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The valves and septa of the mature heart are derived from the cardiac cushions, which develop from dis-
crete swellings in two regions of developing heart tube: the atrioventricular (AV) canal and the ventricu-
lar outflow tract (OFT). In higher vertebrates, three distinct lineages contribute to the heart valves and
septa, the endocardium, the myocardium, and the cardiac neural crest that will populate the cardiac jelly
of the OFT. Very little is known about cardiac cushions development in amphibians. Here, we describe the
expression of eight genes during key stages of cardiac cushion development in Xenopus. Among these
genes, the Wnt antagonist Frzb1 and the transcription factors Xl-Fli, Sox8, Sox9, and Sox10 are differen-
tially expressed in the mesenchyme of the OFT and AV cushions. These genes can be used in combination
with lineage-tracing experiments to determine the embryonic origin of the cardiac cushions mesenchyme
in Xenopus. Developmental Dynamics 238:3257–3265, 2009. VC 2009 Wiley-Liss, Inc.
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INTRODUCTION

The septa and valves of the mature

heart are essential to maintain the

separation between the systemic and

pulmonary circulation and to preserve

the directionality of the blood flow.

Abnormal septation of the heart and

valve anomalies are the most frequent

forms of congenital heart defects

(reviewed in Joziasse et al., 2008).
The heart starts as a simple tubular

structure consisting of an outer myo-
cardial cell layer separated from an
inner endocardial tube by a sheet of
extracellular matrix called the car-
diac jelly. As the heart is going
through the looping stages, this
extracellular matrix starts to thicken
in two regions, the atrioventricular

(AV) canal and the ventricular outflow
tract (OFT). These discrete swellings
of cardiac jelly, known as cardiac
cushions, will subsequently be colon-
ized by different subpopulations of
cardiac mesenchyme. During further
maturation of the heart, the AV and
the OFT cushions will undergo exten-
sive remodeling to give rise to the
valve leaflets and the septum of the
OFT, respectively.

The AV and the OFT cushion mes-
enchyme are generated by epithelial-
to-mesenchymal transformation of
the endocardial cells lining the cush-
ions (reviewed in Snarr et al., 2008).
However, tissues ablation and trans-
plantation experiments in avian
embryos have shown that the OFT
cushion also receives an important

contribution from a population of neu-
ral crest cells arising from the poste-
rior hindbrain region, known as the
cardiac neural crest (reviewed in Hut-
son and Kirby, 2007). In mouse, fate-
mapping studies using the Cre-Lox
technology also strongly support a
critical role of the cardiac neural crest
in mediating OFT septation (reviewed
in Stoller and Epstein, 2005). Inter-
estingly, the neural crest does not con-
tribute cells to the AV cushion.
The situation appears to be some-

what different in lower vertebrates.
For example, the zebrafish does not
have a separated systemic and pulmo-
nary circulation; therefore, cardiac
neural crest cells are not needed for
septation of the OFT. Instead, lineage-
tracing experiments indicate that the
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neural crest cells migrating into the
zebrafish heart make a substantial
contribution to the myocardial cell lin-
eage in all regions of the developing
heart (Sato and Yost, 2003; Li et al.,
2003). In the frog Xenopus laevis, the
formation of the OFT is incomplete,
with a spiral OFT that directs blood
flow to the pulmocutaneous or sys-
temic arteries (Kolker et al., 2000;
Mohun et al., 2000; Lohr and Yost,
2000). This structure is remarkably
similar to the aorticopulmonary sep-
tum of the embryonic mammalian
OFT. Transplantation experiments
using grafts of Xenopus borealis into
Xenopus laevis indicate that cells from
the rhombencephalic neural crest cells
can populate the wall of the OFT
(Sadaghiani and Thiébaud, 1987).
In another set of experiments, early
ablation of neural crest progenitors
resulted in a broad range of cardiac
defects suggesting that neural crest
cells also contribute to the cardiovas-
cular system in Xenopus (Martinsen
et al., 2004). However, in both studies
heart formation was assessed at
stage 39, before the mesenchymal

colonization of the OFT cushion is ini-
tiated (stage 41; Kolker et al., 2000;
Mohun et al., 2000; Lohr and Yost,
2000). Therefore, it is still unclear
whether neural crest cells make a
specific contribution to the OFT cush-
ion in Xenopus, as seen in higher
vertebrates.

To start to address this important
question, we analyzed the expression
of eight genes during key stages of
cardiac cushion development. More
specifically, we describe genes differ-
entially expressed in the mesenchyme
of the OFT and AV cushions that can
be used in combination with lineage
experiments to determine the embry-
onic origin of the cardiac cushions
mesenchyme in Xenopus.

RESULTS AND DISCUSSION

Analysis of Genes Expressed

in the Developing Cardiac

Cushions

We examined the spatial and tempo-
ral expression pattern by whole

mount in situ hybridization of 26
genes (Table 1). These genes were
selected based on their expression
and function during cardiac cushion
formation described in other species.
Among these, we selected 8 genes
that are expressed in the heart at
stages relevant to cardiac cushion for-
mation (stages 39–45; Nieuwkoop and
Faber, 1967; Kolker et al., 2000;
Mohun et al., 2000). These genes
include Bmp4 (Fig. 1A,I,Q,Y; Jones
et al., 1992), Msx1 (Fig. 1B,J,R,Z;
Suzuki et al., 1997), Nkx2.5 (Fig.
1C,K,S,A’; Cleaver et al., 1996), Frzb1
(Fig. 1D,L,T,B’; Wang et al., 1997),
Sox8 (Fig. 1E,M,U,C’; O’Donnell
et al., 2006), Sox9 (Fig. 1F,N,V,D’;
Spokony et al., 2002), Sox10 (Fig.
1G,O,W,E’; Aoki et al., 2003), and Xl-
Fli (Fig. 1H,P,X,F’; Meyer et al.,
1995). Bmp4, Nkx2.5, Sox9, and Xl-
Fli expression domains overlap with
the prospective region of both the
OFT and AV cushions as early as
stage 39 (Fig. 1A,C,F,H), and will per-
sist in these regions at least until
stage 45 (Fig. 1I,K,N,P,Q,S,V,X,Y,
A’,D’,F’). Frzb1 follows a fairly similar
expression profile starting at stage 40
(Fig. 1D,L,T,B’). Among these genes.
Nkx2.5 and Xl-Fli are in fact
expressed throughout the entire
developing heart tube (Fig. 1C,H,K,
P,S,X,A’,F’). Msx1 is restricted to the
AV cushions throughout the process
of valve formation (Fig. 1B,J,R,Z).
Sox8 is first detected in the OFT and
AV region around stage 40 (Fig. 1M)
and stage 41 (Fig. 1U), respectively.
Sox8 expression is maintained in both
domains up to stage 45 (Fig. 1C’).
Sox10 expression is initiated around
stage 41 in a region that corresponds
to the future OFT cushions, and per-
sists in this domain at least until
stage 45 (Fig. 1W,E’).

Cardiac Cushions

Development in Xenopus

To evaluate more precisely the cell
type–specific expression of these
genes, we performed in situ hybrid-
ization on section at stages 39, 41,
and 45. Sections were performed
along two different axes to assess
OFT (transverse section) and AV (sag-
ittal section) cushion development
(Fig. 2). The development of the car-
diac tissue in Xenopus has been

TABLE 1. Summary of Genes Expression in Xenopus Heart as Revealed by

Whole Mount In Situ Hybridization

Genes OFT region Ventricle Atrium AVC region

Ap2 � � � �
Bmp4 þ � � þ
Fgf8 � � � �
FrzA þ þ þ þ
Frzb1 þ � � þ
Frz2 þ þ þ þ
Frz3 � � � �
Frz7 þ þ þ þ
Frz9 � � � �
Id2 þ þ þ þ
Islet1 � � � �
Msx1 � � � þ
Nkx2.5 þ þ þ þ
Pax3 � � � �
Shh þ þ þ þ
Snail1 � � � �
Snail2 � � � �
Sox8 þ � � þ
Sox9 þ � � þ
Sox10 þ � � �
Tbx5 � þ þ þ
Tbx20 þ þ þ þ
Wnt1 � � � �
Wnt2b � � � �
Wnt3a � � � �
Xl-Fli þ þ þ þ

‘‘þ’’ indicates positive expression, while ‘‘�‘‘ indicates that the gene was not
detected. AVC, atrioventricular canal; OFT, outflow tract.
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Fig. 1. Cardiac genes expression at stages 39, 40, 41, and 45 by whole-mount in situ hybridization. In all panels, a lateral view of the cardiac region
is shown, anterior to right, dorsal to top. Blue and red arrows indicate the position of the OFT and AV valves, respectively. Scale bar ¼ 100 lm.
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described in detail and valve forma-
tion is believed to occur between stage
41 and stage 44 (Nieuwkoop and
Faber, 1967; Kolker et al., 2000;
Mohun et al., 2000; Lohr and Yost,
2000). At stage 39 (the first time-point
of this study), the OFT and AV cush-
ions are already clearly visible. They
are formed of endothelial cells sepa-
rated from the myocardium by a layer
of acellular cardiac jelly (Figs. 2E,F,
3A,G). At stage 39, a small number of
mesenchymal cells have started to
invade the cardiac jelly of the AV
cushion by epithelial-to-mesenchymal
transformation of the endocardium
(Figs. 2E,F, 3A,G), while the cardiac
jelly of the OFT cushion remains acel-
lular until stage 40 (not shown). It is
at stage 41 that the cardiac jelly of
the OFT cushion starts to be popu-
lated by mesenchymal cells (Fig. 4A).
As development proceeds, the mesen-
chymal cells start to condensate in
the OFT and AV cushions. During fur-
ther maturation of the heart, the AV
and the OFT cushions will undergo
extensive remodeling to give rise to

Fig. 3.

Fig. 2.

Fig. 2. Diagram illustrating the orientation of
the transverse and sagittal sections in subse-
quent figures. Lateral view (A) and ventral
view (B) of a stage-39 embryo. The black lines
indicate the level of the transverse (A)
and sagittal (B) sections. The diagrams are
modified from Nieuwkoop and Faber (1967).
C, D: Higher magnification of the two regions
boxed in A and B. The position of the devel-
oping OFT and AV canal is indicated in blue
and red, respectively. E, F: Schematic repre-
sentation of the H-E stained sections as shown
in Figure 3A and G, respectively, illustrating
the topography of the tissues as they relate to
cardiac cushion formation. The positions of
future OFT (blue) and AV (red) cushions are
highlighted. AA, aortic artery; AVC, atrioven-
tricular canal; CJ, cardiac jelly; E, endocar-
dium; EMT, site of epithelial-to-mesenchymal
transformation; G, gut; L, liver; M, myocar-
dium; OFT, outflow tract; PE, pharyngeal
endoderm; PM, pharyngeal mesoderm; V,
ventricle.

Fig. 3. Cardiac gene expression at stage 39
by in situ hybridization on section. Transverse
and sagittal sections are at the level of the
OFT and AV canal, respectively. A, G: Hema-
toxylin/eosin (H-E) stained sections. Bmp4
(B, H), Msx1 (C, I), and Nkx2.5 (D, J) are
expressed in the myocardium while Sox9
(E, K) and Xl-Fli (F, L) are detected in the en-
docardium. CJ, cardiac jelly; E, endocardium;
EMT, site of epithelial-to-mesenchymal trans-
formation; L, liver; M, myocardium. Scale bar
¼ 50 lm.

D
ev

el
op

m
en

ta
l D

yn
am

ic
s

3260 LEE AND SAINT-JEANNET



Fig. 4. Cardiac gene expression at stage 41 by in situ hybridization on section. Transverse and sagittal sections are at the level of the OFT
and AV canal, respectively. A, J: Hematoxylin/eosin (H-E) stained sections. Bmp4 (B, K), Msx1 (C, L), and Nkx2.5 (D, M) are expressed in
the myocardium. Frzb1 (E, N), Sox8 (F, O), Sox9 (G, P), and Xl-Fli (I, R) are expressed in the mesenchyme of the OFT and AV cushions. Sox10
(H, Q) is weakly expressed in the OFT mesenchyme. AV, atrioventricular cushion; L, liver; OFT, outflow tract cushion; V, ventricle. Scale bar ¼
50 lm.
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Fig. 5. Cardiac genes expression at stage 45 by in situ hybridization on section. Transverse and sagittal sections are at the level of the OFT and
AV canal, respectively. A,J: Hematoxylin/eosin (H-E) stained sections. Bmp4 (B, K), Msx1 (C, L), and Nkx2.5 (D, M) are expressed in the myocar-
dium. Frzb1 (E, N), Sox8 (F, O), Sox9 (G, P), and Xl-Fli (I, R) are differentially expressed in the mesenchyme of the OFT and AV cushions. Sox10
(H, Q) is detected in the middle portion of the OFT cushion. A, atrium; AV, atrioventricular valve; OFT, outflow tract valve; V, ventricle. Scale bar ¼
50 lm.

D
ev

el
op

m
en

ta
l D

yn
am

ic
s

3262 LEE AND SAINT-JEANNET



the AV valve leaflets and the spiral
septum of the OFT, respectively (Fig.
5A,J). Atrial septation is completed
around stage 45 (not shown; Nieuw-
koop and Faber, 1967).

Bmp4, Msx1, and Nkx2.5

Expression During OFT and

AV Cushions Formation

The signaling molecule Bmp4 is
asymmetrically expressed in the
heart anlage in Xenopus, where it has
been implicated in heart looping
(Breckenridge et al., 2001). During
endocardial cushion development,
Bmp4 is strongly expressed in the
myocardial cells surrounding the OFT
and the AV canal as early as stage 39
(Fig. 3B,H). Bmp4 expression persists
in this tissue at stage 41 (Fig. 4B,K)
and stage 45 (Fig. 5B,K); however, the
expression level declines as the cush-
ions mature into a valve. In chick and
mouse embryos, Bmp4 is expressed in
the muscle layer of the OFT and AV
cushions but not in the cardiac cush-
ion mesenchyme (Keyes et al., 2003;

Jiao et al., 2003). In mice, Bmp4 is
critically required for AV septation af-
ter cushions have formed (Jiao et al.,
2003).

The homeodomain transcription
factor Msx1, a downstream effector of
Bmp signaling, has been implicated
in the regulation of AV and OFT cush-
ions formation in chick and mouse
embryos (Chan-Thomas et al., 1993;
Chen et al., 2007, 2008). In Xenopus,
Msx1 expression is restricted to the
myocardium immediately adjacent
to the AV canal at stage 39 (Fig. 3C,I).
Overtime Msx1 expression level
increases in this region of the myo-
cardium. It is also detected at low
levels in the mesenchyme of the AV
cushion, as the epithelial-to-mesen-
chymal transformation takes place
(Figs. 4L, 5L). Unlike its chick and
mouse counterparts, Xenopus Msx1
does not appear to be expressed
during OFT cushion formation
(Figs. 3C, 4C, 5C).

Nkx2.5, the vertebrate homolog of
the Drosophila tinman gene, is
expressed in the cardiac lineage of
fish, chick, and mouse (Chen and

Fishman, 1996; Buchberger et al.,
1996; Lints et al., 1993). It is essen-
tial for myogenic and morphogenetic
differentiation in the mammalian
heart (Lyons et al., 1995). In Xeno-
pus, Nkx2.5 is expressed in early
heart progenitors and is maintained
in the cardiac tissue throughout
development (Cleaver et al., 1996;
Newman and Krieg, 1998). During
endocardial cushion development,
Nkx2.5 is detected throughout the
myocardium at all stages examined
(Figs. 3D,I, 4D,M, 5D,M).

Differential Gene Expression

in the OFT and AV Cushion

Mesenchyme

Among the 8 genes showing expres-
sion domains in regions of the devel-
oping heart that will form the cardiac
cushions (Fig. 1), 5 were more specifi-
cally expressed in the mesenchyme of
the OFT and/or AV cushions. These
genes include the Wnt antagonist
Frzb1, a member of the Ets family
of transcription factors, Xl-Fli, and
the three members of the SoxE class
of transcriptional regulators, Sox8,
Sox9, and Sox10.
Frzb1 is expressed in the endocar-

dial and mesenchymal cells of the
OFT and the AV cushions at stage 41
(Fig. 4E,N). This expression persists
in the mesenchymal cells that popu-
late the OFT and AV cushions at least
until stage 45 (Fig. 5E,N). Frzb1
appears to be restricted to the proxi-
mal portion of the OFT cushion (Fig.
5E). A similar expression pattern in
both the OFT and AV cushions has
also been reported in birds (Ladher
et al., 2000; Person et al, 2005).
All three SoxE genes are expressed

in the OFT mesenchyme. Sox8 is first
expressed in the region of the OFT at
stage 40 (Fig. 1M). By Stage 41, Sox8
is also detected in the mesenchyme of
the AV cushion (Fig. 4F). Sox8 expres-
sion levels increase over time in both
the OFT and AV cushion (Figs. 4F,
5F). Interestingly, Sox8 is excluded
from the most proximal portion of the
OFT mesenchyme (Fig. 4F). Sox9 is
initially expressed in the endocardial
cells lining the OFT and the AV canal
at stage 39 (Fig. 3E,K). As develop-
ment proceeds, Sox9 expression is
lost in the endocardial lineage, and

Fig. 6. Summary of the timeline of cardiac genes expression in Xenopus as they relate to car-
diac cushions formation. The letters indicate key stages of heart development based on this
study and previously published work (Nieuwkoop and Faber, 1967; Kolker et al., 2000; Mohun
et al., 2000; Lohr and Yost, 2000). A: Initiation of epithelial-to-mesenchymal transformation of
the endocardium lining the AV cushion. B: Initiation of epithelial-to-mesenchymal transformation
of the endocardium lining the OFT cushion. C: OFT spiral septum and AV valves are formed.
D: Atrial septation is completed.
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appears to be now restricted to the
proximal and distal portions of the
OFT cushion at stage 41 (Fig. 4G) and
stage 45 (Fig. 5G). It is also detected
throughout the AV cushion (Figs. 4P,
5P). Sox10 is first detected in the OFT
cushion around stage 41 (Figs. 1W,
4H). By stage 45, Sox10 is clearly re-
stricted to the middle portion of the
OFT cushion (Fig. 5H). In contrast to
the other two SoxE genes, Sox10 is
not detected in the AV cushion (Figs.
4Q, 5Q). In chick embryos, Sox8 and
Sox9 are also expressed in both the
OFT and AV cushions. However,
Sox10 is strictly restricted to the AV
cushion in birds (Montero et al.,
2002). In mouse, Sox9 is expressed
in all mesenchymal cells of the endo-
cardial cushions, and conditional
inactivation of Sox9 results in hypo-
plastic cardiac cushions (Akiyama
et al., 2004). It is believed that Sox9
regulates epithelial-to-mesenchymal
transformation during endocardial
cushions formation (Akiyama et al.,
2004).

Finally, Xl-Fli is first detected in
the endocardial cells lining both cush-
ions at stage 39 (Fig. 3F,L) and will
persist in this lineage throughout
valve formation. At stage 41, Xl-Fli
expression domain expands to the
mesenchyme of the developing OFT
and AV cushions (Fig. 4I,R), and these
cells will continue to express Xl-Fli at
least until stage 45 (Fig. 5I,R). Unlike
SoxE genes, which are restricted to
distinct but partially overlapping
domains of the OFT cushion, Xl-Fli is
expressed throughout the entire OFT
mesenchyme (Fig. 5I).

In summary, we report the expres-
sion of a number of genes expressed
during cardiac cushions formation in
Xenopus (Fig. 6). We identified genes
that are expressed throughout the
entire myocardium (NKx2.5) or re-
stricted to the muscle lineage sur-
rounding the developing cushions
(Bmp4 and Msx1). We also describe
genes that are detected in the endo-
cardium lining the OFT and AV cush-
ions (Sox9 and Xl-Fli), as well as
genes that are differentially activated
in the mesenchyme of the OFT
(Frzb1, Sox8, Sox9, and Sox10) or the
AV (Sox9 and Xl-Fli) cushion. With
these tools in hand, we are now in an
excellent position to perform lineage-
tracing experiments to determine the

embryonic origin of the cardiac cush-
ions mesenchyme in Xenopus, a ques-
tion that has never been fully
addressed in this organism.

EXPERIMENTAL

PROCEDURES

Histology

Embryos were staged according to
Nieuwkoop and Faber (1967) and
fixed in half-strength Karnovsky’s
solution (1.5% glutaraldehyde, 1.5%
paraformaldehyde, 0.1 M phosphate
buffered solution, pH 7.4) for 1 hr. Af-
ter dehydration through a graded se-
ries of ethyl-alcohol, embryos were
embedded in Paraplastþ. Transverse
or sagittal serial sections (6 lm) were
performed on an Olympus rotary
microtome and stained with Hema-
toxylin and Eosin.

In Situ Hybridization

For whole-mount in situ hybridiza-
tion, the epidermis was manually
removed in the cardiac area to allow
for a better penetration of the probes.
Embryos were then fixed in MEMFA
and processed for in situ hybridization
as previously described (Harland,
1991). For in situ hybridization on sec-
tions, after fixation embryos were em-
bedded in Paraplastþ, and 12-lm se-
rial sections hybridized according
to the procedure described by Lemaire
and Gurdon (1994). Sections were
then briefly counterstained with Eo-
sin. Antisense DIG-labeled probes
(Genius Kit, Roche) were synthesized
using template cDNA encoding Ap2
(Luo et al., 2003), Bmp4 (Jones et al.,
1992), Fgf8 (Christen and Slack,
1997), FrzA (Xu et al., 1998), Frzb1
(Wang et al., 1997), Frz2 (Deardorff
and Klein, 1999), Frz3 and Frz7 (Dear-
dorff et al., 2001), Frz9 (Wheeler and
Hoopler, 1999), Id2 (Martinsen et al.,
2004), Islet1 (Brade et al., 2007), Msx1
(Suzuki et al., 1997), Nkx2.5 (Cleaver
et al., 1996), Pax3 (Bang et al., 1997),
Shh (Ekker et al., 1995), Snail1 (Essex
et al., 1993), Snail2 (Mayor et al.,
1995), Sox8 (O’Donnell et al., 2006),
Sox9 (Spokony et al., 2002), Sox10
(Aoki et al., 2003), Tbx5 and Tbx20
(Brown et al., 2005), Wnt1 and Wnt3a
(Wolda et al., 1993), Wnt2b (Landes-
man and Sokol, 1997), and Xl-Fli
(Meyer et al., 1995).
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