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ABSTRACT

abling 3D imaging of thick tissues at subcellular resolution. However the depths provided

by multiphoton microscopy are limited to few hundreds of micrometers inside scattering
tissues such as the brain. In the recent years, several strategies have emerged to overcome this
depth limitation and to access larger volumes of tissue. Although these novel approaches are
transforming brain imaging, they currently lack efficient multicolor and multicontrast modalities.
This work aims to develop large-scale and deep-tissue multiphoton imaging modalities with
augmented contrast capabilities. In a first chapter, we present the challenges of high-content
large-volume brain imaging, with a particular emphasis on powerful multicolor labeling strategies
which have so far been restricted to limited scales. We then introduce chromatic serial multi-
photon tomography, a method which combines automated histology with wavelength-mixing to
access multiple nonlinear contrasts across large volumes, from several mm?® to whole brains, with
submicron resolution and intrinsic channel registration. In a third chapter, we demonstrate the
potential of this novel approach to open novel experimental paradigms in neurobiological studies.
In particular, we demonstrate multicolor volumetric histology of several mm? of Brainbow-labeled
tissues with preserved diffraction-limited resolution and illustrate the strengths of this method
through color-based tridimensional analysis of astrocyte morphology, interactions and lineage in
the mouse cerebral cortex. We further illustrate the potential of the method through multiplexed
whole-brain mapping of axonal projections labeled with distinct tracers. Finally, we develop
multimodal three-photon microscopy as a method to access larger depths in live settings.
Key words: Multiphoton microscopy, wavelength-mixing, block-face imaging, three-photon mi-
croscopy, Brainbow labeling.

M ultiphoton microscopy has transformed neurobiology during the two last decades by en-
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CHAPTER

INTRODUCTION

1.1 Imaging the brain: technologies, scales and challenges

Understanding how the brain develops and how it is organized to drive and support all the
diversity and complexity of behavioral phenotypes is a major goal of 21% century modern neuro-
science. From the structural perspective, the challenge raises from the outstandingly complex
architecture of the brain : if we take the example of the mouse brain, which is already orders
of magnitude smaller than a human brain (Fig 1.1), it contains no less than approximately a
hundred of millions of neurons, and almost as many glial cells.

Imaging the brain at the cellular and circuit level poses the following challenges:

(i) Volume: The mouse brain is approximately 0.6 x0.9 x1.1 mm?® with neurons projecting
axons across several millimeters. Brain areas are also largely heterogeneous and functionnally
diverse, so mm?® to cm® volumetric imaging is required to capture cellular ensembles within a
network/functional areal scale.

(i1)) Resolution: Neurons usually present thin micron/sub-micron axons and dendritic arbors.
Glial cells such as astrocytes also present a highly ramified structure with fine cellular processes.
Micron-scale resolution is therefore required.

(iii) Contrast/Specificity: Because of the high density and heterogeneity of tightly connected
cells in the nervous system, contrast strategies are required to label, visualize and identify
individual cells or cell populations of interest within their complex environment.

Fig 1.2 gives an overview of some of the most widely used optical and non optical technologies
used for brain imaging. At first glance, one can notice the inevitable trade-off between accessible
imaging depth and achievable resolution. Indeed, MRI/fMRI approaches provide whole-organ
access, however with a millimetric resolution, not sufficient for cellular/sub-cellular imaging.

On the other edge of the spectrum, super-resolution and electron microscopy provide synaptic

1
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FIGURE 1.1. Comparison of brain anatomical scales across three mammalian species.
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FIGURE 1.2. Comparison depth vs. resolution for different imaging methods. MRI:
magnetic resonance imaging.

nanoscale and sub-nanoscale resolution respectively, but within restricted micrometric volumes,
although recent outstanding efforts have recently aimed at increasing the accessible volume
by harnessing serial tissue sectioning [1][2]. In between these edges, multiphoton microscopy
provides cellular to sub-cellular micron-scale resolution upon hundreds of microns of depth within

thick tissues, with the additional advantage of providing multiple contrast possibilities [3].

Yet the last five years have witnessed an outburst of technologies aiming to bridge these scales
together and overcome the volume/resolution trade-off in light microscopy, both in live (three-
photon microscopy using higher wavelengths in the near-infrared [5]) and histological (serial
block-face and optical clearing approaches [6]1[7]1[81[9]) contexts. Since our starting point in this
thesis is multiphoton microscopy, the upcoming section will be devoted to the fundamentals of

this technology.
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1PEF 2PEF

FIGURE 1.3. One-photon excited (1PEF) vs. two-photon excited (2PEF) Jablonski dia-
grams. Adapted from [16].

1.2 Multiphoton microscopy: principles and applications in

neurobiology

The collective absorption of multiple photons following a high temporal and spatial concentration
of photons has been theoretically demonstrated in 1931 by Maria Goeppert Mayer in her doctoral
dissertation (english translation available at [10]). However, it was not until the development of
the first lasers that the effect could be experimentally validated in the 60s. In 1978, Sheppard
and Kompfner conceptualized the principle of a multiphoton scanning microscope [11], but again
many years have passed before the first effective experimental implementation of a scanning
microscope based on two-photon excited fluorescence by W. Denk, J. Strickler and W. Webb
in 1990 [12]. In the early 2000’s, propelled by the development of turn-key femtosecond laser
source, several technological developments have contributed to the maturation of the technology
[131[14]1[15]. In the last ten years, multiphoton microscopy hence became an indispensable tool
to study live and intact tissues, both to answer fundamental biological questions and also in
more biomedical/clinical contexts. In particular, multiphoton microscopy has had a revolutionary
impact in 215 century modern neuroscience. In this section, we will first briefly review some
fundamentals of multiphoton microscopy. In the last paragraph, we will give a very short overview

of its use in neurobiology.

1.2.1 Principles of non-linear excitation

In a nonlinear excitation process, multiple photons interact almost simultaneously with a single
molecule. In linear ’one-photon’ fluorescence microscopy, the fluorophore molecule transitions from
the ground state to the excited state upon absorption of a single photon which energy corresponds
to the energetic gap between the ground and the excited state. Then the subsequent desexcitation
of the fluorophore down to the ground state comes along with a fluorescence emitted photon.
In 2PEF, two photons of lower energy are simultaneously absorbed to induce the fluorophore

excitation (Fig 1.3).
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FIGURE 1.4. Optical section in multiphoton microscopy. Left: fluorescein solution excited
at 488 nm with a continuous laser. Right: Same solution excited through a 2PEF
process with a pused laser in the near IR range. Credit: Steve Ruzin and Holly
Aron, UC Berkeley.

One of the hallmarks of multiphoton microscopy is the confinement of the excitation within the
focal volume (~pm?®). This phenomenon is termed optical sectioning and is illustrated in Fig 1.4:
an n* order nonlinear process in proportional to I?, with I the excitation intensity, therefore the
signal only comes from areas with a very high photon density, i.e restricted to the focal volume
[3]. In linear microscopy, fluorescence comes from the whole excitation cone and hence generates
significantly more out-of-focus background resulting in a blurred image and more phototoxicity.
In order to partially solve the out-of-focus background issue, a pinhole can be implemented in the
detection path: that is the principle of confocal microscopy [17], which remains limited to depths
inferior to a hundred of microns. On the other hand, 2PEF is ’intrinsically confocal’ with a robust
excitation confinement within scattering tissues up to hundreds of microns of depth.

The signal S, of a n'® order nonlinear process scales as the average of the n'* power of excitation:
(1.1 Spoc f.<I@®)" >

with f the pulse repetition rate. The intensity of a single Gaussian pulse with a 7 pulse width can

be expressed as:

Py -2

6212
frVv2n

(1.2) I(t)=

We can therefore derive the dependence of a n™ order non linear signal to the excitation power

Py, the repetition rate f and the pulse width 7:

Py

This relationship is very important to consider when optimizing multiphoton excitation. It will

be central in our work on 3PEF that is presented in the last chapter of this thesis.
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FIGURE 1.5. Scanning strategies in multiphoton microscopy. Adapted from [18].

1.2.2 Experimental multiphoton microscope systems

In a typical multiphoton microscope, images are acquired by point-scanning ([12], Fig 1.5): 2D
images are acquired pixel by pixel by scanning the beam in the objective back focal plain which
equals translating the focal volume over the field of view. 3D image stacks can then be acquired
by moving the objective axial position. Conventionally in multiphoton microscopy, X and Y are
used to designate the lateral directions, transverse to the optical axis, while Z is used for axial
direction. This is also the convention we will use in this manuscript.

In order to increase the speed of multiphoton microscopy, several multiplexed or parallel scanning
approaches have been developed [18] such as multifocal excitation [15] and light-sheet geometries
[19]. These methods will not be presented further as all the developments realized in this thesis
have been done using point-scanning.

A typical multiphoton microscope is designed as presented in Fig 1.6. We will briefly go through
some of its main key elements. For an extensive review of the instrumentation of multiphoton
microscopes, the reader is encouraged to refer to the excellent practical guide to multiphoton
microscope design by Michael Young and colleagues [20].

Laser source: The laser source is a central element in a multiphoton microscope. Because of
their commercial availability and their properties suited for multiphoton microscopy (large
wavelength tunability range, ~100-150 fs pulse width, 80 MHz repetition rate, turn-key operation)
Titanium:Sapphire lasers have dominated the two-photon and harmonic microscope designs.
However, in order to further improve both the performances and the affordability of multiphoton
microscopy, more technological laser developements are needed. This will be further discussed in
the last chapter of this thesis.

Intensity modulation: This can be done with a half-wave plate and a polarizer or with an electro-

optical modulator. Intensity modulation is important in practice in multiphoton experiments, to
control the amount of light delivered to the sample and avoid photodamage, saturation and/or
photobleaching. Excitation intensity also often need to be increased exponentially with depth to
compensate for scattering (cf. section on penetration depth).

Scan system: The scan system is composed of the scanners, the scan lens and the tube lense.

The scan and tube lens are positionned in a 4f configuration imaging the scanners onto the back
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FIGURE 1.6. Point-scanning multiphoton microscope.

aperture of the objective, ensuring that the beam deflection by the scanning device results in
a lateral displacement of the focal point. Galvo mirrors are the commonly used as a scanning
device, but some other possibilities include acousto-optic deflectors (AODs) [21][22], resonant
galvos [23][24], polygonal scanners [25] and digital micro-mirror devices [26] for faster scan rate
or MEMs scanners [27][28][29] for miniaturization purposes.

Objective: This is probably the second most important element in a multiphoton setup after the
laser source as its design influences drastically the optical performances of the microscope. In
multiphoton microscopy, usually high NA low magnification are preferred [13] as they enable
high axial resolution (2-3 uym) and a moderate field of view (500-600 pm). For this reason, the
Olympus 25X 1.05 NA and the Zeiss 20X 1.0 NA have been one of the most widely used objectives
in multiphoton setups. For some applications though (functional imaging for instance), a larger
field of view is desired, so lower NA objectives are often used albeit at the expense of a lower
axial resolution [30]. Objectif choice is crucial in multiphoton experiment design and the right
choice always depends on the application: some guidelines can be found in the litterature to
chose the proper multiphoton objective [31][32]. Finally, it is worth mentioning that the recent
years have watched the development of several new objectives, both commercial or lab-built,
specifically designed for novel applications such as imaging large volumes of clarified tissues [33],
deep-tissue three-photon microscopy [5] or mesoscale functional imaging [30]1[34][35]. Further
novel objective designs are expected in the coming years to further enhance the capabilities of
multiphoton microscopy.

Detectors: Detectors in multiphoton setups are usually photomultiplier tubes (PMTs), either pho-
ton counting or analog, depending on the range of the detected signals. Detection is synchronized

to the scan through an external acquisition FPGA card.

6



1.2. MULTIPHOTON MICROSCOPY: PRINCIPLES AND APPLICATIONS IN NEUROBIOLOGY

2PEF SHG CARS 3PEF THG

»)
o LI JToc B

FIGURE 1.7. Sources of contrast in multiphoton microscopy. Incoherent contrasts: 2PEF,
3PEF. Coherent contrasts: SHG, THG, CARS. Adapted from [16].

1.2.3 Sources of contrast

There are two general types of contrast mechanisms in multiphoton microscopy (Fig 1.7): (i)
incoherent contrasts i.e fluorescence excited multiphoton absorption, described above through
the two-photon excited process, but which can be generalized to three photons (or more in
principle!), and (ii) coherent label-free contrasts which originate from the structural and/or
chemical properties of tissues. Under the proper conditions, these contrasts can be combined to

perform multimodal multiphoton tissue imaging [36][37]1[38].

1.2.3.1 Two and three photon excited fluorescence

Two-photon excited fluorescence (2PEF) is the most widely used contrast in multiphoton mi-
croscopy. It is compatible with almost all the fluorophores and dyes developed for linear fluores-
cence microscopy, although the quantum selection rules are different [39], and the spectra are
slightly blue-shifted [40]. Excitation spectra are also broader than their 1P counterparts, making
it ’easier’ to achieve 2P excitation albeit with more potential spectral bleedthrough [41].

On the other hand, three-photon excited fluorescence (3PEF) has been more scarcely adopted.
However with the recent demonstration of its potential for deep-tissue imaging by the Xu lab at
Cornell [5], the technology has gained a larger attention both from technologists and neurobiology
users. 3PEF will be more deeply discussed in the last chapter of this thesis. It is however worth
mentioning here that the excitability of common fluorophores as well as their excitation spectra

in 3PEF are still poorly known.

1.2.3.2 Coherent contrasts

Among the most commonly used coherent contrasts in biomedical sciences are second harmonic
generation (SHG), third harmonic generation (THG) and Coherent Anti-Stokes Raman Scattering
(CARS).

In SHG, two photons are scattered to produce a photon at half the initial wavelength. Because

of the dependence of SHG on the tensioral properties of the tissue, SHG can only happen in
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FIGURE 1.8. Absorption coefficients of some of the main biological tissue components.
Data retrieved from http://omlc.ogi.edw/. Adapted from [49].

non-centrosymmetric media [42]. In biology, it is mostly used to study fibrillar structures, mainly
collagen, but also tubulin or actomyosin [43][44]. Its use in neurobiology has remained limited
mostly because of the brain extracellular matrix shortage in collagen. Some SHG contrasts in
brain tissues have though been demonstrated: microtubules have been visualized with SHG in
both cultured neurons and hippocampal and cortical acute slices [43][45].

In THG, three photons are scattered to produce a photon at a triple frequency. THG signal
is strong at the interface between two heterogeneous media and null within a homogeneous
medium [46]. On the other hand, CARS is more of a spectroscopic technique where specific
chemical vibrational bonds can be probed [47][48]. For instance, CARS can be used to probe CH2
bonds (lipids), CH3 bonds (proteins/lipids) or OH bonds (water). THG and CARS will be presented
in more details in the last section of the next chapter of this thesis.

1.2.4 Imaging depth in multiphoton microscopy
1.2.4.1 Tissue properties limiting light penetration in biological tissues

Light penetration in biological tissues is hampered by intrinsic properties of the tissues, namely
absorption and scattering, which prevent the incoming photons to reach the focal volume. These
properties, although intrinsic to the tissue, are also dependent on the wavelength.

Absorption:

The absorption mean free path 1,5 is the average distance traveled by a photon before it being
absorbed by the tissue. Fig 1.8 presents the absorption coefficients p,ps (Uaps = 1/1aps) of some
tissue components. The 700-1300 um window is called the transparency/therapeutic window as

most tissue components absorb less at these wavelengths.

8



1.2. MULTIPHOTON MICROSCOPY: PRINCIPLES AND APPLICATIONS IN NEUROBIOLOGY

|4
o

1400

T 1200\ A (um)  Is (um) g
E 1\

T 1000] \ 400 79 0.85
2 10001 \ _

@ \ Mouse brain 800 127 087
g 80 (grey matter)

E N 1200 181 0.95
S 600 \

= ‘

£ 400 - . 400 42 0,91
g ] S~ Mouse brain 800 71 0.95
g ™ (white matter)

7 1200 91 0,95

0 T T T
04 05 06 07 08 09 10 1.1 1.2
Wavelength (um)

FIGURE 1.9. Scattering within biological tissues. (a) Model of Mie scattering for lipid
droplets of size between 20 nm and 700 nm in aqueous solution. Adapted from
[50]. (b) Mean scattering mean free path and anisotropy coefficient values in brain
tissue for different wavelengths. Data from [13]

Scattering:

Scattering within a biological tissue can be characterized by the scattering mean free path I
which corresponds to the average distance traveled by a photon between two scattering events.
The scattering direction can be characterized by the anisotropy parameter g=<cosf>, where 6
represents the angle between the incoming direction and the scattered one. g=0 corresponds to
an isotropic scattering, while g=1 corresponds to an anisotropic scattering towards a preferential
direction. Given than in the 700-1200 nm range, scattering dominates absorption (15 » naps), the
two-photon intensity decays exponentially with depth with a characteristic distance of twice the

scattering mean free path:
(1.4) () =12eT

Some characteristic scattering mean free path and anisotropy ratios from the literature are
presented in Figure 1.9. Scattering coefficients are largely dependents on tissue properties: age,

myelin content, live vs. fixed etc. [13].

1.2.4.2 Deep-tissue imaging with two-photon microscopy

Two-photon microscopy is particularly favorable for deep-tissue imaging, for three cumulated
reasons:

(i) Higher penetration of infrared light within biological tissues because of both reduced absorption
and scattering compared to the visible wavelength range.

(i1) Confinement of the excitation even deep within scattering tissue because of the nonlinear
two-photon absorption process. Resolution is therefore preserved even at depth.

(iii) Since photons originate only from the focal volume, detection is more efficient than most

other microscopy techniques as even scattered photons contribute to the detected signal.
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FIGURE 1.10. Light-induced toxicity mechanisms in multiphoton microscopy. Adapted
from [51]

1.2.5 Photodamage

Another greatest strengths of multiphoton microscopy is its compatibility with long-term in
vivo imaging because of its reduced photodamage compared to one-photon imaging. First, as
photodamage occurs mainly through one or more photon absorption by the tissue, the use of
higher wavelengths allows imaging in the so-called therapeutic window, which is ’safer’ because
of reduced absorption (cf. previous section). Secondly, because of optical sectioning, photon
absorption is localised within the femtoliter size focal volume, unlike in confocal microscopy for
exemple where the entire excitation cone is exposed (Fig 1.4, [3]). Multiphoton microscopy has
successfully been used in the last decade to non invasively monitor live processes and developing

organisms (early stage zebrafish [36], drosophila embryos [52][51], early mouse embryos [53]).

Nevertheless, photodamage is usually the main bottleneck in live multiphoton experiments. In
point-scanning multiphoton microscopy, short (~100 fs) energetic pulses (nd) with high peak
powers (1-1000 GW/cm?) are delivered at high repetition rate (80-120MHz) and tightly focused
using a high NA objective onto a sub-pm? volume, which corresponds to relatively high amounts of
energy deposited on the tissue. Light-induced toxicity can occur through multiple pathways which
are summarized in Figure 1.10. Photothermal damage is a linear effect, while nonlinear damage
mechanisms involve photochemical perturbation of several intracellular cascade mechanisms
and usually start by the creation of reactive oxidized species (ROS). Careful adjustment of laser

properties and acquisition parameters is therefore necessary [51] to ensure safe imaging protocols
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for live imaging. Although it has been shown that in typical multiphoton microscopy acquisitions
nonlinear photodamage is the main limitation [54], recent investigations highlight that heating
can also be a concern [55][56]. Ultimately the balance between these two damage mechanisms
will depend on the tissue samples and experimental conditions. This balance might be even more
delicate to adjust when moving to higher infrared wavelengths. This will be discussed in more

details in the chapter on three-photon microscopy.

1.2.6 Multiphoton microscopy in neurobiology

Multiphoton microscopy, more specifically two-photon excited fluorescence microscopy has been
extensively used in neurobiology, almost exclusively for in vivo imaging of rodent brains (refer to
[567] [58] for reviews). Some notable applications, among several others, include calcium or voltage
imaging to measure neural activity in vivo [569][60], live dendritic and spine imaging to monitor
synaptic plasticity in situ [61], live monitoring of oxygen and blood flow [62] and the combination
of two-photon imaging and two-photon neurotransmitter photolysis [63] or optogenetic activation
[64]. Nevertheless, there has been a recent regain of interest for using multiphoton microscopy in

ex vivo contexts, in particular for large volume neuroanatomy [6][65].

1.3 Multicolor labeling strategies

The discovery of the green fluorescent protein (GFP) [66] from the jellyfish Aequorea victoria and
most importantly its capability to be genetically targeted into living organisms and expressed as
an internal fluorescence indicator has completely revolutionized the life sciences at the beginning
of the century. The breakthrough was recognized by a Nobel prize in 2008 (Shimomura, Chalfie
and Tsien), further celebrating and confirming the role of optics and microscopy in the biosciences.
In the last two decades, outstanding efforts in site-directed mutagenesis and protein engineering
have resulted in a large palette of fluorescent proteins (FPs) available, with variable excitation
and emission spectra, and variable brightness and photophysical properties [67]1[68][69].

Expressing and detecting multiple FPs in biological tissues enables to substantially increase
the information throughput from a given sample. In particular, it provides the opportunity
to visualize different cell populations or cell compartments and analyse their interactions. A
first approach to multicolor labeling is to individually express multiple fluorophores, each one
directly adressed to a given cell type or subcellular compartment. Such labeling approaches are
particularly powerful to reveal the organization and development of complex biological tissues
[70][71]. However, given the very high cellular density in the mammalian brain, such approaches
are limited because of the restricted number of independently detectable colors: the overlap of
emission and excitation spectra of common fluorophores limits the number of simultaneously and
independently detectable labels (<5), especially when imaging with two-photon microscopy as

fluorescence excitation spectra are usually broader than their one-photon counterparts. Spectrally-
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resolved approaches [72][73] combined with post-processing unmixing strategies [74][75] can
extend this palette to few more labels, however still not sufficient for applications such as
individual axon tracing or clonal fate mapping in dense cellular networks. The other alternative
for multicolor labeling is to use a stochastic and combinatorial FP expression as in Brainbow [76].

The latter approach will be the main focus of this section.

1.3.1 Genetic and molecular tools for fluorescence labeling

Prior to presenting multicolor labeling strategies, we will first briefly introduce the basic princi-
ples of some commonly used methods for labeling neural cell populations in the brain, mainly
insisting on the pros and cons of each technique relative to the biological and/or practical con-
text. These considerations were central when designing experiments with our neurobiologist

collaborators.

1.3.1.1 Transgenic lines

Transgenic lines expressing a fluorescent protein under the control of a given promoter are widely
used in systems biology for labeling cell populations of interest. The first useful transgenic mice
for neuroscience have been Thy1-XFP lines [77] because of high expression in neurons but also
sparsness due to stochastic silencing of the transgene. For stronger and more specific expression,
Cre/Lox site-specific recombination [78] or other similar two-component technologies (Flp/Frt,
UAS/Gal4, etc.) is extensively used: animals expressing the recombinase under usually a cell-type
or region-specific promoter are crossed with animals expressing the FP reporter (usually under a
strong ubiquitous reporter). Upon recombinase action, the reporter is expressed in the area or
cell type of interest. Furthermore, drug-inducible forms of Cre (CreER) can be used to control the
sparsness of the labeling. While this strategy is the method of choice for targeted and specific
labeling, de novo generation of a transgenic line is a heavy procedure, especially when working on
murine models. Transgenic mouse lines typically take months to generate and require substantial

breeding effort and cost to maintain.

1.3.1.2 In utero electroporation

Historically developed for chick samples, in utero electroporation has been extensively used in
the last decade to label and/or to modulate gene expression in mouse brain neural progenitors
in neurodevelopmental studies [79][80][81]). The procedure consists in injecting plasmid DNA
onto the embryonic mouse brain using electrical pulses which transiently disrupt the plasma
membrane and force DNA into the cells. The DNA is then inherited in cells born from the
electroporated progenitors, where it is expressed. Hence this approach allows precise temporal
"birth-dated" labeling in addition to spatial control. However the labeling with such an approach

is both focal ( i.e spatially-restricted) and sparse as it is particularly challenging to achieve dense
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widespread labeling with this technique. For cortical labeling, a subset of neural progenitors
can be targeted in the lateral ventricles. Cell-type specificity can be achieved to a certain extent
by targeting progenitor zones giving birth to different neural types and by controlling the

electroporation timing based on the neurodevelopmental schedule.

1.3.1.3 Virus-mediated labeling

Viral-mediated labeling is based on using the particularly robust capability of viruses to infect and
deliver genetic material onto the cells of interest, by literally hijacking the host cell machinery.
Two types of viruses have been used in neurobiology: genome integrative viruses (retro/lentiviral
vectors) to study lineage during development and non integrative viruses which have been broadly
used in systems neuroscience. One of the most commonly used viruses for circuit mapping, func-
tional imaging and manipulation is the recombinant adeno-associated virus (rAAYV, see [82], [83]).
The virus family and serotype determines the nature of the transfected cells. Most AAV serotypes
efficiently transduce post-mitotic cells such as neurons while some serotypes can transduce glial
cells. AAVs are usually delivered via intracranial site-directed injections. The spatial location
of the injection can be precisely controlled by using the atlas stereotaxic coordinates. Recently,
efficient systemic intravenous delivery has also been demonstrated, overcoming the challenge of
crossing the blood brain barrier [84]. Fluorescent labels are robustly expressed few weeks (3-6)
after the viral delivery. Viral labeling is therefore a fast and versatile means to label specific cell
populations in adult murine and non human primate brains. Sophisticated labeling strategies
can be implemented for highly specific cell-type labeling by combining Cre transgenic lines and
Cre-dependent AAVs to allow genetic dissection and manipulation of neural circuits [85]. AAV
labeling has also been used in high throughput mesoscale connectomic efforts [86]. AAV labels are
nevertheless episomal, making them poorly suited for lineage tracing. Another limitation of viral
labeling is the restricted size of the deliverable genetic material (few kilobases). Virus-mediated
labeling remains nonetheless a flexible way for labeling cells in a spatially restricted manner,

within reasonable experimental time frames.

1.3.2 The Brainbow technology

The Brainbow strategy [76] is a labeling technique based on the Cre/Lox recombination system
which achieves stochastic and combinatorial multicolor labeling. The technology was developed by
Jean Livet and colleagues at Harvard University in 2007. For extensive reviews on the technology,
see [87][88][891[90].

The principles of Brainbow are presented in Figure 1.11. A Brainbow transgene contains two
or more incompatible pairs of Lox sites, so that upon Cre-mediated recombination stochastic
events of DNA excision (or inversion) occur, leading to different possible expression outcomes.
In the Brainbow 1.0 construct, two incompatible variants of LoxP sites are used, Lox2272 and

LoxN : without exposure to Cre recombinase, the default expression is red but Cre-mediated
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FIGURE 1.11. Brainbow strategy. (a) Top: Original Brainbow 1.0 construct with two
incompatible lox sites. Red is expressed by default, and blue and green are stochas-
tically expressed upon recombination. Bottom: Example of combinatorial FP expres-
sion with three copies of the Brainbow transgene. (b) HEK cells stably transfected
with CMV-Brainbow-1.0 express RFP. On transient transfection with Cre, these
cells randomly switch to YFP or M-CFP expression. Scale bar: 50 um. (¢) Combina-
torial multi-copy Brainbow labeling of hippocampal neurons in the dentate gyrus
(left) and of oculomotor axons (right). Scale bars: 10 um. Adapted from [76].

excision stochastically generates two novel possible outcomes i.e green or blue expression. Hence,
one Brainbow transgene copy leads to mutually exclusive red, green or blue labeling. However,
the coexpression of multiple Brainbow copies leads to combinatorial expression of the FPs thus
significantly extending the color possibilities. Such situation of multiple copies is a common
outcome of the transgenesis process. Since the process is stochastic, each cell expresses a random
combination of red, green and blue fluorescent proteins resulting in an individual color tag for
each cell. Figure 1.11c shows densely packed neurons from the dentate gyrus in the hippocampus
and axons from an oculomotor nerve labeled with Brainbow. The Brainbow approach is a powerful
multicolor strategy to study complex tissues such as the brain for the following reasons: (i) it
allows to spatially single out individual cells among densely packed ensembles of cells, either
of similar or different type, (ii) it significantly increases the number of detectable colors which
is no more limited by the number of independent detection channels, and importantly, (iii) it
opens the way to ratiometric and quantitative multicolor imaging. Finally, to obtain Brainbow
expression in the mouse brain, Brainbow constructs are expressed under a pre-defined promoter
(Thy1 for instance for neuronal expression or CAG for ubiquitous expression). These Brainbow

lines need then to be crossed with either a Cre- or a CreER-expressing line. In the latter case,
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Cre expression is chemically inducible via tamoxifen injection which gives more control both on
the timing and degree of recombination.

Brainbow has been originally developped for the mouse brain. However, since its release in 2007,
the technology has been adapted to many other tissues (intestinal epithelium homeostasis [91],
heart [92], hemapoetic stem cells (HSCs) [93], epithelial wing disk [94]) and species (Flybow [95],
Drosophila Brainbow [96], Zebrabow [97] among others). Technical improvements of the original
Brainbow designs have also been introduced, to improve the color expression balance [98][99],
the ubiquity of expression [91][100], and to make it compatible with more versatile transgenic
delivery methods (AAV Brainbow [98], in utero/in ovo electroporation [99]). Derived Brainbow
labeling strategies are still actively being developed by the team of Jean Livet, and by others. In
order to give an overview of the potential of multicolor strategies in neurobiology and beyond, we
will present in the following sections developments in multicolor labeling in the light of two of the
most promising applications of the technology: lineage tracing and neuroanatomical/connectivity

studies.

1.3.3 Multicolor strategies for lineage tracing
1.3.3.1 Why multicolor labeling for lineage tracing ?

Lineage tracing is an approach that aims at reconstructing the cellular ancestry, with different
degrees of precision, of a complex tissue, organ or organism. From the neurobiology perspec-
tive, unraveling neural lineages is fundamental to understanding the development of complex
cellular patterns and arrangements underlying function and behavior. For extensive reviews
on lineage tracing technologies, refer to [101][102][103]. In the current landscape of lineage
tracing techniques, there are mainly three different approaches: (i) Live-cell tracking in living
organisms, (ii) permanent labeling strategies followed by post’hoc ex vivo imaging or chronical
live-cell tracking, and finally (iii) DNA/RNA barcoding methods which consists in tracking low
frequency mutations within a tissue or organism cell population. This last approach is a powerful
approach to expand the scope and scale of lineage tracing to entire organisms, taking advantage
of the steep technological improvement of single-cell sequencing and genetic manipulation tools
[104][105][106]. Another strength of barcoding approaches is that, within the current state of the
art, it is the only method compatible with the study of human tissues: rare somatic mutations
can be harnessed rather than engineered genetic barcodes to reconstruct lineages in normal and
diseased human tissues [107][108]. However, these approaches require tissue disruption, hence
do not preserve information on cellular morphologies and relative spatial arrangement. On the
other hand, live-cell tracking in living organisms provides the opportunity to follow individual
cell fates with high spatio-temporal resolution [36]. These approaches are ultimately limited by
the number of cells that can be effectively tracked, although light-sheet microscopy approaches
have opened the possibility of in toto imaging of entire organisms during development with

single-cell resolution [19][109]. These methods can however not be applied to follow mammalian
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FIGURE 1.12. Principle of multicolor lineage analysis with Brainbow. Adapted from
[871.

development in utero or at postnatal stages. To study mouse brain development, the last category
based on high-content labeling is hence the preferred approach.

Stochastic multicolor labeling is particularly powerful for lineage studies because of three
main reasons: (i) it alleviates the need to use very sparse labeling which is indispensable in
monochrome lineage analyses. Therefore multiple clones can be traced within the same tissue
without compromising the precision of the mapping; consequently, (ii) it provides clonal precision
i.e the possibility to trace cell fate at the individual progenitor level and (iii) it allows one to
map and characterize intermingled clonal cohorts. In this section, we will go through the main
multicolor strategies developed for lineage tracing, with a particular emphasis on the MAGIC

markers strategy which was used in our work.

1.3.3.2 The MAGIC markers strategy

The MAGIC (Multi-Adressable Genome-Integrative Color) markers labeling approach is a strategy
for multicolor clonal labeling. It has been developed in the team of Jean Livet at Institut de la
Vision.

One of a stringent requirements of a labeling strategy for tracing cell lineage is its capacity
to robustly be transmitted to the descent. To achieve genome integration of Brainbow labels,
Loulier and colleagues [99] framed the Cre/Lox Brainbow transgene by vertebrate transposon
sequences (Tol2 or Piggybac) at both 5’ and 3’ extremities, hence enabling a direct chromosomal
insertion (Fig 1.13). Two-photon live time-lapse multicolor imaging on electroporated embryonic
chick sample demonstrated color-preservation between a cell and its daughter-cell upon division.
The authors further confirmed this property by imaging streams of clonally-related cells in
electroporated embryonic chick spinal cord and retina (Fig 1.14). The compatibility of this tool
with in utero or in ovo electroporation allows more spatio-temporal control of the labeling for
increased specificity, as well as more versatility for use across multiple species.

Furthermore, Loulier et al demonstrated subcellular compartmented adressing of the color labels.
One of the main limitation of multicolor clonal labeling is that the number of discernable clones

is limited by the number of color combinations. Hence compartmented adressing is a powerful
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FIGURE 1.13. The MAGIC marker strategy to label individual clones. (a) Cytoplasmic
MAGIC marker transgene Cytbow. Default ubiquitous nuclear EBFP2 expression
ensures improved color balance upon Cre recombination. Transposons (T2/PB)
ensure genome integration.(b) Time-lapse of a E4 chick embryo neural tube section
electroporated at E2. Adapted from [99].
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FIGURE 1.14. Radially oriented streams of clonally related cells in chick embryonic
tissues: spinal cord (a) and retina (b).Scale bars: 100 um. Adapted from [99].

approach to push back this limitiation by nonlinearly expanding the number of color codes
through a ’double-Brainbow’ targeting (example: nuclear + cytoplasmic labeling Nucbow/Cytbow
(Fig 1.15).

1.3.3.3 Other multicolor strategies for cell fate mapping

Other strategies derived from Brainbow have been developed for lineage tracing purposes.
These strategies are summarized in Table 1.1. Brainbow 1.0, 1.1 and 2.1 transgenes have been
knocked into a Rosa26 locus for ubiquitous expression, and further expressed under an ubiquitous
promoter for a stronger expression [100][91]: these Rainbow and Confetti lines have been used
in a series of studies characterizing tissue homeostasis and regeneration in epithelial tissues,

notably to demonstrate a drift towards monoclonality in the mouse intestinal crypt [91], or to
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FI1GURE 1.15. Dual-compartment Brainbow targeting increases the possible color com-
binations. Scale bar: 100 ym. Adapted from [99].

characterize clonal patterns during fingertip and tip-toe regeneration after mouse limb injury
[110]. For an extensive review of related studies, refer to [117]. Rainbow lines have also been used
to study early blastomere cell fates [100]. Recently, a very elegant study crossed a Confetti line
with a Cx3cr1CreER line to achieve specific labeling of microglia in the mouse brain, enabling
thus analysis of microglia self-renewal and clonal expansion during steady-state and disease
[111].

Lentiviral vectors have also been harnessed for individual clonal tracking [93]. This approach
relies on the random integration of viral vectors to achieve combinatorial expression of multiple
FPs. While this approach presents the advantage of versatility, it however needs to be crossed
with RNA barcoding to achieve rigorous clonal identification [118][119]. Lentiviruses can also be
combined with the Cre/Lox system, as demonstrated in a recent study (pLenti multicolor) which
monitored clonal dynamics of a pancreatic tumor xenograft [113].

Similarly to MAGIC markers, other strategies relying on transposons and in utero electroporation
have been demonstrated (StarTrack [115], CLoNe [114]). Finally, multicolor cell fate mapping
methods have also been adapted to zebrafish ([97] and drosophila [116]).

In this context however, two comments need to be made at this stage: (i) Almost all multicolor-
based lineage studies reported so far concern non cerebral/nervous tissues, mostly 2D epithelia

and (ii) all these studies have been performed on limited tissue volumes.

1.3.4 Multicolor strategies for connectivity and neuroanatomical studies
1.3.4.1 Why multicolor labeling for neuroanatomy ?

Golgi staining is the first labeling technique that significantly expanded our knowledge of the
structure of the brain at the cellular level [120]. It consists in impregnating fixed nervous tissue
with potassium dichromate and silver nitrate. The power of the technique stems from the fact
that (i) it labels neuronal cells in their entirety (soma, axons and dendrites) and importantly,
(i1) it targets only a sparse ensemble of neurons. The latter property is of crucial importance to

enable anatomical tracing and morphometry in a highly complex and dense tissue such as the
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brain. Within the years, with the advent of fluorescence microscopy and viral tracers, these tools
have been extensively used for circuit mapping and neuroanatomy. These approaches however
also require highly sparse labeling, therefore identifying multiple single neuronal morphologies
in their highly complex environment with current monochrome fluorescent light microscopy ap-
proaches has remained outstandingly challenging. This challenge was not restricted to neuronal
connectomics : high-throughput glioanatomical maps also remain difficult to produce given the
density and complexity of the neural environment. Therefore Brainbow, with its capability of
uniquely color tagging individual cells provides an excellent opportunity to reconstruct morpholo-
gies in densely-packed cellular environments, to follow unambiguously intermingled axons and
to study spatial relationships between neighboring cells. The following section presents a brief

overview of the neuroanatomical studies realized so far using Brainbow.

1.3.4.2 Multicolor strategies for connectivity and neuroanatomical studies

Brainbow strategies have been used so far in a couple of neuroanatomical studies in the past
decade, both in the central and peripheral central nervous systems. It has been used to char-
acterize glial morphology and innervation of sensory projections: Wang and colleagues used
multicolor labeling to analyze the morphology of Miller glial cells in the mouse retina and found
that these cells occupy distinct exclusive territories with few overlap ([121], Figure 1.16), Dumas
et.al used Brainbow to analyze oligodendrocyte morphology and possible interactions, suggesting
that two oligodendrocytes can simultaneously interact at multiple Ranvier nodes [123], and Zaidi
et. al color-labeled mouse gustatory ganglion somata to visualize and characterize taste bud
innervation by nerve fibers [124]. Brainbow has also been used to study the plasticity of neural
projections during development [122]: the lamination of retinal ganglion cells (RGCs) axons and
the spatial rearrangements of their arbors have been characterized in the developing zebrafish
tectum (Fig 1.16). Another study have elegantly correlated Brainbow imaging in the mouse brain
and electron microscopy to study the convergence of RGCs onto relay cells of the dorsal lateral
geniculate nucleus (dLGN), a thalamic nucleus of the visual pathway, hence re-evaluating some
previous hypotheses on RGC innervations in the dLGN [125]. Last but not least, few studies
have attempted partial or complete circuit tracing using Brainbow: in the original Brainbow
paper Livet, Lichtman and colleagues demonstrated 3D reconstruction of an ensemble of 341
cerebellar axons and 93 granule cells contained in a 160 pm?2 x65 pm volume. However, despite the
growing toolbox of multicolor virus labels increasingly optimized for circuit tracing [981[84]1[126],
mesoscale connectivity using Brainbow has sill not yet been demonstrated in a CNS system.
More generally, color-based neuroanatomical studies have until now been restricted to limited

tissue volumes.
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FIGURE 1.16. Examples of Brainbow applications to neuroanatomy. (a) Brainbow-
labelled Miiller glial cells in the retina in two different retinal layers (ONL: outer
nuclear layer, INL: inner nuclear layer) occupy spatially distinct non-overlapping
territories. Scale bar: 20 um. Adapted from [121]. (b) Brainbow labeling of zebrafish
tectum. Dorsal view (left) shows axonal arbors while the side view (right) highlights
a lamination pattern. Scale bar: 20 uym. Adapted from [122]. (¢) Left: Brainbow-
labeled cerebellar flocculus. Right: Three-dimensional digital reconstruction of
region boxed in the left panel, comprising 341 axons and 93 granule cells within a
160 pm x160 ym x65 pm tissue volume. Adapted from [76]. Scale bars: 50 um.

1.4 Multicolor multiphoton microscopy

Given the robust performances of multiphoton microscopy to obtain single-cell resolution images
relatively deep within scattering tissues, microscopists have sought to develop nonlinear optical
strategies to target multiple fluorophores within the same sample in order to benefit from the
increasingly sophisticated multicolor labeling tools being developed for high-content imaging
of complex biological environments. Here we will focus mostly on strategies for multicolor two-
photon excitation. Multicolor three-photon imaging will be addressed in the last chapter of this

thesis.
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FIGURE 1.17. Multicolor nonlinear strategies. (a) Sequential excitation of different
fluorophores using a tunable femtosecond laser. (b) Simultaneous excitation of
fluorophores with overlapping spectra at a ’trade-off’ wavelength. (¢) Simultaneous
targeting of multiple fluorophores using a broadband shaped pulse. (d) Simultane-
ous targeting of three fluorophores using three independent laser outputs. Adapted
from [127].

1.4.1 Strategies for multicolor nonlinear microscopy

The first and most straightforward way to achieve multicolor two-photon imaging is to perform
sequential excitation at multiple excitation wavelengths (Figure 1.17). Indeed, Ti:Sa lasers, which
are the most commonly used laser sources for two-photon microscopy, offer a large spectral range
for tunability, typically from ~680 nm to ~1300 nm hence potentially allowing excitation of almost
all fluorophores used in light fluorescence microscopy from the UV range up to the far-red, albeit
with a reduced available power at the edges of the tunability range. However such an approach
is not optimal for live and/or ratiometric imaging as it might be subject to motion blur and
channel misalignment in the case of dynamic samples. In the case of large-scale acquisitions with
extended acquisition times (1 day to 1 week), sequential acquisition of multiple channel images

substantially increases the acquisition time.

A second approach to achieve nonlinear multicolor excitation is to take advantage of the large
overlapping 2P excitation spectra of most of the commonly used fluorophores: dual-color excitation
can be obtained by selecting an optimal 'trade-off” wavelength intersecting two fluorophore spectra.
However, this *trade-off” wavelength is usually optimal for neither of the targeted fluorophores.
Besides, there is no independent control over each beam, making such an approach not adapted to
image samples where fluorophores are expressed in different concentrations. Another approach,
also taking advantage of the large and overlapping 2P spectra is the use of spectrally broadened
pulses [128][129]. However, such pulse-shaping based strategies require high pulse energies to
be spread across multiple excitation wavelengths and maintaining robust amplitude and phase

patterns at the sample plane can be difficult in practice. Besides, chromatic aberration correction
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in such a configuration is particularly challenging.

Finally, trichromatic simultaneous excitation can be achieved using laser outputs at three sepa-
rate wavelengths (Fig 1.17). Such a strategy has been implemented using self-soliton frequency
shift (SSF'S) in optical fibers [130]: a first design has been proposed in 2012 by the team led
by Chris Xu at Cornell University where SSF'S is performed to obtain 1728 nm and 1900 nm
pulsed from an upstream 1550 nm pump laser. These three outputs are then frequency-doubled
using SHG crystals to obtain 3 outputs tailored for CFP, YFP and RFP excitation [131]. A similar
approach has recently been introduced starting instead with a 1030 nm pump laser and both
blue-shifting and red-shifting the pump laser pulses to obtain outputs at 0.6 uym-0.8um and 1.2
um-1.4 um [132]. However this design does not provide independent power control over the three
beams and yield relatively low energy pulses thus significantly increasing the imaging time
(several accumulations necessary). Another SSFS-based design of a multi-wavelength fibered
source has been recently proposed, offering more wavelength tunability with the use of a pulse-
splitting scheme [133], but yet with no immediate independent power control of each beam.
While the design and commercialization of robust turn-key multi-wavelength femtosecond fiber
lasers will certainly facilitate wide adoption of multicolor multiphoton microscopy in neuroscience
laboratories, more technological developments are still needed to achieve efficient ratiometric
two-photon multicolor excitation. The most optimal way to do so in the current state of the art is
to use bulk femtosecond laser sources. However using three femtosecond outputs might present
a heavy financial cost and require complex setup arrangement. To circumvent this, a strategy
based on nonlinear wavelength-mixing [134] and achieving trichromatic excitation through a
single Ti:Sa/OPO chain has been developed at the Laboratory of Optics and Biosciences during
the PhD of Pierre Mahou [127]. This method will be presented in more details in the next section.

1.4.2 Multicolor two-photon microscopy using wavelength-mixing

The method relies on the temporal and spatial overlap of two synchronous pulse trains, for
instance from a Ti:sapphire laser and a downstream OPO. Temporal synchronization of the
two pulses is achieved using an optical delay line. The two beams are then recombined using a
dichroic mirror and spatially co-aligned onto a two-photon microscope (Fig 1.18). These excitation
scheme hence achieves simultaneous 'regular’ two-photon excitation from the Ti:S and the OPO
beams along with a third 'virtual’ excitation at an intermediate wavelength through a two-color
two-photon (2¢-2P) process. In this process, a photon is absorbed from each if the two initial
beams, therefore providing virtual excitation at v= w1 + wg, corresponding to a wavelength of
A=2 A1 A2 \(A\1+X\2). Typically, with a (850 nm, 1100 nm) couple of wavelengths, this strategy can
be used to simultaneously excite blue fluorophores (ex: CFP, mTurquoise2), red fluorophores
(ex: dTomato, mCherry) and yellow-green fluorophores (EYFP). Fig 1.18c shows an example
of trichromatic excitation of HEK cells expressing mutually exclusive labeling of CFP, YFP

and RFP. The wavelength-mixing scheme is particularly adapted to image Brainbow samples
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FIGURE 1.18. Multicolor 2P microscopy using wavelength-mixing. (a) Wavelength-
mixing optical setup. Synchronous pulse trains from an OPO and its Ti:Sapphire
laser pump are temporally synchronized using an optical delay line and spatially
coaligned in the microscope. (b) The wavelength-mixing process occurs only if the
two foci remain spatially overlapped. Scale bar: 0.5 ym. (¢) Top: the wavelength-
mixing scheme yields 2P excitation from the Ti:S and the OPO pulses (blue and red
respectively) along with a ’virtual’ green excitation via 2¢-2P. Bottom: CFP, YFP
and RFP labeled HEK cells imaged with unsychronized and synchronized pulses.
Scale bar: 50 um. (d) Multicolor 2P imaging of a live Brainbow-labeled embryonic
chick spinal tissue (E3.5) using wavelength-mixing. Scale bar: 50 ym. Adapted
from [134].

expressing differential ratios of blue, green and red FPs. Notably, wavelength-mixing presents
several advantages as a multicolor imaging design:

(i) Fluorophores over an extended spectral range can be targeted efficiently and independently.
The design is compatible with multiple FP combinations.

(i) Independent power control of each spectral channel makes it particularly adapted to imaging
samples where fluorophores are expressed in different concentrations [134]1[135].

(iv) Channel registration at the voxel level is intrinsically provided by the method, making it
uniquely suited for fast and/or ratiometric measurement.

(v) It is fundamentally a two-photon imaging scheme scattering, hence particularly adapted for
imaging scattering tissues such as the brain.

Furthermore, this technology is decidedly flexible and adaptable in a variety of imaging schemes

and multimodal contexts: light-sheet configuration [136], fluorescence lifetime (FLIM) imaging
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[135], and it can be combined with simultaneously acquired coherent contrasts [137]1[135][134].
It can also be used with other laser configurations/wavelengths [138][139], and combined with
algorithmic procedures to increase the number of resolvable colors in non combinatorial schemes
[74].

1.5 Challenges and aims

In the last decade, powerful genetic and molecular tools have been developed to enable multicolor
labeling of cell populations of interest with high specificity and individual cell resolution. These
technologies, by enabling specific labeling with individual cell resolution, present an outstanding
potential to understand brain development, structure and ultimately function in health and
disease. However, because of the lack of suitable imaging methods allowing high-resolution
aberration-free multicolor imaging throughout large volumes of tissue, these strategies have not
been able yet to reach their full potential. Reciprocally, the last five years have witnessed an
outburst of large-scale microscopy techniques allowing to achieve cellular/sub-cellular resolution
imaging throughout large volumes of intact tissues or hundreds of microns deeper in vivo, but
these have so far been restricted to monochrome or dual-color approaches. Our aim in this PhD
work is to augment the contrast capabilities of these latter technologies in order to achieve

high-content multicolor/multimodal imaging upon larger scales and depths.
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Table 1.1: Multicolor strategies for lineage and clonal analysis.
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CHAPTER

CHROM-SMP: PRINCIPLES AND IMPLEMENTATION

arge volume microscopy techniques, either based on tissue clarification or synchronized

automated tissue slicing, are emerging as powerful new imaging modalities opening the

way to truly system-level neurobiological studies. However, these large-scale techniques
lack efficient spectral contrast modalities and are essentially producing monochrome datasets
so far. Here, we introduce chromatic serial multiphoton microscopy (Chrom-SMP), a novel
imaging method combining microtome-assisted synchronized tissue slicing and wavelength-
mixing, enabling to generate datasets of mm? to cm? volume size with extended color and
contrast possibilities, while mitigating chromatic aberration. In this chapter, we first review the
state of the art of automated histology approaches and outline how Chrom-SMP integrates in
this landscape. Next, we describe the design and implementation of the Chrom-SMP pipeline,
covering instrument engineering as well as tissue and data processing. Finally, we demonstrate

proof of principle acquisitions of brain-wide multicontrast datasets.

2.1 Block-face and microtome-assisted large volume light

microscopy approaches: state of the art

Block-face acquisition schemes have profoundly transformed neuroanatomical imaging in the
past decade. These approaches rely on alternating cycles of en-face imaging of a tissue block and
removal of superficial tissue, and consequently have the potential to considerably expand the
accessible imaged volume of any given microscopy technique that relies on epi-illumination and
detection. They inherently require accompanying reconstruction methods for 3D assembly of the
imaged volume. Importantly, as we will illustrate throughout this thesis work, these methods

generate substantial amounts of data and are therefore bringing new challenges in terms of data
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storage, processing and mining/analysis.

The brain is formed by an ensemble of densely connected neurons organized as units and acting
in a network fashion to produce complex behaviors. Understanding the structural and functional
basis of this network architecture has been a long-standing goal in neuroscience. Connectomics
refers to the anatomical connectivity studies aiming to reveal this network architecture [140].
Connectomic descriptions of the brain span multiple scales: at the macro-scale level, fiber tracts
are reconstructed and their inter-areal organisation revealed with up to millimetric resolution
over cm? sized brains, including large primate brains, using non-invasive magnetic resonance
imaging (MRI) based techniques such as diffusion tensor imaging (DTI) [141]. On the other hand,
micro-scale connectomics reconstructs connectivity with nano-scale resolution at the level of
individual synapses using essentially electron microscopy approaches [142][143]. Between these
two scales, mesoscale connectomics focuses on circuit-level analyses and inter-areal long-range
projections with cellular micron-scale resolution [86][144][145][146][147]. Both micro- and meso-
scale connectomics are based upon ex vivo anatomical reconstructions which largely rely on
technological developments in automated histological methods [148]. Block-face imaging indeed
represents the building block of most electron microscopy based micro-scale connectomics [149].
Similarly, this approach is also becoming central in meso-scale brain mapping efforts [86]. In this
section, we will review the current state of the art of slicing-based large volume light microscopy

techniques and present our motivations in developing chromatic serial multiphoton microscopy.

2.1.1 Initial efforts

Serial Histology methods are the basis of many neuroanatomical studies and were extensively
used to build whole brain atlases in multiple species [150][151]. Traditional histology usually
involves tissue slicing, labeling, mounting and imaging of each individual slice. The process is
therefore intrinsically slow and labor-intensive. Furthermore, accurate submicron registration
of manually acquired serial slices is challenging if not impossible because of inevitable tissue
deformation/distorsion. In addition, serial 2D histology does not allow continuous 3D recon-
struction of cellular structures over large volumes because of unavoidable tissue loss between
sections. In an attempt to further automate histology, block-face histology has first emerged
in the form of cryomacrotomes [152], which were used to produce a human brain atlas with
self-registered sections and higher resolution than MRI-based atlases. However this early method
did not provide micron-scale resolution, was hardly applicable to continuous 3D imaging and
necessitated working with frozen samples. The first setup aiming at continuous block-face vol-
umetric imaging of fluorescently-labeled samples was demonstrated in the early 2000’s and
was based on all-optical sectioning/imaging cycles [153]: 1 to 10 nd fs pulses at 800 nm were
used to ablate series of stacked superficial tissue layers of ~10 um, then 2P imaging was done

using 120 fs Ti:Sa pulses. However, this approach has never been pushed beyond the proof of
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concept, probably because of the inevitable tissue damage provoked by laser ablation, prevent-
ing reconstruction of intact tissue volumes. In 2007, another approach combining multiphoton
microscopy and tissue sectioning was introduced by T. Ragan, P. So and colleagues under the
name "two-photon cytometry" with an illustrative demonstration on mouse heart tissue [154].
The setup consisted of a high-speed two-photon setup based either on a fast polygonal scanner
or a multifoci configuration combined with a micromilling machine. However their approach
required harsh tissue processing not compatible with most fluorophores. Since these first optical
block-face implementations were not yet mature for high-resolution fluorescence imaging of
neuronal structures, initial neuroanatomical studies over hundreds of microns depth have started
using vibratome tissue sections serially imaged with a confocal microscope [155][156][157]. This
approach however suffers the same caveats as traditional serial histology methods, i.e partial
tissue loss and tissue distorsion often requiring tedious manual registration procedures.

It was not until the early 2010’s that game changing technologies allowing high-thoughput
high-resolution whole-brain imaging were introduced [158][6], using instruments that combine
serial sectioning with wide-field illumination or with two-photon imaging. Implementations of

these two strategies will be presented in more details in the following sections.

2.1.2 Wide-field approaches: MOST, fMOST and WVT

These approaches have been pioneered and continue to be actively developed by the laboratory of
Qingming Luo at HUST (Wuhan, China). Micro-optical sectioning tomography (MOST) [158] was
the first technology to provide whole mouse brain imaging with micrometer-scale resolution. The
sample is embedded in a plastic resin and stage-scanned in the X direction while a diamond knife
placed on top slices tissue ribbons (450 pum large, 1 pm thick, cf. Fig 2.1a). Bright-field imaging is
performed synchronously with slicing to ensure axial optical sectioning. The axial resolution is
therefore set by the ribbon thickness. The first version of this approach was demonstrated on Golgi-
stained mouse brains [158] and then was adapted to GFP-labelled samples (fMOST)[160]. Given
that resin embedding inherently quenches fluorescence, a protocol to recover GFP fluorescence
after quenching was implemented to adapt fMOST to fluorescence imaging. The technology
further matured and recently evolved into wide-field volumetric tomography (WVT) [159] for
high-throughput dual-color whole-brain imaging with 0.3x0.3x2 pm?® voxel sampling. WVT relies
on a dual-channel wide-field scheme combined with structured illumination [161] for optical
sectioning. Similarly to MOST/fMOST, the sample is embedded in resin and slicing is performed
with a diamond knife. However, in this configuration slicing and imaging are uncoupled: imaging
is done in a mosaic manner, then a 2 um-thick superficial slice is shaved off the embedded sample
(Fig 2.1d). This allows significant reduction of imaging duration. Another improvement compared
to fMOST is the implementation of real-time nuclei counterstaining with propidium-iodide (PI)
(Fig 2.1d) simultaneously excited with GFP, and providing additional morphological landmarks.
All in all, WVT is one of the most promising technologies for high-throughput whole-brain circuit
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WVT

mapping because of its high resolution (~0.5 pm lateral, ~2.5 nm axial) and speed (~3 days per
brain) provided. This system has been used to trace entire morphlogies of corticofugal neurons
in the mouse barrel cortex [159][162], and will certainly be leveraged in the future for brain-
wide single-cell morphological studies. However, it presents an important caveat: the harsh
resin embedding procedure drastically limits the number of fluorophores compatible with this

technique and hence restricts the number of neurons that can be unambiguously analyzed within
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FIGURE 2.1. Wide-field automated sectioning techniques: micro-optical sectioning to-

mography (MOST) and wield-field volumetric tomography (WVT). (a-c) MOST
acquisition scheme consisting of line ribbon slicing and simultaneous imaging
(a) and example of a reconstruction of a sagittal brain section from 100 virtual
sagittal sections (total thickness 100 ym) from original coronal sections acquired
with MOST. Annotations: OB-olfactory bulb, Cx-cerebral cortex, He-hippocampus,
f-fornix, ac-anterior commissure, T-thalamus, Cb-cerebellum; Mb-midbrain; P-pons,
Md-medulla, cc-corpus callosum, SC-superior colliculus, IC-inferior colliculus, Ht-
hypothalamus, Po-preoptic area, ox-optic chiasm, 4V-4th ventricle, arabic numerals
2 to 10- nine lobules of the cerebellum, Sk-spinal cord. Adapted from [158]. (d-f)
Principles of WVT combining structured illumination, resin embedding for thin
tissue sectioning and real-time counterstaining to acquire whole mouse brain
datasets (d) with constant high-resolution (e). (f) Tracing of few entire neuronal
morphologies of barrel cortical neurons using WVT. Adapted from [159].
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FIGURE 2.2. Serial two-photon tomography (STP). (a-b) Principle of STP (a) and whole
mouse brain reconstruction from a series of serial 2D sections sampled at 100
um acquired at submicron lateral resolution with STP. Scale bars 25 ym and 5
um (inset). Adapted from [6]. (c-e) Optimization of STP acquisition speed allowed
acquisition of continuous whole brain datasets with dendritic resolution and tracing
of corticofugal neurons. Scale bar: 250 um. Adapted from [65].

a single brain.

2.1.3 Serial two-photon tomography (STP) and derived methods

Serial two-photon tomography (STP) is based on the combination of two-photon microscopy
and automated microtome-based tissue sectioning. It was introduced in 2012 by Tim Ragan
and colleagues [6] and constituted a first important step towards high-throughput whole-organ
anatomical studies. STP technically relies on the capability of two-photon microscopy for high-
resolution deep-tissue imaging and a microtome with optimised flexures [163] for high-quality
slicing compatible with aqueous sample embedding. STP allows to acquire series of mosaic 2D
sections throughout the entire brain with discrete Z sampling (50-100 um) at submicron lateral
resolution (Fig 2.2a-b), or continuous mm? brain areas with diffraction-limited resolution, in
typically ~1 day of acquisition. More details about the acquisition scheme will be presented in
the Experimental Setup section of this chapter. Overall, STP presents several advantages for
large volume high-resolution imaging:

- Diffraction-limited lateral optical sections can be acquired by imaging 30-40 ym below the
surface.

- The serial 2D sections are automatically registered with no distorsion/deformation between

sections.
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- Continuous diffraction-limited volumes of virtually unlimited size can be acquired with mitigated

optical aberrations because of the 2P imaging/slicing cycle scheme.

- The aqueous embedding procedure does not quench fluorescence and is therefore compatible

with most fluorophores.

The main limitation of STP would be the acquisition times, as it remains fundamentally a

point-scanning based approach. This specific point and ways to adress it will be discussed later.

In recent years, STP has enabled multiple whole-brain anatomical studies, some of which are
reviewed in [164]. Examples include the generation of a brain-wide atlas of the mouse cholinergic
system [146], the identification of stereotyped sex-based anatomical differences in cell-type
distribution throughout the brain [165] and large-scale investigation of local vasculature changes
in mouse models of Alzheimer’s disease [166]. Importantly, it has served as the workhorse of the
large-scale Allen Brain Institute connectivity project (http:/connectivity.brain-map.org/) which
aims to provide to the community a comprehensive mapping of projections and inter-connections
within the mouse brain [86][167]

In 2016, researchers at Janelia Research Campus built a plateform for high-resolution continu-
ous whole-brain imaging, building on STP and significantly improving imaging speed [65]. The
main technical improvements consisted in using resonant scanners, strong-expressing AAV viral
labeling associated with very high-power imaging (350-400 mW at the objective back aperture,
minimizing thus the necessary pixel dwell time), and contour detection to avoid unnecessary back-
ground imaging. These improvements allowed for whole mouse brain imaging at full resolution

within a week of continuous acquisition (Fig 2.2c).

2.1.4 Emerging trends

Driven by the neuroscience community motivation of tracing circuits across the whole-brain, an
important focus has been made on increasing the speed of the above large volume slicing-based
approaches. The WVT system and the Janelia plateform have made a significant step towards
this goal. Very recent approaches aimed to further decrease the acquisition time by one to two
orders of magnitude, i.e few hours per mouse brain [168][169]. They rely either on a spinning-disc
scheme or on a light-sheet configuration with V-mounted objectives. While the former comes at
the expense of a degraded image quality compared to 2P-based methods, the latter is a promising

way for future improvement of the technique.

More generally though, serial two-photon tomography has paved the way for automated slicing-
based imaging of intact organs. Automated slicing has recently been combined with other imaging
modalities such as OCT [170], photoacoustic imaging [171], spinning-disc [168] and confocal
fluorescence microscopy. Beyond neuroanatomy, microtome-assisted microscopy methods are

certain to transform histopathological screening.
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FIGURE 2.3. Color contrast in automated histology methods. (a) Dual-contrast coronal
section acquired with WVT of GFP-labelled neurons (Thy1-GFP line) and PI nuclear
staining. Scale bar: 1 mm. (b) Inset showing the dual-color local contrast. Scale
bar: 50 um. (a-b) Adapted from [159]. (c) Dual-color red/green serial two-photon
tomography achieved with a single 2P excitation and example of local dual-color
contrast (d). Adapted from [65].

2.1.5 Chrom-SMP: rationale

Contrast in large-scale automated histology methods has been restricted at best to two-color
imaging [159][65][6] (Fig 2.3), thus limiting the quantity of information extractable from a single

brain because of the sparsity requirement of single-cell analysis.

Dual-color STP imaging has been demonstrated so far with a single although not optimal two-

photon excitation at ~920 nm of red and green fluorophores [65][6]1[172].

WVT has only been demonstrated so far for GFP together with blue dye staining fluorescence
imaging [159]. This limitation is intrinsically due to the sample preparation procedure. Although
the protocol was recently optimized for red fluorescence [173] allowing two-color red/green fMOST
imaging, this development has been tailored to pHuji, a pH sensitive red FP and has still not
been demonstrated with common red FPs used in widely available transgenic lines. Besides, blue
excitation in WVT is restricted to dye staining as the protocol is not compatible so far with blue
FPs. WVT-based approaches are therefore limited in terms of fluorophore versatility and are

hence not well-suited for Brainbow and other multicolor labeling strategies.

Our aim has thus been to develop a large-scale histological method with augmented contrast
capabilities. Its aqueous based sample preparation procedure makes STP a more suitable starting
point for multicolor imaging. Our strategy was therefore to complement STP with an efficient

non linear multicolor excitation strategy to produce high-content large volume datasets.
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FIGURE 2.4. Chromatic serial multiphoton microscopy (Chrom-SMP): principle and
experimental setup overview.

2.2 Chrom-SMP: experimental setup and performances

2.2.1 Experimental setup

The setup was entirely built from scratch by myself and Emmanuel Beaurepaire, with technical
help from Jean-Marc Sintes (mechanics), Xavier Solinas (electronics) and Pierre Mahou (scan

optics design).

2.2.1.1 Overview

Chrom-SMP microscopy relies on the combination of one-shot multimodal multiphoton excitation
with large-range mosaic lateral stage-scanning and sequential microtome tissue slicing to access
virtually unlimited tissue volumes (Fig 2.4). Chrom-SMP can be used to perform large volume
tricolor or combinatorial imaging based on simultaneous excitation of red, green/yellow and blue
fluorescent proteins through wavelength-mixing. Alternately, the wavelength mixing scheme can
be used to target specific vibrational bonds and perform CARS imaging, simultaneously with

THG signals detected on a separate channel. Upon certain conditions, the setup can also be used
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FIGURE 2.5. Chrom-SMP: wavelength-mixing stage. HWP: half-wave plate; Pol: polar-
izer; EOM: electro-optical modulator; M1, M2, M3: alignment mirrors; D: recombi-
nation dichroic.

to perform simultaneous multicolor and THG imaging (cf. Chapter 3). In the following section,

each microscope module will be presented in further details.

2.2.1.2 Beam shaping/control

We use two synchronized laser outputs from a commercial Ti:Sapphire and OPO chain (Chameleon
Ultra2 and MPX, Coherent) at 80 MHz. The two outputs are initially separated 7 ns. 2.1 m
are therefore added to the OPO beam optical path to adjust the paths for temporal overlap. A
motorized optical delay line is placed on the OPO path to finely tune the temporal matching
of the two beams. A telescope is placed on each path to control the size of each beam at the
objective rear pupil, i.e the effective numerical aperture (NA) and hence the effective optical
resolution. The telescopes are also used to control the beam divergence which can be used to
control the relative axial mismatch between the two beams (cf. Optical perfomances section).
The Ti:Sa and OPO beam are recombined using a dichroic mirror (DMSP-1000, Thorlabs) and
a mechanical shutter synchronized with the image frame rate is placed right after. Moreover,
a motorized power control consisting of a rotating half-wave plate and a polarizer is placed on
each beam to independently control the blue and red excitation power. Moving the delay line
provides an additional degree of freedom to control the green excitation power independently
(cf. Optical perfomances section). The rotation of the half-wave plates can be synchronized with
the objective z-position to automatically adjust power with depth. Finally, an electro-optical

modulator is placed on the Ti:Sa path and was programmed to shut off laser illumination during
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FIGURE 2.6. Chrom-SMP: scan system.

the unidirectional line scanning fly-back to prevent unnecessary tissue exposure and potential

Ti:Sa induced photobleaching of red fluorophores [41].

2.2.1.3 Scan system

After recombination, the recombined beams are sent onto galvanometers for X and Y scan in
the field of view. The galvanometers are optically conjugated to the objective rear pupil through
the scan lens and tube lens ensemble placed in a 4f configuration (Fig 2.4). The commonly used
achromatic doublet for the scan lens has here been replaced by a Plossl lens assembly, which
significantly improves the system performance [174], by strongly reducing field curvature thus
increasing the size of the usable field of view. The tube lens is here a 2" achromatic doublet,
which is immediately followed by a dichroic (Semrock 751 nm) separating the excitation from the
detection. 2" size optics were preferred in this design to minimize both power loss and off-axis

aberrations.

2.2.1.4 Slicing and stage-scanning system

The Chrom-SMP microscope was built around a stripped-down version of the TissueCyte®system
commercialized by TissueVision, comprising solely the stacked X, Y and Z sample stages, the
vibratome system (vibratome arm and motor) and the plastic bath container (Fig 2.7). The sample
stages are commercial stages (PI, Physikinstrumente). X and Y stages provide a high positional

accuracy (0.1 um) across a centimetric range. A custom frame for the microscope with an elevated
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FIGURE 2.7. Chrom-SMP: sample stage. Obj: objective. The sample block is placed in
the PB-filled plastic bath and the objective is directly immersed in the cuve. Insets
on the right show floating tissue sections after repeated imaging/slicing cycles.

optical breadboard has been designed to accomodate for the whole slicing and stage scanning
system.

The vibratome design (patented by TissueVision [175]) was optimized for high-quality slicing by
being constrained to oscillate solely in the transverse direction to the cut, while being supported
and guided with a flexure drive. The system was provided with a custom software (Orchestrator)
which controls the stage scanning and the vibratome slicing. We developed a Labview module
to interface Orchestrator with our lab-built acquisition software (used in several microscope
installations at LOB) in order to synchronize the acquisition with the mosaic scanning and the
slicing.

Finally, the plastic bath has also been re-engineered to have a more flexible sample holder within
the tank (credit Jean-Marc Sintes).

2.2.1.5 Image acquisition

Excitation and epi-detection is done using an Olympus 25x 1.05 NA water immersion objective.
This objective has been specifically selected for its low chromatic aberrations at our typical
wavelengths of interest (850 nm/1100 nm), compared to other commercial low magnification
high NA objectives (cf. Optical performances section). These objectives are commonly used in
multiphoton microscopy because of their relatively large field of view (520 pm x520 pum), high NA
and large working distances [13] (here 2 mm).

In Chrom-SMP experiments, the sample block is placed in a PB or PBS filled plastic bath (Fig 2.7)
and en-face imaging is alternated with superficial tissue block removal using a synchronized
vibrating blade microtome.

The current setup can be used through two acquisition modes: a discrete tomography mode and a

continuous mode (Fig 2.4).
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The tomography mode consists in the succession of large-scale 2D mosaics: prior to each
section the microtome blade is placed at the sample surface plane. For each 2D section, a single
plane is imaged 30-40 um below the surface over a large XY area through several XY individual
field of views (tiles) then the sample is elevated by a user defined thickness (50-100 um), brought
to the microtome and sliced. This specified slicing thickness corresponds to the axial sampling of
the dataset. Within a 2D section, 10% lateral overlap is taken between tiles to ensure a seamless
continous lateral reconstruction. The imaging/slicing cycle is repeated iteratively until the entire
sample (ex. a whole brain) is imaged.

The continuous mode consists in the iteration of successive 3D mosaics, with enough X,
Y and Z overlap to ensure continuous imaging without information loss. Typically, a 3D stack
is acquired for each XY position of the mosaic. At the end of such 3D mosaic acquisition, a
superficial portion of the imaged block, smaller than the imaged depth, is sliced. This ensures
overlap between the last images of a block n-1 and the first images of the following block n. This
acquisition mode is particularly suited for diffraction-limited continuous imaging of large >mm?3
tissue volumes. Typical parameters/orders of magnitude relative to the different modes are given
in Table 2.1 below.

Parameters Tomography mode Continuous mode
Field of view (um) 200-400 200-400
Number of tiles per section or block 700-1200 20-60
Lateral tile overlap (%) 10 10
Axial overlap (%) - 20-40
Lateral sampling (um) 0.5-1 0.3-0.5
Axial sampling (um) 50-100 1-2
Acquition time per section or block (h) 0.5-1 2-4

Table 2.1: Acquisition parameters in Chrom-SMP experiments.

The lexicon related to these large-scale acquisitions is presented in Figure 2.4. A tile refers to an
individual field of view. It can be 2D (one image) in the case of tomography acquisitions, or 3D
(z-stack) in the case of continuous acquisitions. A tile is the building unit of 2D or 3D mosaics
since mosaics consist of laterally assembled tiles. In the tomography mode, a 2D mosaic is often

called a 2D section. In the continuous mode, a 3D mosaic is referred to as a 3D block.

2.2.1.6 Detection stage

In the current Chrom-SMP setup, signals are collected in an epi-configuration through the
excitation objective, are reflected by the main excitation/detection dichroic and are directed to
photomultiplier tube detectors (PMTs) with a set of dichroics (Semrock FF520 and FF560) /mirror

and focusing lenses. Three independent channels were installed in routine, but when necessary
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FIGURE 2.8. Detection stage with three independent channels.

a detector could be stacked vertically to the blue PMT, and beams would be separated after
the focusing lens by an additional dichroic placed on a filter cube. The initial design consisted
of bialkali photomultiplier modules in the blue and green channel (P25PC, Senstech) and a
GaAsP module (H7422P-40, Hamamatsu) all used in photon counting modes in order to have the
sufficient sensitivity to capture small multiphoton signals. However, for two major experimental
situations encountered in my PhD work, photon counting was not adapted. Indeed, photon
counting was neither suited for strongly-labelled AAV samples as the detection range was limited
because of early saturation, nor for three-photon experiments (Chapter 4) where it heavily slowed
down acquisition times due to the low excitation repetition rate. An off-the-shelf solution to this
could have been to switch to a basic analog detection. However, we still needed for our applications
to be sensitive to low multiphoton signals. Our final implementation therefore consisted in using
three GaAsP detectors and replacing their photon counting module by a custom integration-
based detection system designed by Xavier Solinas. This system integrates all incoming pulses
during a pixel dwell time by storing the signals in an electrical capacitor which discharge rate is

synchronized to the acquisition pixel clock (Fig 2.9).

2.2.2 Tissue processing

Tissue processing is a crucial step in a Chrom-SMP experiment. The sample needs to be rigidly
maintained to ensure proper sectioning. In this section, I will first present the embedding
protocol that I implemented in the laboratory based on the STP tissue processing protocol

[61[86](TissueVision inc.), then I will present an optimization of the protocol for very soft tissues.
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FIGURE 2.9. Scheme of integration-based detection. Courtesy of Xavier Solinas.

2.2.2.1 STP Embedding protocol

This protocol is adapted to prepare adult mouse brains. It was used in routine for almost all the
Chrom-SMP experiments presented in this thesis.

Rationale: The concept of this embedding procedure is to covalently attach the mouse brain to
an agarose matrix. The first step consists in preparing an oxidized agarose gel. Agarose oxidation
creates aldehyde groups in the polysaccharide matrix that covalently attach to amin groups
present at the surface of the tissue in the presence of a reducing agent (sodium borohydride).
Steps:

1) Borate buffer preparation: Mix 9.5 g of borax NagB407 (Sigma, Catalog # 221732) and 1.5
g of boric acid H3BOj3 (Sigma, Catalog # B6768) in 500 mL of water. Stir until dissolved. The

solution can be kept several weeks, at room temperature (RT), protected from light.

Critical steps: The most important parameters of the buffer solution is the solubility and the pH.
Make sure, prior to each experiment that the pH of the buffer is around 9-9.5. As for solubility, it
takes some time to entirely dissolve the compounds in water. If no buffer solution in stock, it is
advised to prepare it 2 days ahead of a planned experiment, so that it is entirely transparent
prior to making the cross-linking solution 1 day before the experiment.

2) Cross-linking solution preparation: Under the hood, and in a bottle protected from light,
add 0.2 g of NaBH,4 (Sigma, Catalog # 452882) in priorly heated (40 °C) 100 mL of borate buffer
solution. Vigorous effervescence needs to be observed. Place the bottle cap untightened and stir
for 15-30 min. Important: leave the cap untightened overnight and tighten cap next morning. It
is not recommended to use this solution the same day it was made as this would result in brittle
blocs. Also, for covalent chemistry, this solution is best prepared fresh.

3) Oxidized agarose preparation (4.5% agarose solution in 10 mM NalOy4): mix 2.25 g agarose
(agarose type I, Sigma Catalog # A6013), 0.21g NalO4 (Sigma, Catalog # S1878) and 100 mL PBS.
Immediately protect from light (aluminium foil) and gently stir under the hood, at RT, for 2-3
hours. Filter out the solution using a vacuum pump under the hood and perform 3 rinses with
50 mL PBS for each rinse, to remove all excess sodium periodate from the agarose which could

induce mouse brain tissue oxydation. Resuspend the agarose in a 50 mL PBS solution and store
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at 4°C, protected from light. Any unused solution can be stored up to one week.

Criticial steps: Use the type I agarose reference specified. Mix the solid powders prior to adding
the PBS solution. Do not exceed 3 hours of steering as it will result in poor brittle block formation.
NB: NalO4, NaBH4 borax and boric acid are hazardous compound. Wear appropriate individual
protection equipment (mask) for weighting and work as much as possible under the hood.

4) Sample preparation: Heat the oxidized agarose gel until ebullition. Homogenize the gel
regularly during the heating. Boil the gel ~3 times until the obtention of a limpid solution, then
cool down the agarose to ~40°C. Embed the brain using an appropriate mold (preferentially
embedded in ice) and wait ~10-15 min until the gel becomes solid. Cut the agarose block to adjust
the size and the orientation of the brain sample, then immerse it in the cross-linking solution
overnight at 4°C (or alternately at RT for 4-5 hours). After the cross-linking step, rinse in PBS
and blot the tissue block, then glue it on a frosted glass slide using a cyanoacrylate glue. Press
the glued sample for few seconds and leave it to dry for ~10-15 min. The sample is then ready to
be mounted in the PBS-filled waterbath.

Critical steps: We found the use of frosted glass slide critical to keep the sample mounting intact
during the long acquisition times, otherwise the tissue block may detach from the slide after
several hours and imaging/slicing cycles.

Note: PBS or PB (0.42 g/ monobasic sodium phosphate, 0.92 g/L dibasic sodium phosphate)
can be used indifferently as preparation and imaging buffers as long as the same buffer is
used throughout the entire sample preparation pipeline. PB is however preferred for long-term

preservation of metallic parts of the sample tank and vibratome arm.

2.2.2.2 Embedding protocol for very soft tissues

The protocol described above enables to perform routine adult mouse brain imaging. However,
it was not fully optimized for soft and heterogeneous tissues such as embryonic brain tissues.
Building on the CLARITY hydrogel mesh concept [176][177] and an improved version of the STP
embedding protocol provided by TissueVison, I optimized the embedding protocol for soft tissue
materials.

Rationale: The previous protocol relied on covalently attaching primary amins present on the
tissue proteins, DNA and RNA to the oxidized agarose. CLARITY is a tissue clearing procedure
on fixed tissues featuring multiple steps [176]. The step that is conceptually interesting to us
is the first one which aims at creating a tissue-hydrogel hybrid by binding the tissue amins
to acrylamide monomers that form a rigid skeleton structure upon polymerization. The initial
CLARITY-like matrix can be used in our case to primarily maintain the tissue instead of solely
relying on covalent cross-linking to the agarose gel. After polymerization, the mouse brains
tissue hydrogels are extracted from the acrylamide gel then embedded in oxidized agarose
for Chrom-SMP imaging. However, soft tissues such as embryonic brains do not tolerate this

procedure as extraction from the surrounding acrylamide gel often results in the tissue getting
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Solid phase Liquid phase Polymerization

FIGURE 2.10. Biphasic acrylamide embedding. The sample is first soaked for several
hours (overnight) in a monomer solution which transforms upon polymerization
into a solid phase (purple). The sample is then quickly transferred into a monomer
solution (orange) which remains liquid after polymerization. The tissue is then
easily extractable after polymerization. Adapted from [177].

damaged and torn apart. To avoid this issue, a solution is to use biphasic acrylamide embedding,
as described in [177] and in Fig 2.10: the sample is first soaked overnight in a hydrogel monomer
solution (purple, solid phase) to allow for the monomers to diffuse within the tissue. Then prior
to thermally-initiated polymerization, the sample is transferred to a monomer solution without
the capacity for solid polymer formation (orange, liquid phase). This results on the formation
of a solid tissue-hydrogel hybrid within a liquid phase which hence can be extracted easily for

subsequent agar embedding.
Steps: Biphasic acrylamide embedding

- Prepare a solution of Surecast (Acrylamide:Bis-acrylamide ratio of 29:1, ThermoFisher Catalog #
HC2040) and VA-044 activator diluted in PB with a total concentration of 4% Acrylamide and 0.5
% activator (i.e, for a 40 mL total volume, use 4 mL Surecast and 0.2 g activator). This solution is

the solide phase solution (SP). Soak the tissue in SP overnight at 4°C.

Critical notes: All components should be kept cold at all times to avoid spontaneous polymeriza-

tion. Also acrylamide is a carcinogenic compound, handle with appropriate care.
- After the overnight soak, shake gently at RT, for 1 hour approximately.

- Prepare 40 mL of liquid phase solution (LP) using the same precautions as the solid phase. The
LP solution consists in a solution of Surecast and VA-044 activator diluted in PB with a total

concentration of 1.6% Acrylamide and 0.5 % activator.

- Transfer the tissue from the SP phase to the LP phase into a closed plastic container. Cover the
LP phase solution with vegetal oil to avoid excess oxygen during polymerization, and place the

container at 40°C into an oven for 5 hours.

- After the polymerization, extract the tissue from the acrylamid liquid phase and prepare it for

imaging as in the previous protocol.
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FIGURE 2.11. Vibratome striae.

2.2.3 Tissue sectioning

Tissue sectioning quality is central to the success of Chrom-SMP experiments. It relies essentially
on sample preparation (cf. previous section), but also on the mechanical properties and parameters
of the microtome during the cut. Table 2.2 presents the microtome parameters that have here

been used successfully.

Parameters Regular tissue Soft tissue
Vibration frequency (Hz) 60 60
Vibration amplitude (mm) 0.8 0.8
Vibratome speed (mm/s) 0.3-0.5 0.1-0.3
Blade pitch angle (°) 10 10

Table 2.2: Vibratome settings for regular and soft tissue sectioning.

It is also important to use a fresh blade for each experiment. The blade roll angle also needs to
be adjusted using the screws on the vibratome arm. Slicing striae, visible on the tissue surface
(Fig 2.11) and which result from the blade passage on the tissue surface are used for this purpose.
For whole brain experiments, the slicing angle in the Y direction needs to be set to less than 10
um over ~7 mm in order to obtain sections with homogeneous quality.

We evaluated the slicing quality achieved with regular agarose embedding compared to the borate
mediated crosslinking protocol upon similar sectioning parameters (60 Hz, 0.8 mm amplitude,
0.5 mm/s, 10° pitch angle) by comparing XZ resliced views of 3D mosaics. Crosslinking ensured
better sectioning quality both at the large mosaic scale and at the local scale (Fig 2.12). Covalent
crosslinking prevented mechanical distorsions during the blade passage. Slicing with low parasitic
Z-vertical deflection as optimized through the vibratome flexure arm design [175] could be
achieved. Insets in Fig 2.12 show that the vertical deflection in the case of a crosslinked sample
is less than 2 pm while structures are heterogeneously torn apart in the case of non covalent

agarose embedding.

Finally, we also verified that morphological structures (cells, blood vessels) could be recovered
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FIGURE 2.13. Lossless imaging with Chrom-SMP. (a) Z-stack sequence from Z = 98
pm to z = 120 pm sampled at 2 pm from the lower part of an acquired block n-1.
Scale bar: 100 pum. (b) Z-stack sequence from Z = 6 pym to z = 28 um sampled at
2 ym from the upper part of the subsequent block n after sectioning. Structures
are recovered from one block to another with improved resolution and signal to
background ratio. Scale bar: 100 pm.

from one block to the other upon sectioning. This point is indispensable to perform continuous
lossless high-resolution imaging. As expected, structures reimaged closer to the sample surface
following sectioning are recovered with a better image quality, not affected by depth-induced
aberrations. In Chrom-SMP continuous acquisitions, the determination of the optimal slicing
thickness is sample-specific since it is a tradeoff between slicing robustness (better with thicker
slices) and image degradation with depth, the aim being to obtain continuous volumes with

homogeneous image quality (cf. Chapter 3 for examples).
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FIGURE 2.14. Lateral and axial point-spread function (PSF) matching. The graph shows
Gaussian-fitted PSFs acquired with a 500 nm z-step. Blue: 850 nm beam, red: 1100
nm beam. Scale bar: 1 pym.

2.2.4 Optical performances
2.2.4.1 Resolution and PSF matching

A fundamental requirement for wavelength mixing is the spatial overlap of the two excitation
foci in 3D (Fig 2.14). A practical way to perform this calibration is to use SHG nanoprobes such
as KTP nanocrystals [31], below the resolution of the system, and can therefore be used to match
the two foci at the PSF scale, while at the same time providing a measurement of the resolution
for each beam. An advantage of this system for metrology is that the same objects can be probed
simultaneously with the two beams and generate two specific, spectrally-narrow SHG signals
that can be detected in separate channels. Also, these probes can be used with a large range of
excitation wavelengths, although most of the applications of Chrom-SMP in this thesis were done
using the 850 nm/ 1100 nm combination.

In practice, lateral coalignment is first done grossly using M1 and M2 to adjust the Ti:Sa beam
position and M3 and D to adjust the OPO beam position (Fig 2.5), and two spatial landmarks one
right after the recombination dichroic and the second one close to the objective rear pupil. The
coalignment adjustment is then refined on a KTP nanoparticle imaged at the center of the field of
view (Fig 2.14), using the far-field mirrors only (M3 and D on Fig 2.5).

The relative axial mismatch between the two beams can be adjusted by controling their di-
vergence using the telescopes on the beam paths. For compacity reasons, the telescopes used
here are 2-lenses telescopes, which means that beam size and beam divergence cannot be tuned
independently. However, the beam size at the objective back aperture is also a fundamental
parameter in multiphoton microscopy experiments as it determines the effective NA and hence

the resolution of the system, as well as the available power after the objective. A large beam
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FIGURE 2.15. Chromatic aberration charact

AY) as a function of the radial position in
n=1037 KTP nanocrystals across the fov

for Chrom-SMP imaging experiments.

at the back aperture (over-filled aperture) will give a higher resolution at the expense of laser

e will result in a lower resolution but higher

power loss, while under-filling the back apertur

available power. A strategy to optimize both axial mismatch and axial resolution of both beams is
to: (i) precalculate the telescope magnification required for each beam to match the size of the
objective back aperture, knowing the initial beam size and the magnification of the scan system;
(ii) optimize the resolution for one beam and then use the second telescope to adjust the relative
axial mismatch,; (iii) if the resolution and/or power for the second beam is not optimal, change
the second telescope magnification to increase or decrease the beam size. A typical working
configuration obtained using this procedure is presented in (Fig 2.14): 1.8 uym resolution for the
beam and 0.5 ym axial mismatch.

850 nm beam, 2.6 yum resolution for the 1100 nm

2.2.4.2 Chromatic aberrations
Definition
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erization across the field of view (fov) for
the 850 nm/1100 nm wavelength combination. Top: Chromatic horizontal (resp.
vertical) shift AX (resp. AY) as a function of the horizontal (resp. vertical) position in
the fov. Measurements were performed on n=1012 KTP nanocrystals across the fov
and data fitted using an affine model. Bottom left: Chromatic axial shift AZ (resp.
the fov. Measurements were performed on
and data fitted using a polynomial model.
Bottom right: Lateral chromatic shift mapped across the fov. Lateral chromatic shift
is defined as / ( AX2+ AY?) with AX and AY the corresponding fitted horizontal
and vertical chromatic shifts. Dashed boxes outline the maximal effective fov used




2.3. CHROM-SMP: IMAGE PROCESSING WORKFLOW

Chromatic aberrations are wavelength-dependent artefacts due to optical dispersion. As the
refractive index of a lens varies with the wavelength, light beams of different wavelengths are
focused onto different spots. There are two types of chromatic aberrations: axial (longitudinal)
chromatic aberrations and transverse (lateral) chromatic aberrations. Axial chromatic aberration
refers to the foci z-mismatch of light beams of different wavelengths, as described in the previous
section. Lateral chromatic aberration is a lateral chromatic mismatch which increases with
the distance to the center of the field of view. In other terms, it is a chromatic difference of
magnification. Mitigating both axial and longitudinal chromatic aberrations at the PSF scale is
fundamental for quantitative and high-resolution anatomical multicolor imaging.

Characterization of chromatic aberration

We characterize chromatic aberrations within the field of view using SHG KTP nanocrystals as
described in [31]. Axial chromatic aberrations are minimized by matching the beam foci using
telescopes, as described in the previous section. Lateral chromatic aberration are mitigated by
selecting a microscope objective appropriate for wavelength-mixing [31] and designing a scan
system with corrected chromatic aberrations. The performances of the system for the 850 nm/1100
nm wavelength combination are presented in Figure 2.15. While the lateral chromatic mismatch
increases linearly with the distance to the center of the field of view (fov), the axial mismatch
is constant over ~350 pm. Overall, a color mismatch of less than 0.6 pm is obtained in all three
dimensions over a field of view exceeding 350 uym. These performances determine the maximal
usable field of view for a single tile in Chrom-SMP experiments.

Chromatically corrected multicolor large volume imaging

An important feature of Chrom-SMP is the intrinsic 3D channel registration at the submicron
scale that stems from the excitation process. Indeed, green fluorescence signals obtained through
a wavelength-mixing scheme provide an intrinsic quality check: they are observed only if the
excitation point spread functions of the two beams overlap in 3D with submicron precision,
in turn ensuring that all signals originate from the same diffraction-limited volume. Another
advantage of wavelength-mixing as a multicolor imaging scheme is that chromatic aberrations
only need to be mitigated for narrow laser excitation bands instead of the entire 800-1100 nm
range. Chrom-SMP further builds on (i) lateral stage mosaicking, (ii) robustness of two-photon
processes with depth and (iii) tissue sectioning to provide high resolution large volume imaging
with multicolor voxel precision (Fig 2.16). The matching between channels is preserved over mm?3
of imaged volumes and submicron structures such as astrocyte processes and neurites can be

visualized with high multicolor resolution (i.e not affected by chromatic aberrations).

2.3 Chrom-SMP: Image processing workflow

In this section, we will present the processing steps from raw images acquired with the microscope

to reconstructed multicolor volumes corrected from acquisition artifacts. A general overview of the
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FIGURE 2.16. Registration of multichannel images is maintained at all imaging depths.
XY representative multicolor images from a MAGIC marker-labelled dataset ac-
quired with Chrom- SMP with 0.4 pmx0.4 pm x1.5 um voxel size. Inserts demon-
strate channel co-registration at arbitrary depths within the dataset. Cell struc-
tures (astrocyte domains and processes, cell bodies, axons) can be visualized with
multicolor precision (i.e not affected by chromatic aberrations) and discriminated
with a quantitative color ratio. Scale bar: 100 pm.

pipeline developed is presented in Figure 2.17 and the main steps are presented in further details
throughout this section. Our goal when designing this workflow was to derive all the correction
parameters directly from the dataset, without the need to proceed to additional measurements

before or after the experiment.

2.3.1 Individual tile processing

Two operations are applied to individual tiles at this stage, prior to image stitching: tile crop and
flat-field correction.

Individual tiles are cropped in order to remove artifacts due to scanning nonlinearity at a lateral
edge of the field of view. The extent of this scanning artifact depends on both the size of the tile
and the lateral sampling. Since this artifact is constant across the whole dataset, the size of the
crop is determined for each dataset by the user from any non blank image.

Another common artifact on individual tiles is the inhomogeneous illumination profile which
results from both uneven excitation and detection patterns. While it is usually inconvenient in
mosaic acquisition schemes since its prevents seamless smooth renderings of large volumes, it
is particularly problematic for multicolor quantitative imaging since the illumination profiles
for each channel are often different, resulting in undesirable color gradients across the field of

view (ex: tile more red at the bottom than the top). In order to correct for this, we first generate
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FIGURE 2.17. Overview of the visualization and processing workflow. Magenta: con-
tinuous block-face acquisitions; Cyan: serial tomography acquisitions; otherwise
common to both. Blue: automated process; Yellow: manual process by user; Green:

software plateform.

FIGURE 2.18. Flat-field correction profiles for each of the three imaged channels. Scale

bar: 100 pm.

illumination profiles from the dataset by averaging all acquired images for each channel. The

average profiles are then smoothed using a very coarse grain gaussian blur filter (80 pixels radius)

to obtain the flat-field correction profiles (Fig 2.18). These profiles are then each normalized by

their maximum intensity value. Individual tiles are then divided by these profiles. Example of a
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FIGURE 2.19. Mosaic from a MAGIC markers labeled cortex dataset before (a) and
after (b) flat-field correction. NB- Image (b) was also color-processed (cf. section
2.3.3). Scale bar: 300 pum.

multicolor mosaic before and after flat-field correction is presented in Figure 2.19.

2.3.2 Dataset stitching

Stitching refers to the operation of assembling all the individual tiles of a dataset into a 3D conti-
nous volume ( in the single 3D mosaic or continuous block-face mode) or a series of homogeneous

2D mosaics (in the STP tomography mode).

2.3.2.1 Stitching of serial 2D brain sections

For whole-brain tomography datasets, we take advantage of the high precision of the motorized
XY stages for fast and accurate 2D mosaic reconstruction. For this, we adjust the automatic closed-
loop parameters of the X and Y stages (PID values) to achieve less than 0.2 ym of error positioning.
Mosaics are acquired with 10 % spatial overlap between the tiles in a snake-like pattern. We use
the precise position of each tile within the mosaic together with the overlap parameter to assemble
each 2D mosaic, without the need of further overlap computation. 2D sections are automatically
self-registered, so there is usually no need for rigid (translation or rotation of a brain section
relatively to the upper or lower section) nor elastic (b-spline deformation) registration between
sections. Though, if two successive sections have been acquired with different starting points, a
translation is of course required to recover the self-registration. To assemble the tiles, we use the
Grid/ Collection Stitching plugin [178], but this operation can be done using any other software.
In this particular case, computing the overlap does not bring any particular advantage. In fact,
large-scale brain mosaics can be very heterogeneous with some regions with lower signal to noise
ratio. This may leed to some artifacts when computing the overlap. Furthermore, computing the

overlap significantly increases the processing time.
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FIGURE 2.20. Ternary color diagrams before (left) and after (right) color processing.

2.3.2.2 Stitching of continous 3D volumes

For stitching 3D volumes from acquisitions in the continuous block-face mode, we use a version
of the Grid/Collection Stitching plugin [178] which has been modified by Ignacio Arganda-
Carreras (University of the Basque Country and Donostia International Physics Center, San
Sebastian, Spain). The method relies on calculating cross-correlations in all three directions
between adjacent tiles and overlapping blocks in the Fourier space and then select the maximum
correlation. Below a certain correlation threshold, tiles are not considered adjacent. For our
data, we found that the value of correlation th