
a

TECHNIQUES

Novel Approaches to Study Coronary Vasculature
Development in Mice
Hana Kolesov�a ,1,2* Martin Barto�s,1,3 Wan Chin Hsieh,1 Veronika Olejn�ıčkov�a,1,2 and David Sedmera 1,2
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Background: Coronary artery development is an intensely studied field. Mice are a popular genetic model for developmental
studies, but there is no widely accepted protocol for high-throughput, high-resolution imaging of their developmental and
adult coronary artery anatomy. Results: Using tissue-clearing protocols and confocal microscopy, we have analyzed embryonic
and juvenile mouse hearts in Cx40:GFP knock-in models with a special focus on septal artery development. We found that the
septal artery, which supplies the interventricular septum, was initially formed as an arterial plexus that connected to both the
left and right coronary arteries. During development, the plexus was remodeled into a single tube, which then remained con-
nected only to the right coronary artery. Since optical imaging became limited at postnatal stages, it was supplemented with
injection techniques using India ink and Microfil; the latter was subsequently analyzed with micro-CT to visualize the anatomy
of coronary vessels in 3D. Conclusions: The techniques described here enable us to study the finer details of coronary artery
development in mice and can, therefore, be implemented to study the pathogenesis of coronary malformations in various
mouse models. Developmental Dynamics 247:1018–1027, 2018. VC 2018 Wiley Periodicals, Inc.
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Introduction

Mice are used extensively to study cardiovascular embryology
and pathophysiology, with the aim to determine the molecular
basis of coronary artery development and congenital heart dis-
ease (Andersen et al., 2014), and to study atherosclerosis (Lee
et al., 2017). Accurate knowledge of coronary artery anatomy is,
therefore, of paramount importance for experimental and clinical
studies using the murine model. For instance, experimental coro-
nary occlusion (to simulate myocardial infarction) usually
involves ligating the proximal segment of the left coronary trunk
(Michael et al., 1995); hence, variability in the origin, level, or
proportion of animals with a septal artery originating from the
left coronary trunk could have a significant impact on the infarct
area and experimental results. Furthermore, the available data on
murine coronary anatomy suggests that common strains of labo-
ratory mice can harbor coronary artery patterns that are similar
to human congenital anomalies that can cause sudden death;

hence, they may be utilized as animal models of important, life-
threatening human diseases (L�opez-Garc�ıa et al., 2016).

The three main coronary arteries in mice—the right coronary
artery (RCA), the left coronary artery (LCA), and the septal
artery—are intramyocardial, as in other rodents (Dur�an et al.,
1992; Fernandez et al., 2008). The RCA arises from the right aor-
tic sinus and crosses the dorsal wall of the right ventricle
obliquely before turning toward the apex as the dorsal interven-
tricular artery; the LCA arises from the left aortic sinus and
divides into the left circumflex artery and the obtuse marginal
artery before extending to the apex; the septal artery originates
either from the main RCA trunk or independently from the right
aortic sinus to supply the interventricular septum (Dur�an et al.,
1992; Icardo and Colvee, 2001; Clauss et al., 2006). However, in
spite of this general appreciation of murine coronary anatomy,
relatively few detailed studies of coronary artery anatomy or var-
iability have been undertaken. The limited data that does exist
suggest that unusual coronary artery arrangements such as high
takeoff, double origins, a single coronary orifice, and slit-like
openings occur with significant frequency in mice and are similar
to some coronary anomalies that are found in humans (Icardo
and Colvee, 2001). However, these studies used techniques such
as gross macroscopic examination or vascular corrosion casting
(Dur�an et al., 1992; L�opez-Garc�ıa et al., 2016), both of which
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miss the detail, are difficult to perform, or lack the resolution to
map very small vessels.

Connexin40 (Cx40) is a conserved cardiac gap junction protein
that, in addition to its well characterized expression in atrial
myocytes and parts of the conduction system, is also expressed in
arterial endothelial cells (Miquerol et al., 2004; Benes et al.,
2014). Therefore, transgenic mice in which the enhanced green
fluorescent protein (GFP) marker is expressed, instead of the
Cx40 gene, show coronary artery–specific GFP expression.
Homozygous Cx40:GFP knock-in mice were first described in
2004 (Miquerol et al., 2004) and are functionally null mice that
remain viable and fertile. This is a result of the knock-in, which
disrupts the endogenous Cx40 gene expression. Mice homozy-
gous for the Cx40 deletion present with hypertension (Wagner
et al., 2007) and an increased incidence of congenital heart dis-
ease (Simon et al., 1998). In addition, there is a conduction phe-
notype that includes a right bundle branch block (van Rijen et al.,
2001) and abnormal atrial conduction (Leaf et al., 2008; Benes
et al., 2014). However, heterozygotes have normal hearts with
GFP expression mimicking that of the endogenous Cx40 gene
(Sankova et al., 2012). This model provides the opportunity to
perform detailed whole-mount coronary artery anatomy studies
using confocal microscopy and high-resolution imaging with 3D
reconstructions, without sectioning the heart tissue. On the con-
dition that the fluorescence is preserved during tissue processing,
this model enables visualization of the vessels at a greater depth
(Kolesov�a et al., 2016).

Here we combine the Cx40:GFP knock-in mouse model with
tissue-clearing protocols to optimally visualize and map the coro-
nary artery anatomy in prenatal (embryonic day [ED] 16.5 and
18.5) and juvenile mouse hearts in whole-mount by confocal
microscopy. This approach is compared to coronary artery injec-
tion methods in juvenile hearts, with either India ink or radi-
opaque Microfil polymer; the latter can be analyzed in 3D with a
micro computed tomography (micro-CT) scanner. We focus par-
ticularly on characterization of the septal artery formation to val-
idate the utility of this novel coronary artery imaging approach.

Results

Prenatal Development of Coronary Arteries

Using a confocal microscope, embryonic hearts of heterozygous
Cx40:GFP knock-in mice at ED16.5 (Fig. 1) and ED18.5 (Fig. 2)
were analyzed as whole-mounts cleared with CUBIC or SCALE.
At ED16.5, the coronary arteries were already well established
and the arterial endothelium was positive for GFP throughout its
length. The LCA and RCA were clearly visible in their entire
length as they originated from the aorta to vascularize the left
and right ventricles, respectively (Fig. 1A,B). Although there was
significant GFP expression in the ventricular trabeculae, the
developing coronary vasculature was clearly distinguishable, as it
was limited to the superficial layers of the heart (Fig. 1C,D). It
was possible to follow not only the main trunks, but also the
small developing branches, for example, of the RCA (Fig. 1C,D).
The main trunks of the RCA and LCA were completely developed
at their proximal parts; however, their distal apical parts were still
forming from the arterial plexuses and single endothelial cells,
which were also visible as they were positive for GFP (Fig 1. A,B).
At this stage, the septal artery was connected through the vascu-
lar plexus to both coronary arteries.

Two days later, at ED18.5, the development of the coronary
arteries was more advanced. Coronary vasculature was fully
developed and branches had formed up to the apical part of the
heart (Fig. 2A,B), as observed in the newborn mice. All parts of
the coronary arteries were positive for GFP, i.e., the main trunks,
and their branches leading up to the terminal small arterioles
(Fig. 2). The RCA had four main branches descending along the
right aspect of the heart to supply the right ventricle: The conus
artery (ramus coni arteriosi) and proximal branch of the right
ventricle (ramus proximalis ventriculi dextri) arose from the top
right aspect of the RCA, respectively, followed by the marginal
branch (ramus marginis ventriculi dextri) and, last, the distal
branch (ramus distalis ventriculi dextri) (Figs. (1 and 2)B). In the
LCA, the following branches were already formed: the left cir-
cumflex artery (ramus circumflexus sinister) and its three
branches—the proximal branch of the left atrium (ramus proxi-
malis atrii sinistri), the intermediate branch of the left atrium
(ramus intermedius atrii sinistri), and the distal branch of the left
atrium (ramus distalis atrii sinistri). Subsequently, the LCA gave
off three main branches posteriorly: the proximal branch (ramus
proximalis ventriculi sinistri), followed by the left proximal col-
lateral branch (ramus collateralis sinister proximalis) and the left
distal collateral branch (ramus collateralis sinister distalis). Ante-
rior branches of the LCA were smaller and named as the branches
of the ventricle (rami ventriculares) (Fig. 2A,B).

The endothelial lining of the outflow tract was GFP-positive in
both the embryonic stages studied. In all embryonic and juvenile
specimens analyzed, GFP positivity was not observed in the
endothelial lining of veins or in any other layers of the arteries.

Development of the septal artery

In mice, the interventricular septum is supplied by the septal
artery. In our study, the formation of the septal artery was moni-
tored during embryonic development. At ED16.5, the septal artery
was originating from an arterial plexus located between the RCA
and LCA. This developing plexus was connected to both main
trunks of the LCA and RCA in this stage (Fig. 3A,B). In some
embryos at ED16.5, the future development was already distin-
guishable, and the connection to the RCA was thicker than that
of the LCA (Fig. 3B). The arterial plexus then gradually remodeled
into a single trunk to form the septal artery, after which it lost its
connections to the LCA via small arterioles. Finally, at ED18.5,
there was only one trunk of the septal artery present that was
connected exclusively to the RCA. In all 23 embryos analyzed,
the septal artery remained connected only to the RCA, as
observed in adult mice; we have not found a single case where
the septal artery was a branch of the LCA (Fig. 3C).

Postnatal Coronary Artery Imaging

Juvenile Cx40:GFP mice

We analyzed the coronary arteries in juvenile and adult mice in
the Cx40:GFP model in a manner similar to the way the embryos
were analyzed. In juvenile and adult mice, GFP positivity was
present in all coronary artery branches, as it was in the embryos.
We were able to detect a positive endothelial lining in the main
branches of the RCA and the LCA (Fig. 4). However, whole-heart
confocal imaging and analysis, which worked well on smaller
embryonic hearts, was not feasible on the juvenile and adult
hearts. The main obstacles to this method were the size of the
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hearts and the significant autofluorescence of the myocardium,
which rendered creation of large 3D stacks from optical sections
challenging. Even though the endothelial lining of the arteries
was distinguishable from the background in a single optical sec-
tion, the Z-stack was relevant only if an artery was parallel to the
imaging plane (XY); however, the deeper signal was obscured by
a strongly autofluorescent myocardium (Fig. 4). The septal artery
was present as a single tube branching from the RCA, and no
trace of the endothelial network or of its former connection via
the plexus to the LCA was found (Fig. 4A,B).

India ink injection

As a classical method of visualizing the coronary vasculature, a
retrograde injection via the ascending aorta was used. With light
microscopy imaging, we were able to visualize the main superfi-
cial branches of the coronary vasculature, such as the anterior
ventricular arteries of the RCA, the circumflex artery, etc. (Fig. 5).
The coronary arteries were not completely filled with the

injecting medium, as the particles of India ink varied in size and
shape, thereby also limiting its injection into smaller arterioles.
India ink injection proved to be a fast and relatively cheap
method, which permitted visualization of the general structure of
the coronary vasculature in whole-mount juvenile and adult
hearts (Fig. 5).

Microfil injection and micro-CT analysis

The third visualization method used to test for coronary arteries
was their retrograde injection with Microfil, a low-viscosity
three-component polymer that polymerizes in the vascular sys-
tem. In majority of our juvenile injected hearts, Microfil passed
through the capillaries to the venous network and allowed visual-
ization of the main venous stems (Fig. 6B,D). Capillaries could
not be viewed, as their injection required special viscosity
(according to the manufacturer) and our main goal was to visual-
ize the arteries. As this method is based upon injection, it visual-
ized only the vessels, which could be reached by the medium.
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Fig. 1. Coronary arteries at ED16.5 in Cx40:GFP transgenic mouse in whole-mount confocal microscopy. Cx40 expression in coronary arteries
and trabeculae is in green and tissue autofluorescence is in red. A: Overview of developing left (LCA) and right (RCA) coronary arteries in the
whole heart. The proximal parts of the coronary arteries are formed, while the distal parts are still developing. Z-stack from 18 sections, 25 mm per
section. B: Developing right coronary artery and its branches: a, conus artery (ramus coni arteriosi); b, proximal branch of the right ventricle (proxi-
malis ventriculi dextri); c, marginal branches of the right ventricle (ramus marginis ventriculi dextri); d, distal branches of the right ventricle (ramus
distalis ventriculi dextri). Z-stack from 21 sections, 25 mm per section. C,D: Details of the LCA and RCA origins. Note the developing septal artery
and small arterioles in the region, which are also positive for Cx40. Z-stacks from 18 and 16 sections, respectively, 15 mm per section. Scale
bars¼ 200 mm.
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Microfil is detectable both visually (due to its yellow color)
and with X-rays; therefore, it was possible to analyze the
injected hearts on a micro-CT scanner. Micro-CT permitted not

only 2D imaging, hence generating sections similar to those
obtained with a confocal microscope, but also undistorted 3D
images. We were, therefore, able to completely reconstruct the
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Fig. 2. Coronary arteries at ED18.5 in Cx40:GFP transgenic mouse in whole-mount confocal microscopy. Cx40 expression in coronary artery
endothelium and in the atria is shown in green and tissue autofluorescence in red. A,B: Overview of developed left (LCA) and right (RCA) coronary
arteries in the whole heart. Coronary vasculature is already developed up to the apex of the heart. Z-stacks from 20 and 19 sections, respectively,
25 mm per section. C: Detailed view of the origin of the LCA, RCA, septal artery, and conus arteries. Z-stack from 17 sections, 12 mm per section.
D: Magnified view of the RCA with its branches (arrowheads, conus artery and proximal branches of the right ventricle). Z-stack from 16 sections,
15 mm per section. Scale bar¼ 300 mm.

Fig. 3. Formation of the septal artery from a plexus in the embryonic heart in a Cx40:GFP transgenic mouse. A,B: Stage ED16.5, formation of
the septal artery tube from a vascular plexus, connected to the right and left coronary arteries. Z-stacks from 17 and 15 sections, respectively,
25 mm per section. C: 18.5ED, the tube of the septal artery is formed, the vascular plexus is remodeled, and the connection to the LCA is lost.
Septal artery is a branch of the right coronary artery. Z-stack from 16 sections, 25 mm per section. Scale bars¼ 300 mm.
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course of the adult mouse coronary vasculature in 3D (Fig. 6,
Supp. Video 1).

In juvenile hearts, we were tracking the course of the RCA and
LCA with a special focus on the septal artery. The septal artery in
juvenile mice started as the first branch of the RCA in all six
specimens analyzed. It then continued as a single trunk in the
interventricular septum, giving off branches to nourish it, and
ended at the apex of the heart. The RCA and LCA coursed through
the atrioventricular groove and supplied the right and left ven-
tricles, respectively. The branching pattern was similar to that
observed at ED18.5, described earlier in the Cx40:GFP knock-in
mouse. In the RCA, we were able to distinguish the following
branches: ramus circumflexus dexter, ramus proximalis ventriculi
dextri, ramus marginis ventriculi dextri and ramus distalis ven-
triculi dextri. In the LCA, we observed ramus circumflexus sinis-
ter, ramus interventricularis paraconalis, ramus proximalis

ventriculi sinistri, ramus colateralis sinister proximalis, ramus
colateralis sinister distalis, and ramus ventriculares (Fig. 7).

Discussion

Here we demonstrate well resolved details of the coronary vascu-
lature in a fluorescent reporter transgenic Cx40:GFP mouse
model using recently optimized (Kolesov�a et al., 2016) whole-
organ tissue-clearing techniques and confocal microscopy. In
addition, we report that the septal artery develops initially from
an arterial plexus connected to both coronary arteries but finally
remains only as a branch of the RCA in our mouse strain. These
data serve as proof of principle of the value of whole-heart clear-
ing coupled with fluorescence reporter systems in high-resolution
evaluation of coronary artery development. Given the consider-
able current interest in coronary artery anatomy and
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Fig. 4. Coronary arteries in Cx40:GFP juvenile transgenic mouse. Visualization of the whole arteries is obscured by the surrounding highly auto-
fluorescent myocardium. A,B: Septal artery at lower and higher magnifications, respectively. Z-stack from 5 and 7 sections, 15 mm per section. C:
Right coronary artery, Z-stack from 8 sections, 15 mm per section. D: Left coronary artery. Z-stack from 6 sections, 12 mm per section. Scale
bar¼ 200 mm.
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Fig. 5. Coronary vasculature in juvenile mouse hearts visualized with India ink. A, B: Overview of the whole heart arteries, especially the right cor-
onary artery (RCA; A) and the left coronary artery (LCA; B) and their branches. C: Detailed view of the right coronary artery. D: Detailed view of the
left coronary artery and the left circumflex artery. E: Top and auricular surface. Scale bar¼ 1 mm.

Fig. 6. Coronary vasculature in juvenile mouse hearts visualized with the Microfil injection and micro-CT. Visualization of the right coronary artery
(orange), left coronary artery (yellow), and septal artery (red). A,C: Anterior aspect; B,D: lateral aspect. Arrowheads, vena cordis dextra. Scale
bar¼ 2 mm.
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development, due to the role of coronary artery anomalies in sud-
den cardiac death in humans (Spicer et al., 2015) and their
remodeling in mouse models of myocardial infarction (Miquerol
et al., 2015), the Cx40:GFP mouse model could pave the way for
detailed—down to a single-cell resolution—analysis of the origin,
course, and remodeling of coronary arteries to establish the rela-
tionships between anatomy and clinical events.

Recent advances in tissue-clearing techniques and whole-
organ imaging have enabled the study of Cx40:GFP mice models
and GFP expression in whole-mounts. The Cx40:GFP mouse
models were found to be more suitable for the analysis of expres-
sion of Cx40 when compared to immunohistochemistry. The GFP
transgene shows cytoplasmic expression and thus labels the
entire endothelial cell; this is in contrast to Cx40 antibody stain-
ing, which is limited to the cell edges and labels cells in a punc-
tate manner; as a result, it is not considered suitable for 3D
reconstructions. Furthermore, whole-mount staining for connex-
ins, while not impossible, is not widely used except on thick sec-
tions (Greiner et al., 2018).

Our findings strengthen the role of Connexin40 and its fluores-
cent reporter model Cx40:GFP on the list of possible visualization
techniques of coronary arteries, along with PECAM, VE-cadherin,
and Tie-2. Kisanuki et al. (2001) have created the Tie2-cre mouse
model by expressing the Cre recombinase in the endothelial cell
lineage of the heart, but only up to ED11.5, when Tie2 expression
was no longer restricted to just the endothelial cells but was

found in many other areas of the heart. Combinations of these
mice with appropriate reporter strains (LacZ, GFP) also provide
the opportunity for genetic labeling of the vasculature. We have
used anti-CD31 (PECAM) staining to visualize endothelial/endo-
cardial cells in the hearts of transgenic animals for better charac-
terization of the cardiac phenotype (Vrbacky et al., 2016). While
the staining works well in whole-mount up to ED12.5, it was use-
ful only for visualization of the vasculature in the embryo. This
method was found to be disadvantageous to study the arterial
system in vascularized adult organs that have a rich capillary
network.

Recent advances in tissue-clearing techniques permit detailed
whole-organ imaging. Although a number of tissue-clearing
techniques have been developed for this purpose in recent years
(e.g., THF-DBE [Becker et al., 2012], CLARITY [Chung et al.,
2013], SCALE [Hama et al., 2011], and CUBIC [Tainaka et al.,
2014]), mainly used for whole-brain imaging, not all of them are
suitable for cardiovascular developmental studies. As we reported
previously (Kolesov�a et al., 2016), the CUBIC method is most suit-
able for heart-development imaging, as it sufficiently clears the
heart tissues while preserving the GFP signal. For the coronary
vasculature study, we also recommended the SCALE clearing
technique. SCALE clears only the superficial tissue layers and
therefore is not suitable for deeper structures such as trabeculae
and the Purkinje network, but it is more than sufficient for
mostly superficially located coronary vasculature. SCALE is also
cheaper and preserves the fluorescence of tissue samples longer
than CUBIC.

The Cx40:GFP knock-in mice, where homozygotes are viable
and fertile (although with a reduced life span), were previously
reported to suffer from hypertension, increased incidence of con-
genital heart defects, and electrophysiological anomalies. The
heterozygotes have GFP positivity in the coronary vasculature,
similar to homozygotes, and therefore are completely suitable for
coronary artery imaging. From existing literature (Sankova et al.,
2012; Benes et al., 2014), it does not appear that heterozygotes
harbor any cardiac malformations, including coronary artery
defects, which is in concordance with our findings. We found
that the branching patterns of the RCA and LCA are in accor-
dance with the previous studies in the Swiss albino mice (Icardo
and Colvee, 2001; Yoldas et al., 2010) as well as in the wild-type
mice (Dur�an et al., 1992). These findings confirm that coronary
vasculature development and structure are not affected in the
Cx40:GFP heterozygous mice and can therefore be used as a
model for normal coronary artery development.

The Cx40:GFP mouse model has its limits in the study of post-
natal coronary vasculature, even though GFP positivity in the
endothelium of all arteries was still present. Considerable auto-
fluorescence of the surrounding myocardium did not permit any
further whole-heart imaging with confocal microscopy. There
was, however, no problem in distinguishing the coronary endo-
thelium from the (also GFP-positive) Purkinje network, as the
two systems clearly differed in their anatomical location (superfi-
cial vs. subendocardial) and morphology (hollow tubular network
vs. solid web). Therefore, we recommend India ink injection for
examinations of the juvenile and adult hearts due to its easy
application and fast analysis of the gross anatomy in coronary
vasculature (Nanka et al., 2008). For a more detailed analysis of
the adult arterial and venous network, we propose the Microfil
injection method followed by analysis of the specimen with
micro-CT (Zagorchev et al., 2010; Sangaralingham et al., 2012),
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Fig. 7. Overview of the coronary arteries and their branches visualized
with Microfil and micro-CT. Right coronary artery (1, orange): 2, ramus
circumflexus dexter; 3, ramus proximalis ventriculi dextri; 4, ramus mar-
ginis ventriculi dextri; 5, ramus distalis ventriculi dextri. Left coronary
artery (6, yellow): 7, ramus circumflexus sinister; 8, ramus interventricu-
laris paraconalis; 9, ramus proximalis ventriculi sinistri; 10, ramus cola-
teralis sinister proximalis; 11, ramus colateralis sinister distalis; 12, rami
ventriculares. Septal artery (13, red).
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which permits analysis of the whole 3D structure of the vascula-
ture (Ghanavati et al., 2014). Unlike corrosion casting (Kolesov�a
et al., 2007), the Microfil injection/micro-CT analysis includes the
surrounding soft tissues, thus better preserving the spatial rela-
tionships on the specimen (Clauss et al., 2006). An additional
advantage of using this contrast medium lies in the option of
specimen analysis by a micro-CT scanner that enabled increased
3D spatial resolution and imaging (Butcher et al., 2007); this is in
contrast to other vascular casting methods, i.e. corrosion cast
with Mercox and scanning electron microscopy analysis, which
only produced 2D images without complete spatial information
(Kolesov�a et al., 2007).

Regarding the example of septal artery development, we dem-
onstrate the possibility of using the Cx40:GFP mouse model for
the study of development and remodeling of the arterial plexuses.
For the first time here, we highlight information regarding the
development of the septal artery from an arterial plexus, followed
by its remodeling into a single tube connected to the RCA, as
observed in all the embryos that were analyzed. The development
of the septal artery in late fetal stages explains the variability
among different mouse strains. The connection of the septal
artery is established just two days before birth, where it was ini-
tially connected to both coronary stems by an arterial plexus.
However, subtle differences in plexus remodeling can result in
connections of the septal artery to the RCA or LCA, or in it arising
separately from the aorta as development progresses. Remodeling
of this plexus can account for the variability found previously
(L�opez-Garc�ıa et al., 2016) in frequently used laboratory mouse
strains: The septal artery arose from the RCA in 32% (C57BL/6),
78% (Balb/c), 67% (CD2F1), 80% (129sv x BL/6), and 87% (wild
mouse) of cases. The low proportion of septal arteries arising
from the RCA in C57BL/6 mice mirrors an earlier report of fre-
quently abnormal coronary arteries in this strain, including soli-
tary ostia, accessory ostia, high takeoff, aortic intramural course,
slit-like ostia, lock-like ostia, and low proportion of septal arter-
ies arising from the RCA (35%) (Fernandez et al., 2008). Further-
more, two septal arteries, each with different origins, may coexist
(Salto-Tellez et al., 2004; Fernandez et al., 2008). In the iv/iv
mice, coronary artery abnormalities such as high takeoff, double
origins, a single coronary orifice, and slit-like openings were
found in 84% of mice (Icardo and Colvee, 2001); these were simi-
lar to some coronary anomalies described in humans. Crossing of
these lines on the Cx40:GFP background would provide further
understanding of coronary artery development and
malformations.

Coronary anomalies are significant since they occur sporadi-
cally in man and are found in approximately 0.2%–1% of coro-
nary angiograms and 0.3% of autopsies (Tuncer et al., 2006; Gul
et al., 2014). The majority of coronary artery anomalies are
benign variations located at the origin of the coronary artery and
are asymptomatic (Gul et al., 2014). However, some coronary
artery anomalies are known to contribute to cardiovascular mor-
tality and morbidity, so understanding of coronary vasculature
development from mouse models can also improve our under-
standing of human coronary abnormalities. The combined meth-
ods presented here are likely to be useful in finding laboratory
correlates of human coronary artery abnormalities that result in
sudden cardiac death. Detailed characterization of coronary
artery anatomy in mice will enable selection of the most appro-
priate strain for future translational studies.

Experimental Procedures

Animals

The Cx40:GFP knock-in mice (Miquerol et al., 2004) were main-
tained in a homozygous state (as these animals are viable and
fertile) and crossed with the wild-type Swiss albino mouse strain
to produce heterozygous embryos without heart malformations
(Simon et al., 1998). Male and female animals were caged
together overnight; ED0.5 was considered midday of the day the
vaginal plug was detected. Pregnant females were sacrificed by
cervical dislocation on ED16.5 (n¼ 13 embryos) and ED18.5
(n¼ 10 embryos). The fetuses were rapidly dissected out of the
membranes and perfusion-fixed with freshly prepared 4% (wt/
vol) paraformaldehyde, followed by immersion in the same fixa-
tive for 48 hr. Juvenile mice at 14 and 30 days were also sacri-
ficed by cervical dislocation followed by rapid chest opening and
perfusion fixation of the hearts with 4% (wt/vol) paraformalde-
hyde in a manner similar to that used for the embryos (n¼ 3 per
stage). Embryos or isolated hearts were then rinsed with phos-
phate buffered saline (PBS) and treated with SCALE or CUBIC
tissue-clearing protocols (see below) in Tissue Clearing. All appli-
cable international, national, and institutional guidelines for the
care and use of animals were followed. All tissues were isolated
in accordance with the ethical standards of the Charles Univer-
sity, with protocols approved by the Animal Care and Use Com-
mittee of the First Faculty of Medicine.

Tissue Clearing: CUBIC, SCALE

Embryonic and adult Cx40:GFP knock-in mice were analyzed in
the whole-mount using tissue-clearing methods. The CUBIC pro-
tocol (clear, unobstructed brain-imaging cocktail) was originally
described for brain specimens (Susaki et al., 2014). Briefly, CUBIC
solution (N,N,N,N-tetrakis(2-hydroxypropyl) ethylenediamine
25% (wt/vol), urea 25% (wt/vol), and polyethylene glycol mono-
pisooctylphenyl ether (Triton X-100) 15% (wt/vol in water) was
thoroughly mixed for 30 min at 37 8C and then kept at room tem-
perature. All specimens were submerged and gently rocked in the
CUBIC solution at 37 8C. Specimens were placed in fresh CUBIC
solution every 3–4 days. All chemicals were obtained from
Sigma-Aldrich (Darmstadt, Germany) except for Triton-X (Roth,
Karlsruhe, Germany).

As demonstrated in previous studies (Kolesov�a et al., 2016),
CUBIC solution is ideal for simultaneously clearing the embryonic
heart tissue and preserving the GFP signal. Alternatively, a
SCALE clearing protocol (Hama et al., 2011) was used, since the
coronary vascular study required only clearing of the superficial
layers of the heart.

Confocal Microscopy Imaging

High-resolution images were obtained with a single-photon con-
focal system FluoView FV1000 fitted on an upright BX61 micro-
scope (Olympus, Tokyo, Japan), using 4x (NA 0.16, WD 13mm)
and 10x (NA 0.40, WD 3.1mm) dry objective. The appropriate fil-
ter sets were used in order to properly capture GFP (488 nm exci-
tation) and autofluorescence (543 nm). Whole embryos were
imaged in custom-made chambers (Miller et al., 2005) immersed
in CUBIC solution and covered with a coverslip. All images were
assembled and analyzed in ImageJ (NIH, Bethesda, MD) and
merged using Photoshop (Adobe Systems, San Jose, CA).
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India ink Injection

Adult hearts were injected retrogradely via the aorta with a solu-
tion of India ink diluted in PBS (1:5) (Nanka et al., 2008). Follow-
ing the injection, the hearts were fixed for at least 24 hr in 4%
paraformaldehyde. After clearing the specimens in SCALE, coro-
nary vasculature of each heart was studied under a dissecting
microscope. The hearts were then photographed under the dis-
secting microscope (Olympus, Tokyo, Japan) in a glass Petri dish,
without a coverslip, in SCALE using an Olympus DP50 CCD
camera.

Microfil Injection

Juvenile mice (30 day old, n¼ 6) were sacrificed by cervical dis-
location and the hearts were rapidly excised and retrogradely per-
fused under a constant flow of 2.5 ml/min with non-recirculating
Tyrode’s buffer (mmol/l: NaCl 145, KCl 5.9, CaCl2 1.1, MgCl2 1.2,
glucose 11, HEPES 5; pH 7.4), gassed with 100% O2, and main-
tained at 37 8C. After 5 min of stabilization, the hearts were per-
fused for another 5 min by Tyrode’s buffer with 5 mM adenosine
(Sigma-Aldrich, Czech Republic) to induce vasodilatation, fol-
lowed by 2 min of perfusion with a cardioplegic solution (NaCl
110.0 mM, NaHCO3 10.0 mM, KCl 16.0 mM, MgCl2 16.0 mM,
CaCl2 1.2 mM, pH 7.8). After that, the Microfil (1–1.5 ml; Flow
Tech, Carver, MA) was retrogradely administrated into the coro-
nary bed by slow infusion. The whole injecting procedure was
performed according to the Microfil producer’s recommendations
and the protocol by Weyers and colleagues (Weyers et al., 2012).
The hearts were stored for 2 hr at -20 8C to allow polymerization
of Microfil and then fixed in 4% paraformaldehyde for 48 hr at
4 8C. After fixation and thorough rinsing with PBS, the hearts
were processed by micro-CT.

Micro-CT Imaging

Mouse hearts (n¼ 6) X-ray contrasted with Microfil injection
were scanned using a desktop ex vivo micro-CT device SkyScan
1272 (Bruker, Bruxelles, Belgium). Each specimen was placed in a
plastic tube with PBS and mounted on a microstage, and under-
went micro-CT scanning according to the following parameters:
pixel size 4mm, source voltage 60 kV, source current 166 mA,
rotation step 0.18, Al filter 0.25 mm, frame averaging 3, rotation
1808. The scanning time was approximately 4 hr for each
specimen.

Data sets of projection images were reconstructed into cross-
section images using NRecon software (Bruker). The effect of
computed tomography artifacts (e.g., misalignment, ring artifacts,
and beam hardening) was reduced by NRecon software correc-
tions. 3D visualizations were rendered using CTVox (Bruker).

After identification of the septal artery in 3D visualization, the
image analysis software CTAn (Bruker) was employed. A region
of interest (ROI) comprising the septal artery was set by hand-
drawn selection in the data set of cross-section images. This
allowed the creation of a volume of interest (VOI) that included
only the septal artery. The ROI selection was complicated, in
some areas, by void spaces created by improper contrast filling;
this was often seen in the branching areas. If the artery behind
this gap was considered a possible branch of the septal artery, it
was included in the ROI selection. In the same manner, the RCA
and LCA were defined. Visualization of the original dataset was
combined with RCA, LCA, and septal artery data sets, which

enabled 3D visualization of the whole specimen using CTVox.
Selected arteries were depicted in color, while the original data
set was kept in grayscale to improve image clarity.
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