the right side compared to the left side (Fig. 5 C). In

ECE-1

Figure 1. Expression of ET-1 (A and E), ET, (B and F), and ECE-I (C and G) mRNA in frontal sections of E10.25 wild-type mouse embryos.
E-H are enlargements of the branchial arch arteries shown in A-D, respectively. Corresponding bright fields are shown in D and H. (A and E)
ET-1 mRNA expression is detected in the endothelium of arch arteries 2 (aa2) and 3 (aa3, arrows), and bilateral dorsal aorta (da). Head mesen-
chyme (hm) is negative for the expression of ET-1 mRNA. (B and F) ET, mRNA is abundantly expressed in the mesenchyme of branchial
arches 1 (bal), branchial arches 2 (ba2), and branchial arches 3 (ba3) as well as body mesenchyme (B). Note the marked expression of ET,
mRNA in the mesenchyme surrounding arch arteries 2 and 3 (*). The endothelium of the arch arteries is negative. (C and G) ECE-I mRNA is
expressed in the head mesenchyme adjacent to the neuroepithelium and the mesenchyme of branchial arches and arch arteries (C). Note that
both endothelium and mesenchyme surrounding arch arteries 2 and 3 express ECE-I mRNA (G). cv, cardinal vein; iv, head vein; nt, neural

tube; ph, pharynx.
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mutant embryos, right arch artery 3 was markedly enlarged,
and large numbers of ECE-17'~ and ET,~'~ embryos showed
regression of right arch artery 4 (Fig. 5 E, Table I). The diame-
ter of right arch artery 4 was reduced and the level of X-gal
staining was obviously decreased. Occasionally, a persistent
aortic arch 2 was seen in mutant embryos (Fig. 5 F). Regres-
sion of left arch artery 4 was also observed in ECE-I'~ and
ET, ™'~ embryos, but was less frequently seen compared to the
right arch artery 4. In mutant embryos, the regressed arch ar-
tery 4 manifested as a remnant lumen on histological sections
(Fig. 5 G, arrow).

In E12.5 embryos, arch arteries 3 extended cranially in
wild-type embryos. The crown-rump length of embryos rapidly
increase and arch arteries 3 grow toward the head. Both right
and left ductus caroticus narrowed significantly, and right aor-
tic arch 4 became the proximal part of the future subclavian ar-
tery (Fig. 5 D). Right and left external carotid arteries
branched off from arch artery 3 and extended in a rostral di-
rection. At this stage, right arch artery 6 was regressed in nor-
mal embryos (Fig. 5 D, arrow). Septation of the outflow tract
was also noticeable in normal embryos. In contrast, abnormal
regression of right arch artery 4 was observed in 85% of ECE-
17~ embryos and 67% of ET,~'~ embryos between E12.0-
E12.5 (Fig. 5 H). Arch arteries 3 became dominant vessels bi-
laterally, accepting the blood from the outflow tract. However,
their overall growth toward the cranial direction was delayed.
Absence of branching of the external carotid arteries from
arch artery 3 was seen in both mutants (Fig. 5 H, arrowhead).
Although some of the mutant embryos showed normal regres-
sion (Fig. 5 H, arrow), approximately half showed persistent
right arch artery 6. In addition, both right and left ductus ca-
roticus remained (Fig. 5 H, *) as did the right dorsal aorta.

At E13.0, the ascending part of the aortic arch and the aor-
tic sac—derived proximal part of the brachiocephalic trunk con-
tinued to develop rostorally in wild-type embryos (Fig. 6 A).

Figure 2. Wholemount in situ hybridization analysis of a representa-
tive E10.5 wild-type (A) and ET,, '~ (B) embryos with CRABP-1 ri-
boprobe. In both wild-type and mutant embryos, the intense expres-
sion is detected in the dorsal neural tube, craniofacial region, and
hindlimb. A stream of neural crest cells (arrow) is migrating through
circumpharyngeal regions in both wild-type and mutant embryos. /,
branchial arch 1; 2, branchial arch 2; &, heart; 4/, hindlimb; oz, otic
vesicle.
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Left arch artery 4 developed and formed the arch of the aorta
(Fig. 6 B). The left subclavian artery, branching from the left
dorsal aorta, remained lower than the left arch artery 6 (ductus
arteriosus). Connection of the right dorsal aorta to the abdom-
inal dorsal aorta was clearly narrowed (Fig. 6, A and C, ar-
rows), and the blood flow mainly passed through the left dor-
sal aorta, forming an asymmetrical arterial system. In mutant
embryos, those whose right arch artery 4 had regressed
showed persistent right arch artery 6 (Fig. 6 D), and connec-
tion of the right dorsal aorta to the abdominal dorsal aorta per-
sisted (Fig. 6 D, arrow). Some of the mutant embryos showed
extra branches from the ascending aorta, presumably either
persistent aortic arch 2 or abnormal branching of the external
carotid arteries (Fig. 6 E, *). Only in ECE-1"'~ embryos was
right-sided dorsal aorta observed (Fig. 6 F): left arch artery 4
(already disappeared), left arch artery 6 (arrow), left dorsal
aorta (double arrows), and right arch artery 4 regressed (ob-
structed from the view). Right arch artery 6 and right dorsal
aorta abnormally persisted and formed the major outflow
from the heart (see Fig. 8 F). Although persisted right dorsal
aorta was observed in many ET,~'~ embryos, complete regres-
sion of the left dorsal aorta did not occur in these embryos.
Thus, ET,~~ embryos did not develop right-sided dorsal
aorta.

E13.5 wild-type embryos and all of the branchial arch arter-
ies and major vessels had completed the remodeling process
(Fig. 7, A and F; Fig. 8 A). In mutant embryos, abnormal vas-
cular remodeling had led to various types of congenital great
vessel malformations. Fig. 7, B and F show the phenotype re-
sulting from abnormal regression of the right arch artery 4 (il-
lustrated in Fig. 8 B). Although the left side of the aortic sys-
tem developed normally, blood flow entering brachiocephalic
trunk went into the right common carotid artery (Fig. 7 B, 3,
aortic arch 3 derivative) to the right ductus caroticus and to the
right subclavian artery. This pattern was recognized as the ab-
sence of the right subclavian artery (or cervical origin of the
right subclavian artery) upon dissection of term embryos (14,

+/+ -/-

A

Figure 3. Wholemount anti-PECAM immunostaining of a represen-
tative E9.5 wild-type (A4) and ET, '~ (B) embryos. The endothelium
of branchial arch artery 1 (1) and arch artery 2 (2) as well as the heart
(h), dorsal aorta (da), and somites (sm) are stained in both wild-type
and mutant embryos.



Figure 4. Wholemount X-gal staining of ECE-1""*; SM22«-lacZ, and ECE-17""; and SM22a-lacZ embryos at E11.5. Genotype is indicated in
each panel. (A) X-gal staining visualizing dorsal aorta (da), heart (h), branchial arch arteries (arrow), and major arterial vessels both in wild-type
and mutant embryo. (B) Arch artery 3 (3), arch artery 4 (4), and arch artery 6 (6) arise from aortic sac (as) and terminate in dorsal aorta. (C)
Arch artery 3 shows abnormal enlargement (arrow) compared to wild-type embryo. ca, carotid artery; da, dorsal aorta; u, umbilical artery; sm,
somites.

15). In some mutant embryos that showed abnormal regres-
sion of right arch artery 4 and normal regression of the right
ductus caroticus, the right dorsal aorta persisted (not shown).
This pattern illustrates the absence of the right subclavian ar-
tery (or dorsal aorta origin of the right subclavian artery; Fig. 8
(). Fig. 7, C and G shows the double aortic arch resulting from
abnormal regression of the right and left arch arteries 4 (Fig. 8
D). Blood from the outflow tract entered the common carotid

arteries (Fig. 7 C, 3) and ran into the dorsal aorta via the duc-
tus caroticus on both sides. Fig. 7, D and H are the other form
of double aortic arch resulting from the abnormal regression of
left arch artery 6 (ductus arteriosus). In these cases, blood
from the outflow tract entered the right and left branchial
arches 4 and right arch artery 6, and joined the dorsal aorta
from both sides (Fig. 8 E). However, right arch artery 4 and 6
was dominant over left arch artery 4.

Table I. Observed Frequency (%) of Abnormalities in Branchial Arch Artery Development

El1.5 E12.0-12.5 E13.0-13.5
ECE-1"- ET, - ECE-1- ET, - ECE-1"- ET, -
Artery Abnormality* (n=28) (n=4) (n=13) (n=106) (n=17) (n=75)
raal* Persistent 13 0 0 0 0 0
laal Persistent 0 25 8 0 0 0
raa2 Persistent 13 0 15 33 0 201
laa2 Persistent 0 25 15 33 141 401
raa3 Enlarged 75 50 46 33 n/d** n/d
Poor cranial extension® 0 0 15 50 0 20
laa3 Enlarged 38 0 23 0 n/d n/d
Poor cranial extension® 0 0 15 67 0 20
raa4 Regressed 75 50 85 67 71 40
laa4 Regressed 38 0 54 17 57 20
raa6 Persistent n/al n/a 46 67 29 60
laa6 Regressed 0 0 39 17 14 0
rdc Persistent n/a n/a 85 100 86 100
Idc Persistent n/a n/a 46 83 57 80
rda Persistent n/a n/a 46 83 86 100
lda Regressed 0 0 15 0 0 0

*Abbreviations: raa, right arch artery; laa, left arch artery; rdc, right ductus caroticus; /dc, left ductus caroticus; rda, right dorsal aorta; lda, left dorsal
aorta. *Abnormalities listed were the most frequently observed in each artery of mutant embryo, and were assessed in comparison to control em-
bryos. None of these abnormalities was observed in wild-type or heterozygous embryos: n = 41 (E11.5); n = 74 (E12.0-12.5); n = 35 (E13.0-13.5).
SDuring arch artery remodeling in wild-type embryos, raa3 and laa3 extend ventrocranially. In/a, not applicable, because raa6, rdc, Idc, and rda are
normally present in E11.5 wild-type embryos. T Appeared as an extra branching from ascending part of the aortic arch between the left and right com-
mon carotid arteries. **n/d, not determined, because the cranial extension of arch arteries 3 renders these criteria irrelevant.
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Taken together, the results summarized in Table I illustrate
that abnormal regression and persistence were observed dur-
ing aortic arch development in ECE-1~'~ and ET,~'~ embryos.
While subtle differences of defects existed at specific embry-
onic ages between ECE-17'~ and ET,”'~ embryos, a similar
overall spectrum of malformations was observed in embryos
with both genotypes at E18.5. In the present study, the rela-
tively small number of embryos examined in each stage pre-
cludes definitive conclusions as to whether these subtle differ-
ences in the occurrence of individual defects are statistically
significant between ECE-1""" and ET,~/~ embryos. In addi-
tion to the defects in patterning of the great vessels, abnormal-
ities of the outflow tract such as abnormal rotation resulting in

E12.0

+/+

- e

B !

overriding of aorta, DORYV (Fig. 7, C and D), and PTA (not
shown), were observed.

Discussion

We and Kurihara’s group have recently shown that ET-1/
ECE-1/ET —mediated signaling is essential for the normal de-
velopment of the great vessels and cardiac outflow structures,
which depends on the contribution of cardiac neural crest cells
(14, 15, 20, 31). In this study, we first examined whether the
migration of cardiac neural crest cells was affected in ECE-17/~
or ET,™~ embryos. ECE-1"~ embryos are deficient for the
ET, ligand, ET-1, due to the lack of local proteolytic process-

7

Figure 5. Remodeling of the arch arteries in wild-type (A-D) and ECE-1"'"~ or ET, '~ mutant (E-H) embryos at E12.0 (A-C, E-G) and E12.5
(D and H), assessed by a wholemount X-gal staining (A, B, D-F, and H), and coronal sections stained with hematoxylin and eosin (C and G).
(A) Right lateral view of arch arteries. Note that arch artery 6 (6) starts to narrow at its proximal part (arrow). (B) Left lateral view of arch arter-
ies. Left ductus caroticus (/dc) show narrowing. (C) All the arch arteries and carotid arteries are symmetrical except right arch artery 6 (r6) that
shows normal narrowing. (D) Right lateral view of arch arteries. Arch artery 3 (3) extends rostrally and arch artery 4 (4) forms the proximal part
of right subclavian artery (rsa). Note that narrowing of right ductus caroticus progresses (*) and right arch artery 6 has regressed (arrow) in wild-
type embryos. (E) Right arch artery 3 is markedly enlarged and arch arteries 4 and 6 have regressed. (F) Left ductus caroticus does not show nor-
mal narrowing (arrow). Note abnormal persistence of left arch artery 2 (2). (G) Abnormally enlarged right arch artery 3 is seen. Right arch ar-
tery 4 is markedly regressed and appears as a remnant (arrow). Left arch artery 4 has disappeared. (H) Abnormally enlarged right arch artery 3
and right ductus caroticus (*) are shown. Right arch artery 4 has abnormally regressed and disappeared whereas right arch artery 6 (6) has re-
gressed normally (arrow). Note that a branching of external carotid artery seen in a wild-type embryo (eca in D) is not detected (arrowhead).
rca, right carotid artery; rda, right dorsal aorta; lca, left carotid artery; /da, left dorsal aorta; r3, right arch artery; /3, left arch artery; r4, right arch
artery; /4, left arch artery; /6, left arch artery; va, vertebral artery; A, aortic outflow; P, pulmonary outflow; p, pulmonary; ph, pharynx.
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ing of the inactive intermediate big ET-1 by ECE-1. The tim-
ing of migration and amount of migrating cardiac neural crest
cells seemed unaffected in ECE-1"'~ or ET,”’~ embryos,
judged by the expression of the cardiac neural crest marker
CRABP-1. This suggests that, although ET-1/ET,—mediated
signaling is not essential for initial migration, it is necessary for
the postmigratory development of neural crest cells. In E10.5
wild-type mouse embryos, ET-I mRNA is expressed in the en-
dothelium of arch arteries and E7, mRNA is expressed in the
mesenchyme of the arch arteries, the latter being derived from
postmigratory neural crest cells. In addition, ECE-1 mRNA is
colocalized both with ET-1 and ET, mRNA in the arch arter-
ies. Taken together, ET-1 seems to provide the essential en-
dothelium-derived signals that allow ET 4-positive neural crest
cells to proliferate and/or differentiate in their final environ-
ment. Because the expression of ET, mRNA in the arch artery
mesenchyme becomes markedly downregulated by E12.0 (our
unpublished observation), ET-1 may act at relatively early
stages of the postmigratory neural crest development. The role
of ET-1 in the development of neural crest cells is clearly dis-
tinct from that of pax3, which is required for the interaction
within/between the neural tube and adjacent tissues to initiate
migration of neural crest cells (32).

Our present studies analyzing the SM22a-lacZ marker
transgene expression in ECE-17'~ or ET,,~'~ embryos have re-
vealed several notable features in branchial arch artery devel-
opment. First, the loss of ET-1/ET,—mediated signaling does
not affect the initial formation of the branchial arch arteries.

E13.0

All of the arch arteries are formed in anatomically correct po-
sitions at the expected time. This supports the previous find-
ings that neural crest is essential for the persistence rather than
initial formation of aortic arteries in neural crest-ablated chick
embryos (33). Second, a single gene defect in the endothelin
pathway can reproduce the wide spectrum of abnormal aortic
arch phenotype in cardiac neural crest-ablated chick embryos
(34). This striking diversity of final phenotype is observed even
among the ET,'~ embryos with a completely homogenous
129/SvEv genetic background (15) (midgestation embryonic
lethality prevents us from examining ECE-I~'~ embryos in
inbred 129/SvEv background). In addition, the sequential
changes of arch arteries including abnormal regression and
persistence in specific arch arteries are well documented both
in the human congenital anomalies of the aortic arches (35)
and in neural crest—ablated chick embryos (36). Third, there is
a difference in susceptibility to the loss of ET-1/ET,—mediated
signaling among the six branchial arch arteries. Anterior arch
arteries such as arch artery 1 and 2, are less severely affected
compared to the posterior arch arteries, and defects manifest
mainly as abnormal persistence of the specific vessel. Bran-
chial arch arteries 3, 4, and 6 are most affected in ECE-1~'~ or
ET,~~ mutant embryos. This is supported by and extends the
previous observations that arch arteries 4 were often affected
in ET-17~ embryos (31). Importantly, abnormal regression of
arch artery 4 and 6 plays a central role in great vessel malfor-
mations in these mutants, such as an absence of the right sub-
clavian artery, interruption of the aortic arch, and formation of

Figure 6. Remodeling of the arch
arteries in wild-type (A-C) and
ECE-1""" or ET,”'~ mutant (D-F)
embryos at E13.0. (A) Brachioce-
phalic trunk (bf) and arch artery

3 (3) develop and extend cranially.
The connection between right dor-
sal aorta (rda) and dorsal aorta (ar-
row) is markedly regressed. (B)
Arch artery 4 (4) enlarges and forms
the segment of the arch of aorta. (C)
Left dorsal aorta (Ida) is dominant
over right dorsal aorta. The connec-
tion between right dorsal aorta and
abdominal dorsal aorta narrows (ar-
row). (D) Right arch artery 4 has
disappeared and abnormally persis-
tent right arch artery 6 (6) is seen.
Connection between right dorsal
aorta and dorsal aorta persists (ar-
row). (E) Left arch artery 3 poorly
extends toward cranial direction.
Left ductus caroticus (/dc) persists.
Note the extra branching near the
base of arch artery 3 (*). (F) Right-
sided aortic arch. Left dorsal aorta
has regressed (double arrow) and
right dorsal aorta has persisted. Left
arch artery 6 has regressed (arrow).
Right and left arch arteries 4 has dis-
appeared, and right aortic arch 6 is
well developed (obstructed from the
view). A, Aortic outflow; P, pulmo-
nary outflow; rdc, right ductus ca-
roticus.
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the double aortic arches as well as right-sided aortic arches
(see Fig. 8).

What is the cellular mechanism(s) of abnormal regression
of branchial arch arteries in ECE-17"~ or ET,~'~ embryos? We
speculate that mesenchymal cells of the arch arteries, which
are derived from ET 4-positive cardiac neural crest cells, fail to
proliferate sufficiently or differentiate correctly in the absence
of ET-1/ET s—mediated signaling. We cannot rule out the pos-
sibility of an increased incidence of apoptosis of the mesenchy-
mal cells, either. This reduction of the mesenchymal mass in
arch vessels is also observed in early stages of chick embryos
whose neural crest is surgically removed (36). Without mesen-
chymal support, the arch arteries can no longer maintain blood
flow, possibly causing hemodynamic alterations within the
arch vessels and conotruncus. These conditions may lead to
the further abnormal remodeling of the aortic arches. This is
supported by the observations that alteration of intracardiac
blood flow can cause defects similar to those observed in neu-
ral crest—ablated chick embryos (37, 38). It is noteworthy that

lateral view

dorsal view

arch artery 3 never shows abnormal regression in ECE-17"~
and ET,~'~ embryos, but rather it shows abnormal enlarge-
ment and poor rostral growth. Also, the left ductus caroticus
and the right dorsal aorta, which are normally programmed to
regress, abnormally persist. These changes may well be sec-
ondary to hemodynamic alterations caused by the narrowing
of arch arteries 4 and 6. Vessels that persist have to accept an
additional blood flow circumventing the abnormally regressing
arches, exposing themselves to constant mechanical and bio-
chemical stimuli, such as sheer stress and growth factors in the
circulating blood. As a consequence, their normal regression
may be prevented, resulting in a loss of asymmetry in the arte-
rial system. The correct distribution of blood flow through the
arch arteries and dorsal aorta seems to be an important factor
for the completion of vascular remodeling. Another plausible
hypothesis is that ET-1/ET,—mediated signaling conveys vaso-
constrictive effect on the vessels that are programmed to re-
gress during development. Indeed, ET-1 is known to possess
the most potent vasoconstrictive action on the diverse arterial

Figure 7. Aortic arch patterning in E13.5 wild-type (A and E) and ECE-1"'~ or ET,~'~ mutant (B-D, F-H) embryos. Right lateral view (top)
and dorsal view (bottom) are shown. (A) Right arch artery 3 (3) becomes common carotid artery and right arch artery 4 (4) forms a proximal part
of right subclavian artery (rsa). Note that the right ductus caroticus is regressed in wild-type embryos at this stage (arrowhead). Aortic outflow
(A) and pulmonary outflow (P) are separated. (E) Dorsal aorta (da) is on the left side of the embryo and the connection between right subcla-
vian artery and dorsal aorta has disappeared. (see Fig. 8 A) (B and F) Cervical origin of right subclavian artery. (B) Persistent right ductus caroti-
cus (arrowhead) connects right subclavian artery and right common carotid artery (3). Persistent connection between right subclavian artery and
dorsal aorta (arrow) (see Fig. 8 B). (C and G) Double aortic arches formed by abnormally persistent ductus caroticus (arrowhead) after abnor-
mal regression of arch arteries 4 (see Fig. 8 D). Malrotation of the outflow tract is seen. (D and H) Double aortic arches formed by bilateral arch
arteries 4 after abnormal regression of left aortic arch 6 (see Fig. 8 E). I4, left arch artery 4; Isa, left subclavian artery; r4, right arch artery 4; rpa,

right pulmonary artery.
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vessels (39). Without ET-1/ET,—mediated signals, these ves-
sels cannot constrict, resulting in abnormal persistence of arch
arteries. Another possibility is that ET-1 may affect genes re-
sponsible for specifying the identity of the arch arteries along
the anterior—posterior axis, similar to Hox genes in branchial
arch development (40, 41). However, this is less likely because
ET-1 and ET, expression does not detectably differ among
different branchial arch arteries, and Hoxa-2 expression in the
branchial arches is not affected in ET,~'~ embryos (our un-
published observations). Whatever the exact cellular mecha-
nism(s) for the ET-1/ECE-1/ET, actions are, our failure of de-
tecting a left-right asymmetry in the expression of these
molecules in the developing branchial arches and arch arteries
suggests that this intercellular signaling pathway functions to
create a permissive environment for other factor(s) to act
asymmetrically.

Mice deficient for the bHLH transcription factor dHAND,
have defects in the initial formation of vessels arising from the

A

B

Idc  arch of aorta

ductus arteriosus | ..

Isa

heart, resulting in the complete failure of the aortic arch for-
mation (42). Double homozygous mutants for subtypes of
RARs, including RARal and B2, exhibit similar aortic arch
abnormalities to ET-17'~, ECE-17'~, or ET,~'~ embryos (43).
They also show conotruncal abnormalities such as PTA and
DORY, suggesting that ET-1 and RARs may act in the same
genetic pathway in cardiac neural crest development. Mice tar-
geted for activin receptor IIB (44), TGF-B2 (45), Hoxa-3 (46),
RXRa (47), NF-1 (48), and neurotrophin 3 (49) also show de-
fects in conotruncal regions similar to cardiac neural crest—
ablated chick embryos. These observations suggest that there
are multiple signaling pathways involved in the development of
conotruncus, parallelly or serially interacting with each other.
In summary, we have shown that postmigratory cardiac
neural crest cell development is impaired in ECE-17/~ and
ET,~'~ embryos, leading to failure of the correct patterning of
branchial arch arteries. The primary defect is abnormal regres-
sion of specific arch arteries, indicating that ET-1/ET,—medi-

C

Figure 8. Schematic representations of aortic arch malformations in ECE-17'~ or ET,~'~ mutant embryos. Thick-dotted lines represent abnor-
mal regression; fine-dotted lines show normal regression. Shaded areas depict abnormal persistence. (A) Aortic arch patterning in wild-type em-
bryo. (B) Right subclavian artery of cervical origin caused by abnormal regression of right arch artery 4 and abnormal persistence of right ductus
caroticus. (C) Right subclavian artery of dorsal aorta origin caused by abnormal regression of right arch artery 4 and abnormal persistence of
right dorsal aorta. (D) Double aortic arches with abnormal persistence of bilateral ductus caroticus caused by abnormal regression of bilateral
arch arteries 4. (E) Double aortic arches with bilateral arch arteries 4 caused by abnormal regression of left arch artery 6 and abnormal persis-
tence of right arch artery 6 and right dorsal aorta. (F) Right-sided aortic arch caused by abnormal regression of left dorsal aorta, right and left
arch artery 4, and left arch artery 6, as well as abnormal persistence of right arch artery 6, right ductus caroticus, and right dorsal aorta. r3, right
arch artery 3; I3, left arch artery 3; r4, right arch artery 4; /4, left arch artery 4; r6, right arch artery 6; /6, left arch artery 6; rdc, right ductus caroti-
cus; ldc, left ductus caroticus; rsa, right subclavian artery; Isa, left subclavian artery; rda, right dorsal aorta; /da, left dorsal aorta. Drawings are
modified from reference 35, with permission granted by W.B. Saunders Co.
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ated signaling is essential for the proper asymmetric mainte-
nance of the mesenchyme of specific arch arteries. Resultant
patterns of aortic arch malformations in ECE-1~'~ or ET, "~
embryos may provide a direct molecular genetic basis for vari-
ous types of congenital heart and great vessel defects in human
neonates.
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