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Stem cells have an important role in regenerative therapies, developmental biology
studies and drug screening. Basic and translational research in stem cell technology
needs more detailed imaging techniques. The possibility of cell-based therapeutic
strategies has been validated in the stem cell field over recent years, a more detailed
characterization of the properties of stem cells is needed for connectomics of large
assemblies and structural analyses of these cells. The aim of stem cell imaging is the
characterization of differentiation state, cellular function, purity and cell location. Recent
progress in stem cell imaging field has included ultrasound-based technique to study
living stem cells and florescence microscopy-based technique to investigate stem cell
three-dimensional (3D) structures. Here, we summarized the fundamental characteristics
of stem cells via 3D imaging methods and also discussed the emerging literatures on
3D imaging in stem cell research and the applications of both classical 2D imaging
techniques and 3D methods on stem cells biology.

Keywords: stem cell, tissue clearing, three-dimensional imaging, mesenchym stem cell, microscope

INTRODUCTION

Stem cells have greatly influenced our perspectives on mammalian development, disease and
medical therapy. Animal and human studies have begun to identify the remarkable potential of
stem cells for treating different diseases such as cancer (1), cardiac failure (2), diabetes mellitus
(3), azoospermia (4), liver disease (5), ischemic stroke (6), Huntington’s disease (HD) (7), and
Parkinson’s disease (PD) (8). They point toward the stem cells as a powerful source for cell
replacement, with control of proliferative and self-renewing to sustain organic equipoise in the
course of lifelong perturbations. Enormous advances have been made in assaying differentiation
of a stem cell into a specific cell type combined with immunophenotypic, morphological, and
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functional criteria. It is now well-understood that stem cells
are not a unitary type but contains three main types:
embryonic stem cells (ESCs); tissue-specific (adult) stem cells
including mesenchymal stromal/stem cells (MSCs), and induced
pluripotent stem cells (iPSs).

Moreover, this field has garnered considerable progress
supported by extensive histopathological analysis research using
light microscopy, fluorescent probes and excised biopsies
methods, providing the evidence for morphology-based and
functionality-based principles in stem cell research. However,
investigations have been recently started to identify the exact
functions of the above stem cells in the biological system. Nor
do we completely understand diversity of stem cells, which
are involved in the disease modification and the architectural
and cellular complexity of recurrent connections in particular
organisms. An emerging theme is that connectivity patterns
among stem cells have a main role in determination of diverse
functionalities. Compared with traditional two-dimensional
(2D) cell culture techniques, three-dimensional (3D) assays
have been shown to better maintain gene expression, cell
polarity, and cell contacts (9, 10). Furthermore, assessment and
application of 3D imaging techniques on stem cells can be also
brought under the spotlight. In addition, the development and
application of tissue clearing methods brought new prospects of
looking deeply into biological and therapeutic mechanisms of
stem cells.

3D cellular medium might be thick and highly scattering
which prevent deep penetration of light into the samples. The
surface of the 3D medium could be easily monitored with
common imaging techniques that work upon light reflection.
However, 3D imaging techniques are utilized to image the whole
outside and even inside of the 3D cellular medium. There
are a large variety of optical imaging techniques to monitor
2D and 3D cellular systems (11). The 2D imaging techniques
such as bright field and epifluorescence microscopies can be
applied in serial-sectioning-based 3D imaging. Methods like
stereo microscopy and differential interference contrast (DIC)
microscopy have a great potential for creating a real-time 3D
perspective of the cellular medium surfaces. There are a few
methods [such as photo acoustic microscopy (PAM) and optical
coherence tomography (OCT)] for 3D in-depth imaging of the
cellular medium without any need of applying optical labeling
agents. Furthermore, there are some powerful techniques for
3D imaging that can illustrate biological processes in a better
resolution including: confocal, light-sheet, light-field, 2-photon
and 4-pi microscopies. Meanwhile, the indispensable process
before these imaging techniques is the optical clearing of the
biological samples.

In the current review, we focused on some important findings
related to the 3D imaging researches of stem cell niches
architectures enabled by old (serial sectioning) and new (whole
tissue clearing) technologies. Tissue clearing and 3D imaging
methods reported during the current decade were reviewed with
an emphasis on recent progress made with a novel and simple
clearing method, fast free of acrylamide clearing tissue (FACT)
technique, and its advantages were compared to the other whole
tissue clearing methods.

WHOLE TISSUE 3D IMAGING

Serial Sectioning vs. Whole Tissue Clearing
The 3D imaging can be performed through two approaches. The
first approach is based on serial sectioning and imaging using
scanning microscopy. The tissues are cut into micron-diameter
slices using the microtome. After imaging each sample, all images
can be attached to reconstruct an intact 3D image from whole
tissue using a computer software. Table 1 introduces software
programs for 3D image reconstruction. Despite aiding in the
expansion of science, this method has been dimmed due to
problems and errors such as folding, pulling, tearing, and loss of
some information, especially in cut-off areas of the texture and so
on. Born was the earliest one who reported a 3D reconstruction
of anatomical parts of amphibians based on serial sectioning
using light microscopy (25) and after years, Denk and Horstmann
(26) used block-face scanning or serial sectioning for acquired
3D image in electron microscopy. This kind of scanning can be
performed in every microscopy to obtain 3D images. With this
approach, each block of tissue can be imaged at a time as the layer
of tissue is removed and destroyed after each imaging. Despite
these limitations, this approach has been used recently to view
different tissue textures (Table 2). In this method, a microtome
was placed inside the chamber to make serial sectioning and
imaging from each surface.

After that, focus ion beam scanning electron microscopy (FIB-
SEM) was used for 3D structural analysis. In this method, a focus
beam of gallium ions was used to take a layer from the surface
and a beam of electron was used to capture the surface. This
technique can section a tissue into very thin layers (5nm) to
provide high resolution image of the tissue volume (35). Some
examples of block-face imaging are mouse pancreatic islet (32),
human retinal pigment epithelium (33), leaf cell and soybean root
nodules (36) and single cell organism such as Trypanosoma brucei
(37) (Table 2).

The second approach is based on whole tissue clearing
(Table 3) followed by a 3D imaging technique (Table 4). The first
advantage of this approach is the removal of slicing of tissue,
which can then be used several times for imaging. However, the
basic problem with this type of imaging of whole tissue is that
since pictures are obtained from the entire texture with different
thicknesses, it cannot provide a clear image of the deep parts
of the tissue or dense tissue because of the light scattering or
refraction. Some tissues have pigmentation creating the natural
color of the tissue, and some of the tissues have fluorescent
molecules creating an overlap with the fluorescent colors used
for the creation of a specific image of a structure in the tissue
(89). Another problem is the opaque tissue, which significantly
restricts depth of imaging and thus creates low-quality images
via light microscopy. Opaque backgrounds of the images of these
tissues are because of an increase in the diffusion of light in them
as well as distraction of light rays that move in a nearly straight
path after colliding with a translucent tissue and tissue structures
(cells and intracellular elements and extracellular matrix) (90).
In addition, many studies on certain parts of the tissue, such
as the study of the expression of genes, are not possible with
most of these methods because the clearing process eliminates
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TABLE 1 | Computer software programs for three-dimensional reconstruction of image series.

Software Company Direction References
Imaged National Institute of Mental Health http://imagej.net/Licensing (12)
Imaris Bitplane Corp http://www.bitplane.com/ (13)
Mscope PixeLINK Corp ND (14)
NI Lab view National instruments Corp http://www.ni.com/en-us.html (15)
MetaMorph Molecular Devices Corp http://www.moleculardevices.com (16)
Open lab, volocity Perkinelmer Corp http://www.perkinelmer.com (17)
wManager Ron Vale’s laboratory Open SPIM (18)
Cell profiler Carpenter Lab at the Broad Institute of Harvard and MIT http://cellprofiler.org/ (19)
Neuronstudio Computational neurobiology and imaging center http://research.mssm.edu/cnic/tools-ns.html (20)
VIAS Computational neurobiology and imaging center http://research.mssm.edu/cnic/tools-vias.html (20)
L-measure Developed by Ruggero Scorcioni http://cng.gmu.edu:8080/Lm/ (21)
Huygens Scientific Volume Imaging Corp https://svi.nl/HuygensSoftware (22)
SoftWoRx DeltaVision Corp ND (23)
ZEN Carl Zeiss https://www.zeiss.com/microscopy/int/downloads/zen.html (24)
ND, no data.
TABLE 2 | Serial sectioning methods for three-dimensionally reconstruction of tissues image.
Technique Tissue Microscopy method Labeling method References
Array tomography Nervous tissue Two-photon microscopy;, Fluorescent labeling, 27)
Scanning electron microscopy heavy-metal staining

Plasma-mediated ablation Nervous tissue Two-photon laser scanning Fluorescent labeling (28)
Micro-optical sectioning tomography Nervous tissue Fluorescent microscopy Fluorescent labeling (29)
Serial two-photon tomography Mouse brain Two-photon microscopy eGFP (30)
Knife-edge scanning microscopy Nervous tissue White-light microscopy Golgi-cox staining (81)
Serial block-face scanning electron Rodent brain, rats kidney, plants Scanning electron microscopy Immune-gold (26, 32-34)
microscopy tissue, mouse pancreatic islet, labeling, heavy-metal

Trypanosoma brucei, human retinal staining

pigment epithelium

the structures of DNA and RNA in cells and tissues. Although,
ribonucleotides labeling can be done using some methods of
whole tissue imaging such as CLARITY (91).

Whole Cleared-Tissue Microscopy
Methods

Stem cells can be seen in two forms of living and fixed cells
by microscopy based on the goals of the study. Viewing live
cells with an aid of microscopy makes it possible to study
stem cell differentiation pathways through observing stem cell
morphology. However, the imaging of fixed cells is required to
investigate differentiated cells or examine the cells in the lineage
in a population of differentiated cells, mature or immature, as
well as to examine the structure of the tissue and cells and
examination of the cells at any time of differentiation path. In
addition, many stem cells cultured are opaque and thick in size
and needed to be cleared and labeled for imaging with good
resolution and structures (92).

There are some studies on 3D imaging of stem cells such
as tumor stem cells, which are like to ESCs (93), with confocal
microscopy, bright-field microscopy, fluorescence microscopy

(for stained cells), phase contrast microscopy, light-sheet (almost
use as investigate colonies development) (93, 94). There are
several studies on stem cells with confocal microscopy such as
research on isolation of human nervous system stem cells (95),
visualization differentiation of stem cells to cardiomyocytes (96),
colon stem cells (97), and hematopoietic stem cells (HSCs) (98,
99). However, in the following sections of the review, we explain
the advantage of light sheet microscopy and its derivatives against
confocal microscopy.

Confocal Microscopy

In the early 20th century, Richard Adolf Zsigmondy introduced
the ultra-microscope. In this microscope, sunlight or white light
passes through the gap and then passes through the condenser
lens and becomes a focal point on the sample (Figure 1A). The
sample is already presented in a colloid, and its image is formed
with exposing it to light and reflecting the light from it (100). He
was awarded the Nobel Prize in 1925 for his inventions (“Richard
Zsigmondy” Nobel Laureates in Chemistry). Ninety years later,
in 1993, this method was applied to fluorescence microscopes
(101) and accordingly, a microscope called orthogonal-plane
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TABLE 3 | Different tissues clearing technique for three-dimensional imaging.

Technique* Tissue Species Microscopy method Labeling method References
BABB Lung, brain, kidney, liver, Rodent, Electron ultra-microscopy, Immunofluorescence (Dil, DAPI) (36, 38-47)
(Murray'’s clear) embryo, bone marrow, oocyte Drosophila, one-/two-photon confocal,
Xenopus light sheet
Spalteholz Different kind of tissues All animals Just for macroscopic usage NA (48)
FocusClear Different kind of tissues All animals Fluorescence, confocal Immunolabelling, fluorescence (49)
labeling, lipophilic dye
ScaleA2 Brain, embryo, lung Mouse Electron ultra-microscopy, Fluorescence labeling (50, 51)
one-/two-photon confocal
ScaleS Different kind of tissues Mouse, human Electron ultra-microscopy, Immunochemical labeling, (52, 53)
one-/two-photon confocal, fluorescence labeling, lipophilic dye
light sheet
3DISCO Brain, spinal cord, immune Mouse Electron ultra-microscopy, Fluorescence labeling, (88, 40, 54, 55)
organs, tumor, lung, spleen, One-/two-photon confocal, immunostaining (antibody staining)
retinal organoid, mammary light sheet, wide-field
gland, lymph node, bone epifluorescence
marrow cells
SeeDB Brain, skeletal muscle Mouse Fluorescence, two-photon Fluorescent labeling, lipophilic dye (56-58)
confocal (Dil, Sudan black)
Clear'/™2 Brain (embryo/adult), lymph Mouse Confocal Immune labeling, lipophilic labeling (59)
node (Dil, CTB), fluorescence labeling
CLARITY Different kind of tissues Rodent, human Two-photon confocal, light In situ hybridization, (60-66)
sheet Immunohistochemistry, antibody
labeling
iDISCO Embryo, kidney, brain, Mouse, human One-/two-photon confocal, Whole-mount immunolabelling (67-69)
pluripotent grafted cell light sheet (FoxP2, TrkA, TrkC, PAb #9,10),
fluorescence labeling, nuclear
labeling, immunocytochemical (EDU)
SWITCH Brain Mouse Light sheet Antibody labeling, fluorescence (70)
labeling
ubDISCO Different kind of tissues Rodents One-/two-photon confocal, Fluorescence labeling, (71)
light sheet, epifluorescence immunolabelling
PACT/PARS Different kind of tissues Rodent, human Confocal, scanning In situ hybridization, 63, 72)
electron, fluorescence immunohistochemistry, antibody
labeling, fluorescence labeling, RNA
probes
CUBIC Different kind of fresh fixed Rodent, Fluorescence, single-photon  Fluorescent labeling, immunolabelling, (73=77)
tissues, paraffin embedded of primate, zebra confocal, light sheet nuclear labeling, Congo red staining
hospital archive samples fish, human
ACT-PRESTO Different kind of tissues All animals Confocal, light sheet, Immunolabelling (centrifugal force or (24)
fluorescence convection flow)
FastClear Heart Human Two-photon confocal Restricted in antibody labeling (78)
FACT Different kind of tissues Rodent, bird Confocal Immunolabelling, genetic labeling (79-81)

*Methods are sorted according to the date of invention. NA, not applicable.

fluorescence optical sectioning (OPFOS) or tomography was
introduced (101).

The problem in the resolution of the image captured by
epi-fluorescent and other types of light microscopes attracted
the attention of an American scientist named Marvin Minsky
whose studies were in the field of cognitive sciences and
artificial intelligence and he consequently invented the confocal
microscope (102). This microscope sends a laser point to a part
of the tissue and results in a focal image which solves the problem
of lacking resolution in the previous microscopic method. In this
microscope, out of focus light beams are removed by placing
the pinhole on the focal plane and increasing the resolution and

contrast of the image. As a few examples, Acar et al. utilized
confocal microscopy for 3D imaging of stem cells in bone marrow
(38), Zhang et al. used this microscope for 3D imaging of stem
cell spheroids (103), and Haertinger et al. used it to analyze
the 3D image of adipose stem cells (104). After overcoming the
problem, valuable images have been taken using this technology,
but there has been still a major problem relating to the image of
thick tissues.

Light Sheet Microscopy
The light sheet microscope was most commonly applied for large
specimens, and then the Selective/Simple Plane Illumination
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TABLE 4 | Review of 3D optical imaging method.

3D imaging method Advantages Limitations Range of depth Range of resolution
Serial sectioning High lateral resolution Invasive Unlimited 0.5-100 pm mechanical sectioning (82)
Soft tissues 0.5 wm lateral resolution of bright
field microscope
Confocal microscopy Ultra-high lateral resolution High photo-toxicity 600 pm Lateral resolution of 200 nm

Light sheet microscopy Short light exposure time,

High penetration depth stripes
Low resolution

Thick samples

Light field microscopy Single-shot 3D imaging

Open SPIM Experiment adjustable

Two-photon microscopy High penetration depth

4-pi microscopy Ultra-high axial resolution Thick samples

Opague compounds produces

Unpacked optical components

High absorption in some agents
(hemoglobin, melanin, etc.)

Axial resolution of 400 nm (83)

Lateral resolution of 0.4-0.5 um
Axial resolution of 1.5 wm (85)

1 um (86)

50 pm—=5mm (84)
60 um (86)
50 pm—=5mm (84) Lateral resolution of 0.4-0.5 um
Axial resolution of 1.5 um (85)
500 pm—1mm (11)
Lateral resolution of 1.8 um
Axial resolution of 10 um (87)

Lateral resolution of 200-500 nm Axial
resolution of up to 100 um (11)

9pum (88)

A PMT 8

PinholeQ

| Dichroic
| mirror

Scanning unit

Objective lens

\ J

In-focus plane — =

Out-of-focus plane 4t:ﬁ)
B
A Detection
' Objective )
7
Cylindrical \
lens =

lllumination
Objective

Sample

FIGURE 1 | Optical setup of (A) confocal microscopy and, (B) light-sheet
microscopy. The pinhole element in (A) helps to remove out-of-focus signals
so that a high resolution image could be retrieved. The key element of (B) is
the cylindrical lens. This helps to achieve a very thin sheet of light at the focus
of the illumination objective. Blue and green represent excitation and
fluorescence signals, respectively.

Microscopy (SPIM) was introduced by Huisken et al. (105). This
method is capable of photographing live or fixed embryos and
showing the expression of proteins, and is superior to previous

methods (confocal), for example, there is no need for high levels
of fluorophore to evoke and form the image, and also capable
of taking image from deeper parts of a sample (105). Further
investigations have shown that in this technique, damage due to
light beams is much less (106, 107). Therefore, this method has
quickly replaced previous methods for photographing embryos
and studying their development.

The light sheet fluorescence microscope (LSFM) consists of
two distinct optical paths, one for fast imaging of a wide range
of samples, and the other one for imaging using a narrow sheet
of light (Figure 1B). The light sheet is parallel to the focal plane
of the detection path, and the thin layer of the light sheet is in
the region where the sample is located. In many microscopes
with one lens, there are two fundamental limitations: [1] Due
to low numerical apertures, it is usually difficult to distinguish
thin optical sections for a 3D image reconstruction, [2] Making a
complete image from the whole sample with imaging from every
micrometer of the sample increases the fluorophore bleaching
and phototoxicity. In contrast, in SPIM, only the focal plane of
the lens is selectively captured the whole sample’s image that
reduces its energy and prevents phototoxicity. In SPIM, each
single light exposure of the sample (in about a few milliseconds)
results in a fluorescence emission of the whole plane. The image
of the plane is recorded using a wide field imaging system.
The sample (or the light sheet) could be scanned to repeat
the procedure for other planes of the sample. The plane-by-
plane scanning provides a stack of 2D images to reconstruct a
3D image. However, in confocal microscopy, a single light spot
only illuminates a tiny point on/in the sample and it requires a
point-by-point scanning to reconstruct a 3D image.

Although the confocal microscopy has been considered as a
powerful technique in high-resolution 2D imaging, the SPIM has
some great potentials. First, the light exposure time to the sample
is much less than confocal microscopy due to the plane-by-plane
imaging mechanism. Second, loss of fluorescent signals in SPIM
is very small. In comparison, the pinhole mechanism in confocal
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microscopy wastes some valuable image signals and a higher
laser intensity should compensate the loss. Third, the SPIM is
more powerful in depth imaging, while the confocal microscopy
works upon tight light focusing and, due to scattering effects, it is
difficult to have a perfect tight focusing inside the sample.

Thus, regarding this description, this method is a fast, safe and
non-invasive method for examining fetal development and for
examining tissues and all cases, which are sensitive to the photons
(108). Furthermore, it can be used for large specimens, which
require low-magnification and high-magnification lenses, such as
large specimens (109). In this microscope, light rays collide as a
light (thick or thin) sheet to the sample. These beams are created
either by a cylindrical lens (105), or a normal laser focus up and
down scanning technique, which allows us to use Airy or Bessel
beams with more penetrating power and is used for thick sample
(110-112). The Airy waveform was first expressed theoretically
by Berry and Balasz (113), and then in 2007, the Airy beams were
created and observed (114). These beams are used in microfluidic
engineering and cell biology (115). Researchers at St. Andrews
used these beams in a light sheet microscope (112). Their study
showed that these beams increase the contrast of the image as
well as the visual field by 10-fold. The better contrast is due to
the asymmetric stimulation pattern of these beams that causes all
of the stimulated fluorescents to contribute to a good contrast
(112). In this microscope, the light rays are located vertically
along the observation path. This light sheet hits the specimen,
causing particles to be excited and propagated fluorescence
radiation in the same thin layer as the beam is exposed. This
fluorescence radiation is combined with a microscope object lens
(perpendicular to the light plane) or processed by an imaging
sensor (CCD, electron multiplying CCD, or CMOS camera)
(108, 116). The Bessel beam, due to its non-diffracting nature,
produces a very long and uniform sheet. Besides, the beam has a
great advantage of self-healing. It means the beam can be partially
re-formed after a tiny obstacle blocks its traveling path. The
Bessel beam light-sheet was first reported in 2010 (117) and it is
especially useful to image thick samples.

The sample is usually placed in a cylindrical container so
that it can be seen from all directions of the sample without
changing the sample position in the container. One of the most
widely used microscopic environments is a low-melting agarose
cylinder (106). Of course, as living specimens and growing
embryos remain stable in this cylinder, they reduce growth and
impairment of growth, to remove this problem, the sample
in agarose is removed and moved to a cylindrical container
containing the genus fluorinated ethylene propylene (FEP) with
a refractive index (RI) of 1.34, which is near to RI of water,
1.33 (118).

According to the characteristics of this microscope, it is
possible to insert and cultivate stem cells in a thin cylindrical
tube to examine their distinction. Due to the benefits and
good properties of this microscopy method such as multi-view
imaging, less photo damage and high resolution and other
mentioned above, this microscope have become a popular tool
in biologic study especially in stem cells. Different designs
of light sheet microscopy for different applications include
light sheet-based fluorescence microscopy (106), line scanned

light sheet microscope (110), digitally scanned laser light sheet
fluorescence microscope (119), individual molecule localization-
selection plane illumination microscopy (120), inverted SPIM
(121), highly inclined laminated optical sheet (122), reflected
light sheet microscopy (123), prism-coupled light sheet Bayesian
microscopy (124), SPED light sheet microscopy (125), and
lattice-light sheet microscopy (126). Here, we explain some
studies on the use of light sheet microscopy in living or fixed stem
cells and briefly explain their protocols.

Chen et al. (127) introduced a new light sheet microscopy,
named lattice-light sheet microscopy and imaged ESCs. This
microscopy method can be used to study large and more
densely fluorescent tissues and specimens as well as a single cell
in complex environments. This method can image at a high
resolution, clarity and speed without photo bleaching (127).
Another study on ESCs was conducted by Hu et al. (124) applied
a novel design of light sheet microscope in which a prism was
placed after the condenser objective (prism-coupled light sheet
Bayesian microscopy). This design allowed them to use higher
numerical aperture water immersion lenses and increased the
field of view (124). In this study, images of both fixed and living
human ESCs were obtained (124). In addition, there are many
studies related to image of developing embryo of Drosophila
melanogaster (128) and zebrafish (129). Another study was done
on tibia bone marrow of mice for imaging HSCs with light sheet
fluorescence microscopy (73). In this study, the bone marrow
of tibia was cleared with ScaLeCUBIC-1 protocols and then
imaged by ZEISS Z1 light sheet microscope (73). Furthermore,
Allen et al. (130) injected stem cells intravenously to transgenic
Zebrafish to investigate behavior of white blood cells via light
sheet microscopy.

As above-mentioned in the protocols of light sheet
microscopy, all techniques have some advantages and
disadvantages, but the lattice light sheet microscopy has
more potential for applying on stem cells studies due to fast
imaging, low photo bleaching, and high resolution. Therefore,
there is no major limitation in 3D imaging from all kinds of
stem cells with this microscope as it is always improved and its
limitations are becoming less than previous kinds of methods.

Light Field Microscopy

In 2006, Leovy et al. (131) at Stanford University developed a
light-field microscope with changing optical microscopes. For
the first time in 1908, Lippmann proposed the idea of placing
a micro-lens array in intermediate image plane of a light-field
camera. In the structure of the microscope, in the intermediate
image plane, there is a micro-lens set. Each micro-lens transmits a
part of the image onto the image sensor (usually Shack-Hartmann
sensor) behind it. In fact, the micro-lens array helps to record the
light filed information in a single shot. The light filed describes
the magnitude and direction of light. The raw data are analyzed
to reconstruct a 3D image (131). Until now, the microscope has
been usually used to capture images of non-biological samples
and fixed biological samples (131-133). Its advantage over other
microscopes was that with a light exposure, a 3D image of the
sample was quickly taken from the sample without the need
to scan the entire sample volume. Another advantage of this
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method is the possibility of focusing on the image (132), which
is very efficient for living specimens. One limitation of this
method is the reduction of image spatial resolution by zooming
on the picture that results in a significant reduction in the
quality of image and this limitation has been improved using 3D
deconvolution techniques (132, 134). Lu et al. (135) showed that
high quality images can be obtained by combining the Shack-
Hartmann sensor and a camera with high-resolution (CCD)
and it is possible to zoom on the image without losing quality
(High-resolution light-field microscopy).

Considering these facts, the light field microscopy has been
also used for stem cell research. Choi et al. (136) used light-field
microscopy for 2D imaging from kidneys after unilateral ureteral
obstruction to investigate anti fibrotic effects of kidney-derived
MSCs. Some studies have been conducted using this microscopy
on stem cell-like cancer cells such as glioblastoma, renal cell
carcinoma, and tumor-initiating stem-like cells and breast cancer
(137-140), tumor induced in mice’s by transplantation of human
iPSs in dorsal flanks (141), hematopoietic cells in bone marrow
(142, 143) and MSCs or its differentiated to skeletal myogenic
injected in intra vertebra disc (144, 145).

OpenSPIM

The OpenSPIM whose name means the power to make
changes in any research work, is a microscope, which uses a
computer software on the Fiji open access platform (juManager),
along with the open accessibility of microscopic hardware and
provides researchers the ability to make changes to microscopic
components in order to enhance the image quality of the
microscope and does not require the use of a different types
of microscope for different studies (18). In fact, this capability
enables researchers, without expertise in optics, to make the
specific microscope according to their own studies. On “https://
openspim.org/,” you can share your microscope configuration or
use others experience.

The first OpenSPIM microscope introduced has an
illumination part and a detection part. Analysis of the image
obtained by this microscope is done with the pManager program
installed on the Fiji Oppenheim platform. The first specimen
taken with this microscope was the zebrafish embryo, which
expresses histone H2A-eGFP genes (18). This microscope
showed the capability to capture rapid bioprocesses such as
zebrafish fetal heart beats, and also to take images with a lot
of light scattering. Images can be captured with multi-view
and analyzed with pManager application (18). Rithland et al.
(146) conducted OpenSPIM on fixed human hepatocellular
carcinoma-cell spheroids that treat with human MSCs extracted
from bone marrow.

Two-Photon Microscopy

Two-photon excitation is a non-linear optical process in which
a biochemical probe absorbs two long wavelength photons (e.g.,
near infrared) simultaneously and emits a photon at the half
wavelength of the absorbed ones (e.g., green). The mechanism
could be applied in a two-photon microscopy. As the confocal
microscope, the microscope is a point-by-point imaging system
except for the light source and the pinhole. The two-photon
excitation occurs only at high intensities. The light source is a

pulsed laser and, high intensity condition is fulfilled exactly at the
focal plane. Therefore, there is no need of the pinholes to remove
background signals (11). Higher wavelengths provide longer
penetration depths of 500 pm to 1 mm. The optical resolution of
the microscope is better than OCT and PAM. However, due to
the longer wavelengths, the optical resolution is lower than the
confocal system. The two-photon microscopy could be useful to
visualize collagen-enriched bone or tooth structures after hard
tissue clearing (147, 148), 3D imaging of corneal stem cells
in mouse eye (149), imaging of 3D stem cell spheroids (150)
and even intracutaneous imaging of stem cell activity in a live
mice (151).

4-pi Microscopy

As dual-lens fluorescence microscopy, 4-pi microscopy is an
axial super resolution technique that is especially useful in
3D imaging of sub-cellular structures. In a 4-pi microscope,
the sample is illuminated from two opposite-direction lenses
so that an interference pattern could be produced around the
focus point. A principal bright fringe could be located at the
focal plane and some weaker lobes. At the same time the dual
lens collects the fluorescence signal from two opposite solid
angles. Some mathematical post-processing removes the side
lobes around the focal plane and an axially high resolution
image could be reconstructed. The axial resolution could be
improved 3-7-fold (11). The 4-pi microscopy could be utilized
in ultra-high resolution 3D imaging of whole cell (88), 3D
mitochondrial network of cells (152) and, even 3D structure of
some endogenous nuclear proteins (153).

Software Programs for Analyzing

Cleared-Tissue Images

It is known that before the creation of these cameras, researchers
were drawing microscopic images on paper or were later
appearing them on the film, but today, image analysis software
along with a digital camera, has made many improvements in
the quality of microscopic images. The software synchronizes the
structure of the microscope with the created image, correcting
the flaws in the image created from each microscope and there
is no need for difficult change in microscope components. So far,
different software has been presented (Table 1).

TRANSPARENCY METHODS:
ADVANTAGES AND LIMITATIONS FOR 3D
STEM CELL IMAGING

For 3D imaging of stem cells, there are some choices such as
magnetic resonance imaging (MRI) or microscopy. MRI is the
most commonly used method to evaluate the recovery process
after the injection of MSCs into the organ of a live animal
for example injection of MSCs in the myocardium of induced
cardiac infarction pigs and observation of the therapeutic process
(154). However, for more extensive studies with higher detail,
microscopic methods have priority.

The tissue transparency methods for imaging stem cells can
be divided into two groups in terms of their timing and progress:
old classical methods for 2D imaging and then reconstructing
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the images to the 3D image (Table 2), and modern 3D imaging
methods (Table 3). Using both 2D and 3D approaches, various
types of stem cells have been imaged (Figure 2).

Classical Methods for Tissue Clearing

From centuries ago, the samples were placed in a transparent and
hard resin for clarity and preservation. Most of the resin materials
used to hold the cleared specimens are water-proof and so the
tissue water must be removed at the first step to keep them (160),
but it should be noticed that resin embedding has some benefits
for imaging, it protects clear tissue from fluorescence fading,
mechanical damage and photo bleaching and provides long time
for imaging sample without any unwanted change (160). The
dehydration is usually done by several immersions in alcohol-
water with increasing percentages of alcohol. After dehydration,
the sample is put in a fat solvent. During this process, the
membrane of the cell is also altered (161). Canada balsam is a type
of resin creating a clear layer on tissues and is already clarified
by xylene and then dehydrated. This resin itself has fluorescent
properties, and is the best to use no fluorophore staining, because
the background image become chromatic (161), which is not
optimal in imaging and analyzing the image (24, 162). Resin
embedding is useful in immobilizing cells for imaging, studying
stem cells, and imaging scare cells sample by transmission
electron microscopy (i.e., 10,000 cells) (143). In the early 20th
century, Spalteholz introduced a clarification technique using
organic solvents on a complete tissue (163). The result obtained
was unprecedented at that time. This method requires several
stages of dehydration, whitening and clarification, but it makes
a great step in the field of anatomy and related sciences (163).
One of the problems of this method is that during tissue
preparation processes, about 1 cm around the tissue is dissolved
and disappeared, so it is used only for large tissues (48). Despite
of some disadvantages like performing just on anatomical sample
or destroying some part of sample and longtime procedure, it
has some advantage in anatomical science such as examining the
cleared tissue after clearing and dissecting if necessary (48).

In the follow-up methods, for the sake of better 3D
photography, fluorescence microscopes were most commonly
used as imaging tools in the late 20th century. Before that,
for microscopy and specific imaging of different parts of the
tissue, it was required to produce a specific antibody to the
specific structure in the tissue. These methods sometimes faced
problem, especially in thick tissues with no antibody penetration
at some depths of the tissue. After using new microscopy
technologies, scientists were able to use fluorescent proteins,
which then created images with very good specificity of structure
in tissue and the problem of the previous method, namely, the
inactivation of antibodies in some depths of the tissue, was
solved (164). But in this method, there is also a problem of light
dispersion, especially in thick tissues. This dispersion is due to
the structure of tissue cells such as ribosomes, nuclei, nucleoli,
mitochondria, membrane fat droplets, myelin, cellular skeletons
and extracellular matrices such as collagen and elastin. Therefore,
an effective and efficient clarification method can be used in
today’s research to eliminate or to some extent control these
components, which cause the constraints and light dispersion.

For microscopy in in-situ conditions, it is first necessary to
fix stem cells. For this purpose, after the culture of the MSCs
isolated from tissue, they are placed in the hydrogel scaffold.
After attaching to the scaffold, they can be used for fixation,
clarification, labeling and microscopy. The epi-fluorescence
microscope co-registered with optical coherence tomography has
been used for imaging human MSCs (126). This combination has
provided an efficient tool for investigating the behavior of these
cells (126). In another study, Chen et al. (165) used the second
near-infrared fluorescent imaging to find the recovery process of
damaged skin in the intravenous injection of MSCs under in-situ
conditions. They also used confocal microscopy for 3D imaging
in in-vivo condition (165) and showed that intravenous injection
slowly spreads to the injured area and accumulates at the margin
of wound (165). For this purpose, several florescence dyes can
be used for labeling MSCs such as indocyanine green (ICG) and
lipophilic fluorescent dye such as DiD (166) or Dil (167).

Fluorescence microscopy is a good approach for
tracing special parts such as MSCs in tissue by using
immunofluorescence or expressing some genes for investigating
protein expression and other application on biological research,
but the most drawback is that fluorescence light is not permanent
and it will fade in times by photo bleaching. In the following,
we will express some protocols of clearing that influence
in fluorescence keeping duration and their advantage and
disadvantages. The most important features of fluorescence
microscopy are its potential to improve causing to invent of
many methods based on fluorescence and its imaging from living
stem cells and regenerative medicine.

Modern Techniques for Tissue Clearing
and 3D Imaging of Stem Cells

In fact, we need to minimize the difference RI between the
sample and the environment. Today, the methods, which used
whole tissue clearing, have been expanded. In general, four
types of clearing have become widely used today (Figure 3):
[1] methods based on Spalteholz method and organic solvents
based methods, [2] high RI aqueous solutions based methods, [3]
methods using hyperhydrating solutions based methods, and [4]
lipid removal based methods. Advantages and disadvantages of
various protocols have been summarized in Table 5.

Organic Solvents

Several solvents have been used for the dehydration and
clarification processes (174). The conventional dehydration
solvent used in this method is methanol (with hexane or
without hexane) or tetrahydrofurane (THF) (174). Both materials
showed less effects on fluorescence proteins. Moreover, ethanol
was used for this purpose, but this solvent may completely
destroy green fluorescence protein (GFP). In addition, acetone,
2-butoxyethanol, dimethylformamide, dimethylsulfoxide and
dioxan were used, but all of them had a negative effect on
GFP (174). During the dehydration process, some of the fatty
tissue dissolved. The removal of water and fat causes the
formation of a high concentration of protein in the tissue. In
fact, with the removal of other materials, the protein content
of the tissue is increased, resulting in a higher RI of 1.5 more
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Embryonic stem cells

Hematopoietic stem cells

Neural stem cells

FIGURE 2 | Three-dimensional (3D) and two-dimensional (2D) imaging of different types of stem cells. (A) embryonic stem cells after immunostaining and 3D imaging
by laser confocal microscope (with permission) (155). (B) embryonic stem cell on day 1 by 2D imaging using phase-contrast microscope (with permission) (156). (C)
3D image of mouse femoral bone marrow cleared with CUBIC and imaged by confocal microscopy (with permission) (38). (D) 2D imaging of bone marrow
hematopoietic stem cells by intravital microscopy (with permission) (157). (E) 3D imaging of neural sphere stem cells with light sheet microscopy (with permission)
(158). (F) 2D imaging of neurospheres with phase-contrast microscopy (with permission) (159).

Tissue clearing protocols

Organic protocols

BABB

—E==
—Ed
—E=]

SeeDB

EEEHI

High refractive index aqueous protocols

Lipid removing protocols

ﬂEEI

FIGURE 3 | Tissue clearing protocols for three-dimensional imaging of stem cell in in vitro and in vivo conditions.

than the RI of fat and water. Consequently, in the process,
solvents are needed to remove the remaining lipids from the
tissue. So far, methylsalicilate, benzylalcohol, benzylbenzoate,
dichloromethane, and dibenzylether have been used as final stage
solvents (39, 48, 54, 67, 163, 174).

Good solvents must have several properties; first, they must
have high fat dissolving capacity, secondly, their RI must be
higher than 1.5, and thirdly, they must be affordable and safe.
As mentioned, we need solvents with a high RI. Solvents with
organic molecules have a high RI, especially those with a free
electron, for example, solvents with a pi bond. Reagents with
one or more aromatic rings have this feature and are suitable

as the solvent. Fluorescent proteins require an aqueous medium
for sustainability, but this method eliminates the stability of these
proteins by tissue dehydration, and this is one of the limitations
of this method.

Benzyl Alcohol-Benzyl Benzoate for 3D Imaging of

Stem Cells

The BABB is one of the earliest clearing methods based on
Spalteholz protocol (168). This method can be used just in small
tissue and with high florescence expression because of its negative
effects on fluorescence protein. After testing many materials,
it was found that using THF instead of alcohol is better in
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TABLE 5 | Advantage and disadvantage of whole tissue clearing methods in stem cell research.

Technique Advantages Disadvantages References
BABB 1. Good transparency 2. Almost fast clearing (4 days) 1. Destroy fluorescence signal (168)
2. Fixed sample only
3. Imperfect antibody penetration
4. Tissue shrinkage
5. No lipid preserve
6. Toxic
7. Complex with almost 32 steps
iDISCO 1. In vivo studies 2. Compatible for many labeling methods 3. 1. Tissue shrinkage (69, 169)
Rapid 4. Better removal of lipid than 3disco 2. Fluorescence quenching after 2-4 days
3. No lipid preserve
3DISCO 1. Enhance specific fluorescence signal due to reduction in 1. Fixed tissue only (109, 170)
background fluorescence 2. Efficient for lipid-rich tissues 3. 2. Yellow fluorescent protein quench
Labeled structures remain intact 4. Good clearing without low 3. Tissue shrinkage
change in tissue structure of retinal organoids 4. No lipid preserve
5. Limited in immune staining
6. Cannot store in DBE for a long time due to structural destroy
CLARITY 1. Protein preserving 2. Improve diffusion of probes in tissue 1. Morphological deformation and destruction 61,171)
due to removing lipid bilayers of the cell membrane 3. Less 2. Transient swelling
protein loss than other previous methods 4. 3. Expensive
Allow immunostaining 4. Time consuming (1-2 weeks)
SWITCH 1. Multiple rounds of staining and destaining 2. Rapid 1. Toxic (sodium azide, glutaraldehyde) 40, 70)
2. Currently not used in many tissue (tick tissue, NA)
ACT-PRESTO 1. Rapid (4-20h for the whole organ) 2. Deep penetration 1. Expensive (24)
of macromolecules 3. Allow all kind of immunostaining 2. Transient swelling
4.Rapid immunostaining (3-4 h)
ScaleA2 1. Preserve fluorescent signals 2. Quantifying of the distance 1. Led to tissue expansion (79, 168,
of different cells 3. Increase depth of confocal imaging 4. 2. Long incubation time 170,171)
Inexpensive 5. Facilitate imaging with a 3. Tissue fragile due to protein losses
water-immersion objective 6. High working distance 4. Can’t use for serial sectioning
5. Restricted to transgenic labels
6. More light scattering
ScaleS 1. Preserve fluorescent signal and capable for 1. Long process (52, 583, 79,
immunostaining 2. No shrinkage 3. Tissue stable 2. Morphological deformation 171)
3. Transient swelling
4. Restricted to transgenic labels
5. Need more time to month to clear high lipid and fatty tissue such as
brain parts that have high myelin and muscle content
CUBIC 1. Capable for various fluorescent labeling 2. Superior 1. Morphological deformation (75, 171)
optical clearing 3. Non-toxic water-soluble chemical (easy 2. Transient swelling
to handle) 3. Time consuming
SeeDB 1. Lipophilic dye 2. Lipid preserve 3. No morphologic and 1. Low resolution in light sheet microscopy (56, 57, 79)
chemical change 4. Inexpensive 2. Restricted to transgenic labels due to not permeable to antibodies
and macromolecules.
3. Brownish tissue but can be resolved by adding thiol
4. Low depth of light passing (1 mm)
ClearT 1. Maintaining the normal size 2. Lipid preserve 3. Increase 1. Can’t use in agarose embedding (59, 172)
depth of confocal imaging 4. Preserve fluorescence signals 2. Restricted to transgenic labels
(when adding polyethylene glycol in clearing solution) but 3. Little volume change
induce less transparency 5. Less time consuming then scale
but with similar transparency
PACT/PARS 1. Use for sparse elements (stem cells and metastatic tumor) 1. Time-consuming (173)
in the whole body 2. Transient swelling (remove in pars)
FASTClear 1. Ease and less time-consuming 1. Performed at 50°c and in vivo restricted (78)
2. Restricted in antibody labeling
FACT 1. Simple 2. Most fluorescence preserving 3. 1. SDS as a toxic chemical material (79)

Protein preserving 4. Rapid

protecting fluorescent protein (175). A study conducted by Acar
et al. (38), modified BABB and 3DISCO were used for clearing

bone marrow as investigating HSCs.

3DISCO, iDISCO, and uDISCO for 3D Imaging of Stem Cells
Three methods based on tissue dehydration, 3DISCO (54, 175),
iDISCO (67), and uDISCO methods (71), allow holding the
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fluorescent proteins in tissue for a few days. In 3DISCO, dibenzyl
ether (DBE) is replaced with BABB in combination with THF.
In addition, 3DISCO is used for clearing bone marrow cells of
a transgenic mouse (38). However, this method alters the tissue
structure specially membrane due to dissolving lipids and is
useless for lipophilic dye, electron microscopy and living cells
(175). Moreover, it cannot be applied to large tissues or whole
body organs (71). Though, the use of this method on the retinal
organoids has showed no problem in its structure and its shape,
and it is suitable for clarification of this organ and imaging
iPSs when combining with good immunostaining and confocal
microscopy (40). The iDISCO has been used in numerous studies
include Alzheimer’s disease due to amyloidosis in mouse brain
(68) and in vivo study of human pluripotent stem cells and can
be used for monitoring graft biology and fate of cells (69). The
uDISCO has been used to image transplanted stem cells within
the entire body of adult mice (71).

High Refractive Index Aqueous Solutions

The disadvantages and limitations of solvent-based clarification
have led scientists and researchers to work on methods that do
not need to remove water from the tissue. All these water-based
techniques, which have been built up, are based on one of these
three solutions: [1] simple and inactive submersion of tissue in a
solution with a RI near the tissue; [2] removal of tissue fats with
tissue water supply (hyperhydration) to reduce the residual tissue
RI; and [3] deletion of lipid active or inactive by immersion in an
environment with equal RI with tissue.

The simple immersion is such that the specimen is immersed
in a solution with a high RI. This method works well in small
tissue, but if the texture is large, image quality is not as good
as small specimens. In addition, in large tissues, a stronger
intensity of clarity is needed. However, in any case, this method
is an economical method because the main substance used for
clarification is based on glycerol. The RI of glycerol is about
1.4-1.44. In this method, a tissue sample is put in a water-
based solution containing a solvent (high RI) to inactive its
clarification. Sucrose (28), fructose (56, 176), glycerol (177), 2,2-
thiodiethanol (TDE) (178-180), and formamide (59) have been
used for this purpose. These biological compounds called the RI
match solution (RIMs) have been developed for establishing a
proper RI (173). Diatrizoic acid (hypaque) used in FocusClear
and Histodenz used in RIMs are complex molecules with an
aromatic ring and three iodine atoms.

FocusClear for 3D Imaging of Stem Cells

FocusClear, a simple water-soluble reagent, was invented
by Chiang (49) and is wused for clearing biological
animal/plant/organism tissues. Moreover, its use in 3D imaging
of stem cell in mice intestine was reported by FocusClear (181).

TDE for 3D Imaging of Stem Cells

TDE, which is a clear-to-yellow, water-soluble and low-viscous
liquid, is compatible with immunostaining and can be used for
adjusting proper RI in the range of 1.3-1.515 by dissolving certain
values. For the first time, TDE was used as a mounting media
for tissue clarification for super-resolution microscopy (178). It

can also clarify large tissues (176, 179) and is suitability used
for confocal due to its feather of suppressing photo-oxidation.
Moreover, it has a good tissue clearing ability and is suitable for
two photon microscopy (182). One of the problems with TDE
is that at high concentrations, the brightness of a number of
fluorophores is reduced (178). TDE was used for 3D localization
of stem cell in mice gut (183).

SeeDB for 3D Imaging of Stem Cells

SeeDB is a simple immersion water-based optical clearing agent
using fructose and thiol that was firstly used on mouse brain
for imaging dorsal to the ventral side of it (56). SeeDB contains
a saturated solution of fructose in water for reaching its RI to
1.50 (in 37°C) and a-thioglycerol for inhibiting Millard reaction.
SeeDB can clear the sample in 3 days and is compatible to
many fluorescence proteins and as it is detergent-free, tissues and
cellular structures like membrane were preserved and allowed to
use lipophilic dye and tracers (56). The light sheet microscopy
was not recommended for imaging SeeDB clearing samples due
to low resolution (57). 3D human IPs spheres was imaged with
SeeDB (184). This protocol was used for 3D imaging of enteroids
in vitro (185, 186). 3D imaging of colorectal epithelial stem cells
in mice was also done by SeeDB (187). For localization of neural
stem cells after transplantation and differentiation in mice brain,
SeeDB was used (188). Mammary stem cells was imaged in mice
mammary duct by this method (74).

Hyperhydrating Solutions

In many cases, tissue enlargement is one of the side effects of this
clarification, and it is known that as tissue grows, the duration of
imaging of the entire tissue is increased. Furthermore, in some
tissues, tissue texture and size need to be kept unchanged so that
we can gain the correct information. Excessive tissue enlargement
is prevented with increasing glycerol concentration, but as
the higher concentration of glycerol results in less clarifying
accrue, there is a limitation on increasing the concentration of
glycerol/water. In addition, the effect of urea on proteins can lead
to the loss of some tissue deformation (56).

Scale for 3D Imaging of Stem Cells

In the scale method, the detergent used for removing lipid
contains a hydrating agent such as urea and glycerol (50).
Hyperhydration reduces the RI to 1.38 (50). This method
shows better preserving fluorescence, better clearing and better
manipulation than CUBIC, 3DISCO, SeeDB (52). This method
has been used in several studies include hippocampus neural
stem cell spheres (168). This study showed using Scale and
Clear™ protocols on this tissue can enhance the depth of
confocal imaging to 100 wm and also these protocols can be used
for quantifying and measuring their geometric proportion and
studying vascular niche in a neural stem cell in the sub-granular
zone of dentate gyrus of a transgenic mouse (50). In another
study, an adult mouse lung was used for clearing and imaging
epithelial cells of type 2 to clarify the potential of maintenance
and repair of these cells in tissue damages (51). Human MSCs in
the zebrafish embryo were imaged using ScaleU2 method (189).
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ScaleA2 was used for imaging of colorectal epithelial stem cellsin  final stage of clarification is performed using FocusClear or the

mice (187). ones previously described such as RIMs, TDE, 80% glycerol,
histodenze and diatrizoic acid (70, 173, 193). Two other methods
Clear” for 3D Imaging of Stem Cells based on simple immersion that introduce in late 2016 and 2017,

Clear! isan easy immersion method in which urea-like molecules  were Fast of Acrylamide SDS-based Tissue Clearing (FASTClear)
are used for clarification. This method can also be applied and FACT that are free-acrylamide but worked such as previous
to thick tissues (59). ClearT2 showed better performance in  lipid removal protocols (79, 194).

imaging neural cells and spheres than Scale and SeeDB (168).

Due to its potential for maintaining the size of spheres and ~ CLARITY for 3D Imaging of Stem Cells

compatibility with typical immunostaining technique, its Rl can ~ CLARITY can be done on the whole organ and provides 3D
also be changed by changing in component concentration that  image of structural and molecular from the tissue. Moreover, it

allows it to be used in various neural cell types (168). was used for bone clearing and provided good results with access
imaging up to 1.5 mm in mice femur and tibia (195). It was also
CUBIC for 3D Imaging of Stem Cells used on bone osteoprogenitor cells and for imaging stem cells

The CUBIC method based on urea combine with aminalcoholsis ~ present in bone marrow (195). Using this protocol, tumor stem
one of the methods of hyperhydration with series of immersion  cells were traced in mice brain (196). Furthermore, mid-brain
steps followed by a washing step (75, 190). In this method,  organoids were cleared and imaged using this protocol (197).
sucrose is used in a clarifying solution to increase the RI (75, 190).

It also uses high-percentage Triton (50%) to increase the power ~ PACT for 3D Imaging of Stem Cells

of eliminating fat in tissue. CUBIC was used in the study of =~ Woo et al. (72) presented a modified-PACT (mPACT) with
mammary glands and their differentiation as well as cells fate in ~ a better transparency and less proceeding time than PARS-
mice mammary gland ducts (74). The CUBIC protocol was used ~ mPACT for clearing whole CNS in mouse as well as rats
to investigate skin stem cells in full thickness skin biopsies (191).  and guinea pigs. In addition, PACT-deCal was introduced
HSCs were also imaged in the spleen, brain and thymocytes after ~ for bone clarification that can be used to enhance bone

clearing them cleared with CUBIC method (192). clarity and imaging adult stem cells within, and expansion-
enhanced PACT (ePACT) was also introduced that can be
Lipid Removal Methods used to examine cells and subcellular components with good

The novelty of lipid removal methods is using hydrogel — magnification (198). By combining RIMs with PACT, PACT
(usually acrylamide) that acts as a barrier to prevent removal  can provide good images in different tissues and can be
of DNA/RNA and protein structure during clearing with or  applied to study stem cells and their relationship with the
without electrophoresis (60). In lipid removal protocols such  surrounding environment.

as CLARITY and PACT/PARS (60, 61, 173), after embedding

tissue in a hydrogel, the hydrogel is fixed, and the lipid is = FACT for 3D Imaging of Stem Cells

removed by incubation in a detergent such as sodium dodecyl ~ Xu et al. (79) compared the FACT clarification method with
sulfate (SDS) or by electrophoresis to accelerate the process. The =~ CLARITY, PACT, and FASTClear methods. Weight change was

Fixation solution
(4% PFA in 1M PBS)

Cell culture

/ < Labeling and RI matching

Clearing with FACT solution

Confocal microscopy (8% SDS in 37°C)

FIGURE 4 | Cell culture three-dimensional (3D) imaging with the FACT method. Target labeled cells will be cultured in a traditional culture medium. After confluency of
cells, they can be fixed in 4% paraformaldehyde (PFA) in phosphate buffer saline (PBS). After cell fixation, clearing FACT solution containing 4% SDS can be added and
dishes can be shaken at 37°C. The cells then can be washed with PBS and after refractive index (RI) matching, 3D imaging can be performed by confocal microscope.
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FIGURE 5 | Locating bone marrow mesenchymal stem cells (BM-MSCs) by whole intact bone three-dimensional (3D) imaging based on the FACT method. Using
40mL ice-cold phosphate buffer saline (PBS), transcardial perfusion of rats can be done and followed by 20 mL of 4% paraformaldehyde (PFA) in PBS. Then,
collected long bones can be post fixed 3 days in 4% PFA solution. Then for demineralization of the bones can be incubated in 10% EDTA in 4°C. EDTA should be
changed daily. Then, the bones can be cleared by the FACT solution (SDS 8% in PBS, pH 7.5). After clearing process and washing of SDS, the tissue can be labeled
with specific antibodies for BM-MSCs and then after refractive index (RI) matching can be imaged by confocal microscope.

higher in methods with a hydrogel stage. High temperatures,
inappropriate pH and immersion presented in previous methods
caused inappropriate changes in the tissue, such as excessive
tissue volume or massive weight changes, or some loss of
information. FACT has been used for labeling tumor stem cells
in the mice brain (199). The FACT protocol as a fast and cheap
approach can also be used for 2D and 3D cultures of stem cells
(Figures 4, 5).

Selection of the Best Clearing Protocol for
3D Imaging of Stem Cells

Here, we described all clearing protocols in this article and
explained the advantages and disadvantages of all methods.
Most of these methods have been designed to do on the
nervous system and a few of them have been reported to
use on stem cells. It seems that FACT has the most potential
among all of the previous methods in applying to stem cells
because of less time requirement, proper temperature and proper
pH, which are all essential factors for this purpose. Future
studies are required for approving this capability. Finally, for
choosing a proper method for clearing, some tips should be
considered such as the purpose of the study and the type
of tissue. If the sample is very large (as much as an adult
mouse), there is a need for methods with the ability to make
the whole organ transparent, such as CUBIC, CLARITY, PACT,
uDISCO, and FACT. Of course, the speed of operation in large
textures is also important, in which case, the FACT method
is appropriate.

REFERENCES

1. Mirzaei H, Sahebkar A, Avan A, Jaafari M, Salehi R, Salehi H, et al.
Application of mesenchymal stem cells in melanoma: a potential therapeutic

CONCLUSIONS

The stem cell field is a multilayered and multidisciplinary
challenge, the combination of tissue clearing methods with 3D
imaging techniques has extended the previous work based on
conventional 2D imaging techniques, and has paved the way
toward a systemic study of stem cell systems and pathologies
that underlie it. Modern methods of tissue clearing have potential
for many studies and are the right direction of developing in
clearing methods. Moreover, these methods combined with new
microscopy methods such as LSFM and OpenSPIM with image
analysis software can be applied to many studies especially on
stem cell studies, such as stem cell tracking for regenerative
medicine. The future trend toward a combination of both
tissue clearing methods and 3D imaging can exploit the feasible
application of stem cell systems both on physiology and disease.
It is our hope that understanding the cell interactions and
systematic characterization of stem cell systems may provide
guidance for the development of new treatment strategies for
disease-modifying therapies and regeneration of tissue defects.

AUTHOR CONTRIBUTIONS

AT, HL, IN, and MZ conceived, designed the format of the
manuscript, and reviewed the manuscript. FN, HW, AK, MB,
NB, AA, MM, MN, and PT drafted and edited the manuscript.
All authors contributed to the critical reading, discussion of
the manuscript, read, and agreed to the published version of
the manuscript.

strategy for delivery of targeted agents. Curr Med Chem. (2016) 23:455-63.
doi: 10.2174/0929867323666151217122033

Varzideh F, Pahlavan S, Ansari H, Halvaei M, Kostin S, Feiz M-S, et
al. Human cardiomyocytes undergo enhanced maturation in embryonic

Frontiers in Veterinary Science | www.frontiersin.org 13

April 2021 | Volume 8 | Article 657525


https://doi.org/10.2174/0929867323666151217122033
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles

Nowzari et al.

3D Imaging of Stem Cell

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

stem cell-derived organoid transplants. Biomaterials. (2019) 192:537-50.
doi: 10.1016/j.biomaterials.2018.11.033

. Hajizadeh-Saffar E, Tahamtani Y, Aghdami N, Azadmanesh K, Habibi-

Anbouhi M, Heremans Y, et al. Inducible VEGF expression by human
embryonic stem cell-derived mesenchymal stromal cells reduces the
minimal islet mass required to reverse diabetes. Sci Rep. (2015) 5:1-10.
doi: 10.1038/srep09322

. Rahmanifar F Tamadon A, Mehrabani D, Zare S, Abasi S, Keshavarz S, et al.

Histomorphometric evaluation of treatment of rat azoospermic seminiferous
tubules by allotransplantation of bone marrow-derived mesenchymal stem
cells. Iran J Basic Med Sci. (2016) 19:653-61. doi: 10.22038/IJBMS.2016.7134

. Khajehahmadi Z, Mehrabani D, Ashraf MJ, Rahmanifar F, Tanideh N,

Tamadon A, et al. Healing effect of conditioned media from bone marrow-
derived stem cells in thioacetamide-induced liver fibrosis of rat. ] Med Sci.
(2016) 16:7-15. doi: 10.3923/jms.2016.7.15

. Salehi MS, Pandamooz S, Safari A, Jurek B, Tamadon A, Namavar MR,

et al. Epidermal neural crest stem cell transplantation as a promising
therapeutic strategy for ischemic stroke. CNS Neurosci Ther. (2020) 26:670—
81. doi: 10.1111/cns.13370

. Reidling JC, Relano-Gines A, Holley SM, Ochaba ], Moore C, Fury B, et

al. Human neural stem cell transplantation rescues functional deficits in
R6/2 and Q140 Huntington’s disease mice. Stemn Cell Rep. (2017) 10:58-72.
doi: 10.1016/j.stemcr.2017.11.005

. Bonilla-Porras AR, Arevalo-Arbelaez A, Alzate-Restrepo JE Velez-Pardo

C, Jimenez-Del-Rio M. PARKIN overexpression in human mesenchymal
stromal cells from Wharton’s jelly suppresses 6-hydroxydopamine-induced
apoptosis: Potential therapeutic strategy in Parkinson’s disease. Cytotherapy.
(2017) 20:45-61. doi: 10.1016/j.jcyt.2017.09.011

. Birgersdotter A, Sandberg R, Ernberg I. Gene expression perturbation in

vitro—a growing case for three-dimensional (3D) culture systems. Semin
Cancer Biol. (2005) 15:405-12. doi: 10.1016/j.semcancer.2005.06.009
Pampaloni E Reynaud EG, Stelzer EH. The third dimension bridges the gap
between cell culture and live tissue. Nat Rev Mol Cell Biol. (2007) 8:839-45.
doi: 10.1038/nrm2236

Arandian A, Bagheri Z, Ehtesabi H, Najafi Nobar S, Aminoroaya N,
Samimi A, et al. Optical imaging approaches to monitor static and
dynamic cell-on-chip platforms: a tutorial review. Small. (2019) 15:1900737.
doi: 10.1002/smll.201900737

Schneider CA, Rasband WS, Eliceiri KW. NIH image to imagej: 25 years of
image analysis. Nat Methods. (2012) 9:671-5. doi: 10.1038/nmeth.2089
Sugawara Y, Kamioka H, Honjo T, Tezuka K-i, Takano-Yamamoto
T. Three-dimensional reconstruction of chick calvarial osteocytes and
their cell processes using confocal microscopy. Bone. (2005) 36:877-83.
doi: 10.1016/j.bone.2004.10.008

Martinez JI, Lopez HM-H, Baylon JL, Cardiel SO. Microparticle
image velocimetry for improving dielectrophoretic concentrator using
the labsmith labpackage. Anal Bioanal Chem. (2009) 394:293-302.
doi: 10.1007/500216-009-2626-y

Elliott C, Vijayakumar V, Zink W, Hansen R. National instruments
LabVIEW: a programming environment for laboratory automation and
measurement. JALA. (2007) 12:17-24. doi: 10.1016/j.jala.2006.07.012
Funakoshi T, Yanai A, Shinoda K, Kawano MM, Mizukami Y. G
protein-coupled receptor 30 is an estrogen receptor in the plasma
membrane. Biochem  Biophys Res (2006)  346:904-10.
doi: 10.1016/j.bbrc.2006.05.191

Radford H, Moreno JA, Verity N, Halliday M, Mallucci GR. PERK
inhibition prevents tau-mediated neurodegeneration in a mouse model
of frontotemporal dementia. Acta Neuropathol. (2015) 130:633-42.
doi: 10.1007/s00401-015-1487-z

Pitrone PG, Schindelin ], Stuyvenberg L, Preibisch S, Weber M, Eliceiri
KW, et al. OpenSPIM: an open-access light-sheet microscopy platform. Nat
Methods. (2013) 10:598-9. doi: 10.1038/nmeth.2507

Carpenter AE, Jones TR, Lamprecht MR, Clarke C, Kang IH, Friman O,
et al. CellProfiler: image analysis software for identifying and quantifying
cell phenotypes. Genome Biol. (2006) 7:R100. doi: 10.1186/gb-2006-7-
10-r100

Wearne S, Rodriguez A, Ehlenberger D, Rocher A, Henderson S, Hof P.
New techniques for imaging, digitization and analysis of three-dimensional

Commun.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

neural morphology on multiple scales. Neuroscience. (2005) 136:661-80.
doi: 10.1016/j.neuroscience.2005.05.053

Scorcioni R, Polavaram S, Ascoli GA. L-measure: a web-accessible tool for
the analysis, comparison, and search of digital reconstructions of neuronal
morphologies. Nat Protoc. (2008) 3:866. doi: 10.1038/nprot.2008.51

Ponti A, Gulati A, Bicker V, Schwarb P. Huygens remote manager: a web
interface for high-volume batch deconvolution. Immaging Microscopy. (2007)
9:57-8. doi: 10.1002/imic.200790154

Bhattacharyya A, Watson FL, Pomeroy SL, Zhang YZ, Stiles CD,
Segal RA. High-resolution imaging demonstrates dynein-based vesicular
transport of activated Trk receptors. Develop Neurobiol. (2002) 51:302-12.
doi: 10.1002/neu.10062

Lee E, Choi ], Jo Y, Kim JY, Jang YJ, Lee HM, et al. ACT-PRESTO: Rapid
and consistent tissue clearing and labeling method for 3-dimensional (3D)
imaging. Sci Rep. (2016) 6:18631. doi: 10.1038/srep31940

Born G. Uber die Nasenhéhlen und den Thrinennasengang der Amphibien.
Biology. (1877) 2.

Denk W, Horstmann H. Serial block-face scanning electron microscopy
to reconstruct three-dimensional tissue nanostructure. PLoS Biol. (2004)
2:¢329. doi: 10.1371/journal.pbio.0020329

Micheva KD, Smith SJ. Array tomography: a new tool for imaging the
molecular architecture and ultrastructure of neural circuits. Neuron. (2007)
55:25-36. doi: 10.1016/j.neuron.2007.06.014

Tsai PS, Blinder P, Migliori BJ, Neev J, Jin Y, Squier JA, et al
Plasma-mediated ablation: an optical tool for submicrometer surgery on
neuronal and vascular systems. Curr Opin Biotechnol. (2009) 20:90-9.
doi: 10.1016/j.copbio.2009.02.003

Li A, Gong H, Zhang B, Wang Q, Yan C, Wu J, et al. Micro-optical sectioning
tomography to obtain a high-resolution atlas of the mouse brain. Science.
(2010) 330:1404-8. doi: 10.1126/science.1191776

Oh SW, Harris JA, Ng L, Winslow B, Cain N, Mihalas S, et al
A mesoscale connectome of the mouse brain. Nature. (2014) 508:207.
doi: 10.1038/nature13186

Mayerich D, Abbott L, McCormick B. Knife-edge scanning microscopy
for imaging and reconstruction of three-dimensional anatomical
structures of the mouse brain. ] Microscopy. (2008) 231:134-43.
doi: 10.1111/j.1365-2818.2008.02024.x

Leapman RD, Aronova MA, Rao A, McBride EL, Zhang G, Xu H, et al.
Quantitative analysis of immature secretory granules in beta cells of mouse
pancreatic islets by serial block-face scanning electron microscopy. Biophys
J. (2018) 114:370a. doi: 10.1016/j.bp;j.2017.11.2050

Pollreisz A, Messinger JD, Sloan KR, Mittermueller TJ, Weinhandl
AS, Benson EK, et al. Visualizing melanosomes, lipofuscin,
melanolipofuscin in human retinal pigment epithelium using serial
block face scanning electron microscopy. Experi Eye Res. (2018) 166:131-9.
doi: 10.1016/j.exer.2017.10.018

Ichimura K, Miyazaki N, Sadayama S, Murata K, Koike M, Nakamura
K-i, et al. Three-dimensional architecture of podocytes revealed by
block-face scanning electron microscopy. Sci Rep. (2015) 5:8993.
doi: 10.1038/srep08993

Kremer A, Lippens S, Bartunkova S, Asselbergh B, Blanpain C, Fendrych M,
et al. Developing 3D SEM in a broad biological context. ] Microscop. (2015)
259:80-96. doi: 10.1111/jmi.12211

Reagan BC, Kim PJ-Y, Perry PD, Dunlap JR, Burch-Smith TM. Spatial
distribution of organelles in leaf cells and soybean root nodules revealed by
focused ion beam-scanning electron microscopy. Funct Plant Biol. (2018)
45:180-91. doi: 10.1071/FP16347

Hughes L, Towers K, Starborg T, Gull K, Vaughan S. A cell-body
groove housing the new flagellum tip suggests an adaptation of cellular
morphogenesis for parasitism in the bloodstream form of Trypanosoma
brucei. J Cell Sci. (2013) 126:5748-57. doi: 10.1242/jcs.139139

Acar M, Kocherlakota KS, Murphy MM, Peyer JG, Oguro H, Inra CN, et
al. Deep imaging of bone marrow shows non-dividing stem cells are mainly
perisinusoidal. Nature. (2015) 526:126. doi: 10.1038/nature15250

Dodt HU, Leischner U, Schierloh A, Jahrling N, Mauch CP, Deininger
K, et al. Ultramicroscopy: three-dimensional visualization of neuronal
networks in the whole mouse brain. Nat Methods. (2007) 4:331-6.
doi: 10.1038/nmeth1036

and

Frontiers in Veterinary Science | www.frontiersin.org

14

April 2021 | Volume 8 | Article 657525


https://doi.org/10.1016/j.biomaterials.2018.11.033
https://doi.org/10.1038/srep09322
https://doi.org/10.22038/IJBMS.2016.7134
https://doi.org/10.3923/jms.2016.7.15
https://doi.org/10.1111/cns.13370
https://doi.org/10.1016/j.stemcr.2017.11.005
https://doi.org/10.1016/j.jcyt.2017.09.011
https://doi.org/10.1016/j.semcancer.2005.06.009
https://doi.org/10.1038/nrm2236
https://doi.org/10.1002/smll.201900737
https://doi.org/10.1038/nmeth.2089
https://doi.org/10.1016/j.bone.2004.10.008
https://doi.org/10.1007/s00216-009-2626-y
https://doi.org/10.1016/j.jala.2006.07.012
https://doi.org/10.1016/j.bbrc.2006.05.191
https://doi.org/10.1007/s00401-015-1487-z
https://doi.org/10.1038/nmeth.2507
https://doi.org/10.1186/gb-2006-7-10-r100
https://doi.org/10.1016/j.neuroscience.2005.05.053
https://doi.org/10.1038/nprot.2008.51
https://doi.org/10.1002/imic.200790154
https://doi.org/10.1002/neu.10062
https://doi.org/10.1038/srep31940
https://doi.org/10.1371/journal.pbio.0020329
https://doi.org/10.1016/j.neuron.2007.06.014
https://doi.org/10.1016/j.copbio.2009.02.003
https://doi.org/10.1126/science.1191776
https://doi.org/10.1038/nature13186
https://doi.org/10.1111/j.1365-2818.2008.02024.x
https://doi.org/10.1016/j.bpj.2017.11.2050
https://doi.org/10.1016/j.exer.2017.10.018
https://doi.org/10.1038/srep08993
https://doi.org/10.1111/jmi.12211
https://doi.org/10.1071/FP16347
https://doi.org/10.1242/jcs.139139
https://doi.org/10.1038/nature15250
https://doi.org/10.1038/nmeth1036
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles

Nowzari et al.

3D Imaging of Stem Cell

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Reichman S, Slembrouck A, Gagliardi G, Chaffiol A, Terray A, Nanteau C, et
al. Generation of storable retinal organoids and retinal pigmented epithelium
from adherent human iPS cells in xeno-free and feeder-free conditions. Stem
Cells. (2017) 35:1176-88. doi: 10.1002/stem.2586

Calle EA, Vesuna S, Dimitrievska S, Zhou K, Huang A, Zhao L, et al. The
use of optical clearing and multiphoton microscopy for investigation of
three-dimensional tissue-engineered constructs. Tissue Eng Part C: Methods.
(2014) 20:570-7. doi: 10.1089/ten.tec.2013.0538

Puelles VG, Bertram JE Firth S, Harper 1. BABB Clearing and Imaging for
High Resolution Confocal Microscopy: Counting and Sizing Kidney Cells in
the 21st Century. Solms: Leica Microsystems (2016).

Walter TJ, Sparks EE, Huppert SS. 3-dimensional resin casting and imaging
of mouse portal vein or intrahepatic bile duct system. J Vis Experi. (2012)
68:e4272. doi: 10.3791/4272

Zucker RM, Hunter ES, Rogers JM. Confocal laser scanning microscopy
morphology and apoptosis in organogenesis-stage mouse embryos. Dev Biol
Protoc. (2000) 135:191-202. doi: 10.1385/1-59259-685-1:191
Dent JA, Polson AG, Klymkowsky MW. A
immunocytochemical analysis of the expression of the intermediate
filament protein vimentin in Xenopus. Development. (1989) 105:61-74.
McGurk L, Morrison H, Keegan LP, Sharpe J, O’Connell MA. Three-
dimensional imaging of Drosophila melanogaster. PLoS ONE. (2007) 2:e834.
doi: 10.1371/journal.pone.0000834

Oldham M, Sakhalkar H, Oliver T, Johnson GA, Dewhirst M. Optical
clearing of unsectioned specimens for three-dimensional imaging via optical
transmission and emission tomography. J Biomed Optics. (2008) 13:021113—
8. doi: 10.1117/1.2907968

Steinke H, Wolff W. A modified Spalteholz technique with preservation
of the histology. Ann Anatomy Anatomischer Anzeiger. (2001) 183:91-5.
doi: 10.1016/50940-9602(01)80020-0

Chiang A-S. Aqueous tissue clearing solution. Google Patents. United States
patent US 6,472,216 (2002).

Hama H, Kurokawa H, Kawano H, Ando R, Shimogori T, Noda H, et al.
Scale: a chemical approach for fluorescence imaging and reconstruction of
transparent mouse brain. Nat Neurosci. (2011) 14:1481. doi: 10.1038/nn.2928
Barkauskas CE, Cronce MJ, Rackley CR, Bowie EJ, Keene DR, Stripp BR, et
al. Type 2 alveolar cells are stem cells in adult lung. J Clin Investig. (2013)
123:3025-36. doi: 10.1172/JC168782

Hama H, Hioki H, Namiki K, Hoshida T, Kurokawa H, Ishidate E et al.
ScaleS: an optical clearing palette for biological imaging. Nat Neurosci. (2015)
18:1518. doi: 10.1038/nn.4107

Keller PJ, Dodt H-U. Light sheet microscopy of living or cleared specimens.
Curr Opin Neurobiol. (2012) 22:138-43. doi: 10.1016/j.conb.2011.08.003
Ertiirk A, Becker K, Jahrling N, Mauch CP, Hojer CD, Egen JG, et al. Three-
dimensional imaging of solvent-cleared organs using 3DISCO. Nat Protoc.
(2012) 7:1983. doi: 10.1038/nprot.2012.119

Yokomizo T, Yamada-Inagawa T, Yzaguirre AD, Chen M]J, Speck NA,
Dzierzak E. Whole-mount three-dimensional imaging of internally localized
immunostained cells within mouse embryos. Nat Protoc. (2012) 7:421.
doi: 10.1038/nprot.2011.441

Ke M-T, Fujimoto S, Imai T. SeeDB: a simple and morphology-preserving
optical clearing agent for neuronal circuit reconstruction. Nat Neurosci.
(2013) 16:1154-61. doi: 10.1038/nn.3447

Ke MT, Imai T. Optical clearing of fixed brain samples using SeeDB. Curr
Protoc Neurosci. (2014) 66:2.22. doi: 10.1002/0471142301.ns0222s66

Calve S, Ready A, Huppenbauer C, Main R, Neu CP. Optical clearing in
dense connective tissues to visualize cellular connectivity in situ. PLoS ONE.
(2015) 10:e0116662. doi: 10.1371/journal.pone.0116662

Kuwajima T, Sitko AA, Bhansali P, Jurgens C, Guido W, Mason C.
ClearT: a detergent-and solvent-free clearing method for neuronal and
non-neuronal tissue. Development. (2013) 140:1364-8. doi: 10.1242/dev.
091844

Chung K, Wallace ], Kim S-Y, Kalyanasundaram S, Andalman AS, Davidson
TJ, et al. Structural and molecular interrogation of intact biological systems.
Nature. (2013) 497:332-7. doi: 10.1038/nature12107

Tomer R, Ye L, Hsueh B, Deisseroth K. Advanced CLARITY for rapid
and high-resolution imaging of intact tissues. Nat Protoc. (2014) 9:1682-97.
doi: 10.1038/nprot.2014.123

whole-mount

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

Lee H, Park J-H, Seo I, Park S-H, Kim S. Improved application of the
electrophoretic tissue clearing technology, CLARITY, to intact solid organs
including brain, pancreas, liver, kidney, lung, and intestine. BMC Dev Biol.
(2014) 14:48. doi: 10.1186/s12861-014-0048-3

Neckel PH, Mattheus U, Hirt B, Just L, Mack AF. Large-scale tissue clearing
(PACT): Technical evaluation and new perspectives in immunofluorescence,
histology, and ultrastructure. Sci Rep. (2016) 6:34331. doi: 10.1038/srep34331
Hu W, Tamadon A, Hsueh AJW, Feng Y. Three-dimensional reconstruction
of the vascular architecture of the passive CLARITY-cleared mouse ovary. ]
Vis Experi. (2017) 130:56141. doi: 10.3791/56141

Zhang W, Liu S, Zhang W, Hu W, Jiang M, Tamadon A, et al
Skeletal muscle CLARITY: a preliminary study of imaging the three-
dimensional architecture of blood vessels and neurons. Brain. (2018) 14:28.
doi: 10.22074/cellj.2018.5266

Feng Y, Cui P, Lu X, Hsueh B, Billig FMI, Yanez LZ, et al. CLARITY
reveals dynamics of ovarian follicular architecture and vasculature in three-
dimensions. Sci Rep. (2017) 7:44810. doi: 10.1038/srep44810

Renier N, Wu Z, Simon DJ, Yang J, Ariel P, Tessier-Lavigne M. iDISCO:
a simple, rapid method to immunolabel large tissue samples for volume
imaging. Cell. (2014) 159:896-910. doi: 10.1016/j.cell.2014.10.010
Liebmann T, Renier N, Bettayeb K, Greengard P, Tessier-Lavigne M,
Flajolet M. Three-dimensional study of Alzheimer’s disease hallmarks
using the idisco clearing method. Cell Rep. (2016) 16:1138-52.
doi: 10.1016/j.celrep.2016.06.060

Qi Y, Zhang X-J, Renier N, Wu Z, Atkin T, Sun Z, et al. Combined small-
molecule inhibition accelerates the derivation of functional, early-born,
cortical neurons from human pluripotent stem cells. Nat Biotechnol. (2017)
35:154. doi: 10.1038/nbt.3777

Murray E, Cho Jae H, Goodwin D, Ku T, Swaney ], Kim S-Y, et al. Simple,
scalable proteomic imaging for high-dimensional profiling of intact systems.
Cell. (2015) 163:1500-14. doi: 10.1016/j.cell.2015.11.025

Pan C, Cai R, Quacquarelli FP, Ghasemigharagoz A, Lourbopoulos A,
Matryba P, et al. Shrinkage-mediated imaging of entire organs and organisms
using uDISCO. Nat Methods. (2016) 13:859-67. doi: 10.1038/nmeth.3964
Woo J, Lee M, Seo JM, Park HS, Cho YE. Optimization of the optical
transparency of rodent tissues by modified PACT-based passive clearing.
Experi Mol Med. (2016) 48:¢274. doi: 10.1038/emm.2016.105

Chen JY, Miyanishi M, Wang SK, Yamazaki S, Sinha R, Kao KS, et al.
Hoxb5 marks long-term haematopoietic stem cells revealing a homogenous
perivascular niche. Nature. (2016) 530:223. doi: 10.1038/nature16943

Davis FM, Lloyd-Lewis B, Harris OB, Kozar S, Winton D], Muresan L, et al.
Single-cell lineage tracing in the mammary gland reveals stochastic clonal
dispersion of stem/progenitor cell progeny. Nat Commun. (2016) 7:1-13.
doi: 10.1038/ncomms13053

Susaki EA, Tainaka K, Perrin D, Kishino F, Tawara T, Watanabe
TM, et al. Whole-brain imaging with single-cell resolution using
chemical cocktails and computational analysis. Cell. (2014) 157:726-39.
doi: 10.1016/j.cell.2014.03.042

Frétaud M, Riviere L, De Job E, Gay S, Lareyre J-J, Joly J-S, et al. High-
resolution 3D imaging of whole organ after clearing: taking a new look at
the zebrafish testis. Sci Rep. (2017) 7:43012. doi: 10.1038/srep43012

Nojima S, Susaki EA, Yoshida K, Takemoto H, Tsujimura N, Iijima S, et al.
CUBIC pathology: three-dimensional imaging for pathological diagnosis. Sci
Rep. (2017) 7:9269. doi: 10.1038/541598-017-09117-0

Perbellini F, Liu AK, Watson SA, Bardi I, Rothery SM, Terracciano
CM. Free-of-acrylamide SDS-based tissue clearing (FASTClear) for three
dimensional visualization of myocardial tissue. Sci Rep. (2017) 7:5188.
doi: 10.1038/541598-017-05406-w

Xu N, Tamadon A, Liu Y, Ma T, Leak RK, Chen J, et al. Fast free-of-
acrylamide clearing tissue (FACT)—an optimized new protocol for rapid,
high-resolution imaging of three-dimensional brain tissue. Sci Rep. (2017)
7:9895. doi: 10.1038/541598-017-10204-5

Khoradmehr A, Mazaheri F, Anvari M, Tamadon A. A simple technique for
three-dimensional imaging and segmentation of brain vasculature using fast
free of acrylamide clearing tissue (FACT) in murine. Cell J. (2018) 21:49-56.
doi: 10.22074/cellj.2019.5684

Mohammad Rezazadeh E, Saedi S, Rahmanifar F, Namavar MR, Dianatpour
M, Tanideh N, et al. Fast free of acrylamide clearing tissue (FACT) for whole

Frontiers in Veterinary Science | www.frontiersin.org

15

April 2021 | Volume 8 | Article 657525


https://doi.org/10.1002/stem.2586
https://doi.org/10.1089/ten.tec.2013.0538
https://doi.org/10.3791/4272
https://doi.org/10.1385/1-59259-685-1:191
https://doi.org/10.1371/journal.pone.0000834
https://doi.org/10.1117/1.2907968
https://doi.org/10.1016/S0940-9602(01)80020-0
https://doi.org/10.1038/nn.2928
https://doi.org/10.1172/JCI68782
https://doi.org/10.1038/nn.4107
https://doi.org/10.1016/j.conb.2011.08.003
https://doi.org/10.1038/nprot.2012.119
https://doi.org/10.1038/nprot.2011.441
https://doi.org/10.1038/nn.3447
https://doi.org/10.1002/0471142301.ns0222s66
https://doi.org/10.1371/journal.pone.0116662
https://doi.org/10.1242/dev.091844
https://doi.org/10.1038/nature12107
https://doi.org/10.1038/nprot.2014.123
https://doi.org/10.1186/s12861-014-0048-3
https://doi.org/10.1038/srep34331
https://doi.org/10.3791/56141
https://doi.org/10.22074/cellj.2018.5266
https://doi.org/10.1038/srep44810
https://doi.org/10.1016/j.cell.2014.10.010
https://doi.org/10.1016/j.celrep.2016.06.060
https://doi.org/10.1038/nbt.3777
https://doi.org/10.1016/j.cell.2015.11.025
https://doi.org/10.1038/nmeth.3964
https://doi.org/10.1038/emm.2016.105
https://doi.org/10.1038/nature16943
https://doi.org/10.1038/ncomms13053
https://doi.org/10.1016/j.cell.2014.03.042
https://doi.org/10.1038/srep43012
https://doi.org/10.1038/s41598-017-09117-0
https://doi.org/10.1038/s41598-017-05406-w
https://doi.org/10.1038/s41598-017-10204-5
https://doi.org/10.22074/cellj.2019.5684
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles

Nowzari et al.

3D Imaging of Stem Cell

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.
101.

102.

tissue clearing, immunolabeling and three-dimensional imaging of partridge
tissues. Microsc Res Techniq. (2018) 81:1374-82. doi: 10.1002/jemt.23078
Guo J, Artur C, Eriksen JL, Mayerich D. three-Dimensional Microscopy

by Milling with Ultraviolet excitation. Sci Rep. (2019) 9:1-9.
doi: 10.1038/541598-019-50870-1
St. Croix CM, Shand SH, Watkins SC. Confocal microscopy:

comparisons, applications, and problems. Biotechniques. (2005) 39:S2-5.
doi: 10.2144/000112089

Olarte OE, Andilla ], Gualda EJ, Loza-Alvarez P. Light-sheet microscopy: a
tutorial. Adv Optics Photon. (2018) 10:111-79. doi: 10.1364/A0OP.10.000111
Girkin JM, Carvalho MT. The light-sheet microscopy revolution. J Optics.
(2018) 20:053002. doi: 10.1088/2040-8986/aab58a

Wang Z, Zhang H, Yang Y, Li G, Zhu L, Li Y, et al. Deep learning light
field microscopy for video-rate volumetric functional imaging of behaving
animal. bioRxiv [Preprint]. (2019). doi: 10.1101/432807

Ozbay BN, Futia GL, Ma M, Bright VM, Gopinath JT, Hughes EG, et al.
Three dimensional two-photon brain imaging in freely moving mice using
a miniature fiber coupled microscope with active axial-scanning. Sci Rep.
(2018) 8:1-14. doi: 10.1038/s41598-018-26326-3

Huang E Sirinakis G, Allgeyer ES, Schroeder LK, Duim WC, Kromann EB, et
al. Ultra-high resolution 3D imaging of whole cells. Cell. (2016) 166:1028-40.
doi: 10.1016/j.cell.2016.06.016

Rich RM, Stankowska DL, Maliwal BP, Serensen TJ, Laursen BW,
Krishnamoorthy RR, et al. Elimination of autofluorescence background
from fluorescence tissue images by use of time-gated detection and the
AzaDiOxaTriAngulenium (ADOTA) fluorophore. Analyt Bioanalyt Chem.
(2013) 405:2065-75. doi: 10.1007/500216-012-6623-1

Katz O, Small E, Guan Y, Silberberg Y. Noninvasive nonlinear focusing and
imaging through strongly scattering turbid layers. Optica. (2014) 1:170-4.
doi: 10.1364/OPTICA.1.000170

Sylwestrak EL, Rajasethupathy P, Wright MA, Jaffe A, Deisseroth K.
Multiplexed intact-tissue transcriptional analysis at cellular resolution. Cell.
(2016) 164:792-804. doi: 10.1016/j.cell.2016.01.038

Zhang SJ, Wu JC. Comparison of imaging techniques for tracking
cardiac stem cell therapy. J Nuclear Med. (2007) 48:1916-9.
doi: 10.2967/jnumed.107.043299

Robertson FM, Ogasawara MA, Ye Z, Chu K, Pickei R, Debeb
BG, et al. Imaging and analysis of 3D tumor spheroids enriched
for a cancer stem cell phenotype. J Biomol Screen. (2010) 15:820-9.
doi: 10.1177/1087057110376541

Weiswald L-B, Guinebretiére J-M, Richon S, Bellet D, Saubaméa
B, Dangles-Marie V. In protein
spheres: development of an immunostaining protocol for confocal
microscopy. BMC Cancer. (2010) 10:106. doi: 10.1186/1471-2407-
10-106

Uchida N, Buck DW, He D, Reitsma M], Masek M, Phan TV,
et al. Direct isolation of human central nervous system stem cells.
Proc Natl Acad Sci USA. (2000) 97:14720-5. doi: 10.1073/pnas.97.26.
14720

Mery A, Puceat M. Confocal microscopy: a tool to visualise differentiation
of stem cells into cardiomyocytes. J Soc Biol. (2003) 198:145-51.
doi: 10.1051/jbio/2004198020145

Barker N, Van Es JH, Kuipers ], Kujala P, Van Den Born M, Cozijnsen M, et
al. Identification of stem cells in small intestine and colon by marker gene
Lgr5. Nature. (2007) 449:1003-7. doi: 10.1038/nature06196

Bertrand JY, Chi NC, Santoso B, Teng S, Stainier DY, Traver D.
Hematopoietic stem cells derive directly from aortic endothelium during
development. Nature. (2010) 464:108. doi: 10.1038/nature08738

Henninger ], Santoso B, Hans S, Durand E, Moore ], Mosimann C, et al.
Clonal fate mapping quantifies the number of haematopoietic stem cells that
arise during development. Nat Cell Biol. (2017) 19:17. doi: 10.1038/ncb3444
Zsigmondy RA. Properties of colloids. Nobel Lecture. (1926) 11.

situ expression in tumour

Voie A, Burns D, Spelman F. Orthogonal-plane fluorescence
optical ~ sectioning:  Three-dimensional imaging of macroscopic
biological specimens. J Microscop. (1993) 170:229-36.

doi: 10.1111/j.1365-2818.1993.tb03346.x
Minsky M. Memoir on inventing the confocal scanning microscope.
Scanning. (1988) 10:128-38. doi: 10.1002/sca.4950100403

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

Zhang R, Luo W, Zhang Y, Zhu D, Midgley AC, Song H, et al. Particle-
based artificial three-dimensional stem cell spheroids for revascularization
of ischemic diseases. Sci Adv. (2020) 6:eaaz8011. doi: 10.1126/sciadv.aaz8011
Haertinger M, Weiss T, Mann A, Tabi A, Brandel V, Radtke C. Adipose stem
cell-derived extracellular vesicles induce proliferation of Schwann cells via
internalization. Cells. (2020) 9:163. doi: 10.3390/cells9010163

Huisken ], Swoger J, Del Bene F, Wittbrodt J, Stelzer EH. Optical sectioning
deep inside live embryos by selective plane illumination microscopy. Science.
(2004) 305:1007-9. doi: 10.1126/science.1100035

Reynaud EG, KrZi¢ U, Greger K, Stelzer EH. Light sheet-based fluorescence
microscopy: more dimensions, more photons, and less photodamage. HFSP
J. (2008) 2:266-75. doi: 10.2976/1.2974980

Preibisch S, Saalfeld S, Schindelin J, Tomancak P. Software for bead-based
registration of selective plane illumination microscopy data. Nat Methods.
(2010) 7:418. doi: 10.1038/nmeth0610-418

Weber M, Mickoleit M, Huisken J. Light sheet microscopy. Methods Cell Biol.
(2014) 123:193-215. doi: 10.1016/B978-0-12-420138-5.00011-2

Ertiirk A, Lafkas D, Chalouni C. Imaging cleared intact biological systems
at a cellular level by 3DISCO. J Visual Experi: JoVE. (2014) 89:51382.
doi: 10.3791/51382

Fahrbach FO, Rohrbach A. A line scanned light-sheet microscope with
phase shaped self-reconstructing beams. Optics Express. (2010) 18:24229-44.
doi: 10.1364/0E.18.024229

Planchon TA, Gao L, Milkie DE, Davidson MW, Galbraith JA, Galbraith
CG, et al. Rapid three-dimensional isotropic imaging of living cells
using Bessel beam plane illumination. Nat Methods. (2011) 8:417.
doi: 10.1038/nmeth.1586

Vettenburg T, Dalgarno HIC, Nylk J, Coll-Lladé C, Ferrier DEK, Cizmar
T, et al. Light-sheet microscopy using an Airy beam. Nat Methods. (2014)
11:541-4. doi: 10.1038/nmeth.2922

Berry MV, Balazs NL. Nonspreading wave packets. Am ] Phys. (1979)
47:264-7. doi: 10.1119/1.11855

Siviloglou G, Broky J, Dogariu A, Christodoulides D. Observation
of accelerating Airy beams. Phys Rev Lett. (2007) 99:213901.
doi: 10.1103/PhysRevLett.99.213901

Pasiskevicius V. Nonlinear optics: engineering Airy beams. Nat Photon.
(2009) 3:374-5. doi: 10.1038/nphoton.2009.107

Boyle W, Smith G. Three dimensional charge coupled devices. Google
Patents. United States patent US 3,796,927 (1974).

Fahrbach FO, Simon P, Rohrbach A. Microscopy with self-reconstructing
beams. Nat Photon. (2010) 4:780-5. doi: 10.1038/nphoton.2010.204
Kaufmann A, Mickoleit M, Weber M, Huisken J. Multilayer mounting
enables long-term imaging of zebrafish development in a light sheet
microscope. Development. (2012) 139:3242-7. doi: 10.1242/dev.082586
Keller PJ, Stelzer EH. Digital scanned laser light sheet fluorescence
microscopy.  Cold ~ Spring  Harbor  Protoc.  (2010)  2010:top78.
doi: 10.1101/pdb.top78

Zanacchi FC, Lavagnino Z, Donnorso MP, Del Bue A, Furia L, Faretta M,
et al. Live-cell 3D super-resolution imaging in thick biological samples. Nat
Methods. (2011) 8:1047-9. doi: 10.1038/nmeth.1744

Wu Y, Ghitani A, Christensen R, Santella A, Du Z, Rondeau G, et al. Inverted
selective plane illumination microscopy (iSPIM) enables coupled cell identity
lineaging and neurodevelopmental imaging in caenorhabditis elegans. Proc
Natl Acad Sci. (2011) 108:17708-13. doi: 10.1073/pnas.1108494108
Tokunaga M, Imamoto N, Sakata-Sogawa K. Highly inclined thin
illumination enables clear single-molecule imaging in cells. Nat Methods.
(2008) 5:159. doi: 10.1038/nmeth1171

Gebhardt JCM, Suter DM, Roy R, Zhao ZW, Chapman AR, Basu S, et
al. Single-molecule imaging of transcription factor binding to DNA in live
mammalian cells. Nat Methods. (2013) 10:421-6. doi: 10.1038/nmeth.2411
Hu YS, Zhu Q, Elkins K, Tse K, Li Y, Fitzpatrick JA, et al. Light-
sheet Bayesian microscopy enables deep-cell super-resolution imaging of
heterochromatin in live human embryonic stem cells. Optical Nanoscop.
(2013) 2:7. doi: 10.1186/2192-2853-2-7

Tomer R, Lovett-Barron M, Kauvar I, Andalman A, Burns VM,
Sankaran S, et al. SPED light sheet microscopy: fast mapping of
biological system structure and function. Cell. (2015) 163:1796-806.
doi: 10.1016/j.cell.2015.11.061

Frontiers in Veterinary Science | www.frontiersin.org

April 2021 | Volume 8 | Article 657525


https://doi.org/10.1002/jemt.23078
https://doi.org/10.1038/s41598-019-50870-1
https://doi.org/10.2144/000112089
https://doi.org/10.1364/AOP.10.000111
https://doi.org/10.1088/2040-8986/aab58a
https://doi.org/10.1101/432807
https://doi.org/10.1038/s41598-018-26326-3
https://doi.org/10.1016/j.cell.2016.06.016
https://doi.org/10.1007/s00216-012-6623-1
https://doi.org/10.1364/OPTICA.1.000170
https://doi.org/10.1016/j.cell.2016.01.038
https://doi.org/10.2967/jnumed.107.043299
https://doi.org/10.1177/1087057110376541
https://doi.org/10.1186/1471-2407-10-106
https://doi.org/10.1073/pnas.97.26.14720
https://doi.org/10.1051/jbio/2004198020145
https://doi.org/10.1038/nature06196
https://doi.org/10.1038/nature08738
https://doi.org/10.1038/ncb3444
https://doi.org/10.1111/j.1365-2818.1993.tb03346.x
https://doi.org/10.1002/sca.4950100403
https://doi.org/10.1126/sciadv.aaz8011
https://doi.org/10.3390/cells9010163
https://doi.org/10.1126/science.1100035
https://doi.org/10.2976/1.2974980
https://doi.org/10.1038/nmeth0610-418
https://doi.org/10.1016/B978-0-12-420138-5.00011-2
https://doi.org/10.3791/51382
https://doi.org/10.1364/OE.18.024229
https://doi.org/10.1038/nmeth.1586
https://doi.org/10.1038/nmeth.2922
https://doi.org/10.1119/1.11855
https://doi.org/10.1103/PhysRevLett.99.213901
https://doi.org/10.1038/nphoton.2009.107
https://doi.org/10.1038/nphoton.2010.204
https://doi.org/10.1242/dev.082586
https://doi.org/10.1101/pdb.top78
https://doi.org/10.1038/nmeth.1744
https://doi.org/10.1073/pnas.1108494108
https://doi.org/10.1038/nmeth1171
https://doi.org/10.1038/nmeth.2411
https://doi.org/10.1186/2192-2853-2-7
https://doi.org/10.1016/j.cell.2015.11.061
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles

Nowzari et al.

3D Imaging of Stem Cell

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

Chen C, Betz M, Fisher ], Pack A, Jiang J, Ma H, et al. Investigation of
pore structure and cell distribution in EH-PEG hydrogel scaffolds using
optical coherence tomography and fluorescence microscopy. Proc SPIE.
(2010) 7566:756603. doi: 10.1117/12.840809

Chen B-C, Legant WR, Wang K, Shao L, Milkie DE, Davidson MW,
et al. Lattice light-sheet microscopy: imaging molecules to embryos
at high spatiotemporal resolution. Science. (2014) 346:1257998.
doi: 10.1126/science.1257998

Tomer R, Khairy K, Amat E Keller PJ. Quantitative high-speed imaging
of entire developing embryos with simultaneous multiview light-sheet
microscopy. Nat Methods. (2012) 9:755-63. doi: 10.1038/nmeth.2062

Keller PJ, Schmidt AD, Wittbrodt J, Stelzer EH. Digital scanned
laser light-sheet fluorescence microscopy (DSLM) of zebrafish and
Drosophila embryonic development. Cold Spring Harbor Protocols. (2011)
2011:prot065839. doi: 10.1101/pdb.prot065839

Allen TA, Gracieux D, Talib M, Tokarz DA, Hensley MT, Cores J, et al.
Angiopellosis as an alternative mechanism of cell extravasation. Stem Cells.
(2017) 35:170-80. doi: 10.1002/stem.2451

Levoy M, Ng R, Adams A, Footer M, Horowitz M. Light field microscopy.
ACM Transact Graph. (2006) 25:924-34. doi: 10.1145/1141911.1141976
Levoy M, Zhang Z, McDowall I. Recording and controlling the 4D light
field in a microscope using microlens arrays. ] Microscop. (2009) 235:144-62.
doi: 10.1111/j.1365-2818.2009.03195.x

Prevedel R, Yoon Y-G, Hoffmann M, Pak N, Wetzstein G, Kato S, et al.
Simultaneous whole-animal 3D imaging of neuronal activity using light-field
microscopy. Nat Methods. (2014) 11:727-30. doi: 10.1038/nmeth.2964
Broxton M, Grosenick L, Yang S, Cohen N, Andalman A, Deisseroth K, et
al. Wave optics theory and 3-D deconvolution for the light field microscope.
Optics Express. (2013) 21:25418-39. doi: 10.1364/OE.21.025418

Lu C-H, Muenzel S, Fleischer JW. High-resolution light-field
imaging via phase space retrieval. Appl Optics. (2019) 58:A142-6.
doi: 10.1364/A0.58.00A142

Choi HY, Lee HG, Kim BS, Ahn SH, Jung A, Lee M, et al. Mesenchymal stem
cell-derived microparticles ameliorate peritubular capillary rarefaction
via inhibition of endothelial-mesenchymal transition and decrease
tubulointerstitial fibrosis in unilateral ureteral obstruction. Stem Cell
Res Ther. (2015) 6:18. doi: 10.1186/s13287-015-0012-6

Kahlert UD, Suwala AK, Raabe EH, Siebzehnrubl FA, Suarez M],
Orr BA, et al. ZEB1 promotes invasion in human fetal neural stem
cells and hypoxic glioma neurospheres. Brain Pathol. (2015) 25:724-32.
doi: 10.1111/bpa.12240

Pittenger ME, Mackay AM, Beck SC, Jaiswal RK, Douglas R, Mosca JD, et
al. Multilineage potential of adult human mesenchymal stem cells. Science.
(1999) 284:143-7. doi: 10.1126/science.284.5411.143

Wang B, Lee C-W, Witt A, Thakkar A, Ince TA. Heat shock factor 1 induces
cancer stem cell phenotype in breast cancer cell lines. Breast Cancer Res
Treatment. (2015) 153:57-66. doi: 10.1007/s10549-015-3521-1

Zhou D, Kannappan V, Chen X, Li J, Leng X, Zhang J, et al. RBP2
induces stem-like cancer cells by promoting EMT and is a prognostic
marker for renal cell carcinoma. Experi Mol Med. (2016) 48:¢238.
doi: 10.1038/emm.2016.37

Takahashi K, Yamanaka S. Induction of pluripotent stem cells from mouse
embryonic and adult fibroblast cultures by defined factors. Cell. (2006)
126:663-76. doi: 10.1016/j.cell.2006.07.024

Zhang J, Niu C, Ye L, Huang H. Identification of the haematopoietic
stem cell niche and control of the niche size. Nature. (2003) 425:836.
doi: 10.1038/nature02041

Kumar S, Filippi M-D. An alternative approach for sample preparation
with low cell number for TEM analysis. JoVE. (2016) 2016:e54724-e.
doi: 10.3791/54724

Cheng X, Zhang G, Zhang L, Hu Y, Zhang K, Sun X, et al. Mesenchymal stem
cells deliver exogenous miR-21 via exosomes to inhibit nucleus pulposus cell
apoptosis and reduce intervertebral disc degeneration. ] Cell Mol Med. (2018)
22:261-76. doi: 10.1111/jcmm.13316

Gang EJ, Jeong JA, Hong SH, Hwang SH, Kim SW, Yang IH, et
al. Skeletal myogenic differentiation of mesenchymal stem cells isolated
from human umbilical cord blood. Stem Cells. (2004) 22:617-24.
doi: 10.1634/stemcells.22-4-617

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

Rithland S, Wechselberger A, Spitzweg C, Huss R, Nelson PJ, Harz H.
Quantification of in vitro mesenchymal stem cell invasion into tumor
spheroids using selective plane illumination microscopy. J Biomed Optics.
(2015) 20:040501. doi: 10.1117/1.JBO.20.4.040501

Jing D, Yi Y, Luo W, Zhang S, Yuan Q, Wang J, et al. Tissue clearing and
its application to bone and dental tissues. | Dental Res. (2019) 98:621-31.
doi: 10.1177/0022034519844510

Jing D, Zhang S, Luo W, Gao X, Men Y, Ma C, et al. Tissue clearing of both
hard and soft tissue organs with the PEGASOS method. Cell Res. (2018)
28:803-18. doi: 10.1038/s41422-018-0049-z

Rompolas P, Farrelly O, Suzuki-Horiuchi Y, Brewster M, Kuri P, Huang S, et
al. Bi-compartmentalized stem cell organization of the corneal limbal niche.
bioRxiv [Preprint]. (2020). doi: 10.1101/2020.06.25.171462

Konig K, Uchugonova A, Gorjup E. Multiphoton fluorescence lifetime
imaging of 3D-stem cell spheroids during differentiation. Microscop Res
Techniq. (2011) 74:9-17. doi: 10.1002/jemt.20866

Huang S, Rompolas P. Two-photon microscopy for intracutaneous
imaging of stem cell activity in mice. Experi Dermatol. (2017) 26:379-83.
doi: 10.1111/exd.13221

Dlaskovd A, Spatek T, Santorova J, Plecita-Hlavatd L, Berkovd Z,
Saudek E et al. 4Pi microscopy reveals an impaired three-dimensional
mitochondrial network of pancreatic islet B-cells, an experimental
model of type-2 diabetes. Biochim Biophys Acta. (2010) 1797:1327-41.
doi: 10.1016/j.bbabio.2010.02.003

Bewersdorf ], Bennett BT, Knight KL. H2AX chromatin structures and their
response to DNA damage revealed by 4Pi microscopy. Proc Natl Acad Sci
USA. (2006) 103:18137-42. doi: 10.1073/pnas.0608709103

Kraitchman DL, Heldman AW, Atalar E, Amado LC, Martin B]J,
Pittenger ME, et al. In vivo magnetic resonance imaging of mesenchymal
stem cells in myocardial infarction. Circulation. (2003) 107:2290-3.
doi: 10.1161/01.CIR.0000070931.62772.4E

Eiraku M, Sasai Y. Mouse embryonic stem cell culture for generation of
three-dimensional retinal and cortical tissues. Nat Protoc. (2012) 7:69-79.
doi: 10.1038/nprot.2011.429

Siller R, Naumovska E, Mathapati S, Lycke M, Greenhough S, Sullivan
GJ. Development of a rapid screen for the endodermal differentiation
potential of human pluripotent stem cell lines. Sci Rep. (2016) 6:37178.
doi: 10.1038/srep37178

Méndez-Ferrer S, Michurina TV, Ferraro F, Mazloom AR, MacArthur BD,
Lira SA, et al. Mesenchymal and haematopoietic stem cells form a unique
bone marrow niche. Nature. (2010) 466:829-34. doi: 10.1038/nature09262
Gualda EJ, Simao D, Pinto C, Alves PM, Brito C. Imaging of human
differentiated 3D neural aggregates using light sheet fluorescence
microscopy. Front Cell Neurosci. (2014) 8:221. doi: 10.3389/fncel.2014.00221
Ladiwala U, Basu H, Mathur D. Assembling neurospheres: dynamics of
neural progenitor/stem cell aggregation probed using an optical trap. PLoS
ONE. (2012) 7:¢38613. doi: 10.1371/journal.pone.0038613

Becker K, Hahn CM, Saghafi S, Jihrling N, Wanis M, Dodt H-U.
Reduction of photo bleaching and long term archiving of chemically
cleared GFP-expressing mouse brains. PLoS ONE. (2014) 9:e114149.
doi: 10.1371/journal.pone.0114149

Heilbrunn L. Fat Heilbrunn LV, The
Viscosity of Protoplasm. Vienna: Springer-Werlag (1958). p. 73-9.
doi: 10.1007/978-3-7091-5458-8_11

Singhrao SK, Miller CT, Gilbert SJ, Duance VC, Archer CW. An
immunofluorescence method for postembedded tissue in the acrylic
resin Technovit 9100 New(®) using fluorescein isothiocyanate secondary
detection. Microscop Res Techniq. (2009) 72:501-6. doi: 10.1002/jemt.20705
Spalteholz W. Uber das Durchsichtigmachen von menschlichen und tierischen
Préiiparaten und seine theoretischen Bedingungen, nebst Anhang: Uber
Knochenfirbung. Leipzig: S. Hirzel, (1914).

Chalfie M, Tu Y, Euskirchen G, Ward WW, Prasher DC. Green fluorescent
protein as a marker for gene expression. Science. (1994) 1994:802-5.
doi: 10.1126/science.8303295

Chen G, Tian E Li C, Zhang Y, Weng Z, Zhang Y, et al. In vivo
real-time visualization of mesenchymal stem cells tropism for cutaneous
regeneration using NIR-II fluorescence imaging. Biomaterials. (2015)
53:265-73. doi: 10.1016/j.biomaterials.2015.02.090

solvents. In: editor.

Frontiers in Veterinary Science | www.frontiersin.org

April 2021 | Volume 8 | Article 657525


https://doi.org/10.1117/12.840809
https://doi.org/10.1126/science.1257998
https://doi.org/10.1038/nmeth.2062
https://doi.org/10.1101/pdb.prot065839
https://doi.org/10.1002/stem.2451
https://doi.org/10.1145/1141911.1141976
https://doi.org/10.1111/j.1365-2818.2009.03195.x
https://doi.org/10.1038/nmeth.2964
https://doi.org/10.1364/OE.21.025418
https://doi.org/10.1364/AO.58.00A142
https://doi.org/10.1186/s13287-015-0012-6
https://doi.org/10.1111/bpa.12240
https://doi.org/10.1126/science.284.5411.143
https://doi.org/10.1007/s10549-015-3521-1
https://doi.org/10.1038/emm.2016.37
https://doi.org/10.1016/j.cell.2006.07.024
https://doi.org/10.1038/nature02041
https://doi.org/10.3791/54724
https://doi.org/10.1111/jcmm.13316
https://doi.org/10.1634/stemcells.22-4-617
https://doi.org/10.1117/1.JBO.20.4.040501
https://doi.org/10.1177/0022034519844510
https://doi.org/10.1038/s41422-018-0049-z
https://doi.org/10.1101/2020.06.25.171462
https://doi.org/10.1002/jemt.20866
https://doi.org/10.1111/exd.13221
https://doi.org/10.1016/j.bbabio.2010.02.003
https://doi.org/10.1073/pnas.0608709103
https://doi.org/10.1161/01.CIR.0000070931.62772.4E
https://doi.org/10.1038/nprot.2011.429
https://doi.org/10.1038/srep37178
https://doi.org/10.1038/nature09262
https://doi.org/10.3389/fncel.2014.00221
https://doi.org/10.1371/journal.pone.0038613
https://doi.org/10.1371/journal.pone.0114149
https://doi.org/10.1007/978-3-7091-5458-8_11
https://doi.org/10.1002/jemt.20705
https://doi.org/10.1126/science.8303295
https://doi.org/10.1016/j.biomaterials.2015.02.090
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles

Nowzari et al.

3D Imaging of Stem Cell

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

Boddington S, Henning TD, Sutton EJ, Daldrup-Link HE. Labeling stem cells
with fluorescent dyes for non-invasive detection with optical imaging. JoVE.
(2008) 2008:¢686-¢. doi: 10.3791/686

Odintsov B, Chun JL, Berry SE. Whole body MRI and fluorescent microscopy
for detection of stem cells labeled with superparamagnetic iron oxide
(SPIO) nanoparticles and Dil following intramuscular and systemic delivery.
Imaging Track Stem Cells: Methods and Protocols. (2013) 2013:177-93.
doi: 10.1007/7651_2013_13

Boutin ME, Hoffman-Kim D. Application and assessment of optical clearing
methods for imaging of tissue-engineered neural stem cell spheres. Tissue
Eng Part C: Methods. (2014) 21:292-302. doi: 10.1089/ten.tec.2014.0296
Kolesova H, Capek M, Radochové B, Janacek J, Sedmera D. Comparison
of different tissue clearing methods and 3D imaging techniques for
visualization of GFP-expressing mouse embryos and embryonic hearts.
Histochem Cell Biol. (2016) 146:141-52. doi: 10.1007/s00418-016-1441-8
Marx V. Optimizing probes to image cleared tissue. Nat Methods. (2016)
13:205. doi: 10.1038/nmeth.3774

Ke M-T, Nakai Y, Fujimoto S, Takayama R, Yoshida S, Kitajima TS, et al.
Super-resolution mapping of neuronal circuitry with an index-optimized
clearing agent. Cell Rep. (2016) 14:2718-32. doi: 10.1016/j.celrep.2016.02.057
Abe J, Ozga AJ, Swoger J, Sharpe J, Ripoll ], Stein JV. Light sheet fluorescence
microscopy for in situ cell interaction analysis in mouse lymph nodes. J
Immunol Methods. (2016) 431:1-10. doi: 10.1016/j.jim.2016.01.015

Yang B, Treweek JB, Kulkarni RP, Deverman BE, Chen C-K, Lubeck E, et al.
Single-cell phenotyping within transparent intact tissue through whole-body
clearing. Cell. (2014) 158:945-58. doi: 10.1016/j.cell.2014.07.017

Becker K, Jahrling N, Saghafi S, Weiler R, Dodt H-U. Chemical clearing and
dehydration of GFP expressing mouse brains. PLoS ONE. (2012) 7:¢33916.
doi: 10.1371/annotation/17e5ee57-fd17-40d7-a52¢c-tb6f86980def

Ertiirk A, Mauch CP, Hellal E, Forstner F, Keck T, Becker K, et al. Three-
dimensional imaging of the unsectioned adult spinal cord to assess axon
regeneration and glial responses after injury. Nat Med. (2012) 18:166-71.
doi: 10.1038/nm.2600

Costantini I, Ghobril J-P, Di Giovanna AP, Mascaro ALA, Silvestri L,
Miillenbroich MC, et al. A versatile clearing agent for multi-modal brain
imaging. Sci Rep. (2015) 5:9808. doi: 10.1038/srep09808

Meglinski I, Churmakov D, Bashkatov A, Genina E, Tuchin V. The
enhancement of confocal images of tissues at bulk optical immersion. Laser
Phys. (2003) 13:65-9.

Staudt T, Lang MC, Medda R, Engelhardt J, Hell SW. 2, 2'-thiodiethanol: a
new water soluble mounting medium for high resolution optical microscopy.
Microscop Res Techniq. (2007) 70:1-9. doi: 10.1002/jemt.20396

Aoyagi Y, Kawakami R, Osanai H, Hibi T, Nemoto T. A rapid
optical clearing protocol using 2, 2 -thiodiethanol for microscopic
observation of fixed mouse brain. PLoS ONE. (2015) 10:e0116280.
doi: 10.1371/journal.pone.0116280

Hou B, Zhang D, Zhao S, Wei M, Yang Z, Wang S, et al. Scalable and
Dil-compatible optical clearance of the mammalian brain. Front Neuroanat.
(2015) 9:19. doi: 10.3389/fnana.2015.00019

Fu Y-Y, Egorova A, Sobieski C, Kuttiyara J, Calafiore M, Takashima §,
et al. T cell recruitment to the intestinal stem cell compartment drives
immune-mediated intestinal damage after allogeneic transplantation.
Immunity.  (2019)  51:90-103. 3. doi:  10.1016/j.immuni.2019.
06.003

Musielak TJ, Slane D, Liebig C, Bayer M. A versatile optical clearing protocol
for deep tissue imaging of fluorescent proteins in arabidopsis thaliana. PLoS
ONE. (2016) 11:e0161107. doi: 10.1371/journal.pone.0161107

Quyn AJ, Appleton PL, Carey FA, Steele R], Barker N, Clevers H, et
al. Spindle orientation bias in gut epithelial stem cell compartments
is lost in precancerous tissue. Cell Stem Cell. (2010) 6:175-81.
doi: 10.1016/j.stem.2009.12.007

Rigamonti A, Repetti GG, Sun C, Price FD, Reny DC, Rapino E, et al. Large-
scale production of mature neurons from human pluripotent stem cells
in a three-dimensional suspension culture system. Stem Cell Rep. (2016)
6:993-1008. doi: 10.1016/j.stemcr.2016.05.010

Saito Y, Iwatsuki K, Hanyu H, Maruyama N, Aihara E, Tadaishi
M, et al. Effect of essential amino acids on enteroids: methionine
deprivation suppresses proliferation differentiation in

and affects

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

199.

enteroid stem cells. Biochem Biophys Res Commun. (2017) 488:171-6.
doi: 10.1016/j.bbrc.2017.05.029

Saito Y, Iwatsuki K, Inaba A, Sato M, Tadaishi M, Shimizu M,
et al. Interleukin-4 suppresses the proliferation and alters the
gene expression in enteroids. Cytotechnology. (2020) 72:479-88.

doi: 10.1007/s10616-020-00395-7

Liu CY, Dubé PE, Girish N, Reddy AT, Polk DB. Optical reconstruction of
murine colorectal mucosa at cellular resolution. Am ] Physiol Gastrointest
Liver Physiol. (2015) 308:G721-35. doi: 10.1152/ajpgi.00310.2014

Nudi ET, Jacqgmain J, Dubbs K, Geeck K, Salois G, Searles MA, et al.
Combining enriched environment, progesterone, and embryonic neural
stem cell therapy improves recovery after brain injury. J Neurotrauma. (2015)
32:1117-29. doi: 10.1089/neu.2014.3618

Vittori M, Breznik B, Gredar T, Hrovat K, Mali LB, Lah TT. Imaging of
human glioblastoma cells and their interactions with mesenchymal stem
cells in the zebrafish (Danio rerio) embryonic brain. Radiol Oncol. (2016)
50:159-67. doi: 10.1515/raon-2016-0017

Tainaka K, Kubota SI, Suyama TQ, Susaki EA, Perrin D, Ukai-Tadenuma
M, et al. Whole-body imaging with single-cell resolution by tissue
decolorization. Cell. (2014) 159:911-24. doi: 10.1016/j.cell.2014.10.034
Liang H, Akladios B, Canales CP, Francis R, Hardeman EH, Beverdam A.
CUBIC protocol visualizes protein expression at single cell resolution in
whole mount skin preparations. JoVE. (2016) 114:e54401. doi: 10.3791/54401
Matryba P, Bozycki L, Pawlowska M, Kaczmarek L, Stefaniuk M.
Optimized perfusion-based CUBIC protocol for the efficient whole-body
clearing and imaging of rat organs. ] Biophoto. (2018) 11:¢201700248.
doi: 10.1002/jbio.201700248

Kim S-Y, Cho JH, Murray E, Bakh N, Choi H, Ohn K, et al
Stochastic electrotransport selectively enhances the transport of highly
electromobile molecules. Proc Natl Acad Sci USA. (2015) 112:E6274-83.
doi: 10.1073/pnas.1510133112

Liu AKL, Lai HM, Chang RC, Gentleman SM. Free of acrylamide sodium
dodecyl sulphate (SDS)-based tissue clearing (FASTClear): a novel protocol
of tissue clearing for three-dimensional visualization of human brain tissues.
Neuropathol Appl Neurobiol. (2017) 43:346-51. doi: 10.1111/nan.12361
Greenbaum A, Chan KY, Dobreva T, Brown D, Balani DH, Boyce R,
et al. Bone CLARITY: clearing, imaging, and computational analysis
of osteoprogenitors within intact bone marrow. Sci Transl Med. (2017)
9:eaah6518. doi: 10.1126/scitranslmed.aah6518

Guerra-Rebollo M, Garrido C, Sanchez-Cid L, Soler-Botija C, Meca-Cortés
O, Rubio N, et al. Targeting of replicating CD133 and OCT4/SOX2
expressing glioma stem cells selects a cell population that reinitiates
tumors upon release of therapeutic pressure. Sci Rep. (2019) 9:1-13.
doi: 10.1038/s41598-019-46014-0

Magliaro C, Ahluwalia A. Clarifying mid-brain organoids: application of the
CLARITY protocol to unperfusable samples. Biomed Sci Eng. (2019) 3:113.
doi: 10.4081/bse.2019.113

Treweek JB, Chan KY, Flytzanis NC, Yang B, Deverman BE, Greenbaum
A, et al. Whole-body tissue stabilization and selective extractions via
tissue-hydrogel hybrids for high-resolution intact circuit mapping and
phenotyping. Nat Protoc. (2015) 10:1860. doi: 10.1038/nprot.2015.122
Sharifzad F, Mardpour S, Mardpour S, Fakharian E, Taghikhani A, Sharifzad
A, et al. HSP70/IL-2 treated NK cells effectively cross the blood brain barrier
and target tumor cells in a rat model of induced glioblastoma multiforme
(GBM). Int ] Mol Sci. (2020) 21:2263. doi: 10.3390/ijms21072263

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Nowzari, Wang, Khoradmehr, Baghban, Baghban, Arandian,
Muhaddesi, Nabipour, Zibaii, Najarasl, Taheri, Latifi and Tamadon. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Veterinary Science | www.frontiersin.org

April 2021 | Volume 8 | Article 657525


https://doi.org/10.3791/686
https://doi.org/10.1007/7651_2013_13
https://doi.org/10.1089/ten.tec.2014.0296
https://doi.org/10.1007/s00418-016-1441-8
https://doi.org/10.1038/nmeth.3774
https://doi.org/10.1016/j.celrep.2016.02.057
https://doi.org/10.1016/j.jim.2016.01.015
https://doi.org/10.1016/j.cell.2014.07.017
https://doi.org/10.1371/annotation/17e5ee57-fd17-40d7-a52c-fb6f86980def
https://doi.org/10.1038/nm.2600
https://doi.org/10.1038/srep09808
https://doi.org/10.1002/jemt.20396
https://doi.org/10.1371/journal.pone.0116280
https://doi.org/10.3389/fnana.2015.00019
https://doi.org/10.1016/j.immuni.2019.06.003
https://doi.org/10.1371/journal.pone.0161107
https://doi.org/10.1016/j.stem.2009.12.007
https://doi.org/10.1016/j.stemcr.2016.05.010
https://doi.org/10.1016/j.bbrc.2017.05.029
https://doi.org/10.1007/s10616-020-00395-7
https://doi.org/10.1152/ajpgi.00310.2014
https://doi.org/10.1089/neu.2014.3618
https://doi.org/10.1515/raon-2016-0017
https://doi.org/10.1016/j.cell.2014.10.034
https://doi.org/10.3791/54401
https://doi.org/10.1002/jbio.201700248
https://doi.org/10.1073/pnas.1510133112
https://doi.org/10.1111/nan.12361
https://doi.org/10.1126/scitranslmed.aah6518
https://doi.org/10.1038/s41598-019-46014-0
https://doi.org/10.4081/bse.2019.113
https://doi.org/10.1038/nprot.2015.122
https://doi.org/10.3390/ijms21072263
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles

	Three-Dimensional Imaging in Stem Cell-Based Researches
	Introduction
	Whole Tissue 3D Imaging
	Serial Sectioning vs. Whole Tissue Clearing
	Whole Cleared-Tissue Microscopy Methods
	Confocal Microscopy
	Light Sheet Microscopy
	Light Field Microscopy
	OpenSPIM
	Two-Photon Microscopy
	4-pi Microscopy

	Software Programs for Analyzing Cleared-Tissue Images

	Transparency Methods: Advantages and Limitations for 3D Stem Cell Imaging
	Classical Methods for Tissue Clearing
	Modern Techniques for Tissue Clearing and 3D Imaging of Stem Cells
	Organic Solvents
	Benzyl Alcohol–Benzyl Benzoate for 3D Imaging of Stem Cells
	3DISCO, iDISCO, and uDISCO for 3D Imaging of Stem Cells

	High Refractive Index Aqueous Solutions
	FocusClear for 3D Imaging of Stem Cells
	TDE for 3D Imaging of Stem Cells
	SeeDB for 3D Imaging of Stem Cells

	Hyperhydrating Solutions
	Scale for 3D Imaging of Stem Cells
	ClearT for 3D Imaging of Stem Cells
	CUBIC for 3D Imaging of Stem Cells

	Lipid Removal Methods
	CLARITY for 3D Imaging of Stem Cells
	PACT for 3D Imaging of Stem Cells
	FACT for 3D Imaging of Stem Cells


	Selection of the Best Clearing Protocol for 3D Imaging of Stem Cells

	Conclusions
	Author Contributions
	References


