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Tissue clearing and imaging methods
for cardiovascular development
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SUMMARY

Tissue imaging in 3D using visible light is limited and various clearing techniques
were developed to increase imaging depth, but none provides universal solution
for all tissues at all developmental stages. In this review, we focus on different tis-
sue clearing methods for 3D imaging of heart and vasculature, based on chemical
composition (solvent-based, simple immersion, hyperhydration, and hydrogel
embedding techniques). We discuss in detail compatibility of various tissue
clearing techniques with visualization methods: fluorescence preservation, immu-
nohistochemistry, nuclear staining, and fluorescent dyes vascular perfusion. We
also discuss myocardium visualization using autofluorescence, tissue shrinking,
and expansion. Then we overview imaging methods used to study cardiovascular
system and live imaging. We discuss heart and vessels segmentation methods and
image analysis. The review covers the whole process of cardiovascular system 3D
imaging, starting from tissue clearing and its compatibility with various visualiza-
tion methods to the types of imaging methods and resulting image analysis.

INTRODUCTION

Recent advances in tissue clearing technology have enabled rapid and comprehensive cellular analyses of
entire organs in the whole-mount preparations by a combination of state-of-the-art technologies of optical
imaging and image processing. All tissue clearing methods seek to homogenize the refractive index (RI) of
a sample by removing, replacing, or modifying some of its components. Incorporating a tissue clearing
step in standard immunostaining protocols could open the door to routine high-resolution imaging of a
few hundred microns deeper into samples with confocal microscopes and objectives that are quite
commonly available in research environment around the world.

Determining the best method for a given application is difficult owing to proliferation of new techniques with
trade-offs between speed, cost, complexity, conservation of protein-based fluorescence, compatibility with im-
munostaining, and other criteria (Ariel, 2017). The plethora of clearing protocols suggests that it is unlikely there
will be a universal one for all applications, so trying several might be necessary to achieve the best results for
particular samples. Most tissue cleaning techniques are optimized for the nervous tissue, which differs signif-
icantly from the heart specimens. Brain tissue has high fat content and relative lack of autofluorescence unlike
the heart tissue. Similar to the central nervous system, the cardiovascular system represents a complex three-
dimensional (3D) structure; thus, availability of a non-destructive method of high-resolution 3D imaging without
specimen distortion is highly desirable. The possibility to track selected structures (myocyte bundles, vessels,
nerves) in 3D is beneficial for our understanding of normal and pathological anatomy.

Some selected methods can assist visualization of, for example, the vasculature, the structure of the
myocardium, GFP-tagged (green fluorescent protein-tagged) ion channels, and proteins labeled by immu-
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Table 1. Tissue clearing methods used on heart tissue—abbreviations and names

Method name

Full name of the method

Citation

Solvent based BABB
FluorClear BABB

DBE

3DISCO

iDISCO

Ethanol-Eci

FASTClear
Simple immersion FRUIT
MACS
SeeDB
Sucrose

Hyperhydratation CUBIC

SCALE S
SCALE A2
SUT

Hydrogel embedding ACT-PRESTO

Clarity

SCM
PACT
PARS
SWITCH

Benzyl-Alcohol:Benzyl-Benzoate

Fluorophore preservation Clearing Benzyl-

Alcohol:Benzyl-Benzoate

Phenylmethoxymethylbenzene (Dibenzyl
Ether)

Three-Dimensional Imaging of Solvent-
Cleared Organs

Immunolabeling-enabled three-Dimensional

Imaging of Solvent-Cleared Organs
Ethanol-ethyl-3-phenylprop-2-enoate (Ethyl
Cinnamate [ECi])

Free of Acrylamide SDS-based Tissue Clearing
Fructose and Urea

MXDA-based Aqueous Clearing System

See Deep Brain

Sucrose

Clear, Unobstructed Brain Imaging Cocktails
and computational analysis

SCALE—name, not abbreviation
SCALE—name, not abbreviation

Scheme Update on tissue Transparency
Active Clarity Technique-Pressure Related
Efficient and Stable Transfer of
macromolecules into Organs technique
Clear Lipid-exchanged Acrylamide-hybridized
Rigid Imaging/Immunostaining/in situ-
hybridization-compatible Tissue hYdrogel
Simplified Clarity Method

PAssive Clarity Technique

Perfusion-assisted Agent Release in Situ
System-Wide control of Interaction Time and

kinetics of Chemicals

Zucker et al., (1998)
Schwarz et al. (2015); Foster et al. (2019)

Becker et al., (2012)

Molbay et al., (2021)

Renier et al., (2016)

Klingberg et al. (2017)

Liu et al., (2017)

Hou et al., (2015)

Zhu et al. (2020)

Ke et al. (2013); Murray et al. (2015)
Tsai et al., (2009)

Susaki et al. (2014); Susaki et al., (2015)

Hama et al. (2015)

Hama et al. (2015)

Wang et al. (2018); Matryba et al. (2019)
Lee et al. (2016)

Chung et al. (2013); Tomer et al. (2014)

Sung et al. (2016); Matryba et al. (2019)
Yang et al., (2014); Neckel et al., (2016)
Yang et al., (2014)

Murray et al. (2015)

Tissue clearing techniques can be used for various purposes and, therefore, can be divided into four main
categories: solvent-based, simple immersion, hyperhydration, and hydrogel embedding (Richardson and
Lichtman, 2015; Silvestri et al., 2016) (Table 1). Each of these distinct methods has advantages and disad-
vantages based on many independent factors. When planning an experiment, it is necessary to consider
limitations of each method (see below) and determine the most efficient and effective approach for the tis-
sue of interest (Figure 1).

Previous reviews addressed various aspects of tissue clearing methods. Silvestri et al. (2016) reviewed tissue
clearing methods and their applications for various methods of analysis. The review by Vigouroux et al.
(2017) addressed more practical aspects and hands-on methodology in tissue clearing. Gomez-Gaviro
et al. (2020) reviewed in detail the application of various tissue clearing methods on various types of tissue.
However, the main focus of tissue clearing methods is in neuroscience and brain development. The major-
ity of original papers and reviews in tissue clearing as well as 3D brain CUBIC-atlas come from this field
(Murakami et al., 2018; Tian et al., 2021; Ueda et al., 2020; Vigouroux et al., 2017). However, the number
of publications discussing tissue clearing methods on heart is limited (Kolesova et al., 2016; Nehrhoff
et al., 2016; Yokoyama et al., 2017), even though the field of heart and vasculature development has its
avid audience.
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Figure 1. Overview of tissue clearing methods used on heart

Tissue clearing methods are divided into four groups based on their clearing principle. Solvent-based (yellow), simple
immersion (green), hyperhydration (purple), and hydrogel embedding (red). Applicability of each method is marked in a
dark color: GFP, method preserves natural GFP fluorescence; IHC, method can be used with immunohistochemistry;
DAPI, method is suitable for DAPI/Hoechst nuclei staining. Light color, method is not suitable for this methodology. To
summarize, most of the methods used on heart clearing are applicable for many techniques.

Each method is known mainly by its abbreviation; therefore, an overview of the abbreviations and methods
published for cardiovascular tissue is summarized in Table 1. Table 2 summarizes the methods used for car-
diovascular tissue clearing, providing the key ingredients of each method; length of the clearing process,
which is an important parameter to consider when choosing a particular tissue clearing method; and the
main publication describing protocol modifications for heart and vascular tissues.

Solvent-based clearing techniques such as BABB and DISCO are the most popular methods of the cardiac
optical clearing. These methods are relatively inexpensive, and samples can be cleared in a matter of days.
Solvent-based methods are commonly used together with antibody staining. Whole-mount immunohisto-
chemical staining followed by clearing with BABB was used to visualize 3D myocardial or vascular architec-
ture (lvins et al., 2016; Miller et al., 2005). Limiting factors for the BABB method are mainly incomplete
clearing (for thick/older hearts) and specimen autofluorescence. The main inconvenience is that BABB
does not preserve GFP fluorescence. Therefore, FluoClearBABB clearing was developed. The main differ-
ence is that either 1-propanol or tert-butanol is used during dehydration and a basic pH is maintained
throughout the procedure. This method minimizes optical distortions and preserves the majority of GFP
fluorescence (Schwarz et al., 2015). It is also effective at clearing heart tissue specimens while preserving
fluorescent immunolabeling (Epah et al., 2018). However, the GFP fluorescence of the specimen, when us-
ing THF-DBE/dichlormethane or FluoClearBABB lasts only a few days (Richardson and Lichtman, 2015). To
summarize, BABB and THF methods are used mainly to study cardiovascular system marked with anti-
bodies, but its use for studying GFP fluorescence is time limited.
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Table 2. Heart and heart vasculature tissue clearing methods

Protocol modification for heart or heart

Method name Key components Clearing time vasculature
Solvent based BABB Benzoic Acid/Benzyl Benzoate Days Miller et al. (2005); Kolesova et al. (2016); lvins
etal., 2016
FluorClear BABB Tert-butanol/BABB Hours Epah et al. (2018)
DBE DiBenzy|Ether Hours Kolesova at al.,2016
3DISCO Dichlormethane/DBE Hours-Days Belle et al. (2017); Epah et al. (2018)
iDISCO Dichlormethane/DBE Hours-Days Belle et al. (2017); Epah et al. (2018), Goodyer
et al. (2019)
Ethanol-Eci Ethyl-3-phenylprop-2-enoate Days Klingberg et al. (2017)
FASTClear THF/DBE 45 min Perbellini et al. (2017)
Simple immersion FRUIT Fructose/Triglycerol/Urea Days Xu et al. (2019a), 2019b
MACS MXDA/Sorbitol Days Xu et al. (2019a), 2019b; Zhu et al. (2020)
SeeDB Fructose/Thioglycerol Week Tainaka et al. (2014)
Sucrose Sucrose 1 day Tsai et al., (2009)
Hyperhydratation CUBIC 4M Urea/50% Sucrose Days Kolesova et al. (2016); Nehrhoff et al. (2016);
Tainaka et al. (2014)
SCALE S 4M Urea/Sorbitol Days-weeks Li et al. (2016); Matryba et al. (2019)
SCALE A2 4M Urea/10% Glycerol Weeks Kolesova et al. (2016)
SUT Urea/SDS Days Wang et al. (2018); Matryba et al. (2019)
Hydrogel embedding ACT-PRESTO Hydrogel/SDS Days Kim et al. (2016)
Clarity FocusClear/80% Glycerol Days Kolesova et al. (2016)
SCM Hydrogel Weeks Sung et al. (2016); Matryba et al. (2019)
PACT Hydrogel/SDS Days-Weeks Treweek et al. (2015), Xu et al. (201%a), 2019b
PARS Hydrogel/SDS Days Treweek et al. (2015)
SWITCH SDS/Thioglycerol Weeks Murray et al. (2015)

The next commonly used method for heart tissue clearing is DISCO. DISCO can be successfully combined
with immunohistochemistry and 3DISCO was used to study vasculature development of the human heart
by immunostaining for smooth-muscle-specific alpha-actin (SMA) (Belle et al., 2017; Epah et al., 2018).
iDISCO + tissue clearing was used for 3D reconstruction of the mouse heart conduction system (Goodyer
etal., 2019). Like BABB, DISCO does not preserve GFP fluorescence or preserves the fluorescence only for a
very short time. In 3DISCO, a rapid decline in endogenous fluorescence signals during the tissue clearing
and storage procedure with a half-life of approximately 1-2 days has been reported (Pan et al., 2016). To
address this limitation, a recently developed method, FDISCO, achieved a higher level of fluorescence
preservation by temperature and pH condition adjustments (Qi et al., 2019).

The FASTClear protocol was specifically designed for cardiac tissue. FASTClear does not induce structural
or microstructural distortion and can be combined with immunostaining to identify the micro- and macro-
vascular networks (Perbellini et al., 2017). Ethanol-Ethyl-3-phenylprop-2-enoate (Ethyl Cinnamate or
Ethanol-ECi) clearing was also used on heart tissue and is suitable for immunohistochemistry (CD31 anti-
body) but was also reported to preserve EYFP (Enhanced Yellow Fluorescent Protein) fluorescence (Kling-
berg et al., 2017). For summary, see Figure 1.

Simple immersion tissue clearing

These conventional tissue clearing reagents are mostly based on sugars and have been adapted to some of
the clearing protocols. The best known is the SeeDB protocol, which maintains GFP fluorescence and also
fluorescence from immunohistochemical staining, as well as heart sample volume (Susaki et al., 2014). One
of the SeeDB-derived clearing methods is termed FRUIT, and it utilizes a cocktail of fructose and urea. The
FRUIT solution has low viscosity, and may be used for clearing via arterial perfusion, which is impossible to
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achieve with a saturated fructose solution. Arterial perfusion with tissue clearing solution significantly im-
proves the tissue clearing and shortens tissue clearing time (Hou et al., 2015). However, arterial perfusion
with tissue clearing reagents has not been performed yet on heart tissue, and we assume that arterial perfu-
sion would improve tissue clearing especially in older hearts. The FRUIT method was also applied to clear
intact hearts (Xu et al., 2019b), but in comparison with the other tissue clearing methods (CUBIC and PACT)
it can achieve only partial tissue transparency (similar to SCALE).

Another advantage of FRUIT compared with SeeDB is its compatibility with lipophilic tracers (Dil) (Hou
et al., 2015), which was demonstrated on the brain. Another method from this group that was successfully
used together with lipophilic dyes is MACS, a rapid aqueous clearing method based on m-xylylenediamine
(MXDA). This method achieved high transparency of intact organs with a short incubation time and showed
ideal compatibility with multiple probes, especially lipophilic dyes. Besides being used for brain and
spleen, MACS tissue clearing was used also to acquire heart vasculature images labeled with Dil (Zhu
et al., 2020). From few studies it is confirmed that these methods are suitable for cardiovascular develop-
ment studies; however, they are not commonly used.

Hyperhydratation

These common tissue clearing methods are based on hydrophilic substances, and they expand the tissue
volume. They are commonly used for heart tissue clearing as they preserve GFP fluorescence and are
compatible with immunostaining. The SCALE is in primarily an agqueous solution of urea, which is compat-
ible with immunostaining (Azaripour et al., 2016) and preserves the GFP signal (Hama et al., 2015). Several
improvements of the SCALE method are available: ScaleS, ScaleA2. However, only few studies have used
SCALE on the heart tissue, and details about the difference among SCALE methods on heart tissue have yet
to be further explored. SCALE clearing was used to clear superficial layers of the embryonic heart (Kolesova
et al., 2016) and to perform single cell tracing and analysis of the whole heart during early cardiac devel-
opment (Li et al., 2016). A drawback of this method is the long incubation time up to months (Keller and
Dodt, 2012), or with shorter incubation, tissue is not cleared in its whole depth (Kolesova et al., 2016). CU-
BIC is a modification of SCALE. It contains only nontoxic water-soluble chemicals (Tainaka et al., 2014);
however, sale of one of its components (Quadrol) is monitored as it is a component for explosive fabrication
and therefore can be challenging to obtain (authors’ experience). The method has been commonly used for
heart tissue clearing (Kolesova et al., 2016; Nehrhoff et al., 2016; Yokoyama et al., 2017). The main advan-
tage of CUBIC over the other clearing methods is that CUBIC constituents (Quadrol) effectively elute
endogenous chromophores (mainly heme) and thus reduce myocardial and blood autofluorescence (Sus-
aki et al., 2014; Tainaka et al., 2014). The CUBIC tissue clearing protocol can be used for embryonic and
adult mouse hearts (Kolesova et al., 2016) and enables one to observe in detail structures such as coronary
arteries, fine structure of the ventricular trabeculae, and pectinate muscles. According to the original
description, CUBIC is also suitable for tissue clearing after immunolabeling and preserves the fluorescent
antibody signal (Tainaka et al., 2014). The main disadvantage is still a long clearing period for larger sam-
ples. This significant limitation was recently overcome with a modification named SUT (Wang et al., 2018).
SUT is an effective method for clearing and imaging of cardiac microstructures in whole hearts from
different species. Wang et al. (2018) accelerated the protocol even further by using electrophoresis to
shorten the time of antibody penetration.

Hydrogel embedding

These tissue clearing methods are based on preserving the tissue structure by embedding the sample in
hydrogel and subsequent removal of lipids. CLARITY (Chung et al., 2013) is based on the concept that
lipids have to be removed to clear tissue (using acrylamide-based hydrogels built from within, and linked
to, the tissue). CLARITY is commonly used to clear many organs (Lee et al., 2014) including embryonic and
adult heart tissue (Kolesova et al., 2016; Sereti et al., 2018) as it preserves GFP and other types of fluores-
cence. The optimized CLARITY protocol termed a Simplified Clarity Method (SCM) was applied also on
heart samples and achieved full transparency of hearts within similar time as CLARITY. The speed of the
clearing can be accelerated by increasing the temperature to 42°C (Sung et al., 2016). CLARITY also has
been modified as PACT (passive CLARITY technique) and PARS (Perfusion-Assisted agent Release in
Situ (Treweek et al., 2015) or SWITCH (System-Wide control of Interaction Time and kinetics of CHemical)
(Murray et al., 2015). PACT-PARS uses tissue-hydrogel hybrids to stabilize tissue biomolecules during se-
lective lipid extraction, resulting in enhanced clearing efficiency. The PACT tissue clearing method is suit-
able for heart tissue and preserves the GFP fluorescence (authors’ unpublished data). SWITCH accelerates
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clearing using high temperatures with the addition of sodium sulfite as an antibrowning agent, and it syn-
chronizes labeling reactions. However, these methods are more expensive and also very slow. The rapid
and highly reproducible ACT-PRESTO (Active Clarity Technique-Pressure Related Efficient and Stable
Transfer of macromolecules into Organs) method clears tissues or the whole body within one day while pre-
serving tissue architecture and GFP fluorescence. Moreover, ACT-PRESTO is compatible with conventional
immunolabeling methods and expedites antibody penetration into thick specimens by applying pressure
(Lee et al., 2016). ACT-PRESTO was successfully applied to clearing mouse heart tissue (Kim et al., 2016).
For an overview see Figure 1.

TISSUE CLEARING AND GFP PRESERVATION IN THE HEART

The fast development and usage of tissue clearing techniques relates to the rapid development of imaging
methods, such as confocal microscopy and light sheet microscopy. Together these methods can be used to
reconstruct the 3D anatomy of the tissue (Costantini et al., 2019).

One of the main model organisms in biological research is the mouse model, with its wide array of possible
genetical modification including insertion of fluorescently labeled proteins (e.g., GFP) as reporter genes.
The first developed tissue clearing methods used hydrophobic compounds, which dehydrate the tissue
and dehydration quench the introduced fluorescent proteins (i.e., GFP). To avoid this phenomenon, various
hydrophilic (water-based) clearing solutions were developed. However, water-based methods have had
lower tissue clearing performance (Silvestri et al., 2016), while preserving the fluorescence. Figures 2C
and 2D illustrate preserving GFP fluorescence in embryonic heart of different stages (ED10.5 and
ED14.5) by the CUBIC tissue clearing method. Besides using a hydrophilic clearing solution, another
approach to maintain fluorescence is a tissue transformation method involving embedding the tissue in
acrylamide gel—CLARITY (Chung et al., 2013).

Detailed analysis of the fluorescence preservation by various clearing methods was performed by Xu and
colleagues (Xu et al., 2019b) on intestinal tissues. They confirmed that most agqueous clearing methods per-
formed better in fluorescence preservation than organic solvent-based ones. On measuring signal to back-
ground ratio after tissue clearing, they found that the best method to preserve fluorescence was FRUIT,
followed by ScaleS and SeeDB. However, CUBIC and PACT preserved similar levels of fluorescence as
3DISCO and uDISCO, which are the organic hydrophobic clearing agents. They did not include CLARITY
and its variations in their testing. Even though their study included heart tissue, the part about fluorescence
preservation was performed on intestine, which may react differently from the dense, highly vascularized
heart tissue. Therefore, further analysis of 3DISCO, uDISCO, and FRUIT on cardiac tissue is needed. An
overview is summarized in Figure 1.

Only few studies have directly analyzed compatibility of tissue clearing and fluorescence preservation in the
adult or embryonic heart tissue. In our previous study (Kolesova et al., 2016) we used CLARITY, SCALE, CU-
BIC, and DBE clearing methods and compared their GFP fluorescence preservation ability in embryonic
hearts (illustrated in Figures 2C, 2D and 3B with CUBIC tissue clearing on Cx40:GFP trabeculae and coro-
nary vasculature in embryonic hearts). We found that CUBIC cleared the tissue to a deeper level compared
with SCALE and therefore was more suitable for analysis of intact hearts. However, although SCALE also
preserved the GFP signal, it only cleared the superficial layers of the heart, which may be sufficient for
studies of the great vessels of the coronary vasculature (Kolesova et al., 2016). The difference between
SCALE and CUBIC was more obvious in postnatal hearts, where CUBIC effectively cleared all the way
through the hearts, whereas SCALE did not (Shaikh Qureshi et al., 2016). Another study tested the ability
of CUBIC to preserve various fluorescent signals in the heart tissue (Nehrhoff et al., 2016). They found
that CUBIC clearing can also preserve other fluorescent proteins such as TdTomato and GFP in 750-um-
thick heart sections.

CLARITY also has been shown to preserve many fluorescent proteins such as GFP, mCherry, mOrange, and
Cerulean in heart tissue (Sereti et al., 2018). Also, modified CLARITY protocols have been used to analyze
cardiactissue. SUT (Scheme Update on tissue Transparency, combination of CUBIC and CLARITY) has been
used to analyze fibrotic healing in myocardial infarction (Wang et al., 2018). SCM (Simplified CLARITY
Method) has been used to analyze heart tissue (Sung et al., 2016); however, better results were obtained
when the blood was washed from the heart prior to fixation as decolorizing of heme using aminoalcohol
treatment reduced YFP fluorescence in heart samples (Sung et al., 2016).
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Immunohistochemistry

GFP-Cx40 GEP-Cx40."

GFP fluorescence

Figure 2. Examples of immunostaining and preserving GFP fluorescence with tissue clearing on the developing
mouse heart

(A and B) Immunohistochemistry combined with BABB on ED 9.5 mouse embryo, smooth muscle actin antibody (SMA) in
red labeling the myocardium, CD31 (PECAM-1) in green staining the endocardium (B), and DAPI nuclear staining (not very
distinct at this low magnification) in blue.

(C and D) Preservation of natural GFP fluorescence with CUBIC tissue clearing on ED 10.5 (C) and ED 14.5 (D) in mouse
Connexin 40 - GFP (Cx40-GFP) embryo hearts with superimposed autofluorescence in red. Ventricular trabeculae and
atria are positive for Cx40 at these stages. Autofluorescent blood is present in the ventricles (C). Allimages were captured
with confocal microscopy. Scale bar represents 100 um in all figures.

TISSUE CLEARING AND PRESERVING THE NUCLEI STAINING (DAPI/HOECHST)
FLUORESCENCE

Nuclei staining and visualization are important parts of tissue imaging and heart imaging. Like with other
visualization methods only some tissue clearing techniques are compatible with nuclear staining. However,
little is published on this topic and most of the published studies worked with DAPI or Hoechst nuclear
staining, while a study focusing on compatibility of the fluorescence from far red staining TOPRO and
DRAQS5, or any other nuclear staining, with optical clearing is missing.

The combination of DAPI (4,6-diamidino-2-phenylindole) and a fluorescently labeled antibody is a power-
ful cytochemical strategy for concurrent visualization of DNA and individual proteins in the cell (Kapuscin-
ski, 1995). DAPI could be used in quantification of nuclei in the heart tissue culture, in dissociated
cardiomyocytes, and other heart cells (Tarnowski et al., 1991). DAPI staining was successfully applied in
whole-mount heart (Sandell et al., 2018; Xu et al., 2019b), for cardiomyocytes orientation (Lapierre-Landry
et al., 2020) or DNA content or ploidy. However, fluorescence in DAPI is very easy to damage by breaking its
binding bonds and thus decreasing the signal-to-background ratio (SBR). Therefore, not every clearing
method is compatible with DAPI.

Generally, the fluorescence preservation of solvent-based methods is limited owing to harsh dehydration
or delipidation, while the aqueous clearing methods have been developed for the purpose of better
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fluorescence preservation. By comparing several clearing methods, such as CUBIC or SCALE (Xu et al.,
2019b), the most suitable methods for clearing DAPI-labeled samples while still maintaining a strong
SBR appear to be SeeDB (Ke et al., 2013) and SCALE on brain tissue. SeeDB and SCALE maintain an
SBR between 68.3% and 68.7%, whereas other methods decrease the SBR to less than 50.0% or even
quench fluorescence more substantially, such as CUBIC or PACT (Xu et al., 2019b). However, the SeeDB
has not yet been tested in other organs, such as the heart, and we think that future testing would be
beneficial.

The presence of red blood cells, especially in non-mammalian model organism, where even mature red
blood cells remain nucleated, could make tissue clearing while preserving nuclei staining more difficult
in the heart. It is crucial to ensure complete washing off of the blood cells in the sample prior to cross-link-
ing with paraformaldehyde. This critical step must be done very carefully, because red blood cells lyse and
their accumulation and lysis may lead to hemoglobin polymerization and therefore to increased autofluor-
escence (Sung et al.,, 2016).

In addition to the mentioned methods, a recent protocol, SUT-CLARITY, has been designed specifically for
the adult mouse heart, and therefore, it also preserves the tissue for DAPI staining and immunohistochem-
istry (Wang et al.,, 2018). The SUT-CLARITY could also be used for coronary vascularization imaging in
different kind of mammalian hearts, such as in mice or rats (Wang et al., 2018). Overall, the SUT-CLARITY
is a very promising method, and it should be tested not only in adult vertebrate hearts but also in embryonic
hearts during development (summarized in Figure 1).

TISSUE CLEARING AND HEART AND VESSEL IMMUNOLABELING

Visualization of various proteins within whole-mount immunohistochemistry is another well-known and
well-established method used in biology. Tissue clearing can be combined with various labeling tech-
niques such as fluorescent immunohistochemistry and in situ hybridization (Tainaka et al., 2016). One of
the disadvantages of these techniques might be the insufficient antibody (or probe) tissue penetration dur-
ing the whole mount staining protocol and therefore limited imaging in depths.

Compared with preserving natural fluorescence (GFP), immunohistochemistry on heart tissue is compatible
with a broader array of tissue clearing techniques and especially with many hydrophobic tissue clearing
methods. From the hydrophobic tissue clearing methods, clearing with BABB (benzyl-alcohol:benzyl-ben-
zoate) was successfully used in tissue clearing of endocardial painting with fluorescently labeled poly-L-
lysine for the purpose of screening for congenital heart defects (Miller et al., 2005). Similarly, lvins et al.,
2016 used BABB for clearing whole-mount heart samples of coronary vasculature labeled with endothelial
marker CD31 in mouse. BABB was found to preserve the fluorescent signal in hearts for several weeks
without loss of the signal (lvins et al., 2016). Figures 2A and 2B illustrate the compatibility of BABB tissue
clearing with immunohistochemistry for CD31 vascular and endocardial marker and SMA (smooth muscle
actin) in early embryonic hearts (Vrbacky et al., 2016)

Organic solvent (hydrophobic) tissue clearing methods were adapted to fit the needs of immunohisto-
chemical staining. The 3DISCO was used to image the whole mount of early human embryo, to build a
3D atlas of human development. Embryos were stained with various antibodies to visualize the coronary
vasculature, cardiac nerves, and other heart structures (Belle et al., 2017). The iDISCO+ was successfully
used not only for whole-mount immunohistochemistry but also for assessment of the transcriptional pro-
files from the mouse cardiac conduction system using fluorescence RNA in situ hybridization (Goodyer
et al., 2019).

Another family of tissue clearing methods that enables immunohistochemical staining and in situ hybridi-
zation includes CLARITY and its modifications (Chung et al., 2013; Tomer et al., 2014). An updated method,
SUT, was developed and successfully used for clearing adult mouse cardiac tissue stained immunohisto-
chemically with several cardiac markers (Cardiac Troponin |, Alpha Tubulin, Collagen |, Vimentin, and Actin)
to produce a 3D reconstruction model of their expression (Wang et al., 2018). Many authors working on car-
diactissues encountered the problem of slow or insufficient antibody diffusion into the dense cardiac tissue
during immunohistochemical staining. Therefore, Wang et al. (2018) developed EAL (electrophoretic anti-
body labeling) that can be used to achieve faster antibody labeling by electric force, which significantly re-
duces antibody incubation time from days to hours and can be combined with SUT clearing. Compared

8 iScience 24, 102387, April 23, 2021

iScience



iScience

with the PACT reagent (passive CLARITY), SUT can achieve higher transparency and less protein loss. The
electrophoretic field was also used on other tissues, resulting in faster clearing and enhanced antibody
staining (Kim et al., 2015). Besides using electrophoretic fields the antibody penetration can be enhanced
by applying pressure as in ACT-PRESTO (Active Clarity Technique Pressure Related Efficient and Stable
Transfer of macromolecules into Organs technique; Lee et al., 2016). This method with increased pressure
shortens the tissue clearing time and improves immunolabeling and preserves at the same time endoge-
nous fluorescent proteins. These methods apply an electrophoretic field or increased pressure, which also
improves the antibody penetration and staining, so important in whole-mount heart labeling (summarized
in Figure 1).

MYOCARDIUM VISUALIZATION WITH AUTOFLUORESCENCE AND TISSUE CLEARING

Unlike other organs, heart tissue contains highly autofluorescent myocardium. Myocardial autofluores-
cence is often used to visualize the whole heart anatomy, shape, and anomalies (Ding et al., 2018). The
myocardium is highly autofluorescent owing to sarcomeric proteins and myoglobin, which have a tetrapyrol
in the heme. Myocardial autofluorescence can be useful to visualize cardiomyocyte orientation at various
depths of the heart. Combined with tissue clearing method it enables 3D reconstruction and orientation
analysis of myocardial fibers orientation in the whole heart. This makes tissue autofluorescence an acces-
sible and noninvasive tool for characterization of cardiomyocytes architecture (Lee et al., 2018).

The naturally high level of autofluorescence in the myocardium is usually considered a disadvantage of cardiac
tissue as it may compete with fluorescence from immunohistochemistry in whole-mount specimens. To prevent
obscuring of signal with tissue autofluorescence, spectral shift can be applied. Fluorescent signal from the blue/
green channel can be moved to the red/far-red region of the spectrum, where myocardium autofluorescence is
lower (e.g., GFP can be visualized with antibody staining detected with Cy5 fluorescence) and therefore the
signal becomes more prominent. The blue/green region of the spectrum may then be used for anatomical anno-
tation using autofluorescence (Miller et al., 2005). For many applications that are based on expressing fluorescent
proteins (particularly GFP), antibody amplification and spectral shifting of the signal may be critical for obtaining
good results (Buffinton et al., 2013). However, Figure 4 illustrates that visualization of superficial structures, such
as the heart conduction system on the inner surface of ventricle, is not obscured by high myocardial autofluor-
escence and they can be visualized without spectral shift. GFP is visualized in green channel and autofluores-
cence in red channel to illustrate the anatomical context.

Other highly fluorescent structures are red blood cells. Red blood cells autofluorescence can be reduced
by using tissue clearing protocols that clear hemoglobin, such as CUBIC (Kolesova et al., 2016). CUBIC was
also reported to clear the hemoglobin from cardiac tissue; however, it is recommended to wash blood from
the heart prior to fixation as decolorization of heme using aminoalcohol treatment reduced YFP fluores-
cencein heart samples (Sung et al., 2016). Therefore, hemoglobin tissue clearing methods not only improve
transparency of the tissue but also limit blood autofluorescence.

Red blood cells autofluorescence can help to generally locate the main coronary vessels (especially veins)
as the blood cells usually remain in the venous system. This can be used for the purpose of imaging
museum samples, for example (Sedmera et al., 2003), where immunohistochemistry staining is not
possible. Similarly, in medium-sized vessels autofluorescence permits distinguishing veins from arteries
as blood remains predominantly in the venous system (authors’ observations).

PERFUSION METHODS FOR HEART VESSEL IMAGING AND TISSUE CLEARING

The heart is a complex organ, and therefore it is supplied by a rich vascular network as illustrated in Figures
3A and 3C, where embryonic coronary vasculature was injected with contrast fluorescent dye. The vascu-
lature of the heart is commonly imaged with tools like those used to visualize vasculature in other organs.
Coronary vasculature can be visualized with immunohistochemistry using various endothelial (CD31 in
mouse [Cavallero et al., 2015]; QH1 in quail [Kattan et al., 2004]) smooth muscle markers (SMA, smooth mus-
cle actin), as reviewed in Sharma et al. (2017). Alternatively, one can use various mouse strains expressing
fluorescent protein with these markers, reviewed in Red-Horse et al. (2010). Figure 2B illustrates the expres-
sion of CD31 in heart endocardium. An interesting method of vasculature visualization, which was success-
fully used within cardiac muscle WGA (wheat germ agglutinin) lectin staining. WGA binds to all plasma
membranes, but as endothelial cells are much thinner and smaller than cardiomyocytes, membranous
staining is more intense in coronary vasculature. In addition, it binds strongly to the extracellular matrix,
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Figure 3. Coronary vasculature visualization in the developing hearts

(A) Vasculature was injected with Dil in a quail ED9 embryo.

(B) Coronary arteries were visualized on heart surface of an ED18.5 Cx40-GFP mouse embryo cleared with CUBIC. Imaged
on a confocal microscope.

(C) Analysis of the Dil injected heart with coronary vessels pseudocolored to indicate depth within the ventricular wall,
ED13 quail embryo.

(D) Juvenile mouse heart with coronary vasculature injected with Microfil and main coronary arteries indicated with color:
Right coronary artery (orange) and its branch, septal artery (red), and left coronary artery (yellow). Imaged on a micro-CT

scanner.

highlighting the arterial adventitia and regions of perivascular fibrosis in the heart. This method was suc-
cessfully used for cardiac vessels quantification and analysis (Bensley et al., 2016).

Besides these common methods, another advantage of the vasculature is that it can be injected with
various substances to facilitate viewing. First, vasculature was imaged based on vessel perfusion by a
contrast agent observable in visible spectrum. For example, valve morphogenesis as well as inadequate
coronary tree development under hypoxic condition was studied using india ink (Hu et al., 2009; Nanka
et al., 2008; Wang et al., 2009). Even though tissue clearing was not applied to these samples, we showed
that clearing of india ink-injected hearts should improve image quality in a bright field microscopy (Kole-
sova et al., 2018). Another possibility is using latex/carbon black or perfusion gelatin mixed with various
dyes to identify the vessels (Hasan et al., 2012; Maeda et al., 1998).

Vasculature also can be visualized by injection of various lectins (specific carbohydrate-binding proteins)
that are fluorescently labeled. Lectins are species specific and are used mainly to study avian vascular
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development (as the chicken embryos are lacking the endothelial marker such as PECAM-1 found in the
mouse or QH1 marker in quail). These have been applied in numerous studies of the vasculature (increased
permeability, vascular subtype identification, etc.) and were summarized by Jilani and colleagues (Jilani
et al., 2003). Visualization and imaging of the lectins is more vessels specific, if lectins are injected into
the vasculature. Intravascular lectin injection make lectins binding more vessel specific compared to their
application on histological sections (Jilani et al., 2003).

When combined with the clearing methods, the 3D vascular network can be imaged in detail. After 3DISCO
clearing single endothelial cell integration into capillaries in the spheroid-based matrigel plug assay was
measured using ultramicroscopy (Epah et al., 2018). Tissue clearing also enables vessels imaging deeper
into organs. Study of brain microvasculature showed that after intravenous lectin *°*™*-FITC injection mi-
crovessels down to a depth of 2 mm after CLARITY optical clearing (Lagerweij et al., 2017) could be imaged.
Using CLARITY in this study lead to a tissue expansion of approximately 1.59x of the original tissue diam-
eters, whereas the iDISCO procedure resulted in shrinkage of approximately 0.7x. In addition, authors
stated that, in iDISCO processed samples, the CD31 staining was hampered by a low signal-to-noise ratio
(Lugo-Hernandez et al., 2017; Qi et al., 2019).

Other methods that can be applied to various species heart studies is the injection of fluorescently labeled
dextran. This approach was used for imaging heart and vessel development in various species. To image
mouse vessel fluorescein isothiocyanate (FITC)-conjugated dextran was successfully combined with BABB
(Bryson et al., 2011). Using tetramethylrhodamine-dextran injection, the mechanical stability of the devel-
oping perlecan-deficient mouse hearts was analyzed (Sasse et al., 2008). Furthermore, fluorescently labeled
dextran proved its compatibility with intravital cardiovascular imaging in zebrafish (Sarkar and Schmued,
2012; Zhang et al., 2002). These studies showed that, solvent-based methods such as BABB and DISCO,
and CLARITY clearing are suitable for heart vasculature studies and compatible with antibody labeling, lec-
tins or dextran labeling.

Other methods of vasculature visualization use well-known fluorescent dye such as long-chain carbocya-
nine dyes (Dil, DiO, DiD, and DiD) commonly used for membrane staining. These lipophilic substances
show intense fluorescence when incorporated into cell membranes. Their intense fluorescence with little
bleaching when exposed to the excitation light make carbocyanines a powerful tool for vessel visualization
(Honig and Hume 1989). Carbocyanines can be successfully combined with various tissue clearing methods
(Carrillo et al., 2018; Hou et al., 2015; Jensen and Berg, 2016; Lapierre-Landry et al., 2020) (Figures 3A and
3Q).

A common use of carbocyanine dyes is for in vivo cell tracing by staining the cell membrane, as carbocya-
nines have low level of toxicity (Nagyova et al., 2014; Lankford et al., 2018). By labeling cell clusters with Dil
and DiO, the tissue dynamic during early heart tube formation was visualized, showing convergent exten-
sion as a key mechanism in the heart tube elongation (Kidokoro et al., 2018).

Dil labeling also found its application in studies of vasculature development. Direct Dil perfusion has been
described by Li et al. (2008) to incorporate the dye to the endothelial cell membranes and thus rapidly and
reliably visualize the inner surface of the vasculature of a hollow organ such as the eye. However, the ma-
jority of publications using Dil to visualize vessels did not use any tissue clearing method (Nagyova et al.,
2014; Lankford et al., 2018). Recently, Dil was used to visualize coronary microvasculature and to quantify
vessel density and orientation even in whole ventricles of middle gestational age quail hearts. Moreover, in
combination with nuclear staining of cardiomyocytes (with DAPI), the mutual cardiomyocyte and coronary
microvasculature orientation and alignment was assessed and quantified (Lapierre-Landry et al., 2020).
Moreover, not only the vessels could be determined by Dil perfusion, but also lateral diffusion helps to stain
membrane structures that are not in direct contact with the Dil solution and with vessel structures with min-
imal or no lumen. Thus the angiogenic sprouts and pseudopodial processes of angiogenic endothelial cells
could be imaged as well (Li et al., 2008).

The advantage of Dil labeling lies in its compatibility with other labeling methods. Dil vessels visualization
can be combined with DAPI nuclear staining (Lapierre-Landry et al., 2020) as well as with subsequent immu-
nohistochemical analysis such as fluorescence in situ hybridization or electron microscopy (Li et al., 2008).
One drawback we found is that Dil fluorescence is so intense that it may be excited by other wavelengths
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and bleed into many channels, which limits observations of the other fluorophore staining. In addition to
other carbocyanines, DiR might be useful for in vivo imaging and tracing owing to the effective transmission
of infrared light through cells and tissues and low level of autofluorescence in the infrared range (Lankford
et al., 2018).

In addition to the above-mentioned approaches based on vessel endothelial cells labeling, the gelatin hy-
drogel containing FITC-conjugated albumin method stains the entire blood vessel (Di Giovanna et al.,
2018; Lugo-Hernandez et al., 2017). The high molecular weight of albumin prevents the marker from
crossing blood vessel walls, which ensures the confinement of the fluorescent signal within the blood ves-
sels. Since the fluorescent marker and the gel comprise proteins, they are both retained in the hydrogel
matrix during the procedure. In comparison with lectin-FITC endothelial labeling, staining of the blood
vessel lumen improved the signal-to-noise ratio and provided clear demarcation of blood vessels imaged
by light-sheet fluorescence microscopy (LSFM). This approach in combination with LSFM and CLARITY
clearing allowed whole mouse brain vasculature reconstruction down to the capillary level (Di Giovanna
et al., 2018). In combination with another clearing procedure, 3DISCO, it enabled detailed analysis of mi-
crovessels in the whole ischemic mouse brain (Lugo-Hernandez et al., 2017).

OTHER PERFUSION METHODS FOR HEART VESSEL IMAGING WITH NO NEED OF TISSUE
CLEARING

Tissue clearing is the method necessary for imaging in the visible spectrum, as the tissue has to be trans-
parent for visible light. However, biological tissue including the heart can be visualized in other wave-
lengths. A commonly used method in heart visualization is whole-mount imaging with X-rays using a
micro-CT scanner. Recent advantages in imaging and enormous improvement in resolution have made mi-
cro-CT suitable to visualize in great details even the tiny embryonic hearts. As micro-CT can image whole-
organ morphology, it is commonly used to study pathological phenotypes and gene mutations involved in
the cardiovascular development, like persistent truncus arteriosus and aberrant origins of the coronary ar-
teries (Degenhardt Karl et al., 2010; Ermakova et al., 2018).

Micro-CT is of limited value in imaging of the cardiac vasculature as there is an insufficient contrast in tissue
saturation between vessels and the surrounding tissue. However, these limits can be overcome by injecting
contrast agents into the coronary vasculature. The most commonly used injecting media, which are visible
in micro-CT imaging, are hydrophobic plastic resins such as Microfil (Microfil, Flow Tech, Carver, MA), PU4ii
(vasQtec, Zurich, Switzerland), mAngiofil (Fumedica AG, Muri, Switzerland), and XlinCA (University of Zur-
ich, Switzerland) (Bohuslavova et al., 2019; Ghanavati et al., 2014; Le et al., 2020; Schaad et al., 2017). Fig-
ure 3D shows a juvenile heart injected with Microfil and imaged on micro-CT. A novel method was recently
developed with cross-linkable polymeric contrast agent called XIlinCA, which combines the reliable perfu-
sion of the hydrophilic angiography contrast agents with the permanent retention and contrast of the hy-
drophobic vascular casting resins. Good water solubility and sufficient viscosity ensure homogeneous
filling without the contrast agent escaping out of the vasculature (Le et al., 2020).

With transcardially injected contrast agent (in vivo), the vasculature of the entire animal can be visualized
and the vasculature the various organs (heart, brain, pancreas, even placenta) can be analyzed. However,
the organ is typically excised and ex vivo perfused (Bohuslavova et al., 2019; Junaid et al., 2017; Schambach
etal., 2010; Zagorchev et al., 2010). Micro-CT and vascular casting were successfully used to measure volu-
metric parameters of cardiac development, aortic arch morphogenesis, and outflow tract as well as atrio-
ventricular valve formation (Bharadwaj et al., 2012; Butcher et al., 2007; Hu et al., 2009; Wang et al., 2009;
Yalcin etal., 2011). Detailed analysis (down to 4 um) of the development of the aberrant vascular system can
be performed (Bohuslavova et al., 2019; Le et al., 2020). Pathologies found using this approach included
abnormal coronary artery origin and branching caused by impaired Hif-1a signaling, coronary vasculature
defects in the time-restricted Fog2 knockout, or defect vascular patterning due to affected Notch signaling
(Proweller et al., 2007; Bohuslavova et al., 2019; Zhou at al. 2009).

Injected resins do not contain larger particles, and together with the high-resolution modality of micro-CT,
the vasculature could be tracked down to the level of capillaries (Schiirmann et al., 2015). Moreover, it was
applied to study mechanisms of collateral vessel growth (He et al., 2016; Zhang et al., 2019). Moreover, the
technical challenges such as timely restricted polymerization and the necessity for adequate perfusion
pressure make study at the level of capillaries using micro-CT quite challenging (Le et al., 2020).
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Considering developmental studies, imaging of neonatal and embryonic vascular network could be limited
owing to the fragility of the immature vessel wall and its intolerance of high perfusion pressure.

It should be noted that a limitation of all the above perfusion techniques is that they cannot differentiate
between arterial and venous parts of the vascular system. Differentiation is possible only if the vessels seg-
mentation is done manually based on the course of the vessel. For better differentiation of arteries and
veins, the techniques need to be followed up with detecting specific markers. Even without artery/vein
distinction, 3D high resolution reconstruction of all mentioned perfusion techniques provides important
spatial visualization and allows precise analysis of vessel density and arrangement.

TISSUE CLEARING, TISSUE SIZE CHANGES, AND EXPANSION MICROSCOPY

Various tissue clearing techniques either expand or shrink the heart tissue (Kolesova et al., 2016) depending
on the reagent compositions and clearing mechanism as well as on the characteristics of the tissue or or-
gan. The changes in sample size can sometimes be advantageous; for example, shrinking associated with
most dehydration-based protocols allows use of higher-power objectives with correspondingly higher nu-
merical aperture, improving the Z-resolution. Most tissue clearing methods claim isotropic shrinkage or
expansion; hence, linear size deformation is used to calibrate samples. However, further detailed work
to determine if the expansion/shrinkage is indeed isotropic is required (Xu et al., 2019b). On the other
hand, more elaborate tissue expansion techniques were developed, based on tissue expansion during tis-
sue clearing, and enabled study of tissues in greater detail using regular imaging methods.

Expansion microscopy (ExM) (Chen et al., 2015) is a novel, fluorescence imaging technique, which allows 3D
nanoscale imaging of specimens on a conventional fluorescence microscope (Faulkner et al., 2020). This
unique technique physically expands preserved cells and tissues, mostly brain, isotropically via a chemical
process, so that 3D nanoscale resolution imaging of specimens becomes possible on common, fast,
diffraction-limited microscopes (Alon et al., 2019; Chen et al., 2015; Gao et al., 2017; Murakami et al.,
2018). In expansion microscopy, hydrogel embedding is performed with a polyelectrolyte gel of cross-
linked sodium polyacrylate, which swells substantially when exposed to water (Alon et al., 2019) to physi-
cally magnify the specimen >100-fold in volume (Gao et al., 2017). The ExM techniques are conducted
mainly with slices approximately 50-200 um thick (Tillberg et al., 2016; Wassie et al., 2019) as well as with
tissue culture (Chen et al.,, 2015) or single cell observation (Alon et al., 2019; Chen et al., 2015; Gao
etal, 2017; Murakami et al., 2018). Yet, as a result, ExM is suited for rapid super-resolution imaging in cells,
and also it has now been validated across a range of cell and tissue types and even whole organs, such as
the brain (Migliori et al., 2018; Tillberg et al., 2016), pancreas, spleen, and lung (Wassie et al., 2019), and
larval zebrafish (Freifeld et al., 2017). Clearing methods, which go hand in hand with ExM, are CUBIC
and CLARITY (Freifeld et al., 2017; Wassie et al., 2019).

In the heart, just a few pilot studies exist on expansion microscopy in comparison with other organs such as
the brain. However, there are several experiments with heart tissue slices for studying the vasculature and
coronary vessels (Yokoyama et al.,, 2017) and also for observing whole-mount heart vasculature (Nehrhoff
et al., 2016), which broaden the knowledge of the heart itself even at the nanoscale level.

Moreover, ExM could be combined with other super-resolution techniques including structured illumina-
tion microscopy (SIM) (Halpern et al., 2017), stimulated emission depletion (STED) microscopy (Gao et al.,
2018), and stochastic optical reconstruction microscopy (STORM) (Xu et al., 2019a). This method could
allow more detailed observations of the different kinds of nanostructures, e.g., kinetochore structures in
cells undergoing mitosis (Chozinski et al., 2016) or transverse filaments spanning sister chromatids (Cahoon
etal., 2017). Cahoon et al. (2017) were even able to map how different proteins dimerize and interact with
one another, by labeling different proteins in different locations and then performing expansion micro-
scopy. Moreover, DNA and RNA could be observed and visualized via ExM as well (Chen et al., 2016). These
studies show expansion microscopy as a powerful tool for higher-resolution microscopy and therefore
gaining new information. Its impact in the field of heart and vasculature studies is promising.

Although ExM provides us more resolution, the tissue shrinkage (Pan et al., 2016) should decrease sample
size to enable fitting the sample into small imaging chambers of the microscopes and to reduce the disad-
vantage of short working distances of the high numerical aperture objective lenses. Hence sample

¢? CellPress

OPEN ACCESS

iScience 24, 102387, April 23, 2021 13




¢? CellPress

OPEN ACCESS

shrinkage is beneficial for imaging large-volume samples in the whole-mount setting such as with light
sheet microscopy (Xu et al., 2019b).

Intentional tissue shrinkage has not yet been performed on heart and vasculature studies, even though the
heart is a good candidate organ for tissue shrinkage. uDISCO tissue clearing (Pan et al., 2016) resulted in
high-quality images; however, shrinkage allows imaging of 2x to 3x larger volumes in the same setup
without apparent loss of resolution. These new methods developed from tissue clearing will enable the
collection of new information in the field of normal and abnormal heart and vasculature development as
well as in studying pathologies that are applicable to human cardiovascular medicine.

LIVE IMAGING OF TRANSPARENT TISSUES IN CARDIOVASCULAR DEVELOPMENT

Some of the developmental biology model species and methods are already transparent enough to enable
direct observation without tissue clearing. Here, we would like to briefly summarize these models and
methods and their impact on the study of heart and vasculature development. The great advantage of
these vertebrate models is that direct in vivo observations of developmental processes can be made
and captured.

Live imaging is the study of living cells using time-lapse microscopy. It is used for obtaining a better under-
standing of biological function through the study of cellular dynamics (Cooper and Bakal, 2017). It requires
simultaneous incubation of cells in stress-free conditions while imaging is being performed. There are
several factors that must be considered when choosing imaging conditions such as phototoxicity, photo-
bleaching, and tracking ease. These are all related to imaging frequency and illumination intensity (Ste-
phens and Allan, 2003). However, live imaging is a promising method in heart morphogenesis studies.

The ideal model for using live imaging protocols is zebrafish, commonly used for studying cardiac morpho-
genesis as well as hemodynamics (Boselli and Vermot, 2016; Forouhar et al., 2006; Mellman et al., 2012,
Tayloretal., 2019; Truong et al.,, 2011). The zebrafish eggs are externally fertilized; embryos are nearly trans-
parent, providing optical access to the earliest stages of cardiogenesis (Stainier et al., 1996); and many
GFP-labeled transgenic strains have been derived (D'Amico et al., 2007; Lawson and Weinstein, 2002,
Nguyen et al., 2008). In using high-speed microscopy, optical sections through 26-h postfertilization Tg(ga-
tal:GFP) zebrafish hearts expressing GFP in blood cells, endocardium, and myocardium could be recon-
structed into four-dimensional datasets (Liebling et al., 2005). There are many useful zebrafish mutations,
which could be used as models for studying heart morphogenesis, e.g., Tg(flk1:EGFP) (Beis et al., 2005),
Tg(gatal:dsRed) (Traver et al., 2003), Tg(myl7:HRASEGFP) (D'Amico et al., 2007), Tg(gatal:GFP), or
Tg(cmlc2:GFP). Life imaging of heart tube formation and contribution of primary and secondary heart field
was published by Ivanovitch et al. (2017).

Other vertebrate models that are transparent and can be used for in vivo analysis are adult Medaka fish.
Also, early avian embryos are transparent and can be used for in ovo imaging of early heart and vasculature
development (Lansford and Rugonyi, 2020). However, the number of genetically modified (GFP) lines is
limited in avians (Chapman et al., 2005). Also tissue cultures are transparent enough to permit in vivo im-
aging, i.e., mouse tissue cultures (Yue et al., 2020).

Invivoimaging is a powerful tool to study hemodynamics of the embryonic heart (Forouhar et al., 2006), and
improvements of microscopical techniques are bringing higher resolution and imaging depth to live imag-
ing of transparent model organisms or tissue culture.

Recently, developing mouse heart was successfully live imaged with vertical LSFM while growing in culture.
Cardiomyocyte nuclei were imaged and then traced during their further development. This demanding
method enabled the reconstruction of migration and orientation of cell division in various cell populations
of the developing heart (Yue et al., 2020).

TISSUE CLEARING AND MICROSCOPIC METHODS FOR EMBRYONIC HEART AND VESSEL
IMAGING

Optical microscopy is a widely used tool for non-destructive and minimally invasive observations of exper-
imental structures. Fluorescence microscopy allows the detection of structures based on immunolabeling
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or genetic targeting by fluorophores. Although various optical microscopic methods enable 3D reconstruc-
tion, the requirement for high degree of transparency is usually provided by tissue clearing.

Single-photon confocal laser scanning laser microscopy (CLSM) is a well-established method in embry-
ology allowing detailed observation of surface as well as deep structures with the possibility of subsequent
3D reconstruction. Using CLSM, the role of genetic mutations, epigenetic factors, as well as cell-cell inter-
actions in cardiovascular development could be studied. To improve the depth of imaging, various clearing
protocols, such as BABB, CUBIC, CLARITY, SCALE, have been used (Bryson et al., 2011; Kolesova et al.,
2016; Zhao et al., 2015). However, owing to limited field of view, it is not suitable for detailed imaging of
large heart structures. Imaging depth and clarity can be further improved by two-photon excitation (Miller
et al., 2005). Unlike one-photon microscopy, in two-photon laser scanning microscopy two photons are ab-
sorbed by the label at virtually the same instant. It also uses longer-wavelength photons, which are lower
energy and penetrate more deeply, creating less tissue damage while imaging farther into the sample (Wu
et al., 2017). These properties overcome other limitations of conventional single-photon imaging modal-
ities, such as image blurriness due to out-of-focus fluorescence, relatively limited penetration depth,
phototoxicity, photoactivation, and photobleaching (Cahalan et al., 2002; van Zandvoort et al., 2004).
Moreover, TPLSM provides a combination of high resolution and high penetration depth modality with
the possibility of intravital imaging (Wu et al., 2017).

Optical projection tomography (OPT) is an optical imaging technique that measures the 3D distribution of
the absorption of the fluorochromes (Sharpe et al., 2002). In cardiovascular studies, OPT was successfully
used in combination with BABB clearing to quantify infarction size in adult mouse hearts (Zhao et al,,
2015). It was also used for 3D imaging of embryonic working as well as conduction myocardium develop-
ment (Kolesova et al., 2016). Using a mouse model expressing Cx40:GFP and CUBIC the embryonic coro-
nary tree was successfully reconstructed (Kolesova et al., 2016). Compared with single-photon confocal
microscopy OPT allows acquisition of data with proper morphological and spatial information of whole
specimens, up to several millimeters in diameter and thus making it possible to resolve macroscopic
anatomical structures (Kolesova et al., 2016). In contrast, the resolution of confocal microscope is much
higher (up to 200 nm/pixel), which provides high-resolution insight into subtle structures of specimens,
albeit in a more restricted field of view (Kolesova et al., 2016).

3D light sheet fluorescence microscopy (LSFM) of labeled cells uses plane illumination of the sample and
detects the fluorescence perpendicular to the illumination axis (Epah et al., 2018). Various clearing proced-
ures such as 3DISCO (3D imaging of solvent-cleared organs), iDISCO, uDISCO (ultimate 3DISCO), BABB,
Ethanol-ECi (ethyl cinnamate), or CUBIC (Erturk et al., 2012; Renier et al., 2016; Pan et al., 2016; Schwarz
etal., 2015; Klingberg et al., 2017; Nojima et al., 2017) are compatible with LSFM. A recently published re-
view by Ueda et al. (2020) discussed the importance of LSFM imaging for brain and large samples imaging,
which enables acquisition of large volumes in real time. LSFM has not been used for imaging of developing
heart as intensively as for brain, but clearly imaging heart by LSFM will be beneficial as is the case for brain
tissue. After tissue clearing LSFM was successfully used for ex vivo vasculature imaging in embryos (Lowe
et al., 2015) with limited application in the adult tissue (Epah et al., 2018; Erturk et al., 2012; Lowe et al.,
2015). Moreover, LSFM has also been described to image intravital angiogenesis in translucent animals
like zebrafish larvae expressing protein-based fluorescent molecules (Fei et al., 2016; Kugler et al., 2019).

Epah at al. (2018) tested ultramicroscopy and micro-CT modality for vascular imaging. Ultramicroscopy is
the method of virtual sectioning of the sample on the light-sheet microscope, used to achieve high-reso-
lution images. They showed that, although ultramicroscopy is ideal for imaging and especially quantifying
capillary networks and arterioles, larger vascular structures are easier and faster to quantify and visualize
using micro-CT (Epah et al., 2018). Moreover, ultramicroscopy has been reported to achieve resolution suf-
ficient for visualization of single endothelial cell integration into capillaries in the spheroid-based Matrigel
plug assay (Epah et al., 2018).

Another cardiovascular imaging method is optical coherence tomography (OCT). Although OCT could be used
for vascular imaging of embryonic tissue, the major disadvantage represents the limited depth of penetration,
which allows analysis only of a relatively small part of the tissue. This importantly limits 3D vascular imaging. This
obstacle could be overcome by improving tissue transparency through optical clearing methods bringing the
advantages of a larger visualized area and microvascular mapping in large tissue volumes. Two recent studies
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described such protocols. The first one combined a novel OCT contrast agent with clearing method using a
modified Scale/CUBIC-1 solution (Liu et al., 2019). The strong OCT signal was ensured by filling the vasculature
with a specialized OCT contrast agent, while its leakage was prevented by rapid cross-linking (Liu et al., 2019).
Using this method, microvascular abnormalities (chaotic alignment, reduced vessel density) have been demon-
strated in quail embryo heart model of fetal alcohol syndrome (Liu et al., 2019). Furthermore, not only heart
vasculature density but also differences in local tortuosity in the quail heart after ethanol exposure have been
demonstrated (Liu et al., 2019). The second protocol used OCT and OCT angiography in optically cleared
(BABB) murine embryos (Choi et al., 2020). This study confirmed that OCT is a feasible, rapid, and high-quality
tool for phenotyping transgenic mouse embryos.

Besides the above-mentioned methods, further intravital methods, but used without tissue clearing,
include micro magnetic resonance angiography or recently developed photoacoustic tomography
(PAT). PAT works on laser pulse-induced ultrasound signals through the photoacoustic effect. As hemoglo-
bin provides the strongest photoacoustic signal for imaging in the visible and near-infrared regions, PAT
should be ideal for high-resolution in vivo imaging of vasculature (Shan et al., 2020). Since the reported
depth of imaging is up to 4 cm, even deeper vessels in the embryo could be easily visualized (Wang
et al., 2016). Thus, PAT allowed measurements of a rapid decrease in vessel diameter and density in the
murine fetal brain within minutes after maternal ethanol consumption (Shan et al., 2020).

Another challenge in imaging of cardiovascular system is visualization of its development in 3D. This is particularly
true for the delicate structures that are difficult to distinguish based on simple observation, such as cardiac con-
duction system (CCS). The facts that the CCS myocardium shares similar morphology as the working ones and
represents a rapidly developing structure make its differentiation particularly challenging. Various markers
were established to better understand its growth (reviewed by van Eif et al., 2018). The first attempts of 3D recon-
struction of the developing CCS were based on in situ hybridizations or immunohistochemistry on serial sections
(Aanhaanen et al., 2010; Jensen et al.,, 2012; Sizarov et al., 2011). However, the high number of images was
required for the 3D reconstruction and lower level of spatial resolution was achieved. To image the CCS subpop-
ulation within the heart with improved spatiotemporal resolution, advanced projection modalities in combination
with genetically targeted models and optical clearing techniques provided a new possibility. The contribution of
various cell lineages to the final CCS morphology was studied using genetic fate mapping (Choquet et al., 2020;
Mohan et al., 2018). Employing the model expressing Cx40:GFP, whole ventricular conduction system up to Pur-
kinje fibers was reconstructed in BABB cleared heart (Miquerol et al., 2010). To visualize the CCS myocardium in
specific developmental periods we compared various imaging modalities in the Cx40:GFP model. We showed
that OPT and SPIM enabled complete 3D images of the whole CUBIC cleared embryonic hearts up to late stages
and allowed a general overview of the developed CCS at the macroscopic level. CLSM combined with clearing
procedure preserving GFP (CUBIC, SCALE) enabled detailed analysis of the CCS at the cellular level.

Notes on specimen chambers for the heart imaging

Unlike the standardized specimen slides, imaging of larger 3D objects usually requires construction of a
specific chamber meeting the following criteria: (1) it must be large enough for mounting the specimen
and yet fit into the imaging instrument (typically a microscope stage). This is not trivial, as the objectives
with high numerical aperture required to obtain good z-resolution are typically of large diameter and
with short working distance (Figure 4A; (2) it must be resistant to the media used (e.g., BABB dissolves
some plastic and glues); (3) it must provide a clear illumination/imaging path, especially challenging for
techniques using different excitation and emission pathways such as SPIM or OPT; specialized optical
grade cuvettes and thin, transparent specimen tubes allowing for sample rotation in the media are pro-
vided by the manufactures (Walter et al., 2010), but the mounting and movements of the specimen in
the imaging media are not simple. The chamber design for confocal imaging including multiphoton is
dictated mainly by configuration of particular microscope (upright or inverted). Although dry or immersion
objectives can be successfully used on both (for the inverted microscope, glass bottom Petri dishes are rec-
ommended), the use of dipping lenses (for Scale or similar solutions) with high numerical aperture and
working distance is restricted to the upright systems (Figure 4B).

Our design for upright confocal microscope is based on a deep glass Petri dish filled with black silicone. For dry
lenses, we embed two pieces of glass tubing to provide a surface for mounting of coverslip; a schematic design
of this chamber was published previously (Miller et al., 2005). For dipping lenses, a dish with a large diameter and
depth is critical. For detailed imaging of adult and embryonic mouse and avian hearts we used the 25X,
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LV Purkinje fibers, 25x
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Figure 4. Workflow for 3D imaging in adult mouse heart

(A) Custom made imaging chamber with pinned embryonic heart for 2x lens imaging. Glass tubes border the chamber
and support the glass coverslip.

(B) Imaging of the heart on an upright confocal microscope with immersion objective lens 25%; the lens is immersed in a
chamber filled up with SCALE with the heart specimen pinned at the bottom.

(C) Field of view using 2x lens, allowing visualization of the entire mouse heart (postnatal day 30) without image stitching.
The highlighted region was imaged also by the 10X objective to obtain a high-resolution 3D dataset of the left bundle
branch. Cx40-GFP (green), tissue autofluorescence (red).

(D and E) Left ventricular lateral wall imaged with 4x dry lens for overview of the Purkinje network on Cx40-GFP mouse (D)
with one region (boxed area) imaged with 25x ScaleView lens (E).

Depth of imaging could be appreciated on orthogonal views below, allowing clear distinction between subendocardial
Purkinje fibers (solid bands) and more deeply located coronary artery branch (arrow) (F).

immersion, 1.0 NA ScaleView lens. In combination with standard 4x and 10x objectives these lenses enable
overview as well as detailed imaging of the heart (as illustrated in Figure 4, with an overview of the whole inter-
ventricular septum in Figure 4C and in a detailed view of Purkinje fibers in Figures 4D, E, F).

TISSUE CLEARING AND HEART AND VESSELS SEGMENTATION AND IMAGE ANALYSIS

Image analysis is the subsequent step after the tissue clearing and imaging. Tissue clearing significantly
simplifies image segmentation of the heart or the vessels in the process of the image analysis. In cleared

¢? CellPress

OPEN ACCESS

iScience 24, 102387, April 23, 2021 17




¢? CellPress

OPEN ACCESS

tissue locating and identifying (segmentation) of the heart parts and vessels can be done automatically by
thresholding, especially when heart or vasculature are visualized with a specific marker (e.g., Khoradmehr et
al., 2019; Lapierre-Landry et al., 2020). Image segmentation is used for 3D visualization and 3D animations
of heart. Visualization of the brain is on the top, with 3D brain atlas, rendered at a single-cell resolution
(Murakami et al., 2018). Developing human heart innervation was visualized in 3D by (Belle et al., 2017).

However, when the tissue clearing is not possible, the image segmentation techniques help to obtain high-
resolution images. In live heart imaging, especially using LSFM, segmentation methods are rapidly
advancing. In zebrafish embryos they were used to study volumetric changes and cardiac cycle and its
changes in pathological situation in vivo (Fei et al., 2016; Packard et al., 2017) and in cardiac zebrafish
regeneration (Baek et al., 2018). A special field of image segmentation is vasculature segmentation, where
vessels can be segmented and skeletonized and branching points established, and 3D vasculature network
can then be reconstructed (Park et al., 2015; Corliss et al., 2019; Kennel et al., 2018). As a next step, the
blood flow can be computed and modeled (Kennel et al., 2020).

Advances in light sheet imaging of the cardiac system and its analysis are summarized in the review by Ding
et al. (2018). In the last 2 years segmentation analysis made progress in applying Deep learning image anal-
ysis on LSCM-generated images (Ding et al., 2021). This technique was developed and applied to obtain
information about volumetric changes and cardiac function of zebrafish (Akerberg et al., 2019) and cardiac
architecture and mechanics (Ding et al., 2021). Deep learning was also successfully used on segmentation of
brain microvasculature and analysis of vessels density in various brain areas (Todorov et al., 2020) (Veith and
B Baker, 2020).

Rapid improvement is also seen in the field of cardiac surgery image segmentation, where Deep learning is
used for segmenting-identifying coronary architecture in CT coronary angiography (Xian et al., 2020; Yang
et al., 2019). Even before applying Deep learning methods, segmentation methods were used to identify
the main vessels and heart chambers when performing an open heart surgery (Al-Surmi et al., 2014; Ecabert
etal., 2011). Segmentation methods applied onto heart and coronary vasculature and its imaging methods
in patients are summarized in Chen et al. (2020).

On a smaller scale, the segmentation can be performed in 3D to recognize cells, or filamentous structures
as small vessels. On confocal microscope, the main limiting factor in image segmentation is the loss of the
signal with increasing depth in the sample, which can be improved by tissue clearing or by microscope
acquisition settings. Also, further image processing such as deconvolution can be applied (Li et al.,
2007). Vessels can be segmented (Cebasek et al., 2010) also on the whole embryonic heart and recon-
structed in 3D model of coronary vasculature (Lapierre-Landry et al., 2020). This reconstructed 3D model
of the vasculature can be further analyzed. Whole-embryo vascular network was recently segmented and
analyzed (Hahn et al., 2020). Embryonic trabecular network can be also segmented and reconstructed
(Olejnickova et al., 2018) and used for modeling of electrical impulse propagation.

Nuclei of the heart can be also segmented and analyzed. The overall orientation of the nuclei can be as-
sessed by Fourier transform to assess orientation of the myocardium in various depths and regions of
the ventricular wall (Lapierre-Landry et al., 2020). Alternatively, individual nuclei can be segmented (gradual
flow tracking method) for further analysis such as cell counting or measurements of percentages of cells
with certain specific markers (e.g., proliferation or apoptosis) (Li et al., 2007). Nuclei segmentation was per-
formed on quail hearts (Lapierre-Landry et al., 2020) as well as on zebrafish and Caenorhabditis elegans (Li
et al., 2007) with high accuracy.

From acquired 3D models, besides the various characteristics of myocardium or microvasculature orien-
tation, advanced analysis can be performed. Computational modeling has been used to compute the
blood flow within the vasculature, and data have been already published for brain (Blinder et al.,
2013; Kirst et al., 2020) and placenta (Plitman Mayo, 2018). In the brain, even the oxygen transport
was modeled (Gagnon et al., 2016). However, computing of the blood flow in developing coronary micro-
vasculature has not yet been performed. In computation of coronary microvasculature, the pattern of
vessels was analyzed post myocardial infarction and compared with normal microvasculature (Gkontra
et al., 2018). Recently the computational model for heart perfusion areas was published (Di Gregorio
et al., 2021).
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However, modeling in the heart focuses predominantly on modeling the ventricular contraction and its mo-
tion analysis, usually in adult patients using MRI (Creswell et al., 1992), CT, or ultrasonography and their
variations (Frangi et al., 2001; Park et al., 2015). Project of Cardiac atlas analyzed data from normal and path-
ological human hearts and modeled several heart parameters such as ejection fraction, diastolic volume,
sphericity, conicity, longitudinal shortening, and wall thickness (Fonseca et al., 2011). Image analysis and
computation are bringing the acquired data to a new level and enable to gain more and detailed informa-
tion about the heart and coronary vasculature.

CONCLUSION AND FUTURE DIRECTIONS AND PERSPECTIVES IN EMBRYONIC HEART
AND VASCULATURE TISSUE CLEARING AND IMAGING

Tissue clearing protocols have provided us with a plethora of new information, which would be hard to
obtain from serial sectioning approaches even with the use of the episcopic imaging (Weninger et al.,
2006). First, with proper execution of the clearing and imaging protocol, it results in faster data collection
without production of artifacts inherent to sectioning (compression) and their alignment and registrations.
This makes tracking of fine structures (e.g., blood vessels) much easier in 3D. A variety of developed ap-
proaches attests to the fact that there is no “gold standard” that would outperform all the alternatives.
Some techniques are more suitable for prenatal specimens, distinct by their higher water content, less pro-
nounced tissue autofluorescence and lower lipid concentration. Others (intravascular contrast injection) are
suitable for whole animal or whole organ imaging of the vasculature using both visible light and X-rays.
Again, the ability to obtain distortion-free images of the entire vascular bed presents a major advance in
comparison with the tedious and time-consuming 3D reconstruction of the vascular bed from serial
sections.

The necessity of future development of these strategies is obvious, as their advantages are clear and with
the biggest limitations being the expense of the instrument or limited availability. This is the case of multi-
photon imaging, which improves depth of imaging in all the confocal applications and significantly limits
photobleaching, making the working distance of the objective lens the major limitation. For clearing tech-
niques, increased popularity is evident in protocols that are faster, water based, using only non-toxic sub-
stances and resulting in minimal tissue volume changes. In developmental studies, emphasis is being put
on live imaging approaches that allow repeated imaging of the same specimen over time; for these pur-
poses, using very young stages or those with sufficient transparency (including specific mutations) is the
way forward. Translational potential is possible through the standardization of 3D clearing protocols
and adoption for human pathology samples, which can result in faster and more accurate diagnoses
(e.g., whole-mount imaging of lymph nodes, tumor vascularization, or definition of tumor border zone).

Future perspectives for tissue clearing of heart tissue are in steadily improving imaging, collection of large
datasets, and detailed data analysis. The heart would deserve similarly detailed imaging and analysis,
which is currently done for the brain. Future will be also in combination with other visualizing and analyzing
methods used on developing hearts, as physiological analysis of heart activation and conduction system
analyzed by optical mapping. Image analysis also could be combined with advanced mathematical
modeling, as in brain samples illustrated with blood flow modeling in brain capillaries (Kennel et al.,
2020; Perdikaris et al., 2016). For heart research the blood flow modeling in coronary vasculature would
move the field significantly.

Tissue clearing is the method that is opening the broad field of whole heart imaging and 3D analysis and
moving biological imaging to a new level.
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