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ABSTRACT: Given the high mortality in patients with
cardiovascular diseases and the life-threatening consequences
of drugs with unforeseen adverse effects on hearts, a critical
evaluation of the pharmacological response of cardiovascular
function on model animals is important especially in the early
stages of drug development. We report a proof-of-principle
study to demonstrate the utility of zebrafish as an analytical
platform to predict the cardiac response of new drugs or
chemicals on human beings. With pseudodynamic 3D imaging,
we derive individual parameters that are central to the cardiac function of zebrafish, including the ventricular stroke volume,
ejection fraction, cardiac output, heart rate, diastolic filling function, and ventricular mass. We evaluate both inotropic and
chronotropic responses of the heart of zebrafish treated with drugs that are commonly prescribed and possess varied known
cardiac activities. We reveal deranged cardiac function of a zebrafish model of cardiomyopathy induced with a cardiotoxic drug.
The cardiac function of zebrafish exhibits a pharmacological response similar to that of human beings. We compare also cardiac
parameters obtained in this work with those derived with conventional 2D approximation and show that the latter tends to
overestimate the cardiac parameters and produces results of greater variation. In view of the growing interest of using zebrafish in
both fundamental and translational biomedical research, we envisage that our approach should benefit not only contemporary
pharmaceutical development but also exploratory research such as gene, stem cell, or regenerative therapies targeting congenital
or acquired heart diseases.

The screening of chemicals for therapeutic effects1−3 or
testing of new drugs for undesirable toxicity4−6 on model

animals is an inevitable component of contemporary
pharmaceutical development. Given the high mortality in
patients with cardiovascular diseases7 and the critical
consequences of drugs with adverse side effects on hearts
(for example, the widely recognized cardiac abnormalities
induced by chemotherapeutic agent doxorubicin),8 it is of
particular importance to evaluate the pharmacological response
of the cardiac function of model animals especially in the early
stages of drug development. In this regard, the zebrafish (Danio
rerio) possesses numerous advantages including convenience of
delivery of drugs, rapid development, ease of genetic
manipulation, and low cost of maintenance relative to other
model animals such as rodents.9,10 The underlying function,
gene, pathophysiology, and pharmacological response of the
cardiovascular system of zebrafish are similar to those of human
beings,11,12 further making this model organism particularly
attractive for the evaluation of the safety and efficacy of drugs
that target cardiovascular diseases.4,5

A comprehensive assessment of the cardiac response requires
an accurate determination of not only the electrical regulation
but also mechanical function of a heart. However, screening of
drugs for cardiac toxicity or activity using zebrafish models is

achieved mostly with cardiac electrophysiological or rhythmic
measurements primarily on the electrical aspect of cardiac
function; in contrast, pharmacological response of some
important mechanical aspects of the cardiac function of
zebrafish, such as cardiac output, are much less explored.
Cardiac output is defined as the ventricular stroke volume
multiplied by the heart rate. Although the heart rate of zebrafish
can be readily measured with echocardiography,13 electro-
cardiography,14 or digital imaging,4 accurate determination of
the ventricular stroke volume, a three-dimensional (3D)
quantity, of a rapidly beating heart of zebrafish (about 190
beats per minute) remains challenging. The ventricular volume
is consequently deduced generally through an approximation,
according to which one first obtains two-dimensional (2D)
images at a section selected by the user; the 3D volumetric
quantity is then estimated assuming a specific shape (typically
an ellipsoid) of the ventricular chamber.15 This crude
approximation might impose a significant error and, hence,
complicate an interpretation of the results. Liebling and co-
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workers reported a novel algorithm to reconstruct the dynamic
volume of a periodically moving microscopic object with rapid
confocal imaging16 and characterized the structural and
functional development of the heart of zebrafish embryos.17,18

Despite unprecedented success in the revelation of the
structure−function interplay of an embryonic heart, no
application of this approach as a reliable platform for
pharmaceutical screening has yet been explicitly demonstrated.
Furthermore, particular mechanical and structural parameters
that are central to the ventricular function, such as the stroke
volume, ejection fraction, and ventricular mass, have not been
determined, and the superiority of this approach relative to 2D
approximation remains not yet critically assessed.
Herein, we report a novel application of pseudodynamic 3D

imaging to screen cardioactive and cardiotoxic drugs on
zebrafish. We first derive individual parameters (including the
end systolic and diastolic volume of a ventricle, stroke volume,
ejection fraction, heart rate, ventricular mass, and cardiac
output) that underline the cardiac function of zebrafish. Beyond
the systolic function, we obtain the ventricular diastolic filling
curve, a functional parameter sensitive to cardiac abnormality.
These quantities can potentially serve as a baseline for
comparison in prospective cardiac pharmacological or transla-
tional tests in which zebrafish are employed as a model. As a
demonstration for pharmaceutical development, we evaluate
both inotropic and chronotropic responses of the heart of
zebrafish subject to pharmacological interventions of varied
cardiac activities. We reveal also the deranged cardiac function
of a zebrafish model of cardiomyopathy. These results show
together that the cardiac function of zebrafish exhibits a
pharmacological response similar to that of human beings,
thereby supporting our approach to serve as a platform to
predict the cardiac response of new drugs or chemicals on
human beings. We compare also cardiac parameters obtained in
this work with those derived with a 2D approximation (based
on the “fit-to-ellipse” algorithm);19 we show that the 2D
approach tends to overestimate the cardiac parameters and
produces results of greater variation. In view of the growing
interest of using zebrafish in both fundamental and applied
biomedical research, we envisage that our results should benefit
fields ranging from exploration of the regenerative mechanism
of hearts after injury,20 to investigation of the pathophysiology

of congenital or acquired heart diseases,21 to a pharmaceutical
evaluation of cardiac activity and toxicity.1,2,5

■ MATERIALS AND METHODS
Reagents. Phenylthiocarbamide (PTU), epinephrine, dox-

azosin mesylate, esmolol hydrochloride, tricaine (Sigma
Aldrich), and isoflurane (Baxter) were acquired from the
indicated sources.

Maintenance and Handling of Zebrafish. Breeding
colonies of a transgenic line of zebrafish, Tg(BMP4:EGFP),22

that expresses enhanced green fluorescence protein (EGFP) in
the myocardium were provided by the Taiwan Zebrafish Core
Facility and were maintained according to protocols previously
reported.23 To inhibit the formation of melanophores, PTU
was added to the egg medium beginning from one day post
fertilization (dpf). The cardiovascular system of zebrafish
develops rapidly. By two dpf, the heart tube has differentiated
into chambers, showing rhythmic and coordinated contrac-
tions; by five dpf, the heart of the embryo has developed with
essential configurations similar to the heart of an adult teleost,
and a cardiovascular system becomes functional.24,25 Through-
out this work, zebrafish larvae (6 dpf) exhibiting a regular
heartbeat (about 190 beat per min) were used.

Administration of Drugs. Zebrafish larvae were anes-
thetized with a mixture of tricaine (100 ppm) and isoflurane
(100 ppm).26 To treat epinephrine (200 ppm) or doxazosin
(50 ppm), the indicated drug was injected into the anesthetized
larvae through the retro orbital. To administer esmolol (2000
ppm), larvae were immersed in a solution containing the drug
and the anesthetic. Doxorubicin (60 ppm) was administrated
from five dpf for a duration of 24 h. All measurements were
performed 20 min after administration of the drugs, except the
test of doxorubicin in which measurements were made at the
end of the treatment, in a room with temperature maintained at
25 °C.

Confocal Laser-Scanning Fluorescent Imaging. We
employed a confocal microscope (Leica TCS SP5 II, Leica)
equipped with an objective lens (20×/0.7). To produce images,
we used a blue laser (488 nm; typical power below 1 mW) as
excitation and detected fluorescence between 510 and 600 nm.
Before measurements, we have verified that the larval heart beat
periodically with time-lapse xy-images obtained at a selected

Figure 1. (A) A cartoon illustrating the protocol employed to reconstruct 3D images of a periodically beating heart. (B) Time-lapse confocal
fluorescence images of a beating heart of zebrafish obtained at varied focal depths. For clarity, only selected images at four depths are displayed. (C)
A representative reconstructed 3D image of the ventricle (green: ventricular muscle; red: ventricular chamber).
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imaging plane. To construct 3D images, we recorded xy-images
(512 × 512 pixels) at a rate of 25 frames per s for a duration of
1 s. The temporal resolution, 40 ms, corresponds to
approximately one-seventh of a cardiac cycle. Images at varied
depths were obtained sequentially on moving the objective lens
at increments of 1 μm. It took about 90 s to complete
acquisition of images of a larval heart which is about 80 μm in
the short axis at the diastolic phase.
Reconstruction of Pseudodynamic 3D Images of the

Ventricle of a Beating Zebrafish Heart. Pseudodynamic 3D
images of a contracting heart were constructed with a protocol
modified from the literature.16 The principle of image
reconstruction is illustrated in a cartoon displayed in Figure
1A. In brief, time-lapse images were first obtained at varied focal
depths. As the ventricular wall contracted periodically, the
ventricular chamber expanded and shrank during the diastolic
and systolic phases of a cardiac cycle (some images acquired at
selected depths are displayed in Figure 1B). The image of the
largest ventricular chamber in a series was identified and
attributed to “end of diastole” (EoD) of the ventricle. Once the
image corresponding to EoD was chosen for images in each
series, images in two series with adjacent depths were then
“synchronized” on aligning those images of EoD. The
procedure was applied to images in each series in sequence.
This practice allowed registration of each image according to
the relative time point of that image in a cardiac cycle. The
images aligned in a column were then used to reconstruct a 3D
image, and the resulting 3D image hence corresponded to a
snapshot of the ventricle at the registered time point in a
cardiac cycle. A 3D image displayed in Figure 1C shows a
snapshot of a ventricle, in which the ventricular wall and
ventricular chamber are rendered with green and red false
colors. All 3D images corresponding to varied time points of a
cardiac cycle were then used to construct a video clip to show
the contractile motion of the ventricular chamber. Construction
of 3D images and video clips was achieved with software
(Imaris, Bitplane).
Determination of Individual Parameters of the

Cardiac Function. After construction of 3D images of the
ventricle, we calculated the volumes of the ventricular chamber
(termed “ventricular volume” hereafter) at each time point of a
cardiac cycle with software. Once the temporally varying
ventricular volumes were determined, other parameters such as
end-diastolic volume (EDV), end-systolic volume (ESV), stroke
volume (SV), ejection fraction (EF), heart rate (HR), cardiac
output (CO), and ventricular mass (VM) were deduced
according to their definitions.27 For instance, EDV and ESV
correspond to the ventricular volume immediately before a
contraction and at the end of the contraction. SV, the volume
of blood ejected at a heartbeat, is determined from the
difference between EDV and ESV. EF is SV divided by EDV.
CO is SV multiplied by HR, a quantity depicting the volume of
blood propelled in the interval of one minute. Finally, VM is
determined with the volume of the ventricular wall multiplied
by the density of the ventricular wall (1.05 g cm−3).28

Statistics. Comparison between the means of two groups
was made with the two-tailed Student’s t test. The levels of
statistical significance were set at * p < 0.05, ** p < 0.01, and
*** p < 0.001, respectively.

■ RESULTS
Cardiac Function of Zebrafish Larvae at 6 dpf. A result

representative of the temporal variation of the ventricular

volume of zebrafish larvae at 6 dpf is displayed in Figure 2 (see
also a video clip, “CONTROL.avi”, Supporting Information).

The three 3D images, displayed in the same figure, correspond
to the snapshot of the ventricle caught approximately at the
beginning, middle, and end of the systolic period.
To evaluate the variation of the cardiac function among fish,

we implemented the same analysis on 15 fish larvae of the same
age. The mean and standard deviation of individual parameters
are summarized in Table 1. The result shows that the variation

of the cardiac parameters ranged from about 10% (the ejection
fraction and heart rate) to 20% (the end-diastolic volume,
cardiac output, and stroke volume). These values are regarded
as the baseline of the normal control for zebrafish larvae at 6
dpf, with which the results determined from the larvae subject
to varied interventions were compared.

Pharmacological Effects of Drugs on the Ventricular
Systolic Function. To demonstrate an evaluation of the
pharmacological response of cardiac function, we used drugs
that possess known cardiac activities. Representative results
obtained on the treatment of these drugs are displayed in
Figure 3. Comparison of the functional parameters between the
treated larvae and untreated normal control are summarized in
Figure 4.
Epinephrine is an endogenous hormone that exerts both

positive inotropic and chronotropic effects on cardiomyocytes
and is known to increase both contractility and beating rate of
human hearts. Figure 3A shows the temporal variation of the
ventricular volume of a zebrafish larva after an injection of
epinephrine (see also “EPINEPHRINE.avi”, Supporting In-
formation); the 3D snapshots corresponding approximately to

Figure 2. Temporal variation of the ventricular volume determined
from an untreated zebrafish larva (6 dpf). The three 3D images
correspond to snapshots of the ventricle obtained at approximately the
beginning, middle, and end of the systolic phase of a cardiac cycle.

Table 1. Parameters of the Cardiac Function of Zebrafish
Larvae Obtained with Pseudo-Dynamic 3D Imaging (n = 15)

Cardiac Parameters of Zebrafish Larvae at 6 dpf

end-diastolic volume/nL 0.285 ± 0.050
end-systolic volume/nL 0.105 ± 0.025
stroke volume/nL 0.179 ± 0.034
ejection fraction/% 63.1 ± 5.6
heart rate/min−1 191.6 ± 17.1
cardiac output/nL·min−1 34.5 ± 7.4
ventricular mass/μg 0.403 ± 0.063
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the beginning, middle, and end of the ventricular systolic phase
are also displayed. Compared with the normal control (Figure
2), the result shows clearly that epinephrine boosted greatly
both the contractility and heart rate of zebrafish larvae. The
result displayed in Figure 4 shows further that the
administration of epinephrine resulted in a significantly

increased stroke volume (0.232 ± 0.035 nL vs 0.179 ± 0.034
nL, p = 0.0027), ejection fraction (69.3 ± 5.0% vs 63.1 ± 5.6%,
p = 0.0055), heart rate (224 ± 12 min−1 vs 191 ± 17 min−1, p =
0.00013), and cardiac output (51.3 ± 9.4 nL min−1 vs 34.5 ±
7.4 nL min−1, p = 0.00025) relative to the normal control.
These observations are profoundly consistent with the known
agonistic action of epinephrine on both alpha- and beta-
adrenergic receptors of cardiomyocytes. In contrast to the
substantial increase in the systolic function of the ventricle,
there was no discernible change of the ventricular mass after the
treatment (0.406 ± 0.071 μg vs 0.403 ± 0.063 μg, p = 0.86),
indicating that epinephrine did not cause morphological
damage to the ventricular muscle of zebrafish at the dose
tested here.
Esmolol is an antagonist of the beta-adrenergic receptor of

cardiomyocytes and is known to suppress both inotropy and
chronotropy of the heart. As shown in Figure 3B, the heartbeat
slowed and the contractility decreased significantly after an
administration of esmolol (see also “ESMOLOL.avi”, Support-
ing Information). Conforming to the pharmacological activity
of esmolol on human beings, the result displayed in Figure 4
shows that the treatment of esmolol resulted in a significantly
decreased stroke volume (0.076 ± 0.036 nL vs 0.179 ± 0.034
nL, p = 0.000032), ejection fraction (39.3 ± 14.9% vs 63.1 ±
5.6%, p = 0.00016), heart rate (125 ± 18 min−1 vs 191 ± 17
min−1, p = 0.000033), and cardiac output (9.6 ± 5.0 nL min−1

vs 34.5 ± 7.4 nL min−1, p = 0.000031) relative to the normal
control. Similar to the observations made on a treatment of
epinephrine, acute exposure of esmolol had little effect on the
ventricular mass (0.393 ± 0.039 μg vs 0.403 ± 0.063 μg, p =
0.50).
To demonstrate selective antagonistic effects, we tested

doxazosin mesylate; this drug is an alpha-adrenergic antagonist
and is known to suppress only the contractility, not the
chronotropic property of human hearts. Consistent with its
known selective activity, our results show that the heart rate of

Figure 3. Temporal variation of the ventricular volume of zebrafish
treated with epinephrine, esmolol, and doxazosin. The three 3D
images displayed on top of each curve are the snapshots of the
ventricle obtained at approximately the beginning, middle, and end of
the systolic phase of a cardiac cycle.

Figure 4. Comparison of the cardiac parameters of untreated zebrafish (control, n = 15) with that treated with epinephrine (Epi, n = 10), esmolol
(Es, n = 10), and doxazosin (Doxa, n = 10). (A) End-diastolic and end-systolic volumes of the ventricular chamber; (B) stroke volume; (C) ejection
fraction; (D) heart rate; (E) ventricular mass; (F) cardiac output.
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zebrafish larvae remained comparable (194 ± 11 min−1 vs 191
± 17 min−1, p = 0.92) whereas the stroke volume (0.048 ±
0.026 nL vs 0.179 ± 0.034 nL, p = 0.000057), ejection fraction
(33.4 ± 13.1% vs 63.1 ± 5.6%, p = 0.00013), and cardiac output
(9.5 ± 5.4 nL min−1 vs 34.5 ± 7.4 nL min−1, p = 0.000056)
decreased greatly relative to the untreated control (Figures 3C
and 4; see also “DOXAZOSIN.avi”, Supporting Information).
Similar to the results of epinephrine and esmolol, doxazosin did
not alter the ventricular mass of zebrafish larvae (0.389 ± 0.076
μg vs 0.403 ± 0.063 μg, p = 0.32). These results together
subtlely demonstrate the selective alpha antagonistic effect, in
contrast to that observed on the treatment of esmolol, a beta-
adrenergic antagonist that suppressed not only the contractility
but also the heart rate.
Assessment of Cardiomyopathy Induced by Doxor-

ubicin. Doxorubicin is a chemotherapeutic agent commonly
prescribed to patients with hematological malignancies or solid
tumors such as breast cancer; it has, however, been shown to be
cardiotoxic causing cardiomyopathy of varied severity through
an excessive production of reactive oxygen species (ROS).8 To
explore a potential application of our approach to assess heart
diseases of clinical relevance or drugs of cardiotoxicity, we
induced cardiomyopathy with doxorubicin and determined the
variation of essential cardiac parameters.
As shown in Figure 5, the administration of doxorubicin to

zebrafish larvae affected the heart in several respects, causing
not only functional impairment but also morphological
derangement (see also “DOXORUBICIN.avi”, Supporting
Information). Specifically, both the stroke volume (0.093 ±
0.040 nL vs 0.179 ± 0.034 nL, p = 0.00010) and the ventricular
mass (0.270 ± 0.063 μg vs 0.403 ± 0.063 μg, p = 0.00017)
decreased significantly for this zebrafish model of cardiomyop-
athy relative to the normal control. Although the heart rate
increased after treatment with doxorubicin (253 ± 25 min−1 vs
191 ± 17 min−1, p = 0.00031), the cardiac output decreased
significantly (24.1 ± 10.7 nL min−1 vs 34.5 ± 7.4 nL min−1, p =
0.017) because of a remarkable decrease in the stroke volume.

These observations are notably consistent with the decreased
contractility and ventricular mass and increased heart rate
observed on patients of childhood malignancy who are treated
with doxorubicin.29,30

Determination of the Diastolic Filling Curve of the
Ventricle and Evaluation of the Ventricular Diastolic
Function. Diastolic dysfunction typically occurs preceding
systolic dysfunction in the progression of human cardiovascular
diseases; it is hence of clinical significance to determine the
ventricular diastolic function. Diastolic function is typically
determined with Doppler echocardiographic measurements on
parameters of the trans-mitral flow, such as the early (E) and
late (A) diastolic filling rates, ratio E/A, and the deceleration
period or slope of the E-wave in clinical settings.31 Despite
being a convenient means, the accuracy of diastolic function
measured with Doppler echocardiography might be impaired
by the preload and afterload of a ventricular chamber. We
alternatively determined the diastolic function with the
differential temporal variation of the ventricular volume (dV/
dt; V denotes the ventricular volume).32

To determine the ventricular diastolic function, we first fit
the temporal ventricular volume with a polynomial function
and differentiated the best fit with respect to time to obtain the
diastolic filling curve of the ventricle. A representative
ventricular diastolic filling curve of an untreated larva is
displayed in Figure 6A. Our result shows that the diastolic
filling curve possessed a single maximum within the diastolic
phase of a cardiac cycle, with a maximal filling rate of 2.72 ±
0.99 pL ms−1 located at 63 ± 4% of the diastolic phase. This
result is distinct from what is typically observed on human
beings that commonly show two components, an early wave
(“E wave”) and a late wave (“A wave”), corresponding to
ventricular relaxation and atrial contraction, respectively. The
observation of a single maximum on zebrafish larvae is
attributed to a fusion of the E and A waves as a result of the
rapid heart rate of zebrafish (191 ± 17 min−1) relative to
human beings (about 70 min−1). This attribution is plausible as

Figure 5. (A) Temporal variation of the ventricular volume of a larva treated with doxorubicin and three snapshots of the ventricle during the
systolic phases. (B) Comparison of the cardiac function of zebrafish larvae treated with doxorubicin (n = 10) with that of the untreated control (n =
15).
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merging of the E and A waves is commonly observed also for
infants or adults with a high heart rate.31

This attribution is supported by the test of esmolol that
significantly decreased the heart rate. As shown in Figure 6B,
the diastolic filling curve observed on zebrafish treated with
esmolol comprised two distinct components: the E and A
waves located at 17 ± 6% and 82 ± 5% of the diastolic phase,
respectively. In particular, the maximal filling rate of the early
wave is much smaller than that of the late wave (0.17 ± 0.11 pL
ms−1 vs 0.71 ± 0.67 pL ms−1); this result is notably consistent
with that reported in adult zebrafish33 but distinct from that
typically observed for human beings.
Cardiomyopathy induced by doxorubicin has been reported

to lead to diastolic dysfunction. Consistently, our result,
displayed in Figure 6C, shows that the diastolic filling curve
possessed only one maximum with its maximal filling rate
significantly smaller than that of the normal control (1.84 ±
0.74 pL ms−1 vs 2.72 ± 0.99 pL ms−1). As the administration of
doxorubicin typically resulted in an increased heart rate, it is
hence not surprising that the diastolic filling curve exhibited
only one maximum instead of two.

■ DISCUSSION
We have evaluated the activity and toxicity of drugs with
specific emphasis on their pharmacological effects on the
cardiac function. This aspect is of particular significance in view
of the prevalence of human cardiovascular diseases and the
increasing occurrence of drugs with unforeseen detrimental
effects on cardiac function. Our approach can prospectively
become an effective platform that facilitates contemporary
pharmaceutical development. By determination of the cardiac
function of zebrafish models of varied human cardiovascular
diseases21,34 or wild-type zebrafish, chemicals of desirable
cardioprotective effects can be sorted for further testing with
higher animals, and drugs of unforeseen cardiotoxicity can be
removed before progress to markets. To demonstrate this
application, we determined various parameters underlining the

ventricular systolic function of zebrafish (Figure 2 and Table 1),
tested drugs (epinephrine, esmolol, and doxazosin) of known
cardiac activities (Figures 3 and 4), and evaluated the cardiac
function of a zebrafish model of cardiomyopathy (Figure 5).
Beyond application in drug screening, our systematic

determination of the functional parameters of zebrafish hearts
lays the foundation for future tests that require accurate
determination of the cardiac function of this important model
organism. These results might have widespread impact on
research fields ranging from fundamental investigation of the
extraordinary regenerative capability of zebrafish hearts after
injury,20 to a critical evaluation of the therapeutic outcome of
novel genetic or stem-cellular interventions that target human
heart diseases.35,36

In addition to the ventricular systolic function, we
determined also the diastolic function of the ventricle (Figure
6A). The diastolic function is particularly sensitive to subtle
pathophysiological changes of varied heart diseases, especially
at their early stages,37 making it a valuable indicator of the
healing and recovery of the myocardium after pharmacological
or genomic interventions. Our results show a subtle variation of
the diastolic filling curve either caused by a pharmacological
treatment or associated with a disease model (Figure 6B,C).
The ability to determine the diastolic function of zebrafish
might facilitate fundamental research on congenital heart
diseases using zebrafish with genetic defects.38 Our results
also call for further efforts to associate varied diastolic filling
curves with cardiovascular diseases of specific types. With
distinct patterns being identified with specific pathological
abnormality, diverse future applications including clinical
diagnosis, pharmacological development, or cardiotoxicological
screening are expected.
To evaluate critically the superiority of the 3D volumetric

analysis, we compared our results systematically with that
obtained with a 2D approximation (termed “fit-to-ellipse”), a
method commonly used to determine the systolic function of
zebrafish larvae.15,19 We first acquired time-course images at a
sectional plane near the center of the ventricle and identified
the image corresponding to end-diastole. The perimeter of the
ventricular chamber was then fitted with an ellipse to determine
the major and minor axes. The ventricular volume at end-
diastole was calculated according to V = (4πab2)/3 in which a
and b denote the major and minor axes, respectively. The
ventricular volume at end-systole was determined in the same
manner.
We analyzed fifteen larvae with this 2D approximation and

3D imaging and plotted the ratio between EDV (and ESV)
obtained with these two methods for each larva in Figure 7.
The result shows clearly that the 2D approximation tends to
produce greater EDV and ESV than with 3D volumetric
analysis. In addition to EDV and ESV, the 2D approximation
also overestimates other functional parameters such as SV and
CO (data not shown). The 2D approximation produces
notably greater coefficients of variation relative to the 3D
approach (28.7% vs 17.5% for EDV; 28.9% vs 23.8% for ESV).
One should hence be cautious when interpreting experimental
results based on data obtained with the 2D approximation. This
factor is particularly true when the pharmacological effect of
cardioactive agents is evaluated.
In summary, we have demonstrated an accurate evaluation of

the cardiac function of zebrafish subject to varied pharmaco-
logical interventions and that the 3D volumetric analysis
produces more accurate results than a 2D approximation. Some

Figure 6. Ventricular diastolic filling curve (red line) derived from the
temporal variation of the ventricular volume (gray line). For clarity,
the diastolic phase of a cardiac cycle is highlighted with heavy lines.
(A) Untreated control; (B) treated with esmolol; (C) treated with
doxorubicin.
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limitations of this approach nevertheless remain. First,
pseudodynamic imaging is limited to a determination of the
cardiac function of a heart with periodic and regular pulsation,
thereby preventing reliable evaluation of the cardiac function of
a heart with arrhythmic beating. Second, similar to all optical
means, this approach is limited to the depth of penetration of
light into tissues. On the basis of our experience, it is difficult to
acquire clear images of the heart of zebrafish larvae after 10 dpf.
This limitation might be eliminated to some extent if two-
photon fluorescence imaging39 or transgenic fish lines of greater
translucency40 are employed.

■ CONCLUSIONS
In summary, we demonstrate the utility of zebrafish as a novel
platform to predict the cardiac activity and cardiotoxicity of
drugs on human beings. Our approach can potentially be scaled
up becoming an automated analytical platform for high-
throughput screening of drugs. Beyond pharmacological
development, we anticipate that our approach should benefit
also exploration of novel therapeutic strategies that target
human heart diseases using zebrafish as disease models.
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