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Summary

Detailed studies of heart development and function are cru-
cial for our understanding of cardiac failures and pave the
way for better diagnostics and treatment. However, the
constant motion and close incorporation into the cardiovas-
cular system prevent in vivo studies of the living, unper-
turbed heart. The complementary strengths of the zebrafish
model and light sheet microscopy provide a useful platform
to fill this gap. High-resolution images of the embryonic
vertebrate heart are now recorded from within the living
animal: deep inside the unperturbed heart we can follow
cardiac contractions and measure action potentials and cal-
cium transients. Three-dimensional reconstructions of the
entire beating heart with cellular resolution give new in-
sights into its ever-changing morphology and facilitate
studies into how individual cells form the complex cardiac
network. In addition, cardiac dynamics and robustness are
now examined with targeted optical manipulation. Overall,
the combination of zebrafish and light sheet microscopy
represents a promising addition for cardiac research and
opens the door to a better understanding of heart function
and development.
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Introduction

The heart is an electrically controlled mechanical pump
that persistently contracts and relaxes to move blood
through the circulatory system. Malformation of cardiac
structures during embryogenesis can quickly result in
severe heart defects. Understanding development, morpho-
logy and function of the heart is therefore highly important
and remains the focus of numerous studies. Due to the tight
interrelation of structure and function of the heart and its
close incorporation in the cardiovascular system, it should
ideally be studied directly inside the body of the develop-
ing embryo. An understanding of the cardiac conduction
system also requires the readout of electrical activity and
calcium release, and strategies to manipulate it with high
precision. Furthermore, deciphering the complex regulat-
ory mechanisms of the cardiac muscle and revealing the

cause of heart defects in early stages of development will
require the ability to resolve individual heart cells and fol-
low them with high temporal resolution over a long period
of time.
However, such in vivo studies are often hindered by the
physical characteristics of classic cardiovascular model or-
ganisms or limitations of the imaging technique. On the
one hand, an embryo of the chosen model organism can
be sacrificed at the developmental stage of interest and its
heart excised, fixed, sectioned, stained and studied under a
microscope [1, 2]. Although this method reveals valuable
details about cardiac development, all the necessary exper-
imental steps introduce artefacts that change the spatial re-
lation of cardiac components and make measurements of
size and distance prone to error [3]. On the other hand, cur-
rent studies of cardiac dynamics typically require one to
forgo high spatial resolution in order to achieve the neces-
sary speed. Techniques such as magnetic resonance ima-
ging, X-ray computed tomography or positron emission
tomography provide exciting insights into living hearts, but
cannot resolve details beyond tissue level [4, 5]. Moreover,
functional studies are limited to electrophysiology of the
excised heart or individual cardiac muscle cells. Therefore,
various aspects of cardiac development, structure and func-
tion are still poorly understood.
Recently, the powerful combination of the model system
zebrafish and light sheet microscopy has shown great
promise for in vivo studies of heart development and func-
tion. The zebrafish has already been used as a model organ-
ism in cardiac research for more than two decades, but only
with modern microscopy techniques are we finally able to
exploit fully its benefits. With these developments, the em-
bryonic zebrafish heart can now be recorded in vivo – in
three dimensions (3D), with cellular resolution and, if re-
quired, even over the course of several hours or days. This
opens the door for real-time developmental biology, where
cardiac structure and function are studied unperturbed and
in situ. Additionally, with the help of optical manipulation
and optogenetic tools, researchers are able to not only mon-
itor the heart, but also actively influence its function.
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The zebrafish is a powerful model
system for cardiac research

The zebrafish (Danio rerio) is native to rivers of Southeast
Asia, reaches 4 cm in length and lives up to 5 years (fig.
1a). It has a high reproduction rate and can yield a high
number of progeny: Mature female zebrafish lay up to 300
eggs per week, which are externally fertilised by males.
As a result of its external development and optical clarity
during embryogenesis, the zebrafish embryo is accessible
for light microscopy studies from its earliest stages. Basic
parameters such as heart rate, contractility and blood flow
can be obtained by means of video microscopy [6]. Study-
ing development and function of cardiovascular structures
in vivo is facilitated by the ability to generate transgenic
zebrafish expressing fluorescent proteins under the control
of specific promoters [7–9].
The cardiac development of the zebrafish shows remark-
able similarities to that of humans. Less than 2 days after
fertilisation, the zebrafish heart has developed from pro-
genitor cells into a two-chambered organ that sits dorsally
between the head and trunk (fig. 1b–c). The two chambers,
atrium and ventricle, are connected by the atrioventricular
canal (fig. 1d–e) and consist of two main cell layers: the
inner endocardium and the outer myocardium. A double-
walled sac, the pericardium, contains the heart and the
roots of the great vessels while also fixing the heart to the

Figure 1

A: Adult male zebrafish. Scale bar 5 mm. B: Bright-field image of a
7 dpf (days post-fertilisation) zebrafish larva. Scale bar: 500 µm. C:
The position of the heart (H) in the cardiovascular system of a
zebrafish larva. Images adapted from Brown University (Isogai et
al. 2001 [66]) and Interactive Atlas of Zebrafish Vascular Anatomy
(zfish.nichd.nih.gov). D–E: Bright-field images of the 2 dpf zebrafish
heart. D: Systole. E: Diastole. Inflow tract (IFT), atrium (A),
atrioventricular canal (AVC), ventricle (V), outflow tract (OFT). Scale
bar: 20 µm.

thorax, providing lubrication and protecting against infec-
tion. In contrast to those of mammals and amphibians, the
zebrafish heart does not progress to septation and retains
a simpler structure. However, there are broad similarities
between zebrafish and mammals with respect to the genetic
determinants of heart tube and chamber formation [10].
Despite the comparatively simple structure of the zebrafish
heart, its electrocardiogram and the overall shape of its
action potentials are very similar to those of mammalian
hearts [11–13]. A heart rate close to that of humans is main-
tained by its cardiac conduction system, which rapidly de-
velops from a slow-conducting myocardial grid into a com-
plex system with atrioventricular delay and fast ventricular
apex-to-base activation [14].
The zebrafish is a powerful model system for in vivo stud-
ies of the genetic, morphological and functional basis of
cardiovascular development. Large-scale genetic screens
in zebrafish have identified numerous heart-specific muta-
tions that are responsible for abnormal cardiovascular de-
velopments such as valve defects and aortic coarctation
[10, 15–17]. Various mechanisms involved in human dis-
eases can be modelled and studied in zebrafish, such as car-
diomyopathy [18–20] and thrombosis [21, 22]. The known
response to cardiac drugs such as astemizole and terfen-
adine can likewise be successfully reproduced in zebrafish
[13, 23].
In contrast to other model organisms, zebrafish do not re-
quire active blood circulation during the first week after
fertilisation. Embryos with cardiovascular defects that have
a negative impact on blood flow can therefore continue de-
velopment and facilitate longer phenotypic studies com-
pared with mammals [24–26]. Moreover, the adult
zebrafish heart has the ability to regenerate after the loss
of up to 20% of its myocardium [27, 28]. Studying this
astounding process in the living zebrafish heart may help to
explain the inability of higher organisms to regenerate the
heart [7, 29].
Overall, the zebrafish has unique features that make it at-
tractive and complementary to existing model systems. The
early presence of a beating heart and an advanced vascu-
lature enables much more complex studies than cell or or-
gan cultures. As a caveat, the smaller scale of the zebrafish
heart and vasculature can result in relations that are differ-
ent from those of higher model systems. For example, in
comparison with the volume of the cardiac chambers and
the diameter of blood vessels, erythrocytes are relatively
large. Therefore, in some cases, inference to similar pro-
cesses in higher organisms should be made with caution
[30].

Light sheet microscopy is ideal for in
vivo cardiac imaging

Despite the zebrafish embryo being well accessible for mi-
croscopy, imaging its heart with high resolution is very de-
manding. The primary reasons for this are its substantial
size of about 250 µm and a heart rate of 2–4 Hz. Structural
and functional cardiac imaging in the living zebrafish re-
quire a microscopy technique that records optical sections
with high spatial and temporal resolution. In contrast to
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conventional light microscopy techniques, light sheet mi-
croscopy fulfils these requirements.
Light sheet microscopy was introduced to the life sciences
as a versatile fluorescence microscopy technique called se-
lective plane illumination microscopy (SPIM) in 2004 [31].
The basic principle is intriguingly simple: a thin sheet of
laser light illuminates a fluorescently labelled specimen
from the side and excites fluorescence only in the focal
plane of the detection objective while the emission light
is recorded with a fast camera (fig. 2a) [32]. Light sheet
microscopy has proved to be a powerful technique espe-
cially for biologists interested in imaging developmental
processes in 3D. The key feature of light sheet microscopy
– fast and gentle optical sectioning even with low magni-
fication and low numerical aperture objectives – is a major
improvement over classical fluorescence microscopy tech-
niques. Another benefit of light sheet microscopy is the
dramatically reduced energy input, as all light input con-
tributes to useful signal. Now, even larger specimens such
as entire organisms are imaged in real time and without the
severe photo-toxicity and -bleaching effects known from
previous fluorescence microscopy techniques [33, 34].
Since the first implementation of light sheet microscopy
for developmental biology, numerous instrumental designs
have been developed. Most of them share the same fun-
damental differences from traditional light microscopes.
Light sheet microscopes are typically computer-controlled
setups and come without traditional eyepieces, objective
turret or xy-stage (fig. 2b). Often, the specimen sits in a
dedicated vertical mount and is immersed in a medium-
filled imaging chamber (fig. 2c). This facilitates rotation

Figure 2

A: The principle of light sheet microscopy. Top: Illumination and
detection objectives are oriented orthogonally, and the sample is
placed at the intersection of their focal planes. A sheet of laser light
illuminates a thin slice of the sample. Bottom: View from top. The
light sheet has a waist in the centre of the field of view and overlaps
perfectly with the focal plane of the detection objective. B: Custom-
built light sheet microscope for imaging and photomanipulation of
the zebrafish heart. C: Close-up of the medium-filled sample
chamber with a blue light sheet. D: Sample mounting for in vivo

cardiac optical mapping. Comparison of zebrafish embryos
mounted in fluorinated ethylene propylene (FEP) tube and glass
capillary. E: 1 dpf (days post-fertilisation) zebrafish mounted in FEP
tube. F: Rendering of a mounted zebrafish embryo held by the
sample holder inside the imaging chamber with illumination
objectives, light sheet and detection objective.

of the fragile sample without deformation and provides
unobstructed views from all angles [33]. For imaging of
zebrafish embryos, the temperature of the surrounding me-
dium can also be adjusted to the zebrafish's preferred tem-
perature of 28.5 °C.

Adjusted sample preparation is a
crucial part to light sheet microscopy

In order to make full use of the new capabilities of light
sheet microscopy, the sample preparation needs to be radic-
ally different from the dish or slide mounting used for con-
ventional microscopy. Rather than being placed on a flat,
horizontally oriented surface, the specimen is now held in a
3D environment that provides access from different angles
and mimics its natural environment as closely as possible.
For in vivo light sheet microscopy of zebrafish, the spe-
cimen has commonly been embedded in a low-melting-
point agarose cylinder [31, 35]. The transparent agarose
matches the refractive index of water and biological tissue,
and concentrations of about 1.5% provide sufficient mech-
anical stability. To mount the sample, it is first immersed in
melted agarose, then taken up into a glass capillary, and fi-
nally extruded from the capillary (fig. 2d). A zebrafish em-
bryo mounted in solid agarose can be reproducibly trans-
lated and rotated to illuminate and image the heart or –
another feature of interest – from the angle giving the op-
timum optical accessibility [3].
With use of light sheet microscopy, zebrafish development
can now be imaged over longer periods of many hours or
even several days [36, 37]. In contrast to specimens such as
fruit fly embryos, the zebrafish continuously grows in size
and substantially changes in shape during embryogenesis.
Therefore, extended imaging requires further optimisation
of the mounting technique, providing enough clearance for
the sample to grow while keeping it in a semi-fixed po-
sition for precise microscopy recordings. Low-concentra-
tion agarose or methylcellulose, surrounded by a transpar-
ent polymer tube as mechanical support, has become a
widely accepted solution. A well-known polymer is fluor-
inated ethylene propylene (FEP). It has near identical op-
tical properties with water, and images are recorded right
through it, while the plastic tube provides mechanical sup-
port to translate and rotate the sample (fig. 2d–f). In addi-
tion, the viscous liquid medium allows the fish to grow and
develop normally inside the tube. In this manner, embryon-
ic development of the zebrafish cardiovascular system can
now be studied over the course of several days [36].

Optical sections of the zebrafish heart
are recorded in real time

The instantaneous optical sectioning capabilities of light
sheet microscopy are particularly valuable for in vivo cardi-
ac imaging. Using the flexible sample orientation, the heart
is precisely oriented in the field of view. Specific sections
of the heart are isolated from surrounding tissue, and high
contrast images are recorded inside the living zebrafish.
Using a fast camera, the onset and progression of natural
cardiac contractions from inflow to outflow tract are visu-
alised and measured. Individual cells are identified by use
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of the high spatial resolution, and several layers of the heart
like myocardium and endocardium are distinguished using
tissue-specific fluorescence reporters (fig. 3a).
In later stages of cardiac development, the formation and
dynamic movement of the atrioventricular valve during
heart contractions are visualised. Images depict the effi-
cient closing of the valve during ventricular systole, and
the quick opening during diastole. Blood flow is analysed
by use of additional fluorescent labelling of blood cells.
Even at the high acquisition speeds, optical sections of the
zebrafish heart at this developmental stage reveal further
details, such as ventricular trabeculation (fig. 3b).
Light sheet microscopy is also capable of cardiac func-
tional imaging beyond the visualisation of the movements
and morphology of the heart. Here, the combination of
high speed imaging of optical sections with myocardial ex-
pressed voltage- and calcium-sensitive fluorescent proteins
reveals the close correlation between action potentials and
calcium transients. Those signals are simultaneously meas-
ured in vivo in all cells of the myocardial network visible
in the images (fig. 3c–f). Their analysis provides an insight
into the dynamics of cardiac control and reveals that action
potentials and calcium transients in the zebrafish heart are
chamber-specific [14].

The entire heart is imaged with
cellular resolution

Selected regions of the heart can now be captured in vivo
with great detail using light sheet microscopy. Although
high-speed movies of a single plane are sufficient to de-
scribe and quantify numerous cardiac properties, they lack
the depth information needed to reconstruct the entire beat-
ing heart. However, its continuous motion in all three di-
mensions makes it challenging to record high-resolution

Figure 3

Optical sections of embryonic zebrafish hearts recorded with light
sheet microscopy. A: 1 dpf transgenic Tg(kdrl:eGFP,myl7:dsRed,
gata1a:dsRed) zebrafish. B: 4 dpf. C: Voltage and calcium imaging
in the atrial myocardium of 2 dpf transgenic Tg(myl7:GCaMP5G-
Arch(D95N) zebrafish, tnnt2a morpholino-injected. D: Ventricular
myocardium. E: Action potentials and calcium transients in the atrial
myocardium (position 1). F: Ventricular myocardium (position 2).
Inflow tract (IFT), atrium (A), atrioventricular canal (AVC), ventricle
(V), outflow tract (OFT). Scale bar: 20 µm.

images of the entire organ. In a conventional light sheet
microscope, moving the sample through the focal plane of
the detection objective and consecutively recording adja-
cent planes of a z-stack is required to obtain 3D image
data. With a fast microscope setup, capturing such a z-
stack takes less than a second. But even when recorded at
such high speed, rapid cardiac movements will distort the
3D image data and make precise measurements impossible.
Nonetheless, several methods have been developed to solve
this problem.
The first solution is to suppress the heartbeat: A mutation
or blocked transcription of cardiac troponin T type 2a
(tnnt2a) results in a “silent heart”. Combined with the
unique ability of the zebrafish embryo to survive without
circulation, z-stacks from silent hearts are then imaged
throughout embryogenesis without any special technique
(fig. 4a–c). Nevertheless, while facilitating a number of

Figure 4

3D recordings of the embryonic zebrafish heart. A–C: Maximum
intensity projections of image stacks recorded from silent hearts of
1–3 dpf transgenic Tg(kdrl:eGFP,myl7:dsRed, gata1a:dsRed)
zebrafish. Inflow tract (IFT), atrium (A), atrioventricular canal (AVC),
ventricle (V), outflow tract (OFT). Scale bar: 20 µm. D: 3D
reconstruction of the beating heart of a 2 dpf zebrafish embryo. Cut
open to reveal inflow tract and impact of cardiac jelly on pumping
efficiency (arrow heads). E: 3D cell tracking in a beating zebrafish
heart. 3D-projections of 2 dpf Tg(myl7:GCaMP5G-Arch(D95N),
myl7:H2A-mCherry) zebrafish hearts. Postacquisition
synchronisation, tracking based on segmentation of H2A-mCherry
channel. Segmented cardiomyocytes with partial tracks (dragon
tails, colour-coded for velocity). Areas of fastest contraction
highlighted (arrow heads). F: Wild-type and arrhythmic hearts of 2
dpf transgenic Tg(myl7:GFP, GATA1:dsRed) zebrafish. Maximum
intensity projections of rapid volume scanning image data.
Arrhythmia induced by treatment with terfenadine. Kymographs of
atrial and ventricular contractions. Ventricular contractions are
absent in several cycles of the terfenadine-treated hearts. G:
Comparison of 3D image data generated with postacquisition
synchronisation (PAS) and rapid volume scanning (ETL). Hearts of
2 dpf of transgenic Tg(myl7:GFP, GATA1:dsRed) zebrafish. 3D
blood cells are only visible in ETL data. Scale bar: 20 µm.
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studies during embryogenesis, the silent heart phenotype
has a visible impact on heart structure and development.
Forces applied on the heart by cardiac contraction itself are
crucial for proper formation of atrium and ventricle [38],
and a working blood circulation is required for shaping the
heart chambers [39, 40]. Therefore, “silent hearts” have
only limited use in representative studies of cardiac devel-
opment.
Alternatively, a static 3D image of the heart can be obtained
with prospective gating methods. While the beating heart is
moved step by step through the focal plane, it is continu-
ously monitored using bright-field microscopy. In every
plane, the recording of a fluorescent image is triggered at
a predefined phase in the cardiac cycle. The recorded im-
age data is afterwards reconstructed into a 3D model of the
heart at this phase [41]. This method is useful if there is a
certain cardiac phase of interest, but the dynamics of the
heartbeat cannot be studied.
One technique with which three-dimensional cardiac dy-
namics are studied is postacquisition synchronisation with
high-speed recording. Here, the light sheet microscope cap-
tures a z-stack of movies, with each movie covering at least
one cardiac cycle. After the recording is finished, one 3D
cardiac cycle is reconstructed by synchronising the movies
in time. The result is image data that offer pristine views of
the beating zebrafish heart [3].
Postacquisition synchronisation results in image data that
offers new insights into the efficiency of the heart as a
mechanical pump. High-speed imaging of a 3-day-old
zebrafish atrium reveals the interplay between the con-
tracting myocardium and the noncontracting cardiac jelly
and endocardium. Comparatively slight myocardial con-
tractions are amplified by the displacement of cardiac jelly
and endocardium, resulting in almost complete atrial
emptying (fig. 4d). Furthermore, cardiac contractions are
now analysed in great detail using the cellular resolution
of the resulting four-dimensional (4D, 3D + time) image
data. The complex movement of the myocardium during
systole and diastole and the propagation of cardiac contrac-
tion from inflow to outflow tract are visualised by tracking
individual heart cells (fig. 4e).
Despite all the possibilities, all previously mentioned tech-
niques share one limitation: 3D image data from nonperi-
odic movements, such as arrhythmic hearts or haemody-
namics, cannot be recorded. It became necessary to further
increase the acquisition speed in light sheet microscopy:
In rapid volume scanning, instead of moving the specimen
through the focal plane, the focal plane is moved through
the specimen. The incorporation of an electrical tuneable
lens as a remote focusing system and a synchronised scan
mirror eliminate the need to move the sample or any heavy
microscope component, thus enabling scan speeds that are
beyond the reach of conventional volumetric imaging
methods [42]. The entire heart is now instantaneously cap-
tured in rapid succession, and nonperiodic phenomena are
studied with video-rate 3D imaging [3].
Rapid volume scanning delivers valuable images of fast ir-
regular movements. As an example, arrhythmic hearts in
embryos treated with terfenadine are imaged in 3D. The
recorded image data reveal partially dropped ventricular
systole and could be used to measure chamber volume or

cell movement over time (fig. 4f). In contrast to the other
techniques, rapid volume scanning is also capable of visu-
alising individual blood cells in 3D as they are pumped
through atrium and ventricle (fig. 4g).

Cardiac excitability is manipulated
with light

The combination of zebrafish and light sheet microscopy
provides unique insights into the unperturbed vertebrate
heart. An enticing next step is to go beyond mere obser-
vational microscopy to influence actively cardiac activity.
Optical manipulation offers precise perturbation of indi-
vidual regions or the entire heart. Rather than manipu-
lating the heart mechanically and risking severe side ef-
fects, optical manipulation tends to be more precise and
gentle. For example, selective photoconversion of fluores-
cent proteins is used to trace the lineage of individual cells
[43]. To compare the robustness and behaviour of the heart
in healthy and diseased states, optogenetic tools are used
to manipulate precisely and reversibly cardiac excitability
[44]. These experiments demonstrate that light-activated

Figure 5

Optical manipulation in halorhodopsin-expressing zebrafish hearts.
A-C: Patterned illumination reveals the location of the sinus
venosus in hearts of transgenic Tg(s1101t:Gal4, UAS:NpHR-
mCherry, UAS:Kaede) zebrafish. A: A sequence of rectangular 590
nm illumination is moved over the zebrafish heart located in the
field of view. B: A heat map of the heart rate is generated from
simultaneously recorded movies, highlighting the area with the
highest impact on overall heart rate. C: Areas that control atrial and
ventricular (red) or only ventricular (green) contractions are
revealed throughout embryogenesis. D–F: Optical manipulation and
simultaneous calcium imaging reveal myocardial calcium levels. 3
dpf transgenic Tg(myl7:Gal4, UAS:NpHR-mCherry, UAS:GCaMP3)
zebrafish. D: Unperturbed heart with periodic cardiac contractions
and calcium release. E: Optogenetically silenced heart without
calcium release. F: Calcium transients before, during and after
optical manipulation. A saturation effect is visible upon release of
illumination. Scale bar: 50 µm. G: High-resolution 3D imaging of
sarcomere structures (arrow head) in an optically relaxed heart.
Transgenic Tg(myl7:LifeAct-GFP, myl7:Gal4, UAS:NpHR-mCherry)
zebrafish. 5 s illumination with 590 nm and simultaneous image
recording.
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hyper- and hypopolarisation can replace conventional elec-
trical stimulation and even overcome some of the known
limitations such as short activation times and alterations of
pH [45].
Light sheet microscopy is a practical basis for optical ma-
nipulation in the zebrafish heart. Custom-built setups
provide the necessary flexibility to integrate optical ma-
nipulation without hindering the imaging capabilities of
the microscope [46]. Recently, the combination of light
sheet microscopy and optical manipulation was used to loc-
ate the sinus venosus of the zebrafish. The heart rate was
monitored while illuminating different regions of zebrafish
hearts expressing the light-controlled chloride pump hal-
orhodopsin [47] in their myocardial membrane. The activ-
ation of halorhodopsin hyperpolarises the myocardium and
suppresses the formation of action potentials, resulting in a
reduced or absent heart rate (fig. 5a-b). The sinus venosus
could subsequently be identified by a cardiac arrest when
illuminated. Over the course of embryogenesis, the area
of primary pacemaker activity decreases and a region of
ventricular pacemaker activity could be located at the atri-
oventricular canal at 2 days after fertilization (fig. 5c) [48].
Optical manipulation becomes especially powerful when
combined with fluorescent reporters of cardiac activity.
Cardiac optical mapping visualises action potentials and
calcium transients by utilising voltage- and calcium-sens-
itive fluorescent dyes or genetically encoded fluorescent
proteins. This has proven to be a powerful tool for studying
cardiovascular function and disease, cardiac conduction
and electromechanical coupling [49–51]. New fluorescent
reporters for optical mapping are developed at a rapid pace.
One popular example is the genetically encoded calcium
indicator GCaMP, which is created from a fusion of green
fluorescent protein (GFP), calmodulin, and M13, a peptide
sequence from myosin light chain kinase. Calcium binding
to the calmodulin results in a structural shift and an in-
crease in fluorescence intensity [52]. In zebrafish cardiac
research, it has been used for studying arrhythmias [12],
the development of the cardiac conduction system [14], the
impact of cardiac conduction on heart chamber morpho-
logy [38] and the role of a Popeye domain containing genes
for heart muscle development [53]. Genetically encoded
voltage reporters such as Mermaid [54] and Arch(D95N)
[55] have just recently been deployed for cardiac research
[56, 57]. In contrast to the established optical mapping of
cardiac action potentials using fluorescent dyes such as
di-8-ANEPPS and Fura-2AM on excised hearts [58], ge-
netically encoded fluorescent reporters are suited for in-
vivo studies: They do not suffer from limited penetration,
they do not display cytotoxic effects or get washed out, and
they are tissue specific [59].
The onset of calcium release in the myocardium can now
be monitored in transgenic zebrafish that simultaneously
express a fluorescent calcium reporter such as GCaMP3
[60] and the light-controlled chloride pump halorhodopsin.
In an unperturbed heart, periodic myocardial calcium re-
lease causes cardiac contractions (fig. 5c). As soon as the
heart is illuminated with orange light, halorhodopsin hyper-
polarises the myocardial membrane, the calcium concen-
tration drops and cardiac contraction is diminished. Upon
removal of illumination, the myocardial calcium concen-

tration increases until it reaches saturation and cardiac con-
traction resumes immediately (fig. 5d–f).
Optical suppression of cardiac excitability is also a unique
method to study quickly the otherwise consistently beating
vertebrate heart in a fully relaxed state. The illumination
of a halorhodopsin-expressing zebrafish heart results in
immediate relaxation, and a 3D stack is recorded in the
absence of any cardiac movement. Again, when the illu-
mination ceases, the heart continues beating. This elegant
solution does not impair cardiac development, while still
providing high-resolution 3D image data (fig. 5g). Al-
though the resulting images represent a normally deve-
loped heart, the depicted simultaneous diastole of atrium
and ventricle obviously does not appear in normal cardiac
cycles.
Overall, cardiac excitability is successfully controlled in
vivo by optical manipulation, thanks to the optical accessib-
ility of the zebrafish heart. In the future, this technique can
also be useful to control hemodynamic forces during stud-
ies of heart formation or blood vessel development.

Conclusion

Studying the embryonic zebrafish with light sheet micro-
scopy reveals previously unseen details of the vertebrate
heart. This combination of a young cardiac model organism
and a novel microscopy technique complements the estab-
lished model systems and imaging technologies. Now, the
heart can be studied in vivo at high speed with cellular
resolution. The fast optical sectioning capabilities of light
sheet microscopy reveal high-contrast images of cardiac
contractions, action potentials and calcium signals in real
time. The entire beating heart is now reconstructed using
dedicated post-processing or near instantaneous volume
scanning techniques. The recorded image data will be use-
ful to analyse even subtle deviations between healthy and
diseased hearts. Complemented by additional techniques
such as optical manipulation, light sheet microscopy will
help to understand the robustness of the heart and the con-
tribution of individual cells to the complex cardiac net-
work. Within the possibilities defined by the intrinsic lim-
itations of zebrafish as a cardiac model system, many new
insights into the heart and cardiovascular system will be
gained.
A couple of technical challenges remain. Like every other
light microscopy technique, light sheet microscopy suffers
from light attenuation through absorption, scattering and
refraction. This results in a decrease of contrast and spatial
resolution in deeper regions of the embryonic zebrafish
heart. Recently, the use of two-photon light sheet micro-
scopy to improve penetration depth has been demonstrated
in the zebrafish heart [61]. However, two-photon excitation
still suffers from higher photobleaching, lower efficiency
and lower frame rates when compared with single-photon
light sheet microscopy [62]. Adaptive optics is an in-
triguing approach to correct for tissue-induced light at-
tenuation; unfortunately, it remains far too slow for ima-
ging fast dynamic processes such as the beating heart [63].
Another major challenge is that because light sheet mi-
croscopy produces high-resolution images at high speed,
it also generates large amounts of image data. These data
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need to be transferred, stored and analysed, which requires
much more attention to computational solutions than pre-
vious microscopy techniques. Intelligent data handling and
real-time image analysis have been demonstrated for other
tasks and could also be adapted to future cardiac imaging
[64].
Long-term imaging of zebrafish development is now pos-
sible, thanks to dedicated sample mounting that allows the
embryo to grow while keeping it in place for microscopy.
Ideally, the zebrafish should be freely swimming and only
stopped and kept in place for a quick image recording.
Automated setups using camera-controlled robotic arms or
pumps might even allow images from several fish to be
recorded in parallel. The integration of optical manipula-
tion beautifully demonstrates how microscopy goes bey-
ond the mere recording of images. In the future, additional
modalities such as electrophysiology or ultrasound ima-
ging might further extend the capabilities of powerful mi-
croscopes. Ultimately, studies that are now carried out in
embryos should also be possible in older zebrafish. With
the development of pigment-free zebrafish mutants, the op-
tically clear adult zebrafish has become a reality [65] and
we may soon be able to record well-resolved images from
within the adult zebrafish heart. Overall, light sheet mi-
croscopy has become the tool of choice for in vivo ima-
ging and manipulation of the zebrafish heart. The combin-
ation thereof has the potential to bridge the gap between
single cell studies and research on larger and more complex
hearts.
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Figures (large format)

Figure 1

A: Adult male zebrafish. Scale bar 5 mm. B: Bright-field image of a 7 dpf (days post-fertilisation) zebrafish larva. Scale bar: 500 µm. C: The
position of the heart (H) in the cardiovascular system of a zebrafish larva. Images adapted from Brown University (Isogai et al. 2001 [66]) and
Interactive Atlas of Zebrafish Vascular Anatomy (zfish.nichd.nih.gov). D–E: Bright-field images of the 2 dpf zebrafish heart. D: Systole. E:
Diastole. Inflow tract (IFT), atrium (A), atrioventricular canal (AVC), ventricle (V), outflow tract (OFT). Scale bar: 20 µm.
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Figure 2

A: The principle of light sheet microscopy. Top: Illumination and detection objectives are oriented orthogonally, and the sample is placed at the
intersection of their focal planes. A sheet of laser light illuminates a thin slice of the sample. Bottom: View from top. The light sheet has a waist
in the centre of the field of view and overlaps perfectly with the focal plane of the detection objective. B: Custom-built light sheet microscope for
imaging and photomanipulation of the zebrafish heart. C: Close-up of the medium-filled sample chamber with a blue light sheet. D: Sample
mounting for in vivo cardiac optical mapping. Comparison of zebrafish embryos mounted in fluorinated ethylene propylene (FEP) tube and glass
capillary. E: 1 dpf (days post-fertilisation) zebrafish mounted in FEP tube. F: Rendering of a mounted zebrafish embryo held by the sample
holder inside the imaging chamber with illumination objectives, light sheet and detection objective.
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Figure 3

Optical sections of embryonic zebrafish hearts recorded with light sheet microscopy. A: 1 dpf transgenic Tg(kdrl:eGFP,myl7:dsRed,
gata1a:dsRed) zebrafish. B: 4 dpf. C: Voltage and calcium imaging in the atrial myocardium of 2 dpf transgenic Tg(myl7:GCaMP5G-Arch(D95N)
zebrafish, tnnt2a morpholino-injected. D: Ventricular myocardium. E: Action potentials and calcium transients in the atrial myocardium (position
1). F: Ventricular myocardium (position 2). Inflow tract (IFT), atrium (A), atrioventricular canal (AVC), ventricle (V), outflow tract (OFT). Scale bar:
20 µm.
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Figure 4

3D recordings of the embryonic zebrafish heart. A–C: Maximum intensity projections of image stacks recorded from silent hearts of 1–3 dpf
transgenic Tg(kdrl:eGFP,myl7:dsRed, gata1a:dsRed) zebrafish. Inflow tract (IFT), atrium (A), atrioventricular canal (AVC), ventricle (V), outflow
tract (OFT). Scale bar: 20 µm. D: 3D reconstruction of the beating heart of a 2 dpf zebrafish embryo. Cut open to reveal inflow tract and impact
of cardiac jelly on pumping efficiency (arrow heads). E: 3D cell tracking in a beating zebrafish heart. 3D-projections of 2 dpf Tg(myl7:GCaMP5G-
Arch(D95N), myl7:H2A-mCherry) zebrafish hearts. Postacquisition synchronisation, tracking based on segmentation of H2A-mCherry channel.
Segmented cardiomyocytes with partial tracks (dragon tails, colour-coded for velocity). Areas of fastest contraction highlighted (arrow heads). F:
Wild-type and arrhythmic hearts of 2 dpf transgenic Tg(myl7:GFP, GATA1:dsRed) zebrafish. Maximum intensity projections of rapid volume
scanning image data. Arrhythmia induced by treatment with terfenadine. Kymographs of atrial and ventricular contractions. Ventricular
contractions are absent in several cycles of the terfenadine-treated hearts. G: Comparison of 3D image data generated with postacquisition
synchronisation (PAS) and rapid volume scanning (ETL). Hearts of 2 dpf of transgenic Tg(myl7:GFP, GATA1:dsRed) zebrafish. 3D blood cells
are only visible in ETL data. Scale bar: 20 µm.
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Figure 5

Optical manipulation in halorhodopsin-expressing zebrafish hearts. A-C: Patterned illumination reveals the location of the sinus venosus in
hearts of transgenic Tg(s1101t:Gal4, UAS:NpHR-mCherry, UAS:Kaede) zebrafish. A: A sequence of rectangular 590 nm illumination is moved
over the zebrafish heart located in the field of view. B: A heat map of the heart rate is generated from simultaneously recorded movies,
highlighting the area with the highest impact on overall heart rate. C: Areas that control atrial and ventricular (red) or only ventricular (green)
contractions are revealed throughout embryogenesis. D–F: Optical manipulation and simultaneous calcium imaging reveal myocardial calcium
levels. 3 dpf transgenic Tg(myl7:Gal4, UAS:NpHR-mCherry, UAS:GCaMP3) zebrafish. D: Unperturbed heart with periodic cardiac contractions
and calcium release. E: Optogenetically silenced heart without calcium release. F: Calcium transients before, during and after optical
manipulation. A saturation effect is visible upon release of illumination. Scale bar: 50 µm. G: High-resolution 3D imaging of sarcomere structures
(arrow head) in an optically relaxed heart. Transgenic Tg(myl7:LifeAct-GFP, myl7:Gal4, UAS:NpHR-mCherry) zebrafish. 5 s illumination with 590
nm and simultaneous image recording.
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