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Advanced light microscopy enables
rapid mapping of brain structure
and function in high resolution

BIANCA MIGLIORI, MALIKA S. DATTA, and RAJU

Researchers are increasingly finding
light-sheet microscopy (LSM) effective
for rapid volumetric imaging of fixed
and living specimens. Two recent
developments, COLM and SPED, are
facilitating significant advances in
neuroscience by enabling brain-wide
mapping of structure and function, and
their interrelationships.

TOMER

in lasers, detectors, com-
puter hardware, and ge-
netic labeling methods.

At this point, LSM
has already enabled
such unique experi-
mentation capabilities
as the capture of cellu-
lar dynamics in develop-
ing embryos; mapping
of the structure of en-

Light-sheet microscopy (LSM) is emerg-
ing as a highly effective method for rap-
id volumetric imaging of both fixed and
small living samples. While the con-
cept of LSM was introduced more
than a century ago,' the technique has
emerged as an important imaging mo-
dality only during the past two de-
cades? facilitated by parallel advances

tire intact, chemically cleared organs;
and revelation of functional dynamics
in the brains and nervous systems of
small, transparent model organisms.

Let’s take a look at two recent ad-
vances in LSM—CLARITY-optimized
light-sheet microscopy (COLM) and
spherical aberrations-assisted ex-
tended depth-of-field (SPED)—that

are facilitating significant advances
in neuroscience research by enabling
unbiased brain-wide mapping of struc-
ture and function and their interrela-
tionships, which is one of the primary
goals of such recent high-profile strate-
gies as the U.S. Brain Research through
Advancing Imaging Neurotechnologies
(BRAIN) Initiative. Then, we’ll briefly
discuss future challenges in the field.

LSM basics

The premise of LSM involves illumi-
nation of a sample from the side with
a thin sheet of light, and detection of
emitted signal with an orthogonally
arranged wide-field imaging system
(see Fig. 1). The optical sectioning is
achieved by the confinement of illumi-
nation to the imaging plane of interest.

FIGURE 1. () The ultramicroscope, an early light-sheet
microscopy (LSM) instrument, collected sunlight using a lens

(F,; ~10 mm focal length) that focused on a horizontal bilateral slit
to reduce the vertical dimension to 0.2—-0.02 mm. An optional
polarizer (P) allows for polarization, while the iris (J) ensures
removal of side-reflected light from slit S. A chisel-shaped
diaphragm (B) is used to adjust the dimension of horizontally
focused light, which is passed through a lens (F,) and a
condenser to generate a thin sheet of light. An orthogonally
arranged in-focus wide-field detector allows visualization of
the illuminated plane. (b) LSM achieves optical sectioning by
confining illumination to a plane of interest, whereas confocal
and two-photon microscopies are point-scanning methods
using pinhole and nonlinear absorption processes, respectively.
(Partially adapted from H. Siedentopf et al.’)
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This configuration provides two main ad-
vantages: Minimal energy load, resulting
in low photobleaching and phototoxici-
ty; and high imaging speeds, owing to the
simultaneous detection of the entire illu-
minated optical plane by fast sSCMOS or
CCD cameras. Meanwhile, LSM images
more than two orders of magnitude fast-
er than other standard microscopy tech-

organs, including brains and nervous sys-
tems. Among the highly effective methods
to have emerged over the last decade are
Scale, CLARITY, SeeDB, CUBIC, iDIS-
CO, and uDISCO.’ Most of these involve
a cocktail of chemicals to dissolve and
remove membrane lipids (the main cul-
prits of light scattering) and an optical
smoothening step (by incubating in a spe-

Advances in tissue
clearing are providing
unprecedented access
to large intact organs,
including brains and
nervous systems.

For example, tissue clearing with
CLARITY starts with the perfusion of

Light-sheet Confocal Two-photon a tissue sample by a cocktail of acryl-
Speed wre * * amide, bisacrylamide, formaldehyde, and
Photobleaching " . - a thermal polymerization initiator. This
is followed by a thermally initiated (by

Imaging depth *x * Frx

niques, such as confocal and two-photon
microscopy—and at greater depths than
confocal with comparable optical param-
eters (see table). Three-dimensional (3D)
image volumes can be acquired either by
moving the sample through the fixed op-
tics step-wise, or by synchronously scan-
ning the aligned light-sheet and detection
objective through the stationary sample.

These low-energy-load and high-speed
capabilities make LSM ideally suited
for long-term imaging of live samples.
Indeed, LSM has been successfully used
to capture the embryonic developmen-
tal dynamics of small transparent model
organisms such as zebrafish, C. elegans,
and Drosophila larvae; for capturing the
high-resolution details of subcellular pro-
cesses; and for brain-wide mapping of
neuronal activities in small model organ-
isms. However, steep challenges have re-
mained in achieving rapid, high-resolu-
tion imaging of entire intact organs such
as mouse brains, and in volumetric im-
aging of sufficient speed to capture mil-
lisecond-scale neuronal activities across
entire vertebrate nervous systems. Now,
COLM has arrived to solve the first of
these challenges, while SPED addresses
the second.’*

COLM: Fast, high-res for

large, intact systems

Advances in tissue clearing are provid-
ing unprecedented access to large intact

incubating at 37°C) polymerization re-
action, which results in a highly cross-

cific refractive index [RI]-matching liquid).  linked meshwork of hydrogel fibers and
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FIGURE 2. (a) A schematic of a COLM microscope’s layout, which does not depict an
additional opposite detection arm for imaging the sample from two opposite sides, as
demonstrated in whole-brain imaging movies® and design in patent application #PCT/
US2015/032951. (b) An optically homogeneous sample-mounting system accommodates
large, intact specimens; (c) COLM synchronizes line-by-line illumination and detection to
produce a virtual slit effect for achieving deeper, high-quality imaging; and (d) a critical
requirement for high-quality depth imaging is to ensure the alignment of the light-sheet and
detection objective focal planes across the sample. (Adapted from R. Tomer et al.’)



amine-containing biomolecules. Lipid
membranes are then removed either by
passive thermal clearing in a buffered
SDS solution at 37°C? or by an active
electrophoretic process®—the result is
an intact, highly transparent tissue-hy-
drogel hybrid. Combining these clearing
methods with innovative genetics and
viral vectors-based labeling approaches
is providing unparalleled access to the
structure, molecular, and functional ar-

=

%!

~

W

LN
,SAM‘éZM §

imaging of labeled transparent organs,
albeit at low resolution and quality. To
address these limitations, we developed
and implemented the COLM strategy, op-
timized for high-quality imaging across
entire intact samples. The COLM tech-
nique enabled—for the first time—rap-
id, high-resolution imaging of entire, in-
tact mouse brains and nervous systems
(see Figs. 2 and 3).

A COLM system includes at least three

FIGURE 3. (a) COLM can produce datasets such as a volume rendering in high-speed and
high-resolution of the intact cleared nervous system of a Thy1-eYFP transgenic mouse in 2-3
hours, as opposed to weeks with confocal or two-photon microscopy with similar sampling
parameters. (b) An optical section through a mouse brain neocortex demonstrates the
resolution that can achieved for a whole, intact brain. The arrow marks the clearly identifiable
dendritic spines. (c) COLM produced this volume rendering of a dataset acquired from a
piece of white matter from human brain; a neurofilament antibody was used for visualizing the
structures. (Adapted from patent application #PCT/US2015/032957)

chitecture of intact tissues.

These advances also present unique
challenges for rapid, deep, and high-res-
olution imaging of organs such as rodent
brains. LSM is ideally suited for such de-
manding applications because of high
imaging speed and low photobleaching.
Indeed, earlier attempts, including ul-
tramicroscopy developed by Dodt and
colleagues,” successfully demonstrated

major innovations that are absolutely
necessary for high-resolution imaging
across a sample. First, an optically ho-
mogeneous sample-mounting framework
minimizes optical aberrations, especial-
ly across the sample depth (see Fig. 2). A
clarified intact organ is mounted in a cu-
vette made of specific transparent materi-
al with matching RI. The cuvette is then
attached to a xyz-theta stage by a set of

adapters (see Fig. 2b) inside the sample
chamber, which is filled with a match-
ing RI liquid. This mounting strategy
mitigates the effect of changes in RIs in
the detection paths, and also allows the
use of appropriate immersion objectives
for detection (e.g., CLARITY-optimized
long working-distance objectives).

Second, we implemented a synchro-
nized detection-illumination procedure,
and demonstrated, for the first time, its
utility in achieving higher imaging qual-
ity and depth by reducing the out-of-fo-
cus background (see Fig. 2¢). We did this
by synchronizing the line-by-line detec-
tion of sSCMOS camera chips with fast,
pencil-beam scanning of the sample to
generate a virtual light sheet.

Third, we developed a novel, adap-
tive parameter-correction procedure to
adjust for misalignments (of the light-
sheet and detection focal plane) intro-
duced by significant optical variances
across the sample. The method in-
volves quick calibration to automati-
cally estimate the alignment parameters
at defined imaging positions distributed
sparsely across the sample (see Fig. 2d).
Linear interpolations of the alignment
parameters in all three dimensions fa-
cilitate high-quality imaging through-
out the sample. The result is one of the
first demonstrations of an automatical-
ly self-correcting adaptive LSM.

These optimizations laid out the prin-
ciples for rapid, high-resolution imag-
ing of clarified organs. We successful-
ly used COLM to capture, for the first
time, high-resolution maps of entire in-
tact mouse brains and nervous systems,
and also human brain samples (see Fig. 3).
This approach is compatible with other
tissue clearing methods as well, and has
enabled an entirely new class of exper-
imentations for a fundamental under-
standing of brain architecture.®

SPED breaks a speed barrier

Many live-imaging experiments, includ-
ing calcium imaging of neuronal activity,
require very high-speed capture of entire
3D volumes. Light-sheet microscopy, ow-
ing to simultaneous wide-field detection of
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the illuminated planes, enables high planar
imaging speeds, especially in comparison
to confocal and two-photon microscopy.

Typically, 3D image volumes are ac-
quired by moving the sample stage step-
wise along the z-axes (depth), or by syn-
chronously moving the aligned light-sheet
and detection objectives through the
stationary specimen. Both of these ap-
proaches are fundamentally limiting
because of the significant masses that
must be moved at high frequency. In
contrast, other methods such as light
field microscopy (LFM)’ and multi-fo-
cus microscopy'® achieve high speeds
by acquiring the entire 3D volume in a
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single image— although at some cost of
resolution and sample-size constraints,
and requirements for complex volumet-
ric deconvolution.

To address these limitations, we devel-
oped SPED light-sheet microscopy (see
Figs. 4 and 5) by combining the optical
sectioning of LSM with extended depth-
of-field of the detection objective.

A crucial property of LSM is that
the final optical point spread function
(PSF) is the result of the intersection of
the light sheet and the detection objec-
tive PSF (see Fig. 4a). The lateral reso-
lution is thus determined by the detec-
tion objective’s numerical aperture (NA),
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scanning the light sheet alone, and by-
passing the need for a piezo motor to
move the sample or the objective.

Building on the mechanisms that com-
monly produce undesirable spherical ab-
errations, we demonstrated this principle
by developing a scalable, novel method
to obtain elongated PSF. By interposing
a transparent block of high-RI material
between the objective and sample, tun-
ing of PSF elongation became a matter of
manipulating easy-to-understand physi-
cal parameters.

By eliminating the need to move any
physical object (apart from galvo scan-
ners, which can achieve several-kilohertz

FIGURE 5. (a) A depth color-coded maximum intensity projection

(top) and volume rendering (bottom) depict a SPED imaging dataset
acquired from a zebrafish larva expressing nuclear localized GCaMP. (b)
A 1-mm-deep SPED image shows a clarified Thy1-eYFP mouse brain.*

FIGURE 4. (a) SPED combines the optical sectioning of light-
sheet microscopy with extended-depth-of-field (i.e., PSF elongation
axially, while maintaining the lateral extent). (b) A ray-tracing example
demonstrates use of a Rl change to elongate PSF. (c) SPED-
elongated PSF of four different objectives covering a range of
specifications: For each objective, the top is native PSF measured
in air, and the bottom is elongated PSF.* (d) Volume rendering from
a high-speed live volumetric imaging dataset of a zebrafish larva
expressing calcium indicator GCaMP, which acts as a reporter

for neuronal activity. For demonstration purposes, approximate
elongated PSF images were separately overlaid on the volume
rendering. (Adapted from R. Tomer et al.?)

whereas the axial
resolution derives
from the thick-
ness of the illumi-
nation light sheet.
Therefore, by axi-
ally elongating the
detection PSF while
keeping the lateral
extent constant, it
becomes possible
to acquire an entire
3D volume at very
high speed and res-
olution by rapidly

frequency), SPED allows volumetric im-
aging at speeds limited only by camera
acquisition rates. Thus, its performance
will improve along with advances in de-
tector technologies. We demonstrated the
system through many proof-of-principle
experiments in biology applications, in-
cluding very high-speed imaging of neu-
ronal activity across entire nervous sys-
tems, and subcellular resolution imaging
of large, intact clarified brains.

The future starts here
COLM enables rapid high-resolution im-
aging of intact transparent mouse brains



and nervous systems, while SPED has
proven able to perform long-term, high-
speed, and high-resolution live imaging
of cellular and functional dynamics in
embryos and brains. Coupled with ad-
vances in labeling methods for specific cell
types, these methods are facilitating unbi-
ased mapping of the molecular, structur-
al and functional architectures of brains.

Further advances in optical methods
may include integration with super-res-
olution microscopy approaches (such as
stimulated emission depletion [STED]
microscopy) and improvements in imag-
ing procedures and real-time data pro-
cessing for yet higher-speed imaging.
However, progress in imaging methods
requires corresponding advances in data
analysis and storage. Indeed, commer-
cially successful, scalable platforms such

as Spark and Hadoop are useful frame-
works for enabling “big data” processing.
Similarly, cloud services such as Amazon
Web Services (AWS) are democratizing
access to scalable storage and computing
infrastructures. Adoption of these tech-
nologies in biological sciences research
will facilitate development of scalable da-
ta-analysis tools able to extract knowl-
edge from samples.

Altogether, these are exciting times
for bioscience research. Methods such
as those described here are really just the
beginning for understanding vastly com-
plex biological systems such as brains.<
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