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ABSTRACT  During vertebrate cardiac development, the heart tube formed by fusion of right and

left presumptive cardiac mesoderms (PCMs) undergoes looping toward the right, resulting in an

asymmetrical heart. Here, we examined the right and left PCMs with regard to heart-tube looping

using right- and left-half newt embryos (Cynops pyrrhogaster ). In the half embryos, the rightward

(normal) loop of the heart tube was formed from the left PCM, irrespective of the timing of its

separation, while the leftward (reversed) loop of the heart tube was formed from the right PCM,

separated by stage 18. In addition, the direction of the leftward loop was inverted to the rightward

direction in right-half embryos bisected after stage 18. Incision or resection of the embryonic

caudal region implicated interactions between the right and left sides of this region as crucial for

inverting the direction of the heart-tube loop from leftward to rightward in the right-half embryos.

In situ hybridization of CyNodal (Cynops nodal-related gene) suggested that the inversion of heart

looping in the right-half embryos has no association with the CyNodal expression pattern. Based

on these findings, we propose a mechanism for the rightward looping underlying normal

amphibian cardiac development.
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Introduction

The external morphology of metazoans is symmetric, but the
shape and arrangement of their internal organs are often asym-
metric. Asymmetry appears earlier in the heart than in any other
organ during embryonic development. The vertebrate heart is
formed by fusion of the symmetrically distributed right and left
presumptive cardiac mesoderms (PCMs). The right and left
PCMs migrate to the thorax of the embryo, where they fuse to form
a heart tube. The heart tube then undergoes looping toward the
right, resulting in the formation of atria and ventricles (reviewed by
Manner, 2000).

Mechanisms by which this heart tube directionality is deter-
mined have been extensively studied. Most of these studies
investigated the direction of heart-tube loops formed after fusion
of the right and left PCMs (reviewed by Levin, 2005; Ramsdell,
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2005). In contrast, Spemann and Falkenberg (1919) demon-
strated that when a two-cell newt embryo was ligated along the
first cleavage plane, two complete embryos developed from each
blastomere. In each of these two separated embryos, a heart was
formed, with the heart-tube loops directed rightward (normal
direction) in the left-half embryos (n=2) and half of the loops
directed leftward (reversed) in the right-half embryos (n=2). Hoyle
et al. (1992) demonstrated in chick that when the right and left
PCMs were exchanged between donor and host embryos at the
neurula stage, double-right-sided embryos (two areas of PCM of
the same right sidedness) formed heart-tube loops directed
leftward in almost 50% of cases. These findings suggested that
any intrinsic difference in heart-tube loop formation between the

Abbreviations used in this paper: PCM, presumptive cardiac mesoderm.
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right and left PCMs was derived from the right and left sides of an
embryo, raising the question as to how both PCMs cannot fail to
form a rightward loop after fusion in spite of their different
properties.

The present study therefore sought to address the following
questions using separated right- and left-half embryos of newt.
Can separated right and left PCM form normal heart tubes,
respectively? What direction will be taken by the looping of each
heart tube, if it is assumed that each PCM formed an original
heart tube? Finally, what influences do the individual right and left
PCMs exert on the rightward looping of the heart tube formed
after fusion of the PCMs?

Recent studies have also implicated asymmetrically expressed
genes in the determination of embryonic left-right asymmetry,
including Nodal (Levin et al., 1995; Collignon et al., 1996; Lowe
et al., 1996; Lohr et al., 1997; Patel et al., 1999; Mogi et al., 2003;
Toyoizumi et al., 2005), Pitx2 (Campione et al., 1999; Patel et al.,
1999; Campione et al., 2001; Yu et al., 2001; Mogi et al., 2003;
Toyoizumi et al., 2005), BMP (Ramsdell and Yost, 1999; Branford
et al., 2000; Monsoro-Burq and Le Douarin, 2000; Monsoro-Burq
and Le Douarin, 2001) and SnR (Issac et al., 1997, Patel et al.,
1999). Of these genes, Nodal, which is expressed only in the left
side of the embryo, is important in determining embryonic left-
right asymmetry across many species (Levin et al., 1995; Collignon
et al., 1996; Lowe et al., 1996; Lohr et al., 1997; Patel et al., 1999;
Mogi et al., 2003; Toyoizumi et al., 2005). Therefore, in the
present study, we additionally analyzed the relationship between
the heart-tube loop direction in right- and left-half embryos and
the expression of CyNodal, a nodal-related gene of newt (Ito et
al., 2006), therein.

Results

Looping of the heart tube in ligated embryos
First, we revisited the twinning experiments of Spemann and

Falkenberg (1919) using two-cell stage newt embryos and ex-
tended on their findings. Stage 2 (two-cell) embryos were ligated
along the cleavage furrow together with the jelly capsule to obtain
two blastomeres (Fig. 1A). The symmetrically divided embryos
underwent development at the same pace as normal embryos
(Fig. 1B). At stage 37, both right- and left-half embryos showed
normal and similar external morphology (Fig. 1C, D, upper),
although each half embryo was shorter in length than intact
normal embryos (Fig. 1E, upper). The rightward loops of the heart
tubes were formed in 100% of left-half embryos (Fig. 1C, lower,
F), identical to intact embryos (Fig. 1E, lower). In contrast, the
leftward loops of the heart tubes were formed in 89% of right-half
embryos (Fig. 1D, lower, F). All of the hearts formed in the right-
and left-half embryos had normal external morphology compared
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Fig. 1. Hearts formed in ligated embryos. (A) Schematic representation
of the ligating experiment. cp, cleavage plane; gc, grey crescent; jc, jelly
capsule; mw, metal wire; L, left; R, right. (B) Right- and left-half embryos

with complete external morphology (stage 37) formed from two blastomeres of an embryo ligated at the two-cell stage. Scale bar: 0.5 mm. (C,D) Right-
and left-half embryos shown in (B), viewed from the dorsal side (upper pictures) and the heart tubes formed in each embryo viewed from the ventral side
(lower pictures). The embryos were taken out of the jelly capsule and fertilization membrane. Portions of the body wall and pericardium were removed
to expose the heart. bc, bulbus cordis; at, atrium; ve, ventricle. The white arrow indicates the direction of the heart-tube loop. Scale bar: 1 mm (upper
pictures), 0.1 mm (lower pictures). (E) Intact normal embryo at stage 37. Scale bar: 1 mm (upper picture), 0.1 mm (lower picture). (F) Graphic representation
of the percentage direction taken by each heart-tube loop formed in the ligated embryos. L-h, left-half embryo; R-h, right-half embryo.
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with intact embryos, with the exception of the loop direction.
These results indicate that each of the right- and left-half embryos
separated at first cleavage could form looping heart tubes, but that
the loop direction assumed a mirror image relationship to each
other. This series of experiments did not, however, provide
information about the developmental potential of right and left
PCMs, since these structures were not apparent at the two-cell
stage. We therefore adopted another experimental approach to
address this issue.

Looping of the heart tube in bisected embryos
To investigate the ability of right and left PCMs to form the

heart-tube loops, we bisected embryos through the center of the
blastopore at several stages from the appearance of PCM (stage
11) to immediately before fusion of the left and right PCMs (stage
25) (Fig. 2A, F, lower). The right- and left-half embryos were
incubated until stages 35-37 when the loops of the heart tubes
became evident. The external morphology of these half embryos
differed from that of normal embryos, in that they possessed the
complete structure of either the right or left side of an intact
embryo, but not both, with the cut plane serving as the border. The
left-half embryo lacked structures such as the right eye, balancer,
gill and epidermis, whereas the right-half embryo lacked the
structures seen on the left side alike (Fig. 2B-E, upper). However,
the hearts formed in these half embryos were normal in external
morphology. In the left-half embryos bisected at stage 11-25,
rightward loops of the heart tubes were formed in 89-100% of
cases (Fig. 2B, D, F). In the right-half embryos bisected at stage
11-18, leftward loops of the heart tubes were formed in 88-97% of
specimens (Fig. 2C, F). These results were identical to those
obtained in the ligation experiment on the two-cell embryos (Fig.
1); however, when embryos were bisected at stage 20-23, the
direction of the heart-tube loop gradually shifted from leftward to
rightward in the right-half embryos and became almost right
(>88% of cases) after stage 23 (Fig. 2E, F).

Effects of the embryonic caudal region on looping of the
heart tube

We next examined the effects of the embryonic caudal region
(which contains equivalent regions to the node of mammalian and
avian embryos) on formation of the heart-tube loop. To disturb
interactions between the left and right sides of the caudal region,
the caudal one-third (1/3 of the posterior part) of the embryo was
incised along the median sagittal plane (Fig. 3A). These experi-
mented embryos had normal external morphology, except for a

Fig. 2. Hearts formed in bisected embryos. (A) Schematic representa-
tion of the bisection experiment. bp, blastopore; PCM, presumptive
cardiac mesoderm; tn, tungsten needle; L, left; R, right. (B-E) Right- and
left-half embryos (stage 37) formed from an embryo bisected at the early
gastrula (stage 11) (B,C) or late neurula stage (stage 21) (D,E). The right-
and left-half embryos at stage 37 viewed from the dorsal side (upper
pictures) and the heart tube viewed from the ventral side (lower pictures).
Portions of the body wall and the pericardium were removed to expose the
heart. bc, bulbus cordis; at, atrium; ve, ventricle. White arrow indicates the
direction of the heart-tube loop. Scale bar: 0.5 mm (upper pictures), 0.1
mm (lower pictures). (F) Graphic representation of the relationship be-
tween the timing of bisection and the direction taken by each heart-tube
loop formed in the bisected embryos. L-h, left-half embryo; R-h, right-half
embryo. PCM is denoted in green in the illustration.
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bifurcated tail at stage 36 (Fig. 3C, D, upper). It should be noted
that the right and left PCM were fused in this experiment. In the
embryos incised at stages 15 and 18, approximately one-half (55-
63%) of the loops were rightward while the remainders were
leftward (Fig. 3B, C). This indicated that the embryos incised at
these stages had lost the ability to form a normal rightward loop
of heart tube, resulting in the loops twisting in random directions.
If the caudal regions were incised at stage 20, heart-tube loops
showed the normal direction (rightward) in 92% of cases (Fig. 3B,
D). These results supported the observation that heart-tube loops
were directed rightward in the right-half embryos bisected after
stage 20 (Fig. 2F). Together, the findings suggested that interac-
tions in the caudal region from stage 15 to 18 are crucial for

determining the direction of the heart-tube loop formed by PCM
fusion, possibly the change in direction of the looping of heart tube
derived from the right PCM.

We next resected the caudal one-third of right- and left-half
embryos to block signals from the caudal region to the PCM and
investigated the directions of heart-tube looping (Fig. 3E). In the
resected embryos incubated until stage 36, the external morphol-
ogy was identical to that of the bisected embryos shown in Fig. 2,
except for the absence of a tail (Fig. 3G-J, upper). The loops of the
heart tubes were rightward in >83% of tailless/left-half embryos
operated on between stages 18 and 25, (Fig. 3F, G, I). In the
tailless/right-half embryos operated by stage 23, the heart-tube
loops were leftward in >83% of cases (Fig. 3F, H). However, the
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Fig. 3. Effects of the embry-

onic caudal region on looping

of the heart tube. (A-D) Incision
of the caudal one-third (1/3 of
the posterior part) of the em-
bryo. (A) Schematic representa-
tion of incising the caudal one-
third. bp, blastopore; np, neural
plate; PCM, presumptive cardiac
mesoderm; tn, tungsten needle;
A, anterior; P, posterior; L, left;
R, right. (B) Graphic representa-
tion of the relationship between
the timing of incision and the
direction taken by each heart-
tube loop formed in the incised
embryos. (C,D) Embryos at stage
36 developed from caudal in-
cised embryos at stage 18 (C) or
20 (D), viewed from the dorsal
side (upper pictures) with the
heart tubes viewed from the ven-
tral side (lower pictures). Por-
tions of the body wall and the
pericardium were removed to
expose the heart. bc, bulbus
cordis; at, atrium; ve, ventricle.
White arrow indicates the direc-
tion of the loop of heart tube.
Scale bar: 1 mm (upper pictures),
0.1 mm (lower pictures). (E-J)
Half embryos with the caudal
one-third region resected (1/3 of
the posterior part of the em-
bryo). (E) Schematic represen-
tation of the bisection and re-
section of the caudal one-third
of embryos. (F) Graphic repre-
sentation of the relationship be-
tween the timing of operations
and the direction taken by each
heart-tube loop formed in the
embryos. L-h, left-half embryo;
R-h, right-half embryo. (G-J)
Embryos at stage 36 developed
from embryos operated on at

stage 21 (G, H) or 25 (I, J), viewed from the dorsal side (upper pictures) with the heart tubes viewed from the ventral side (lower pictures). The atrium
is masked by the ventricle in the hearts (shown in I and J). Scale bar: 0.5 mm (upper pictures), 0.1 mm (lower pictures).
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prior to PCM fusion. Cytoskeletal organization (Latacha et al.,
2005; Taber, 2006) and adhesion properties of heart tube cells
(Garcia-Castro et al., 2000) play important roles in the looping of
the developing heart tube and it seems likely that such factors
cannot function properly unless both right and left PCMs can form
a rightward loop at their fusion.

We also disturbed the interactions between right and left parts
of the caudal area (equivalent to the nodal area of mammalian and
avian embryos) to elucidate the involvement of this region in the
inversion of heart-tube looping direction observed in the right-half
embryos. In these experiments, loops of heart tubes were formed
with random directions when the caudal region was separated by
approximately stage 18. This is probably because the perturbed
interactions between the right and left caudal regions hampered
inversion of the looping direction (from leftward to rightward) of
heart tube formed from the right PCM. In mammalian and avian
embryos, signal transduction within the nodal area, such as nodal
flow by monocilia (Nonaka et al., 2002; McGrath et al., 2003;
Tanaka et al., 2005) and Ca2+ signal transduction (McGrath et al.,
2003; Raya et al., 2004), is important in determining the left-right
asymmetry of various organs including the heart. The present
results thus indicated that interactions between the right and left

Fig. 4. CyNodal expression in the separated right- and left-half

embryos. (A, B) CyNodal expression was not detected in either the left-
(A) or right- (B) half embryos at stage 23 that developed from an embryo
bisected at stage 11. (C, D) CyNodal expression (arrows) was observed,
however, in those left- (C) and right- (D) half embryos at stage 23 that
developed from embryos bisected at stage 21. The images depict the left
side of the left-half embryo (A,C) and the right side of the right-half
embryo (B,D). (E) CyNodal expression (arrow) on the left side of an intact
normal embryo at stage 23. (F) Graphic representation of the percentage
of CyNodal expression at stage 23-25 developed from bisected embryos.
CyNodal expression was absent on the cut side (right side of the left-half
embryos and left side of the right-half embryos) of all half embryos. A,
anterior; P, posterior; L-h, left-half embryo; R-h, right-half embryo; L-s, left
side, R-s, right side. Scale bar: 0.5 mm.

direction of the loop was inverted rightward in 79% of the tailless/
right-half embryos operated on at stage 25 (Fig. 3F, J). These
results indicate that the caudal region has an important role until
stage 23 in the inversion of the looping direction in heart tube
formed from the right PCM in right-half embryos.

CyNodal expression in bisected embryos
To investigate the relationship between the looping direction of

the heart tube and the expression of CyNodal in the lateral plate
mesoderm, we performed whole-mount in situ hybridization on
the right- and left-half embryos at stages 23-25. In the embryos
bisected at stage 11, neither the right- nor the left-half embryos
showed CyNodal expression in the lateral plate mesoderm (Fig.
4A, B, F). Among the embryos bisected at stage 15, CyNodal
expression was detected in 46% and 41% of the left- and right-half
embryos, respectively (Fig. 4F). In the embryos bisected at stage
21, CyNodal was expressed in all left-half embryos, but only in
38% of the right-half embryos (Fig. 4C, D, F). In intact embryos at
stages 23-25, CyNodal expression localized in the left lateral
plate mesoderm, but not in the right side of the body (Fig. 4E, F).

Discussion

Previous experimental findings including the ligation of two-
cell newt embryos (Spemann and Falkenberg, 1919) and the
transplantation of PCMs into chick embryos (Hoyle et al., 1992)
suggested that any intrinsic differences in loop formation between
the right and left PCMs were derived from the right and left sides
of an embryo, respectively. Halving experiments involving the
ligation and bisection of early newt embryos in the present study
strongly supported this possibility. We clearly demonstrated that
heart tube derived from the right PCM looped toward the left, while
heart tube derived from the left PCM looped toward the right. In
our bisected embryos, right and left heart tubes were formed from
right and left PCMs, respectively. The loops of these heart tubes
were normally oriented rightward in left-half embryos irrespective
of the developmental stage of the operation, but were reversed in
right-half embryos bisected at stage 11-18. These results were
identical to those obtained in the earlier ligation experiments on
two-cell embryos, supporting that PCMs derived from the right
and left sides of an embryo formed heart-tube loops with a mirror
image orientation. However, during the later stages (18-21), the
right-side PCM must receive a signal to alter the direction of the
heart-tube looping from leftward to rightward, as both right and left
PCMs possess the ability to form a rightward looping heart tube
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sides of the caudal region are important in determining the
rightward looping of heart tube in amphibian embryos, as sug-
gested for mammalian embryos (Nonaka et al., 2002; McGrath et
al., 2003; Tanaka et al., 2005) and avian embryos (Raya et al.,
2004).

The mechanism of determination of left-right asymmetry in
vertebrates, various signals from the right and left sides of the
node or its equivalent area to the anterior part of the embryo
appears to involve induction of the expression of Nodal on the left
side with concomitant suppression of Nodal expression on the
right side (Levin et al., 1995; Collignon et al., 1996; Lowe et al.,
1996; Lohr et al., 1997). This is followed by the restricted
expression of transcription factors, such as Pitx2 on only the left
side of the embryo (Campione et al., 1999; Patel et al., 1999;
Campione et al., 2001; Yu et al., 2001; Mogi et al., 2003;
Toyoizumi et al., 2005), BMP on the right side alone (Ramsdell et
al., 1999; Branford et al., 2000; Monsoro-Burq and Le Douarin,
2000; Monsoro-Burq and Le Douarin, 2001) and SnR (Issac et al.,
1997; Patel et al., 1999). It has been suggested that these factors
are also important in determining the rightward direction of heart-
tube looping in mammalian, avian and amphibian embryos.
Based on these previous reports, we evaluated the roles of the
caudal region in this determination by resection in right- and left-
half embryos. The caudal region was indispensable until around
stage 23 for inverting the direction of the heart-tube loop in the
separated right-half embryo, implicating the right caudal region,
possibly signaling interactions exerted on the anterior right PCM
until around stage 23, in determining the direction of the looping
of heart tube (Fig. 5).

We additionally examined the involvement of Nodal-related
signaling in the heart-tube loop inversion in the separated right-
half embryo using bisection experiments. In normal embryos,
CyNodal (a nodal-related gene in newts) expression was de-
tected from stage 21 to 25 only on the left side of the embryo and
was not seen on the right side (Ito et al., 2006). However, in stage-
23-25 embryos bisected at stage 15 or 21, CyNodal was ex-
pressed in 41% and 38% of the right-half embryos, respectively.
Midline structures such as the notochord and the floor plate of
neural tube suppress the expression of Nodal on the right sides
of embryos (Danos and Yost, 1996; Lohr et al., 1997; Meno et al.,
1998). To check for notochord formation in the bisected embryos,
we incubated the right-half embryos (bisected at stage 21) until
stage 36 when the midline structures are obvious and then
prepared the specimens for histological observation. Notochord
and a neural tube were clearly formed in 55% of the right-half
embryos (n=20, data not shown). Thus, the CyNodal expression
rate (38%) in right-half embryos (bisected at stage 21) was
approximately equal to the percentage of right-half embryos that
did not form notochord (45%). This result is similar to that
reported by Lohr et al. (1997) that Xnr-1 (Xenopus nodal-related
1) expression was also seen in the right lateral plate mesoderm
of embryos from which the midline structures (including the
notochord) had been removed. Although CyNodal expression
was noted in 41% and 38% of our right-half embryos separated
at stages 15 and 21, respectively, inversion of the heart-tube loop
direction was noted in 13% and 80% of the right-half embryos
separated at stages 15 and 21, respectively. Furthermore, the
CyNodal expression rates were 0% and 100% in the left-half
embryos separated at stages 11 and 21, respectively and nearly
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Fig. 5. Model of the proposed mechanism underlying formation of

the rightward loop of the heart tube during newt cardiac develop-

ment. During the early stages of embryonic development, the right
presumptive cardiac mesoderm (PCM) can form a leftward loop of heart
tube. This PCM, however, is altered in its potential to form a rightward
loop of heart tube by the time that fusion of the right and left PCM occurs.
By stage 18, interactions between the right and left sides in the embry-
onic caudal region (the area surrounded by the oblique lines) result in
activation of the right caudal region. Between the activated right caudal
region (highlighted in red) and the right PCM, interactions or unknown
signals for inversion of the direction of looping are applied, resulting in the
right PCM acquiring the ability to form a rightward (normal) loop of heart
tube. In contrast, the left PCM retains the ability to form a rightward loop
of heart tube during early and later stages of embryonic development.
Fusion of the right and left PCM, both of which can form a rightward loop
of heart tube, probably leads to formation of the heart with a rightward
loop. If inversion of the direction of loop formation does not occur in the
right PCM for any reason, the direction of the heart-tube loop formed after
fusion of the right and left PCM will vary at random with the loop-forming
potential between the right and left PCM. The heart illustration (ventral
view) shows the pertinent characteristics of the PCM with regard to loop
formation. PCM, presumptive cardiac mesoderm (actually located below
the ectoderm). A, anterior; P, posterior; L, left; R, right.
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all of the loops of heart tube formed from these embryos were
rightward (100% and 96%, respectively). Thus, CyNodal expres-
sion in the half embryos was not correlated to the percentage of
the looping direction of heart tube.

In conclusion, our study revealed that (1) the PCMs in the right-
and left-half embryos independently formed heart-tube loops, (2)
the looping directions of the heart tubes from the two halves were
reverse when the embryos were separated at early stages and (3)
the right PCM and the left PCM fused after both PCMs had gained
the capacity to form heart-tube looping in the same direction
(rightward looping). However, there are several questions that
remain unanswered. How does each PCM loop in opposite
directions (rightward looping of the left PCM, leftward looping of
the right PCM) in the early stages and how does the fusion of the
left PCM looping to the rightward and the right PCM looping to the
leftward result in a random looping direction. More extensive
study will be needed in the future to address these important
issues in cardiac development.

Materials and Methods

Embryos
In this study we used newt (Cynops pyrrhogaster) embryos, as

fertilized newt eggs have large diameters (2 mm) allowing easy separa-
tion of the right and left halves. Embryos were obtained by injecting
human chorionic gonadotropin (100 U) (Gestron, Denka Seiyaku Co.,
Kanagawa, Japan) into mature female newts twice, one day apart. The
embryos were disinfected by immersion in 70% ethanol for 30 seconds
and then washed gently with Steinberg’s solution (58 mM NaCl, 0.67 mM
KCl, 0.34 mM Ca(NO3)2, 0.83 mM MgCl2, 3 mM N-2-
hydroxyethylpiperazine-N’-ethansulfonic acid [HEPES] and 100 mg/l
kanamycin sulfate, pH 7.2). The jelly capsule of each embryo was
removed with fine forceps. The embryos were subsequently transferred
into plastic dishes coated with 3% agarose and filled with Steinberg’s
solution. The fertilization membrane of each embryo was removed with
fine forceps. The stage of embryonic development was rated in accor-
dance with the criteria of Okada and Ichikawa (1947).

Ligation experiment
This experiment was carried out using a modification of the method

reported by Spemann and Falkenberg (1919). We used two-cell embryos
in which the first cleavage furrow passed the center of the grey crescent
and had two blastomeres of the same size. Using a fine enamel-copper
wire (0.1 mm in diameter, Nilaco Corp., Tokyo, Japan), each two-cell
embryo was ligated along the first cleavage furrow, together with the jelly
capsule, into two separate blastomeres. The blastomere located left of
the grey crescent was deemed the left-half embryo and that located to the
right deemed the right-half embryo. The ligated embryo was incubated
until stages 35-37 at 20°C and the heart-tube loop direction was con-
firmed. To obtain accurate data, the following cases were excluded from
the evaluation: embryos which failed to undergo equivalent separation,
incomplete separations, morphologically incomplete embryos and em-
bryos that failed to form a heart tube.

Bisection, caudal incision and caudal resection
Embryos were operated using fine tungsten needles under the follow-

ing three sets of conditions. In experiment 1, embryos from the early
gastrula to tail bud stages (stages 11-25) were bisected along the median
sagittal plane and were separated into right- and left-half embryos. In
experiment 2, the caudal one-third (1/3 of the posterior part) of embryos
was incised along the median sagittal plane at the late gastrula to tailbud
stages (stages 15-20). In experiment 3, the embryos at the mid neurula
to tail bud stages (stages 18-25) were bisected along the median sagittal

plane, followed by resection of the caudal one-third (1/3 of the posterior
part) of each half embryo. The operated embryos were incubated at 20°C
until stages 35-37 and the direction of the heart-tube loop was then
confirmed. To obtain accurate data, morphologically incomplete embryos
and embryos which failed to form a heart tube were excluded from the
evaluations.

Whole-mount in situ hybridization
According to the method described elsewhere (Ito et al., 2006),

bisected embryos that developed to stages 23-25 were subjected to
whole-mount in situ hybridization, using an antisense RNA probe for
CyNodal (Cynopus nodal-related gene). We recently showed that CyNodal
mRNA expressed in the left lateral plate mesoderm at stages 21-25 (Ito
et al., 2006).
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