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Abstract

In recent years neuroscientists looked for optical systems enabling simultaneous
imaging of extensive neuronal samples and cellular manipulation. For probing
neuron activity, all-optical approaches are the most valuable alternative to
traditional electrophysiology methods, which are limited by low-throughput, lack of
cell-specificity and invasiveness. The main goal of this thesis is the implementation
of a better solution for an all-optical interrogation of the brain of small mammals or
zebrafishes. At the same time, | proposed several approaches to overcome
common limitations inherent to the involved techniques.

For what concerns optical imaging, light-sheet fluorescence microscopy (LSFM)
has become in the last decades a cornerstone technology. This technique
improved image quality, contrast and acquisition speed with respect to other
confocal-like alternatives, reducing sample photo-damage and photo-bleaching.
However, images acquired with LSFM are often affected by light absorption or
scattering effects, leading to uneven illumination and striping artifacts. In this thesis,
| provided an optical solution to this problem, based on the use of an acousto-
optical deflector (AOD). | implemented this device in a digital scanned laser light-
sheet microscope to pivot the illumination beam along the beam propagation
direction in front of the camera sensor. | also implemented a novel method to double
the maximum attainable frame rate in confocal detection, exploiting the specific
rolling shutter modality of our camera. The last parameter enhanced in LSM
acquisitions was the fluorescence signal detected, by an evaluation of the effect of
the excitation light polarization state over different fluorophore populations.

For what regards optogenetic manipulation, the state-of-the-art fastest scanning
dynamics and the briefest refresh rate are provided by AODs. Nonetheless, their
applicability to 2P photostimulation in large volumes has been limited by an
efficiency inhomogeneity during axial scanning.

In this thesis, | presented a new method that allows increasing the power delivered
to the different planes addressed. This approach has been used in a 2P AOD-based
scanning setup to photostimulate an optogenetic actuator in zebrafish larvae. We
demonstrated efficient axial scanning by observing uniform responses and
activation probabilities from neuronal clusters addressed in the volume.
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Preface

The main goal of neuroscience is to discern and interpret brain functions in healthy
and diseased conditions. Over one billion people worldwide are affected by
neurological disorders and their consequences, according to the World Health
Organization’. Among the others, ischemic stroke - a neurological deficit that
affects 15 million people worldwide every year - is one of the leading causes of long-
term disability and represents one of the major causes of death. Improvements in
the understanding of the mechanisms and risk factors have contributed to
preventing vascular and infectious diseases of the nervous system. For addressing
most of the other neurological diseases, it is still necessary to develop new scientific
and epidemiological techniques to establish therapies and interventions. To
address this challenge, experimental and theoretical analyses are nowadays
continuously dealing with quantitative and qualitative insights on individual neurons
or clusters®*. However, the whole human brain mapping, and the comprehension
of its inner functional mechanisms are still extremely ambitious goals to reach due
to the high number of cells and the large scale that characterizes this organ. For
example, in an adult, about a hundred billion neurons are distributed over an
extended volume of around 1300 cm?®. The neural puzzle and the accessibility are
naturally simpler in different model organisms that involve much fewer neurons and
interconnections®’. Furthermore, understanding the neuronal mechanisms of
vertebrates and mammals and correlating them to pathological conditions and
environmental surroundings is helpful to clarify typical human neural dynamics®. For
example, zebrafish are commonly used as study subjects because they share about
70% of the human genome and most of the neurotransmitters, with a quite similar
nervous system architecture®'®. The knowledge acquired on these model
organisms therefore could be transposable on humans. In addition, even if
advanced optical imaging techniques have been recently applied to ex vivo human
brain tissues'"'?, these procedures cannot be straightforwardly adopted in vivo, for

up-scaling technical complications and the optical inaccessibility of the structures.



Preface

Even though the complexity and the scale dimensionality are reduced in the
mentioned models, to disentangle the causality between neural activation of
specific networks in dislocated areas and triggered external behaviours,
researchers need appropriate instruments and methods of investigation.

In this regard, patch-clamp electrophysiology is one of the most used and versatile
tools for understanding the electrical dynamics in individual isolated living cells,
tissue sections, or cell membrane™ . In particular, this technique is especially
diffused for the study of excitable cells such as neurons where the transmembrane
ionic currents can be measured by recording the voltage difference, in form of
action potentials.

On the other hand, each patch has to be applied by means of a different
microelectrode directly on the cellular membrane, making this method highly
invasive for the tissue. This steric hindrance and the numerically limited applicability
of the patch clamps made necessary the development of novel technologies in the
last years, opening to new application scenarios through the advance in high-
resolution imaging and optogenetic photostimulation'®'®. These so-called all-
optical electrophysiology practices are indeed the most promising approach to
shed light on the field, being not invasive for those model animals which allow
optical, genetic and neurophysiological approaches in vivo'®?°. Moreover, those
methods responded to a call of an approach able to be highly selective while
simultaneously ensuring the access to large areas within the brain. For this reason,
those all-optical techniques properly combine specific reporters for neuronal
electrical activity and optical tools for cell photostimulation.

In particular, the time-scale of the neuronal events dictates the need for calcium
indicators that allow to monitor fast functional processes and to record synaptic
inputs?™2®. Nonetheless, to exploit the potentialities of calcium imaging and visualize
cellular structures with high resolution and contrast, or to capture fast events in
vivo**2® further advancements have been required also in optical methods of

investigation, such as laser scanner microscopy.


https://en.wikipedia.org/wiki/Cell_isolation
https://en.wikipedia.org/wiki/Neuron
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A turning point involving both imaging and photostimulation is represented by the
adoption of the multiphoton excitation in the sample illumination process?-2. With
respect to one-photon excitation (1PE), two-photon (2P) illumination has provided
unprecedented results in biological samples observation and stimulation, pushing
further the optical access?® and improving the spatial resolution to submicrometric
standard®-32,

On behalf of optical imaging, the full potential of optogenetics stimulation and
genetically encoded photosensitive tools resides rather in eliciting neuronal signals
and modulating global activity by addressing light directly on specifically targeted
neurons®34, By combining novel genetic tools with the optical access and
selectivity achieved today in advanced microscopy, several light-based cell
perturbation experiments have been proposed 65,

In light of the above considerations, the first chapter of the following introduction
regards the advantages carried by the two-photon excitation processes in optical
microscopy applications. At this point, a particular imaging technique is introduced
- the light-sheet fluorescence microscopy (LSFM)*¥#" - together with a discussion
about its superior technical benefits provided in the neuroscience panorama with
respect to other standard microscopes. LSFM common practices and problems
have been described, especially focussing on three aspects, then faced and
detailed all through the thesis: the striping artifacts generally present in this kind of
microscopy and the possible solutions; the contrast enhancement obtained by
implementing a confocal detection; the effect of the illumination light polarization on
the signal detection.

To conclude the optical imaging section, the last part looks inside the features and
uses of calcium indicators in imaging applications from a spectroscopic point of
view.

Subsequently, optogenetics and genetically encoded photosensitive tools
mechanisms have been illustrated, explaining how they are involved in

photostimulation experiments. Finally, the state-of-the-art of light-addressing
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methods has been reported, summarizing the main applications and the major
limitations affecting these practices. Regarding this, commonly adopted scanning
methods suffer from slow dynamics and long refreshing rates for the illumination
pattern modulation. This performance can be drastically enhanced by acousto-
optic deflectors (AODs), to which is completely dedicated the last section of the
introduction, highlighting their potentialities in several imaging applications and

quasi-simultaneous cell stimulation.



2. Optical
imaging and

LSFM



Optical imaging and LSFM

Advanced optical imaging capabilities are required to better understand neuronal
mechanisms at the microscopic level by selecting single cells deep in the brain.
Anatomical 3D reconstruction with subcellular resolution and whole-brain functional
analysis are some of the greatest goals for microscopists working in neuroscience.
Thus, novel developments in imaging methods are crucial for better observation
and deeper analysis of the biological processes.

Optical microscopy is nowadays one of the reference methods to have insights
within the tissues and capture fast dynamics events in a non-invasive fashion. In
particular, fluorescent markers and fluorescence microscopy became essential
tools for researchers interested in quantitative investigation and selective imaging
of such biological processes in-vivo*?. Fluorescence microscopy results extremely
useful in this field since the specificity in selecting and labelling only the desired
targets.

However, commonly used confocal microscopy techniques guarantee only limited
optical access in biological tissues, low contrast and signal-to-noise ratio (SNR)
because of the out-of-focus fluorescence contributions not intrinsically avoided
during imaging. A turning point is represented by the introduction of the two-photon
microscopy, which pushed up these technical limits improving optical imaging
performance. As further developed in the next chapter, this approach exploits the
two absorption effect for fluorophores excitation offering several advantages
without resorting to advanced illumination schemes’”4347.

Then, in order to reconstruct the sample entirely, optical sectioning is then
performed. For this purpose, frequently in confocal microscopy, a light beam is
focussed on the sample and then translated, scanning the whole field of view (FOV).
However, the resulting point scanning approach results too slow to image the whole
brain. LSFM represented a game-changer in this regard, solving this drawback and

reducing sample photodamage.
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2.1. Two-photon microscopy

In the last years of the millennium, two-photon microscopy changed optical
microscopy*®, exceeding precedent limits of tissue optical depth penetration and
image contrast?®4%5" However, the two-photon absorption (TPA) - the
phenomenon at the base of this game-changer - was originally predicted by Maria
Goeppert-Mayer in 1931°2 and verified for the first time in tests over europium-
doped crystal®,

The TPA is a non-linear process involving the simultaneous molecular absorption of
two photons, a phenomenon characterized by a low probability proportional to the
square of the light intensity of excitation. As shown in Fig.2.1_1a, in order to
generate a two-photon transition to the excited state of a fluorophore, two quanta
carrying half of the energy level difference are required. That corresponds to two
photons having a double wavelength with respect to the one which would excite
the transaction alone, i.e., as in the linear absorption process. For this reason, the
wavelengths adopted in this kind of microscopy rely often on the near-infrared
region (NIR).

Since the low probability of triggering this non-linear process, a high photon density
is required to initiate the process. In particular, there are two requisites to enhance
the two-photon excitation (TPE) of a molecule from its ground state: the temporal
and spatial confinement of light excitation. For the temporal confinement,
femtosecond pulsed lasers are particularly suited, concentrating a high number of
photons in short time intervals. On the other hand, spatial confinement is easily
achieved by focussing light through a high numerical aperture (NA) optical lens or
an objective. Consequently, the excited fluorescent dyes will be probabilistically
only those confined to the focus, where the photon spatial density is maximum.

Fig.2.1_1b shows those requirements schematically.


https://en.wikipedia.org/wiki/Photon
https://en.wikipedia.org/wiki/Molecule
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Figure 2.1_1: Two-photon absorption and fluorescence. a) The difference between one-photon and
two-photon excitation processes stands on the number of photons simultaneously absorbed by the
molecule to achieve the electronic transition between the ground state Eo and the proper excited state
E+. In the former case, the energy gap is provided by means of only one photon carrying the energy
of E=E+-Eo, while in the second case the jump is covered by the simultaneous absorption of two
photons carrying half the energy (at double wavelength). After molecular vibrational relaxation (black
arrows) a new photon carrying less energy is emitted at a different wavelength. b) The spatial
confinement guaranteed by the light focussing through the objective provides high photon density
spatially; the temporal confinement can be achieved with femtosecond pulsed lasers where a high
number of photons are concentrated in short time intervals. Both the processes increase the quantum

probability of multiphoton absorption.

The advantages carried by TPE are numerous®. First of all, in fluorescence
microscopy it is of notable importance to filter out background fluorescence
contributes that come from out-of-focus areas. Moreover, a prolonged and
unnecessary excitation of these areas can cause photobleaching and
photodamage throughout the specimen, which can cause significant problems,

especially in live samples.
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The problem arises from the light that passes through a high NA objective
illuminating a conic volume before converging in a small spot in the focus. If several
fluorescent spots are distributed at different axial positions, they all will be excited
similarly, even those outside or before the focal plane. These spots will result
defocused and blurred, contributing to a reduction in the contrast and details in the
image taken. Those terms do not encode indeed any spatial information.

In order to divide the source of the different responses throughout the volume, the
sample is optically separated into slices by optical sectioning. In standard confocal
microscopy this is achieved by directing the emission light through a tiny aperture,
or pinhole, placed in the detection path before a sensing element that records the
signals. The pinhole allows removing all emissions not originating from the focal
plane, filtering the out-of-focus contributes.

In contrast, TPA releases from the need for a confocal pinhole in the light path.
Since the excitation intensity falls outside the focus, and the probability of TPA goes
with the square of excitation intensity, also the fluorescence intensity will fall, by a
corresponding quadratic factor. For these reasons, the TPE is particularly used for
optical sectioning and high contrast imaging with respect to other linear excitation
strategies. In addition, in contrast to confocal microscopy, Due to a low probability
of photon absorption, TP microscopy provides lower photobleaching and
phototoxicity above and below the plane of focus, resulting less perturbing to live
samples.

Another aspect that is important to highlight, is that by going deeper within the
sample, the excitation intensity tends to decrease by the scattering - the deviation
of ballistic photons caused by light-matter interaction. In confocal microscopy many
photons are absorbed before reaching the target, decreasing the excitation
intensity at greater imaging depths. Under TPE, no intermediate absorption will
occur, and thus the full excitation power will reach the focus, increasing image

depths.

10



Optical imaging and LSFM

Furthermore, even though the scattered photons provide a reduction of the amount
of fluorescence generated at the focus, none of the scattered light will provide TPE,
because of the low probability of the process. Indeed, there is a quasi-zero chance
that two excitation photons will be deviated to the same position at the same time,
necessary to generate the TPA.

On the other hand, the scattering affects also the emitted photons, but all the
fluorescence signals generated at the focus can be collected with no limitations
because carrying the right spatial information.

Ultimately, it is well known that in Rayleigh light scattering there is a strong
dependency on the illumination wavelength®. In detail, the scattered light results
inversely proportional to the fourth power of the light's wavelength (1/A%). Thus, the
use of a longer wavelength, rather than visible ones typically used in linear
excitation methods, usually reduce the scattering.

In this regard, a certain range of NIR illumination (between 650 nm and 1200 nm)
matches a particularly biological window where autofluorescence is low and
haemoglobin, water, and protein absorption are depressed. Nevertheless, due to
the light absorption of the material (e.g., water absorption increased in IR), it is not
always valid the correlation between larger optical penetration with longer
excitation, but a wavelength trade-off between the two processes has to be

researched.
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2.2. Light-Sheet Fluorescence
Microscopy

Light-sheet fluorescence microscopy (LSFM) revolutionised optical imaging since
the nineties®® to be then widely used in several high-resolution observations®’:°8,
from fast cellular processes*>® to long-term biological dynamics®®®', embryonic
development®2-¢% and large scale mapping of neuronal projections®’.

With respect to confocal microscopy, LSFM allows much faster data collection,
higher SNR and reduced sample photodamage®, together with a higher axial
resolution even with moderate NA optics®. In this approach, a thin sheet of light is
projected through the sample in the focal plane of the detection objective™. The
light sheet is commonly generated employing a cylindrical lens’ or by rapidly
scanning a light beam™ (digitally scanned laser light-sheet fluorescence
microscopy - DSLM).

As schematically represented in Fig.2.2_1, the detection direction is orthogonal
with respect to the illumination plane, combining an intrinsic optical sectioning
excitation scheme with a wide-field detection. As a result, the fluorescence is
excited only in a thin slice, consequently achieving a high SNR and imaging
contrast, while simultaneously reducing photo-damage and photo-bleaching of the
remaining parts, differently from confocal microscopy.

In LSFM the illumination and detection paths result entirely decoupled from each
other, such as the radial and axial resolution achievable. Indeed, assuming an
illumination with Gaussian beam, in a LSFM the radial and axial point spread

functions (PSFs) are respectively”:

0.61'Aem
NAget

0.63 Ay

PSF,qqiar =
radial NAy

(2.2_1) PSFuyial = (2.2_2)
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Figure 2.2_1: Optical Scheme of LSFM. In light-sheet microscopy, the illumination and the detection

ILLUMINATION

are split into two separate light paths. The illumination axis is perpendicular to the detection axis. An
objective lens is used to collect fluorescence from the complete field of view and maps it on a camera.

Modified from74.

Where Aen and Ay are respectively the fluorophore emission wavelength and the
laser illumination wavelength; n is the medium refractive index; NAg: and NA; are
the numerical apertures of the detection objective and illumination objective
respectively. Then, depending also on the sample geometry, objectives with
different NAqe: and NA; are often used, with optimized working distances.

With this particular illumination conformation, for each camera exposure, this
technique produces 2D images of the sample, which is usually placed in the

overlapping area of illumination and detection focus. To acquire three-dimensional

13
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image stacks and reconstruct the entire sample, the relative position of the
observation volume is translated. The collected signal is usually recorded by a multi-
pixel detection device, as a CCD or a sCMOS camera.

To further increase the image contrast, confocal detection has been introduced in
LSFM (CLSFM)"™"". Like in DSLM, for this method the light sheet is usually created
by rapidly scanning a Gaussian beam in front of the detection area and, differently
from a widefield detection, the emitted fluorescent signal is recorded through a
confocal slit placed in the detection path.

With scientific complementary metal-oxide-semiconductor (sCMOS) cameras, this
slit can be obtained by exploiting the line-by-line sensor readout, nowadays
commonly implemented. In detail, in rolling shutter mode, a line-by-line exposition
is provided by activating single or few rows of pixels simultaneously, as a function
of the integration time. The active slit then rolls up and down sequentially covering
the whole sensor. Confocal detection is reached by properly synchronizing the
rolling virtual slit with the light beam position and scanning rate: the sequential
pictures acquired are then finally fused to reconstruct the whole image. In such a
way, it is possible to collect fluorescence contributes only from corresponding
illuminated areas.

This approach is fundamentally different from another widely exploited modality -
the global shutter mode - where all photosensors displaced on the matrix of pixels
of the camera are simultaneously activated at once for widefield acquisitions.
Today, in typical sSCMOS cameras there are two rolling shutters, one for each half
of the sensor; in Fig.2.2_2 the different sCMOS acquisition modalities are
schematically shown and compared. However, in most DLSM setups a single beam
is scanned by a galvanometric mirror. This requires the use of a single rolling shutter
moving from the top to the bottom of the sensor (or vice versa) to obtain confocal
detection, leading to a halving of the maximum frame rate.

This limitation becomes important when investigating fast events such as calcium

transients or very large volumes but can be overcome by generating two
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independent parallel light-sheets within the field of view (FOV) and by synchronizing

them with the two rolling shutters.

Global shutter Rolling shutter modes

(@) (b) (c)

Figure 2.2_2: CMOS image acquisition schemes. (a) In global shutter mode all pixels are exposed at
once (orange colour), while in (b) single- or (c) dual rolling shutter modes only one or two sets of
neighbouring pixel rows are concurrently active, before sequentially enabling the next ones in the

direction indicated by the arrows. The red line in (c) demarcates the sensor halves. Modified from™®.

In conclusion, in account of the mentioned benefits, the relative implementing
simplicity and the outstanding performance, LSFM has been adopted with no
distinction for imaging of thin and extended samples such as fruit flies, larval fish,
and small mammals’. In this regard, for thick and large specimens, chemically
treatments are commonly required before the volumetric acquisition, by means of
specific optical clearing methods to reduce refractive index mismatch within the

sample®®-82,

2.2.1. Striping artifacts in LSFM

Despite the multiple mentioned benefits attributed to LSFM, conventional light
sheet-based techniques suffer from a drawback, commonly indicated as striping.
Those artifacts appear in the collected images as shadows — or stripes indeed — all
along the illumination direction. The presence of such artifacts is intrinsic of this
excitation scheme, deriving directly from the side illumination of samples. The

striping arises from scattering and/or absorption of light by small structures (e.g.,
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impurities, air bubbles, erythrocytes or pigmentation spots) along the single-side
illumination light path, occluding the light sheet and leading to uneven exposure
and reduced fluorescence, as shown schematically and experimentally in

Fig.2.2.1_1a and Fig.2.2.1_1b respectively.

Figure 2.2.1_1: Striping artifacts. (a) Cartoon of a typical sample containing optically opaque structural
elements illuminated by a single-side illumination approach. Inhomogeneities in the sample
(represented by small black dots) lead to artifacts and alterations in LFSM images, resulting in
shadows/stripes. (b) Typical one-photon LSFM image of a zebrafish larva where striping artifacts and

shadowing are visible. The arrow indicates the direction of light propagation. Modified from™.

Usually, scattering is more relevant in living specimens, where the refractive index
is naturally inhomogeneous, while in ex vivo samples, clearing methods can be used
to reduce these scattering effects®’. However, light absorption by natural pigments
is not affected by most clearing methods®.

However, both in live and clarified specimens, the size of scatterers/absorbers is
typically quite larger than the wavelength of the illumination laser since the stripes
appear visible in spite of the diffraction-limited resolution of the microscope.
Consequently, such stripes contribute to poor image quality and lower the SBR.
Since these shadows hide relevant information, the image analysis, time-correlation
investigation, functional mapping and monitoring of biological processes can be
negatively affected by striping. Reducing the fluorescence variations and spurious
features observed during detection allows avoiding incorrect quantitative

conclusions or mistakes in biological activity studies.
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To mitigate or remove these artifacts, in the last decade, different methods and
effective solutions have been proposed’, including fully optical approaches,
computational post-processing techniques or a hybrid combination of both.

When Gaussian illumination is employed in LSFM, the beam propagates straight in
the sample impinging on the obstacles. Otherwise, if the light entered tilted enough
through the sample the beam would be able to surmount the obstacle and recover
the spatial information hidden behind. Hence, several strategies aim to increase the
angular diversity of the beam propagation. The two pure optical solutions which
more promisingly faced this drawback are the Bessel beams and multidirectional
illuminations.

The former solution has been demonstrated to be successful to attenuate striping
attenuation®. In addition to being easily implementable®*®, Bessel beam brought
several advantages for optical microscopy as increased resolution isotropy and an
extended depth of field®-°. The transverse intensity distribution of Bessel beams is
described by concentric rings®. This defines a peculiar conical propagation that
guarantees to the beam a sufficient angular dispersion. Indeed, since this conic
propagation, external rays will be able to overcome the obstacles. Hence, except if
the obstacle has too large dimensions, the Bessel beam — or self-reconstructing
beam — can reform after a small distance, recovering a uniform propagation
intensity.

The second most used solution to alleviate the problem is the light sheet pivoting —
or multidirectional illumination®' — where the beam is made swung®' in the detection
focal plane. In this regard, several approaches have been proposed aiming at fast
pivoting dynamics®,

Indeed, to average out efficiently the shadows over time and to result in an
enhanced uniform illumination, the beam must rotate at a much larger rate
compared to the framerate of the imaging camera.

Commonly to each optical method, they do not require any data post-processing

to remove the stripes from the images, at the only cost of a hardware
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implementation which often requires specific optical designs, sometimes
demanding and expensive (e.g., galvo-mirrors, AODs).

Alternatively, artifact correction provided by digital elaboration can be applied to
any microscopy setup since it can be carried out in post-processing. Moreover,
competitive results with the ones obtained with pure optical methods have been
shown®+-%,

However, the integration of the image processing pipeline is not always
straightforward and the handling and processing of terabyte-sized datasets, as
often produced by LSFM, is time- and hardware-expensive.

For what concerns hybrid solutions, which require both hardware and software
modifications to face the striping, it is worth mentioning the multiview fusion
approach®’. With this technique, the sample is volumetrically imaged from different
angles by means of a mechanical rotator stage. Volumes from each view are then
merged to create an improved comprehensive representation of the sample, and
recover information typically obstructed in single side illumination.

Dedicated fusion and deconvolution algorithms are required to fuse together the
images in a high-resolution volume with improved SNR%. However, even if the
overall merged image quality is greatly enhanced compared to single view methods
this technique is strongly limited by the acquisition rate caused by the slow rotation
speed of stage motors, and by photobleaching since the sample is cumulatively
exposed to several illumination sessions.

In conclusion, the biological scope of the research should drive the choice of the
method to be implemented in LSM to suppress the striping. For instance, imaging
fast in-vivo biological processes require approaches that do not impair the
measurement rate and cause increased photobleaching.

On the other hand, such methods are perfectly suitable approaches for imaging
slowly evolving systems or obtaining structural reconstructions of fixed ex-vivo

samples.
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2.2.2. Effect of polarization in LSFM

The polarization state of the excitation light plays a significant role both in 1P*° and
2P1% absorption and emission processes exploited in microscopy ™%, especially
in LSFM™*, where the illumination and detection directions are forced to be
orthogonal. Indeed, the fluorescence emission from single dipoles is spatially
anisotropic and preferentially orthogonal to the excitation dipole transition
moment'®.

As already seen for 2P excitation, the fluorescence phenomenon can be described
into two steps separated in time. First of all, the molecule absorbs one or more
incident photons going into the excited state. After the time delay necessary for
molecular relaxation to its lowest excited level, the spontaneous emission of a single
photon occurs, usually carrying lower energy. If the emission is assumed to be
incoherent with no phase correlation preserved, these two phenomena and the
effects of polarization on them can be discussed separately’®. Under this
hypothesis, the fluorescence intensity from a single molecule results proportional
to the simple product between the N-photon absorption probability and the

emission probability:
IV o PN <+ Pem (2.2.2_1)
Where the proportionality coefficient contains only efficiency and normalization

factors. In turn, the N-photon absorption probability for a two-level system can be

expressed as:

N L = 2N
PAbS X #ge * EEX| (222_2)
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where the dot denotes the scalar product between the polarization direction of the

excitation electric field EEX and the absorption transition dipole moment between

the molecular ground state and the excited state fig,.

- 2
Now, considering that the incident intensity is Ig, & |EEx| and calling 6 the angle
between the polarization of the exciting electric field and the dipole moment of the

molecule, it results that the 2P absorption probability is proportional to'%:
P2, o |ige|' T2, cos*(®)  (22.2.3)

The dependency on the angle encodes the polarization effect, which is referred to
as angular photoselection: absorption is most likely if the direction of the electric
field of the photons is aligned with the absorption transition dipole. This probability
is steered towards narrower distributions for multi-photon processes (see N
photons dependence expressed in Eq.2.2.2_2), meaning that the photoselection
effect is more pronounced in 2P microscopy with respect to 1P.

Another difference stands between the light polarization types used to illuminate
the sample. In the case of 2P excitation, the sum of angular momenta of the
absorbed photons is required to be zero, since the total angular momentum change
related to the electronic state transition is null. It is more probable to fulfil this
condition with linear rather than circular polarization, leading to a higher excitation
rate, because in the former configuration there is a 50% probability for the
fluorophore to interact with photons with opposite handedness that can reciprocally
compensate their angular momenta.

For what concerns the emission probability of a single photon along a certain
observation direction i, it can be related to the emitted intensity Ig,, or equivalently
to |EEm . i| 2, EEm is the emanated field by the molecular emission dipole between
an excited state and the ground state .. Since this field comes from the radiation

from the dipole source, its component along the propagation direction k will be
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Epm(k) < k X (k X peg) = Uzg, Where ug, is the projection of the emission dipole

on the direction perpendicular to the emission direction k'%.Then it follows:

Pem(@ o |ugyi|°  (2.2.2.4)

It means that the emitted field is distributed anisotropically, presenting a cylindrical
symmetry relative to the emission dipole moment orientation axis. Consequently,
both the degree of polarization and radiation intensity will be highest in the plane
orthogonal to this symmetry axis and zero in the parallel direction.

It is important to note that u.,, and u,, can be different, involving different states
and molecular conformations. However, here it's assumed that these dipoles are
along the same orientation excluding any rotational process between the two
processes.

Finally, combining the absorption and emission probabilities, we can conclude that
the 2P fluorescence intensity from a single molecule along the observation direction

i is proportional to'%:

“lige|" 12 cos*(6) (2.2.2_5)

I? = |ugy - 1

Combining the excitation photoselection effects due to polarized illumination and
the cylindrically symmetric output distribution related to the emission dipole
moment.

In LSFM, the orthogonal geometry between the excitation and detection optical
axes makes the presence of this anisotropy even more significant, as depicted in
three different configurations in Fig.2.2.2_1. In the described configuration, the best
performance in terms of signal detection was expected when all the fluorophores
have their dipole moment oriented all along the y axis and the excitation light

polarization is strictly polarized along the same axis (c). In this case, indeed, all
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fluorophores will be excited, but due to the cylindrical symmetry of the dipole
emission, they will emit mostly in the xz plane and the fluorescence will reach the
camera.

The photoselection effect induced by linearly polarized excitation light, effective on
the population of excited dyes, would affect the emitted fluorescence direction.
Thus, it could be beneficial to experimentally orient the polarization orientation of
excitation light to maximize the light emitted toward the direction of the detection

objective in a LSM maximizing the fluorescent intensity collection.

.l P
% & DHF&\»

Figure 2.2.2_1: Schematic of the polarization-dependent effects in 2P LSM. (a) It assumes a fixed
orientation of the fluorophore transition dipole moment (black line) and the linear polarization plane
(indicated by short red arrows) both aligned with the detection axis; the fluorophores are excited, but
the fluorescence light (coloured distribution) is emitted predominately on the xy-plane. (b) If the
polarization plane of the excitation light is parallel to the y-axis while the transition dipole is
perpendicular to it, then no fluorescence light is generated. (c) If both the polarization plane and the
transition dipole are aligned with the y-axis, then the fluorescence light is emitted predominately on
the xz-plane and therefore part of it (green arrow) can be collected by the detection objective (on the

z-axis). Modified from'%,

Finally, within a material (solid, liquid or gas) every molecule can be oriented
differently, ranging from a co-aligned condition, as in a crystal, to a fully random
angular distribution, as in a non-viscous liquid or ideal gas. The photoselection will
entail that only the fraction of fluorophores with a non-zero projected component of
their absorption transition dipole moment along the illuminating beam polarization
direction will be excited. However, the cumulative fluorescent signal detected by
the objective in a LSFM is the sum of all the molecule emission patterns. Even
though the excitation light is polarized, the rotational diffusion of the molecule
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affects the dipole fluorescent emission direction - or fluorescent depolarization -.
The typical lifetime 1 between the photon absorption and the subsequent
fluorescent emission is on the order of 1+10 ns, a time interval where the molecule
can undergo the rotational diffusion and a Brownian motion caused by thermal
interaction with the environment. This effect can be evaluated quantitatively
considering the macroscopic properties of the solution where the molecules are

embedded. The fluorescent anisotropy is introduced in the following'%:

r=0"0 (2.2.2_6)

It

As the ratio between the different components of the intensity of the emission field,
parallel or perpendicular to the polarized excitation respectively, and the total
intensity emitted. In particular, the measured fluorescent anisotropy r can be related

proportionally to the fundamental anisotropy ro at t=0 following Perin’s equation®:

r= :01 =7, (2.2.2_7)

1

Where 71 is the fluorescent lifetime and a is the rotational correlation time, in turn,

defined as:
a== (2.2.2_8)

Where n is the viscosity, T is the temperature, V is the volume of the rotating unit
and R is the gas constant. This equation indicates that small molecules diluted in a
low viscosity medium can rotate very rapidly (10+100 ps timescales), completely
randomizing the emission distribution toward an isotropic pattern. On the other
hand, rotational diffusion is limited in viscous media, by large molecular size or by

strong inter-molecular bounding to a much larger structure. For instance, for a
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protein like the GFP with a molecular weight of 27 kD has an expected rotational

correlation time near to 10 ns.

2.3. Calcium imaging and
indicators

Calcium ions (Ca?) play an important role in several cellular and neuronal
functions'”. This cation is the major actor in numerous intracellular processes, such
as the hormone secretion and the releasing of neurotransmitters from synaptic
vesicles'® 1% |n addition, Ca?* can be used also as an indicator of cellular activity'°.
The relative calcium concentration within the cell is highly dynamic due to the
presence of pumps that selectively transport these ions in and out of the cell in
response to a variety of signals. The calcium flux that accompanies these processes
in living cells can be optically monitored by imaging of calcium indicators'",
synthetic molecules that change their properties following intracellular calcium
concentration.

To understand how calcium indicators work, it is important to define their molecular
structure'?. Those are modified chelator molecules that are composed of two main
parts. The first is the chelator site that selectively binds calcium ions, while the
second is a fluorescent site. A fluorescent molecule - or fluorophore - can absorb
specific excitation light once illuminated and then, in turn, emit light at different
wavelengths. The binding of calcium to the indicator alters its
fluorescence properties, which provides a way to quantify the relative changes in
calcium concentration. Thus, by collecting the emitted fluorescent signals and
registering the intensity difference, calcium imaging allows measuring the
intracellular activity'3.

In the last fifty years, these indicators have been continuously developed to improve

their intrinsic properties', selectivity and calcium affinity. One of the main
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advancements in this field concerns the development of genetically encoded
calcium indicators (GECIs), currently used worldwide for imaging applications,
thanks to their non-invasiveness and selective cell labelling®'"®. Furthermore,
GECIs are widely exploited for their easy expression through virus-delivery
methods®. It is also possible to create transgenic animals''® expressing the
indicator in all cells or selectively in certain cellular subtypes, making those tools
extremely selective and useful for activity analysis.

A GECI deserving a particular mention is the GCaMP family?"'"". GCaMPs are
proteins realized by the synthetic fusion of a calmodulin (CaM) domain, a
calmodulin-binding domain and a circularly permutated green fluorescent protein
(GFP), commonly excited at 480 nm, with an emission peak at 510 nm. Fig.2.3_1
shows schematically how the GCaMP indicators work while binding calcium ions.
In the absence of Ca?*, the GFP chromophore stands in a protonated state with
minimal fluorescence intensity. In presence of calcium ions, the CaM module binds
the ions (forming Ca?" - CaM complex) and undergoes a conformational change;
then the complex binds, in turn, the calmodulin-binding domain. As a result, the
chromophore is deprotonated, making the two GFP halves closer. Finally, once
excited, it will result in a brighter emitted fluorescence.

This tool has been used for both in vitro and in vivo applications to measure
increases in intracellular Ca?* in neurons in several animal models, including mice
and zebrafish'®.

For example, this indicator has been used for large-scale neural recordings to map
whole-brain activity>'"®. Being the molecular fluorescence characterized by fast
dynamics, this technique is particularly exploited to investigate the highly

synchronous network activity of hundreds of neurons and their inner correlations®.
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Figure 2.3_1: GCaMP structure and working mechanism. GCaMP consists of three main domains: a
calmodulin-binding domain (or myosin light-chain kinase domain, MYLK, dark grey complex), a
calmodulin domain (CaM, light blue complex) and a GFP domain in the centre (first light grey and then
green complex, in the middle. Upon Ca?* binding, the calmodulin domain undergoes a conformational
change and tightly binds to the MYLK binding domain. Then fluorophore then is deprotonated (it loses
the hydrogen H) making the two GFP halved closer. It results in a brighter fluorescence once excited

with proper light wavelength. Adapted with permission from'2".
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3.1. Optogenetic actuators

Optogenetics represents today an essential tool for non-invasive cell manipulation,
combining the potentialities of genetic engineering and the technological
advancements in optical stimulation'. This interdisciplinary approach enables the
use of light to control the activity of genetically modified neurons. Indeed, these
transmembrane proteins - called opsins - work as light-opened ion channels. In
detail, when the opsin is illuminated with proper wavelength, the channel changes
conformation leading to ions transition, as shown in Fig.3.1_1. In other words, these
neurons are made photo-responsive, allowing their activation or inhibition with an
external light trigger®*. In this field, examples of specific optogenetic actuators used
for neuromodulation are Channelrhodopsins'?-'2* and Halorhodopsins'2.

This optogenetic approach allows to overcome the common constraints of neuronal
electrophysiological stimulation methods in living tissues and freely moving animals.
Indeed, the use of electrodes or clamps is strongly invasive and limiting when a
large neuronal population has to be addressed. Furthermore, through the use of
proper targeting mechanisms, genetic manipulation techniques guarantee the
selectivity required to manipulate only specific neural populations cell-type
defined'?.

By photostimulation, it has been demonstrated the optogenetic control of well-
defined biochemical events within behaving animals'®'’. In this regard, to stimulate
superficial brain areas such as the cerebral cortex, optical fibers or light-emitting
diodes (LEDs)™" have been applied directly to the skull of small mammals.
Nonetheless, other optical approaches are required to deliver light deeper in the
sample and in dislocated areas. Light targeting science is indeed an open research
field, looking for improved stimulation flexibility and optimized modulability for
simultaneous - or near-simultaneous - stimulation of several cells. To ensure a fast
control of neural circuits by optogenetic activation, light addressing strategies must

be developed to achieve the required temporal resolution. This time bottleneck for
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photostimulation is biologically determined by the time required to photoactivate

optogenetic actuators and proper kinetics (5+30 ms)'2.

Extracellular compartment

Light off Light on

Na*
CEZ.
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Closed Open
Channel Channel \
CaZ+
Na*

Intracellular compartment

Figure 3.1_1: Optogenetic activation mechanism. Genetically modified neurons can express opsins
in the transmembrane domain. Once excited by a specific wavelength, those light-sensitive proteins
change their morphological conformation allowing the transition of Ca?" in the intracellular
compartment. The voltage difference triggers the action potential transmission and the neuronal cell

activation.

Anyway, the continuous improvements in light-base cell perturbation methods not
only regard the temporal dynamics. Even if the optogenetic activation dynamic is
independent - or at least not strictly correlated - on the number of targets
simultaneously addressed, the capability of addressing multiple cells or of quickly
jumping between different targets would help to open interesting neuroscience
scenarios. For instance, this capacity would enable the probing of the causal role
of specific action potential patterns in defined populations processing fast biological

sygnals'29130,
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3.2. Optical manipulation methods

Several optical approaches of light targeting have been developed in the last years.
However, mechanical constraints, low efficiency in light delivery and slow dynamics
have often limited the applicability of several devices in optogenetics. For example,
galvanometer mirrors (GMs) are mainly used in 1P optogenetic investigations® '’
because strongly affected by their mechanical inertia (tens of micrometers in ~100
us'?). Indeed, GMs are employed rarely in 2PE photostimulation experiments,
essentially for slow 2D raster scans'?. It is because their slow sweeping rate’® make
them not suited to rapidly access neurons spanning over extensive volumes. A
possible solution is represented by the use of resonant scanners to increase the
temporal resolution but due to their resonant cycling, they cannot provide the
necessary flexibility for arbitrary excitation trajectories, like spiral scans.
Alternatively, GMs require to be coupled to other optical devices, such as spatial
light modulators (SLM), to obtain concurrently patterned distributions®.

An unspecific stimulation approach is represented by the wide-field-based
illumination, where at the cost of the spatial selectivity, all the volume is illuminated
at once, exciting all together target and nontarget cells. In this regard, several steps
forward have been moved to parallelize the light delivery and to address light to
preselected target regions at once. The main difference with respect to a widefield
illumination is illustrated by the cartoon reported in Fig.3.2_1.

Multisite stimulation is obtained by means of intensity or phase modulation of a
coherent beam. In detail, light amplitude modulation concerns the selective
blocking of off-target illumination. On the other hand, the phase modulation
approach is more efficient because the design and the modulation of the light
pattern are easily obtainable by redirecting the beam.

Particularly, many early parallel photostimulation experiments adopted micro-
LEDs™’, digital micromirrors devices (DMSs)™*' or liquid crystals displays

(LCD)™®. However, even if they guarantee fast refresh rates (~kHz) all of these
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share the general drawback of poor stimulation efficiency when addressing

sparsely distributed targets.
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&
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Figure 3.2_1: Optical approaches for optogenetic stimulation. (a) Cell-type genetically targeted
investigations enabled by all opsin-expressing neuron activation via wide-field illumination. (b)
Targeted investigations are enabled by selective activation of a specific pool of neurons via parallelized

light-targeting strategies. Adapted with permission from'®

Conversely, efficient light stimulation has been demonstrated with other parallel
illumination methods as computer-generated holography (CGH)'™’, which takes
advantage of liquid-crystal-based spatial light modulators (LC-SLMs). Here, a
Fourier-based iterative algorithm is usually exploited to compute desired phase
pattern, subsequently sent to a LC-SLM that modulates the phase of the input beam
wavefront. The so modulated light pattern is then redirected to the back pupil of the
objective and finally, the light is focused onto the sample with the desired template.
However, the iterative modulation of the wavefront phase intrinsically generates
speckle patterns at the sample plane, affecting the precision of the light targeting.
This effect is especially pronounced in 2P CGH since 2PE photoactivation is
proportional to the square of the excitation intensity®.

Alternative 2P optogenetics applications have been achieved with precise control
of speckle-free light distribution with an interferometric method called generalized
phase contrast (GPC)'.
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Commercially available SLM-based instruments offer a maximum refresh rate of
100 Hz. This fits the time bottleneck for continuous optogenetic stimulation, i.e. the
optogenetic actuator closing rate (10+100ms)'?8. However, the opening rate is
usually faster (1+2ms)'28: thus, the use of SLM limits the possibility of studying the
dynamics of neuronal circuits by stimulating multiple actuators. Furthermore, this
approach shares with the other parallel illumination techniques a low efficiency,
since the laser power is split among all preselected targets®. Anyway, the power
levels commonly needed for photostimulation experiments are easily available with
high-power commercial laser sources, allowing in principle the simultaneous
addressing of large numbers of cells under 2PE. However, the maximum power that
could be delivered to the sample — and thus the maximum number of addressable
spots — is limited by the heating damage threshold'®. Indeed, by increasing the
number of targets illuminated at once, the total energy released on the sample is
increased as well, enhancing the sample photodamage probability. In addition, the
limited refresh rate of SLM prevents customizing the radiation delivery time to
reduce phototoxicity.

Moreover, a faster dynamic could be necessary also for closed-loop experiments,
in which the displayed stimulation pattern should be updated in real-time response
to the dynamics of the neuronal circuit or other experimental feedback. For
instance, coupling these photostimulation methods to a whole-brain imaging
system would allow understanding the causality between optogenetic activations

and outcome behaviours recorded by calcium imaging.
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3.3. Random access illumination
with acousto optic deflectors

Acousto-optic deflectors (AODs) represent one of the most valuable alternatives to
improve the stimulation refresh rate with respect to all the aforementioned
techniques'. This technology can be used to rapidly sweep the light beam and
change its focusing without any mechanical movement or intrinsic inertia™’,
reaching MHz-order dynamics and potentially fulfilling the temporal requirements
for the concurrent activation of spatially distributed neurons.

Indeed, even if AODs cannot reach the simultaneity guaranteed by parallel
approaches, in the latter methods the rate for the illumination pattern
reconfiguration is at least two orders of magnitude worse (ms) than the dwell time
obtainable with AODs (10-30 ps). For this reason, by using AODs a quasi-
simultaneous activation of multiple targets is potentially achievable within the same
time required by a parallel approach to perform an equivalent stimulation pattern.
Most importantly, the AOD response time is constant, as it does not depend on
whether subsequent points are contiguous or not. Thus, AODs provide high
precision and reproducibility in beam positioning, offering high flexibility in targeting
non-sequential regions of interest (ROIs), enabling 3D random-access scanning.
With AOD is possible to make the light jump between distant spots or to generate
independent multiple beams, by using rapidly changing or multiple synchronous
radio-frequencies (RF) to drive them?®'4243 |n this regard, AODs are conveniently
used for imaging applications involving subsequent multisite neuronal activity
recording, which require near-microsecond temporal resolution?>144-149,

The fundamental mechanism of light deflection of an AOD resides on a periodical
change of the refractive index of its internal crystal. It is induced by a propagating
sound wave, created by an oscillating piezo at a frequency of MHz?". The

transparent crystal behaves like an optical grating, which diffracts an impinging
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laser beam (first diffracted order). A residual undiffracted beam will pass straight
instead (zero diffracted order).

When the piezo of the AOD is driven by a single frequency, it allows controlling the
deflection and the intensity of a single beam. Interestingly, when the piezo is driven
by multiple frequencies, the crystal behaves like a linear combination of gratings,
allowing it to generate simultaneously different beams from a single one. Each beam
can be independently regulated in terms of spatial direction and intensity.

In the case of a single driving frequency, since the light interaction with the crystal
can be described as the one with a diffraction grating, the first-order angle of

deviation will be®°:

Where A is the laser wavelength and A is the acoustic wavelength, that can be
written in terms of sound frequency fand velocity v (Fig.3.3_1a). In this case, since
the frequency addressed to the AOD is static, even if the light beam has a finite
transversal extension, usually filling the whole optical aperture of the crystal, all the
different portions of the spot will be deflected of the same amount.

However, if the driving frequency changes in time, the same will do the sound wave
while interacting with the impinging light and the whole optical beam will be
deflected differently. Thus, if the driving frequency is f(t), it will make the deflection
to be time-dependent 6(t). The effect can be described instantaneously as a
function of the time ¢ and position x in the AOD crystal where the sound wave is

travelling:

A

oty =2-f(t-%) (33.2)

v

Where x=0 is the centre of the crystal. Now, if the frequency linearly changes as:
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f(®) = foun + at (3.3.3)

Where a is the slope - or chirp - of the ramping frequency and i is the lowest value

of the frequency bandwidth, it follows:
A Aa
0(x,t) = o (fmin + at) — =X (3.3_4)

The first term indicates how the central propagation axis sweeps between a

minimum deflection angle 8,,i, = ’U% at the beginning of wave propagation at
=0uptof(t) = @ at time t. The second term describes a converging cylindrical

lens with a focal length of F = % . So, the focal length can be fully determined by

the chirp parameter, but the central optical axis results time-varying when the AOD
is driven with a chirped frequency, determining a lateral drift (Fig.3.3_1b). To
counterpose this effect and have a stable focus in space, a counterpropagating
sound wave has to interact with the beam at the same time driving a second AOD
with an analogous chirped frequency f(t)=f(t), synchronized with the first one
(Fig.3.3_1c). It is important to note that telecentrically relaying the two AOD
apertures, the deflection angle generated by the second device will be
geometrically inverted with respect to the first one. The total deflection affecting the

impinging beam results to be:
6, t) =S[-At+D+ L -D] (335
’ v 1 v 2 v =
Now recalling eq.3.3_3 and substituting the terms, it results:

2

o) =—(%)x  (33.6)
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Completely cancelling the lateral shift. This cylindrical lens has now a central
propagation axis and a focal length stable in time. If we introduce the ramping time
of the chirped frequency At.xirp and the frequency bandwidth Af, such that a =

Af
Atchirp

the focal length can also be described as follows:

_ v _ v Moy
Faop = 22~ 21 Af (3.3_7)

However, in this way, there is no control in the lateral light addressing. Thus, let’s

introduce a frequency off-set, such that f;(t) = fuin + at + £ and f,(t) =

fmin + at + £775¢¢ . Inserting those expressions in Eq.3.3_2, the deflection

generated by the two AODs globally reads:
0, t) = - (B5)x +2 (7 - £ (3.3.8)

Here, the second term indicates the induced light beam lateral deflection,
completely independent of the focal length and the axial focal position. It is also
possible to set properly the offset frequencies of fi(t) and fa(t) to reformulate Eq.
3.3_8as:

OLaterar = % (f2c — fic) (3.3.9)

Where fic and f.c are the center acoustic frequencies of the ramp sent to the first
and second deflectors, respectively.
To summarize, with two AODs is possible to control independently the lateral

deflection in one direction and the axial positioning of the beam. To extend to three
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dimensions, other two additional AODs are required, respectively telecentrically

relayed (for a total of four).

a) AO b) AO
Crystal Crystal / First
order
order
Lateral
drift
£}
Zero
Zero order
T order T
Static acoustic wave Chirped acoustic wave
c) AO AO
Crystal 1 Crystal 2
First
order

i ﬂ
i

Zero

T order

Chirped acoustic wave

Figure 3.3_1: Operating principle of the acousto-optic deflector. At the base of the AO crystal is placed
a piezo-electric compound, driven by a radiofrequency and generating a sound wave that propagates
through the material. The periodic change in the refractive index induced by the propagating sound
wave is seen as a diffraction grating by the input beam. The deflection felt by the imping beam is
proportional to the static frequency (a), or results time-dependent in the case of a linearly changing
frequency (b). In this case, different portions will be deflected correspondingly of different amounts,
globally determining a beam focussing or defocussing and lateral drift. (c) Telescopically relaying two

devices and driving the second one with a counterpropagant wave counterposes the lateral drift.
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All-optical approaches represent today the avant-garde for the neuroscientists who
aim to manipulate and control the neuronal activation or inhibition of specific
neuronal clusters, and to monitor the behavioural outcome through specific calcium
imaging methods. Coupling advanced microscopy methods with a photostimulation
setup enabling large volumetric access and selective and fast light addressing
would enable to optically control larger brain areas.

On the optical imaging side, a cornerstone microscopy technique is the LSFM,
enabling fast high-contrast volumetric acquisition of biological mesoscale samples.
Thus, the first purpose of this thesis is to investigate the ways to obtain optical
improvements of LSFM setups, in order to reach artifact-free imaging'#?, faster
acquisition’® and enhanced signal detection'®. On the other hand, the second part
of my PhD project regarded the development of a 3D photostimulation system
carrying technological advancements with respect to the state-of-the-art in the
field.

Starting from the imaging by LSFM, the main drawback of this technique has been
taken into account for first in this project: the striping artifacts (chapter 6.1).
Samples containing absorbing objects produce shadows behind the obstructions,
which appear as stripes in the images acquired orthogonally. The un-even
illumination provided by light absorption or scattering effects can be avoided by
pivoting the illumination beam before the sample, which means increasing the
angular diversity of the excitation beam to recover information behind the obstacle.
This multi-directional illumination has represented in many cases a viable alternative
to attenuate the problem and improve imaging conditions. In detail, if the beam
rotates faster than the image acquisition rate, i.e., the integration time of the
detector, it is possible to average out over time the shadow attenuation at different
angles and prospectives after the obstacles. Light-sheet pivoting is usually realized
using galvanometric mirrors that operate at slow sweeping rates (200 Hz for closed-
loop mirrors and 12 kHz for resonant ones). For this reason, they are not optimal

for a confocal detection regime where, with advanced sCMOS sensors, the line
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exposure times in the rolling shutter modality can be lower than 10 ps,
corresponding to sweeping rates over 100 kHz. Furthermore, it has been
demonstrated that image artifacts are still evident using slow sweeping rates, while
they are greatly reduced at higher rates®. For this reason, a method to speed up
the pivoting dynamic has been proposed in this thesis and implemented in a DSLM:
it is based on the use of AOD. Its features have been exploited to illuminate the
sample in several modalities, spanning from multiple beams at different angles
(static multi-angle illumination) to a single beam rapidly swept (MHz rates).
Another issue for signal detection in LSFM is represented by scattered emitted
photons because their trajectories and intensity contribution cannot be
distinguished from that of ballistic ones, consequently reducing the image SNR and
contrast. For this reason, confocal detection has been introduced in LSFM allowing
to reject out-of-focus contributions and scattered light. Thus, the potentialities of
the proposed pivoting approach have been demonstrated in combination with
confocal detection, obtained by a digital slit setting the camera sensor in rolling
shutter acquisition mode.

The second point addressed in this work regards the acquisition speed
enhancement in a confocal detection regime in a DSLM (chapter 6.2). Most modern
CMOS have two rolling shutters to achieve selective line detection, but usually, only
a single beam is used to illuminate the sample, halving the maximum obtainable
frame rate. The capability to recover the full image acquisition rate can be achieved
via dual confocal DSLM, which means a dual illumination simultaneously addressed
in front of the detector. AODs can be used in this regard as fast laser beam
deflectors to create multiple beams, generating them from a single impinging one
by addressing more than one driving frequency at once to the device. In such a
way, they enable independent control and synchronization of two beams with the
two rolling slits on the camera, doubling the imaging speed without affecting the
confocal detection and the high contrast guaranteed. In particular, to demonstrate

this claim, this high-speed confocal LSFM has been used to explore the mouse
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brain structure with subcellular resolution and to record zebrafish larvae’s brain
activity, which are typical LSFM applications.

For last, the light polarization state of the excitation light has been studied and
perfectioned to obtain a larger detected signal (chapter 6.3). Polarization indeed
plays a significant role in LSFM, especially when 2P absorption processes are
involved. Therefore, as the first point in this thesis, the effects of different
polarization states have been tested to observe how they can affect the detected
signal levels while imaging typical biological samples with a spatially unordered dye
population. In particular, several fluorescence signals have been recorded,
obtained using different polarization states with various fluorophores (fluorescein,
EGFP and GCaMP6s) and different samples (liquid solution and fixed or living
zebrafish larvae), then compared with what we estimated a priori by a theoretical

model.

On the photostimulation side, a method that guarantees high-speed accessibility to
large volumes and flexibility in light-targeting - to quasi-simultaneously stimulate
multiple sites - is still lacking. Furthermore, even if notable advancements in terms
of optical access and illumination selectivity have been achieved by combining two-
photon (2P) excitation with laser scanning microscopy, 2P optogenetics has been
limited by the long commutation times and refresh rates of traditional scanning
methods, such as galvanometric mirrors and SLM.

An aim of this PhD project was the development of a 3D 2P photostimulation
scheme that guarantees a faster scanning refresh rate and enables to fulfil the
temporal requirements for the concurrent activation of spatially distributed neurons.
To reach this goal, AODs have been exploited once again in this thesis as a viable
alternative with respect to parallel methods. This technology has been used
properly to rapidly sweep the light beam and change its focusing, for optimized light

addressing strategies. In detail, a setup with a scanning head composed of four
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AODs has been designed and implemented for independent fast axial and lateral
focal positioning (chapter 7.1).

Despite fundamental advantages, state of the art AOD-based optogenetic
applications has been so far limited to 1P neuronal photostimulation in 2D*"1%2,
Indeed, the intrinsic dependency of the Acousto-Optic (AO) cell diffraction
efficiency on the drive acoustic frequency has so far limited the suitability of these
devices for 3D optostimulation experiments. More specifically, the power
transmission of these devices drops rapidly when moving the scanning spot away
from the original focal plane. This issue is less critical when performing in-vivo
calcium imaging, as only measurements of the relative fluorescence expression
with respect to baseline (AF/F) are necessary. However, it is demanding for 3D
photostimulation applications. One possible approach to overcome this lack of
uniformity in the axial power distribution is applying a pre-calibrated tuning of the
driving signal frequency and intensity for each point addressed and illuminated
within the FOV, flattening the peak power value achieved at the inherent objective
focal plane down to the level delivered at the most axially dislocated plane®.
Alternatively, in this thesis (chapter 7.2), a novel approach has been proposed to
face this major drawback, improving the delivered axial power homogeneity, while
still achieving a uniform lateral illumination range. In particular, the excitation power
has been raised in all the addressable points within the accessible stimulation
volume, differently from what has been done in?.

The 3D photostimulation performance of this 2P-microscope has been proved
through the volumetric activation of an optogenetic actuator in zebrafish larvae
(chapter 7.3). In this context, electrophysiological recordings (local field potential,
LFP) were used as a global activity readout of neuronal clusters displaced in
different planes, demonstrating efficient axial scanning by observing uniform

responses and activation probabilities in the volume investigated.
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5.1. Sample methods and
operations

This chapter is dedicated to the methodologies and the procedures relative to each
sample analysed in the experiments reported in this thesis. The preparation,
maintenance, transgenesis and processing of zebrafish larvae and ex vivo mouse
brain are treated in detail and reported separately. The title of each subchapter also
indicates the experiment where they have been used:
|.  Fast multidirectional DSLM

Il Dual beam confocal detection

lll.  Effect of light polarization in LSFM

IV.  Fast 2P 3D photostimulation

5.1.1. Mice-tdTomato (I)

Male FosTRAP mice (B6.129 (Cg) - Fos™!1creERTalio/ ) x B6.Cg - Gt (ROSA)
26SorimiCAGaTomato)fize] ) n=3) were used for this work. Adult mice were handled and
injected with a saline solution daily for at least 3 days prior to the 4-
hydroxytamoxifen (4-TMX) injection, always leaving them in their own homecage.
4-TMX (Sigma H6278) was first dissolved in ethanol to a concentration of 20 mg
mL". This stock was then melted with corn oil at 37 °C to obtain an injectable oil
formulation.

On the last day, 50 mg kg™ of 4-TMX was given intraperitoneally to all mice. Al
experimental procedures were approved by the ltalian Ministry of Health
(Authorization n. 512-2018_FC)"®.
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5.1.2. Ex-vivo mice processing (I)

One week after the tamoxifen injection, animals were deeply anaesthetized and
transcardially perfused with 50 mL of ice-cold 0.01M phosphate-buffered saline
(PBS) solution (pH 7.6) followed by 75 mL of freshly prepared paraformaldehyde
(PFA) 4% (pH 7.6). The extracted brains were then processed according to the
CLARITY/TDE protocol®. In detail, specimens were left in PFA at 4 °C over night.
The following day, samples were incubated in the hydrogel solutions (containing
10% acrylamide (wt/vol), 2.5% bis-acrylamide (wt/vol) and 0.25% VA044 (wt/vol)
in PBS) at 4 °C for 3 days to allow a sufficient diffusion into the tissue. Samples were
then degassed, replacing oxygen inside the vials with nitrogen, and the hydrogel
was polymerized by incubation in a water bath at 37 °C for 3 hours. Later,
embedded brains were then placed in a clearing solution (full of sodium dodecy!
sulfate, SDS) at 37 °C. Specimens were gently shaken throughout the whole period.
After clearing, samples were incubated for 1 day in PBS with 0.1 Triton-X (pH 7.6)
and 1 day in PBS (pH 7.6), removing the excess SDS. Finally, murine brains were
immersed in a mixture of 40% 2-2’ Thiodiethanol (TDE) in PBS (vol/vol) for imaging,

that has a refractive index n,.p, = 1.41.

5.1.3. Zebrafish maintenance (II)

Adult and larval zebrafish (Danio Rerio) were maintained for breeding at 28°C on a
14 h/10 h light/dark cycle according to standard procedure. Embryos and larvae
were raised up to 5 dpf (days postfertilization) in fish water [150 mg/L instant ocean,
6.9 mg/L NaH2PO4, 12.5 mg/L Na2 HPO4 (pH 7.2)] in a Petri dish kept at 28°C.
We used 5 dpf transgenic Tg(elavi3:H2B-GCaMP6s) zebrafish larvae in the
homozygous albino background to avoid the presence of skin pigments. Each

sample was transferred into a 2-mL tube containing 1.5% w/v low gelling
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temperature agarose (A9414, Sigma) dissolved in fish water, kept at 38°C, and
then introduced into a glass capillary (O.D. 1.5 mm) with a pipette. After gel
polymerization, the head portion of the larva was extruded from the capillary. To
minimize movement artifacts, larvae were preincubated 10 min in 2 mM d-
tubocurarine (T2379, Sigma) dissolved in fish water. The capillary containing the
larva was then mounted in a custom-made holder and immersed in the fish water-
filled cuvette. Fish rising and experiments were carried in accordance with
European and ltalian law on animal experimentation (D.L. 4 March 2014, no. 26),

under authorization no. 407/2015-PR from the Italian Ministry of Health.

5.1.4. Cleared mouse maintenance (II)

One C57BI6 mouse was anaesthetized with isoflurane and perfused transcardially
with ice-cold 4% paraformaldehyde. The brain was post-fixed overnight at 4°C and
then cleared using the passive CLARITY technique. The fixed mouse brain was
incubated in hydrogel solution [4% (wt/vol) acrylamide, 0.05% (wt/vol) bis-
acrylamide, 0.25% (wt/vol) VA044] in 0.01 M PBS at 4°C for 3 days. The sample
was then degassed and incubated at 37°C for 3 h to allow the hydrogel
polymerization. The brain was then extracted from the polymerized gel and
incubated in a clearing solution [200 mM sodium borate buffer, 4% (wt/vol) sodium
dodecyl sulphate (pH 8.5)] at 37°C for 1 month while gently shaking. The sample
was then washed with PBST (0.1% Triton X-100 in 1x PBS) twice for 24 h each at
room temperature. The cell nuclei were stained by incubation in PBS at RT for 24 h
with Sytox-Green (Thermofisher). The next day, the sample was washed with PBS
and imaged. Mouse experiments were carried in accordance with European and
ltalian law on animal experimentation (D.L. 4 March 2014, no. 26), under
authorization no. 790/2016-PR from the Italian Ministry of Health.
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5.1.5. Transgenic zebrafish: GCaMP6
and EGFP (I11)

Two strains of transgenic zebrafish larvae were used: 3 Tg(elavi3:H2B-GCaMP6s)
larvae'™*1% in the homozygous albino background and 6 Tg(actin: EGFP) larvae'®®.
The former expressed, with nuclear localization, the fluorescent calcium sensor
“GCaMP6s” under a pan-neuronal promoter, while the latter expressed enhanced
GFP (EGFP) in all tissues owing to a ubiquitous promoter. Zebrafish strains were
maintained according to standard procedures'™’. To avoid skin pigment formation,
Tg(actin: EGFP) larvae were raised in 0.003% N-phenylthiourea (P7629, Sigma-
Aldrich). All larvae were observed at 4 dpf. Fish maintenance and handling were
carried out in accordance with European and Italian law on animal experimentation
(D.L. 4 March 2014, no. 26), under authorization no. 407/2015-PR from the Italian
Ministry of Health.

Five of the larvae were subjected to live imaging. Immediately before the
acquisition, each larva was anaesthetized with a solution of tricaine (160 mg/L;
A5040, Sigma-Aldrich), included in 1.5% (w/v) low gelling temperature agarose
(A9414, Sigma-Aldrich) in fish water (150 mg/L Instant Ocean, 6.9 mg/L NaH2PO4,
12.5 mg/L Na2HPO4, pH 7.2) and mounted on custom-made glass support
immersed in fish water thermostated at 28.5 °C, as described in'"®. The other 4
larvae were fixed (2h in 4% paraformaldehyde in PBS at room temperature) before

undergoing the same mounting procedure.

5.1.6. Zebrafish transgenesis: ReaChR-
TagRFP and GCaMP6s (IV)

A zebrafish Tg(elavli3:ReaChR-TagRFP) line was generated using a tol2 plasmid

with elavl3 promoter which drives the expression of the red-shifted light-gated
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cation channel ReaChR in all differentiated neurons'?'%8. The plasmid vector was
injected along with transposase mRNA into one-cell stage zebrafish embryos.
Mosaic transgenic larvae displaying strong TagRFP fluorescence at 48h post-
fertilization were selected and raised to adulthood. Offspring from one single
selected founder was finally used to establish the new stable transgenic line used
for the experiments.

Larvae used in the experiments - Tg(elavi3:ReaChR-TagRFP) and Tg(elavi3:H2B-
GCaMPB6s), slc45a20404 154155 " albino background - were maintained at 28.5 °C in
fish water (150 mg/L Instant Ocean, 6.9 mg/L NaH2PO4, 12.5 mg/L Na2HPO4;
conductivity 300 pS/cm, pH 7.2) under 14/10 h light/dark cycle, according to
standard procedures'™’. Larvae of the Tg(elavl3:ReaChR-TagRFP) were raised in
0.003% N-phenylthiourea (P7629 Sigma-Aldrich) to inhibit melanogenesis,
avoiding the formation of skin pigments.

Zebrafish larvae were mounted as previously described''®. Briefly, every 5 dpf larva
was transferred into a reaction tube containing 1.5% (w/v) low gelling temperature
agarose (A9414, Sigma-Aldrich) in fish water, maintained fluid at 38 °C. The larva
was then placed inside a glass capillary (I.D. 0.86 mm; B150-86-10, Sutter
Instrument). Upon gel polymerization, it was extruded and laid on a microscope
slide, with the dorsal portion facing upwards. A drop of melted agarose was used
to block larva orientation. Using a scalpel, the part of the gel was removed, leaving
the left or the right half of the head accessible to the electrode, while keeping the
animal embedded in agarose. To avoid movement artifacts during measurements,
the larva was then paralyzed by 10 min treatment with 2 mM d-tubocurarine
(93750, Sigma-Aldrich), a neuro-muscular blocker. After drug wash-out, the
mounted larva was placed inside a Petri dish (& 90 mm) filled with fish water kept

at 28.5 °C throughout the whole experiment.
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5.2. Fast beam pivoting in CDSLM

In this work, a pre-existent DSLM setup was slightly modified to introduce an AOD
in the optical path. The potentialities of the AOD were exploited to provide different
pivoted illumination strategies, spanning from a single beam rapidly pivoted in front
of the illumination objective to multiple beams simultaneously addressed at different
angles.

The original DSLM configuration is described in'°, from which an excitation arm
was modified, and schematically represented in Fig.5.2_1. This adaptation
introduced an alternative optical path, as indicated in the red dashed rectangle,
properly adopted for the beam shaping and pivoting. This pathway was easily
addressable through a pair of flip-flop mirrors placed between the laser unit and the
galvo head. This was used as a scanning system to digitally sweep the beam and
create the light sheet in DSLM.

With this particular conformation, this setup allowed also to easily change the flip-
flops configuration leading the beam to pass straight toward the galvo head, without
being modelled or pivoted.

In detail, a visible light beam generated by a laser diode (Cobolt AB, Jive 561 nm,
50 mW, s-polarized) was first expanded 5x by a telescope (Thorlabs AC080-020-
A F. = 20 mm and Thorlabs AC254-200-A F, = 200 mm) and was then guided
through a second telescope made by two cylindrical lenses (Thorlabs ACY254-
150-B F. = 150 mm and Thorlabs LJ1878L2-A F. = 10 mm) to collapse one beam
dimension by a factor of 15.

Afterwards, the light went through a half-wave plate and enters into an AOD (AA
Opto Electronic, DTSX-400, TeO2, aperture 7.5x7.5 mm?) that was driven by a RF
multi-channel driver (MDSNC, 8 channels, centred at 92 MHz, bandwidth 56 MHz).
The pivoted light was then collected and collimated by a Thorlabs AC508-500-A F,
= 500 mm, which formed a 1:1 telescope with the first lens F, = 500 mm placed

after the second flip-flop mirror. The following galvo head digitally generated the
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light sheet and was positioned in a conjugated plane with the back focal plane of
the excitation objective Plan Flour EPI, 10x, 0.3 NA, WD 17.5 mm, Nikon, Japan.
An Olympus XLPlan N 10%/0.60 SVMP Obijective, paired with a F, = 200 mm tube
lens in turn used to detect the fluorescence emitted by the samples. The signal was
then filtered by a bandpass filter (FF01-609/54-25, Semrock) and, finally, collected
by a sSCMOS camera (Orca Flash4.0 v2.0, Hamamatsu) with a pixel size of 6.5%6.5

um? and an active area of 13.3x13.3 mm?2.
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Figure 5.2_1: Multi-directional DSLM setup. Schematic of the excitation line, beam forming and
imaging path. The red dashed rectangle contains the alternative light path, selectable via flip-flop
mirrors: two cylindrical lenses CL shape the circular Gaussian beam into an elliptical profile that is
then pivoted by an AOD. Modified from™2,

In Fig.5.2_1, the beam propagation direction, the pivoting direction (and light sheet
width) and the detection direction (light sheet thickness) are indicated respectively

with £, 9 and 2.
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5.3. Dual beam generation for
confocal detection LSM

In this work, an AOD was used to generate two Gaussian beams and sweep them
independently but simultaneously in a DLSM. The crystal was inserted in the
illumination path providing a dual illumination which covered the FOV in front of the
camera.

Two main sensor readout modes were used for the acquisitions. First, in single
rolling shutter mode, the slit was continuously swept from the top edge to the
bottom one or vice versa. Second, in double rolling shutter mode, the sensor was
divided into two halves that were jointly recorded via two rolling shutters moving
from the middle out to the top (or bottom) edges or in the same direction. To benefit
from the confocal detection modality enabled by the rolling shutter modes on
sCMOS cameras, the illuminating beams had to be spatially overlapped and
synchronized with the moving virtual slit positions on the sensor (Fig.5.3_1a).
Fig.5.3_1b displays the schematic of the DSLM implemented for single- and dual-
confocal detection. The optical architecture was based on a DSLM where the
usually exploited galvo mirror was replaced by an AOD. A visible light beam from a
diode laser (488 nm, Coherent Sapphire 300) was expanded and collimated by a
pair of achromatic lenses (Thorlabs AC254-30-A and AC254-150-A). Then, the
beam was guided into the AOD (AA Opto Electronic DTSX-400, TeO2, aperture
7.5x7.5 mm?) that was driven by a radio frequency (RF) system (four-channel signal
generator Analog Devices AD9959PCBZ followed by a Minicircuits power combiner
ZMSC-2-1W+ and an amplifier ZHL-1-2W-S+). A scanning lens (Thorlabs AC508-
200-A, FL 200 mm), placed after the AOD, converted the angular deflection into a
lateral displacement of the incident light. The beam was then directed by the
excitation tube lens (Thorlabs AC508-100-A, FL100 mm) to the pupil of an
illumination objective lens (Nikon N10X-PF 10X, 0.3 NA, 16 mm WD).
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The sample, embedded in a cylinder of 1% agarose gel, was immersed in a water-
filled cuvette sized 10x12 mm?. The fluorescence emitted from the sample was
collected with an imaging objective (Nikon N10X-PF 10X, 0.3 NA, 16 mm WD), and
a tube lens of focal length of 200 mm (Thorlabs TTL200-A) created an image on an
sCMOS camera (Hamamatsu Orca-Flash4.0 V3, 2048 x 2048 pixels of 6.5x6.5

um? size).

(a)

) sCMOS
Single confocal Dual confocal

[ 1] [ 1] [[] [ 1]
| 1

[ ITubelens

LASER ACD Scan lens Tube lens Il.Obj.  Sample

Figure 5.3_1: Schematic of dual beam CLSFM. (a) sSCMOS camera operating in single - or dual- rolling
shutter mode with the illuminating beam - or beams - matching the position and synchronized with the
scan rate of the virtual slit - or slits -. (b) The excitation and imaging paths from the side and top views.

Modified from?8.

The experimental lateral and axial resolutions were 1.5 and 9.0 um, respectively,
while the light-sheet FWHM waist was 10 ym in order to be within one Rayleigh

range over the FOV of 1.33x1.33 mm?. The xyz coordinate system was chosen as
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follows: the light sheets were created in the xy plane with the x-axis along the beam
propagation direction, and the z-direction was along the imaging optical axis.

A trigger emitted by a National Instruments PXle-6738 card started the single - or
dual - confocal sample illumination and image acquisition processes, by activating
one or two RF ramps on the signal generator that governed the AOD deflection of
the laser beams and by synchronously moving the virtual slits across the camera
sensor, as shown in the timing diagrams in Fig.5.3_2.

In the dual diverging or converging rolling shutter modes, if the sample presents a
significant background level, cross-talk between the two light sheets could be
observable when they overlapped in the centre of the sensor. To preventively
minimize this effect, which did not affect the parallel modes, the timing and the
starting and ending frequencies of the RF ramps were tailored to avoid physically

overlapping the two light sheets at any time on the sensor.
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Figure 5.3_2: Timing diagrams for single - and dual - beam CLFM. A common trigger starts the camera
acquisition and tailored RF ramps on the signal generator that drives one (a) or two (b) simultaneous
AOD illumination sweeps. The image insets are frames from video acquisitions (MPEG, 0.1 MB [URL:
https://doi.org/10.1117/1.JBO.24.10.106504.1]), at the times marked by the dotted lines, of a uniform
fluorescent 1% agarose gel in water, imaged with the corresponding rolling shutter readout mode.

Modified from?8

54



Methods and procedures

5.4. Effects of light polarization 2P-
LSFM: imaging design

The optical imaging of the samples was performed with a custom-made 2P LS
microscope (Fig.5.4_1). The source was a pulsed Ti:Sa laser (Chameleon Ultra Il
Coherent) which generated light at 930 nm, initially pre-compensated (PreComp,
Coherent) for the group delay dispersion and power-attenuated by means of a half-
wave plate and a Glan—Thompson polarizer.

The beam then passed through an Electro-Optical Modulator used to rotate its
linear polarization plane by 90°. Moreover, a combination of a half-wave plate and
a quarter-wave plate was used to align the light polarization plane with the reference
system. The beam was then scanned by a fast resonant galvanometric mirror (CRS-
8 kHz, Cambridge Technology), used to generate the digitally-scanned light-sheet
along the larval rostro-caudal direction, while a closed-loop galvanometric mirror
(6215H, Cambridge Technology) was used to scan the light sheet along the larval
dorso-ventral direction. The beam was finally relayed to an excitation dry objective
(XLFLUOR4X/340/0,28, Olympus), placed at the lateral side of the larva, by a scan-
lens (FL 50 mm), a tube-lens (F. 75 mm) and a pair of relay lenses (F. 250 mm and
F. 200 mm) that underfill the objective pupil. When desired, the light polarization
state was converted from linear to circular by placing a removable quarter-wave
plate on the optical path between the tube lens and the first relay lens.

The emitted green fluorescent light, coming either from GCaMP6s or EGFP, was
collected by a water-immersion objective (XLUMPLFLN20XW, Olympus) placed
dorsally above the larva. The objective was scanned along the axial dimension by
an objective scanner (PIFOC P-725.4CD, Physik Instrument) synchronously with
the closed-loop galvanometric mirror movements. The optical image formed by the
detection-objective tube lens (F. 300 mm) was then demagnified by exploiting a

second pair of tube lenses (F. 200 mm) and objective (UPLFLN10X2, Olympus),
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bringing the final magnification to 3x. Finally, the green fluorescence was spectrally
filtered (FFO1-510/84-25 nm BrightLine® single-band bandpass filter, Semrock)
and relayed to a sSCMOS camera (ORCA-Flash4.0 V3, Hamamatsu).

Imaging was performed with a pixel size of about 2x2 um?, and a FOV of about 1x1
mm?. The acquisitions in fluorescein solution were performed on a single transversal
plane with an exposure time of 100 ms. The larvae instead were imaged with
volumetric acquisitions composed of 31 planes spaced by 5 uym and with an
exposure time of 26 ms for each plane and a volumetric acquisition frequency of 1
Hz. Each acquisition lasted 1 minute and then the 60 acquired volumetric stacks
were averaged to obtain one final z-stack.

The laser power used for the acquisitions, measured at the excitation objective
pupil, was 100 mW for the Tg(actin: EGFP) larvae both in living and fixed
preparations, 200 mW for the live imaging of Tg(elavi3:H2B-GCaMP6s) larvae, 180
mW for the fixed Tg(elavi3:H2B-GCaMP6s) larvae and 162 mW for the fluorescein
solution acquisition. The excitation power was kept constant and far from the

fluorescence saturation regime when imaging.
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Figure 5.4_1: 2P LSM schematic for polarization studies. Fs-laser: femtosecond laser. Pre Comp:
pulse compressor. Int. control: intensity control assembly, composed of a half-wave plate and a Glan—
Thompson prism. EOM: Electro-Optical Modulator. M2: half-wave plate. M4: quarter-wave plate.
Galvos: galvanometric mirror assembly, composed of a resonant mirror and a closed-loop mirror. Red
line: excitation light. Green line: fluorescence light. The dashed lines indicate vertical paths. Modified

from104,
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5.5. 2P 3D photostimulation with
AODs

To achieve a laser scanning system that guarantees deep optical access, large
areas of light addressability and fast dynamics for illumination pattern configuration,
a hybrid solution composed of four AODs and a GM head have been implemented.
The proper use of four AODs enabled precise light targeting of any point in the
volume and a quick modulation of the stimulation pattern. Furthermore, even if with
slower dynamics with respect to the AO scanning, a larger optical FOV was
obtained by coupling the former device with a GM scanning head. The integration
of the two scanning heads, achieved with a dedicated optical design, allowed the
visualization of each macro-ROI selected in the GM’s FOV and to record and fast
manipulate neurons over areas defined by the AOD scanning range with high
temporal resolution.

The system was developed as a stand-alone add-on module for coupling with
standard microscopes. To validate the performance of the scanning head, it has
been coupled with a Leica DM LFSA Microscope (Leica Microsystems GmbH,
Wetzlar, Germany) for 2P imaging and photostimulation tests. Analogously to what
debated for the lateral scanning, a slow but wide axial scanning was provided by
the Leica objective stepper motor, whereas fast-axial displacement is achieved
using the AODs. The whole setup is schematically represented in Fig.5.5_1a.

The light source consisted of a 1064-nm pulsed laser (FP-1060-5-fs Fianium
FemtoPower, NKT Photonics, Birkergd, Denmark), characterized by a pulse
duration shorter than 200 fs, a repetition rate of 80 MHz, and a maximum power of
5W. The laser beam was first directed through a half-wave waveplate (10RP02-34
Newport Corp., Irvine, CA, USA) to shift its polarization, and then it was conveyed
through a Glan-Taylor polarizer (GTH5-B Thorlabs Inc., Newton, NJ, USA). The
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waveplate was positioned in a software-controlled rotator (MDL NSR1 Newport)
allowing adjustment of the outgoing beam power, without altering its polarization.
The beam was then expanded by a factor 1.66% using a telescope (AC254-075-B-
ML Thorlabs F. mm and AC254-125-B-ML Thorlabs F. 125 mm), and its
polarization orientation was optimized by a second M2 waveplate (10RP02-34
NewPort), before reaching the first pair of AODs (DTSXY-400 AA Opto Electronic,
Orsay, France). Then, to optically couple two AOD stages, the outgoing beam was
first directed into two 1:1 relay systems, respectively (AC254-050-B-MLThorlabs F,
50 mm) and (PAC19AR.16 Newport FL 75 mm). In this way, independently of the
RF applied to the first couple (and therefore regardless of the outgoing beam
direction), light reached a pivot at the centre of the second AOD stage.

From the second AOD stage, the beam was expanded 2x by a 1:2 relay
(PAC17AR.16 Newport F. 50 mm and PAC12AR.16 Newport F. 100 mm) and
conveyed to the centre of the GMs (GVS112 Thorlabs), preceding the scan lens
(AC254-050-B Thorlabs). This was optically coupled with the tube lens of the Leica
DM LSFA, producing a further 4x magnification of the beam size. A dichroic short
pass mirror (NENIR20A Thorlabs), positioned inside the Leica DM LSFA before the
objective, was used to reflect the excitation light towards the objective (20X
XLUMPLFLN Olympus Corp., Tokyo, Japan) and to transmit the fluorescence
emitted by the sample onto the PMT detector (H7422P-40 Hamamatsu Photonics,
Hamamatsu, Japan), through a NIR absorptive filter.

The combined use of four AODs is necessary for fast axial scanning. The designed
system took advantage of them, arranged as two pairs of orthogonally oriented
identical devices, each having the first and second AOD assigned to the x and y
lateral axes, respectively. The two coupled stages are driven by counter-
propagating waves, characterized by a linearly changing frequency f(t) = fmin + at,
where a is the frequency ramp slope - or chirp parameter. This arrangement, which
globally works as a variable AO lens (AOL), has a focal length Fao. dependent on

the chirp (Eq.3.2_7), affecting the light beam divergence and the total magnification
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of the optical path. It determines an axial displacement AZ that propagates up to
the image plane under the objective (Fig. 5.5_1b) equal to:
_ FEM? _ 2XFf-M?

AZ=EM" —k.q  with k= (5.5_1)

FaoL v2

Where v is the propagation speed of the acoustic wave in the crystal, A is the
wavelength of the laser, F1 is the focal length of the first lens after the second stage

and M is the optical magnification factor regarding the subsequent optics.
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Figure 5.5_1: Schematic the AOD-based scanning head. (a) Optical setup with hybrid galvo-AOD
scanning head implemented for 2P excitation; F: Focal length; NIR F.: Near-Infrared Filter; G.T.: Glan-
Taylor polarizer. (b) Optical diagram of the AOL focusing performance and the induced axial

displacement with respect to the inherent objective focal plane. Modified from Ricci et al. 2021.

It is worth noting that the AOD crystals and the optical configuration proposed in
this work slightly differed from the most common implementations®>2”. Here, each

stage exploited two tellurium dioxide (TeO,) crystals, through which the acoustic
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wave anisotropically interacted with the light beam, offering high transmission
efficiency and a large acoustic and optical bandwidth. In particular, when the
directions of the input optical wave vector and the driving acoustic wave were
maintained constant, these devices provided a large scan angle, with a resolution
up to 400 dots over an optical aperture of 7.5 mm. In detail, these AODs had a
collinear design for the central frequency (f;) with respect to the whole frequency
bandwidth available. It meant that when the input beam entered right in the middle
and orthogonally to the first aperture, the deflected beam at (f., f.) resulted collinear
to the input beam; thanks to their particular wedge design, the 0" order beam was
therefore rejected with a specific angle. Each AOD stage was mounted on a
compact 5-axis stage (PY005, Thorlabs Inc., Newton, NJ, US) to increase the
degrees of freedom of the apparatus, allowing their horizontal and vertical
translation, and 2-axis rotation. This led to optimization in terms of transmission
through the coupling with the higher efficient diffracted order.

However, when the acousto-optic coupling was not stationary and the angle of
incidence of the input wave vector became less tangential to the acoustic one, a
drop in the optical transmission power occurred. It was then important a trade-off
between transmission efficiency and acceptance angle in order to maximize the
axial range while providing a uniform intensity distribution. For this goal, in the
configuration presented, the first stage frequencies chirped around fic = f;, while
the second stage pivoted the beam covering the full range to increase the FOV size
(see chapter 7.1 for the optical characterization of the system).

A second precaution regarded the optimization of the chromatic dispersion, caused
by the interaction between the femtosecond-pulsed laser with the AO crystal. The
pulsed signal generated by the broadband laser is indeed composed of several
frequencies that propagate at once; however, the crystal response in terms of beam
deflection strictly depends on the input wavelength, and therefore on its frequency,

as:
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where A is the laser wavelength, f is the RF driving the AOD and v represents the
sound wave propagation velocity within its internal crystal.

The light beam which left the first AOD stage resulted for this reason slightly
deformed, elongated and oblong. The spatial dispersion undergone by the
diffracted beam was partially compensated by placing the second pair of AODs
symmetrically opposite to the first one. In such a way the dispersion effect was
counterbalanced thanks to an inverted deflection of the broadband laser, which
increased the symmetry of the beam profile. The reason for the additional relay in
the optical path after the first stage was to compensate for the first geometrical
inversion due to the telescopic relay (the output image from an optical relay is
indeed the mirror image of the input one). Furthermore, the half-wave plate before

the first AOD stage was used to provide the optimum input light polarization.

5.5.1. Digital and electronic design:
operation rates and signalling

A graphical user interface (GUI) was developed in LabVIEW (National Instrument
Corp., Austin, TX, USA) to operate the system. The software employed two National
Instrument boards (PCI-6251 and PXle-6738) to record the fluorescence signals
collected by the PMT, and to interface with an Arduino Due microcontroller used to
program a four-channel direct digital synthesizer radio-frequency generator (DDS,
AD9959 PCBZ Analog Devices Inc., Norwood, MA, USA) which drove the AODs.
By integrating the control drivers of the waveplate rotator and the GMs, the
software also enabled the remote adjustment of laser power transmission, FOV size
and resolution. Moreover, the LabVIEW GUI allowed the efficient and user-friendly

design of suitable optogenetic stimulation patterns without directly exposing the
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configuration parameters of the AOD scanning unit. This software stack was
optimized to achieve the minimum encoding error and ensure the robust and
precise execution of the AOD driving modalities, thus ensuring accurate positioning
of the AOL focus.

The Arduino board communicated with the computer via USB through a Python-to-
LabView software layer, while it concurrently directly programs the DDS registers
via a single-bit serial port interface (SPI). In particular, the desired trajectories were
interpreted by a dedicated Python node, which transmitted to the Arduino
microcontroller board the corresponding sequence of encoded data words, tuning
the discrete-time and frequency steps of the generated chirps. Furthermore, the
developed software made efficient use of the limited 96 kB SRAM available on the
Arduino Due board to provide the maximum number of addressable spatial
coordinates during a single scanning cycle, i.e., the highest number of scanned
targets and their local scanning resolution. The maximum number of target spots
that could be addressed by means of a quasi-simultaneous multi-site stimulation

pattern is defined by:

—_ Nwora
Nspot = Max(Ny,Ny) - N, (551_1)

where (Ny, Ny, N,) represent the shape of the 3D raster scan localized on each
target of interest, and Nwora is the maximum size of the data word buffers allowed by
the available SRAM (Nyorg = 2000 for the Arduino Due).

Finally, the Arduino software was engineered to configure at the maximum possible
rate the DDS channels in each implemented beam-scanning modality in order to
achieve the minimum switching time of the AOL focus position. In detail, fast 2D
raster scans within the inherent focal plane of the objective could be achieved by
taking advantage of the single-tone (i.e., unchirped) operation mode of the DDS
and by dynamically updating only the two four-byte data words responsible for

tuning the stationary frequencies in the second pair of AODs. In this scanning
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configuration, the longest beam-positioning time corresponding to the
simultaneous change of the driving RFs applied to the x- and y-axes were 7 us. On
the other hand, chirped scan modalities supporting 3D targeting patterns were
implemented using the linear sweep operation mode of the DDS. In this
configuration, however, more tuning words had to be communicated via the SPI
port between each I/O update pulse, increasing the programming time. Specifically,
3D random-access positioning of the laser beam was achieved by sequentially
setting the lower and upper frequencies of the chirps generated on each RF
channel (i.e., two four-byte words per channel). Together to them, the data words
needed to adapt the discrete-time and frequency step sizes of the linear sweeps
(two bytes plus two four-byte words transferred in a single communication, as all
channels share the same chirp value) were sent. This resulted in an increase of the

minimum beam-positioning time to 20 us for 3D random-access scans.

5.5.2.  Electrophysiology recording

The photostimulation performance was tested through the volumetric activation of
an optogenetic actuator in zebrafish larvae while the neuronal cluster activity was
read by means of LFPs. These were recorded using a borosilicate glass
microelectrode (8-10 MQ), back-filled with a filtered solution of 2 M NaCl and 0.1
mM Sulforhodamine 101 (S7635, Sigma-Aldrich) to allow the electrode tip imaging.
The microelectrode was placed under visual guidance into the larval hindbrain at
150-200 pm depth. Voltage signals were recorded using an Axopatch 200B
amplifier (Molecular Devices, San Jose, CA, USA), low-pass filtered at 2 kHz, and

digitized at 10 kHz using a USB-621 interface (National Instruments)
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5.6. Data Analysis

In this chapter the different data analysis techniques and data evaluation methods
used in this thesis are reported and described in detail. The different strategies are
described separately, indicating the work where they have been exploited:
[. Fast multidirectional DSLM
[l.  Dual beam confocal detection
. Effect of light polarization in LSFM
IV.  Fast 2P 3D photostimulation

5.6.1. General linear mixed model (III)

General linear mixed models™ were used to analyse the results for larvae
acquisition. In detail, the fluorescent signal was used as a dependent variable, the
polarization state as a fixed effect and the fish as a random effect. A linear
regression model implemented in R language was used instead to analyse the
results for the living GCaMP6s larva. In this case, the fluorescent signal was used
as a dependent variable and the polarization state and the ROl as independent
variables. In both cases, linear contrast was used to compare the polarization
groups and the Sidak method was exploited for the multiplicity correction.
Fluorescein solution data were compared by computing 95% Confidence Intervals

(C.1.) using the Student’s t-distribution.

5.6.2. LFP data analysis (IV)

The whole dataset was analysed with Origin Pro (Version 2079, OriginLab
Corporation, Northampton, MA, USA). LFP signals were detrended using a 0.1 Hz

high-pass filter and segmented in a 1 s peristimulus window. For each stimulus, the
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LFP response peak amplitude was evaluated. For each larva, we calculated the
mean value of the peak amplitudes collected in the unchirped configuration (a=0
MHZz/us), and the datasets were separately normalized with respect to this value.
Mean and relative standard errors were calculated for each chirp value subset.
For the volume scanning dataset, two subsets were defined, i.e., single-trigger and
multi-trigger configurations, which were normalized with respect to single-trigger
subsets.

Regarding probability analysis, the background baseline of the traces was first
processed, evaluating its mean and standard deviation for each examined trigger
modality and chirp value. Once calculated LFP peak amplitudes and normalized
with respect to the unchirped subset as previously described, the positive events
were deemed as the evoked LFP with amplitudes passing a threshold equal to three
times the baseline standard deviation. Finally, the activation probability was defined

as the ratio between positive evoked events to the totality of the cases.

5.6.3  Statistical analysis (IV)

Statistical analysis was performed exploiting linear mixed-effects models'®®
implemented with the statistical programming language R (R Core Team. R: A
Language and Environment for Statistical Computing. R Foundation for Statistical
Computing, 2015.). In all the models the animals were defined as the random
factor. Statistical significance was assessed by computing the p-values and
confronting them to a threshold of 0.05. In particular, to confront the response
amplitudes in different conditions, a general linear mixed model was employed
using the “ImerTest” package. In the comparison between the volume-averaged
responses with respect to the trigger modalities, the latter was defined as a fixed
factor and the observed amplitude as a response variable. In the comparison
between the single-plane responses, the chirp value and its interaction with the
trigger modality was defined as fixed factors and the normalized amplitude as a
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response variable. In this case, posthoc analysis was performed with the package
“emmeans” by computing linear contrasts for all pairwise comparisons among
estimated marginal means'®'. Multiplicity adjustment was carried out with Tukey’s
method.

For the analysis of the probability of response occurrence to the optogenetic
stimulation, a logistic regression (generalized linear mixed model) was employed
using the “Ime4” package.

The occurrence of an electrophysiological response was defined as a dichotomous
response variable, while fixed effects were: the modulus of the chirp value (numeric
variable), its interaction with the trigger mode, and its interaction with a
dichotomous variable indicating the sign of the chirp value. The effects were
quantified in logits (logistic units), i.e., the natural logarithm of the odds of observing

the event'®?,
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Results for Enhanced Light-Sheet Microscopy

6.1. Multi-directional DSLM:
standard-, pivoted- and multi-
beam

In this thesis, it has been proposed a solution to avoid striping artifacts in DSLM
acquisitions, based on the use of an AOD. A pivoted elliptical-Gaussian beam was
used for imaging several mouse brain areas acquiring signals emitted by specific
fluorophores.

In the proposed hybrid DSLM each scanning line was projected onto the sample,
swept by a closed-loop galvo mirror and pivoted around the detection plane by the
AOD (relative methods in chapter 5.2). The experiments were carried out in the
confocal detection regime, obtained by defining a digital slit through a row of pixels
simultaneously activated on the camera sensor.

The beam pivoting and the finite size of the digital slit used in confocal detection are
inherently in conflict because a large part of the swivelling beam could rotate out of
the confines. Here, a method to overcome this issue was proposed. It preserved
the contrast enhancement linked to confocal detection while maintaining the axial
illumination uniformity and simultaneously attenuated striping artifacts. In detail, two
cylindrical lenses were used to design an optimized optical beam-shaping system.
Those lenses generated an expanded elliptical-Gaussian beam that perfectly
covered the whole aperture at each inclination during the pivoting. To fulfil this
requirement, the second optical pathway was properly engineered in accordance
with the following geometrical model.

The finite dimensions of the digital slit in the sample space were determined by the
horizontal FOV and by the virtual slit width on the camera. The last was determined
automatically when the rolling shutter speed and the line exposure time were
chosen by the user. The dimension of the slit on the camera differs from the one on

the sample space by a magnification factor of 10x.
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Fig.6.1_1a shows a schematic of the beam pivoting geometry in confocal detection.
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Figure 6.1_1: Geometrical model of the beam pivoting. (a) beam arrangement at the sample: w beam
width; D virtual slit width; L length of the digital slit on the camera sensor (sepia rectangle); a pivoting

angle which defines also the complementary angles g + 6§ = 7T/Z — a. (b) and (c) show the simulated

dependence, respectively, of the beam width w and of the detection efficiency Eff from the pivoting
angle a, up to the maximum angle admitted by the excitation objective. The red dotted line indicates

the minimum waist required, i.e., D. Modified from42.

Here, w was the width of the beam tilted through the sample, D was the virtual slit

width, L was the length of the digital slit (corresponding to the camera FOV) and a

was the pivoting angle, which in turn defined also the complementary angles:
B+6=”/2— a (6.1_1)

The semi-diagonal of the slit, indicated with OH, could be easily calculated as:
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OH=_VIZ+D?  (6.1.2)
While the beam half width was:
~ = 0H cos(8) = OH cos(5 — B — a) = OH sin(B + @) (6.1_3)

That indicates a strict dependence between the maximum pivoting angle a and the

beam width w. The angle 8 can be found as:
. D
B = arcsm(ﬁ) (6.1_4)

The detection efficiency was accounted for by considering the difference between
the effective detection area, indicated with the small sepia rectangle in Fig.6.1_1a,
and the area illuminated by the scanning beam through the sample, denoted by the
green rays. The detection efficiency was then defined by the ratio between the two

corresponding dimensions:

(6.1_5)

SEAS

Fig.6.1_1b and 1c show the dependency of the beam width and of the detection
efficiency on the pivoting angle a.

The digital slit dimension was D = 221 ym in camera space and the length of the
digital slit was L = 1.3 mm, from which OH = 0.66 mm. The total angular range
determined by the AOD was A8 = 2a = 5°. Using Egs.6.1_3 and 6.1_4 the beam

half-width required to fulfil the maximum demanded illumination was % ~ 140 um,

which led to an expected detection efficiency of £ = 79%. For this reason, the
optical path containing the AOD and the cylindrical lenses was developed

according to these considerations.
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Finally, those parameters were estimated also empirically. The beam-shaping relay
produced an elliptical Gaussian beam profile with anisotropic dimensions along the
detection direction Z and the vertical one y (orthogonal to the propagation direction
X). As a consequence, the numerical apertures are NA; = 0.022 and NA, = 0.0015

respectively. The narrower beam waist along Z was then % ~ 8 um, which led to a

Rayleigh length of the virtual light sheet of 530 pm along the illumination

propagation direction, therefore guaranteeing an almost uniform illumination over
the FOV. The waist along the pivoting direction was % ~ 122 pm, almost reaching

the desired optimum value with a small beam divergence. The high degree of
angular diversity required for an efficient shadowing suppression was brought by
beam pivoting, which results in an effective numerical aperture of NASFF = NA,, +
Nyepr * Sin(a) = 0.063. It was expected that this pivoting did not affect the beam
waist but only the effective numerical aperture NA, ;¢ within the sample, increasing
the angular diversity.

Thus, to evaluate the light-sheet pivoting effect on striping artifacts, a setup with
two alternative optical paths have been implemented. In the first option, the beam
is neither optically elliptically formed nor pivoted, providing the classic illumination
for the sample for a DSLM, that is a pencil-like Gaussian beam (this configuration
is labelled NO AOD). On the other hand, following the indications derived from the
former geometrical conclusions, two cylindrical lenses were inserted in the second
path to shape the beam as mini light sheets, pivoting them by means of an AOD
before the galvo head.

In practice, the FOV containing the sample was illuminated line by line by the galvo
head, while the AOD rotated the excitation beam around its propagation axis at a
much faster rate. In this regard, considering half scanning range a = 2.5° =
0.0436 rad, the focal distance behind the AOD of f = 500mm, the covered

aperture d = 2f - tan(a) and the sound wave propagation velocity of V,coustic =
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650m/s, it is possible to calculate finally the scanning time as Tscanning =

d

= 1.1 ps.

Vacoustic

Then, the deflection induced by the AOD was characterized as a function of the
radiofrequency (RF) used to drive the piezotranducer. In particular, the angular
deflection felt by the laser beam was measured projecting the light inside the
sample chamber filled by a 40% 2-2’ Thiodiethanol solution in water. As the input
RF frequency signal changed the corresponding tilt angle was measured using the
angle tool of the open-source software Imaged, averaging over three images for
each configuration. A frequency of 70 MHz was chosen as the central reference,
for which the beam entered into the sample chamber perfectly parallel to the optical
axis. Then a frequency sweep spanning [-5; +5] MHz was defined around this value
to cover a large enough pivoting angle to envelop the digital slit used in confocal
detection. A linear model fitted to the data, with a R-square parameter of 0.9989,
finding an angular coefficient m = 1.25 + 0.03°MHz~! between the deviation
angle and the frequency shift.

After this calibration, the results obtained illuminating the sample without pivoting
the beam were compared with several illumination modalities allowed by the layout
with the AOD. The first of these was the multi-beam arrangement, where a user-
defined number of the mini light sheet was redirected by the AOD at determined
angulations, propagating simultaneously (in sequence one, three and five static
beams, respectively denoted as 1LS, 3LS, 5LS). The second modality was
dynamic, where a single mini light-sheet was pivoted over the entire angular range
(labelled as scanning beam SB).

Several mouse brain areas were then imaged with the aforementioned approaches,
observing real-time shadow suppression once pivoted the beam. A comparison
between such scanning beam illumination and a standard static one was carried
out also quantitatively, in terms of shadowing reduction and PSF response.

First of all, to quantify the optical performance of the DSLM, the PSF was measured

for both the illumination path configurations, i.e., the one with and the one without
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the AOD. The specimen contained fluorescent beads included in 4% agarose gel.
In detail, TetraSpeck microspheres (Invitrogen T7279, with radius r = 50 nm) were
used at a final concentration of 0.0025%(vol/vol). The intensity profiles along the
radial and axial directions of n=6 sub-micrometric fluorescent beads were
computed using the open-source software Imaged. Each was fitted with a Gaussian
model to calculate the full width at half maximum (FWHM). The measurements and
the analysis were repeated for three different configurations, NO AOD, 3LS and
SB. Fig.6.1_2 shows the raw data points and the Gaussian model computed with
the mean FWHM, obtained respectively along the radial (a), (c), () and axial (b),
(d), (f) directions, and from top to bottom respectively for the three mentioned
illumination configurations. Panels (g) and (h) show the mean and the standard
deviation of the FWHM extracted from these measurements.

As expected, the presence of the AOD, introduced to pivot the beam did not affect
significantly the lateral and axial resolution. Panel (i) shows a representative frame
containing the fluorescence signal produced by a fluorescent bead.

To test the advantages of beam pivoting over the static beam configuration in DSLM
in terms of striping remotion, three cleared mouse brains expressing the fluorescent
protein tdTomato were imaged. The right panels in Fig.6.1_3 show the same frame
taken in different modalities, while on the left are reported the normalized grey-scale
intensity profiles taken along the vertical dotted red arrow.

As expected, there was no highlighted difference between the static configuration
with NO AOD and the one obtained with a single mini-light sheet (1LS), directed
centrally by the AOD through the second optical path. Those two illumination
Strategies were then demonstrated to be equivalent. However, increasing the
number of mini light sheets simultaneously present into the sample approaching it
from different directions, gradually reduced the shadow artifacts originally present
in the former configurations (from the 3LS up to 5LS). This was due to an enhanced
angular diversity guaranteed by the most tilted beams. The latter approach, with
the larger angular diversity, presented results similar to the one obtained in SB
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mode, which was indeed the case of a single beam swivelled for the larger angular

range.
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Figure 6.1_2: Radial and axial PSF in confocal DLSM. (a), (c), (e) and (b), (d), (f) raw data points
(encoded by a different colour for each of the 6 measurements) and the average Gaussian fit (black
line), obtained respectively in radial and axial direction. From the top to the bottom, the results were
obtained respectively for the NO AOD, 3LS and SB configurations. (g) and (h) average FWHM and
the standard deviation extracted from the measurements. (i) representative frame containing the
fluorescence signal detected from a Tetraspeck fluorescent microsphere (r = 50 nm) embedded in

agarose gel. Scale bar size: 10 ym. Modified from™2,
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Figure 6.1_3: Image comparison between different pivoting dynamics. On the right LSFM images of a
mouse brain with fluorescent protein tdTomato, obtained by pivoting the beam with different scanning
configurations, respectively from up to down, NO AOD, 1LS, 3LS, 5Ls and SB. On the left, the
normalized grey-scale intensity profiles are taken along the vertical directions; the orange squares

indicate the area with stronger artifact suppression. Scale bar size: 100 um. Modified from'42.

To quantify the shadowing suppression, three image stacks were taken from
different areas of three mouse brains, illuminating them in SB and NO AOD.
Figs.6.1_4a-c report single frames extracted from the three stacks acquired,
comparing the results obtained with and without pivoting (NO AOD on the left, SB
on the right). Red arrows indicate the areas where the shadow suppression was
stronger.

The normalized intensity profiles were extracted from the frames displayed,
obtained from a longitudinally averaged intensity projection. Then, the difference

between the two profiles was calculated. The degree of shadowing suppression
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was estimated from the ratio R between the integrals of the absolute values of the

intensity profile difference, and the SB one, taken as reference.

NO AOD SB

Figure 6.1_4: Shadowing suppression quantification. (a), (b), (c) Single frames acquired in three
different mouse brains expressing fluorescent protein tdTomato, taken in NO AOD (left) and with SB
(right) mode. Areas of larger striping attenuation are indicated by red arrows. Scale bar size: 100 ym.

Modified from'2.
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Substacks of ten consecutive frames were considered to calculate the mean and
standard deviation of the ratio. The shadowing suppression ratio estimated for the
samples (a), (b), and (c) were respectively of R, = (8.5 0.3)%, R, = (13.6 +
0.8)% and R, = (5.3 + 0.2)%, showing an effective improvement provided by the
beam pivoting.

Engineering the system with proper optics, following the model described, allowed
to preserve the confocal detection and axial light uniformity. Then, to verify that
confocal detection effectively improves the image contrast and that the beam
pivoting did not affect this parameter, widefield acquisitions were also performed
by leveraging the global shutter camera modality (that is the modality where all the
pixels of the camera are simultaneously active and exposed).

Specifically, the same line exposure time was set to keep constant the per-row
illumination intensity, while the digital slit height was expanded by about ten times
via a corresponding reduction of the rolling shutter sweep pace (from 221 ym up to
2048 pm in camera space). The detection parameters used for imaging the
fluorescent beads for the PSF and the mouse brain are reported in Tab.6.1_1.

It is worth noting that the scanning time Ts.qnning Previously found, was almost an
order of magnitude lower than the minimum rolling shutter pace set on the sensor
(up to two orders lower for confocal detection). It provided a pivoting dynamic much

faster than the acquisition one to averaging out the shadowing.

Stepsize  Lineexp.  Rolling shutter
Experiment N. frames
[um] Time [ms] pace [Js]
PSF est. (confocal) 200 1 3 90.00
Brain imaging (confocal) 350 2 3 90.00
Brain imaging (widefield) 350 2 3 9.74

Table 6.1_1: Detection parameters for imaging in fast multidirectional DSLM
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The image contrast ratio between the two main configurations (for SB and NO
AOD) were calculated according to the normalized discrete cosine transform
(DCT) Shannon entropy®’.

In Tab.6.1_2, the contrast ratios for both the pivoting modalities are reported,
calculated as the ratio between the contrast evaluated on images taken with the
digital slit and the one obtained on images without (widefield detection). The data
were taken from several brain areas in three different samples, comparing each
corresponding frame between the acquired stacks. Thus, the values refer to the
mean and standard deviation calculated from all the contrasts. The P-value
reported in the third column was calculated between the two data sets. These
results indicated a statistically significant difference between the two data
collection.

For both the pivoting modalities, the contrast resulted improved demonstrating that
the beam pivoting did not affect the well-known benefit of confocal detection in
DSLM. The relative contrast enhancement provided by a pivoted illumination (SB
mode) was smaller than without (NO AOD) and this difference could be attributed
to the not perfect confocality linked to pivoting. The beam could indeed excite some

areas out of the digital slit while being swept for shadowing reduction.

Contrast ratio SB Contrast ratio NO AOD P-Value
1.11+0.03 1.20+0.02 <0.0001
1.11+0.03 1.15+0.07 <0.0001
1.10+0.02 1.28+0.07 <0.0001

Table 6.1_2: Contrast ratio calculated between confocal and widefield detection in SB and NO AOD

modality.
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6.2. Dual-beam confocal DSLM

Once showed how to suppress the shadowing in images taken by a DSLM, the next
goal was to speed up the peak frame rate of acquisition. With respect to standards
confocal detection, here is proposed a camera sensor with two rolling slits, coupled
and synchronized with two beams independently controlled and generated by an
AOD (relative methods in chapter 5.3).

Thus, the improvement due to this dual-confocal detection regime was tested and
compared over the single modality in typical DSLM imaging applications. First, to
probe this high-speed CDSLM, the zebrafish larvae’s brain activity was imaged and
monitored comparing the single and dual illumination and rolling shutter mode
(Figs.6.2_1a,b). Second, several other rolling shutter readout modes were
compared while imaging the mouse brain tissue (Figa.6.2_1c-h), while verifying the
preservation of the contrast enhancement guaranteed by confocal detection.

No qualitative difference between the two detection regimes was observable. In
highly transparent samples no cross-talk was observable in the sensor centre in the
diverging or converging rolling shutter modes (Fig.6.2_1e and 6.2_1f respectively).
Furthermore, the acquisitions taken in the mouse brains were quantitatively
compared by evaluating the contrast as in'. First of all, each image was
normalized by its total intensity in order to avoid fluctuations correlated to different
laser intensities. Then, from the image histogram, the standard deviation (std) was
calculated to quantify the signal distribution width. Even if the std of the image
histogram is not an exact estimator of the image contrast it is a correlated
parameter that provides a direct comparison between the two methods.

In the end, the two values were normalized to the case of single beam illumination
in a confocal regime. The resulting adimensional ratios are reported in Tab.6.2_1,

showing no significant difference evident between the two imaging schemes.
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Single CSLFM Dual CSLFM

zebrafish

Figure 6.2_1: Single and dual beam acquisition. (a) Representative single (top to bottom readout) and
(b) dual (diverging rolling shutter readout) beam CLSFM full-frame images neuron nuclei in a zebrafish
larva brain, respectively, colour-coded purple. The inset shows a 4x magnified left habenula area
within the diencephalon where neural activity can be observed. Scale bar size: 200 um; 20 pm in the
inset. (c), (d) Single and (e)-(h) dual beam representative CLSFM full-frame images of cell nuclei within
a mouse brain cortex area, acquired in the different rolling shutter readout direction modes of the
sCMOS camera. No qualitative nor quantitative difference in the image quality is observable. Modified

from?’8.
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This outcome was expected since the single row exposure time did not change
during the sample vertical scanning. On the other hand, the concurrent readout of
the two halves of the camera sensor allowed to halve the total exposure time,

doubling the frame rate.

Modality Norm. contrast Frame toxp[ms] Fps
Single beam 1.000 £ 0.020 22 45
Dual beam 1.019 £ 0.015 11 90

Table 6.2_1: Contrast estimation between single and dual beam illumination. The adimensional ratios
obtained normalizing to the single illumination case the standard deviation of the image histogram

taken. Errors are calculated on n=4 different images. texp: €xposition time; Fps: frame per second.
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6.3. Light polarization effects on
signal detection in 2P-LSFM

The last point addressed in the contest of LSFM performance optimization was
fluorescence signal detection. In particular, the effect of light polarization excitation
has been probed in a 2P LSFM over several fluorophores like fluorescein, enhanced
GFP (EGFP) and the calcium sensor GCaMP6s with different diffusion dynamics
once expressed in different samples (relative methods in chapter 5.4). The
detected signals (A.U.) experimentally obtained in all the configurations have been
summarized in Tab.6.3_1 and discussed in the following one by one. In the end,
these results have been also compared with the behaviour expected at priori (see
Egs.2.2.2_7 and 2.2.2_8).

The reference taken to describe the following results is the one reported in
Fig.5.4_1 in the methods. There, the camera detection axis has been labelled with
Z, while the laser beam propagation direction after the illumination objective and
the corresponding orthogonal orientation have been indicated with ¥ and ¥
respectively. The polarization direction of light excitation has been defined vertical
or horizontal if parallel to Z or y respectively. Coherently with this LSM configuration,

the maximum signal detected is expected with a horizontal polarization.

Polarization Circular Vertical Horizontal
Fluorescein (3754+09) AU (530.5+0.8) AU (545.6 +2.2) AU
EGFP fixed (41.6+£15.3) AU  (45.0+14.2) AU (69.3 £ 20.4) AU
EGFP living (63.4+18.8) AU (489+17.5)AU (75.2+29.2) AU
GCaMPé6s fixed (14.5+1.1) AU (15.5+ 1.3) AU (26.5+1.5) AU
GCaMP6s living (3.6 £ 1.9) AU (2.1 +£1.4) AU (4.8 £ 3.5) AU

Table 6.3_1: Detected signal obtained for circular, vertical and horizontal excitation polarization states

for different fluorophores and sample configuration.
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It is because in this photoselection case, the excited fluorophores would emit
preferentially in the orthogonal direction, i.e. the one parallel to the detection.
However, by exciting small molecular-weight fluorophores in a medium where they
can rotate completely unrestrained, the fluorescence emission is expected to be
isotropic. Indeed, since in this condition the thermally induced rotation movements
happen on time scales much shorter than fluorescence lifetime, all anisotropy
induced by photoselection is washed out.

Thus, the first study case was a highly concentrated fluorescein solution, where the
different detected signal was evaluated using linearly and circularly polarized light.
Corresponding results have been shown in Fig.6.3_1a, normalized to the average
value obtained in the circular polarization case (and so also for the next graphs).
As expected, since the anisotropy is lost in this case, only small differences were
evident in the two cases of linear polarization: a slightly enhanced signal (+3%
larger) was detected employing a horizontal polarization with respect to vertical one
showing a residual degree of spatial anisotropy induced by photoselection.
Interestingly, a much larger increase (+45%) was observed for the two linear
polarization conditions with respect to the circularly polarized light. This is
consistent with the expected lower 2P excitation efficiency that characterizes
circular polarization.

Nevertheless, it is worth noting that circular polarization can excite the dyes in a
spatially homogeneous fashion, while the linearly-polarized light can excite, even if
with a larger excitation probability, only the subset of dyes that have a component
parallel to its polarization-plane. However, this result shows that in the case of
isotropic emission (randomly distributed fluorophores) the widening of the group of
possible target dyes is not sufficient to compensate for the decrease in excitation
efficiency for the circular polarization with respect to the linear polarization.

The second case of study regarded the polarization effect on animal tissue where
the fluorophores result constrained by being embedded in the anatomical structure.

It makes the molecule less free to move and rotate, theoretically leading to a higher
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degree of photoselection-induced anisotropy in emission. To observe this, zebrafish
larvae expressing EGFP have been imaged both in fixed and in living conditions. In
this case, an arbitrary ROl has been selected for each larva (Fig.6.3_1b),
measuring the mean fluorescence signal in the three depicted polarization
conditions.

Differently from the former case study, there were no significant differences
iluminating the sample with a circularly polarized light and a vertical one in fixed
(Fig.6.3_1c) and the living tissues (Fig.6.3_1d).

On the other hand, a large and significant signal increase in the horizontal-
polarization condition was recorded with respect to the circular and vertical one in
fixed-condition (+67% and +54%, respectively) and in living conditions (+41% and
+54%, respectively). Even though the fluorescent level difference between
horizontal and vertical conditions is much more pronounced than in the former case
study, a non-zero signal for all tested polarizations was still present. It implied that
emission was not fully polarized in the animal tissue, with a significant degree of
randomness in the fluorophore orientation.

However, the larger molecular weight of the EGFP fluorescent proteins with respect
to fluorescein and the increased viscosity of the tissue allowed to preserve the
emission anisotropy and enhanced the difference between the signal detected in
the optimized horizontal polarization with respect to the vertical one.

Finally, the effect of the polarization photo selection was tested with the fluorescent
calcium indicator GCaMP6s. Like in the previous study, for the fixed sample, the
average fluorescence signal emitted by three arbitrarily selected ROIls was
measured (Fig.6.3_2a). On the other hand, during live imaging of the indicator, the
cellular calcium levels varied in time, and so did the emitted fluorescence, reflecting
the time-dependent neuronal activity. In this case, ROIs were drawn around
individual neurons, as shown in Fig.6.3_2b.

In the fixed sample, no significant difference was observed between the circular

polarization and the vertical polarization, similarly to the EGFP case.
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Figure 6.3_1: Effect of polarization state on fluorescein and Tg(actin: EGFP) larvae. (a) Scatter plot of
the signal generated by a fluorescein solution excited with circularly, vertically or horizontally polarized
light. Each condition was tested in triplicate and each point represents a single measure. The signal
value is normalized to the average of the circular polarization case. Statistically, significant differences
are indicated by three asterisks. (b) Z-slice extracted from a volumetric acquisition of larvae in fixed
conditions. The green ovals indicate the ROI trace on this larva. Scale bars: 100 uym. (c), (d) Scatter
plots of the average signal measured from the ROIs as a function of the polarization condition in
zebrafish larvae in fixed and living conditions respectively. Each point represents an individual
acquisition, the points inherent to the same animal are indicated with the same colour in the respective
graph. The average values for each animal and each condition are linked with lines of the same colour.
In each graph, the signal value is normalized to the average of the circular polarization case.
Statistically significant differences are indicated by three asterisks (p-value < 0.0001). Modified

from104,
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Figure 6.3_2: Effect of polarization state on Tg(elavli3:H2B-GCaMP6s) larvae in fixed and living
condition. (a) Individual z-slice extracted from the volumetric acquisitions of a representative larva.
The green oval indicates the ROl measured for this larva. (b) Maximum projection of a sub-volume of
the volumetric stack (70 ym along the dorso-ventral direction from the original 150 um) of the larva in
live condition. The coloured ovals indicate the different ROls. Scale bars: 100 um. (c), (d) Scatter plots
of the average signal measured from the ROlIs traced on the larvae as a function of the polarization
condition in fixed and living conditions respectively. The signal value is normalized to the mean of the
circular polarization case. Statistically significant differences are indicated by asterisks (***: p-value <
0.0001, **: p-value = 0.0016). In (c) each point represents an individual acquisition, the points inherent
to the same animal are indicated with the same colour. The average values for each animal and each
condition are linked with lines of the same colour. (d) Different colours indicate different ROlIs, as
shown in (b). For each colour, each point represents an individual acquisition. The average values for
each ROI and each condition are linked with lines of the same colour. The thick black line indicates

the global averages for each condition. Modified from%4,

Again, the measured fluorescence signals in the horizontal-polarization condition

showed a large and significant increase with respect to the circular (+83%) and the
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vertical-polarization (+71%) situation (Fig.6.3_2c). The conclusions were the same
as before.

Interestingly, in the last case, i.e., the GCaMP®6s living condition, no significant
differences were observed between the circular-polarization condition and the
vertical- and the horizontal-polarization conditions (Fig.6.3_2d). Anyway, a large
and significant increase (+128.6%, p-value = 0.0016) in the fluorescence signal
level in the horizontal-polarization condition with respect to the vertical polarization
condition.

The slightly different trends observed for GCaMP6s between the fixed and the living
conditions could be ascribed to several factors. The fixation procedure induces
cross-linking between molecules that could alter the rotational mobility of the
fluorophore. Moreover, the physicochemical properties of the cytosol change
between the living and the fixed states and this medium alteration could affect the
motion of the dye. Finally, the fine spatio-temporal biological control of the calcium
distribution is completely abolished in the fixed state and therefore the distribution
between the bound and the unbound states of the fluorescent sensor is altered in
the two cases too, affecting its fluorescence characteristics.

At last, the aforementioned results were compared with the a priori estimations
based on the anisotropy reduction factor computation (see Egs.2.2.2_7 and
2.2.2 8). In Tab.6.3_2, the parameters used for the calculations of rotational
correlation time a and of the anisotropy reduction factor 8 are reported for the
different samples considered. While the lifetimes of these three fluorophores are
similar, the volumes of EGFP and GCaMP6 are one to three hundred times larger
than that of fluorescein, providing a reduced rotational diffusion capability and
maintenance of emission anisotropy.

In detail, the small residual anisotropy empirically found in fluorescein (+3%) was
consistent with the corresponding estimated value Briyuorescein = 2%. Much larger
differences in emission intensity were found between horizontally and vertically

polarized excitation for EGFP (+54% both in fixed and living condition) and
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GCaMP6 (+71% and +128% in fixed and living condition respectively), congruously

with the expected anisotropy reduction factors. In conclusion, the experimental

observations agreed with these estimated trends.

Sample Vol [nm?] T[ns] T[K] n [Pa-s] a [ns] B
Fluorescein 0.34 4.1 293.15 8.9-10* 76-10° 2%

EGFP 33 2.6 293.15 1.2-10° 10 79%
GCaMP6s 91 2.5 293.15 1.2-10° 27 92%

Table 6.3_2: Macroscopic properties and parameters used to calculate the rotational correlation time

and the anisotropy reduction factor of different fluorophores. V: volume; T: fluorescent lifetime; T: room

temperature; n: medium viscosity; a: rotational correlation time; B: anisotropy reduction.
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7.1. Hybrid scanning optical
characterization

In order to achieve a fast light addressing and cellular manipulation of three-
dimensionally distributed cells, an AOD-based scanning head has been
implemented exploiting a near-infrared light source for 2PE for deep optical access.
Moreover, a further GM-based scanning head has been coupled with the former
for visualization of larger areas and to enable a specific selection of dislocated
neuronal clusters (relative methods in chapter 5.5). This hybrid scanning head
required a proper characterization and parameter calibration here reported in
detail.

To obtain a fast beam focussing with four AODs, they require to be driven by
properly chirped signals (see chapter 3.3.). Then, the first calibration phase
regarded the effect of chirping on the beam focusing and lateral deflection.

To begin, the axial displacement AZ generated by chirping was estimated a priori.
Recalling Eq.5.5.1_1, there is a linear relation between AZ and the chirp a, where
the proportionality k depends only on an optic magnification factor, the acoustic
properties of the AO crystal and the excitation wavelength: the estimation result
was k = (6.4 £ 0.5) ym-ps/MHz.

To measure this factor empirically a thin layer of BaTiOs (Barium titanate powder,
thickness <3um, 99%, Sigma-Aldrich Corp., St. Louis, MO, USA) was first
positioned at the inherent objective focal plane, in order to obtain a high-contrast
signal. A reference volumetric image stack of the layer was acquired by moving the
objective-lens stepper motor around this reference position. Then, the sample was
imaged by performing a 2D raster scan with the AOD unit driven with unchirped
acoustic waves.

Subsequently, the focal plane addressed by the excitation light was varied by

changing the chirp parameter in each AOD. At this point, a second image stack
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was acquired by moving the objective with the stepper motor and 2D raster
scanning this time with the AODs at a fixed chirp rate.

The whole procedure was repeated symmetrically varying the chirp a by discrete
steps around 0 MHz/us, i.e., the unchirped case.

In the sample, the same ROI was selected for each acquired stack; the axial
intensity profile integrated over such ROl was then fitted with a Gaussian model to
determine the axial position of the intensity peak. As displayed in Fig.7.1_1a, the
linear regression fit of the observed response yields a slope of k = (7.70 £ 0.46)
pum-us/MHz. The slight discrepancy between the measured value and the
theoretical estimation could be attributed to small inaccuracies in the positioning of
the lenses, which therefore provided an actual magnification different from the
nominal one used in calculations.

With four AODs, a light beam lateral deflection is induced precisely, defined by the
difference between the central acoustic frequencies of the ramps applied in the
coupled stages (recall EQ.3.2_9). Through the imaging of the same BaTiOs sample,
a referenced translation of a fluorescent point-like spot enabled the evaluation of
the conversion factor between the lateral displacement and the driving frequencies:
it resulted in €=1.75 pm/MHz.

Due to slight optical misalignments, a chirp-dependent error compensation was
required wherever the coordinates of the target focal point resulted laterally shifted
with respect to the centre of the FOV. Then, to quantify this effect, the FOV shift
was measured as a function of the applied chirp.

Image stacks of a thin layer of BaTiO3 were acquired, moving the objective along
the optical axis by means of the axial stepper motor, and illuminating with a 2D
AOD-based raster scan. After, equal volumetric image stacks were acquired by
progressively setting positive, null and negative chirp values. The whole distribution
of the fluorescence peaks was tracked within the stack, quantifying the drift suffered
by a reference target varying the chirp a. The frequencies to be applied to balance

this drift were linearly fitted and reported in Fig.7.1_1b and 7.1_1c for the x and y
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axes respectively, from which a drift slope was evaluated of m, = (2.28 + 0.07) us

andm, = (1.17 £ 0.03) us, at 95% confidence interval.
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Figure 7.1_1: Optical characterization of the hybrid scanning unit. (a) Calibration of the AOD-
generated axial displacement as a function of chirping rate, shown by linearly fitting the relative
positions of fluorescence peaks collected from the separate planes addressed by AODs. (b), (C)
Frequency shift imposed as a function of the chirp along x and y, respectively, to dynamically balance
the lateral drift induced by chirping (in respect to the centre frequency fc = 75 MHz). (d) The
fluorescent signal collected by the PMT as a measure of the acceptance angle of the second AOD
stage; the second stage was driven statically at fc = 75 MHz. (e) Normalized intensity map collected
by the PMT as a measure of the transmission efficiency through the second AOD stage; the first stage
was instead driven statically at fc = 75 MHz. (f) Radial (left) and axial (right) PSFs measured by
scanning fluorescent beads with Galvos (top) and with AODs (bottom). Modified from Ricci et al. 2021.
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Here, the error bars associated with the points denoted the lateral resolution of the
AODs, in terms of frequency. In this regard, the AOD resolution depends on the
effective access time required by the sound wave to cross the crystal, and the
frequency bandwidth, Af = 30 MHz. For an optical aperture with diameter D=7.5
mm and a propagation speed of the acoustic wave in TeO, of v=650 m/s, the
maximum estimated access time was dt=11.5 ps. However, since the laser beam
did not overfill the AOD aperture, as the 1/e? spot diameter evaluated at its entrance
was d = 2.5 + 0.1 mm, then the acousto-optic interaction area was smaller, leading
to an effective access time dter = 3.85 £ 0.15 ps. The number of distinguishable
points can be calculated as Ngrayeign = dter - Af = 117, providing a frequency
resolution of Af/ Nrayieigh = 0.25 MHz.

The results of the fit were used to dynamically balance the lateral shift when chirping
the driving RF for volumetric scanning AOD. In such a way, the frame stack
acquired by varying the chirp parameter was consistent and laterally stable.

The second phase concerned the evaluation of the optical transmission through the
second AOD couple as a function of the frequencies applied to the first one. In other
words, since different frequencies correspond to different beam deflections,
through the action of the first couple, this measure is meant to estimate the
acceptance angle of the second stage in terms of frequencies.

In order to do this, the second AOD stage was set statically at f.=75 MHz on both
the axes, while the first stage was scanning the laser beam in full bandwidth range
(Afmax=30MHz). Fig.7.1_1d shows the intensity map collected from a homogeneous
fluorescent sample (Autofluorescent Plastic Slides 92001 Chroma Technology
Corp), in response to the described 2D raster scan. A Gaussian fit obtained along

the transverse direction of the collected intensity profile resulted in a

FWHM=(3.34+0.03)MHz, corresponding to an acceptance angle A8 = $ 80

s

0.313°. It indicated a really low tolerance in the acceptance angle as input for the
second stage, becoming critical. This determines a limit on the frequency range

applicable to the first AOD couple, outside of which the transmission through the
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second stage drops significantly. For this reason, a trade-off between the optical
transmission and the acceptance angle was found in order to maximize the lateral
scan (FOV size).

Recalling Eq.3.2_9, the lateral deflection affecting the beam depends on the offset
between the central acoustic frequencies driving the coupled AODs. Therefore, in
static configuration for 2D scanning, the frequency of the first stage was set at
fix=f1,=fc, while the second stage pivoted the beam in the full angular range allowed,
i.e., addressing each point by different coordinates (fu; fa).

However, when the chirped mode was activated for 3D random access or fast
volumetric stacks, the dynamic slightly changed. In this case, the frequencies
linearly swung around the centres formerly defined but in a limited frequency band:
this had to be lower than the effective bandwidth measured by the aforementioned
Gaussian fit. To maximize the power transmission from the second stage, the
ramping band was constrained as much as possible within a very narrow high-
efficiency frequency window Afes=1 MHz. This expedient provided the smallest input
incidence angle for the second couple maximizing the power transmission and the
lateral FOV achieved by AOD scanning.

Then, the third phase concerned the transmission uniformity provided by pivoting
with the second AOD stage. To this aim, the first couple was driven statically at
fe=75 MHz on both axes. It is worth highlighting that in this case, unlike what
happens by scanning the laser beam using the first AOD stage, there were no
further constraints on the applicable RFs other than the effective bandwidth of the
deflectors, Afmax=30MHz.

Fig.7.1_1e shows the fluorescent intensity map collected by the PMT from a
homogeneous fluorescent sample (Autofluorescent Plastic Slides 92001 Chroma
Technology Corp), in response to a 2D raster scan performed with the second pair
of AODs. A quasi-homogeneous intensity distribution (>75%) was achieved for a
lateral AOD-defined FOV of 30x30 um?. The reason for this relatively small FOV

was attributable to the particular optical configuration, dictated by the constraints
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of the Leica microscope exploited for the experiments (see chapter 5.5. for details).
To make the system able to work properly even with tilted beams, the spot width
and the scanning dynamics were adapted to the optics downstream to the second
AQOD stage.

Lastly, the optical features of the GM and AOD beam-scanning systems were
quantified and compared. To this end, their characteristic PSF was measured using
specimens containing fluorescent beads (TetraSpeck microspheres, Invitrogen
T7279, with radius r=50 nm) at a final concentration of 0.0025% (vol/vol), in 4%
agarose gel. When using the AODs, the axial displacement of the focal plane
originated from the modulation of the chirp parameter a whereas the image stacks
acquired with the GMs were obtained by axially translating the microscope
objective. The radial and axial intensity profiles of new=50 and naop=25 beads
respectively imaged with the GM- and AOD-based scanning approaches were
computed with the open-source software Imaged (U.S. National Institute of Health,
Bethesda, MD, USA). Fig.7.1_1f shows the raw data and the corresponding
Gaussian models, which allowed to quantify the mean axial and radial FWHM values
related to both techniques. In the radial direction they were respectively estimated
(0.73 £ 0.03) ym and (1.21 £ 0.05) um for GMs and AODs, while axially they were
(6.3 £ 0.2) um and (6.6 + 0.3) um, respectively. From a theoretical basis?®, they
were expected FWHM,, = (0.465 + 0.012) ym and FWHM, = (3.19 + 0.11) pm.
Nevertheless, the measured PSFs were reasonably compatible with the theoretical
predictions: the slight inconsistency was ascribable to the aberrations introduced
by the agarose gel. The small incongruences found between the two scanning
methods were instead attributable to a non-ideal compensation of angular
dispersions, which became particularly significant when chirping the AODs.
Anyway, we could therefore conclude that the two scanning heads in the optical

path did not significantly affect the lateral and axial resolution.
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7.2. Multi-triggered light

stimulation

Although AODs provide very fast inertia-free deflection and focusing, they also
suffer from few limitations. The first intrinsic drawback is related to their diffraction
efficiency. Indeed, even though the optical transmission of each separate AOD may
be as large as 95% for the first diffracted order when assembled in the crossed XY
geometry, the deflector stage overall light transmission efficiency is declared to be
around 50%. This implies that the four-AOD beam-scanning-unit transmission
efficiency is approximately 25%. Therefore, an adequate laser source, ensuring
enough output power to compensate for these losses, is required for imaging and
optostimulation applications.

Secondarily, the optical transmission is also a function of the radio-frequencies
applied to the AOD. In detail, each AOD is characterized by a narrow input
acceptance angle beyond which the output transmission efficiency drops
considerably (Fig. 7.1_1d). In other words, the second stage transmission depends
on the light deflection induced on the beam by the first stage.

When these devices are exploited to manipulate the beam focusing, chirped signals
are sent to drive the AOD, with frequencies that span a certain bandwidth. More
specifically, a restricted bandwidth around the centre would deviate the beam of a
small amount, guaranteeing the maximum transmission efficiency through the
second couple. Then, clearly, the time required to address a narrower frequency
band will be proportionally shorter than the one necessary for a larger bandwidth.
However, even if the ramp slope remains the same - and so also the chirp value
a=Af/At - the second case would involve also frequencies that provide a less
efficient light transmission. Furthermore, the point-to-point dwell time AT cannot be
freely modified but, as mentioned in 5.5.1., it is constrained by the commutation

time of 20us for the digital reconfiguration of the coordinates. This case is
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representative of what happens when a single signal - or single trigger ST - is sent
to the AOD with no bandwidth optimization (Fig.7.1_1d). This configuration also
implies that the energy deposited on different axially displaced planes is not
constant but is inversely proportional to the chirp. Indeed, recalling Eq. 5.5.1_1,
addressing distant planes requires large axial displacements of the AOL focus,
which in turn requires steeper frequency ramps with shorter duration, leading to a
progressive decrease in delivered power for increasing axial distance.

Here, to modulate the axial drift we developed a novel method of signal multitrigger
MT. First, to maximize the power transmission from the second stage, we
constrained as much as possible the first stage ramping dynamics within a very
narrow high-efficiency frequency window, Afer= 1 MHz, around the center of the
AODs effective bandwidth (f. = 75 MHz). Then, in order to tune the chirp, we varied
the effective ramp time Ateip that is the actual time required to sweep the AOD
driving frequency between the limits of the high-efficiency window Afes.

Through the fine configuration and repeated generation of the frequency ramps
driving the AODs, the inhomogeneity in the axial power delivery is significantly
reduced. Specifically, to raise the energy supplied to a given target volume within
the dwell time, we envisaged illuminating it multiple times, instead of only once.
For each sequentially addressed coordinate, we compute how many repetitions of
a single narrow frequency sweep completely fit the point dwell time. In detail, the
number of applied triggers (rounded to the lower nearest integer) is Nyigger =
AT/Atenip. In such a way, the total power delivered during AT is a multiple of the
power conveyed in response to a single frequency ramp: Pur = Psr* Niigger.

A further consideration about the minimum frequency sweeping time is however
required at this point. Namely, the resulting Atenir, must not be allowed to drop below
the lower threshold represented by the AOD access time dt. It is the time required
by the acoustic wave to cross the AOD internal crystal and interact with the beam
spot, steering light towards the target position. More specifically, the access time

is needed to prevent light from simultaneously interacting with consecutive
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frequency ramps. It would lead to a spurious splitting of the input laser beam and,
consequently, to the parallel interaction with distinct spatial coordinates of the
sample. In practice, if the above condition is not satisfied, “ghost images” would
emerge during image acquisition. In our configuration, the effective access time is
dt=4us (see chapter 7.1.).

An algorithm was implemented to compute the single ramp time Atenip, fOr each
value of chirp. Given a set chirp value, the algorithm starts to compute the
frequency bandwidth that would be addressed in the single trigger case, assuming

the entire dwell time AT for light-targeting:

Then, depending on the input chirp, two scenarios may arise:

1. Af < Afer: for very low chirp values, the ramping frequency stays within the
high-efficiency window and therefore Nyigger = 1 and Atenir, ~ AT; this case
corresponds to the maximum delivered power level (adopted as reference).

2. NAf> Afeg: for low chirp values, frequency sweeps exceed the available Afes
and in single trigger mode it would provide less transmission efficiency; the
algorithm then iteratively looks for the highest submultiple of the frequency
bandwidth, Afur=Af/n, fulfilling condition 1). When this is reached, the

following relation holds:

A AT
Menirp = = (72.2)

Then considering the access time constrain, a binary decision must be taken:
3. Ateip > dt: in this case, the number of applied ramp triggers is simply

provided by:
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AT
Ntrigger = AT/n =n (7.2_3)

4. Ateip < dt: for high chirp values. In this scenario, where ghost images would
appear, the algorithm forces Atenip=dt=4ps and Nyigger=AT/Atenin=5,
recomputing the ramping bandwidth Af = |a|-Atenirp accordingly. Exceeding
the available high-efficiency Afe, this configuration is inherently related to a

lower power efficiency with respect to the maximum reference level.

For each chirp value, Tab.7.2_1 reports the results of the calculations relative to
the effective bandwidth addressable, the number of triggers and the chirping time

once considered a dwell time of 20us.

Chirp [MHz/us] | Afsi[MHZz] Afyr[MHZ] Nirigger Atenirp [S]
0 0 0 1 20
0.05 1 1 1 20
0.1 2 1 2 10
0.15 3 1 3 6.66
0.2 4 1 4 5
0.25 5 1 5 4
>0.25 >5 >1 5 4
0.5 10 2 5 4
1 20 4 S 4
2 40 8 5 4

Tab.7.2_1: The results of algorithm calculation for each chirp value are reported together with the
effective bandwidth addressed, the number of triggers and the corresponding chirping time. Dwell
time AT =20us. Colour code follows the cases described in the algorithm: blue cells refer to ST mode;
red cells refer to the best configuration in terms of energy released, i.e., the very low chirp cases;
orange cells refer to low-chirp cases; yellow cells refer to high chirp cases. Atenip indicated in red are

representative of the cases where time coercion is applied to the minimum access time dt=4us.
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Figs. 7.2_1a, b show the transmission efficiency of the second stage as a function
of the frequency addressed (for further detail see Fig.7.1_1d). The areas coloured
in blue and orange are relative to the ST and MT case, respectively. In the two
panels are represented two different chirp cases: a low chirp case a=0.2 MHz/us
and a high chirp case a=0.5 MHz/us for Fig.7.2_1a and 7.2_1b respectively. The
number of triggers is indicated for the MT modality. As it can be observed, the
repetition of a shorter signal inside the high-transmission window is favourable with
respect to a single scan in the whole dwell time because more energy will be
released on the sample globally.

The driving RF signals used in the ST and MT scanning modes are schematized in
Fig. 7.2_c, along with the simulated integrated signal on the PMT. It depicts the
increase in delivered power to the target volume in MT mode as a function of time.
It is worth recalling that the beam lateral deflection depends on the difference
between the central frequencies of the chirped signals sent simultaneously to
coupled AODs (these are the ones corresponding to the same axis in each stage)
(Eq.3.3_9). Thus, even if the frequencies change as a function of time by chirping
the signals, in each moment the frequency difference remains constant. This also
means that during dwell time the beam position is univocally addressed. The RF
frequency shown on the y-axis of the scheme refers to the frequency applied
simultaneously to each AOD of both stages.

To demonstrate the improved photostimulation performance of the devised
method, we light-targeted a homogeneous fluorescent sample (Autofluorescent
Plastic Slides 92001, Chroma Technology Corp.) and detected the resulting
fluorescent signal with the PMT. The measure was repeated varying the chirp
symmetrically around 0 MHz/us, alternating ST and MT configurations. For each
considered chirp value, we illuminated a ROI located in the center of the optical
FOV by means of a 10x10 points 2D raster scanning, i.e. n=100 planar coordinates,
adopting a dwell time of 20 ps. For both the trigger modalities, the PMT integration

time was set at 20us, equal to the scanning dwell time. The results reported in Fig.
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7.2_d reveal the different intensity trends obtained for the ST and MT modes, as a

function of the chirp a.
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Figure 7.2_1: (a), (b). Transmission efficiency of the second stage as a function of the frequency
addressed. The areas under the graph are coloured in blue and orange, relatively to the ST and MT
mode respectively. (a) low chirp case 0=0.2 MHz/us; (b), high chirp case a=0.5 MHz/us. The number
of triggers is indicated for the MT modality. (c). Top: schematic of the RF signals used to drive each
AOD in single (blue) and multi-trigger (orange) modes. After the chirp a is defined, a frequency ramp
is generated once (single-trigger) or repeated multiple times (multi-trigger) within a dwell time window.
Bottom: the simulated integrated signal collected by the PMT. (d). Normalized fluorescence signal
collected by PMT as a function of the applied chirp, addressing light in separate planes with single
(blue) and multi-trigger (orange) configurations; 2D raster scans are obtained by illuminating 10x10
points with a dwell time of 20 ps. The integration time of the PMT was set coherently to 20 ps. Modified
from Ricci et al. 2021.

102



Results for 3D Optogenetic Photostimulation

The signal collected in the unchirped configuration, a=0 MHz/us, exhibited no
differences between the two triggering techniques since in both modes the AOD-
driving RF could be maintained within the high-efficiency bandwidth for the entire
point-to-point switching period. On the other hand, the relative enhancement of the
collected fluorescence intensity due to the MT mode tended to grow with increasing
absolute chirp values, in accordance with the progressive increase in the effective
light-targeting time, with respect to the ST approach.

Furthermore, the results demonstrated an enhanced power distribution
homogeneity. Indeed, the values obtained in MT varying the chirp between +1
MHz/us and -1 MHZz/us are larger than 70% of the maximum power delivered in the
nominal focal plane of the objective (no chirp).

Interestingly, in Fig.7.2_1d an asymmetry is observed: it was probably related to
light scattering in the material which induced lower intensity levels attenuation in
more superficial planes targeted by means of negative chirps, with respect to

deeper ones.
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7.3. 2P optogenetic stimulation
with AODs in zebrafish larvae

To demonstrate the performance of the novel AOD-based in-vivo photo-stimulation
method, optogenetic stimulation was performed in zebrafish larvae expressing the
red-shifted Channelrhodopsins variant ReaChR. Electrophysiological recordings
(local field potential, LFP) were used to read the neuronal activity from displaced
planes involving clusters of cells. Fig.7.3_1a schematically shows the experimental
setup adopted to optically stimulate and electrically record neuronal activity in
zebrafish larvae. Within the volume defined by the AOD scanning constraints in this
optical configuration (see Fig.7.1_1e), LFP responses were successfully evoked by
light-targeting ROls of 20x20 um? at 50-70 mW (peak laser power recorded at the
objective focal plane). During AOD axial scanning, the chirping frequencies which
drove the devices varied modulating a from -2 MHz/us to +2 MHz/us (with 1 MHz/us
steps) (Fig.7.3_1b): it allowed to light-targeting axially-displaced planes of selected
ROls in the hindbrain area.

To exclude any non-optogenetic effect of the laser stimulation (i.e., photoinduced
currents or thermal effects) a specific zebrafish larva was used, which lacked the
optogenetic actuator but expressed the genetically encoded calcium indicator
GCaMP6s. Exploiting the fluorescent indicator signal this model allowed indeed to
orient light targeting and to address the reference ROI for stimulation.

Fig.7.3_1c reports two average activity traces recorded in the larva expressing
GCaMP and ReaChR, relatively time-shifted to match the triggers. No evident
potential changes were elicited in the GCaMP larva under light stimulation, while
the ReaChR larva showed a clear evoked LFP response, under the same
stimulation parameters. In particular, in this experiment the full stimulation time for
both the case was ATw= 12.5 ms. This comparison proved the specificity of the

stimulation system ruling out any artifacts due to photoinduced current on the
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microelectrode or any thermal effects correlated with infrared illumination warming
of the sample.

Fluorescence of the reporter TagRFP was used to confirm the ReaChR expression;
Fig.7.3_1d shows the fluorescence image of larval zebrafish hindbrain acquired
using galvo scanning mode. Inside the orange square, which indicates the ROI
selected for AOD light-targeting, the fluorescent electrode tip is visible. Given the
size of the stimulation ROI of 400 um? and considering the typical size of neuron
bodies in larval zebrafish (5-7 um), and since neurons are tightly packed in this
organism, it can be estimated that the stimulated clusters were composed of 8-16
cells in each ROI. These are stimulated with beam spots that have a lateral size
corresponding to the measured PSF of d=1.2 um (Fig.7.1_1f).

To compare conventional single-trigger mode with our multi-trigger stimulation
strategy, two different stimulation experiments were carried on zebrafish larvae
expressing ReaChR in all neurons. First, the effect was evaluated by continuously
stimulating a stack of overlayed planes through AOD axial scanning. The LFP
amplitudes recorded were compared between the two triggering stimulation
strategies (Fig.7.3_1e). It was observed that the MT configuration was associated
with a significantly larger amplitude response with respect to the ST one (+54%
between the average values of the two configurations, p-value<0.0001). This
indicated a significant increase in neuronal activity response induced by volume
photostimulation exploiting the multi-trigger modality. The latter, as expected,
provided enhanced optogenetic neuronal stimulation efficiency since it delivered
the excitation light for longer periods, within the same dwell time, compared to
single-trigger mode.

Next, the effect of the two trigger modalities was tested on optogenetic stimulations
within single planes addressed separately in the aforementioned range of chirp
values (Fig.7.3_1f). With respect to the unchirped condition, amplitudes of events
evoked with positive or negative chirp values were smaller. Nevertheless,

amplitudes evoked in MT configuration were larger than those recorded with the
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ST configuration for every chirp value, confirming the conclusions of the first

experiment (p-value<0.0001 for each comparison between ST and MT).
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Figure 7.3_1: Optogenetic stimulation results. (a) Schematic of the electrophysiological recording

setup. The pipette tip was positioned in the centre of the ROI (orange square) addressed by light
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stimulation. The dashed grey square indicates the plane selected by the AOD scanning stage. 2D
raster scans of 20x20 pts were repeated to reach the maximum evocable peak amplitudes, obtained
after n=5 stimulation cycles with a dwell time AT = 20 ys. (b) Schematic of AOD axial scanning where
the chirp parameter is modulated from -2 MHz/us to +2 MHz/us, addressing different planes. Each
chirp unitary step corresponds to an axial shift of 7.70 um with respect to the inherent objective focal
position. (¢) Representative average LFP traces were recorded in zebrafish larvae expressing GCaMP
(green) and with ReaChR (red) in neurons, relatively time-shifted to match the stimulation trigger
(brown). The test was repeated for N=3 larvae. The full stimulation time for both the case was ATiwt=
12.5 ms. (d) Fluorescence image of larval zebrafish hindbrain acquired using galvo scanning mode.
The orange square highlights the ROI selected for AOD light-targeting. The fluorescent recording
electrode tip is visible inside the ROI. (€) Normalized amplitudes of the electrophysiological responses
induced in single trigger (ST, blue) or multi-trigger (MT, orange) conditions (n=1 scanning cycle for
each plane). Data from N=4 zebrafish larvae are indicated by different symbols. Black lines join the
average values for each animal. Thick horizontal black lines indicate the global average values in the
two conditions. (f). Normalized LFP amplitudes evoked in the two trigger conditions as a function of
the chirp value. Different symbols indicate data from N=7 zebrafish larvae. Line segments join the
mean values for each trigger condition and chirp value (n=5 scanning cycles each plane). (g). The
coloured curves indicate the estimated probability to observe an electrophysiological response
evoked by light stimulation for the two trigger modalities as a function of the chirp values (n=5 scanning
cycles for each plane). Positive and negative events recorded from all the N=7 zebrafish larvae with
the two trigger modalities are reported by coloured spots, respectively in the top and bottom areas of
the plot, for the corresponding chirp values. (g), (f) Statistically significant differences between all the
comparisons between ST and MT acquisition are indicated by three asterisks (p-value < 0.0001).
Modified from Ricci et al. 2021.

The normalized average peak amplitude differences between events evoked in
multi- and single-trigger configurations are reported in Tab.7.3_1 for every chirp
value.
Finally, the probabilities to observe an optogenetically-induced neuronal activation
were compared as a function of the different chirp values, in the two trigger
configurations (Fig.7.3_1g). The number of recorded events is reported in
Tab.7.3_2. As in the former experiment, it was observed that positive or negative
chirp values decreased the probability to observe an event with respect to the
unchirped case (0 MHz/us). However, the MT condition significantly compensated
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for this phenomenon with respect to the ST mode, greatly reducing the gap with
the unchirped condition.

Notably, the probability curve was asymmetric, decreasing more rapidly for positive
chirp values. This behaviour reflected the analogous trend found testing the
fluorescent signal detected in a homogeneous fluorescent sample, where larger
energy delivery was shown to be related to negative chirps with respect to the
positive ones, due to shorter light propagation in the sample and lower scattering.
Interestingly, in multi-trigger modality, it was found an activation probability always
larger than 75% for all the chirp values, in opposition to the low efficacy in using
single-trigger light stimulation with non-zero chirp values. It demonstrated that in
MT there is an almost uniform probability distribution to optogenetically trigger the
neuronal activation in all the volume addressable.

Overall, these results exhibited how the proposed method allowed unprecedented
three-dimensional 2P optostimulation in zebrafish larvae by means of AODs.
Pushing up the energy distribution deliverable in the volume, we observed
remarkably increased neuronal response and uniform activation probability,

validating the use of AODs for effective 3D photostimulation.

Chirp Values
-2 -1 +1 +2
[MHz/ us]
Norm. Amp.
(26.7+4.1)% (37.3+3.5)% (31.8£3.9)% (24.8+4.5)%
Differences MT-ST

Table 7.3_1: Difference values (and their standard errors) between the normalized average
amplitudes of the electrophysiological responses evoked in the multi-trigger and single-trigger
configurations with different chirp values. Amplitude values were normalized with respect to response

at 0 MHz/us. P-value < 0.0001 for all these differences.
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Chirp Observed events Missed events Total
[MHz/ps] ST MT ST MT ST MT
+2 8 37 46 15 54 52
+1 21 43 29 7 50 50
0 57 0 57
-1 28 48 22 7 50 55
-2 13 42 35 11 48 53

Table 7.3_2: Number of observed and missed events for each chirp value tested in single-trigger (ST)

and multi-trigger (MT) modes for all the examined zebrafish larvae (N=7).
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Optical imaging and light triggering of neuronal activity in large volumes is a hard
technological challenge to win. In order to achieve this goal, researchers need
flexible and rapid devices to illuminate different targets displaced in the sample.
Acousto-optic deflectors (AODs) are high-performance devices well suited to
spatially control light beam propagation. AOD repetition accuracy, stability and fast
dynamics allow microscopists to exploit them in several applications as a valuable
alternative to other standard solutions, like galvanometric mirrors, spatial light
modulators or digital micromirror devices. Indeed, with AODs it is possible to
change the beam propagation direction by simply varying the acoustic frequency
sent to a piezotransducer, reaching up to MHz repositioning dynamics'™®.

This timing perfectly fits not only the biological dynamics of the neuronal activation
but also other biological applications. For example, the latest advancement in bio-
engineering provided fast responsive tools for imaging voltage using fluorescent-
based sensors — the genetically encoded voltage indicators (GEVIs)'™41€5,
Furthermore, recent technological progress in camera sensing'® allowed the
investigation of fast events such the calcium transients. For this reason, modern
sCMOS sensors'® are often coupled with fast scanning systems to keep up with
the high frame rate of acquisition.

Within this panorama of applications, AODs are employed worldwide in several
fields. In this thesis, the first application of AODs regards their implementation in
the illumination path of a light-sheet fluorescence microscope.

LSFM is a planar illumination technique that brought a revolutionary contribution to
optical imaging of biological specimens’™. However, image quality degrades in
presence of striping artifacts, correlated to the side illumination and originating
during light propagation in samples containing scattering or absorbing structures.
In this thesis, a novel method has been proposed to remove the artifacts,
compatible with a DSLM configuration in confocal detection. The suggested AOD-
based pivoting device controls the rotation of a tailored elliptical-Gaussian beam,

obtained through a properly designed beam-shaping system. For this, it has been
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considered that the degree of striping artifact suppression is closely correlated with
the effective numerical aperture used to illuminate the sample. This is because the
size of the occluding objects defines the smallest incidence angles required for the
light to circumvent them. Moreover, to preserve the possibility to combine this
approach with confocal detection, the beam has been shaped to cover the
detection slit in every orientation of the beam, while it is tilted through the vertical
axis of propagation.

In this context, the advantage of using an AOD with respect to other scanning
heads was that the obtained laser scanning rate (~1us) was faster than the highest
detector acquisition rate achievable today (~10us)'®. In this way, it was possible to
average out over time the shadowing attenuation from different angles without
imposing any constraint on the imaging rate. Three cleared mouse brains
expressing the tdTomato fluorescent protein have been imaged observing an
almost complete striping remotion from the images with respect to a classical not-
pivoted Gaussian beam illumination. It has been also shown that the beam pivoting
does not affect significantly the lateral and axial resolution.

At the same time, the relative image contrast enhancement provided by confocal
detection resulted preserved in both the configuration.

From a comparison of the two contrast improvements, it was found to be slightly
larger for the classical approach. To be sure of covering the digital slit during the
pivoting, a larger beam was designed but, as a side effect, part of the illumination
spread out. However, pivoting a beam larger than the one used in the
unshaped/unpivoted configuration results in a lower average illumination power
over a larger exciting volume.

Even if alternative beam shaping strategies could be adopted to increase the
detection efficiency, the easiest solution is to increase either the laser excitation
power or exposure time. Conversely, this solution unavoidably leads to larger
photodamage for the sample. This pivoting configuration requires specific optical

designs and hardware modifications of standard SPIM setup. However, even if the
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integration of bulky optoelectronic devices can result complex, demanding and
expensive, it is still time effective with respect to the post-processing alternatives to
remove the striping. In addition, this latter approach is sometimes affected by
reconstruction artifacts, especially in cases when the detected signal becomes
comparable to background noise level™.

Alternative optical methods do not guarantee instead a complete striping
removal'®®1%° while other pivoting approaches, not AOD-based®°"'"* are not that
fast enough to completely attenuate the shadowing®.

Oher excitation strategies, as infrared or NIR, may provide several benefits because
particularly effective in reduce scattering and light absorption in respect to visible
illumination. Interestingly, no evidence of striping artifacts is present in literature in
2P LSFM"4344:4663171 However, it is worth noting that a 2P excitation line is surely
less cost-effective than a 1P apparatus and a complete optical redesign is required
in order to account for the different wavelength bands.

In conclusion, it is the biological goal of the experiment that should drive the choice
of the method to employ in a LSM, looking for the best compromise to improve the
image quality by striping reduction.

Going over this application, the AOD potentialities are not limited to fast pivoting.
They can be properly used for multibeam generation by supplying multiple signals
at different frequencies to the piezotransducer. The impinging beam will interact
simultaneously with all the generated sound waves that propagate inside the
crystal. This peculiar feature has been used in a DSLM to generate and control
simultaneously two light sheets, showing the compatibility with dual confocal
detection.

In particular, this AOD-based dual Gaussian beam excitation system was
synchronized with an sCMOS camera working in single and dual-rolling shutter
readout mode. In this work, it has been demonstrated how the dual-confocal
detection regime achieved a twofold improvement in imaging speed, with respect

to traditional confocal DLSM. This enhancement has been probed in samples with
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small background levels such as optically cleared mouse brains and in zebrafish
larvae, verifying that the image contrast did not change.

Even though the multibeam generation with AODs has been demonstrated in this
thesis’'*2 and in other recent applications®, the number of targets simultaneously
addressable is limited to few elements by the electronics necessary to generate
multiple wave signals.

The last study performed on a light-sheet microscope demonstrated how a proper
choice of the polarization state of the light excitation improved the detection of the
fluorescence signal in a 2P DSLM. Depending on the excitation polarization
direction, only a fraction of the fluorophores is photoselected for light absorption,
determining the emission direction'®. Therefore, given the particular geometrical
design of a light-sheet microscope, the fluorescence anisotropy of a fluorophore
plays a crucial role in the signal collection.

The proposed theoretical model predicted the optimal configuration for signal
detection to be the one where the polarization direction of the excitation field laid
on the plane orthogonal to the detection direction (indicated as horizontal
polarization state). It has been indeed confirmed by the results obtained illuminating
different fluorophores (fluorescein, EGFP and GCaMP6s) in different samples
tested.

It is worth noting that in cases where the fluorophore population is randomly
oriented and no particular constraints affect the rotational diffusion of the
molecules, the global emitted signal will result homogeneously distributed. On the
contrary, where there is a pre-existent spatial order of the fluorophores, e.g., due
to their binding to spatially-oriented biological structures, the direction of emission
will result globally anisotropic. In highly ordered structures this could produce
artifacts in the acquired images and uneven signal levels.

With this experiment, all the different strategies proposed to correct the main
drawbacks of light-sheet microscopy and to enhance its features for fast

acquisitions, signal detection and obtain artifact-free imaging have been reported.
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Together with these improvements, in this thesis, it has been proposed also a novel
method for fast 3D photostimulation, based once again on the use of AODs. 2P
optogenetic stimulation requires appropriate tools to efficiently access spatially
distributed neuronal populations and sufficient speed to address them quasi-
simultaneously.

However, commonly used galvo-based scanning approaches are characterized by
long commutation times due to their intrinsic inertia®™'. Possible solutions are those
provided by holographic illumination through SLM, widely implemented to draw
random-access trajectories and simultaneously stimulate multiple regions'’.
However, the refresh rate required to modulate the stimulation pattern remains slow
(~100Hz) and this approach is hindered by laser power splitting between the
different targets. In this contest, AODs have been recently implemented in light-
targeting applications for their fast dynamics and low refresh rate14"172 Indeed,
even if with AODs it is not possible to simultaneously illuminate numerous targets
(more than few units), those deflectors provide a pixel dwell time much shorter (10-
30 ps)™° than the rate for the illumination pattern reconfiguration of the parallel
alternatives (~10ms)'®. For this reason, AODs are suitable for near-simultaneous
multi-site access in distant brain districts.

Nevertheless, AODs have not been used yet in volume photostimulation
applications, especially those exploiting 2P excitation. This is due to non-uniform
light power delivery when stimulating axially dislocated regions with equal light-
addressing time. To counteract this drawback, a compensation software module is
frequently employed, which tunes the driving signal frequency and intensity for each
addressed point. However, even if the axial power distribution will result flattened
across the volume, with this method?° the intensity is reduced to the minimum value
addressable. In other words, the peak intensity released in the centre of the axial
scan is lowered down to the level obtained at the borders to keep the distribution

constant.
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In the last part of the thesis, a novel solution has been presented to face this issue,
which raises the axial power delivery homogeneity towards the maximum value
obtainable on the objective reference focal plane. To improve the power released
within the pixel dwell time, the AODs were triggered several times, effectively
multiplying the minimum energy deposited as a function of the addressed plane.
This improvement enables 2PE applications with AODs that were precluded until
now. In this regard, the 2P-photoactivation of optogenetic actuators in 3D in
zebrafish larvae has been achieved, demonstrating the advantages provided by the
proposed multi-trigger stimulation strategy.

In particular, the probability to optogenetically elicit an electrophysiological
response of a neuronal cluster was increased in all the several planes addressed
thanks to the prolonged light delivery time.

2P photostimulation of cellular clusters in dislocated planes represents an
unprecedented result with AODs, obtained here for the first time by overcoming the
loss in light transmission in axial scanning.

The method we devised allows to extend the axial range where the light is efficiently
addressed with AODs, independently of the different optical parameters used,
without affecting the point spread function of the system. Anyway, particular
attention has to be paid to what concerns the chromatic dispersion undergone by
the diffracted beam. Here, the dispersion felt by the broadband laser impinging the
AOD diffraction grating is partially compensated by placing the second pair of
AODs symmetrically opposite to the first one. In such a way, the distortion affecting
the beam is counterbalanced globally increasing the symmetry of the beam profile.
However, to further compensate the spatial dispersion and the group velocity
dispersion additional upgrades would regard the involvement of specific achromatic
optics or compensating systems'®. Nonetheless, all the experimental tests have
been carried out addressing a uniform lateral FOV.

Even if in this work it has been demonstrated for the first time the photoactivation

of optogenetic actuators in zebrafish larvae by means of four AODs, the
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potentialities of this scanning head are not limited to this application. This device
can be indeed applicable to fast 3D imaging, patterned photostimulation, multi-site
and random-access light targeting experiments. Interestingly, this system has been
designed as a self-standing system, coupled in this case with a fixed stage
microscope specifically tailored for electrophysiology applications and microscopy
in the infrared range. However, such a system can represent an add-on module
complementing other existing microscopes with different characteristics.

Finally, the proof of principle of this innovative method resides in the AOD module
optimization and in the advanced digital control system driving these devices. It
means that this approach can represent an upgrade for all those setups that already
leverage AODs for fast axial scanning and volume imaging. Indeed, the method is
not constrained by the excitation wavelength used, and beyond a different
calibration of the optical parameters, this solution can be implemented also for other
AOD brands.
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llluminating the “black-box” and shedding light on its inner mechanism are the main
goals of neuroscientists willing to understand brain physiology, pathology and
anatomy. In this direction, proper technologies are necessary to disentangle the
contribution of single neurons on cluster activation™'#8, to monitor the action
potential propagation between interconnected areas'*'® and to image three-
dimensional structures with high resolution'®. For these aims, instruments
specifically non-invasive for the tissues, cell-selective, wide-ranging and effective
are required.

The first step forward to reach these results has been done thanks to genetic
engineering. It revolutionised neuroscience introducing a new generation of optical
probes as the genetically encoded fluorescent indicators'*'?" and the optogenetic
actuators®34. With them, it is possible today to reach cell-specific targets, monitor
the neurons activity by intracellular calcium transients, and make these cells photo-
responsive to external triggers.

Through the parallel development of novel forms of microscopy'” ', all-optical
approaches became today the most valuable alternatives to patch-clamp
electrophysiology, which has been seen as a gold standard for neuronal signal
investigation until now'”®. Advanced optical microscopies are today commonly used
to image wide-spread neuronal populations throughout the brain with high spatial
resolution and contrast'™, but also to directly stimulate dislocated areas by light
addressing specific pattern?®. Hence the idea to develop a system that enables
simultaneous optical imaging and cellular manipulation is straightforward and
necessary to fully exploit the cellular specificity guaranteed by the new
electrophysiology tools.

In this contest, LSFM represents an optimal solution for the imaging of large three-
dimensional volumes'® allowing to measure the spatial correlation between
distributed neuronal population®®, to track single molecule in living tissue®, to map
the anatomy of mesoscale brains®” and obtain functional recording over extended

areas?%2'4 | SFM also guarantees fast optical sectioning of the sample'”® with a
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low level of photodamage and photo-bleaching with respect to other confocal-like
techniques. The several approaches proposed in this thesis aim to further enhance
the characteristics of this type of microscopy in terms of acquisition speed, contrast
and signal collection. In parallel, the AOD-based beam pivoting solution provides
artifacts-free  images for quantitative analysis devoid of possible
misunderstandings.

On the other hand, the state of the art of light stimulation provides a panorama of
optical implementations to be used for optogenetic applications. However,
mechanical constraints, low efficiency in light delivery and slow dynamics have
often limited the applicability of those devices in three-dimensional 2P excitation
experiments.

The scanning head configuration proposed in this thesis, once coupled with a 2P
excitation line, provides deep optical access to large areas and the possibility of
light handling for a customizable stimulation pattern. In particular, the use of four
AODs supports superior dynamics in 3D light targeting with respect to other
scanning methods, enabling effective random-access stimulation with
microseconds dwell time. Moreover, with the proposed multitrigger stimulation
method, common AOD drawbacks have been overcome, demonstrating for the first
time the applicability of these devices in a 3D optogenetic stimulation experiment.
Therefore, applying this device as an add-on to a whole-brain imaging system would
open to numerous further possibilities.

The coexpression of opsin and a genetically encoded calcium indicator in
transgenic animals would guarantee the simultaneous two-photon optogenetic
activation and calcium imaging of the circuits. With this combination would be
possible to understand the causality between the neuronal pathway activation and
the outcome behaviours registered by calcium imaging™. Furthermore, thanks to
the advancement in computation technology, it is possible today to rapidly analyse
observed activity patterns with a distributed computing system?. Those systems

would pave the way to closed-loop experiments, where the light targeting is driven
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by the neuron response to external stimuli. It means that the obtained functional
maps could guide and orient the optical perturbations of a specific cluster of
neurons and circuitry* for an even more specific understanding of brain
responsivity.

Furthermore, all-optical electrophysiology has been used to probe specific
physiologic and pathologic conditions of small mammals'"~'"°. The neural dynamics
stability derives from the tight coupling of excitatory and inhibitory signals'. From
the asymmetry and imbalance of these signals, neural disorders arise, like epilepsy,
schizophrenia and autism. For instance, by optogenetically stimulating specific
brain areas it would be possible to interface with the propagation of paroxysmal
activity in epileptic conditions™.

In conclusion for all these experiments, high selectivity and specificity in light
addressing is essential, together with the possibility of fast acquisition of extended
volumes. With those characteristics will be finally possible to highlight the
relationships between different neuronal populations dislocated over large areas'®
and have a global vision of the brain entanglement. The contribution brought with

this thesis could represent a significant step forward for this long-distance goal.
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