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We present a three-dimensional (3D) isotropic imaging of mouse brain using light-sheet fluo-
rescent microscopy (LSFM) in conjunction with a multi-view imaging computation. Unlike
common single view LSFM is used for mouse brain imaging, the brain tissue is 3D imaged under
eight views in our study, by a home-built selective plane illumination microscopy (SPIM). An
output image containing complete structural information as well as significantly improved res-
olution (~4 times) are then computed based on these eight views of data, using a bead-guided
multi-view registration and deconvolution. With superior imaging quality, the astrocyte and
pyramidal neurons together with their subcellular nerve fibers can be clearly visualized and
segmented. With further including other computational methods, this study can be potentially
scaled up to map the connectome of whole mouse brain with a simple light-sheet microscope.

Keywords: Light sheet fluorescent microscopy; multi-view deconvolution; mouse brain imaging;
isotropic.

1. Introduction image various samples from cells to whole organisms

Light sheet fluorescent microscopy (LSFM) is an  with low phototoxicity and high speed.'® LSFM is
emerging technology that can three-dimensionally  fundamentally characterized by setting a separated
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plane illumination orthogonal to the wide-field de-
tection, thus enabling optical sectioning inside the
samples with sharp contrast and high axial resolu-
tion superior to conventional microscopes.*” In the
past decade, besides the basic Gaussian light-sheet
generated with a cylindrical lens, LSFM have
derived a series of structural variants, including
multidirectional SPIM (mSPIM), Digital Scanned
Laser Light-sheet Fluorescence Microscopy (DSLM),
Bessel beam plane illumination microscopy and so
on.** In accordance to these advanced LSFM
imaging modalities, a variety of novel biomedical
studies have been accomplished based on their
excellent visualization.'* 2"

Among those applications, neural imaging of
clarified mammal tissues, such as mouse brain and
rat spinal cord, using LSFM tends to be a popular
field that is particularly towards the high-resolution
imaging under a very large field-of-view. However,
LSFM is still challenging in this scenario for its axial
resolution, which is typically 4 to 20 ym, remaining
insufficient for three-dimensionally visualizing the
single neurons across a large interactive area.?'2°
Therefore, the fine neural connections are not able
to be revealed as what have been achieved by micro-
optical sectioning tomography (MOST) or sequen-
tial two photon excitation microscopy.?* " Fur-
thermore, even for the optically-cleared organs, the
light scattering as well as absorption still exists,
largely deteriorating the quality from the depth of
tissues. Several LSFM techniques have been devel-
oped to capture the sample images under four or
more views, and computationally fuse them into
single one with showing complete signals as well as
improved resolution.**~*? The multi-view LSFM has
been successfully applied to image live samples,???3
such as zebrafish and Drosophila embryos, but not
to the cleared brains or other tissues.

Here, we present the first brain imaging using
SPIM in conjunction with multi-view deconvolution
(MVD). Three-dimensional (3D) image stacks of
the brain tissue are consecutively recorded under
eight views, by rotating the sample a full circle.
Then, a bead-based registration, followed by a
multi-view Bayesian deconvolution are applied to
the eight views of image, to reconstruct a complete
visualization of brain cortex with an isotropic res-
olution ~1.6 um. Benefiting from the significantly
improved resolution as well as more complete sig-
nals, we can segment typical neural structures, such

as pyramidal neurons and astrocytes, in three
dimensions, and with showing fine nerve fibers. In
the following, we will briefly describe the experi-
mental design and implementation of multi-view
brain imaging, discuss how to apply the image
computation, and demonstrate the isotropic visu-
alization of brain neural connectivity.

2. Results
2.1.

To minimize the tissue scattering, chemical clearing
of the mouse brain is an essential step before im-
aging. Here, we use an organic-solvent-based clear-
ing method (uDISCO?!) to clarify the brain of
a transgenic adult mouse that is labeled with Thy
1-green fluorescent protein (line M, Jackson Labo-
ratory). The picture of cleared brain tissue is shown
in supplementary figure S1 and compared to raw
tissue.

The cleared brain is first embedded into trans-
parent resin homogeneously mixed with fluorescent
beads, to better preserve the sample fluorescence
and reduce photobleaching during imaging.** Then,
the resin packed brain is mounted onto a rotating
motor immersed into a glass chamber filled with
refractive index-matched solvent (benzyl alcohol +
benzyl benzoate + diphenyl ether, BABB-D) for
upcoming LSFM imaging (Fig. 1(b)).

Sample preparation

2.2. Multi-view LSFM image
of brain cortex

We carry out multi-view imaging by a simple selec-
tive plane illumination light sheet microscope
(SPIM) which is constructed by ourselves (Figs. 1(a)
and 1(b)). The real picture of the system is shown in
supplementary Fig. S2. The size of uniform illumi-
nation range of the hyperbolic laser-sheet is pro-
portional to the thickness of laser-sheet, which can
be further tuned by an adjustable slit. In our dem-
onstration, the axial extent (thickness at beam
waist) of the laser-sheet is ~12 um, generating a
sufficiently long range to illuminate a brain cortex
specimen with size around 3 by 1.5 by 1.5mm. A
4D motorized stage can move the specimen at z—y
plane, scan it along z direction, and rotate it
along y direction with accurate incremental angle
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Fig. 1.

Schematic of the multi-view LSFM imaging. (a) The illumination objective excites a thin plane of the brain sample using a

line-focused laser-sheet. The orthogonal detection objective collects the fluorescence emission from the illuminated plane. 3D optical
sectioning is accomplished by scanning the sample along z-axis. Through rotating the sample around y-axis, we then repeat the 3D
imaging under multiple views. (b) Shows a photograph of real-world scene. (c) A brief flow chart showing the essential procedures of

multi-view data computation.

(coordinates are shown in Fig. 1(a)). The plane-
illuminated brain is 3D imaged under 4x magnifi-
cation with a scanning step-size 5 um, yielding one
view of LSFM image with voxel size 1.6 by 1.6 ym.

Previously, we compared the result processed by
different number of views, revealing that four views
MVD result does really show the isotropic resolu-
tion enhancement but the eight views deconvolu-
tion result shows higher contrast and more details in
3D space (Fig. S3). In consideration of the tradeoff

between temporal and spatial resolution, eight
views are the appropriate option for this experi-
ment. Then, the sample is rotated seven times with
a 45° incremental angle for each view of imaging.
Totally eight views of 3D images are recorded for
the multi-view processing.

Here, we use the bead-based registration plus
Bayesian deconvolution method to register, fuse
and compute an output image that can finally re-
cover the complete sample information from all the
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views. The whole image computation procedure is
further illustrated as Fig. 1(c).

2.3. Three-dimensional visualization
of the brain neurons

We extract the sub-resolution beads (~1 pm in di-
ameter) from the images to characterize the multi-
view imaging performance. Figure 2 shows the re-
solved beads, which can be treated as system
point spread function, in raw image (reference view,
Fig. 2(a)), average fused image (Fig. 2(b)), and the
final multi-view deconvolution image (Fig. 2(c)). As
shown by comparison, the resolution enhancement
by multi-view processing is quite obvious, especially
along the axial direction (yz, xz planes). After
Bayesian deconvolution, the fusion artifacts (shown
in Fig. 2(b)) further disappear with finally showing
a size-reduced, isotropically-resolved sphere.

Then, we three-dimensionally visualize the brain
images in Fig. 3. Three volumes containing astrocyte
(I), dense pyramidal neuron (II), and sparse pyra-
midal neurons (IIT) are selected from the complete
brain sample (Fig. 3(a)), and shown as magnified
views of Figs. 3(b)-3(d), respectively. In contrast to
the poorly-resolved neuron sub-structures in the raw
single-view image (Figs. 3(b)-3(d), left), MVD image
clearly shows the patterns of dendrites and axons
(Figs. 3(b)-3(d), right). The achieved resolving
power of MVD image originally taken by 4x objec-
tive plus 12 pum laser-sheet is even superior to the raw
LSFM image taken by a 10x objective plus 6 um
laser-sheet (Fig. 3(b), middle). With high-quality,
3D visualization, we can further segment single
neurons with displaying their subcellular nerve fibers
(Fig. 3(e)-I and III). Meanwhile, two adjacent pyra-
midal neurons can be also separated from each other
by the virtue of improved resolution (Fig. 3(e)-II).

Fig. 2.

Characterization using fluorescent bead. (a)—(c) compare the fluorescent beads (~1 um) resolved by single-view LSFM

(angle 0°). 8-view fusion and 8-view Bayesian deconvolution, respectively. The z—y, y—z, x—z planes and 3D rendering of the bead are

shown from the left to the right. Scale bar is 5 ym.
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Segmentation

Fig. 3.

Isotropic visualization of brain cortex by multi-view LSFM. (a) The 3D rendering of the cleared brain cortex tissue. The

magnified views of three selected regions, I-III, are shown as (b)—(d), respectively. The maximum-intensity-projections (MIPs) of zy
and yz planes of the selected areas are compared by three imaging modes, which are raw single view image (b, left), high-
magnification single view image (middle) and MVD image (right). The multi-view deconvolution result demonstrates best visua-
lizations with showing an improved isotropic resolution. (e) Image segmentation of single astrocyte, single pyramidal neuron and
two adjacent pyramidal neurons, corresponding to the regions (I) to (III), respectively.

3. Conclusion

In this work, we use multi-view light-sheet imaging
for the first time to achieve the isotropic imaging of
mouse brain at cellular resolution. MVD improves
the optical sectioning performance with cir-
cumventing the use of high NA, high-maintenance
optics at the same time. Thus, it is much less vul-
nerable to spherical aberration which often causes
noticeable deterioration in deep tissue imaging.
Compared to the regular single-view LSFM imaging
of mouse brain, our method recovers more details,
allowing clear segmentation of single neurons. The
multi-view deconvolution also represents a cost-ef-
fective strategy for brain imaging, without increas-
ing the current LSFM system’s cost and complexity.
This underlying robustness allows MVD-LSFM
prototype to maintain a simple set-up as well as
superior performance for large sample imaging.
Furthermore, through combining this multi-view
approach with other super resolution techniques, a
large volume and high-resolution imaging of whole

mouse brain can be expected to map out the com-
plete brain neural network, unraveling the long
distance projection that cross over different ence-
phalic regions. Our demonstration makes an initial
study towards mouse brain-wide connectome by a
simple light-sheet microscope, which can be readily
accessed in even resource- limited environments,
such as a less-funded biology laboratory. It thereby
shows good potential on benefiting the neurosci-
ence, histopathology and other tissue/organ scale
studies.
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