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Abstract

Id proteins are negative regulators of basic helix– loop–helix gene products and participate in many developmental processes. We have

evaluated the expression of Id2 in the developing chick heart and found expression in the cardiac neural crest, secondary heart field, outflow

tract, inflow tract, and anterior parasympathetic plexus. Cardiac neural crest ablation in the chick embryo, which causes structural defects of

the cardiac outflow tract, results in a significant loss of Id2 expression in the outflow tract. Id2 is also expressed in Xenopus neural folds,

branchial arches, cardiac outflow tract, inflow tract, and splanchnic mesoderm. Ablation of the premigratory neural crest in Xenopus embryos

results in abnormal formation of the heart and a loss of Id2 expression in the heart and splanchnic mesoderm. This data suggests that the

presence of neural crest is required for normal Id2 expression in both chick and Xenopus heart development and provides evidence that neural

crest is involved in heart development in Xenopus embryos.

D 2004 Elsevier Inc. All rights reserved.
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Introduction

Currently, four members of the Id family have been

isolated in chick (Kee and Bronner-Fraser, 2001a,b,c; Mar-

tinsen and Bronner-Fraser, 1998) and three members (Id2,

Id3, and Id4) in Xenopus (Liu and Harland, 2003; Wilson and

Mohun, 1995; Zhang et al., 1995). The Id proteins are

negative regulators of basic helix–loop–helix (bHLH) gene

products and have a highly conserved helix– loop–helix

domain, but lack the basic region required for DNA binding

(as reviewed in Benezra, 2001; Massari and Murre, 2000). Id

genes have been shown to regulate many developmental

processes, including myogenesis (Benezra et al., 1990),

neurogenesis (Jen et al., 1997; Manova and Bachvarova,

1991), cell growth (Christy et al., 1991), and cell fate

specification (Martinsen and Bronner-Fraser, 1998). Id2

expression has been shown in the endocardial cushions,

outflow tract (OFT), and valves of the developing mouse

heart (Jen et al., 1996); in the cranial neural crest during chick
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development (Martinsen and Bronner-Fraser, 1998); and in

the adult heart in Xenopus (Wilson and Mohun, 1995).

Despite expression in both the neural crest and heart, no data

indicating a clear relationship between Id2 expression and

function in the cardiac neural crest (CNC) or during heart

development has been presented to date. In this paper, we

show that Id2 is expressed in the cardiac neural crest,

secondary heart field, and cardiac structures. Ablation of

cardiac neural crest cells results in an alteration of Id2

expression and abnormal heart development in both chick

and frog model systems. This suggests a conserved role for

cardiac neural crest dependent Id2 expression in normal heart

development across species.

In chick, the cardiac neural crest (CNC) is an extracardiac

population of cells that arise from the neural tube in the region

of the first three somites up to the mid-otic placode level,

which corresponds to rhombomeres 6, 7, and 8 (Kirby, 2002).

These cells migrate into the pharyngeal arches and then on to

the heart where they participate in outflow tract (OFT)

septation and cardiac innervation (Kirby, 1988, 1989; Kirby

and Stewart, 1983; Kirby et al., 1983). Retroviral labeling

lineage studies have provided an overall picture of the labeled
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CNC cells in their target organs and have revealed two CNC

cell entry points into the heart: the arterial pole (Poelmann et

al., 1998) and the venous pole (Poelmann and Gittenberger-

de Groot, 1999). CNC arterial pole derivatives contain three

different subpopulations: outflow tract septum; smooth mus-

cle cells in the great vessel walls; and ganglionic cells in the

outer vessel walls and in the subepicardial space of the heart.

Additional studies have also revealed that these ganglionic

derivatives of CNC form the anterior parasympathetic plexus

(APP) of the heart (Kirby and Stewart, 1983; Verberne et al.,

1998). CNC cells also migrate through the venous pole of the

heart to locations surrounding the prospective conduction

system and the atrioventricular (AV) cushions (Poelmann and

Gittenberger-de Groot, 1999).

In contrast, very little is known about the contribution of

neural crest cells to cardiac development in the frog model

system. In Xenopus, neural crest cells are induced to form in

the lateral and posterior portions of the neural folds, before

neural tube closure. During late neurula and early tailbud

stages, they migrate from the neural folds through the

embryo to generate an array of cell types, both neuronal

and nonneuronal, which include the peripheral nervous

system, pigment cells, and craniofacial cartilage (Collazo

et al., 1993; Mayor and Aybar, 2001; Mayor et al., 1999).

xSnail (Essex et al., 1993; Mayor et al., 1993), xSlug (Mayor

et al., 1995), and xTwist (Hopwood et al., 1989) are a part of

the group of genes activated in the neural fold region that

positively control the activation of the genetic cascade

required for the development of the neural crest. Expression

of these genes begins at the border of the neural plate in

Xenopus laevis gastrula. Following neurulation, expression

of these genes can be detected in migratory neural crest cells.

In chick, neural crest cells migrate as closely associated

sheets (Bronner-Fraser, 1986) and are restricted to two to

three axial segments. In Xenopus, neural crest cells are fewer,

migrate as sparse individual cells, and are often spread over

eight or more myotomal segment lengths (Mayor et al.,

1999). Lastly, in chick, a subset of neural crest cells have

been found to populate the outflow tract of the developing

heart and are labeled ‘‘cardiac’’ neural crest cells (Kirby,

1988, 1989; Kirby et al., 1983); however, a similar popula-

tion of cells has not yet been identified in amphibia.

The cardiac neural crest is not the only ‘‘extracardiac’’

population of cells required for proper cardiac outflow tract

development. It has recently been shown that the outflow

tract, instead of being derived from the primary heart field,

is added to the heart from a population of cells in the

midline splanchnic mesoderm, termed the ‘‘secondary’’ or

‘‘anterior’’ heart field (Kelly et al., 2001; Mjaatvedt et al.,

2001; Waldo et al., 2001). Mjaatvedt et al. (2001) discov-

ered that the early formation of the proximal conus (outlet

segment of the outflow tract) forms from a novel anterior

heart field between Hamburger and Hamilton (1951) (HH)

stages 10 to 14. Mjaatvedt et al. (2001) also determined that

the remainder of the conus and the distal portion of the

outflow tract (the truncus) forms during later stages (stages
16–22) of accretion or recruitment from anterior heart field

splanchnic mesoderm. Waldo et al. (2001) also discovered

similar accretion between HH stages 14 to 22 from anterior

splanchnic mesoderm, which they termed the secondary

heart field (SHF). Here, we show for the first time that

chick Id2 (chick inhibitor of DNA-binding 2) is highly

expressed in the cardiac neural crest (CNC) and is a newly

identified marker of the secondary heart field (SHF). In

addition, it is expressed in the anterior parasympathetic

plexus (APP), outflow tract (OFT), inflow tract (IFT), and

atrioventricular (AV) valves of the developing heart. We

have examined the expression pattern of Xenopus Id2 (xId2)

in the heart and found that despite significant anatomic

differences between the chick and Xenopus model systems,

xId2 is also expressed in the venous inflow and outflow tract

portions of the developing frog heart. The expression pattern

of Id2 in frog is among the first data that suggests the

presence of a secondary heart field in this species. Lastly,

we present data that shows that the expression of Id2 in the

developing heart is altered in the absence of neural crest.

Ablation of premigratory cardiac neural crest in the chick

alters outflow tract formation and reduces expression of Id2

in the developing heart. Ablation of premigratory neural

crest cells in the frog embryo also alters xId2 expression in

the heart and prevents normal cardiac development. In

addition to implicating xId2 in outflow tract development

in Xenopus, this provides evidence for a neural crest

contribution to heart development in the frog embryo.
Methods

Chick cardiac neural crest ablation and in situ hybridization

Protocols for chick cardiac neural crest ablation were

followed as previously described, using a modified micro-

cautery unit from Harvard Apparatus (Besson et al., 1986;

Kirby et al., 1985). India ink [75 Al in 10 ml albumin or

Hank’s Balanced Salt Solution (Gibco) plus 1% Penicillin–

Streptomycin (Gibco)] was injected under control and

experimental embryos for better visualization, and the

windowed eggs were subsequently sealed with Parafilm

after embryo manipulation. This method of inking and

sealing increased the viability of the embryos for long-term

survival. The ablations were completed on three to eight

somite chick embryos before the onset of cardiac neural

crest emigration (CNC) (Boot et al., 2003). Ablated embry-

os were collected from 4.5 to 9.5 days of incubation and

fixed for in situ hybridization.

The protocol used for chick whole-mount in situ hybrid-

ization is a combination of protocols developed for chick

embryos (Henrique et al., 1995; Wilkinson, 1992; Wilkin-

son and Nieto, 1993). A linearized plasmid of chick Id2

(either full length or from nucleotide 554 to 848) was used

as a template to generate a digoxigenin-labeled antisense

probe (Martinsen and Bronner-Fraser, 1998). Chick embry-
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os, ranging in age from HH (Hamburger and Hamilton,

1951) stage 10 to day 14.5, were hybridized overnight with

the riboprobe and then washed and incubated with a block-

ing solution containing antidigoxigenin alkaline phospha-

tase conjugated antibody (Roche). A BM Purple AP

substrate (Roche) enzymatic reaction was then completed

to visualize the in situ hybridization signal. When the color

had developed to the desired extent, the embryos were

washed, refixed, and dehydrated with methanol for storage

at � 20jC. In situ hybridization on sections was completed

by following methods previously described (Martinsen et

al., 2003) and developed by Etchevers et al. (2001).

Quail-chick cardiac neural crest chimeras

Fertilized quail (Coturnix coturnix japonica) and chick

(Gallus gallus domesticus, White Leghorn) eggs were

obtained from commercial sources and incubated at 38jC
in a humidified atmosphere to HH stages 9–10 (7–11

somites). A window was cut in the quail shell and a 1:25

mixture of India Ink and Ringer’s solution injected into the

sub-blastodermal cavity to reveal the embryo. The vitelline

membrane in the region of the surgery and the cardiac neural

crest (mid-otic placode level to the caudal limit of somite 3,

unilateral or bilateral) were removed using a pulled glass

needle for dissection. The chick embryo host was similarly

prepared, and the cardiac neural crest from the region of the

graft site (mid-otic placode level to the caudal limit of somite

3, unilateral or bilateral) was removed immediately before

transfer of the quail donor cardiac neural crest. The window

was sealed with tape and the host egg was incubated to days

4.5 to 6.5. Embryos were then collected and embedded in

paraffin for Id2 in situ hybridization on sections following the

protocol described above. Sections through the heart were

then analyzed for coexpression of Id2 and QCPN.

Xenopus embryos, neural crest ablation, and in situ

hybridization

Albino X. laevis females were induced to ovulate by

injection of 1000 units of human chorionic gonadotropin,
Fig. 1. Chick Id2 gene expression during cardiac neural crest and heart developme

embryo, showing expression in the anterior intestinal portal (AIP) at the base of th

The red arrow points to expression in the neural tube (NT) and neural crest, while t

secondary heart field (SHF) that is continuous with the outflow tract (OFT) myoca

the cardiac neural crest (CNC) and NT. Green arrows point to expression in the

expression in the OFT (green arrowhead), SHF (blue arrowhead), and inflow tra

shown in panel D. Expression can be seen in the splanchnic mesoderm (epitheli

expression in the caudal wall of the OFT (green arrowhead) and associated dorsal

arrowheads) and associated dorsal mesocardium (DM). (F) Higher magnification of

shows expression in migrating cardiac neural crest (black arrow) and secondary he

the heart and branchial arch (BA) 3 shown in panel G. Expression can be seen in

early (red arrowhead) and late migrating CNC (red arrow). (I) Higher magnification

BA of the HH stages 25–26 (day 4.5) embryo shown in Fig. 2A. Id2 Expression

pharyngeal mesenchyme (blue arrowheads). Red arrows show migrating CNC

atrioventricular (AV) endocardial cushions. (M) Ventral view of a day 13 heart sho

(N) Transverse section through the heart shown in panel M. Red arrows show neur

a day 14.5 heart shows expression of cId2 (red arrows).
pH 7.2 (Sigma), into the dorsal lymph sac. Eggs were

expressed from the ovulating females and fertilized with

minced testis from pigmented males suspended in a modi-

fied Ringer’s solution at one-third strength (R/3) plus 50

mg/ml of gentimicin sulfate (Sigma). The fertilized eggs

were dejellied in a 2% cysteine, pH 8.0, and incubated in R/

3 at either 17jC or 23jC. Embryos were staged for use in

experiments according to Nieuwkoop and Faber (1967).

Vitelline membranes were manually removed before abla-

tion experiments. Xenopus neural crest ablations were done

using a modified microcautery unit (Harvard Apparatus or

Stoelting) to remove the superficial portion of the neural

folds in a bilaterally symmetric pattern that overlaps with

the xslug expression pattern at stages 15–18 (Figs. 6A,B).

Embryos were cultured in modified Ringer’s solution until

late tailbud stages and then fixed for in situ hybridization

(ISH) in a 3.7% formaldehyde solution (MEMFA) (Danos

and Yost, 1995; Harland, 1991) for 1–2 h and stored in

methanol at � 20jC.
RNA probe synthesis and whole-mount in situ hybrid-

ization were performed using a standard protocol for X.

laevis embryos (Harland, 1991; Sive et al., 1995). Using

PCR methods, base pairs 1–229 for xId2 (from a sequence

published in Zhang et al., 1995) were cloned and a digox-

igenin-labeled antisense RNA probe to xId2 was synthe-

sized from a cDNA insert in pGEM-T, cut with SalI and

transcribed with T7 RNA polymerase. After hybridization

and color development, embryos were refixed in a 3.7%

formaldehyde solution (MEMFA) and cleared in a 2:1

mixture of benzyl benzoate and benzyl alcohol for analysis

of expression pattern and photography or were embedded in

gelatin for cryostat sectioning.

Immunofluorescent staining of Xenopus and quail-chick

chimera sections

X. laevis embryos developed to stages 33 and 37 and

were fixed and stored in Dent’s fixative (80% methanol,

20% DMSO) at � 20jC. Embryos were rinsed in 1� PBS,

incubated in 5% sucrose, then 15% sucrose until embryos

sunk in the solution and then were embedded in 7.5%
nt. (A) Ventral view of Hamburger and Hamilton (HH) stages 10–12 chick

e fusing heart tube. (B) Section at the pharynx (P) level shown in panel A.

he green arrow points to expression in the splanchnic mesoderm (SM) of the

rdium. (C) Section at the level of the AIP. Red arrow points to expression in

SM of the AIP. (D) Right lateral view of a HH stage 18 embryo showing

ct (IFT) (red arrowhead). (E) Sagittal section through the developing heart

um) (blue arrowhead) of the secondary heart field that is continuous with

mesocardium (DM), as well as the cranial and caudal walls of the IFT (red

panel E. (G) Right lateral view of a HH stages 21–22 (day 3.5) embryo that

art field (blue arrowhead) next to the heart (H). (H) Sagittal section through

the SHF (blue arrowhead), caudal wall of the OFT (green arrowhead), and

of the BA 3 shown in panel H. (J–L) Sagittal section through the heart and

is down-regulated in the SHF (green arrows), and upregulated in the ventral

entering the OFT. Black arrowhead and ‘‘Ec’’ denote expression in the

ws Id2 expression in the anterior parasympathetic plexus (APP) (red arrow).

ons expressing Id2 in the APP. (O) Section through the AV valves (AVV) of
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gelatin (15% sucrose in 0.1 M PBS) for cryostat sectioning.

Transverse Xenopus sections were degelatinized at 37jC in

PBT (PBS + 0.2% Triton X-100) for 15 min.
Chick Id2 in situ hybridization on quail-chick cardiac

neural crest chimera sections was performed first as de-

scribed above in the chick in situ hybridization methods
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section and then subsequently used for immunohistochem-

istry of QCPN (quail nuclei marker) as described below.

For immunoflourescent staining, the slides were washed

in PBT at room temperature for 15 min with gentle rotation.

Sections were blocked in PBT + 2% BSA + 10% goat serum

for 1–2 h with gentle rotation. Sections were then incubated

with either MF20 (an antibody to myosin heavy chain) for

Xenopus sections or QCPN (an antibody to quail nuclei) for

quail-chick chimera sections diluted 1:1 in the blocking

solution for 2.5 h at room temperature. Sections were

washed in PBT overnight at 4jC, then 3� 15 min at room

temperature on day 2. Sections were then incubated in

secondary antibody for 3 h at room temperature. Secondary

antibody was Alexa Fluor 568 rabbit antimouse IgG (H + L)

(Molecular Probes) diluted 1:100 in blocking solution.

Sections were rinsed 3 � 15 min in PBT at room temper-

ature and then viewed under a fluorescent scope and photo-

graphed. The MF20 monoclonal antibody developed by

Donald A. Fischman, MD, was obtained from the Devel-

opmental Studies Hybridoma Bank developed under the

auspices of the NICHD and maintained by The University

of Iowa, Department of Biological Sciences, Iowa City, IA

52242. QCPN supernatant generated from hybridoma cells

(DSHB, University of Iowa) was a gift from M. Bronner-

Fraser (Caltech).
Results and discussion

Early expression of chick Id2 in the neural crest, secondary

heart field, and developing heart

Recent data has shown expression of chick Id2 (Martin-

sen and Bronner-Fraser, 1998) and chick Id4 (Kee and

Bronner-Fraser, 2001a) in migrating cranial neural crest at

the post-otic level. Here, we present a detailed analysis of

the expression of Id2 in the developing chick cardiovascular

system.

Chick Id2 is expressed in the developing cardiac neural

crest (CNC), secondary heart field (SHF), outflow tract

(OFT), and inflow tract (IFT), as well as in the neurons

surrounding the developing aorta, pulmonary artery, and

base of the heart [anterior parasympathetic plexus (APP)].

At the 5-somite stage (HH stages 8–9), Id2 is expressed in

the cranial neural folds, including the neural folds at the

level of the CNC, and by the 11-somite stage (HH stages

10–11) it is expressed in migrating cranial and cardiac

neural crest cells (Martinsen, 1998; Martinsen and Bron-

ner-Fraser, 1998). At HH stages 10–12 (10–14 somites),

during fusion of the bilateral endocardial heart tubes, Id2 is

expressed in the anterior intestinal portal (AIP) (Fig. 1A).

Cross-sectional analysis at this stage, and at HH12, shows

strong expression of Id2 in the dorsal neural tube, neural

crest, and AIP (Figs. 1B,C, red arrows). Id2 is also

expressed in the secondary heart field, which is comprised

of splanchnic mesoderm (SM) underlying the midline en-
doderm of the pharynx (Fig. 1B, green arrow), and in the

SM at the region of the AIP (Fig. 1C, green arrows).

Expression of Id2 in the secondary heart field (SHF) can

be seen even more clearly at HH stage 18 (Fig. 1D, blue

arrowhead) and HH stages 21–22 (Figs. 1G,H, blue arrow-

heads), when secondary heart field cells are being added to

the outflow tract (Figs. 1D–F,H, green arrowheads). At HH

stage 18, Id2 is also highly expressed in the inflow tract

(Figs. 1D–F, red arrowheads), and splanchnic mesoderm

between the cardiac outflow and inflow tracts (Figs. 1E,F,

blue arrowheads). This continuous expression of Id2 be-

tween the outflow and inflow tract in the splanchnic

mesoderm and dorsal mesocardium may provide new clues

to a potential link between secondary heart field, inflow, and

outflow tract development. It is currently believed that the

inflow tract is derived from the primary heart field and not

the secondary heart field (Kirby, 2002), but our findings

suggest the need for further investigation. Also, note that

Id2 is expressed only in the caudal wall of the distal OFT

and the dorsal mesocardium (DM) at HH stage 18 (Figs.

1E,F, green arrowheads) and HH stages 21–22 (Fig. 1H,

green arrowhead), and not in the cranial wall of the outflow

tract, which is consistent with secondary heart field cell

markers like Gata-4 and Nkx2.5 (Waldo et al., 2001).

This early expression data shows, for the first time, that

chick Id2 is expressed in the secondary heart field during the

accretion of SHF cells to the developing outflow tract, and

thus provides another molecular marker of the secondary

heart field. This also suggests that this family of HLH

transcription factors is involved in the development of the

SHF and cardiac OFT. It has been shown that BMP-2 is

highly expressed in the distal rim of the primary outflow

region of the heart and that BMP-2 balances proliferation

and differentiation of the SHF myocardium (Yutzey and

Kirby, 2002). Because BMP-2 can stimulate the expression

of Id2 in vitro (Locklin et al., 2001), it is plausible that it

may act through Id2 in vivo to stimulate the proliferation of

the secondary heart field and cardiac neural crest cells that

reach the region of the distal outflow rim.

Down-regulation of chick Id2 in the secondary heart field

As the chick embryo progresses from day 3.5 (HH 21–

23) to 4.5 (HH 25–26) of development, expression of Id2 in

the splanchnic mesoderm of the secondary heart field (Figs.

1E,F,H, blue arrowheads) is down-regulated (Figs. 1J,L,

green arrows), while expression in the ventral pharyngeal

mesenchyme adjacent to the region of the SHF is up-

regulated and expanded (Figs. 1J,L, blue arrowheads). The

down-regulation of Id2 at HH stages 24–25 correlates with

the completion of secondary heart field myocardium accre-

tion to the outflow tract. Expansion of Id2 expression in the

ventral pharyngeal mesenchyme adjacent to the SHF region

and OFT at HH stages 21–25 correlates with appearance of

late migrating cardiac neural crest in the pharyngeal arch 3

mesenchyme (Figs. 1H,I, red arrows) and early migrating
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cardiac neural crest in the OFT (Fig. 1H, red arrowhead;

Figs. 1J,L, red arrows; Fig. 2A, red arrow; Figs. 3A,C,E,G,

red arrowheads). This suggests the possibility that late

migrating cardiac neural crest migrating through the region

of the secondary heart field may influence the final stages of

accretion of secondary myocardium to the OFT (HH 21–

23). It may also indicate a difference in the function of early

vs. late migrating cardiac neural crest. A recent study has

shown that myocardial cells from the SHF fail to be added

to outflow myocardium in CNC ablated embryos, but why

cells in the SHF behave abnormally after neural crest

ablation is not known (Yelbuz et al., 2002). This data

suggests that neural crest cells may not only regulate

outflow tract development but may play a role in the

regulation of the secondary heart field.

Late expression of chick Id2 in the outflow tract, inflow

tract, and heart

Day 5.5 (HH stage 28) and day 6.5 (HH stage 30) chick

hearts show marked expression of Id2 in the developing

outflow tract (Figs. 2C,E, red arrows), atrioventricular (AV)

sulcus (Figs. 2C,E, green arrows and Fig. 3E, green arrow),

and in the ventral mesenchyme associated with the inflow

tract. Expression in the atrioventricular region can be seen in

the AV sulcus at day 4.5 (HH stages 25–26) (Fig. 2A, green

arrow), and in the AV endocardial cushions at day 3.5 (HH

stage 21–23) and day 4.5 (HH stages 25–26) (Figs. 1K,L,

black arrowhead). Id2 expression in the AV endocardial

cushions is maintained as they are being sculpted into

atrioventricular valves at day 14.5 (HH stages 40–41)

(Fig. 1O, red arrows).

Outflow tract expression of Id2 is best described by using

nomenclature for chick cushion development as in Qayyum

et al. (2001). At day 5.5 (HH stage 28), Id2 expression can

be seen in the proximal right cushion (PR) of the OFT,

which is consistent with a prong of neural crest (Fig. 3A, red

arrowhead). Poelmann et al. (1998) showed for the first time

that there is an extension of the CNC to the rim of the right

ventricular outflow tract (base of the pulmonary outlet in the

right ventricle). It has also been suggested that the ultimate
Fig. 2. Chick Id2 expression in the outflow tract and heart requires the

presence of cardiac neural crest. (A, C, E) Id2 expression in control (sham

operated) day 4.5 (100% have Id2 expression, n = 15), day 5.5 (67% have

Id2 expression, n = 7), and day 6.5 (100% have Id2 expression, n = 7)

hearts, respectively. Id2 expression can be seen in the outflow tract (red

arrows) and atrioventricular sulcus (AVS) (green arrows). (B, D, F) Id2

expression in day 4.5 (only 13% have Id2 expression, n = 35), day 5.5 (only

10% have Id2 expression, n = 10), and day 6.5 (only 23% have Id2

expression, n = 9) hearts following early cardiac neural crest ablation (3–8-

somite stage), respectively. Loss of expression in the outflow tract (red

arrowheads), but not in the AVS (green arrowheads). (G) Id2 expression in

a control day 9.5 heart shows expression in the anterior parasympathetic

plexus (APP) (red arrows). Also at this stage, Id2 is expressed in developing

cardiac neural crest derived neurons of the Xth (vagal) cranial nerve,

including the right dorsal arterial branch (RDAB) that runs along the aorta

(Ao), and the left ventral arterial branch (LVAB) that runs along the

pulmonary artery (P) (blue arrows).



Fig. 3. Loss of chick Id2 expression in a day 5.5 heart following early cardiac neural crest ablation (3–8-somite stage). Selected sections showing chick Id2

expression in a control day 5.5 heart and a day 5.5 heart after early cardiac neural crest ablation. (A, C, E, G) Expression of Id2 from proximal to distal within

the developing outflow tract and heart of a control day 5.5 heart. (B, D, F, H) Loss of Id2 expression from proximal to distal within a day 5.5 outflow tract and

heart following early cardiac neural crest ablation. (H) Early cardiac neural crest ablation resulted in a single outflow vessel (So) with no septation or cardiac

neural crest derived condensed mesenchyme (cm). Red p and arrowhead, prong of cardiac neural crest (CNC) with Id2 expression. Blue p and arrowhead,

prong of CNC with no Id2 expression. Green p and arrowhead, loss of CNC prong and Id2 expression after early CNC ablation. RV, right ventricle; LV, left

ventricle; RA, right atrium; LA, left atrium; Ao, aorta; P, pulmonary trunk; PR, proximal right endocardial cushion; PL, proximal left endocardial cushion; SI,

septum intermedium; DD, distal dorsal endocardial cushion; AIC, aorta intercalated endocardial cushion; PIC, pulmonary intercalated endocardial cushion;

DRV, distal right ventral endocardial cushion; DLV, distal left ventral endocardial cushion; AVS, atrioventricular sulcus; So, single outflow vessel; SoR, single

outflow vessel right endocardial cushion; SoL, single outflow vessel left endocardial cushion. OFT labeling based on that of Qayyum et al. (2001).
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fate of these deep CNC cells is apoptosis, which would

explain the absence of any neural crest derived septal

structures below semilunar valve level (Poelmann et al.,

1998; Qayyum et al., 2001). These deep CNC cells are also

hypothesized to release or mobilize growth factors as they

die in morphogenetically active areas of the heart (Poelmann

et al., 1998). Thus, Id2 not only marks the secondary heart

field and ganglia of the anterior parasympathetic plexus

(APP), but it may also mark a population of deep migrating

cardiac neural crest cells whose ultimate fate is cell death.

Id2 expression is also seen in a pattern consistent with

expression in prongs of crest in the distal left ventral

cushion (DLV) and pulmonary intercalated cushion (PIC)

of the OFT (Fig. 3C, red arrowheads). Even more distally, at

the level of the septum intermedium (SI), Id2 is expressed in

prongs of crest directly under the myocardium in both the

left and right distal ventral cushions of the OFT, and in the

pulmonary vessel wall at the level of the atria (Figs. 3E,G,

red arrowheads). OFT expression of Id2 begins to decrease

between days 7.5 and 8.5 (HH stages 32–34), which

coincides with the completion of OFT septation. The ex-

pression pattern of Id2 before day 8.5 of chick development

is consistent with a role in secondary heart field, cardiac

neural crest, and outflow tract development.

After day 9.5 (HH stages 35–36) of chick development,

the expression of Id2 is most prominent in cardiac neural

crest derived structures. Id2 expression is seen in developing

CNC-derived neurons of the Xth (vagal) cranial nerve,

including the right dorsal arterial branch (RDAB), which

runs along the aorta, and the left ventral arterial branch

(LVAB), which runs along the pulmonary artery (Fig. 2G,

blue arrows). Id2 is also highly expressed in the neurons of

the anterior parasympathetic plexus (APP) from day 9 to 13

(Fig. 1M,N, red arrows and Fig. 2G, red arrows) a pattern

that is consistent with a role for Id2 in cardiac neural crest

associated innervation of the heart. Previous cardiac neural

crest lineage tracing experiments, using retroviral infection

of the reporter gene LacZ, show a similar expression pattern

in the cardiac ganglia of the APP (Bergwerff et al., 1998;

Poelmann et al., 1998), as do quail-chick chimera studies on

the distribution of the CNC in the cardiac nervous system

(Verberne et al., 2000). This expression pattern is also

similar to Sox 10 expression in the developing APP (Mon-

tero et al., 2002). Thus, the Id2 expression data presented

here shows for the first time that Id2 specifically marks the

anterior parasympathetic plexus (APP) of the heart.

Cardiac neural crest derived cells in the septating outflow

tract express chick Id2

Chick Id2 is coexpressed with QCPN in cardiac neural

crest (CNC) cells of the septating outflow tract of quail-

chick (CNC) chimera embryos, verifying that cardiac neural

crest derived cells in the septating outflow tract express Id2

(Fig. 4). Fig. 4 shows Id2 gene expression and QCPN (quail

nuclei marker) immunofluorescent staining at three different
sagittal levels of a day 6.5 quail-chick unilateral CNC

chimeric heart. Id2 is expressed in the aortic and pulmonary

(P) vessel walls and the CNC cells of the forming aortico-

pulmonary septum (APS) of the outflow tract (Oft) (Figs.

4A,D,H,I,N, red arrows). QCPN marks quail CNC grafted

cells in the aortic and pulmonary (P) vessel walls and the

aorticopulmonary septum (APS) of the outflow tract (Oft)

(Figs. 4B,F,J,L, white arrows). Merged images of Id2 gene

expression and QCPN immunofluorescent staining of

the same section show overlapping expression (Figs.

4C,E,G,K,M,O, white arrows ). A higher power view of

the APS shows individual quail cardiac neural crest cells

expressing Id2 (Fig. 4E, white arrow heads), verifying that

Id2-expressing cells in the outflow tract are cardiac neural

crest derived. Interestingly, cells expressing Id2 in the

atrioventricular sulcus (AVS) (Figs. 4N,P, red arrows) are

not positive for QCPN (Fig. 4Q, white arrow heads),

suggesting that these cells are not cardiac neural crest

derived. These cells are most likely derived from the

endocardial cushions of the AVS and this is consistent with

the expression of Id2 in the forming atrioventricular valves

at later stages.

Chick Id2 expression in the outflow tract and heart requires

the presence of cardiac neural crest

The chick system is particularly conducive to experimen-

tal manipulation of the developing cardiovascular system,

and recent studies have lent support to the idea that the role of

cardiac neural crest in mammalian cardiovascular develop-

ment is similar to that in the chick (Lo et al., 1997; Waldo et

al., 1999). Ablation of the premigratory cardiac crest in the

chick results in persistent truncus arteriosus, or complete lack

of septation of the outflow tract, and a variety of other

structural conotruncal defects (Kirby and Farrell, 1999), as

well as abnormalities of the myocardium. Heart defects are

present in about 90% of embryos surviving to days 8–11 after

neural crest ablation (Nishibatake et al., 1987) and abnormal

heart development can be seen as early as only 1–2 days of

incubation (Kirby and Farrell, 1999). In this study we scored,

via whole-mount in situ hybridization, the expression of Id2

in day 4.5 to 9.5 control chick hearts with chick hearts after

early cardiac neural crest ablation (Fig. 2).

Early cardiac neural crest (CNC) ablations, completed

between 3- and 8-somite stage (HH stages 8–9), resulted in

an almost complete loss of Id2 expression in the outflow

tract (Figs. 2B,D,F, red arrowheads). Sectional analysis of a

heart of an early CNC ablated embryo collected at day 4.5

reveals loss of Id2 expression in the AV cushions, as well as

in the region underlying the distal ventral OFT cushion and

the distal dorsal and ventral OFT cushions (data not shown).

In addition, sectional analysis of a heart of an early CNC

ablated embryo collected at day 5.5 shows loss of Id2

expression in the region underlying the proximal right

OFT cushion (PR) (Fig. 3B, green arrowhead); underlying

the distal right ventricular endocardial cushion (DRV);



Fig. 4. Cardiac neural crest derived cells in the septating outflow tract express chick Id2. Id2 gene expression and QCPN (quail nuclei marker)

immunofluorescent staining are shown at three different sagittal levels of a chick host heart collected at day 6.5 after receiving a unilateral quail CNC graft at

the 8-somite stage. (A, D, H, I, N) Id2 (blue) is expressed in the aortic and pulmonary (P) vessel walls and the CNC cells of the forming aorticopulmonary

septum (APS) of the outflow tract (Oft) (red arrows). (B, F, J, L) QCPN (red) marks quail CNC grafted cells located in the aortic and pulmonary (P) vessel

walls and the CNC cells of the forming aorticopulmonary septum (APS) of the outflow tract (Oft) (white arrows). (C, E, G, K, M, O) Merged images of Id2

gene expression (blue) and QCPN (red) immunostaining of the same section show overlapping expression. (E) A higher power view of the APS (denoted by

small white dashed box in panel C) shows individual quail cardiac neural crest (CNC) cells expressing Id2 (white arrow heads), (N, P) cells expressing Id2

(blue) in the atrioventricular sulcus (AVS) (red arrows) are not positive for QCPN as shown in panel Q (white arrow heads). Black dashed box in panel A,

region of higher power view shown in panels B, C, and D. Large white dashed box in panel C, region of higher power view shown in panels F, G, and H. Small

white dashed box in panel C, region of higher power view show in panel E. White dashed box in panel K, region of higher power view shown in panels L and

M; Black dashed box in panel N, region of higher power view shown in panels P and Q; Oft, outflow tract; PC, pericardium; A, atria; V, ventricle; APS,

aorticopulmonary septum; P, pulmonary trunk; CNC, cardiac neural crest cells; Id2, Id2 gene expression; QCPN, quail nuclei marker; QCPN/Id2 merged

fluorescent and brightfield; SV, semilunar valve; AVS, atrioventricular sulcus.
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underlying the distal left ventricular endocardial cushion

(DLV); underlying the pulmonary intercalcated endocardial

cushion (PIC) (Figs. 3D,F, green arrowheads); and under-

lying the endocardium of the distal single OFT (Fig. 3H,

green arrowheads). The early CNC ablated embryo shown

(Figs. 3B,D,F,H, So), collected at day 5.5, has malformed

cushions showing no signs of early outflow tract septation,
creating an early single OFT. Interestingly, the expression of

Id2 in the AV sulcus does not seem to be altered in day 5.5

and day 6.5 hearts after early cardiac neural crest ablation

(Figs. 2D,F, green arrowheads). Id2 expression marking the

neurons along the aorta and the anterior parasympathetic

plexus (APP) is completely lost in a 9.5-day heart after early

cardiac neural crest ablation (data not shown). Limited data
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in the 9.5-day heart after early CNC ablation is notable for

malposition of the great vessels suggestive of transposition

or double outlet right ventricle (data not shown).

Xenopus Id2 expression in the neural crest and splanchnic

mesoderm

In recent years, a growing number of genes expressed in

the neural crest cells of X. laevis have been identified, and

among these are the Id genes, including Id2. However, a

link between neural crest cells and Xenopus heart develop-

ment has yet to be established and it is unclear whether a

secondary heart field exists in Xenopus. Thus, we report

here for the first time that the expression pattern of xId2 in

Xenopus is located not only in the neural crest, but also in

the splanchnic mesoderm underlying the floor of the phar-

ynx in a region analogous to what has been described in

chick as a secondary heart field. The Id2 expression pattern

in this region is also very similar to the chick secondary

heart field markers, Gata-4 and Nkx2.5 (Waldo et al., 2001).

Lastly, the effect of neural crest ablation of premigratory

neural crest cells on xId2 expression and heart formation in
Fig. 5. xId2 expression in staged Xenopus embryos. A, C, E, and G are dorsal view

views of the embryos. (A–F) Whole-mount in situ hybridization for xId2 shows e

tube (NT). (G, H) shows xId2 expression in the somites (S) and branchial arches
X. laevis suggests a link between neural crest cells and

normal heart development.

The expression pattern of Xenopus Id2 (xId2) in the

developing heart has many similarities to the expression of

chick Id2 during chick heart development. During neurula

stages (stages 15–20, Nieuwkoop and Faber, 1967), xId2 is

strongly expressed in the neural folds, and at stage 20, with

the neural tube closed, xId2 expression is seen in the neural

tube (NT) and in the ventral mesoderm (Figs. 5A–F). By

early tailbud stages, xId2 expression is present in the NT,

somites (S), and the branchial arches (BA) (Figs. 5G,H). At

stage 37/38 xId2, expression is apparent in the heart (H), eye

(E), and otic vesicle (O) as well as the somites and branchial

arches (Figs. 6E and 8C). A more detailed analysis of cardiac

expression in a stage 39 embryo shows expression of xId2 in

the caudal portion of the cardiac outflow tract (OFT), in the

cardiac inflow region (IFT), and the splanchnic mesoderm

(SM) (Figs. 6C,G). Transverse sections through a stage 39

(tailbud) Xenopus embryo after whole-mount in situ hybrid-

ization (ISH) with xId2 reveal expression in the neural tube,

eye, and nerve root ganglia (Fig. 6F, green arrows). A slightly

more caudal section of the same embryo shows xId2 expres-
s with the anterior of the embryo to the right. B, D, F, and H are right lateral

xpression in the neural folds (NF) and along the length of the closing neural

(BA).



Fig. 6. Results of Xenopus neural crest ablation and xId2 expression patterns. (A, B) xSlug expression in the neural crest was used as a guide (A) for stage 15

neural crest ablations (B, abl). (C, D) Whole-mount xId2 in situ hybridization (ISH) was carried out on stage 39 control and neural crest ablated embryos. (C)

There is xId2 expression in both the inflow tract (IFT) (green arrow) and outflow tract (OFT) (red arrow) of the developing heart, as well as the otic vesicle (O),

eye (E), and branchial arches (BA) in the control embryo. (D) In the ablated stage 39 embryo, there is lack of expression in the IFT (green arrowhead), OFT

(red arrowhead), and reduced expression in the BA. (E–G) Control embryos underwent whole-mount in situ hybridization (ISH) for xId2 and were fixed at

stage 37/38 for whole-mount analysis and at stage 39 for sectional analysis. (E) xId2 expression is located in the branchial arches (BA), eye (E), otic vesicle

(O), and heart (H). (F, G) xId2 expression is located in the neural tube (NT), eye (E), outflow tract (OFT), pharynx (P), nerve ganglion (green arrows), and

splanchnic mesoderm (SM, red arrows).
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sion in the cardiac outflow tract (OFT) and splanchnic

mesoderm (Fig. 6G, red arrows, SM). XId2 gene expression

can be seen in the splanchnic mesoderm underlying the floor

of the pharynx in stages 33 and 37 control Xenopus embryos

(Figs. 7C,D and 8D, red arrows), which is MF20 negative

(Figs. 7A,B and 8A,B, white arrows). The expression of xId2

in the splanchnic mesoderm (Figs. 7C,D and 8D, red arrows)

is continuous with xId2 expression in the distal primary

outflow myocardium (m) (Figs. 7C and 8D, green arrows),

which is MF20 positive (Figs. 7A,B and 8A,B, bright red

immunofluoresence). This expression pattern is similar to

Gata-4, Nkx2.5, and Id2 in chick, which mark the secondary

heart field. Thus, Xenopus may also have a secondary heart

field, which expresses xId2 and contributes to cardiac outflow
tract formation, analogous to the secondary heart field (SHF)

in the chick.

Xenopus neural crest required for proper heart development

and xId2 expression

The contribution of cardiac neural crest to heart devel-

opment is well described in the chick embryo, and con-

otruncal defects similar to those seen in neural crest ablated

chick embryos account for a significant percentage of

human congenital heart disease. In contrast, the role of

neural crest in heart formation and function has only

recently been tested in zebrafish (Li et al., 2003; Sato and

Yost, 2003), and we believe that the work presented here is



Fig. 7. Analysis of the heart morphology and xId2 expression patterns of stage 33 Xenopus embryos, following neural crest ablation and in situ hybridization

(ISH) for xId2. (A, B) Transverse sections of a stage 33 control embryonic heart immunostained with the myocardial marker MF20. White arrows indicate

(MF20 negative) undifferentiated splanchnic mesoderm cells continuous with the newly formed cardiac myocardial cells expressing myosin heavy chain

(MF20 positive). (C, D) Sections through a stage 33 control embryo following ISH for xId2. In the control embryos, there is a visible myocardium (m),

endocardium (e), and pharynx (P). [See Mohun et al. (2000) for reference to Xenopus heart morphology.] There is xId2 expression in the splachnic mesoderm

(red arrows) as well as the outflow track myocardium (green arrow). (E, F) Sections through a stage 33 embryo following stage 15 neural crest ablation and ISH

for xId2. There is a lack of xId2 expression in the splachnic mesoderm (red arrowheads) and the outflow tract myocardium (green arrowhead). There are also

morphological differences in heart development following neural crest ablation. Note the enlarged myocardium (m), the thickened pericardial layer (Pc), and

the pericardial edema (PcE). Morphology is variable among neural crest ablated embryos; (E) sometimes there is visible formation of a myocardium (m) and

endocardium (e), (F) whereas in other embryos there is only an undistinguishable mass of heart cells (h).
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the first evidence of a contribution of neural crest to heart

formation in Xenopus. To determine the effects of neural

crest ablation on xId2 expression and heart development in

Xenopus, we ablated the surface cells of the lateral neural

folds bilaterally in a stage 15 embryo (Fig. 6B) using xSlug

expression as a visual guide to the areas of premigratory

neural crest formation (Fig. 6A). Thus, neural crest cells

were ablated in the entire cranial region to the mid-trunk

level of the Xenopus embryo (Fig. 6B). We believe that if

Xenopus has cardiac neural crest cells, they will be

contained within this region based on cardiac neural crest

mapping in chick and zebrafish (Li et al., 2003). In the

ablated embryos, xId2 expression is reduced in the otic

vesicle (O), eye (E), and branchial arches (BA), and is

absent in the cardiac outflow tract (OFT) and inflow tract

(IFT) (Fig. 6D). In addition, the expression in the splanchnic

mesoderm (Figs. 7C,D and 8D, red arrows) and myocardi-

um (Figs. 7C and 8D, green arrows) is lost in the neural
crest ablated embryos (Figs. 7E,F and 8E,F, red and green

arrow heads). Cardiac formation is also altered in neural

crest ablated Xenopus embryos. Cardiac findings after

ablation of premigratory neural crest in Xenopus embryos

included an elongated, unlooped heart, and enlarged peri-

cardial cavity (Figs. 6D, 7F, and 8E) and a lack of normal

heart tube formation (Figs. 7E and 8F). This Xenopus neural

crest ablation phenotype is very similar to that seen in recent

zebrafish cardiac neural crest ablation experiments (Li et al.,

2003) and suggests that the presence of neural crest is

required for normal heart development in Xenopus.
Conclusions and future directions

The observation that the ablation of the cardiac neural

crest results in outflow tract and aortic arch defects occurred

20 years ago, but the delineation of the molecular cues that



Fig. 8. Analysis of morphology and xId2 expression patterns of stage 37 Xenopus embryos following neural crest ablation and in situ hybridization (ISH) for

xId2. (A, B) Transverse sections of a stage 37 control embryonic heart immunostained with the myocardial marker MF20. White arrows indicate (MF20

negative) undifferentiated splanchnic mesoderm cells continuous with the newly formed cardiac myocardial cells expressing myosin heavy chain (MF20

positive). (C, D) Sections through a stage 37 control embryo following ISH for xId2. (C) There is Id2 expression in the branchial arches (BA), and in a more

caudal section (D) there is expression in the splachnic mesoderm (red arrows), myocardium of the outflow tract (green arrow), and the branchial arches (white

arrow). Note that the expression in the splachnic mesoderm is continuous with the distal outflow tract myocardium. There is a visible pharynx (P), pericardium

(Pc), myocardium (m), endocardium (e), aortic sac (as, black arrow), and truncus arteriosus (ta). [See Mohun et al. (2000) for reference to Xenopus heart

morphology.] (E, F) Sections through a stage 37 embryo following stage 15 neural crest ablation and ISH for xId2. There is a lack of xId2 expression in both

the splachnic mesoderm (red arrowheads) and myocardium of the outflow tract (green arrowheads). Morphologically, there is pericardial edema (PcE), an

enlarged myocardium (m), and an irregular pericardial layer (pc). (E) The heart that formed in this ablated embryo is an unlooped linear heart tube.
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regulate cardiac neural crest and cardiac outflow tract

development have been daunting (Baldwin, 1999). In the

work presented here, we show that expression of the helix–

loop–helix molecule Id2, a known regulator of many

developmental processes, occurs in cardiac neural crest,

secondary heart field, outflow tract, and innervation of the

heart. We show that Id2 is a new marker for the secondary

heart field during chick embryonic heart development, and

that the expression of Id2 in the developing cardiac outflow

tract is altered after neural crest ablation. These findings

suggest that Id2 may regulate accretion of the cardiac

outflow tract from the secondary heart field, a hypothesis
we will test with further experimentation. Although no

neural crest contribution to heart development has been

shown in Xenopus, a role for neural crest in the development

of normal structure and function of the zebrafish heart has

recently been described (Li et al., 2003; Sato and Yost,

2003). Here we report expression of Xenopus Id2 in the

splanchnic mesoderm and outflow tract of the embryonic

frog heart, suggesting that there is a structure analogous to

the chick secondary heart field in Xenopus. The true nature

of this secondary heart field and its contribution to cardiac

formation in Xenopus require further study. In addition, our

neural fold ablation experiments are the first, to our knowl-
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edge, that show a role for neural crest in normal cardiac

gene expression and heart formation in Xenopus.

Indirect evidence suggests that bHLH proteins may

participate in the control of cardiac muscle gene expres-

sion. Recent studies have shown that the novel bHLH

dHAND and eHAND genes are expressed in early cardio-

genic progenitors, as well as the lateral plate (splanchnic

mesoderm), heart tube, cardiac neural crest, and branchial

arches (Angelo et al., 2000; Olson and Srivastava, 1996;

Srivastava, 1999; Srivastava et al., 1995). Inhibition of

expression of these factors with antisense oligonucleotides

in cultured chick embryos suggest that these factors

regulate critical steps in cardiac morphogenesis (Srivastava

et al., 1995). The interacting network of HLH containing

transcription factors, including Id2, may help regulate the

process of cardiac neural crest and heart development. In

particular, the proximity of gene expression in the CNC

and molecular structure suggests that Id2 and dHAND may

interact during this critical period of cell commitment to

the cardiac lineage. Understanding the role of Id2 in

regulating these interactions and cardiogenesis is the sub-

ject of our ongoing work.
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