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The zebrafish homologue of caldesmon is similar to the mammalian low molecular weight caldesmon (I-
CaD). In this study, we explored the effects of caldesmon knockdown on vertebrate heart development
in vivo. In a zebrafish model caldesmon was knocked down resulting in defective cardiac morphogenesis,

muscularization and function. The data provide the first functional assessment of the role of caldesmon in
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cardiac development in vivo, and indicate that caldesmon is essential for proper cardiac organogenesis
and function. Because caldesmon expression remarkably influences cardiac muscularization, the findings
are relevant for designing future therapeutic strategies in the regeneration of cardiac damage.

© 2008 Elsevier Inc. All rights reserved.

Cardiac development is susceptible to anomalies because of the
precisely coordinated cellular proliferation, migration, differentia-
tion and the complex morphogenetic interactions implicated. Cal-
desmon (CaD) is an actin-binding protein implicated in the
cytoskeletal organization and various signaling pathways [1]. In
previous studies we found that low-molecular weight caldesmon
(I-CaD) is associated with the development of tumor vasculature
[2-7]. Because of the essential role of this protein in neoplastic
angiogenesis and vasculogenesis, we set out to explore the
in vivo effects of caldesmon on the normal development of the car-
diovascular system. The zebrafish homologue is similar to mam-
malian low-molecular weight caldesmon ([-CaD) as reported at
the website: Caldesmon: Orthologs: UCSD-Nature Molecule Pages.
In the present study CaD was knocked down in zebrafish and the
effects on cardiovascular development were explored at the ana-
tomical and functional level. The zebrafish model is advantageous
for the study of abnormal cardiovascular development because
zebrafish embryos can survive for several days without a proper
functioning heart. The analysis of morphants with compromised
or absent cardiac function is, therefore, possible for a significant
period of time [8]. In contrast, a similar phenotype in a mouse
model would result in early lethality and embryo reabsorption.
In addition, the molecular mechanisms steering cardiac patterning
of zebrafish are similar to those of the more complex, higher verte-
brates [9].
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All vertebrate hearts, including that of zebrafish, develop from a
simple tube [8,10], which bends and twists (loops) rightward to
create the basic plan of the mature heart [11]. The zebrafish heart
consists of only one atrium and one ventricle. Two additional smal-
ler compartments are the sinus venosus (SV) and the bulbus arte-
riosus (BA). By 36 hpf the looping of the zebrafish heart is
completed and each compartment displays a distinct contractile
pulsing. By 5 dpf, the zebrafish heart is essentially in the adult tel-
eost configuration. The four compartments are now separated from
one another by three sets of fully functional valves [10]. The most
distinct and functionally important compartments are the atrium
and ventricle [8]. At this stage, the ventricle has developed an
extensive trabeculation. In each compartment, the myocardium
is about one cell layer thick except for the ventricle, which consists
of two to three cell layers. The heart is enclosed in the pericardial
cavity with paired pericardial muscles running in caudo-cranial
direction and is covered by an epicardial membrane.

In this report, we characterized the aberrant phenotype of the
developing heart in the CaD-knockdown morphants (CaD-MOs).

Material and methods

Animal model, morpholino injections and the verification of the
specificity. The use of the zebrafish embryos was approved by the
institutional review board for experimental animals. The caldes-
mon anti-sense morpholino oligonucleotides (MO1) 5-AGTAA
AGTCTCTTATTCTTCAACGC-3 and (MO2) 5-TAAGAGTTCATCCTGT
AGAGTGATG-3, designed to inhibit translation of the caldesmon
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RNA  (Gene: ENSDARG00000032052; Transcript: ENS-
DART00000067366; Translation: ENSDARPO0000067365), and a
5-base mismatach control 5-AGAAAACTCTCTTATTGTTGAAGGC-3
were purchased from Gene Tools (Philomath, OR). First, in a titra-
tion experiment, the MOs were injected into the yolk sac of zebra-
fish embryos between one- and two-cell stages at different
concentrations (2, 4 and 8 ng/embryo) and the fishes were raised
at 28.5°C until analysis under standard laboratory conditions.
The concentration (4 ng/embryo) was used in all of the subsequent
experiments, because survival of the embryos was satisfactory
(>86%).

For translation blocking morpholinos (MO), there are several
approaches to determine whether a phenotype is the result of
knocking down for a gene-of-interest: (1) quantification of the tar-
get protein by an antibody (check if the translation is blocked); (2)
RNA rescue experiments; (3) a control morpholino with 5-base
mismatch (see above); (4) designing a second MO (see above). In
this study, we verified the specificity of the MO phenotype by all
approaches mentioned (Supplemental material).

Whole-mount immunofluorescence and phalloidin staining.
Briefly, embryos were fixed in 4% PFA at RT for minimal 3 h follow-
ing standard procedures. Embryos were treated with 1 M NH4CI at
RT for 3 h to quench autofluorescence, permealized, blocked by 5%
goat serum in PBST for 1 h at RT and incubated with anti-tropomy-
osin (Lab vision) at dilution 1: 100 for 2-3 overnights at 4 °C. Dou-
ble labelling of phalloidin-TRITC (Sigma-Aldrich) at 50 pg/ml and
anti-actinin (Sigma-Aldrich) at 1: 200 was performed and pre-
treated as above. After post-incubation washing, embryos were
incubated with rhodamine-conjugated goat-anti-mouse or FITC-
conjugated goat-anti-mouse (Jackson ImmunoResearch Laborato-
ries, Inc.) at dilution 1:100 for 2 overnights at 4 °C. After thor-
oughly washing, fluorescent images were recorded by
fluorescence microscopy and/or confocal laser scanning micros-
copy. Embryos at identical developmental stages, processed with-
out primary antibody, were used as controls for each experiment.
4’ 6-diamidino-2-phenylindole (DAPI) was wused for nuclear
counterstaining.

Parameters for assessment of the cardiac structure and function.
The parameters for cardiac structure include the anatomy of the
atrioventricular valve (AVV), looping of the cardiac tube, chamber
formation and array of the cardiomyocytes in fixed embryos at
whole mount and section level. The parameters for assessing the
cardiac function involve contractility, rhythm and blood regurgita-
tion in living embryos.

Results and discussion
Confirmation of the specificity of CaD-knockdown

Whole mount immunostaining, whole mount ELISA and dot
blot assay indicated that the targeted translation is blocked. The
insignificant penetrance (~5%) of the 5-base mismatch control,
and the same effects derived from the second morpholino are addi-
tional evidences for the specificity. The specificity was further con-
firmed by the RNA rescue experiments. Co-injection of the ATG
MOs with the RNA resulted in a significant rescue (89%, n = 66,
p <0.001). The morpholino phenotype was remarkably improved
(Fig. 1B3).

CaD-knockdown affecting cardiac morphogenesis

The most frequently encountered cardiac phenotypes of the
CaD-MOs included defective cardiac looping, ill-defined AV bound-
aries and impaired chamber formation (Table 1). Looping is a vital
event during heart development as even relatively minor looping

perturbations can lead to serious structural defects [11]. Cardiac
looping in CaD-MOs was impaired as reflected by elongation of
the ventricles; elongation or enlargement of atria resulting in sig-
nificant longer SV-BA distances (Fig. 1B2, F1 and H1) and loss of
the normal orientation of the heart tube. Enlarged fluid-filled per-
icardia (pericardial edema) and severely thinned cardiac walls
were often seen (Fig. 1F1 and H1). The phenotypes observed in
early stages were still present in 5 dpf CaD-MOs.

Growth of the heart is caused by hypertrophy of individual cells
and multiplication (hyperplasia) of cardiomyocytes. Hence, hypo-
plasia of the cardiac chamber walls in CaD-MOs is indicative of
defective proliferation (number of cells) and/or underdevelopment
of the cardiomyocytes. Visualization of the cardiomyocytes was
performed by whole mount immunohistochemistry of tropomyo-
sin (TM) [10], actinin [12] and phalloidin (for visualization of actin
filament). The expression of TM (Fig. 1F2), actin (Fig. 1D2) and ac-
tinin (Fig. 1D3) was significantly reduced or absent in the hearts of
the CaD-MOs, compatible with underdevelopment and/or a re-
duced number of cardiomyocytes. In the human CALD1 gene there
are two major functional domains: N-terminal myosin-binding do-
mains and C-terminal calmodulin/tropomyosin/actin-binding do-
mains, which are conserved in each isoform [13-15]. The
functional domains are highly conserved within the zebrafish
homologue (Supplemental Table). Each cardiomyocyte contains a
bundle of myofibrils divided into contractile units/apparatus, or
sarcomeres, consisting of several contractile proteins in their skel-
eton which provide the contractile force [16,17]. Actin and tropo-
myosin are essential components of the thin filaments [12,18].
Alpha-actinin is an actin-binding protein and one of the major
structural elements of the Z-disc [19], which interacts with tropo-
myosin [20]. These various proteins are mutually binding and form
complexes. Reduced expression of one of them causes instability or
degradation of the others, resulting in disassembly of the complex
of a-actin, «-actinin and tropomyosin (impaired contractile appa-
ratus). The intactness of the protein complex is important to pro-
vide structural stability required for proper alignment of thin
filaments and for force transmission during contraction. In the
CaD-MOs unstable and short myofilaments (disassembly of sarco-
meres) were evidenced by reduced or absent expression of these
proteins (Fig. 1D2, D3 and F2), underlying the inability of effective
contraction of the morphant heart. Generally, the cardiac develop-
ment up to the stage of chamber specification is still retained in the
CaD-knockdown, suggesting that CaD plays a role in cardiac devel-
opment at a later stage.

CaD-knockdown causing cardiac dysfunction

The functional defects included reduced contractility (wave-like
swaying with limited ventricular contraction), abnormal rhythm
and blood regurgitation (Table 1). The heartbeat/min of 5 dpf WT
is 206 £ 5 and 3 dpf WT 190 £ 6 at room temperature (22 °C). The
heartbeat/min in the corresponding CaD-MOs had decreased dra-
matically (Table 1). The abnormal rhythm manifests as cardiac tre-
mor or chaotic cardiac contraction (fibrillation), resulting in
defective circulation. In many morphants a retrograde flow with
simultaneously diminished forward flow was noticed. At the
molecular level the functional deficiency of the cardiac contractil-
ity observed in CaD-MOs was associated with disturbances of the
sarcomere assembly. Backflow of the bloodstream may be caused
by perturbed development of the valve leaflets in CaD-MOs. The
atrioventricular valve (AVV) boundary appeared to be missing or
was ill-defined in the CaD-MOs, indicative of defective formation
of the valve (Fig. 1A2). The enlargement or dilatation of the cham-
bers observed in many animals can also be taken responsible for
the blood backflow.
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Fig. 1. Defective AVV, cardiac looping and muscularization of CaD-knockdown. (A1) The AVV as revealed (arrows) in an HE stained section of a 3dpf control embryo. (A2) The
AVV is missing in a CaD-MO. (B1) A normal heart is shown in 1.5dpf control (arrowhead). (B2) A long strip heart (arrohead) is shown without looping and with severe
pericardial edema in a CaD-MO. (B3) The morpholino phenotype of heart as observed in B2 is significantly improved (arrowhead) by the RNA rescue experiment. (C1 to C3) A
normal heart in a 2.5 dpf control in C1 (arrows), which is double labelled with phalloidin (actin) and actinin. (D1 to D3) A morphant heart in D1 (square), which is double
labelled as C2 and C3. Loss of the signals of actin and actinin with severe pericardial edema is seen. (E1) A normal heart in a 3 dpf control (arrows). (E2) The expression of
tropomyosin (TM) outlines the normal heart. (F1) A heart without looping (arrow) with severe pericardial edema is noticed in 3 dpf CaD-MO. (F2) Loss of TM signal of the
hypoplastic heart with severe pericardial edema (arrow). B1 to F2: whole mount embryos, anterior to left and dorsal is up. dpf = day post-fertilization.

Table 1
CaD-knockdown cause cardiac dysfunction and affect morphogenesis.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
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