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Abstract: Heart disease remains a leading cause of death worldwide. Some congenital cardiac
malformations can result from defects in heart looping, which is a key process that ensures the correct
alignment of the future chambers. The zebrafish is a widely used model for studying this essential
developmental process; however, there is a lack of a standardized methodology to quantitatively characterize
the heart looping process. Here, we present a standardized method for improving the accuracy when
estimating the degree of heart looping using the zebrafish as a model. Our method relies on access to a light-
sheet microscope, and 3D analysis software, and it provides a means to acquire multi-parameter
measurements related to shape changes during the heart looping process. This simple and more accurate
approach can be used in future studies, which attempt to quantify heart-looping defects as well as aid in the
elucidation of components of the signal transduction pathways that regulate this process.
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1. INTRODUCTION

Despite recent medical advancements, heart disease remains a leading cause of death worldwide. In
the United States alone, one in every four deaths is due to heart disease [1]. This statistic is similar to
the world population, where it was estimated in 2016 that 31% of the population died due to heart
disease [2]. Cardiac development is a complex mechanism composed of a number of different
morphogenetic processes. One of these processes, called ‘heart looping’ is crucial for ensuring that
the future heart chambers are aligned correctly [3]. Indeed, in cases when heart looping is defective,
then this leads to congenital cardiac malformations [4]. Therefore, studying the heart looping process
should help reveal the diverse causes that contribute to the development of congenital heart disease
and facilitate the development of potential treatments.

The zebrafish is a widely-used model for studying cardiovascular developmental processes due to its
rapid ex-utero development, its genetic amenability, and the transparency of the early embryos and
larvae, as well as the fact that it has a relatively simple two-chambered heart [5]. In zebrafish, the
heart looping process begins at ~22 hpf with the formation of a linear heart tube (LHT) [5-7]. Shortly
after it forms, the LHT is displaced leftward relative to the dorsal midline of the embryo, and then
starting at ~26 hpf, it undergoes bending and twisting movements in a process called heart looping [5-
9]. During the latter stages of heart looping, the volume of the nascent cardiac chambers increase in a
process known as ‘ballooning’. This results in the formation of a two-chambered heart with distinct
asymmetries between the atrial and the ventricular chambers [5,10]. A consequence of this
morphogenetic process is the formation of the atrioventricular canal (AVC) connecting the atrium to
the ventricle and the development of the distinctive heart shape. The expansion of both chambers is
accomplished by the recruitment of myocardial cells from the second heart field. These cells will
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contribute to the development of the sinus node at the venous pole and the outflow tract at the arterial
pole [5,7,11].

Although heart looping is a key process in cardiac development, many of the molecular, mechanical,
and physiological processes that initiate, regulate, drive and terminate this process remain unclear [12-
16]. In addition, there is currently a lack of a standardized methodology to accurately estimate the
extent of heart looping. This is the case for heart looping in normally developing control embryos,
never mind in embryos where the looping process is challenged by genetic, molecular, or
pharmacological manipulation in order to decipher regulatory processes. Indeed, many past and
current studies rely only on a qualitative assessment with no quantitative evaluation [17-21]. Only a
few recent publications have characterized the extent of heart looping via quantitative parameters such
as the distance between the sinus venosus (SV) and the bulbus arteriosus (BA) [22-24], or by
comparing the distance between the atrial and ventricular apex, with the entire length of the heart [25].
The latter generates an index value, which is inversely proportional to the extent of atrium/ventricle
overlap such that as looping progresses then this value decreases [25]. The most commonly used
guantitative parameter is the looping angle, represented by the angle between the anterior-posterior
fish axis plane and the AVC plane [26-30]. However, some looping angles have also been calculated
via less accurate methods such as measuring the angle between the atrium and the ventricle [31], or
the angle between the atrial and ventricular axis [32]. Furthermore, most of the current volume
measuring methods are restricted to 2D, which give only an approximation of the volume [33]. In
summary, the current methods applied to quantitatively assess the extent of heart looping have been
mostly limited to the measurement of a single parameter in 2D. However, we suggest that to more
accurately estimate the extent of heart looping, multidimensional measurements are required in 3D.
Here, we present a method to more accurately quantify heart looping using 3D light-sheet
microscopy, and the measurement of four heart shape parameters: (1) Chamber volume; (2) SV-BA
distance; (3) Chamber overlap index; and (4) Looping angle.

2. MATERIALS AND METHODS
2.1. Zebrafish Husbandry and Embryo Collection

The Tg((gal4)cmlc2:GFP) transgenic line of zebrafish were maintained and their fertilized eggs were
collected as previously described [34]. These fish, which express GFP in the heart via the cardiac
myosin light chain 2 (cmlc2) promoter, were obtained from the Zebrafish International Resource
Centre (University of Oregon, Eugene, OR, USA). Fertilized eggs were maintained in Danieau’s
solution (19.3 mM NaCl, 0.23 mM KCI, 0.13 mM MgSQ,-7H,0, 0.2 mM Ca(NO3), and 1.67 mM
Hepes; pH 7.2) in a modified incubator (My Temp Mini Digital Incubator H2200-HC, Benchmark
Scientific, NJ, USA) fitted with 14 h light/ 10 h dark cycle illumination at ~28°C throughout most
experiments until the desired developmental stage was reached [35,36]. The embryos were then
anesthetized and the heart contractions were stopped by incubation in Danieau’s solution containing
~0.02% MS-222 (Sigma-Aldrich Corp. St. Louis, MO, USA) and 10 uM 2,3-butanedione 2-
monoxime (BDM, Sigma-Aldrich Corp.) for 2 min, after which the embryos were fixed with
phosphate-buffered saline (PBS; 137 mM NaCl, 2.7 mM KCI, 16 mM NaHPO, 4 mM
NaH,P0,.2H,0, pH 7.3) containing 4% paraformaldehyde (Electron Microscopy Sciences, Hatfield,
PA, USA) and 4% sucrose overnight at 4°C. The paraformaldehyde solution was stored at 4°C but
was pre-warmed to room temperature before use to minimize structural artefacts during fixation. After
fixation, embryos were washed thoroughly with PBS, after which they were stored at 4°C for up to 2
weeks. All the procedures used in this study with live fish were performed in accordance with the
guidelines and regulations set out by the Animal Ethics Committee of the HKUST and by the
Department of Health, Hong Kong.
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2.2.Bright-Field and Fluorescence Imaging

To study heart morphogenesis during zebrafish development, bright-field and GFP fluorescence
images were acquired of the anterior-most region of fish centering on the cardiac region. Images were
collected with the fish in ventral and lateral orientations using a Ximea MQO013RG-E2 USB 3.0
camera mounted on a Nikon AZ100 Multizoom microscope using an AZ Plan Apo 4X/0.4 NA
objective lens. GFP fluorescence was captured using 465 nm - 500 nm excitation and 510 nm - 560
nm emission filters. Before imaging, embryos were dechorionated, anesthetized in Danieau’s solution
containing ~0.02% MS-222 and 10 uM BDM for 1 min before being mounted in an imaging chamber [34].

2.3. Light-Sheet Microscopy

Transgenic embryos were imaged with a Z1 light-sheet microscope (Carl Zeiss AG, Oberkochen,
Germany), located at the Hong Kong Polytechnic University University Research Facility in Life
Science unit. Fixed embryos were immersed in 2% low gelling temperature agarose (Sigma Aldrich)
and mounted in a glass capillary with a Teflon tip plunger (size 3, ~1.5 mm, Green/701998 Carl Zeiss
AG, Oberkochen, Germany). The capillary was installed in the microscope capillary holding system
and placed in a sample chamber filled with PBS. The capillary was rotated so that the heart of the fish
could be visualized in a ventral orientation. Images were acquired using a 20x W-Plan-Apochromat
20x/1.0 UV-VIS-4909000160 objective, and 2 sCMOS cameras (PcO Edge). The GFP signal was
captured using 488 nm laser excitation. Images were acquired using a dual side acquisition mode and
analyzed with the 3/4D image visualization and analysis software, IMARIS 9.3 (Bitplane AG, Zurich,
Switzerland).

2.4.3D Rendering of the Zebrafish Heart

A 3D rendering of each heart was obtained using IMARIS. The shape of the heart was drawn by hand
using the ‘surface creation’ tool and with the contour option, which allowed us to draw an outline at
every 10" optical section through the entire heart z-stack. The automated 3D rendering tool of
IMARIS displayed some limitations with respect to our application; for example, it is dependent on
the GFP signal, which, due to the nature of the cmlc2 promotor, resulted in an incomplete heart shape.
Each hand-drawn section was separated by 4.7 um as each Z-section was equal to 0.47 um. An
average of 45 sections were drawn and combined to create a 3D model of the heart.

2.5.Image Analysis

Following the generation of the 3D reconstructed images, the volume of the whole heart and of the
individual chambers were obtained using IMARIS. In addition, the looping process was quantified via
the analysis of three different parameters. (1) The looping angle was determined by calculating the
angle between the plane of the anterior/posterior fish axis and the plane created by the position of the
AVC. An angle close to 90° indicates that the two heart chambers have not looped at all and remain in
a near-linear arrangement along the anterior/posterior axis of the fish. During normal looping, this
angle decreases as the two chambers become positioned next to each other. (2) The SV-BA distance is
the distance between the sinus venosus (SV; where blood enters the atrium), and the bulbus arteriosus
(BA; where blood exits the ventricle). Each region was defined manually, and the distance was
calculated from the 3D images generated. (3) The final parameter measured as an indication of cardiac
looping was to compare the distance between the atrial and ventricular apex (distance y in Fig.
1Cei,1Ceii), with the entire length of the heart (distance x in Fig. 1Cei,1Ceii). The index value (x/y) is
inversely proportional to the extent of chamber overlap that results from the heart looping process
[25]. A low index value represents a well-looped heart where the chambers show a high degree of
overlap, whereas a high index value indicates that the two chambers exhibit a more linear
arrangement.
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Figl. Reconstruction of a 3D model of the heart of a zebrafish at ~52 hpf and the methods used to quantify
various parameters at this stage of development. (A) Preparing the 3D model. Using the Tg(cmlc2:GFP) fish
line in conjunction with light-sheet microscopy, a series of z-sections was acquired through the heart. (Aa) This
shows how the shape of the heart in one optical section was outlined using IMARIS. (Ab) The shape of the heart
in every 10" optical section of the z-stack was acquired to construct the overall 3D heart shape. (Ac) The
finished 3D reconstruction of the heart. (Ad,Ae) Representative 3D reconstructions showing (Ad) the heart
viewed in a ventral orientation, and (Ae) the two heart chambers, such that the ventricle and atrium are
represented in blue and red, respectively. (B) The position of the entire heart changes from ~34 hpf to ~72 hpf.
These are bright-field and fluorescence images of Tg(cmlc2:GFP) embryos at (Ba) ~34 hpf, (Bb) ~52 hpf and
(Bc) ~72 hpf, taken from (Bai-Bci) lateral and (Baii-Bcii) ventral views. The regions bounded by the blue and
red lines indicate the ventricle and atrium, respectively. (C) Various parameters were measured using the
rendered 3D model as shown in (Ca). (Cb) The volume of the heart as well as that of the ventricle and atrium
alone were determined. (Cc-Ce) In addition, heart looping was characterized by calculating the (Cc) looping
angle, (Cd) sinus venosus (SV) to bulbus arteriosus (BA) distance, and (Ce) level of looping overlap. With
regards to the looping angle (a) (Ccii), this is defined as the angle between the fish body axis (shown by the red
dashed line) and the atrioventricular canal plane (in blue). The looping overlap (Cei,Ceii) is the ratio of the
total length of the heart (x) with respect to the distance between the atrium and ventricle apex (y). V, A and AVC
are ventricle, atrium, and atrioventricular canal, respectively. Scale bars are: 50 um (A, B) and 200 um (C).
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2.6. Statistical Analysis

All datasets were initially subjected to the Shapiro-Wilk test for the normality and the Levene’s test
for homogeneity of variance. If one of the above conditions was not fulfilled, then the dataset was
analysed with the Mann Whitney U test. Data were considered to be significantly different when
P<0.05. All statistical tests were performed with XLSTAT 2020 (Addinsoft). Figures and graphs were
prepared using Corel DRAW Home & Student 2018 version (Corel Corp., Ottawa, ON, Canada).

3. RESULTS AND DISCUSSION

The heart looping process is a key step in heart development. Thus, a defect in this process is often
used to characterize heart developmental problems, such as those resulting from congenital defects.
However, the quantitative evaluation of this complex, 3D developmental event is often missing, or it
is estimated from a single measurable parameter. The first step we adopted in generating reliable
guantitative data regarding heart looping was to generate 3D reconstructions of hearts from fixed fish
using the IMARIS software (Fig. 1A). Following light-sheet microscopy to obtain z-stacks of optical
sections, the shape of the heart was drawn by hand using the image of the heart visible via the
fluorescence generated from GFP expression in the cardiac muscle cells (Fig. 1Aa). Such an outline
was drawn every 10 sections of the z-stack taken through the heart (Fig. 1Ab). An average of 45
sections were drawn and combined to create each 3D reconstruction (Fig. 1Ac,1Ad). Following this
method, each heart chamber could also be delineated based on the anatomy of the heart, and this
allowed an estimation of their individual volumes (Fig. 1Ae).

An additional complication faced during the visualization of heart looping is that while looping
progresses between ~30 hpf and 52 hpf, the zebrafish heart shifts from a left-sided body position at
the heart tube stage (~30 hpf) to a cranial-ventral position at the same time that the major looping
movements are underway (i.e., >48 hpf) [25]. By ~52 hpf, the two heart chambers are positioned
(ventricle on the right and atrium on the left), approximately in a single plane perpendicular to the
mid-sagittal body plane (Fig. 1B). Thus, during development, the overall position of the heart with
respect to the embryonic anterior-posterior, dorsal-ventral, and left-right axes changes as a result of
major morphogenetic rearrangements including head-lifting and axis-straightening. This is illustrated
between 34 hpf and 72 hpf from a lateral (Fig. 1Bai-1Bci) and a ventral (Fig. 1Baii-1Bcii) view. The
process of heart looping therefore occurs against a background of this organ rearrangement. This adds
a considerable level of complexity when investigating the heart looping process from a quantitative
perspective, and often leads to a large amount of variability when comparing published data. This is
especially so, when these data are derived from 2D images, where only a single looping parameter is
measured.

In this study, therefore, we applied a multi-dimensional approach based on 3D reconstruction from
light-sheet fluorescent optical sections of the looping heart in zebrafish, by utilizing the
Tg((gal4)cmlc2:GFP) line, which expresses GFP in the cardiac muscle driven by the cmic2 promoter.
One drawback to our method was that GFP expression, and thus fluorescent emission, was not
homogenous throughout the entire heart tissue. However, we generated 3D reconstructions of
zebrafish hearts by recording the heart shape every 10 optical sections along the z-axis for each heart
examined. Each section was separated by ~4.7 um, and an average of 45 single optical sections were
stacked together to create each 3D reconstruction. Following 3D reconstruction of whole hearts
(Fig.1Ca) including their constituent chambers, various parameters could be quantified. These
included the volume of the whole heart and individually of the atria and ventricles (Fig. 1Cb); the
looping angle (Fig. 1Cci,1Cclii); the SV-BA distance (Fig. 1Cdi,1Cdii); and the looping overlap index
(Fig. 1Cei,1Ceii).
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Fig2. Data analysis conducted on the heart of zebrafish larvae at ~52 hpf. (A-D) The volumes of the whole
heart and of the ventricle and atrium alone were determined using our 3D reconstruction method and with a 2D
approximation method, the latter which is based on the volume of an ellipse. (A) Representative 3D models
showing the (Aa,Ab) ventricle and (Ac,Ad) atrium of a ~52 hpf zebrafish larva from (Aa,Ac) ventral and
(Ab,Ad) lateral views. The labels indicate ventricle length (vl), ventricle width (vw), ventricle depth (vd), atrial
length (al), atrial width (aw), and atrial depth (ad). Scale bars are 50 pm.(B-D) Box plots comparing the
volume of the (B) whole heart and the (C) ventricle and (D) atrium calculated using the 3D reconstruction and
2D approximation methods. (E-G) Use of the 3D reconstruction method to quantify the: (E) Looping angle; (F)
sinus venosus to bulbus arteriosus (SV-BA) distance; and (G) looping overlap. In (B-G), each box indicates the
range between the first quartile (25" percentile) and the third quartile (75" percentile), the line inside each box
indicates the median value, and the crosses indicate the mean. The error bars indicate the maximum and
minimum values, and in (B-D), the asterisks indicate P< 0.05, determined by the Mann Whitney U test. For
each graph, n=28 fish larvae from 3 independent experiments.
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We analyzed and compared the volume of the whole heart along with the individual heart chambers
by two different approaches in order to investigate whether they might generate similar results.
Published zebrafish whole heart and chamber volumes are often estimated from 2D renditions, using
ellipses as an approximation of the heart and chamber shape (i.e., ellipse volume formula: 4/3n x
(length/2) x (width/2) x (depth/2)) [36]. We compared the values obtained using this approach with
the volumes calculated from our 3D reconstructions. The length, width, and depth of each chamber
were obtained from the ventral and lateral views of the reconstructed heart (Fig. 2A). Ventricle
volumes were found to be significantly different between the 2D and the 3D approaches. From the 3D
reconstructions, the mean ventricle volume was ~0.32 nL whereas with the 2D approximation, the
mean was ~0.26 nL (Fig. 2C). This difference represents an underestimation of ~19%. The atrium
volumes were also significantly different between the 2D and the 3D approaches. With the 3D
models, the mean atrium volume was ~0.81 nL, whereas, with the 2D approximation, the mean was
~0.71 nL (Fig. 2D). This difference represents an underestimation of ~13%. The mean whole heart
volume using the 2D approach was calculated by the addition of both chamber volumes. The heart
volumes were significantly different between the 2D and the 3D approaches (P<0.0001). With the 3D
models, the mean heart volume was ~1.19 nL whereas, with the 2D approximation, the mean was
~0.97 nL (Fig. 2B). This difference represents an underestimation of ~18%.We suggest that the 3D
approach represents a reasonable degree of fidelity and resolution with regards to a morphologically
intact heart. We also propose that it provides a more accurate estimation of the dynamic changes in
heart morphology that occur during the heart looping process — and in particular with respect to those
that rely on 2D-based reconstructions of the heart. Moreover, in cases where the heart chamber shape
is irregular, as in a number of mutant fish lines and heart disease states, we suggest that the 2D
“ellipse approximation” method cannot be confidently applied, whereas our 3D method will improve
the accuracy of these measurements.

We defined the looping angle a, as the intersection of the fish body axis plane with the AVC plane
(see the red dashed line and blue line, respectively in Fig. 1Ccii). This angle decreases as heart
looping proceeds. At 52 hpf, we recorded a mean looping angle of 28° (Fig. 2E). This result falls
nicely in the range reported in the literature. For example, in a time window from 48 hpf to 54 hpf, the
heart looping angle has been reported to vary from 13° to 30° [26-30]. The SV-BA distance (Fig. 1Cdi
and 1Cdii) is longer at the beginning of the looping process and decreases progressively as the
initially linear heart structure loops around on itself. At 52 hpf we recorded a mean SV-BA distance
of 210 um (Fig. 2F). The looping overlap value at 52 hpf was calculated to be ~3.66 + 0.36 (Fig. 2G).
Previous reports of the SV-BA distance in zebrafish vary considerably in the literature; for example,
at 72 hpf it ranges between ~60 pum and ~150 um [23,37]. Our looping overlap value measured at 52
hpf was slightly greater than the value of 2.2 + 0.2 previously reported for zebrafish heart looping at
54 hpf [25]. However, as the overlap score is predicted to decrease as looping progresses [25], this
suggests that from ~52 hpf to ~54 hpf heart looping might still being ongoing.

4. CONCLUSION

Here, we propose that the application of 3D heart reconstruction in combination with measuring
multiple parameters associated with looping should result in a more robust and reliable estimation of
the heart looping process.
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