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Abstract

Background

The functions of the central nervous system (CNS) rely on the interaction be-
tween large populations of neurons across different areas. Therefore, to compre-
hend CNS functions there is a need for imaging techniques providing access to
the neuronal activity of large networks of neurons with very high spatiotemporal
resolution.

New method

Light sheet fluorescence microscopy (LSFM) is a very promising optical sec-
tioning technique that allows volumetric imaging over many length scales while
retaining high spatial resolution and minimizing photobleaching and phototox-
icity.

Results

The application of LSFM in neuroscience opened up the possibility of imag-
ing in-vivo the development of the CNS and acquiring morphological images of
whole cleared mammalian brains with sub-cellular resolution. The use of prop-
agation invariant Bessel and Airy beams has shown potential for increasing the
penetration depth in turbid neural tissues.

Comparison with existing methods

The lack of temporal and/or spatial resolution of traditional neuroscience imag-
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ing techniques call attention to a need for a technique capable of providing high
spatio temporal resolution. LSFM, which is capable of acquiring high resolution
volumetric images is increasingly becoming an interesting imaging technique for
neuroscience.

Conclusions

The use of different LSFM geometries has shown the potential of this technique
in acquiring in-vivo functional images of the CNS and morphological images
of entire cleared mammalian brains. Further development of single objective
LSFM implementations and fibre based LSFM combined with the use of propa-
gation invariant beams could allow this technique to be used for in depth in-vivo
imaging.

Keywords: Light sheet fluorescence microscopy, LSFM, Neuroimaging,

Neuroscience, SPIM, Airy beams, Bessel beams, brain.

1. Introduction

The development, maturation and maintenance of the nervous system, its
anatomical and functional structure, with particular attention to the brain and
the role it plays in behavior and cognition, has been the centre of much scientific
investigation. The functional unit of the nervous system is the neuron which
integrates external inputs and sends out signals to other regions which ultimately
guides behavior. The neuron consists of a cellular body (soma), dendrites and an
axon. Dendrites are thin tree-like extensions that branch off the soma and can
extend for hundreds of micrometres. The axon is a cellular extension that arises
from the soma and can transmit information from micrometres to a metre in the
human body. Groups of neurons are organized into complex three-dimensional
circuits containing tens of different cellular subtypes arranged in specialized
functional sub-networks. The brain’s diverse functions rely on the interaction
between large populations of neurons across different areas of the brain. Signals
are received by the soma and the dendrites. These signals are then sent to other

neurons in a time frame of a few milliseconds via the axon to specific structures
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referred to as dendritic spines or synapses.

Neuroscientists seek to understand not only the normal mechanisms of the
nervous system, but also the nature of developmental and neurological disorders
with the intent of finding new ways to prevent or treat them. In order to obtain
this knowledge, it is necessary to unveil how sensory information is processed
by neuronal networks and how a behavioral output is produced. The models
systems utilised are diverse ranging from using larval and adult zebrafish, in-
vertebrate model species, such as Drosophila melanogaster and Caenorhabditis
elegans, and also rodent mammals. In order to be useful as an animal model,
the organism should be able to exhibit physiological, pathological or behavioral
features of the human disease. However, with regards to imaging, the choice of
the most appropriate animal model is not always based on the one that is best
suited to address a specific question of interest. For example, larval zebrafish
are a poor anatomical model for the human brain but they are frequently used
because they are transparent and therefore easy to be imaged. Drosophila and
C. elegans have also been used as models for brain diseases because they offer
advantages in terms of a high degree of genetical control and they also have a
relatively short lifetime; however, they are far removed phylogenetically from
mammals. Among mammals, mice are by far the species most used to gain in-
sights into the pathogenesis of neurodegeneration (e.g. Alzheimers disease) even
if they cannot be affected normally by this pathology [I]. Despite this, the main
reason for their use relies on again the ability to control their genetic make-up
but also the relatively small size of their brain which again makes it easier to be
imaged. However, irrespective of the model, there is a need for imaging tech-
niques to provide a full spatio-temporal access to the neuronal activity of large

networks of neurons but with sub-cellular and millisecond resolution [2, [3].

1.1. Why should we use optical imaging in neuroscience?

Optical imaging has advantages over traditional neuroscience imaging tech-
niques such as Electroencephalography (EEG), Magnetoencephalography (MEG),

functional Magnetic Resonance Imaging (fMRI) and Positron Emission Tomog-
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Figure 1: Imaging techniques used in neuroscience. The coloured rectangles represent the
spatiotemporal capabilities of each technique. Notice, optical imaging covers almost the entire

area occupied by the others techniques. Image reproduced with permission from [4].

raphy (PET). A major advantage is the potential optical imaging of the nervous
system over many length scales: from the single synapse to the entire brain,
while retaining the capability of achieving very high spatio-temporal resolution
(see Figure [1)).

The latter capability is a necessary requisite if fast events such as action po-
tentials are to be resolved. Their flexibility and easiness to be modified makes
optical setups suitable to be integrated with many other techniques for multi
modal imaging. Another advantage is the possibility of selectively labeling dif-
ferent neurons and recording their activity as changes in optical brightness, by
using engineered light-emitting protein sensors, termed genetically encoded volt-
age indicators (GEVis). GEVis relate changes in voltage to changes in bright-
ness by sensing the neuron membrane potential. Also neuroscientists have relied
on encoded calcium indicators (GECIs) in order to follow rapid post-synaptic
events. GECIs are florescent proteins modified so that their folding properties

are sensitive to the calcium concentration that changes within the cell after the
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firing of an action potential. Therefore, local changes in calcium concentration
can be used as an indirect measure of voltage transients in neurons. However,
the kinetics of calcium transients is relatively slow and GEVis need to be used in
order to report sub-threshold electrical activity in dendritic and somatic mem-
branes, though the speed of activity means that its recording usually requires
specialised optics.

The development of confocal microscopy was a key initial step to enable
optical imaging for neuroscience research. Confocal microscopy uses an epifluo-
rescence geometry, in which the objective lens used to send the excitation light
to the sample is the same used to collect the emitted fluorescence. In confocal
microscopy the out of plane unfocused light is rejected by using a spatial pin-
hole; however, the optical sectioning is not obtained in the illumination process,
therefore, as in wide field microscopy, the specimen is subjected to wide light
exposure. Furthermore, the sample is scanned one point at a time rendering the
acquisition of volumetric images very long. The wide light exposure combined
with the limited acquisition speed results in a much higher exposure of the sam-
ple causing potential photobleaching. Moreover, high resolution imaging deep
into biological tissues is not possible. Deeper penetration and a lower attenu-
ation can be achieved by using two-photon microscopy (2PM) in an analogous
geometry, which has been employed to visualise neuronal activity both at the
single synapse level [5l [0, [7] and at the whole brain level [8, [@, [T0]. In 2PM a
fluorophore is excited to a higher state, by absorbing two photons with com-
bined energies similar to that which is needed to excite the fluorophore to the
same state using a single photon. The use of longer infrared wavelengths (650
nm to 1200 nm) reduces autofluorescence and absorption by biological samples.
2PM provides both high lateral and axial resolution and high sensitivity inside
scattering tissues [I1], while reducing photobleaching by exciting only a single
point in space. However, single point scanning 2PM has a limited temporal
resolution due to the fact that three dimensional imaging cannot be achieved
by scanning a single point trough a 3D volume. A minimum laser dwell time

of the order of 1 sec is needed to collect a significant number of photons in a
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given voxel [12] limiting the acquisition rate to ~ 10% voxels per second. This
drastic limit imposed by single scanning point techniques, limits the number of
neurons that can be dynamically recorded making these approaches limiting for
imaging in neuroscience. In order to improve parallelization, other implemen-
tations such as simultaneous multi-point excitation [I3] [14] [I5], and temporal
focusing [8| [16, 17, 18] can be considered. However, these methods add both
experimental complexity and cost. Random-access imaging including acousto-
optical deflectors [19, 20| 21, 22], has been used to rapidly record the activity
of multiple neurons in the intact brain [21]. However, this approach samples
the volume sparsely at different points and is highly sensitive to motion, and so
cannot be used in freely moving organisms [22, 23]. Sub-diffraction resolution
down to a few tens of nanometers can be achieved by using super resolution
techniques such as stimulated emission depletion (STED) microscopy, photo-
activated localization microscopy (PALM) or stochastic optical reconstruction
microscopy (STORM) but at the expense of both penetration depth (a few
microns at most) and speed. While PALM and STORM are based on single
molecule switching and localization, STED additionally allows the individual
identification of molecules at high densities and the analysis of their distribu-
tions and dynamics using patterned illumination. However, an important aspect
to be taken into account when considering optical imaging techniques is that
resolution, penetration depth and speed are competing parameters. In STED
the imaging speed is typically lower than for confocal or 2P microscopy, due
to the longer pixel dwell-time which is necessary to collect more photons from
a smaller region. Furthermore, as with any other light microscopy techniques,
penetration depth is limited by scattering. STED has been used to visualise
dendritic spine shapes in living neurons with exceptional resolution [24]. Due
to their single molecule nature PALM and STORM are capable of achieving
a lateral spatial resolution of 10-30 nm. Advances in image processing algo-
rithms have rendered possible the use of PALM and STORM to image living
cells reducing acquisition times for 2D images down to a few seconds [25], [26].

However, being based on wide field illumination, both techniques have very lim-
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ited penetration depth. PALM and STORM have been mainly used to study
postsynaptic receptors and scaffold proteins [27) 28], 29].

An optical imaging technique with high temporal resolution which is limited
only by the camera and photon count, is light field microscopy (LFM) [30} [3T].
In this technique, the sensor pixels capture the light field rays coming from a
microlens array placed in the native image plane. In this way, 4D light field
information from both a 2D location and a 2D angle of the incident light, is
captured via a single sensor image without the need for scanning. High speed
volumetric acquisition is enabled by computationally reconstructing the full 3D
volume from the recorded light field in single sensor images. Prevedel et al [32]
imaged the simultaneous functional imaging of neuronal activity in an entire
C. elegans and larval zebrafish brain using LFM in combination with a 3D de-
convolution algorithm improving the technique spatial resolution. Nevertheless,
LFM is still limited in spatial resolution when compared to 2PM.

However, while all of these techniques are very exciting from an optical
viewpoint, many have yet to find a dominant role in neuroscience research due
to shortenings including the inability to image over large scales and photo-

damaging effects.

1.2. Light sheet fluorescence microscopy for neuroscience: where we are and

what do we need

A technique that allows us to navigate flexibly between resolution, penetra-
tion depth and acquisition speed while minimizing photodamage, is light sheet
fluorescence microscopy (LSFM). LSFM is an optical sectioning technique ca-
pable of retaining high spatial resolution while performing volumetric imaging.
In contrast to single point scanning techniques, it excites the tissue locally with
a thin sheet of light instead of using a focused spot. This allows the acquisition
speed of volumetric images to be increased by one-to-two orders of magnitude
[33, 34, [35] while minimizing photobleaching and phototoxicity [36] 37, B8], [39].
In LSFM the fluorescence is excited with a light sheet only around the focal

plane of the detection objective which is oriented perpendicular to the illumi-
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nation axis. Moreover, a 3D stack of images is acquired illuminating each plane
only once. The combination of these characteristics leads to a reduction of the
energy load on the specimen reducing phototoxic effects [40]. LSFM enables
volumetric imaging while avoiding exposure of the sample to light beyond the
focal plane resulting in the gentlest fluorescence microscopy technique available
to date [40l, 41} [42]. A few studies on developmental biology comparing pho-
tobleaching and phototoxicity between confocal and LSFM setups have been
conducted [38, [39]. J. Icha et al [39] compared a published dataset of cell cy-
cle phase lengths of zebrafish retinal neuronal progenitors acquired in several
confocal setups [43] with data acquired in LSFM. They observed a prolonged
cell cycle phase’s length in the confocal dataset due to phototoxicity. Wu Y
et al. [44] imaged C. elegans embryogenesis with a LSFM setup at 30 times
higher time resolution compared to a spinning disk confocal setup due to the
lower phototoxicity [39]. A reduction in photobleaching and photoxicity by up
to three orders of magnitude has been reported when using LSFM instead of
confocal microscopy [40]. The lower photodamage effects make this technique
particularly suited for developmental biology studies [44] [45], for imaging large
fixed specimens, such as mammalian brains [46, 47], and for in-vivo studies
[34, [48, [49, [50].

However, it is important to understand the current capabilities of LSFM for
neuroscience and what we need to achieve in future. Presently we are capable
of imaging in-vivo processes with sub-cellular resolution at very high speeds (~
100 Hz) but with limited penetration depth (~ 20-100 pm)[5I]. We are also
capable of recording spatially isotropic whole brain functional images in larval
zebrafishes at 1 Hz with sub-cellular resolution [34]. However, what researchers
really need is to acquire functional images from a large population of neurons
at 10-20 ms resolution, in order to resolve single spikes. Therefore, much higher
acquisition speeds over large volumes is required. Furthermore, we need to
image not only transparent samples, such as larval zebrafishes, but also non-
transparent brain structures that extend over considerable volumes as is the

case for mammalian brains. This requires fast volumetric techniques capable
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of imaging deep into turbid tissues. However, one of the main challenges when
imaging in depth with high resolution is posed by the high absorption and strong
scattering.

One strategy to circumvent this problem and obtain enhanced imaging is
rendering tissues transparent by using optical clearing techniques. The basic
principal of optical clearing is to achieve uniformness of the refractive index of
biological samples. This can be obtained by penetrating optical clearing agents
which have a high refractive index into the extracellular space in order to match
the high refractive index of cells, collagen and elastic fibres [52] 53], [54], or by
removing lipids, which are the main source of scattering in tissues [54]. Thanks
to the use of these methods, we can now image small mammalian brains with
sub cellular resolution [47]. A more in depth discussion about optical clearing
methods and their use in imaging mammalian brains with LSFM will be given
in section 3.2} These methods are useful to image fixed samples, but in order to
image brains in-vivo other solutions need to be found. One possibility is using
2P LSFM in which the use of longer wavelengths and the fact that fluorescence
is proportional to the square of the intensity, makes imaging less susceptible to
degradation by out of focus absorption and scattering. At the moment by using
1P (single photon) LSFM, we are capable of imaging superficial layers of the
brain of an awake mouse at 20 Hz with the possibility of resolving 5-10 pm in size
single capillaries at a depth of 140 pum [50]. Deeper penetration depth would be
achieved by using 2P LSFM. However, even bigger extension of the depth-of-field
can be achieved by using non-diffractive beams instead of Gaussian beams. This
latter aspect will be discussed in section[2:2] Substantially, what we really need
is increased acquisition speed, high resolution and deeper penetration depth in

non-transparent samples at the same time.

2. Light sheet fluorescence microscopy

Even though the geometry for optical sectioning used in LSFM was first
shown in 1902 [55], the possibility of using light sheet for biological studies
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was recognised only in 2004 [12]. In LSFM two distinct orthogonal optical
paths are combined, one for illumination with a thin sheet of light and one for
fluorescence detection. The sample is placed at the intersection between them
(see Figure [12]). To date most LSFM setups are built in such a way that the
illumination and detection objectives lie in a horizontal plane. This geometry
allows more freedom than confocal microscopy in the mounting of the organisms
used as animal models in neuroscience we mentioned before. The sample can
be placed in a liquid filled specimen chamber. In case of large specimens, such
as mouse brains, they can be hooked by using a clip or tweezers. However,
mechanical contact could induce damages to the sample therefore, the most
common sample preparation technique is embedding the specimen in agarose.
This method has been extensively used to image the development of different
species inclusing D. melanogaster [56], C.elegans, and zebrafishes [12] 56]. In
order to ensure both immobility and growth of the embryo the sample
can be mounted in low concentrations of agarose in refractive-index-
matched fluorinated ethylene propylene (FEP) tubes which ensure
optimal image quality from all sides [57, 58], [59]. However, one limitation
of embedding samples in agarose is the possibility of restricting their movements
and this is a problem when imaging developing samples. Therefore, the sample
can also be placed in a container made from agarose or by using polymers and
kept in position by using clips. However, it is difficult to make small agarose or
polymeric chambers with thin enough walls to image the sample through them.
Moreover, samples can also be imaged flat on a glass coverslip by placing the two
objectives on a vertical plane. Different LSFM geometries developed to image
different samples will be discussed in more detail in the next section. In LSFM
different planes of the sample are illuminated, creating a z stack of images that
can be 3D reconstructed, by scanning the light sheet through the sample, or
by moving the sample through the focal plane. Good sectioning of the sample
and out of focus light suppression is achieved by tailoring the light sheet to the
micron range. In LSFM, the illumination and detection paths are decoupled

and so can be optimised separately. The axial resolution is dictated both by

10
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Figure 2: Schematic of standard light sheet fluorescence microscopy (LSFM) configurations.

the thickness of the sheet of light and by the numerical aperture (NA) of the
detection objective. The lateral resolution is dictated solely by the NA of the
detection objective and therefore, it is the same as for any widefield fluorescence
microscope. In the past few years different implementations of LSFM have been
developed to improve resolution imaging speed, field of view and penetration
depth. Below we describe some of the most relevant LSFM implementations

developed for applications in neuroscience.

11
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2.1. Different LSFM geometries

The thin sheet of light used in LSFM can be generated by using a cylindrical
lens, as in selective plane illumination microscopy (SPIM) [12] or by using a
scanning mirror to rapidly scan the beam through the sample, as in digitally
scanned light-sheet microscopy (DSLM) [60]. The presence of the scanning
mirror offers an increased flexibility of DSLM over SPIM. The height of the light
sheet can be adjusted by changing the scanning amplitude, while its thickness
is related to the diameter of the incoming beam on the mirror. The formed
light sheet is homogeneous leading to a uniform power density across the field
of view and the penetration depth can be highly increased by using techniques
such as beam shaping [61] and 2P excitation [62]. Due to the rapid scanning of
the light sheet DSLM, images are less prone to striping artifacts resulting from
absorption in the sample plane and though artifacts can be reduced by using
propagation invariant beams [63]. On the other hand, a cylindrical lens is easy
to integrate and allows the entire field of view to be illuminated simultaneously
leading to a lower power per line and to an increased acquisition speed limited
only by the frame rate of the camera and not by the speed of the scanning
mirror.

A variant of SPIM is multidirectional SPIM (mSPIM) in which a second
illumination arm, identical to the first one, illuminates the sample from the
opposite direction. The images obtained from illuminating each side can be
stitched together resulting in a final image of higher quality. A more even il-
lumination and the efficient elimination of shadows can be achieved if the light
sheet is resonantly pivoted about its focus [64]. The choice between the SPIM
and DSLM configuration is based on the sample under investigation in order to
balance photodamage effects, image quality and acquisition speed. These light
sheet microscopes are set up in an horizontal plane to achieve an orthogonal con-
figuration between the two beam paths. This geometry allows the sample to be
placed at the intersection of the two paths being free to rotate in order to opti-
mise its orientation. In SPIM the sample is moved in steps of a few microns and

images are acquired in rapid succession obtaining a 3D image stack of the entire

12
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sample volume. In order to image deeper into the tissue the specimen
can be rotated to acquire datasets from multiple angles and fuse them
together into a single, high quality three-dimensional image. The
sample is imaged along multiple directions, which yields improved
images by collecting additional data from more favorable angles and
more isotropic resolution by computationally fusing multiple sample
views [56]. Each individual view is limited by low resolution along a
different dimension and high resolution images in all directions can be
obtained by combining different views with multiview deconvolution.
However, multidirectional imaging by specimen rotation suffers from
drawbacks, one of which is the difficulty of determining precisely the
position and orientation of the axis of rotation relative to the spec-
imen. Furthermore, an improved axial resolution is obtained at the
expense of a reduced lateral resolution unless many volumetric views
are acquired. This leads to an increased dose of radiation on the
sample mitigating the original advantage of LSFM. In addition, the
volumetric acquisition speed is linked to the use of ultrafast rotation
stages and this limits the biological dynamics that can be visual-
ized as well as being harmful for some biological samples. Therefore,
multidirectional imaging by specimen rotation is suitable for fixed
specimens, but typically not for fast processes in live specimens. By
using two illumination and two detection objective lenses that are
focused onto the sample from four different directions along two per-
pendicular axes, as in MuVi-SPIM and SIMView SPIM, it is possible
to fuse images in real time and record 3D datasets without sample
rotation [65, [66]. However, in order to have fully isotropic resolution
at least one rotation of the specimen is needed. Both MuVi-SPIM
and SIMView SPIM overcomes multidirectional imaging by speci-
men rotation limitations rendering possible to capture in-vivo imag-
ing of fast dynamic events, such as the cellular dynamics in the early

stages of CNS development of Drosophila melanogaster embryos. The

13

Page 13 of 45



315

320

325

330

335

340

same approach has been used in IsoView microscopy [67] in which si-
multaneous four-view imaging allowed spatially isotropic whole-brain
functional imaging of larval zebrafish at 1Hz. IsoView microscopy
improved spatial resolution and resolution isotropy of sevenfold and
threefold, respectively, with respect to multidirectional imaging by
specimen rotation without scaling down the acquisition volume [67].
Another system that shares these capabilities is the four-lenses se-
lective plane illumination microscope setup development by Schmid
et al. [68], which enabled the recording of the development of multi-
ple embryos in parallel and the mapping of all labelled cells for each
embryo in less than 10s.

While the horizontal configuration is more convenient for samples requiring
rotation, a vertical arrangement is more suited if the sample demands a horizon-
tal orientation. In this case the sample, usually tissue sections, is mounted on
a flat surface, such as a glass slide. The vertical configuration is called inverted
selective plane illumination microscopy (iISPIM) and was developed by Wu et al
[44] to monitor the development of the neuronal system in C. elegans embryos
with close to isotropic resolution. In this configuration, the detection and col-
lection paths are still orthogonal to each other but are placed at a 45 degree
angle relative to the sample that is usually placed on a regular microscope slide.
The require for orthogonality precludes the use of the highest NA objectives
which restrict space, however, if the light sheet is made sufficiently thin, the ax-
ial resolution can be decoupled from the detection NA, enabling more isotropic
resolution. This configuration has been used in a compact LSFM, based on
openSPIM [69], for imaging a 300 x 300 pum area of sub-neuronal structures in
mammalian brain slides with a speed as high as 100 Hz [70].

An inverted configuration, termed dual-view plane illumination
microscopy (diSPIM) [71], rapidly alternates excitation and detection
between two identical perpendicular objectives. In diSPIM comple-
mentary views of the sample with different orientation of the point

spread function are acquired improving axial resolution. An isotropic
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resolution of 330 nm in imaging neuronal wiring during C. elegans
brain development was achieved by using diSPIM combined with a
deconvolution algorithm [71]. This method proved to be effective in
imaging volumes of small transparent samples up to 80 x 80 x 50
um?. However, detection of larger less transparent samples requires
acquisition with four-lenses LSFM configurations.

Using the above mentioned LSFM implementations volumetric data can
be acquired by either moving the illumination and detection objectives syn-

chronously to scan a stationary specimen or by moving the sample and scanning

it through stationary objectives, thus limiting the imaging acquisition speed.

Different approaches have been exploited to overcome this limitation. Fahrbach

et al [72] for example introduced an electrically tunable lens in the detection
path to move the focal plane of the detection objective avoiding any physical
movement. Increased in acquisition speed is achieved by synchronizing the fre-
quency of the galvo mirror scanning the light sheet through the sample and
the frequency of the tunable lens so that the image is always on focus on the
camera. The acquisition speed can also be increased by applying the
concept of a depth of field for the imaging arm, which in LSFM was
first proposed by Olarte et al. [73]. Tomer et al. [48] developed Spherical-
aberration-assisted Extended Depth-of-field (SPED) LSFM which extended the
depth of field by orders of magnitude, while maintaining high spatial resolution.
This is achieved by introducing a thick block of altered refractive index mate-
rial in the detection path of a standard LSFM inducing a spherical aberration
that results in PSF elongation imaging. Using this approach they imaged the
zebrafish CNS including the fully extended spinal cord in a single field of view
at 6 Hz and the entire brain at 12 Hz. They also achieved sub-cellular resolution
when imaging mouse brains at 1 mm depth.

However, these techniques still require the presence of two objectives render-
ing it difficult for their translation to in-vivo imaging. Expanding upon on the
idea of the single objective light sheet setup originally suggested by Dunsby [74],
Bouchard et al. [50] developed confocally-aligned planar excitation (SCAPE)
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microscopy in which optically sectioned 3D data are acquired by using a single
objective without the need for either the objective, or the sample, to be moved.
In SCAPE, the light sheet is swept back and forth through the sample
by using an oscillating polygonal scanning mirror. The fluorescence
emitted from the illuminated plane is collected by the same objective
lens used for the illumination and is reflected off an adjacent facet
of the scanning mirror which de-scans the light so that a stationary
oblique image plane always co-aligned with the moving light sheet is
formed. As this does not require any movement beyond that of one
of the scanning mirrors, the speed of this technique, as in SPED, is
limited only by the camera acquisition rate. This implementation has
allowed the imaging of the cortex of the brain of an awake behaving
mouse at a speed as high as 10 Hz, but with limited penetration depth
[50]. We have seen that different LSFM configurations have been developed in
order to improve acquisition speed, resolution and penetration depth, but is a

change in geometry really enough?

2.2. Qvercoming the limitations of ’conventional’ LSFM relying on Gaussian

beams

A major trade-off between resolution and penetration depth is associated
with the use of Gaussian beams in LSFM. In particular, an increase in resolution
obtained by using a high NA objective results in a decrease in the Rayleigh range
and thus axial resolution is compromised. The axial resolution which is dictated
not only from the NA of the detection objective, but also from the thickness
of the light sheet, is at least one order of magnitude bigger than the lateral
resolution, which is dictated solely by the NA of the detection objective. In
order to improve the optical sectioning ability it is necessary to circumvent the
Rayleigh range. While using Gaussian beams, LSFM systems allow the imaging
of fairly transparent specimens such as the larval zebrafish brain [34] where the
ability to image in depth, turbid tissues is limited by the diffraction of light. The

use of propagation invariant beams, such as Bessel and Airy beams in LSFM
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Figure 3: y-x cross-sectional profiles (z = 0) for a (a) Gaussian, a (b) Bessel (8 = 0.1), and
a (c) Airy (a= 2) beam. z-x cross-sectional profiles (y = 0) for the same (d) Gaussian, (e)
Bessel and (f) Airy beam propagating with parameters: A = 488 nm, NA = 0.23, in air (n =
1). Scale bar: 50 um.

overcomes these limitations providing a high resolution across a larger field of
view [75] [76L [T7] (see Figure [3)).

An ideal Bessel beam is a propagation invariant light beam consisting of an
infinite number of concentric rings covering an infinite distance and carrying an
infinite amount of energy [78]. Despite the fact that such an ideal Bessel beam
cannot be made, a "pseudo” Bessel beam having a finite number of rings and
carrying a finite amount of energy but still possessing propagation invariant
properties over an extended distance with respect to the Rayleigh range can
be created experimentally. Bessel beams are obtained by passing a Gaussian
beam, through a conical lens (axicon), by using the combination of an annular
slit and lens, or by using diffractive optics techniques [79] [80} 8T, [82] [83]. Even
if the Fourier conjugate for a perfect ideal Bessel beam is an annulus, placing
an annular aperture in the back focal plane of a lens to create a Bessel beam
can lead to on-axis intensity rapid oscillatory behaviour [84]. The holographic

generation of Bessel beams by using spatial light modulators (SLMs) is another
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well established method and it also allows the generation of multiple beams
simultaneously. However, the most efficient way of creating a Bessel beam is
imposing a phase shift to an incident Gaussian beam by passing it through an
axicon [85] [86]. By changing the angle of the axicon therefore, it is possible to
control the Bessel beam core size.

The smaller core size, the self-healing properties and the propagation in-
variance of Bessel beams make them very good candidates for imaging thick
non-transparent samples with high resolution[61]. However, if single photon il-
lumination is used, the Bessel beam side lobes contribute to background noise
and higher levels of phototoxicity [76]. In order to minimize these problems, it
is possible to use 2P excitation in which the quadratic dependence of fluores-
cence from the illumination intensity allows the collection of signals only from
the central core, or to block the detection of the side lobes on the camera sensor
[76] [84) [87, 88| [89]. Another way of minimizing the effects of the Bessel light
sheet side lobes is the use of structured illumination in which multiple Bessel
beams interfere with each other creating a Bessel beam plane [90]. The use
of structured illumination leads to the development of lattice light sheet mi-
croscopy (LLSM) in which, given the correct periodicity, diffraction interference
between an array of Bessel beams allows the suppression of the Bessel rings pro-
ducing an optical lattice [5I]. This technique provides high axial resolution by
delivering ultra-thin light sheets of ~ 1um and high imaging speed at hundreds
of planes per second while reducing photobleaching and phototoxicity by one to
two orders of magnitude with respect to 1D scanned Bessel beams. However, its
penetration depth is limited to ~ 20-100 pm making it not suitable for imaging
turbid and thick tissues, such as the mammalian brain [51]. This may be caused
by a reduction of the k-space with respect to Bessel and Airy beams and there-
fore, of the LLSM ’self healing’ properties. Lattices can in fact be generated by
superimposing an opaque mask containing a set of slit apertures over the base
ring pupil used for generating a Bessel beam, using just a few quasi-discrete
wavevectors of the ring reducing considerably the former k-space [91].

An Airy beam, like a Bessel beam, also has a propagation invariant intensity
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profile and exhibits ’self-healing’, but tends to freely accelerate during propaga-
tion [92]. The beam profile possesses an inherent asymmetry. Airy beams can be
obtained by passing a Gaussian beam through the Fourier transformation of a
cubic phase [92]93]. This can be done by using a spatial light modulator (SLM)
or by using a custom made designed cubic phase mask [94, [05]. The strength
of the cubic phase modulation dictates the shape and properties of
the Airy beam. Its propagation-invariant length increases with | « |
being a=0 equivalent to a Gaussian beam. However, it has recently been
demonstrated that by simply controlling the tilting of a cylindrical lens, can
induced aberrations such that they closely approximate the cubic modulation
necessary to form an Airy light sheet [96].Vettenburg et al. [77] have shown
that Airy beams yield thinner light sheets over larger FOVs when compared
to Gaussian and Bessel beams of similar NA. They have also showed that in
single photon LSFM, differently from the Bessel beam side lobes, the transverse
Airy beam structure contributes positively to the imaging process. This is a
great advantage over 1D Bessel techniques in which much of the florescence is
rejected to improve image quality and therefore the light sheet intensity needs to
be increased to achieve the same contrast. As the power of an Airy light sheet
is spread out over a larger area with respect to an equivalent Gaussian light
sheet, and because of the positive contribution of all its structures to imaging
formation, the peak intensity is reduced and with it the photobleaching [77].
However, how much of the transverse Airy structure will be col-
lected in-focus is dictated by the depth of field (DOF') of the detection
lens, which increases with the decreasing of the detection lens NA.
The detection lens DOF should be as large as possible to ensure that
most of the Airy profile is within it. In this way all of the generated
fluorescence contributes to the image and through the use of com-
putational deconvolution resolution comparable to a Gaussian light
sheet with equal NA can be obtained. High resolution images from
raw data can be restored performing deconvolution by using a simple

1D Wiener filter applied along the axial direction of the images [77].
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Due to the restriction imposed by the detection lens DOF most Airy
LSFM has been performed with illumination and detection NA not
higher than 0.4. For NA= 0.4 imaging with isotropic resolution of
800 nm across a FOV of 340 um is achieved.

Airy LSFM seems to be very promising for imaging in turbid neural tissues.
J. Nylk et al [97] carried out a comparison between Airy LSFM and Gaussian
LSM showing three-fold improvement in image quality at a depth of 50 pm into
mouse brain tissue most likely due to the ’self-healing’ properties of the beam.
They also tested the penetration depth in cleared samples with each beam type
showing a 30% extended penetration depth when using an Airy light sheet.
They recently developed the attenuation compensation of light field approach
in which the intensity of the beam is changed upon its propagation enabling
its strategical redistribution within the sample in order to maximize signal and
minimize irradiation [98]. By using this method they were able to image an
additional 70% dendritic spines in mouse brain tissue with respect to using a

non compensated Airy beam.

3. Applications of light sheet fluorescence microscopy in neuroscience

The development of LSFM rendered possible the observation of
phenomena that were not easily accessible before, such as the com-
prehensive quantitative analyses of cellular dynamics in entire devel-
oping organisms. In particular, the development of four-lenses LSFM
setups, which records multiple views of the specimen simultaneously,
allowed recording cellular dynamics in complex biological systems,
such as Drosophila melanogaster embryos, and in-vivo imaging of
the developing nervous system [66]. The combination of LSFM with
advanced computational tools also allowed automated cellular pheno-
typing and mapping of gene expression dynamics for entire embryos
[66]. One of the main challenges in developmental and regenerative

biology is the study of lineages of cells, which determine their avail-
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able differentiation fates. LSFM allowed recording nuclei localization
and tracking of majority of cell movements in entire wild-type and
mutant zebrafish embryos in the first 24 hours of development [60].
The lineage of cells giving rise to a specific organ was also observed,
at a later stage of development, during organogenesis of the poste-
rior lateral line in zebrafish [99]. Its capability of fast and low pho-
totoxic imaging makes LSFM also a suitable tool for observing the
formation of the zebrafish retinal ganglion cell layer, the first step
of neuronal lamination in the retina [100]. LSFM has recently found
its application also in better understanding the dynamic of axon-
glia cells interaction during neuronal regeneration consequent to in-
jury in the nervous system. In particular, the combination of lattice
light sheet microscopy with laser microsurgery, genetic analysis and
high-resolution intravital imaging was used to study the interaction
between Schwann cells and sensory neurons in a zebrafish model of
neurotrauma [10I]. This technique demonstrated also to be an ex-
cellent tool for a better understanding of cell behaviour and disease
in complex 3D neuronal cultures resembling physiological conditions,
such as organoids and neurospheres [102]. Even though the applica-
tion of LSFM in developmental biology and axonal morphogenesis, in
understanding axon-glia cells interaction and in imaging 3D neuronal
cultures is increasing, these research fields are not mainstream at this
time. The two main fields of research in which LSFM has found its
application are the acquisition of functional imaging of the nervous
system and the acquisition of the morphology of cleared brains and

will be discussed in the next two sections.

3.1. Functional Imaging of the nervous system

Coupling LSFM with the new generation of genetically encoded calcium
indicators has facilitated high speed and high resolution imaging of large neu-

ral populations leading to new insights into CNS [34]. Even though the first
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functional imaging experiments using SPIM were performed on excised mice’s
vomeronasal organs with a penetration depth limited to ~ 150 pm, they shown
the incredible potential of LSFM recording an unprecedented number of neurons
simultaneously [35]. Panier et al [33] used SPIM to collect functional images of
large fractions of the brain volume of 5-9 day old zebrafish larvae at 20 Hz with
near single cell resolution. Ahrens et al. [34] recorded the activity of the entire
brain of the larval zebrafish in-vivo by using the genetically encoded calcium
indicator GCaMP5G. They were capable of capturing the activity of more than
80% of all neurons at single cell resolution by covering a volume of 800 x 600
x 200 um?® in 1.3 s (see Figure 4. However, both SPIM and four-lens LSFM
implementations could not be combined with visually driven behaviour, due to
the fact that the light sheet scans over the zebrafish eye confounding eye stim-
ulation. To overcome this limitation, multiple excitation beams acquired from
different brain regions and avoiding direct exposure of the zebrafish retina or
two-photon excitation could be used [103], [T04].

Spatially isotropic whole brain functional imaging in larval zebrafish at 1 Hz
was also collected by using IsoView LSFM [67]. The decay time of GEClIs is
on the order of 1 to 2 s, however, their activation time is about 100 ms, there-
fore, acquisition speed as high as 100 Hz or even better is necessary to record
fast synaptic events. Imaging of axons and dendrites in a living mammalian
brain slice, over an area of 300 x 300 pym at 100 Hz was collected by Yang et
al [T0]. However, their image of rapid post-synaptic events was acquired in the
single plane mode because 3D imaging requires the movement of the sample by
a piezoelectric stage, and this requirement reduces significantly the acquisition
speed. Different LSFM approaches to enable fast volumetric imaging of activity
in neuronal populations have been developed over time. One approach used is
coupling the position of the illumination sheet with the one of the collection
objective avoiding sample movement [35] 44 [I05]. However, this approach
leads to acquisition speed limited to 10 volume/sec in SPIM setups
due to the mechanical motion of the piezo-coupled microscope ob-

jective limiting the scanning frequency. Extension of the depth of field
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Figure 4: Functional imaging of neuronal activity of the entire brain of the larval zebrafish
with cellular resolution. Panels represent whole-brain volumes recorded in intervals of 1.39 s.
The dorsal and lateral projections of whole-brain, neuron-level functional activity, is reported
by the genetically encoded calcium indicator GCaMP5G via changes in fluorescence intensity.

Image adapted with permission from [34] 23
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of the detection objective by introducing a spherical aberration that results in
PSF elongation imaging or by adding an optical element that provides for cubic
phase pupil encoding has been used as alternative approach [48[49]. Multi-plane
calcium imaging in the larval zebrafish brain at 33 Hz has been demonstrated
by extending the depth of field using a static cubic phase mask[49]. However,
optical efficiency and the signal to noise ratio are compromised because of the
elongated point spread function along the detection axis. Single 3D imag-
ing of the dendritic arbor of a living pyramidal neuron, scanned at a
depth of 20 ym, at 50 Hz has been recently acquired by Haslehurst et
al. [106] by modifying the setup described in [70]. They achieved this
capability by synchronizing the 1D galvo mirror in the illumination
path with the ETL in the detection path, while setting the camera’s
exposure time equal to the period in which the light sheet and the de-
tection objectives focal plane both make one complete scan through
the detection axis. They made the assumption that the positions of
neurons and their synapses is known and remain unchanged during
each imaging session and so there is no necessity of constantly moni-
toring and tracking their 3D positions. In this way the 3D structure

of a neuron can be obtained by acquiring an image stack only once.

3.2. Imaging of entire cleared mammalian brains

One of the main challenges in neuroscience is imaging an entire brain with
sub-cellular resolution. The high absorption and strong scattering of light in
biological tissues makes it difficult to acquire fluorescent images of large vol-
umes with a high spatial resolution. As already mentioned in optical clear-
ing circumvents this problem rendering tissues transparent and thus enhancing
imaging. LSFM, which samples entire planes in the specimen with each camera
frame acquisition, combined with tissue clearing, enables imaging of volumes of
large specimens with micrometer resolution within minutes.

Dodt et al [46] performed the first demonstration of LSFM on cleared mouse
brains. They developed a method called BABB with which they cleared the
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specimen by dipping it in a medium with the same refractive index as protein.
In this way, the refractive indices of intra- and extracellular compartments be-
come the same, allowing the light to pass through the sample without scattering.
They imaged the sample from top and bottom, after a 180 rotation, directly in
the clearing solution with two illumination arms and one detection objective.
They were capable of imaging GFP expressing neurons in whole brains of trans-
genic mice and obtaining anatomical details of the whole brain visualizing the
shape of the hippocampus. They could even discern GFP-labelled neuronal
soma and dendrites within the hippocampus through the overlying neocortex.
However, for objects bigger than 2 mm they could not reach sub-micrometer
resolution and had limited penetration depth due to the specimens autofluo-
rescence. Furthermore, they could not image whole brains of mice older than
2 weeks as heavily myelinated structures do not become transparent rendering
the scattering of light a limitation for resolution and penetration depth. The
BABB method was then improved to 3DISCO developed by Ertiirk et
al. [107] and the clearing method using a mixture of tetrahydrofuran
and dibenzyl ether developed by Becker et al. [108], which yielded
improved stability of GFP. Other clearing methods based on the removal
of lipids, which are the main source of scattering in tissues, and/or adjust-
ment of the refractive index difference between lipids and the surrounding areas
were later developed [47, [T09, 110, 11T}, 1TT2]. Among these methods CLARITY
achieves lipid extraction in fixed samples through electrophoresis and replaces
them with nanoporous hydrogel increasing tissue permeability while preserving
its structure and enabling diffusion of molecular probes deep into intact tissue
[I11]. The application of this clearing method in LSFM was demonstrated by
Tomer et al. [T13] who imaged CLARITY cleared mouse brains achieving sub-
cellular resolution (see Figure [5] (d) to (1)). With CLARITY based protocols,
refractive index mismatches remain and optical distortions have been reported
[111].

Later, Susaki et al [47] developed a less aggressive clearing technique called

CUBIC. This approach requires only immersion of the tissue in two reagents
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Figure 5: Imaging of cleared mouse brains. (a) Surface of a whole mouse brain reconstructed
from 550 optical sections and taken by using Ultramicroscopy. Scale bar = 1 mm. (b) 3D
reconstruction of part of a whole hippocampus of the brain imaged in (a). Scale bar = 200 pym.
(c) 3D reconstruction of an entire mouse brain cleared with 3DISCO from GFP-M line mice
using ultramicroscopy; (1-3) The horizontal Qg)jections (~ 100 pm) from the cleared brain
at different depths marked in (c).(f) High-resolution imaging of a Thyl-eYFP mouse brain
cleared by using CLARITY;(d-e) Magnified views of the regions in (f) highlighted by yellow
boxes;(g-i) Magnified views of the regions in (f) highlighted by blue planes;(j-1) Magnified
views of the regions, highlighted by yellow boxes, in (g),(h) and (i), respectively. (a) and
(b) were adapted with permission from [46]. (c) was adapted with permission from [107].(d)
through (1) were adapted with permission from [113].
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and it is well suited for use with different types of fluorescence proteins in-
cluding GFP. Using this technique, they performed imaging of cleared mice
brains and were also capable of imaging a 3 day old marmoset brain, with well
preserved cell structures such as axons and spines. However, some opacity re-
mained visible in CUBIC cleared brains. A slightly better transparency seems
to be obtained by using the solvent-based dehydration FluoClearBABB protocol
to clear mice brains [I14]. CLARITY, CUBIC and FluoClearBABB approaches
have been tested and compared for LSFM imaging of cleared adult transgenic
Thy1-GFP rat brain, with the FluoClearBABB method resulting in being supe-
rior to the other techniques [IT15]. While for 3 mm brain slices both CLARITY
and FluoClearBABB methods yield good transparency, deep brain structures
were revealed only using the FluoClearBABB approach. Furthermore, while
tissues treated with the CLARITY and CUBIC methods increase in size, the
ones cleared with the FluoClearBABB protocol undergo volumetric reduction.
A reduction in tissue size up to 65% and therefore an increased LSFM imaging
acquisition speed is reported to be obtained by using an organic solvent based
clearing method called ultimate DISCO. LSFM images of neuronal connections
and vasculature within the entire body of adult mice have been acquired by us-
ing this clearing method [116]. Even though LSFM images of intact adult mouse
brain have been acquired with dendritic spine resolution, tissue shrinkage leads
to 30% decreased resolution in one dimension. Recently, other clearing proto-
cols for the visualization of whole mouse brain vasculature system have been
developed [117, [118].

Although the development of optical clearing methods render possible the
observation of entire fixed brains there is a compelling necessity for in-vivo
brain imaging. As previously mentioned, this cannot be easily obtained with
LSFM techniques using two orthogonal objectives which dictate a limitation
in the sample geometry. Instead, the development of single objective LSFM
techniques, such as SCAPE, is a potential route for imaging neuronal activity

in live mouse brain through a cranial window [50].
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4. Outlook

The application of light sheet fluorescence microscopy in neuroscience has
led to major advances in the past few years. Major breakthroughs have occurred
thanks to the possibility of imaging in-vivo the development of the CNS and in
acquiring functional and morphological images of whole mammalian brains with
sub cellular resolution. Future directions in the application of LSFM in neuro-
science will see the further development of single objective implementations in
order to overcome the limitations on sample accessibility and acquisition speed,
imposed by multiview LSFM. This kind of geometry would also be particularly
suited for use with microfluidics chips in order to monitor single cell growth or
for developmental imaging of the CNS of multiple embryos. Of interest would
also be coupling flow based technology for in-vivo monitoring of drug effects on
the CNS.

The possibility of selectively labelling different neurons makes feasible cou-
pling LSFM with optogenetics. In optogenetics, photosynthetic proteins ex-
pressed in neurons convert light into electricity signal. Light is then used to
either turn on or off these neurons activity. The goal is to control electric ac-
tivity in specific neurons and not others within a network, in order to figure
out, for example, how a network of neurons contribute to behavior. It is also
be possible to establish potentially which cells contribute to a disease state or
which are switched off in a disease state.

The use of existing propagation invariant beams has made possible increas-
ing the penetration depth in non-transparent samples, and the development of
new more efficient beams could render imaging in even deeper tissues. However,
in depth in-vivo imaging would require the further development of fibre based
LSFM [119]. Engelbrecht et al. [120] demonstrated the potential of a miniatur-
ized fibre optics light sheet imaging GABAergic interneurons from transgenic
GADG67-GFP mice in paraformaldehyde-fixed brain tissue and in-vivo. They
delivered the excitation light through a single-mode optical fiber and collected

the fluorescence emission orthogonally to the illumination through a gradient-
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index lens assembly and a coherent fiber bundle. They created the light sheet
by using a 1 mm cylindrical gradient-index lens and a right-angle microprism.
This method allowed cell discrimination at 125 ym depth into the mouse brain.
Of particular interest is to couple the previously mentioned attenuation com-
pensation of light field approach [08] with self-learning algorithms to develop
a new generation of smart LSFM in which not only acquisition parameters are
optimized (e.g. Autopilot [I121I]), but also the penetration depth thorough light
exposure control.

Another aspect to be considered is the acquisition of very large data sets (on
the order of terabytes) which poses unprecedented challenges regarding data
management, analysis, and mining [122]. Therefore, improvement in data stor-
age and image processing will be required. This could be achieved with smart
acquisition of only meaningful data and background rejection. Improvement of
algorithms for fast reconstruction of cell positions, nuclei/cell boundaries and
cell tracking in developmental images will also be necessary. The complexity of
functional images will require further development of automated computational
approaches, such as machine learning and deep machine learning, to extract
biological information. Despite the further developments and improvements to
be made, the application of LSFM in neuroscience has already shown its huge
potential, and many routes for future applications in this field can already be

envisaged.
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Highligths:

e LSFM is increasingly becoming an interesting technique for neuroimaging.

e LSFM opened up the possibility of imaging in vivo the development of the CNS.

e LSFM allows acquiring morphological images of whole cleared mammalian brains with sub-cellular
resolution.

e The use of propagation invariant beams has shown potential for imaging in turbid neural tissues.

e Single objective LSFM implementations and fibre based LSFM could allow in depth in vivo imaging.
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