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Considerations for Cleared Tissue Imaging
with Light-Sheet Fluorescence Microscopy in
Neuroscience Research

A major goal in the field of neuroscience is to understand the connectivity of the brain across
scales, from individual synaptic connections to whole organism connectomics. Visualizing
the whole brain often requires imaging at depths that are not supported by conventional
imaging methods, such as laser scanning confocal microscopy. In recent years, light-

sheet fluorescence microscopy (LSFM) has emerged as an imaging technique capable of
addressing a wide variety of applications in neuroscience due to its faster acquisition speed
and larger imaging depth compared to confocal microscopy. Although early implementations
of LSFM were optimized around imaging developmental processes in typical model
organisms, technological advances in optics have allowed researchers to extend this
technique to much larger samples, such as an entire mouse brain. Combined with emerging
tissue clearing techniques, researchers are now able to investigate intact tissues, organs,
and even entire organisms with subcellular resolution using light microscopy methods.

The versatility of LSFM for neuroscience research has contributed to its rapid adoption and
increasing popularity in the scientific community. However, there are multiple important
factors one must consider when moving from standard imaging techniques to LSFM. This
application note discusses the reasons why LSFM and clearing techniques are particularly
useful for neuroscience research, important considerations for neuroscientists adopting this
technology, and application examples of LSFM for cleared sample imaging.

Introduction to Light-Sheet Fluorescence Microscopy and Tissue
Clearing in Neuroscience

Principles, Advantages, and Limitations of Light-Sheet Fluorescence Microscopy
Imaging technology is an indispensable tool for neuroscience research. Currently, there
are many imaging approaches utilized by neuroscientists to address different research
questions, ranging from fMRI to confocal laser scanning microscopy (CLSM)." CLSM

is a workhorse technique that has been used broadly in neuroscience, including in the
acquisition of high-resolution images of neurons, astrocytes, and blood vessels.? While
CLSM has the advantage of imaging labeled targets at high resolution, it is limited in
acquisition speed and its ability to image deep into samples and thus cannot be used to
image thick samples, such as a whole mouse brain. Multiphoton excitation fluorescence
microscopy (MPFM) methods have been developed to image deeper into tissue, achieving
depths of around 1T mm in the mouse brain.® However, due to the sequential scanning
nature of MPFM, this method is still much slower than the more recently developed
LSFM technology. In contrast to CLSM and MPFM, LSFM achieves optical sectioning by



illuminating a single plane of interest with a sheet of light and using a camera focused on
that very plane for image collection.

Compared to laser scanning methods, the optical concept of LSFM enables faster and
gentler imaging. The acquisition speed of an LSFM is mostly limited by the readout rate

of the camera, for example, an LSMF equipped with a state-of-the-art scientific CMOS
(sCMOS) camera can be operated at approximately 50 frames per second (fps) with a
spatial sampling of 2048 x 2048 pixels per frame. The acquisition speed of a laser scanning
system, on the other hand, is mostly limited by the scanning speed of the galvanometer
scanner. For example, a CLSM equipped with a resonant 16 kHz scanner can be operated
at approximately 5 fps with the same spatial sampling. Thus, imaging an entire mouse brain
of 10 x 10 x 10 mm? at a 3D sampling of 1 x 1 x 2 ym? takes about 6 hours on an LSFM and
2.5 days on a CLSM or MPFM. Photobleaching of fluorophores is drastically reduced in an
LSFM because only a single plane is illuminated at a time and the laser illumination time for
each fluorophore is orders of magnitude shorter for laser scanning methods. The shorter
illumination time requires much higher illumination intensities to obtain the same number
of fluorescence photons such that laser scanning methods drive fluorophores much more
likely into nonfluorescent states than LSFM, i.e., photobleaching. Additionally, the imaging
depth capabilities of LSFM can be advantageous compared to CLSM, as demonstrated in

a study in which both methods were used to image the diffusion of small drug molecules
within a tumor spheroid.* It was shown that confocal microscopy could not accurately
image the molecular diffusion within the tissue beyond 100 pm in depth, while LSFM was
able to image fluorescence down to the core of the spheroid, which was 1 mm in depth.

In summary, with LSFM, the fast and gentle imaging of thick samples, whole tissues,

and organs with high lateral and depth resolution is possible while reducing the typical
limitations of light microscopy methods. LSFM has gained popularity in recent years and
was even named the Nature Method of The Year in 2014.°

LSFM was conceptualized over 100 years ago,® however its potential for life science
research was not realized until recently. The earliest implementation of modern-day light-
sheet microscopy was orthogonal-plane fluorescence optical sectioning (OPFOS). In
OPFQS, the sample was illuminated by a sheet of laser light created with a cylindrical lens
and orthogonal detection with a CCD camera.” A decade later, a landmark paper introduced
selective plane illumination microscopy (SPIM), which uniquely utilizes separate illumination
and detection objectives, oriented orthogonally to one another, combined with sample
rotation around a vertical axis for fast and three-dimensional image acquisition.® SPIM has
been used in research across several life science disciplines, originating with applications
in developmental biology,® ® and meanwhile extending to cell biology,' "' cancer biology,
medicine,* and neuroscience.'” To date, SPIM/LSFM technology has been applied to many
neuroscience research questions including, but not limited to, the mapping of olfactory
responses in the mouse vomeronasal organ,™ as well as the imaging of neuronal calcium
signaling at the synapse in both a mammalian brain and the entire brain of the zebrafish
larvae.' ®There have been significant advancements in LSFM technology over recent
years—such as further improvements to objective lens design, imaging speeds, and
spatial resolution—that make it well-suited for applications in cleared tissue imaging in
neuroscience,"” which is important for questions that require imaging of thick and large
tissues, such as the brain.



The Importance of Clearing Brain Samples for Imaging

Biological tissues are inherently three-dimensional. Due to the properties of light, it is
extremely difficult to perform imaging deep into three-dimensional tissue. Biological

tissue is composed of lipids, cytoskeleton, collagen, elastin, and other light-scattering and
light-absorbing components that restrict the ability of standard fluorescence microscopy
technigues from imaging farther than about 200 pm into tissue.'® This is limiting for
neuroscience research, as many questions require a deep look into a brain slice or whole
brain that is much thicker than 200 pm. Due to limitations in the penetration depth for
conventional microscopes, most techniques for interrogating three-dimensional tissue have
relied on methods like tissue sectioning. Besides the drawback of physically destroying the
tissue, tissue sectioning makes optical reconstruction difficult as it requires lining up the
various sections to stitch together a holistic view of the sample. Although difficult, various
techniques, such as electron microscopy and array tomography, have been successful.’® 2
This approach is technically challenging due to loss or distortion of individual sections

that become torn, folded, compressed, or stretched. With imperfect sections, the final
volumetric reconstruction can be unsatisfactory.

As a solution to these challenges caused by physical tissue sectioning, LSFM has been
adapted to image large, optically cleared (ex vivo) samples of mouse brains by implementing
long working distance objectives, creative sample mounting, and larger imaging chambers.?’
If tissue is not transparent by default, it must be rendered transparent through tissue
clearing. Tissue clearing modifies the optical properties of usually opague samples to

render them transparent while keeping their three-dimensional structure intact. With

tissue clearing, the main goal is to remove scattering and absorbing components and to
homogenize the refractive index (RI) of the sample. Once the tissue has been cleared, light
can travel many millimeters through a specimen, unrestricted by scattering and absorption,
making these samples ideal for optical interrogation with LSFM.

In the last decade, there has been a surge in development of tissue clearing techniques
and their applications to neuroscience research have been reviewed elsewhere.?? Despite
the diversity of clearing techniques, they can be sorted into three main categories: solvent-
based, aqueous based, and employing hydrogel embedding.?® 2?4 Choosing the best clearing
technique for a specific sample depends on many factors, including the type of tissue, the
required fluorescent labelling method, and the sample size. For example, solvent-based
clearing methods dehydrate and shrink the sample, tend to have a very high Rl, short
clearing times, and work best with immunofluorescence labelling methods.?® Aqueous-
based clearing methods work for small samples, have limited clearing capacity, take a

long time to clear, and work with both immunofluorescence and genetically encoded
fluorophores.?® Finally, hydrogel-based clearing methods entail a long, complex protocol but
have a high clearing capacity due to delipidation, work well with immunofluorescence and
genetically encoded fluorophores, and result in slightly expanded tissues.?” In general, there
is no single clearing method that will work for all tissue types, sizes, or experiments.

Considerations for Cleared Sample Imaging with LSFM

The combination of LSFM imaging with cleared samples opens new frontiers in
neuroscience research, enabling the acquisition of whole tissues, brains, and even
organisms. However, there are several important factors to consider prior to exploring how
cleared-sample imaging with LSFM can fit into a research question. With LSFM, choosing
the right microscope on which to image the tissue is as important as the choice of the

right clearing method itself. This section discusses microscope-dependent considerations,
including sample size and mounting, objective lenses, and geometric arrangement of lenses.

Sample Size and Mounting
One of the most important considerations for cleared tissue imaging with LSFM is the



sample size. Firstly, one must ensure that the sample will fit inside the microscopy imaging
chamber. In neuroscience, the size of a sample could range from a tissue section that is
several millimeters thick to an entire mouse brain that is 1 cm?. The maximum size of the
sample that the microscope can accommodate will ultimately determine which system will
work best. Different LSFM systems have different sample mounting apparatuses ranging
from mounting on slides, hanging the sample, drawing the sample up into a capillary, and
mounting in a cuvette. If the goal is imaging the entire mouse brain, a large cuvette sample
mounting system is a simple straightforward choice. However, mounting the mouse brain by
gluing it to various sample holders might yield more experimental flexibility, such as isotropic
resolution through multiangle acquisition.

Detection Objective Lens

Another major consideration for cleared tissue imaging is the detection objective lens on
the microscope, specifically its working distance, numerical aperture, and compatibility with
different RI-matching media. Large, cleared samples, such as whole mouse brains, require
long working distance objectives to be able to image entire samples. For optimal imaging
conditions, one must ensure that the objective working distance is long enough to image
through the sample without physically colliding into the lens. If the sample is too big to
image all the way through, some light-sheet systems can rotate the sample to image it from
the opposite side, allowing the entire volume to be imaged.

The resolution of the detection objective is another major factor to consider when designing
LSFM experiments to investigate cleared samples. Unlike CLSMs, which have a plethora of
different objective lens options, LSFMs typically have only a few detection objective options,
mainly because of the much larger working distance required for imaging through thick
samples. Air objectives have been used traditionally for such applications, as they do provide
the required long working distance. However, these objectives typically feature a low
numerical aperture and, therefore, low resolving power. Recently, objective manufacturers
have created immersion lenses with high numerical aperture and multi-millimeter working
distances. These new lenses allow researchers to image cleared samples at subcellular
resolution millimeters deep into the sample, and therefore to investigate intact tissue in
ways that were not possible before.

Finally, it is important to make sure that the clearing method is compatible with the
detection objective. Specifically, one needs to take into consideration the composition of the
Rl match media and the overall Rl of the sample. Organic solvent clearing methods, such
as benzyl alcohol/benzyl benzoate (BABB) and immunolabeling-enabled imaging of solvent-
cleared organs (iDISCO), use chemicals that are particularly harsh and that can dissolve

the glue holding the front lenses on immersion objectives in place. An easy solution is to
utilize air objectives in combination with cuvette-based mounting. However, more objective
manufactures have recently created various adhesives for immersion lenses that are
resistant to these solvents. Since immersion lenses for cleared tissue imaging have varying
ranges of the Rls that they can effectively image, it is best to ensure that the resulting Rl of
the cleared sample is aligned with the capability of the lens. Additionally, it is important to
match the Rl of the sample to the Rl of the imaging media to reduce image distortion.

Geometrical Arrangement of Objective Lenses

Most LSFMs for cleared tissue imaging utilize separate detection and illumination lenses
that are oriented in various geometries. One popular geometry for imaging expanded
samples and cleared brain slices uses two upright objectives. In this orientation, the
objectives are aligned orthogonally to each other, such that one objective delivers excitation
illumination light, and the other is used for detection. These objectives are identical, and
their functions can be swapped so that the excitation objective becomes the detection



objective and vice versa. These datasets can be merged and processed to achieve a

final image with the same resolution in X, Y and Z, also known as isotropic resolution.
Upright, two-objective geometries enable imaging of a variety of sample types, sizes,

and preparations, including cleared organs and cleared tissue slices. In a three-objective
geometry, where two are used for illumination and one is used for detection, the detection
objectives can be orientated from above, below, or horizontally. Finally, a four-objective
geometry can be achieved with two illumination and two detection objectives placed in a
horizontal fashion. This configuration supports fast, three-dimensional imaging of a sample,
and because there is no "back side” of the sample, the entire volume can be effectively
imaged without a single rotation. This is beneficial when imaging soft and delicate large,
cleared samples, as it minimizes any chance of disturbance from rotation. The flexibility of
objective lens geometries with LSFM enables a greater variety of experimental conditions in
neuroscience. The most common lens geometries for large, cleared specimens have been
highlighted here, however more subsets of possible geometries can be found in the work of
Kromm, et. al.%®

In Practice: Cleared, Whole Brain Imaging with LSFM

LSFM provides the depth, speed, and resolution needed to image cleared whole brain
samples. Figure 1 shows an example of mouse brain imaging with LSFM cleared by
CLARITY.?®

Case Study:

Imaging Pyramidal Neurons in Whole Mouse Brain Cleared with CLARITY
When combining tissue clearing with LSFM, it is possible to image specific structures
within a thick brain slice. In this case study, a transgenic mouse brain was imaged. The
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FIGURE 1

Different combinations of lenses adapting for diverse sample requirements. Here the most common geometries for large, cleared samples are
shown. (A) Basic SPIM setup with one dedicated illumination and one dedicated detection objective in a horizontal setup (top view). (B) For more
homogeneous illumination of large fields of view, a second illumination arm is applied (side view). (C) Two opposing detection objectives allows
for simultaneous imaging from two sides. The entire volume can be effectively imaged without a single rotation (top view). Adding rotation of
the sample, isotropic resolution can be achieved. (D) Upright SPIM with double detection and illumination (side view): Sequential illumination and
detection from both sides and subsequent image fusion leads to isotropic sampling of the specimen. (E) Principal pipeline for imaging samples
that exceed one field of view: The single tiles are registered and fused to get a large stack with the entire sample at the same resolution of the
single tiles.



depth of imaging was made possible by using the hydrogel-based clearing technique
CLARITY (Clear Lipid-exchanged Acrylamide-hybridized Rigid Imaging / Immunostaining
/ in situ-hybridization-compatible Tissue hYdrogel). AThy1-YFP mouse was used and
the pyramidal neurons in the sample have been visualized in the global context of the
entire brain (see Figure 2).

Large, cleared samples, such as the mouse brain, do often exceed the size of the field of

FIGURE 2

Transgenic neuron labelling, Thy-1 YFP mouse brain cleared with CLARITY and imaged in LOGOS X-CLARITY™ Mounting Solution (RIMS).
Isotropic resolution through multi-angle acquisition on a MuVi SPIM system (Bruker-Luxendo). (A) shows an overview of an entire mouse brain
(anteriorposterior axis horizontally, dorsal-ventral axis vertically) and (B) shows the achieved isotropic resolution of pyramidal neurons. Scalebar
in (A): 1000 pm, scalebar in (B): 50 um. Magnification used for acquisition: 10x, excitation laser: 488 nm. Images courtesy of Dan Zhang, Core
Facility of Center of Biomedical Analysis at Tsinghua University, Beijing, China.

view (FOV) of the microscope. To compensate the limited FOV, the sample is imaged in

a grid-like fashion called tiling, where the stacks are imaged sequentially in a neighboring
fashion, with each stack having some lateral overlap with neighboring stacks. This way the
large sample can be imaged in high resolution. Consequently, the montage-like data has to
go through a post-processing process called stitching, where neighboring tiles (the single
stacks) are registered to each other and then fused together. The resulting fused dataset

is a little bit smaller than the sum of the individual tiles due to the overlapping regions,

but as the number of tiles can reach tens or even hundreds for large samples at high
resolution, the amount of data can easily reach the TB regime, such that even with powerful
workstations used for processing, smart algorithms have to be applied.*®

Discussion

Light-sheet microscopy is an emerging and powerful tool for the advancement of
neuroscience research. The main advantage of light-sheet microscopy for the neuroscientist
is the ability to quickly and gently image physically intact, large, specifically labelled samples
with high resolution. Sample clearing for imaging is particularly relevant to the neuroscientist
investigating thick, large samples, such as brain slices or whole mouse brains. For deep
optical imaging in biological tissue, clearing is often necessary to render it transparent
enough to achieve the desired imaging depth. Tissue clearing methods are less physically
damaging than tissue slicing, and do not require the effort of making the slice images

fit together to achieve a picture of the whole brain. There are several factors to take into
consideration when choosing a clearing method for your sample of interest, including

size, labelling method, and tissue type. When cleared samples are imaged with LSFM, the
user can achieve an unprecedented combination of imaging depth, speed, and isotropic



resolution, especially when compared to more conventional optical imaging methods. In
addition to choosing the best tissue clearing method, there are many considerations for
which LSFM setup is best, including sample size and mounting method as well as choice
and geometrical arrangement of objective lenses. Understanding which options for both
tissue clearing and LSFM setup are best suited for the research question at hand is key to
obtaining optimal image data.

Currently, LSFM technologies are available and optimized to image an entire mouse brain
with the size of about 1 cm?® and beyond. Going forward, modifications to objective lens
setups and sample mounting apparatuses may be necessary to image large brain sections
of other model organisms, such as ferrets or monkeys. A future frontier in light-sheet
microscopy will be multimodal imaging, the ability to integrate LSFM with other imaging
approaches. For example, correlating the high-resolution, cleared tissue imaging capability
of LSFM with the live, non-invasive visualization of MRI will enable further advancements
in neuroscience research. Improvements in labeling strategies will also contribute to the
evolution of this approach. Additionally, technological advances in image processing and
analysis software, such as faster stitching of many tiles for a dataset, will support more
streamlined data acquisition and analysis.
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