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Abstract

Cardia bifida is an anomaly of the embryonic heart in which the bilateral myocardial rudiments fail to travel to the midline,
resulting in the formation of two separate hearts in lateral positions. In zebrafish, eight loci responsible for the cardia bifida phe-
notype were identified in the large-scale genetic screen. Wortmannin has been reported to be a highly selective inhibitor of phospho-
inositide 3-kinase and myosin light chain kinase activity. We provide the first evidence that wortmannin treatment of zebrafish
embryos can induce cardia bifida in a dose-dependent manner and that wortmannin alters cardiac development between 6 and
16 h post-fertilization. In addition, we demonstrate that wortmannin induces zebrafish cardia bifida through a mechanism indepen-
dent of phosphoinositide 3-kinase and myosin light chain kinase. Our findings may provide new insights into the cardiomyocyte
function and disfunction.
� 2005 Elsevier Inc. All rights reserved.
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Wortmannin was originally isolated from Penicillium

wortmannii and has been reported to directly inactivate
phosphoinositide 3-kinases (PI3 kinases) by covalent
modification of the catalytic subunit with a low nano-
molar IC50 [1–6]. Wortmannin can also interact directly
with the catalytic domain of myosin light chain kinase
(MLCK) at micromolar concentrations [36,37]. It has
been widely used as a selective inhibitor of PI3 kinase
or MLCK for the study of signal transduction pathways
in different systems [2,3,7–10,35–37].

The zebrafish, Danio rerio, offers several distinct
advantages as a genetic and embryological model sys-
tem, including the external fertilization, rapid develop-
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ment, and optical clarity of its embryos [11,12]. In
addition, owing to their small size, zebrafish embryos
are not completely dependent on a functional cardiovas-
cular system. Even in the total absence of blood circula-
tion, they receive enough oxygen by passive diffusion to
survive and continue to develop in a relatively normal
fashion for several days, thereby allowing a detailed
analysis of animals with severe cardiovascular defects
[13–16]. By contrast, avian and mammalian embryos
die rapidly in the absence of a functional cardiovascular
system. In all vertebrates, the formation of the heart ini-
tiates soon after gastrulation, and the heart is the first
organ to form and function during embryogenesis. The
heart tube, which consists of a myocardial and an endo-
cardial layer, is the result of the fusion of the bilateral
heart primordial. During somitogenesis, the myocardial
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precursors appear to converge at the midline in concert
with the anterior lateral plate mesoderm and fuse to
form the heart tube [17,18]. Large-scale genetic screens
in zebrafish have identified mutations in eight loci that
have been disrupting this process so far, resulting in
the formation of two separate hearts, a phenotype
known as cardia bifida. The fusion of the primitive myo-
cardial tubes results in the formation of the definitive
heart tube. The molecular events underlying this process
are not well understood [13,14,16–19].

Here, we show for the first time, to our knowledge,
that wortmannin treatment of zebrafish embryos can in-
duce cardia bifida in a dose-dependent manner. Wort-
mannin alters cardiac development between 6 and
16 hpf. In addition, we demonstrate that wortmannin in-
duces zebrafish cardia bifida through a mechanism inde-
pendent of PI3 kinase and MLCK.
Materials and methods

Zebrafish strains and maintenance. Wild-type (AB* strain) zebrafish
stocks were obtained from International Zebrafish Research Center.
Embryos were obtained from natural spawning of wild-type adults.
Zebrafish were raised, maintained, and staged as previously described
[20,21].

Drug treatments. Kinase inhibitors, wortmannin, LY294002, ML-
7, and ML-9 (Sigma, USA), were dissolved in dimethyl sulphoxide
(DMSO) at stock concentrations of 10 mM, and then diluted to final
concentrations in embryo media [20] at the stages indicated. Control
embryos were treated with the equivalent amount of DMSO solution.
All embryos were incubated at 28.5 �C [20].

Whole-mount RNA in situ hybridization. Plasmids encoding zebrafish
ventricular myosin heavy chain (vmhc) and atrial myosin heavy chain

(amhc) were kindly provided by Tao Zhong (Vanderbilt University,
Tennessee, USA). Whole-mount RNA in situ hybridization using
digoxigenin (DIG)-labelled antisense RNAprobes was performed using
standard methods as previously described [20,22,23]. Briefly, DIG-la-
belled antisense RNA probes were produced using DIG-RNA labeling
kit (Roche, IN) following the manufacturer�s instructions. Hybridiza-
tion and detection with an anti-DIG antibody coupled to alkaline
phosphatase was performed with fixed zebrafish embryos.

Whole-mount immunofluorescence. Whole-mount immunofluores-
cence experiments were performed as previously described [23], using
the monoclonal antibodies MF20 and CH1. MF20 and CH1 were
obtained from the Developmental Studies Hybridoma Bank, Univer-
sity of Iowa.

Photography. Stained embryos were examined with Olympus BX61
and SZX12 microscopes, and photographed with a DP70 digital
camera. Images were processed using Adobe Photoshop software.

Online supplemental material. Supplemental video material is
available online. The videos show the heart beat of a wortmannin-
treated embryo (Movie 1) and a control embryo (Movie 2) at 48 hpf.
Results

Cardia bifida in wortmannin-treated zebrafish embryos

To investigate the possible influence of wortmannin
on zebrafish development, we observed zebrafish em-
bryos� morphology under different concentrations of
the drug from nanomolar to micromolar. Wortmannin
causes two swollen pericardial sacs to form, one on each
side of the body as occurs in zebrafish mutants with the
condition cardia bifida, instead of a single heart forming
in the middle. At 48 hpf, there is no blood flow in the
wortmannin-treated embryos. Two hearts also beat
independently and are located at either side of the body
(see Movie 1). In control embryo, only one heart forms,
and the ventricle and atrium exhibit vigorous, rhythmic
contractions (see Movie 2).

To test whether the two separate hearts consist of
distinct atrial and ventricular tissues, we carried out
whole-mount RNA in situ hybridization to examine
the expression pattern of zebrafish atrial and ventricular
markers. Two hearts can be clearly visualized by in situ
hybridization of either ventricular marker vmhc or atrial
marker amhc. Wortmannin-treated embryos have two
main populations of ventricular myocardial (Fig. 1,
compare Figs. 1E and I with Fig. 1A) at variable dis-
tance from the midline (Fig. 1, compare Fig. 1E with
Fig. 1I). Wortmannin can also induce two main popula-
tions of atrial myocardial (Fig. 1, compare Fig. 1F with
Fig. 1B). We performed whole-mount immunofluores-
cence to examine the expression of genes known to be
involved in cardiac contractility. Embryos were stained
with the monoclonal antibody MF20 (TRITC), which
recognizes a sarcomeric myosin heavy chain epitope
found in both the ventricle and atrium. The anti-tropo-
myosin antibody CH1 (FITC) stains both chambers. It
is clear that wortmannin-treated embryos display cardia
bifida, with the two separate hearts (Fig. 1, compare
Figs. 1G and H with Figs. 1C and D).

Wortmannin induces zebrafish embryos cardia bifida in a

dose-dependent manner

Wenext examinedwhetherwortmannin induces zebra-
fish embryos cardia bifida in a dose-dependent manner.
Embryos were exposed to different concentrations of
wortmannin at 6 hpf and then transferred to embryomed-
ia without wortmannin at 24 hpf. The presence of cardiac
bifida was scored at 48 hpf. Fig. 2 shows that concentra-
tions of wortmannin lower than 2 lM cannot induce car-
dia bifida.At a concentration of 8 lM,apartial biological
activity was observed with a 20–30% induction of cardia
bifida. In several experiments, 16 lM of wortmannin is
able to induce a significant percentage of cardia bifida
(50–60%). At concentrations above 32 lM, wortmannin
treatment caused nonspecific defects.

Wortmannin alters cardiac development between 6 and

16 hpf

We took advantage of the temporal control afforded
by small molecules to define the developmental stage at



Fig. 3. Wortmannin alters cardiac development between 6 and 16 hpf.
Embryos were treated with wortmannin at a concentration of 16 lM
during the times indicated by blue bars, after which the embryos were
transferred to embryo media. The presence of cardiac bifida was scored
at 48 hpf. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this paper.)

Fig. 1. Cardia bifida in wortmannin-treated zebrafish embryos. Wortmannin treatment of live zebrafish embryos specifically results in cardia bifida.
Zebrafish embryos were treated at shield stage (6 hpf) with wortmannin (E–I) and compared with untreated embryos (A–D) at the same stage. Dorsal
views with anterior at the bottom. (A,E,I) Expression of vmhc in control embryo and wortmannin-treated embryo. (B,F) Expression of amhc in
control embryo and wortmannin-treated embryo. (C,G) Whole-mount immunofluorescence with the monoclonal antibody MF20 (TRITC). (D,H)
Whole-mount immunofluorescence with the anti-tropomyosin antibody CH1 (FITC). Arrows in E, F, G, H, and I show cardia bifida and arrowheads
in A, B, C, and D show single heart.

Fig. 2. Dose–response curve for induction of cardia bifida phenotype
by wortmannin. Embryos were exposed to the indicated concentra-
tions of wortmannin at 6 hpf and were transferred to embryo media
without wortmannin at 24 hpf. The percentage of cardiac bifida was
scored at 48 hpf. Symbols and vertical bars represent the means and
SD of three experiments.
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which wortmannin affects cardiac development. By add-
ing or washing away wortmannin at various time points
during development, we demonstrated that a critical
stage for induction of cardia bifida occurs between 6
and 16 hpf (Fig. 3). When wortmannin is added at the
initiation of the experiment but washed away before
16 hpf, no cardia bifida occurs. Similarly, adding wort-
mannin after 6 hpf, only one heart tube forms. Thus,
the critical event affected by wortmannin that allows
initiation of cardia bifida formation seems to occur
between 6 and 16 hpf.
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Wortmannin induces zebrafish cardia bifida through a

mechanism independent of phosphatidylinositol 3-kinase

and myosin light chain kinase

Wortmannin is a fungal metabolite that specifically
inhibits PI3 kinase and/or MLCK. Therefore, wortman-
nin may induce cardia bifida by its ability to inhibit PI3
kinase and/or MLCK. To test whether inhibition of PI3
kinase or MLCK was sufficient to trigger cardia bifida,
we then investigated whether inhibition of PI3 kinase
or MLCK by alternative, unrelated compounds such
as LY294002 [2,4], ML-7, and ML-9 [38–40] was also
able to induce cardia bifida at concentrations that dras-
tically inhibit PI3 kinase or MLCK. LY294002 is a syn-
thetic compound derived from the broad-spectrum
kinase inhibitor quercetin and inhibits PI3 kinase by
competing with ATP for the active site of catalytic sub-
unit p110 [2]. It has been widely used in cell biology be-
cause it is much more stable in solution than
wortmannin [2,4]. ML-9, ML-7, and wortmannin are
commonly used to block MLCK activity, but are chem-
ically unrelated [36–40].

Zebrafish embryos were treated with the indicated
concentrations of wortmannin (4, 8, 16, and 32 lM),
LY294002 (2, 4, 8, 16, 32, and 64 lM), ML-7 (4, 8, 16,
and 32 lM) or ML-9 (4, 8, 16, and 32 lM) beginning
6 hpf and were transferred to embryo media without ki-
nase inhibitors at 24 hpf. As shown in Fig. 4, LY294002
was unable to induce cardia bifida at concentrations of
up to 64 lM, previously shown to completely inhibit
PI3 kinase in Xenopus laevis oocytes. It has been shown
Fig. 4. Wortmannin induces zebrafish cardia bifida through a mech-
anism independent of phosphatidylinositol 3-kinase and myosin light
chain kinase. Embryos were treated with the indicated concentrations
of wortmannin (4, 8, 16, and 32 lM), LY294002 ( 2, 4, 8, 16, 32, and
64 lM), ML-7 (4, 8, 16, and 32 lM) or ML-9 (4, 8, 16, and 32 lM) at
6 hpf and were transferred to embryo media without kinase inhibitor
at 24 hpf. The percentage of cardiac bifida was scored at 48 hpf.
Symbols and vertical bars represent the means and SD of three
experiments.
that wortmannin can block Xenopus oocyte PI3 kinase
activity completely in vivo at a concentration of
100 nM [9,24]. Neither ML-7 nor ML-9 was able to in-
duce cardia bifida at concentrations of up to 32 lM. At
concentrations above 32 lM, either ML-7 or ML-9
treatment caused nonspecific defects. To block PI3 ki-
nase and MLCK activity at the same time, we treated
zebrafish embryos either with 16 lM LY294002 and
16 lM ML-7 or with 16 lM LY294002 and 16 lM
ML-9. Neither treatment resulted in cardia bifida. Thus,
the cardia bifida phenotype induced by wortmannin was
not a consequence of inhibition of PI3 kinase and/or
MLCK.
Discussion

Kinase inhibitors have been widely used to establish
the signal transduction pathways regulating a broad
range of fundamental cellular processes including cell
growth, differentiation, survival, and migration in re-
sponse to extracellular stimuli [25–27]. During the devel-
opment of the vertebrate organism, the exact timing of
developmental events is crucial to the formation of tis-
sues and organ systems. A chemical genetic approach
permits both temporal and dosage control over the
modulation of gene function, as we show here, allowing
precise initiation and termination of the functional
blockade [28,29]. In the beginning, we screened 20 ki-
nase inhibitors for their effects on the cardiovascular
development employing zebrafish as a model. Only
wortmannin-treated embryos display cardia bifida. The
specific results prompted us to focus our attention on
investigating the detailed cardiovascular defects in wort-
mannin-treated animals.

Wortmannin is known to be a potent inhibitor of PI3
kinase and MLCK, and the IC50 values for PI3 kinase
and MLCK are 3.0 and 200 nM, respectively, in vitro
[2,4,7]. Here, we used a relatively high concentration
of wortmannin, enough to inhibit PI3 kinase and/or
MLCK activity. At 100 nM, Xenopus PI3 kinase is fully
inhibited in vivo [9]. We report here that wortmannin it-
self is able to induce zebrafish cardia bifida, an effect
that is not mediated by its ability to inhibit PI3 kinase
and/or MLCK, since another inhibitor of PI3 kinase
and/or MLCK was not able to induce the same pheno-
type [2]. Our study suggests that wortmannin may have
other molecular targets besides PI3 kinase and MLCK.
Recently, it has been reported that polo-like kinase can
be also significantly inhibited at the concentrations of
wortmannin commonly used to inhibit PI3-kinases
[41]. We predict that wortmannin induces zebrafish car-
dia bifida through a mechanism independent of polo-
like kinase based on our results and the fact that
wortmannin and LY294002 are inhibitors of polo-like
kinase [41].
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Currently, the zebrafish provides an excellent verte-
brate model system to investigate molecular mechanisms
regulating development. The simplest method for gener-
ating a loss-of-function in a particular gene in the zebra-
fish is the use of morpholino modified antisense or small
interfering RNA (siRNA) knock-down technology to
down-regulate certain gene expression [30,31]. Although
important information can be obtained by morpholino
or siRNA injections, this method, similar to the use of
knock-out mutations, blocks gene function at the earli-
est stage. We set out to use a novel strategy to study sig-
nal transduction in the zebrafish embryo using a
chemical genetic approach to achieve a rheostatic con-
trol of signal strength [32,28]. By binding to specific pro-
teins, small molecules also can modulate gene product
functions and result in changes in an organism�s pheno-
type in a nonheritable manner. The ability to modulate
function specifically and rapidly makes small molecules
especially useful tools for studying processes like devel-
opment in which the timing of protein function is
critical. Moreover, the reversibility of small molecule-
mediated gene product modulation provides informa-
tion that is not obtainable through the use of genetic
mutants.

In zebrafish, eight cardia bifida mutations, hands off

(han), casanova (cas), bonnie and clyde (bon), faust

(fan), one-eyed pinhead (oep), miles apart (mil), two-of-
hearts (toh), and natter (nat), have been reported, and
the corresponding genes have already been isolated
[33,34,13,14,17,18]. For instance, zebrafish oep encodes
a maternally and zygotically expressed member of the
EGF–CFC family essential for Nodal signaling. Em-
bryos lacking zygotic oep display cardia bifida [18,33].
Zebrafish zinc finger transcription factor Gata5 is en-
coded by the faust locus. Gata5 is required for the
migration of the cardiac primordia to the embryonic
midline [18,19,33]. It has been reported that other
known inhibitors of signalling molecules such as fibro-
nectin or EGF–CFC families can also induce zebrafish
cardia bifida [17,18,33], making it more complex to eval-
uate these results properly. Thus, our study suggests that
wortmannin may have other molecular targets besides
PI3 kinase and MLCK, which are important for signal
transduction pathways regulating cardiac function.

In summary, our findings open avenues for under-
standing the complex molecular mechanisms of heart
development and diseases. Identifying wortmannin
targeted pathways governing cardia bifida represents a
fascinating research for the future.
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