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ENGLISH ABSTRACT
Introduction and Background

To gain a clear understanding of the mechanisms underlying Blood Oxygenation Level-
Dependent functional magnetic resonance imaging in the brain, we need to quantify the structural
organization and the density of blood vessels in the brain. However, obtaining a whole cerebral
vascular map at the capillary level is challenging. We need to obtain homogeneous labeling of the
vessels, image deep into the brain while maintaining the labeling dye’s fluorescence and manage

large data sets.
Objective

The goal of our current project is to compare and optimize methods for labeling blood

vessels and tissue clearing to obtain high-resolution images of neocortical vessels in mice and rats.
Methods

To this end, we compared vasculature labeling methods, including (1) injecting the dye in
vivo to the vascular system intracardially or through the tail vein and (2) in vitro staining by
immersion. We evaluated the labeling by 3 different dyes, including Fluorescein Isothiocyanate-
Dextran, wheat germ agglutinin Alexa fluor, and Lycopersicon esculentum (Tomato) lectin
DyLight. We also compared three different clearing methods: CUBIC (clear, unobstructed
brain/body imaging cocktails and computational analysis), 3DISCO (three-dimensional imaging
of solvent-cleared organs), and iDISCO+ (Immunolabeling-enabled 3DISCO plus). We varied
additional parameters such as the tissue slab thickness, the dye volume injected in mice of the same
age, and the mouse age while keeping a constant fluorophore volume. We evaluated the labeling
quality with an Opera Phenix High-Content Screening microscope, a single-point confocal

microscope, and a quantitative estimation of signal to background fluorescence ratio.
Results

We found that organic solvents cleared coronal brain slabs within days, significantly faster
than the CUBIC protocol that required weeks for clearing similar slabs. With CUBIC, the clearing
time increased with coronal slab thickness. Based on our Opera Phenix images, we found

homogenous vasculature labeling throughout the cortex was possible with intravascular labeling



protocols, especially with tail vein injection of Alexa Fluor. We found that the quality of the
perfusion impacts the quality of labeling. We performed a quantitative analysis of the signal-to-
background ratio of mice stained with different volumes of 1.67 mg/ml Alexa Fluor. We found
that using 250 pl and 200 pul volumes gave a higher signal-to-background ratio relative to 100 pl.
We observed similar results in rats. Intravenous labeling with 1.2 ml of Alexa Fluor (1.67 mg/ml)
gave a greater signal-to-background ratio compared to 0.6 ml. Additionally, imaging with CUBIC
cleared samples gave a higher background signal relative to the DISCO methods. Finally, based
on quantitative analysis, we found that iDISCO+ provided a greater signal-to-background ratio

compared to 3DISCO.
Conclusion

Hence, tail vein injections of Alexa Fluor in rats and tissue clearing with iDISCO+ enable

good vessel labeling, tissue clearing, and imaging results.
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RESUME FRANCAIS

Introduction et contexte

Pour mieux comprendre les mécanismes sous-jacents a l'imagerie par résonance
magnétique fonctionnelle dépendant du niveau d'oxygénation du sang dans le cerveau, nous
voulons quantifier 1'organisation structurelle et la densité des vaisseaux sanguins du cerveau.
Cependant, il est difficile d'obtenir ’architecture compléte des vaisseaux sanguins au niveau
capillaire. Nous devons marquer les vaisseaux d’une manicre homogene, obtenir des imageries
microscopiques du cerveau en profondeur tout en maintenant la fluorescence du marqueur et en

gérant de grands ensembles de données.

Objectif

L'objectif de notre projet actuel est de comparer et d'optimiser les méthodes de marquage
des vaisseaux sanguins et les méthodes de rendre les indices de réfraction du cerveau homogéne.
Ainsi, nous pourrions obtenir des images en haute résolution des vaisseaux néocorticaux avec les

souris et les rats.

Méthodes

A cette fin, nous avons comparé les méthodes de marquage vasculaire, y compris (1)
l'injection du colorant dans le systéme vasculaire par voie intracardiaque ou par la veine caudale
et (2) la coloration par immersion du cerveau. Nous avons évalué¢ 3 marqueurs différents, dont
l'isothiocyanate de fluorescéine-dextran, l'agglutinine de germe de blé Alexa fluor et la lectine
DyLight de Lycopersicon esculentum (tomate). Nous avons également comparé trois méthodes
d’homogénéisation d'indice de réfraction: CUBIC (cocktails d'imagerie cérébrale/corps clairs et
non obstrués et analyse informatique), 3DISCO (imagerie tridimensionnelle d'organes nettoyés au
solvant) et iDISCO+ (3DISCO plus compatible avec I'immunoétiquetage). Nous avons examiné
des paramétres supplémentaires tels que la variation du volume de fluorophore injecté chez des
souris du méme age et la variation de 1'age des souris tout en gardant un volume de fluorophore
constant. Nous avons évalué la qualité de marquage avec un microscope “Opera Phenix High-
Content Screening” et avec un microscope confocale monopoint. Ensuite, nous avons effectué une

estimation quantitative du rapport signal/bruit.
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Résultats

Nous avons constaté que les solvants organiques nettoyaient les sections du cerveau en
quelques jours. En comparaison, le protocole CUBIC prend des semaines. De plus, avec CUBIC,
le temps d’homogénéisation de 1'indice de réfraction augmente avec I'épaisseur de notre section de
tissus cerebrale. Basé sur nos images d’Opera Phenix, nous avons constaté qu'un marquage
homogene du systeéme vasculaire du cortex cérébral était possible en utilisant des protocoles de
marquage intravasculaire. Ceci était possible, en particulier, avec l'injection d’Alexa Fluor dans la
veine caudale. Nous avons constaté que la qualité de la perfusion impacte la qualité de marquage.
Nous avons effectué une analyse quantitative du rapport signal/bruit pour les souris dont leur
vaisseaux sanguins ont été étiquette avec différents volumes d'Alexa Fluor (1,667 mg/ml). Nous
avons constaté que l'utilisation de volumes de 200 pl et 250 pl donnait un rapport signal/bruit plus
¢levé par rapport a 100 ul. Nous avons observé des résultats similaires chez les rats. Le marquage
des vaisseaux par la veine caudale avec 1,2 ml d'Alexa Fluor (1,67 mg/ml) a donné un rapport
signal/bruit supérieur a celui de 0,6 ml. De plus, I’imagerie microscopique des section du cerveau
nettoyés avec CUBIC a donné un signal de bruit de fond plus élevé par rapport aux méthodes
DISCO. Finalement, sur la base d'une analyse quantitative, nous avons constaté qu'iDISCO+

offrait un rapport signal/bruit plus élevé comparé a 3DISCO.

Conclusion

Par conséquent, les injections d'Alexa Fluor dans la veine caudale chez les rats et le
nettoyage des sections de cerveau avec iDISCO+ permettent de bonnes capacités de nettoyage et

d'imagerie.
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CHAPTER I -INTRODUCTION
a. Rational

Ex-vivo three-dimensional study of organs, more specifically vascular structures, permits
researchers to answer questions related to tumors such as the tumor stage (Tanaka et al., 2018) or
the presence of angiogenesis (Li et al., 2014). It can also help understand how the structural
organization of blood vessels (or the nervous system) can be altered following a disease or an
injury (Todorov et al., 2020). Furthermore, it can give a more accurate understanding of brain
imaging data such as functional magnetic resonance imaging (fMRI) which relies on the
hemodynamic changes in the blood vessels. As for our main interest, these ex-vivo studies could
help us understand the structural organization of the vessels in the cortical layers of the brain. In
turn, this could potentially help clarify cortical depth-dependent fMRI signals. They are often
influenced by large draining veins spanning across the cortical layers, which makes it difficult to
determine from which laminae the blood vessels drain the blood (Huber et al. 2021, Uludag and

Blinder, 2018).

A commonly used ex-vivo method is histology. Here, tissue samples are dissected, cut into
numerous 2D thin slices, and stained one by one. This precedes imaging of the sections through
high-resolution microscopes (Pichat et al., 2018). However, forming the 3D reconstruction brings
forward a set of challenges. For instance, the occurrence of deformations can cause state-of-the-
art image registration techniques to have inaccuracies of up to 30% (Wang et al., 2015).
Fortunately, additional resources, such as medical images (i.e.: MRI) of the organ of interest, can
help avoid alignment artifacts during reconstruction as they provide a reference or ‘structural
ground truth’ (Pichat et al., 2018). Histology involves performing steps with great care and caution
in order to minimize artifacts such as tissue distortion, uneven staining, loss of details, creation of

folds or holes, etc. (Pichat et al., 2018).

Currently, an increasing number of alternative procedures are being proposed to study
three-dimensional (3D) organ anatomy at high resolution. One method involves imaging whole
organs of small animals or even small rodent bodies through means of tissue clearing and high-
resolution microscopy imaging. Another option is to image tissues with micro-computed
tomography or magnetic resonance imaging. However, cellular resolution imaging cannot be

performed with these last two methods (Dodt et al., 2007, Rocha et al., 2019., d’Esposito et al.,
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2015). Overall, these methods can allow for tissues to remain intact while reducing the experiment

duration, required labor, and tissue processing artifacts related to histology.

Tissue clearing aims to make large/thick biological samples transparent by incubating them
in a series of chemical solutions (Ariel, 2017). According to (Ertiirk et al., 2012a), tissue clearing
was first introduced around a century ago (Spalteholz, 1914), as was the idea of light sheet
illumination explained by Dodt et al. (2007) (Siedentopf and Zsigmondy, 1903). However, this
idea was not initially pursued due to the lack of scientific advancements enabling imaging deep in
the tissue. Within the last decade, the concept of tissue clearing gained popularity. In fact,
numerous methods are being developed to further advance the techniques. Therefore, many
clearing approaches have been generated. A recently published review has divided them into 3
categories (Ueda et al., 2020). Namely, they are categorized as hydrophobic, hydrophilic, and
hydrogel-based clearing methods where each method has its own set of advantages and limitations

(Ueda et al., 2020).

The capability of rendering tissue transparent facilitates imaging of large tissue samples
since it allows the light of microscopes to penetrate deep into the sample with minimal scattering
and absorbance of light (Richardson and Lichtman, 2015). Beyond clearing methods, attention
must be paid to the choice of imaging technology and to the selection of the dye or the antibody.
The use of light-sheet fluorescent microscopes, also called ultra-microscopes, is one of the most
commonly used methods to image large, cleared tissue samples as it allows for deep tissue imaging
at high resolution while minimizing fluorescence bleaching (Dodt et al., 2007). Additionally, it is
preferable if the dyes used are strong dyes: ideally, they should feature a long half-life, not be
easily quenched by clearing solutions or microscope lasers, and have the capability to bind to the

cells of interest.

b. Objectives

My thesis aims to first compare and optimize methods of vasculature labeling and tissue
clearing. We want to identify the protocol with which we can obtain homogenous labeling of the
brain’s vessels. We also want our ideal protocol to give a minimal amount of physical distortion.
My tissue samples should be transparent tissue such that we will have minimal light scattering and

light absorption during microscopy imaging.
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We hypothesize that

e Strong fluorophores will be able to withstand the clearing process without deterioration.

e For staining, allowing the dye to circulate through the vascular system (intracardiac and
tail vein injection) will allow the fluorophore to stain the blood vessels homogenously
without staining the other cell bodies.

e Organic solvent-based clearing methods will have greater clearing capabilities compared
to aqueous-based clearing. The organic solvent methods we focused on are 3DISCO (3-
dimensional imaging of solvent-cleared organs) and iDISCO+ (immunolabeling-enabled
DISCO). The aqueous-based clearing method is called CUBIC (clear, unobstructed brain

imaging cocktails and computational analysis)

Following my thesis, we will conduct further studies from our lab to quantitatively analyze
the organization and the density of blood vessels in the neocortex. This can make it possible to

study the mechanisms underlying blood oxygenation-based and/or blood volume-based functional

MRI.
C. Proposed solution and approach
As part of our optimization process,

e We evaluated the quality and homogeneity of the vessel labeling by comparing 3 different
methods of staining: dye injection through the heart, dye injection through the tail vein,
and incubation in the dye after brain extraction.

e We tested 3 different dyes: wheat germ agglutinin (WGA) Alexa fluor 594 and 647,
Lycopersicon esculentum (Tomato) Lectin (LEL) DyLight 649, and Fluorescein
isothiocyanate (FITC) dextran.

e We investigated the impact of age on the clearing by using mice of varying ages

e We investigated the impact of different tissue slab thicknesses on clearing.

e We varied the volume of dye used in mice and rats.

e We compared 3 clearing protocols: 3DISCO, iDISCO+, and CUBIC.

16



e We used a high-content screening Opera Phenix microscope to compare our different

methods. We also used a single-point confocal microscope LSMS880.

Our results show that: (1) The quality of the perfusion impacts the quality of the staining.
For instance, we noticed patchy labeling in our microscopy images each time we had an indication
that the brain’s capillaries were likely severed during perfusion. (2) In vivo staining has the
capacity to give brain-wide homogeneous labeling of the vasculature without staining other
structures as well. (3) Although all clearing methods provided optically transparent tissues, organic
solvents clear the brain significantly faster than CUBIC-related solutions. (4) CUBIC introduces
variations in clearing duration as a function of tissue thickness and animal age. (5) Qualitatively
and quantitatively, iDISCO+ provides a greater signal-to-noise ratio compared to the two other
methods. (6) We found the best results from DISCO-cleared rat brain slabs that were stained
through the tail vein with WGA Alexa Fluor 647.

CHAPTER II - REVIEW AND BACKGROUND

In this review, I present in-depth organic clearing protocols, the difficulties faced, and the
solutions brought forward by various research groups. I also discuss aqueous-based clearing
methods, especially the CUBIC-based protocols. Ultimately, all clearing methods have the same
goal: to make the tissue of interest transparent. This involves a series of steps where the tissue is
incubated into solutions that alter some of its compositions to let the light reach deeper tissue
structures with minimal scattering (Ueda et al., 2020). In addition, this review goes over some of

the fluorescent probes used for labeling vasculature and the different labeling methods.
a. Clearing with organic solutions

Hydrophobic methods make use of organic solutions. They have three major steps:
dehydration, lipid extraction, and refractive index matching (Ariel, 2017). These techniques are
capable of clearing thick tissue slices or whole rodent organs and bodies in just a matter of hours
or days. A recurring challenge consists of their capability to preserve the fluorophore’s signal.
Depending on the research objectives, other difficulties may surface. For instance, organic solution

clearing protocols will most of the time lead to tissue shrinkage limiting morphology preservation
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(Renier et al., 2016). However, for larger size samples, shrinkage may serve as an advantage since

it reduces the data size of microscopy images.

Initial methods used a combination of alcohols such as ethanol, and benzyl alcohol benzyl
benzoate (BABB) (also known as Murray’s clear) to clear tissues (Dodt et al., 2007). Dodt et al.,
demonstrated the application through the reconstruction of 3D images of green fluorescent proteins
(GFP) expressing neurons in mice. Subsequent studies have screened various chemicals in order

to optimize the clearing process.

Instead of ethanol, Ertiirk et al. proceeded with tetrahydrofuran (THF) as their dehydrating
agent, since ethanol seemed to rapidly degrade GFP signals (Ertiirk et al., 2012b). Additionally,
combining BABB, a refractive index matching solution, with the tetrahydrofuran improved the
clearing capacity of spinal cords (Ertiirk et al., 2012b). Similar dye quenching effects were
observed with alcohol by Schwarz et al. (2015) while developing their approach called
FluoClearBABB. In their case, they evaluated the use of methanol, 1-propanol, and tert-butanol.
They found that the fastest and highest signal loss of enhanced-GFP fluorophores occurred with
methanol (Figure 1a). Meanwhile, the dehydrating solutions with higher hydrocarbon content
increased fluorescence preservation. Thus, the samples incubated in tert-butanol gave the smallest
loss of signal response. While the greatest response occurred with tert-butanol, they still noticed
that the signal was quenched after BABB incubation. Thus, increasing the pH to 9.5 helped
increase the fluorescence preservation (Figure 1b). Whereas, incubating at 30°C instead of room
temperature improved the clearing (Figure 1d) and an increase in the incubation temperature
reduced the signal (Figure 1c). As another example, a protocol called 3DISCO replaces the BABB
refractive index matching solution with dibenzyl ether (DBE) (Ertiirk et al, 2012a). DBE improved
transparency (especially with myelinated tissue) and it also increased the preservation of

fluorophores like GFP (Ertiirk et al., 2012a and Becker, 2012).
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Figure 1. Evaluation of EGFP fluorescence preservation and tissue clearing results based on different
incubation parameters. EGFP fluorescence signal preservation in E.coli based on a) dehydrating solutions
and incubation parameters: b) pH and c) temperature. d) Changes in clearing quality based on temperature
change while using tert-butanol and a pH of 9.5. Observations are made on different parts of the brain on
mice of different ages (P44, P250, and P673). (Schwarz et al., 2015, with permission, combination of their
Figures 1 and 2).

Till now, we discussed the idea of testing various incubation solutions and parameters to
improve fluorescence preservation or clearing results. Interestingly, a reason that causes
fluorescent dyes to lose their strength has to do with the formation of peroxides or aldehydes which
tend to form in DBE and BABB clearing solutions (Hahn et al., 2019). Many commonly used
refractive index matching solutions and dehydrating solutions in hydrophobic clearing protocols
form these molecules. These impurities modify chemical behaviors, and they can be hazardous
(Jackson et al., 1970). Therefore, it is imperative to avoid the formation of such molecules which
can surface when exposed to light, air or water (Hahn et al., 2019, Jackson et al., 1970). More
recent protocols have suggested ways to overcome the damage that these molecules can form. We
can, for one, embed tissues into resin which allows for long term storage and repetitive imaging
since it seems to prevent the access of the peroxides to the sample (Becker et al., 2014). The use
of resin can also minimize mechanical damage (Becker et al., 2014). Another option is to use
peroxide scavenging solutions or stable solutions that do not form peroxidase. uDISCO (ultimate-
DISCO) protocol uses a combination of a-tocopherol antioxidant (vitamin E) and diphenyl ether
along with the BABB mixture (Pan et al, 2016). Diphenyl ether, unlike the other 2 refractive index

matching solutions, does not have reactive benzylic C-H and C-O bonds which decreases the
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probability of the solution to form radicals or other oxidative reactions (Pan et al, 2016). Vitamin
E, on the other hand, helps scavenge peroxides (Pan al., 2016, supplement). Thus, using them
along with BABB helps reduce fluorescence quenching which allows fluorescence preservation
for at least a year. In addition to the changes in the refractive index matching solution, uDSICO
protocol utilizes tert-butanol instead of THF. Tert-Butanol is less reactive and more stable to
oxidation (Pan al., 2016, supplement). Pan et al.’s uDISCO work gives a brief example of
vasculature imaging of the central nervous system of rats using Texas red dextran (Pan et al.,
2016). Another study focused on eliminating peroxides and/or aldehydes was performed by Hahn
et al. (2019) who brought forward the idea of sDISCO (stabilized DISCO). They screen a variety
of antioxidants in order to stabilize commonly used dyes for neuronal imaging:
EGFP/tdTomato/YFP. From their list of antioxidants, propyl gallate has the greatest peroxide
elimination rate compared to other antioxidants including butylhydroxyltoluol,
butylhydroxylanisol or alpha-tocopherol. It was also found to be a more active hydroxyl radical
scavenger compared to alpha-tocopherol or mannitol (Haseloff, 1990). In addition, the use of
propyl gallate still allows high-resolution imaging of at least 2.19 um resolution (Hahn et al.,
2019). Figure 2 demonstrates the capability of sDISCO to diminish fluorescence quenching.
Furthermore, propyl gallate can also keep peroxides from surfacing and preserve fluorescence for
solutions stored over a year at 4°C. On a final note, when the solutions are already polluted with
fluorescent quenching molecules, it is best to purify them before adding the antioxidant since
adding antioxidants without purification will only remove the peroxides while the aldehydes will

remain. Aldehydes, which appear in the presence of peroxides, also cause quenching.
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Figure 2. Comparison of EGFP fluorescence preservation between sDISCO and 3DISCO.
Demonstration of fluorescence preservation 1 month after staining of mouse brain samples cleared with (a)
3DISCO method and (b) sDISCO method. These are examples of neuronal cells with EGFP fluorescence.
(c) The signal-to-noise ratio drops 24% 1 month after clearing with 3DISCO and it stays constant with
sDISCO. (Hahn et al., 2019, with permission)

Alternate protocols focused on modifying the incubation conditions. Some examples of
such protocols include FDISCO (DISCO with superior fluorescence-preserving capability) and a-
uDISCO (alternate-uDISCO) (Qi et al., 2019, Li et al., 2018). FDISCO follows 3DISCO protocol
closely. It suggests incubating the tissues in alkaline/4°C condition for THF and at 4°C for DBE.
The pH is increased to 9 with triethylamine. With this, they found the fluorescence signal appeared
to be stronger with many dyes including the DyLight 649 Lycopersicon esculentum lectin (LEL-
Dylight649) used for vascular labeling as well as some of the commonly used dyes such as EGFP,
tdTomato, and Cy5 (Figure 3). Qi et al. state that 3DISCO clearing procedure generally decreases
the fluorophores’ signal and that their method had the capability of increasing the signal
preservation by over 50%. Figure 3e shows the results of their whole brain vasculature imaging
with DyLight 649. They also use Alexa Fluor 647 anti-mouse CD31 antibody for vasculature
labeling which did not demonstrate any superior performance. Additionally, FDISCO tends to give
a similar level of clearing in the same time period and a similar amount of tissue shrinkage as
3DISCO (Qi et al., 2019). a-uDISCO, on the other hand, aimed to improve uDISCO (Li et al.,
2018). They used alkaline incubation conditions. The most effective pH values, without affecting

transparency, were found to be 9-9.5 (increased with triethylamine). Li et al. state that their method
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is ideal for samples that have little fluorescent protein expression, for archiving, or for frequent re-
imaging of rare samples (Li et al., 2018). In sum, these papers suggest alkaline incubation
conditions to help with longer storage (Qi et al., 2019, Li et al., 2018, Schwarz et al., 2015), and
storing samples at 4°C to help with sample revisiting in the long run (Schwarz et al., 2015). It is
important to note that incubating the samples at lower temperature may not work for some organic
solutions such as tert-butanol which has a melting point of 25-25.5°C (Snyder, 1992). Qi et al.
(2019) state that 4°C incubations do not impact clearing time. However, Schwarz et al. (2015)
suggest that clearing at temperatures of 30°C facilitates clearing. Perhaps, the differences in these

results are due to the varying selection of organic solutions between the two experiments.

A FDISCO 3DISCO B FDISCO 3DISCO

—

Before
Before

After
After

E
50 pm|
—

C FDISCO 3DISCO D FDISCO 3DISCO

Before
Before

After 0 day
After 0 day

After 14 days
After 14 days

Figure 3. Fluorescence imaging of different dyes with 3DISCO and FDISCO clearing. Fluorescence
imaging of 1-mm-thick brain slices of (a) EYFP (Thyl-YFP-H mouse), and (b) tdTomato (Sst-IRES-
Cre::Ail4 mouse) before and after FDISCO clearing compared with 3DISCO clearing. Fluorescence
imaging of (c) LEL-Dylight 649, and (d), antibody conjugated to Cy5 before clearing (row 1) and 0 days
after clearing (row 2) and 14 days after clearing (row 3) with FDISCO and 3DISCO clearing protocols. ¢)

A depiction of brain vascular labeling and FDISCO clearing (injection of CD31-A647 antibody) (Qi et al.,
2019, with permission).

Efforts have also been devoted to whole-body clearing. Cai et al. (2019) applied vDICSO
where the “v” stands for (variable domain of heavy-chain antibodies). They used nanobodies that

can produce rigorous whole-body immunolabeling due to their small molecular weight (Cai et al.,
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2019). These nanobodies also improve the fluorescence signal during imaging. Using dyes with a
peak emission in the far-red regions can help overcome autofluorescence issues (Cai et al., 2019).
Another method is the polyethylene glycol (PEG)-associated solvent system (PEGASOS) which
clears whole bodies including hard tissues while preserving fluorescence (Jing et al., 2018). PEG
plays a role in protecting endogenous fluorescence (Jing et al., 2018). Beyond the usual 3 steps of
dehydration, delipidation, and matching refractive index, both methods (vDISCO and PEGASOS)
include additional tissue processing steps. They perform decolorization to reduce background
noise from residual blood and they do bone decalcification (Cai et al., 2019, Jing et al., 2018). This

allows for detailed subcellular images even through bones.

These organic clearing methods shrink the tissue samples, which can be advantageous for
whole organ or body imaging since they will fit under the microscope and provide a smaller data
set. When solely looking at an organ, these hydrophobic methods provide an isotropic shrinkage
(Pan et al., 2016). However, Jing et al. mention that although soft tissue shrinks up to 30-40%,
there is no shrinkage in the hard tissues (Jing et al., 2018). Possible distortions during shrinkage
can be minimized when the water removal is slow. In other words, it is best if dehydration occurs

in a couple of steps with a gradual increase of the dehydrating solution’s concentration (Ertiirk et

al., 2012a).

Renier et al. (2014) combine whole-mount immunolabeling methods with 3DISCO and
name their protocol iDISCO. They state that with their whole-mount immunolabeling methods, it
is no longer essential to preserve endogenous fluorescence proteins (Renier et al., 2014). They
achieve a deep diffusion distance with the antibodies even with adult mouse brains. However,
unlike clearing techniques from the hydrophilic category, only one round of labeling can be
performed since clearing procedures with organic solutions cannot be reversed (Seo et al., 2016).
They later changed the THF dehydrating/delipidating solution to methanol and dichloromethane
and called it iDISCO+. With this, tissue shrinkage is minimized to 11% (Renier et al., 2016). The
clearing performance allowed them to collect consistent signals from c-Fos+ cells up to 6 mm deep
into the tissue. iDISCO+ provided a similar clearing performance compared to 3DISCO and
iDISCO. Additionally, iDISCO+ gives slightly softer tissues which can allow for further tissue
processing (Vigouroux et al., 2017).
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For clearing with organic solutions, many studies have been performed to optimize the
results. These steps involved screening for chemical compounds that can improve tissue clearing
results in terms of transparency, minimizing tissue distortions, and improving fluorescence signal

retention.
b. Clearing with aqueous solvents

As in the case of organic solvent-based methods, aqueous-based clearing methods aim to
homogenize the refractive index of the elements composing the organ in question. Aqueous
cleaning can be categorized into 3 classes of methods: 1) passive immersion in only the refractive
index solution, 2) removal of lipids, which reduces the general RI of the tissue, or 3) a combination

of both methods with either passive or active measures (Richardson and Lichtman, 2015).

An example of passive immersion is the FRUIT protocol. Here, Hou et al. incubate the
tissues in increasing concentration of fructose dissolved in distilled water, a-thioglycerol, and urea
(Hou et al., 2015). This method does not result in highly transparent tissue. However, it is very
cost-efficient. Furthermore, it can be combined with numerous dyes including lipophilic dyes since
the process excludes the delipidation step. To be able to keep these advantages at hand, subsequent
studies adjusted the protocol in order to give more transparent samples. Hildebrand et al. (2020)
brought forth hFRUIT. They added non-reducing sugar sucrose to the fructose solution and
increased the 1-thioglycerol’s concentration (Hildebrand et al., 2020). This provided an enhanced
clearing of certain organs relative to the clearing accomplished by FRUIT. Although they did not
experiment in blood vessels, they did Dil labeling of myelin from tissues of different species and
found the samples could get permeable enough such that dye can be observed 1500 um into the
sample. Another simple immersion system consists of Clear! or its upgraded version Clear™. As
it does not use detergents or solvents, Clear™ has the capability to preserve lipophilic dyes,
fluorescent tracers, immunohistochemical fluorophores, and fluorescent-protein dyes. Kuwakima

et al. claim that it takes only 2 days to clear a whole postnatal mouse brain (Kuwajima et al., 2013).

Other protocols with similar concepts include SeeBest (Fumoto, 2020) and MACS (Zhu et
al., 2020). Both methods also preserve the lipid ultrastructure. In addition, they demonstrate blood
vessel staining and imaging. SeeBest is a pH adjustable tissue clearing solution which is important

for dyes that are pH-dependent. Fumoto et al. (2020) stain the vasculature using lipophilic
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carbocyanine dyes (Dil). They explain that pH alteration can maximize the fluorescence intensity
and diminish dye leakage during clearing which may be due to the maintenance of the cell's barrier
functions. Their use of polyethylenimine and urea gives enhanced optical clearing. They compared
their methods with other protocols such as ScaleA2, CUBIC, and clear”. They state that SeeBest
has comparable results to CUBIC when clearing liver and kidney. However, CUBIC outperforms
with brain tissue clearing results. Urea based clearing causes hyperhydration. Thus, dense protein
fibers dissolve, which loosens up the solid tissue frameworks (Tainaka et al., 2016). With this,
urea leads to RI matching. However, urea has a low RI value and a slow hyperhydration speed.
Therefore, Zhu et al. (2020) replaced urea with m-xylylenediamine (MXDA) to make MXDA-
based Aqueous Clearing System (MACS). They report that MXDA gives good hyperhydration
and a high RI value. They show an example of 3D rendering of mouse brain vasculature stained

with Dil Figure 4.
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Figure 4. Brain clearing and vessel imaging with MACS. Depiction of a) a dorsal view of a cleared
mouse brain and b) of its Dil-stained vasculature. c) - f) zoomed-in views of different regions of the mouse
brain from panel a. g) A sagittal view of the mouse brain’s vasculature. From (Zhu et al., 2020, with
permission).

With most of these methods, the clearing capacity is still limited since light scattering lipid
substances remain in the tissue. The aqueous method, CUBIC, is an example of a clearing method
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that removes lipids in addition to homogenizing refractive indices. To develop the CUBIC
protocol, Susaki et al. built on a previous method called Scale (Susaki et al., 2015). Susaki et al.
screened 40 Scale-related reagents and came up with ScaleCUBIC-1 (reagent 1) and ScaleCUBIC-
2 (reagent 2). Both reagents contain urea. With this, they claimed that it takes up to 2 weeks to
clear a whole mouse brain (8 weeks old). Figure 5a shows their results (Susaki et al., 2015). Other
researchers such as Xu et al. based their work on this CUBIC protocol. Xu et al. labeled at many
structural components in the brain using CUBIC among which is the cerebral vasculature of a 6-
week-old mouse (Xu et al., 2019). They used dextran-FITC as their marker (2000kDa, sigma
FD2000S). They report that they can reach a maximum imaging depth of 1.2 mm after clearing
brain blocks. However, already by 328 um into the sample, there is a great reduction in the

detection of samples (Figure 5b, ¢).
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Figure 5. CUBIC clearing progress and imaging of vessels. Demonstration of CUBIC clearing timeline
presented by Susaki et al. (2015, with permission). Mouse brain blood vessel imaging capabilities at
different depths performed b) before and c) after CUBIC clearing (Xu et al., 2019, with permission).
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Many other studies also make use of Susaki’s CUBIC protocol. Peeters et al. (2017) stain
0.35 mm thick rat liver tissue section with IHC. They did this on both non-cleared and cleared
samples and found that the imaging depth increased by 3 folds: 50-60 um and 150-200 pm deep
imaging for non-cleared and cleared samples, respectively (Figure 6). Also using staining by
immersion, ovarian (Tong et al., 2020) and heart (Yokoyama et al., 2017) vasculature studies have
also been conducted. Interestingly, Nehrhoff et al. (2017) stained the heart vasculature of an adult
mouse with lectin. They do so by in vivo administration into the tail vein of mice, followed by an

additional round of staining during the terminal perfusion process.

Non-cleared tissue Cleared tissue

Figure 6. Demonstration of rat liver vasculature intensity obtained with confocal microscope at
different imaging depths. Demonstration of rat liver vasculature intensity obtained with confocal
microscope at different imaging depths (z = 14, 78, and 144 pm) of a) non-cleared and b) CUBIC cleared
tissue samples (Peeters et al., 2017, with permission)

Tainaka et al. (2018) screened over 1600 chemicals and performed a series of tests on
potentially useful chemicals that could be used for the CUBIC protocol initially developed by
Susaki et al. (2015). As a result, Tainaka ef al. (2018) made a series of CUBIC reagents where
each of them improves clearing based on the organ of interest. The list of solvents and the protocol
timelines are shown in Figure 7. They find that ideal reagents for delipidation are “salt-free amine

with high octanol/water partition-coefficient” (Tainaka et al. 2018). For delipidation, they suggest
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CUBIC-L. It consists of N-butyldiethanolamine and Triton X-100 in distilled water. For RI
matching, Tainaka et al. (2018) recommend the use of aromatic amide which have low light
absorbance, and high-water solubility and RI value. Thus, they bring forth CUBIC-R. It contains
nicotinamide (or N-methylnicotinamide) and antipyrine in distilled water. The pH can also be

optionally adjusted with N-butyldiethanolamine.
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a)
Name Role Components and concentrations
CuUBIC-P Delipidation and rapid decolorization 5 wt% 1-methylimidazole, 10 wt% N-butyldiethanolamine (CU#0414), 5 wt% Triton X-100
CuUBIC-L Delipidation and decolorization 10 wt% N-butyldiethanolamine (CU#0414), 10 wt% Triton X-100
' : R ! o 10 wt% 1,3-bis(aminomethyl)cyclohexane (CU#0070), 10 wt% sodium dodecylbenzenesulfonate
CUBIC-HL Rapid delipidation and rapid decolorization (CU#0631), pH 12.0 adjusted by p-toluenesulfonic acid
CUBIC-B Decalcification 10 wi% EDTA, 15 wt% imidazole (CU#1352)
- : . r 45 wt% antipyrine (CU#0640), 30 wt% nicotinamide (CU#0855), optionally pH 8-9
CUBIC-R RI matching, more cost effective than CUBIC-RA adjusted by N-butyldiethanolamine (CU#0414)
1 : : y 45 wt% antipyrine (CU#0640), 30 wt% N-methylnicotinamide (CU#1283), optionally pH 8-9
CUBIC-RA RI matching, kinder to FP than CUBIC-R adjusted by N-butyldiethanolamine (CU#0414)
b)
Protocol Name Purpose Protocol
3 -7 days, 37°C 2 days
Mouse organ & CUBIC-R/RA
SeEICRTagReN! body clearing ELBIET A 50%»>100%
CUBIC-P (optional) PBS PBS PBS
‘« ) 3 -7 days, 37°C N % ) 5-7 days, 37°C R % 2 - 4 days, 37°C % 2 days
Tissues including - 1 BIC-R/RA
CUBIC protocol Il Hone elsaring cuBIC-L CUBIC-B CUBIC-L mm 5 . =
7 - 14 days, 37°C or 45°C r_uwm 2 days
Aggressive CUBIC-R
CUBIC U..O#OOO_ 1 organ O_mm_zjm CUBIC-HL 50% » 100%
B 7 - 14 days, 45°C _PBS_ 2days _
Human brain H CUBIC-R

CUBIC protocol IV

clearing

BIC-L
i 50% »100%



Figure 7. List of CUBIC cocktails and protocols. a) A list of CUBIC cocktails with their role and
chemical composition. b. A list of CUBIC protocols with their purpose and timeline. (Tainaka et al.,
2018, with permission from a portion of their Figure 4)

An additional tissue transformation protocol is tissue transformation clearing. These
methods transform the organs of interest into a nanoporous hydrogel-tissue hybrid (Du, 2018). As
drawbacks, these methods can be costly, time-consuming (especially with passive clearing
options), and complex (especially when electrophoresis is involved) (Du, 2018). Fortunately, they
can give highly transparent tissue with minimal distortions and preserve molecular information
(Du, 2018). Due to hybridization, chemicals get incorporated into the hydrogel mesh. Therefore,
once lipids are removed, the tissues can preserve their molecular or cellular information (Chung,
et al. 2013). The different varieties include but are not limited to PACT, mPACT, PARS,
CLARITY2, ACT-PRESTO, ETC, and passive clarity (Du, 2018). There is also a method called
SWITCH which allows 20 rounds of relabeling and can be interesting for those practicing
immunohistochemistry (Murray, et al. 2015).

C. Vasculature Labeling

Besides clearing, we also need to appropriately label our structures of interest. Most
methods use modified genetic expressions or immunohistochemistry to study neurons. However,
we are interested in vasculature labeling. When labeling vasculatures, important aspects to

consider include dye selection and the labeling method.
i Dye Selection

The dye selection will vary based on the clearing method pursued. For instance, lipophilic
dye will not work with organic clearing methods and certain aqueous-based methods since the
lipid structures in the tissues are lost. We also saw that the use of endogenous fluorophores such
as GFP, YFP or tdTomato tend to be unstable in organic clearing solutions. Hence, many
researchers brought forward different modifications in tissue clearing protocols to optimize
fluorophore preservation. Besides tissue clearing, we also need to select the appropriate dyes.
Agents involved in staining microvasculature include dextran, lectins, antibodies, and quantum
dots (Wang et al., 2019). Besides endogenous labeling, dextran and lectin conjugated dyes are

some of the most common options used.
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Dextran is a biopolymer. It is mainly used to test permeability. However, it has also been
used amongst clearing protocols since these probes can be conjugated to a wide variety of
fluorophores. Among the possible options, we have Texas red dextran which has been used with
uDISCO (Pan et al., 2016). Another fluorophore-conjugated dextran, fluorescein isothiocyanate
(FITC) dextran has been used for embryo vasculature visualization in combination with a protocol
involving methanol/BABB clearing (Bryson et al., 2011). Additionally, it has been combined with
non-hydrophobic clearing methods such as X-CLARITY for a human placenta study (Carrillo et
al. 2018), and CUBIC and SeeDB for cerebral vasculature imaging (Xu et al., 2019, Steinman et
al., 2017). A disadvantage of FITC is that it is a dye with excitation and emission in the green
spectrum. At this spectrum, we observe high autofluorescence in the mouse brain (Richardson and
Lichtman, 2015, and Ariel, 2017). The background autofluorescence prevails even after tissue
clearing (Richardson and Lichtman, 2015). In fact, some studies even make use of this

autofluorescence to utilize it as a counterstain and a reference brain (Ariel, 2017).

If we use dyes in the blue-green spectrum, we can find autofluorescence in large biological
samples. The autofluorescence can be minimized by using dyes that are in the red or far-red region
(Renier et al., 2014). Regardless, work has been conducted to develop fluorescent dyes in the blue
range since many structures such as immune cells and pathogens are labeled with dyes from the
red and green spectrum. This can be especially useful for multi-labeling. Lee et al. brought forth a
bright blue fluorescent dextran (HCD-70K1) which can label the blood vessel walls while,
simultaneously, diminishing blue fluorophore quenching (Lee et al., 2019). Additionally, the low
cell permeability of HCD-70K 1 permits its retention within the vasculature. With it, they managed

to collect deep in vivo images with two-photon microscopy.

Tomato (Lycopersicon esculentum) lectin and wheat germ agglutinin conjugated to dyes
are also used for vasculature visualization (Robertson et al. 2015, Qi et al., 2019, and Todorov et
al., 2020). These proteins bind to glycoproteins of endothelial cells (Robertson et al. 2015), more
specifically to N-acetyl-glucosamine (Kataoka, et al. 2016, Nachbar et al. 1980). Wheat germ
agglutinin can also bind to sialic acid. These lectins can be combined with dyes such as DyLight
or Alexa Fluor. For one, Alexa Fluor is shown to be a very stable and bright dye compared to dyes
of similar spectral analogue such as FITC or Texas Red, as discussed by Panchuk—Voloshina et

al. and Mahmoudian ef al. (Panchuk—Voloshina et al. 1999 and Mahmoudian et al. 2011). Similar
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to Alexa dyes, DyLight is also a bright and photostable probe (Sarkar, et al., 2010). We can also
consider Evans blue dyes. They have a high affinity for serum albumin (Todorov et al., 2020).
While it has the possibility of binding to capillaries, Evans blue mainly stains larger vessels

(Todorov et al., 2020, Yao et al., 2009).

Another option is vessel painting with Dil (Salehi et al., 2019). Dil has been used to label
vascular lumen as they get integrated into the lipid membrane (Salehi et al., 2019). Thus, we cannot
combine Dil with organic solvent clearing protocols or with protocols using detergents since these
methods will disintegrate lipids (Salehi 2019, Hughes 2014). The use of Dil involves some
additional steps as it needs to be heated when dissolved in PBS (phosphate-buffered saline) to
avoid precipitations (Salehi et al 2019). Additionally, it seems to label the arterioles/arteries better
than venules/veins (Hughes et al., 2014).

There is also the use of fluorescent gels as performed by Steinman et a/ (2017). They used
hydrophilic tissue clearing techniques to image deep into the tissue (fructose-cleared). Through
comparisons between in vivo and ex vivo imaging. They clear the brain while keeping it inside the
skull. They demonstrated that ex vivo cleared tissue images provide deeper imaging in the brain.
Shadowing artifacts are eliminated with ex vivo imaging (Steinman et al, 2017). Shadowing
artifacts cause the small structures that are below the cortical surface (i.e.: under larger vessels) to
be hidden. The depth to which they could image was limited to 2 mm due to the two-photon
fluorescent microscope. Di Giovanna, et al. (2018) compare the use of a gel albumin-FITC that
fills up the blood vessels to a lectin (lectin-FITC) that stains vasculature walls. For clearing, they
use CLARITY. They show that blood vessel lumen staining gives a higher signal-to-noise ratio
relative to vessel wall staining. They claim that the gel is retained in the hydrogel matrix during
lipid removal since they contain proteins. Moreover, albumin does not cross the blood vessel walls

due to its high molecular weight. Therefore, the fluorophores will also remain.

Combining light-sheet microscopy with cleared tissues labeled by dyes in the near-infrared
region permits deep imaging with a reduced scattering of light (Wang et al., 2019). Wang et al.,
show this using PEGylated lead sulfide (PbS)/cadmium sulfide (CdS) core/shell quantum dots
(CSQD). The CdS acts as a shell to protect the PbS core from oxidation (Zhang et al., 2018). The

combination of quantum dots with near-infra-red imaging can eliminate autofluorescence and
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minimize light scattering and absorption (Li et al., 2014, Liu et al., 2020). Furthermore, PEGylated
CSQD has a blood circulation half-life of 7 hours (Zhang et al., 2018).

ii. Labelling methods

Typically, when it comes to neuronal labeling, most methods either use
immunohistochemistry or gene expression. For vasculature labeling, the most common approach
is the direct injection of the dyes into the vascular system. Some methods incorporate this step
during open-chest perfusion (intracardiac injection) (Li et al., 2008). Others inject a small amount
of dye in the caudal or femoral vein and let the dye circulate throughout the body before beginning

perfusion (Qi et al., 2019 & Pan et al., 2016).

Open chest perfusion alone has its own set of variables. For one, we need to consider the
pressure delivery of the solutions. Salehi et al 2019, compared two methods to study the blood
vessels of mice and rat cerebellum. In their first method, they used a nitrogen tank to deliver PBS
and PFA under constant pressure and they used a syringe pump to deliver their fluorophore (Dil)
dissolved in 50 ml dextrose/PBS with a constant flow rate. For their second method, they did a
direct intracardiac injection of the dye (250 pl in mice, 500 pl in rat) into the left ventricle of the
beating heart before performing the PBS/PFA perfusion. Also, in this case, a peristaltic pump was
used instead of the nitrogen tank. With the first method, about 75% of adult mice had heterogenous
labeling where not all capillaries were stained. Method 2 demonstrated a higher performance. It is
important to note that their evaluations were performed with uncleared tissues and deeper

structures evaluations were based on cut sections.

On a similar note, a different study focuses on evaluating different methods of
intravenously injecting Lycopersicon esculentum agglutinin tomato lectin fluorescent dye to find
the most efficient labeling method (Robertson et al., 2015). The different labeling methods
involved include injecting the dye in either the jugular vein, the tail vein, or the left ventricle. For
the delivery through the left ventricle, the dye was either injected alone (before perfusion) or
simultaneously with PBS. They examined the labeling quality with bright field microscopy and
electron microscopy. The group of mice with tail vein injection underwent a waiting time of 3 min
to 2 days before terminal perfusion. They notice that the labeling decreases with time. In fact, the
signal nearly disappears 12 hours post-injection. Figure 8a, shows a fluorescence image of a 50

pum slice of the forebrain of a mouse with a post-injection survival time of 3-5 minutes. Here, we
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see that many small vessels with the possibility of capillaries and a few larger vessels were labeled.
When evaluating the labeling of the liver of different dye concentrations the greatest labeling
intensity is observed with 100 ug lectin injection, higher than the labeling with 25 ug and 50 ug
(figure 8b-d). Figure 5e-h demonstrates the labeling of liver based on the different methods using
100 ug of the lectin. A greater number of vessels were labeled for both the direct tail vein and
intracardiac injections compared to the method where the dye and PBS are simultaneously inserted
into the heart. However, the labeling intensity was more homogeneous with tail vein rather than
direct intracardiac entry. Their results also showed greater variability for labeling homogeneity

with the intracardiac injection through the different organs tested.

200 ym
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Figure 8. Lectin labeling of brain and liver vasculature. (a) S0um vibratome section image of dorsal
diencephalon of the brain with arrows pointing to larger vessels. Vessels labeled with 100ug/100ul tomato
lectin by tail vein injection with 3-5 min post-injection survival time. (b-h) Kidney liver tissue section with
vasculature labeled with tomato lectin DyLight. (b-d) test intravenous injection of different quantities of
the dye (b) 25ug, (¢) 50ug, and (d) 100ug. Labeling with 100ug of dye by (e) tail vein injection and 5 min
survival and (f) intracardiac injection and 1 min survival. (g) Examples of spotty labeling when performing
intracardiac injection and (h) example of the absence of labeling when performing dye-PBS perfusion. ccx:
cingulate cortex, thal: thalamus, cv: central venule. (Robertson et al., 2015).

The dye for labeling vasculature needs to circulate through the vessels to get attached to
the lumen but also, it needs to remain within the vessels without leakage. Therefore, besides
considering the dye selection, we also need to be careful not to rupture the vessels since perfusion
flow rate and the form of PFA can cause damage. Such observations are made by Cahill et al.
(2012). Some perfusion methods cause vessel damage observed by MRI scans as hyperintense
rims. Cahill ez al. found it best to use liquid PFA over laboratory dissolved powdered PFA as the
latter may cause blockage followed by vessel rupture due to buildup of pressure. Nonetheless,
when the powdered PFA is introduced at low perfusion rates (1 ml/min), the occurrence of
perfusion artifacts reduces to 50%. Regardless of the perfusion rate (7 ml/min or 1 ml/min), no
artifacts were observed with the liquid PFA. An additional factor to consider is air bubbles. Their
presence can form emboli, which impacts the quality of the perfusion (Saltman, ef al. 2017). It
could also risk losing the animal in the process if a dye with air bubbles is injected into the

vasculature (Walchli, et al., 2015).

CHAPTER III - DEVELOPMENT OF METHODOLOGY

In this section, we will present the approaches we took to label the vessels, clear the tissue, image
the sample, and visualize it. First, we will give a general overview of our approaches. Next, we
will describe the methodology of labeling and perfusion followed by the clearing protocols. Then,
we will explain the different setups used to make the comparisons within the experimental designs.

Finally, we will present the microscopy methods used and the methods to visualize the samples.
a. Overview

We tested different protocols to stain the cerebral blood vessels of rodents, clear the tissue

samples, and image them. In terms of vasculature labeling, we have tested in vivo staining as well
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as staining by immersion. We have used 3 different dyes including Fluorescein Isothiocyanate-
Dextran, wheat germ agglutinin Alexa fluor, and Lycopersicon esculentum (Tomato) lectin
DyLight. For clearing, we mainly focused on 3 different methods: CUBIC (clear, unobstructed
brain/body imaging cocktails and computational analysis) (Tainaka et al., 2018 and Matsumoto et
al., 2019), a modified 3DISCO method (three-dimensional imaging of solvent-cleared organs)
(Todorov et al., 2020), and iDISCO+ (Renier et al., 2016). We also varied the volume of Alexa
Fluor dye injected in mice and rats. Additionally, we varied the mice's age while keeping a constant
fluorophore volume. For comparison between the protocols, we mainly used 2-3 mm thick slabs
and imaged the samples with an Opera Phenix microscope. The latter is a spinning disk confocal
microscope that allows the screening of multiple tissue samples in one imaging session with the
use of multi-well plates. For higher resolution imaging, we used single-point confocal

microscopes.

This study was conducted on wild-type mice and rats aged between 2 and 7 months. The
rodents were housed at the animal care facility at the Montreal Neurological Institute (MNI). All
animal protocols were approved by the Animal Care Committee of the MNI. The mice and rats
were housed at 22 +:2°C with a 12 h light/12 h dark cycle. The animals were initially anesthetized
with 4.5% isoflurane for 3-5 minutes. Next, we injected ketamine, xylazine and acepromazine
anesthetic cocktail intraperitoneally. The dose of the anesthetic is administered according to the
animal's weight. For mice, we mixed 0.5 ml of ketamine (100 mg/ml), 0.05 ml of xylazine (100
mg/ml), 0.15 ml of acepromazine (10 mg/ml), and 4.3 ml of sterile isotonic saline in a sterile vial.
We injected the solution - using 0.1 ml/10g mouse body weight - intraperitoneally. For rats, we
used only xylazine (10 mg/kg IP) and ketamine (50 mg/kg IP). A pinch test at the hind- and

forepaws was performed to verify an adequate level of anesthesia by the absence of reflexes.
b. Perfusion and staining of the cerebral vasculature

We labeled the vessels using 3 different methods. First, we performed an intracardiac
injection. Here, we injected the dye into the left ventricle after opening the chest of the anesthetized
mice. Before beginning the terminal perfusion, we let the heart pump the dye throughout the body
for 2 and 4 minutes for the Alexa Fluor and the Dextran-FITC, respectively. Second, for tail vein
injection, the dye was injected directly into the lateral tail vein. Tail vein injection was mainly used

in rats. To localize the vein, we heated it by dipping the tail in warm water. Once again, we allowed
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the dye to circulate for 2 minutes before cutting the chest for perfusion. The average time elapsed
between the moment we completed the dye injection to the start of the PBS perfusion was 5.89 +
0.97 minutes. All dye injections were performed slowly in a span of 1 minute. Finally, we also
evaluated in vitro vascular labeling. In other words, we carried out the perfusion without prior
injection of our dye. After perfusion and brain extraction, we immersed brain slabs into solutions

with different concentrations of dyes.

Throughout the perfusion, the head and neck of the rodent were kept flat on the table to
prevent any obstruction due to bends within the carotid arteries. We taped the forepaws and hind
paws to the table to keep the body as stable as possible, especially at the moment of needle
insertion. It is important that the needles get inserted at the left ventricle. It should not pierce
through the interventricular septum. Otherwise, the perfusate will be directed to the lungs first.
The right atrium was cut during perfusion to allow the blood and perfusate to leave the body.
Improper cutting will generate excess pressure in the vascular system causing blood vessels to
burst. During the entire process, from anesthetizing the rodents to the end of the perfusion, the

animals were kept on a heating pad to prevent the possibility of blood clot formation.

Mice were perfused with 15 ml warm (37°C) heparinized (25U/ml) PBS. Subsequently,
we used 15 ml liquid 4% PFA which was dissolved in PBS from 16% PFA (Electron Microscopy
Sciences 16% Paraformaldehyde Aqueous Solution from Thermo Fisher Scientific, 50-980-487).
For rats, we used 150 ml of each solvent. The perfusion rate was set to 3 ml/min and 12 ml/min
for mice and rats respectively. The extracted brains were post-fixed in powder 4% PFA at 4°C. In
order to prevent an excess of background fluorescence, the fixation duration was short - 3 hours
and 6 hours for mice and rats, respectively. We also tested a post-fixation time duration of 24 hours
for rat coronal brain slabs. After post-fixation, I washed the samples with room temperature PBS
3 times for 30 minutes to remove any remaining PFA. The brains were then cut into 2 mm or 3
mm-thick coronal slabs for tissue clearing. The brains were cut such that the corpus callosum was
included in the brain slabs. To cut the brain, we used 1 mm stainless steel mouse and rat brain
matrices (RWD 68707 and 68709). Bregma is defined as the ‘zero’ Anterior-Posterior coordinate,
just as it is defined in the mouse and rat atlases (Paxinos and Franklin, 2001, and Paxinos and
Watson, 2005). All positive coordinates are for areas anterior to the bregma, and all negative

coordinates indicate sections posterior to the bregma.
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C. Clearing methods

We mainly compared 3 clearing methods: 3DISCO, iDISCO+, and CUBIC. However, we
briefly also performed clearing based on other methods: uDSICO and FDISCO. In this section, we
will first describe the 3 main methods used. Then, we will give an overview of the others.
Throughout the process, samples were kept in the dark until imaging. To evaluate the clearing
quality before microscopy imaging, we looked for the presence of any distortions visible by eye,

the transparency of the tissue, and the time needed for clearing.
3DISCO

One of the clearing methods we used closely follows the modified 3DISCO clearing
protocol presented by Todorov et al. (2020). We dehydrated our brain slabs with increasing
concentrations of tetrahydrofuran (THF) solution. Namely, we incubated each slab in 50%, 70%,
80%, 90%, and 2 times 100% THF (Sigma Aldrich, 186562) dissolved in distilled water at room
temperature. This was followed by a final dehydrating step with 100% tert-butanol (Sigma Aldrich,
24127) at 35°C. A progressive increase in the dehydrating agent’s concentration is necessary in
order to prevent tissue deformation. Afterwards, we used dichloromethane (DCM) (Sigma Aldrich,
270997) to remove the lipids at room temperature. Finally, we matched the refractive index of the
sample with BABB (benzyl alcohol + benzyl benzoate, 1:2, Sigma Aldrich, 305197, and Canadian
Med Health Supplies) at room temperature. BABB was mixed with 0.4% of antioxidant DL-a-
tocopherol also known as vitamin E (Alfa Aesar, A17039) to prevent the formation of peroxides

over time. We renewed the mixture after 24 hours of incubation.
1DISCO+

The second organic solvent clearing method follows closely the clearing protocol of
iDISCO+ developed by Renier et al. 2016. We dehydrate the tissue with an increasing
concentration of methanol (Sigma-Aldrich, 179337) mixed with distilled water (20%, 40%, 60%,
80%, and 100% thrice). This is then followed by delipidation by incubation in a methanol-DCM
mixture (1:2), and 100% DCM (twice). Finally, refractive index matching was performed with
BABB with the vitamin E addition. The last step differs from iDISCO+ protocol where they had

used dibenzyl ether (DBE). All clearing steps were performed on a shaker and inside 15 ml test
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tubes made of polypropylene plastic. THF, DCM, and BABB were incompatible with other types

of plastic because they melted them.

The incubation times of both mice and rat coronal slabs are shown in Tables 1 and 2 for

the 3DISCO and iDISCO+ protocols, respectively. For the rat coronal brain slabs, we performed

some additional incubation steps (Tables 1 & 2). The incubation steps and the time of incubation

were based on the recommendations from Branch ef al. 2021. In our preliminary experiments, we

used full mouse brains where the incubation times were 12 hours/step (Table 1 & 2). During RI

matching, we sometimes saw air bubbles trapped in the sample. For these cases, we used degassing

to remove the air. We put our sample into a 50 ml falcon tube and filled it up with 4-5 ml of BABB.

The falcon was connected to a suction tube to suck out the air. Air suction was done overnight.

Incubation step

Incubation time

Mouse 2-3 mm
slabs or whole

Rat 2-3 mm slabs

Whole mouse brain

hemisphere
50% THF overnight 1 hr 12 hrs
70% THF 2 hr 1 hr 12 hrs
80% THF 2 hr 1 hr 12 hrs
90% THF 2 hr 1 hr 12 hrs
100% THF 2 hr 1 hr 12 hrs
100% THF 2 hr overnight 12 hrs
100% THF -—-- 3 hrs ---
100% tert-But 2hr 2 hrs 12 hrs
DCM 2hr 1 hr 12 hrs
DCM -—-- 3 hrs -—-
DCM -—-- overnight -
BABB ~ 48 hours ~ 48 hours ~ 48 hours

Table 1. Incubation steps and durations for 3DISCO clearing. The first column represents the clearing
steps and the solvents used. The following 3 columns represent the incubation time frames for (1) mouse
coronal slabs or whole hemispheres, (2) rat coronal slabs, and (3) whole mouse brains.
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Incubation time
Incubation step Mouse 2-3 mm
slabs or whole Rat 2-3 mm slabs | Whole mouse brain
hemisphere

20% MeOH overnight 1 hr 12 hrs
40% MeOH 2 hrs 1 hr 12 hrs
60% MeOH 2 hrs 1 hr 12 hrs
80% MeOH 2 hrs 1 hr 12 hrs
100% MeOH 2 hrs 1 hr 12 hrs
100% MeOH 1 hr overnight 12 hrs
100% MeOH 1 hr 3 hrs 12 hrs

1 MeOH: 2 DCM 2 hrs 2 hrs -
100% DCM 0.5 hr 1 hr 12 hrs
100% DCM 0.5 hr 3 hrs ---
100% DCM -—-- overnight -

BABB ~ 48 hrs ~ 48 hrs ~ 48 hrs

Table 2. Incubation steps and durations for iDISCO+ clearing. The first column represents the clearing
steps and the solvents used. The following 3 columns represent the incubation time frames for (1) mouse
coronal slabs or whole hemispheres, (2) rat coronal slabs, and (3) whole mouse brains.

CUBIC L/R

We also implemented the aqueous-based clearing protocol of CUBIC L/R proposed by
Tainaka et al. (2018) and Matsumoto et al. (2019). The brain slabs were first incubated in 50%
CUBIC-L solution for 1 day. We then replaced it with 100% CUBIC-L. We refreshed this solution
every 3 days until delipidating process was completed. We tested incubating the slabs at 37°C and
at room temperature. The samples were kept on a shaker throughout this whole process. CUBIC-
L was made of 10 wt% N-butyldiethanolamine (Sigma Aldrich, 471240) and 10 wt% Titron X-
100 (Sigma Aldrich, X100) dissolved in distilled water. Following this step, we repetitively
washed the tissue with PBS to remove any trace of CUBIC-L. After overnight washing in PBS,
we performed refractive index matching with 50% CUBIC-R+ for 1 day. Finally, we replaced the
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solvent with 100% CUBIC-R+. We incubated the samples in CUBIC-R+ at room temperature.
CUBIC-R+ consists of 45 wt% antipyrine (Sigma Aldrich, A5882) and 30 wt% nicotinamide
(Sigma Aldrich, N3376) in distilled water. We adjusted the pH to 8-9 using N-

butyldiethanolamine.

Prior to these 3 methods, we have additionally performed clearing using other approaches.
We have used iDISCO+ where we compared the refractive index matching solutions between DBE
and BABB using complete mice hemispheres. We applied the FDISCO (Qi et al., 2019) concept
on the iDISCO+ protocol on complete mice hemispheres. Here, we increased the pH of the
dehydrating solution with triethanolamine and performed dehydration and RI matching at 4°C. We
have also conducted clearing with uDISCO on whole mouse brains where the dehydrating solvent

is tert-butanol.
d. Experimental setup for comparing different methods

We compared the results obtained with different protocols in order to optimize the best
method to visualize vessels homogeneously throughout the rodent brain. Initial experiments
consisted of clearing a whole-brain (or whole hemisphere) at a time. At this time, we compared
the use of 2 refractive index matching solutions: BABB and DBE. We also looked at clearing at
4°C and in alkaline conditions relative to room temperature clearing without any pH adjustments.
Additionally, we briefly looked at the use of tert-butanol as the dehydrating agent instead of
methanol or tetrahydrofuran. Finally, we varied the volume of the solution relative to the air of the

test tube in which we incubated our samples.

Following these initial experiments, for which we mainly looked at the clearing, we labeled the
vessels and analyzed 2-3 mm thick coronal slabs simultaneously using the Opera Phenix high-

content screening system. Table 3 gives an overview of the experiments.
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Experimen | Species . . Clearing
¢ number _— Aim Labelling Method Method
. Comparing DISCO iDISCO+ &
! Mice clearing methods NA. 3DISCO
Comparing clearing Intracardiac injection IDISCO,
2 Mouse 3DISCO, &
methods of WGA Alexa Fluor 647 CUBIC
VarZInﬁlle?Zigon Tail vein injection of IDISCO,
3 Rats Vo . Ve ] 3DISCO, &
comparing clearing WGA Alexa Fluor 647
CUBIC
methods
4 Mice Varvine dve volume Intracardiac injection of iDISCO+ &
1ymng &y WGA Alexa Fluor 594 3DISCO
. Varying mice age and Intracardiac injection .
+
> Mice tissue thickness of WGA Alexa Fluor 594 IDISCO
. Varying mice age and Intracardiac injection of
6 Mice tissue thickness FITC-Dextran CUBIC
Staining before versus
after delipidation.
7 Mice Staining by immersion Varying dye type and CUBIC
concentration, and
incubation parameters

Table 3. Summary of experiments. The Table lists the different experimental designs with the species

used, the aim, the labeling methods, and the clearing methods.

Experiment 1: iDISCO+ versus 3DISCO clearing

We compared clearing between iDISCO+ and 3DISCO using 3 mm thick brain slabs from
4 mice (Figure 9a). For 2 of the mice, the anterior brain slabs were cleared with iDISCO+ protocol

and the posterior with 3DISCO. For the 2 others, we did the opposite.

Experiment 2: Comparing the 3 clearing methods in mouse

In a final mouse experiment, we compared the 3 clearing methods: iDISCO+, 3DISCO,
and CUBIC-L/R+. All the left hemisphere slabs were dedicated to iDISCO+ clearing. As for the
right hemisphere, the clearing methods were altered between the 3 methods mentioned above. We

used 150 pl of Smg/3ml WGA Alexa Fluor 647.
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Experiment 3: Comparing the 3 clearing methods and 2 different dye volumes in rat

In all the rat experiments, we compared the 3 clearing methods: iDISCO+, 3DISCO, and
CUBIC-L/R+. All the left hemisphere slabs were dedicated to iDISCO+ clearing. As for the right
hemisphere, the clearing methods were altered between the 3 methods mentioned above. We used
Smg/3ml WGA Alexa Fluor 647: 0.6 ml for 1 rat and 1.2 ml for 2 rats. For a few rat coronal slabs,
we did an overnight post-fixation with PFA.

Experiment 4: Varying Alexa Fluor 594 dye volume

We made a comparison between results obtained with different WGA Alexa Fluor 594
volumes injected intracardially into the vascular system. We used 4 different volumes of 5mg/3ml
concentration of dye in 4 different mice: 100ul, 150ul, 200ul, and 250ul. All other perfusion
parameters and the mice' ages were kept constant. All coronal brain slabs were 3 mm thick. The
clearing protocols we used were iDISCO+ and 3DISCO. Figure 9b demonstrates how we

organized the cutting and clearing.

Experiment 5: Varying mice age and slab thickness with iDISCO+ clearing

We evaluated the effect of age on the tissue clearing and labeling using 5 mice of different
ages (65, 105, 155, 175, 219 days old) while using a constant volume of WGA Alexa Fluor 594
(150 ul). Moreover, we varied the coronal slab thickness between 2 mm and 3 mm. We cleared

using iDISCO+.

Experiment 6: Varying mice age and tissue thickness with CUBIC clearing

We conducted a similar experiment as described above in experiment 5. However, we used
100 ul of FITC-dextran (6 ug/ul) and CUBIC clearing. Figure 9c-d demonstrates how the cutting

was done for both experiments 5 and 6.
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Figure 9. Cutting plan for experiments. a) Shows the 3 mm anterior and posterior sections. The clearing
of each of these sections was altered between the slabs and mice. b) Demonstration of how the brain was
cut for mice that were stained with different volumes of Alexa Fluor Dye. c-d) Illustration of how the brain
was cut for mice of varying ages. The coronal slab thickness was altered within hemispheres and mice. c)
Represents mice that were 65, 155, and 219 days old, and d) shows cutting for mice of 105 and 175 days
old.

Experiment 7: Staining by immersion with CUBIC clearing

We also tested staining blood vessels by immersing brain slabs into solutions with dyes.
We used (1) 0.1mg/ml in LEL Dylight 649, (2) 0.2mg/ml in LEL Dylight 649, (3) 0.1mg/ml in
WGA Alexa Fluor 647, and (4) 0.2mg/ml in WGA Alexa Fluor 647. All coronal brain slabs were
2 mm thick. They were incubated in 0.5 ml of the corresponding dye. Table 4 shows how we
organized the experiments. A total of 5 mice were used. For 3 of them, we immersed the brain
slabs into the dye right after the PBS washing step (before delipidation). For others, they were

incubated after the completion of delipidation. Additionally, we varied incubation parameters: (1)
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6 hours versus 24 hours PFA post-fixation (2) performing delipidation at room temperature versus

37°C (Table 5).

Coronal slab information Dye & concentration
LEFT HEMISPHERE ANTERIOR LEL DyLight 647 & 0.2 mg/ml
LEFT HEMISPHERE POSTERIOR LEL DyLight 647 & 0.1 mg/ml
RIGHT HEMISPHERE ANTERIOR WGA Alexa Fluor 649 & 0.2 mg/ml
RIGHT HEMISPHERE POSTERIOR WGA Alexa Fluor 649 & 0.1 mg/ml
Table 4. Indication of dye type and concentration used for each coronal slab.

Experiment Staining PFA post Staining Delipidation
number time point fixation time conditions conditions
Mouse 1 ]IBe.fore. 3 hours 37°C 37°C

delipidation
Mouse 2 ]'3e‘fore' 3 hours Room Room
delipidation Temperature Temperature
Mouse 3 Be'foré 24 hours 37°C 37°C
delipidation
Mouse 4 A .fter. 24 hours Room Room
delipidation Temperature Temperature
Mouse 5 A .fter' 24 hours Room Room
delipidation Temperature Temperature

Table 5. Experimental design for labeling by immersion applied 5 mouse brains. 3 mice were stained
before the start of delipidation. The PFA post-fixation time was either 3 hours or 24 hours. The staining
and delipidation were done either at room temperature or at 37°C. 2 other mouse brains were stained after
the completion of delipidation. The post-fixation time was 24 hours and incubation was done at room
temperature.

e. Imaging the brain slabs

The data shown in this thesis were obtained using Opera Phenix High-Content Screening
microscope (PerkinElmer) and from a Zeiss LSM-880 with AiryScan detector microscope (Zeiss).
The Opera Phenix and the LSM-880 use the eHarmony and Zen software packages, respectively.

We performed data collection with 16-bit images.
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i.  The Opera Phenix High-Content Screening Microscope

For experiments involving a comparison between methods, I mainly used the Opera
microscope from the Advanced Biolmaging Facility (ABIF) of McGill University to image
multiple samples in one session using 24 well plates (ibidi, 82426) or 12 well plates (Cellvis, P12-
1.5H-N). We placed each tissue slab in the center of a well. We surrounded the sample with cleared
agarose blocks to keep the tissue still during imaging. The agarose blocks were cleared by
dehydration (methanol) and refractive index matching (BABB with 0.4% with an addition of
vitamin E). We next filled up the wells with the appropriate clearing solution until the tissue slab
was fully covered. The well plates from Cellvis are not made with polypropylene plastic.
Therefore, it should not be used with organic solvents since this solvent melted the material of the
well walls. We used the 12 well Cellvis plates only for rat coronal brain slabs cleared with CUBIC
because they did not fit in the 24 well plates.

We obtained data by first performing a pre-scan using 5x/0.16 NA air objectives
(PerkinElmer, HH14000402) and by imaging 5 different planes with a step size of approximately
500 um in the Z direction. For the 5x objective, we used a XY-pixel size of 1.196 pm/pixel. With
this data, we then set up an online job with the image analysis feature in the eHarmony software.
With the online job, we identified the edges of the samples. Therefore, once we performed imaging
at higher magnification, only the sample was imaged instead of a whole rectangular region with
‘void’ space. Thus, for our online job, we first carried out a maximum projection of our 5x data.
Next, we filtered our image. We chose a Gaussian filter of width 3 to filter out the noise. Then, to
localize the region of interest, we performed absolute thresholding. In other words, all pixels with
an intensity value above the threshold were a part of our region of interest. This value may need
to be changed between experiments in order to correctly localize the region of interest. Next, we
can also inform the system that we want our surface area to be greater than a certain value. By
doing so, the possibility of imaging dust particles is reduced. With this, we have obtained our
online job. We next proceeded to image with 10x/0.3 NA air objectives (PerkinElmer,

HH14000403). The XY-pixel size was 0.598 um/pixel.

We used a tile overlap of 10% for all 5x and 10x images. The laser power used was 80%

for all experiments except for 10x imaging of the experiment where we used different volumes of
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WGA Alexa Fluor 594 to stain the vasculature. For this experiment, we used 75%, because with
80%, there were many saturated pixels. The exposure time was set to 200 ms for all the scans. The
excitation lasers used were the 488 nm laser for FITC-dextran (490/520), 561 nm for Alexa Fluor
594 (590/618), and 640 nm for both Alexa Fluor 647 (650/671) and DyLight 649 (655/670). The
light absorption spectrums for the 488 nm, 561 nm, and 640 nm lasers were 500-550 nm, 570-630
nm, and 650-760 nm, respectively.

The Opera Phenix microscope also gives the ability to perform autofocus. We selected the
“one peak” option which searches for the bottom of the imaging plate only. “Two peaks” would
look at the bottom and the top surface of the imaging plate. We chose “one peak” since at 10x the
system cannot locate the top surface of the plate for clearing solutions that have an RI greater than
1.5. The microscope also gives binning options. We chose binning 1 as it gives the smallest pixel
size. Binning 2 would combine 2 by 2 pixels into 1 pixel. This reduces the resolution, gives brighter

results, and a shorter acquisition time.

ii.  Zeiss LSM-880 with AiryScan detector microscope

We also used the LSM-880 microscope (Zeiss Axio Observer.Z1 inverted microscope) of the
Montreal Neurological Institute’s microscopy facility. The tissue slabs were placed flat on a 35
mm p-Dish (81156, ibidi). Again, we placed cleared agarose blocks around the sample to keep it
in place. We then filled up the dish with BABB such that the sample was submerged in the solution.
We used a Plan-Apo 10x/0.45NA objective. The XY-pixel size of the images was 1.99 um/pixel.
The step size was 1.99 um and we imaged approximately 1.2 mm in the z-range. The pixel dwell
time was 1.02 psec. The laser power was set to 1.5%. The pinhole size followed Zeiss software’s
recommendation of 89.8 (2.33 airy units £ 16.4 um). The pinhole prevents scattered lights from
passing through to the detectors. We mainly used the LSM-880 microscope with slabs labeled by
Alexa Fluor 647. We used a solid-state 633 nm laser to excite the fluorophores. The emission filter
range for the recorded fluorescence was 638-756 nm. Bi-directional imaging was used. The system
used a photon multiplier tube detector where the gain was set to 700V. This detector converts

photon values to a voltage output. It can support the amplification of the signal.

f. Visualization of data

The microscopy data were saved as .tiff files. Each image represented one tile in the X-Y

mosaic and the Z-plane. Therefore, in order to visualize the data, we had to stitch these tiles
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together. This task was accomplished by using /maris Converter to convert .tiff files to .ims files.
Next, we utilized the Imaris stitcher to stitch the tiles together. Finally, we visualized and saved
the images as tiff with /maris. Further processing was done with FIJI (Fiji Is Just ImageJ). In order
to perform a comparison within an experiment, image processing was applied in a similar manner
to all the images. As such, we used 2%-pixel saturation. We used the red color to show data stained

with red dyes and the green color for the dextran-FITC.

To demonstrate the data obtained by immersion staining, we found very bright signals in
the white matter. This hindered the visualization of possible capillaries. Thus, we performed
further processing. We blurred our raw stitched image using Gaussian blur (¢ =50). We then took
the inverse of this image. This result was multiplied by the original raw stitched image. Next, we

used 1%-pixel saturation.

As the illumination of the laser was uneven between the center of a tile to its periphery,
when stitching, it created grid artifacts between tiles. In order to eliminate these artifacts, we
additionally scanned the same dye (dissolved in PBS) that stained our blood vessels (initially, we
also tried to perform the correction using BABB or food coloring dissolved in CUBIC instead of
our dyes). We found that the dye gave a better removal of the grid artifact. Then, we used FIJI to
apply the correction to our original data before proceeding with the stitching. As such, we first
took an average intensity projection of the individual control tiles from the equivalent plane (Iavg).
We next took the average pixel intensity value from lavg (pixeliavg). Finally, we divided each tile of
our data with the average intensity projection followed by multiplication with the pixeliavg.
Initially, we were not aware of this correction process. Therefore, we began collecting these control
data only after a certain timepoint. From the set of data shown in this work, the experiment that
did not have grid correction is the experiment where we performed the Alexa Fluor 594 volume

variation.
g.  Quantitative analysis

We calculated the signal-to-background ratio of WGA Alexa Fluor by collecting intensity
values from capillaries and its adjacent background signals. We performed the signal-to-
background ratio evaluation on results that compare injection of different dye volumes between

the mice injected with 100 pl (n = 1), 200 pl (n = 1), and 250 pl (n = 1) where n represents the
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number of rodents used (experiment #4). I used one iDISCO+ cleared 3 mm thick full coronal
brain slab per animal (spanning from 0 to -3 mm from bregma). I looked at the middle cortical
layer from 5 different regions of interest which was consistent between all slabs and used plane Z
= 1200 pm counting from the most anterior side (0 mm from bregma). A total of 100 data points
were collected for each slab representing a different volume (20 pairs from each ROI, 10 from

signal and 10 from background).

We also performed signal-to-background ratio evaluation for experiment #3 between the
rats injected with 0.6 ml (n = 1) and 1.2 ml (n = 1). Once more, I looked at 1 iDISCO+ cleared
brain slabs per animal (left hemisphere spanning from -5 to -7 mm from bregma). I used plane Z=
800 um. We collected data points from a straight line along the cortical depth (Figure 10). We
used 7 lines from the somatosensory region. The data collection process was performed with the
contralateral right hemisphere brain slabs cleared with 3DISCO. We used plane Z = 600 um to
adjust for the tissue shrinkage. We also compared the signal-to-background ratio for iDISCO+
clearing vs 3DISCO clearing with the same data points using the contralateral brain slabs of the
same rats: 1) the rat injected with 0.6 ml and 2) the rat injected with 1.2 ml (Z= 800 and 600 pm
for iDISCO+ and 3DISCO respectively from slab located at -5 to -7 mm from bregma). We also
collected data for the comparison of clearing methods from the mouse of experiment #2 stained
with 150 pl of dye (Z= 800 and 600 um for iDISCO+ and 3DISCO respectively from slab located

at +1 to -1 mm from bregma).

We performed one-way analysis of variance (ANOVA) when comparing multiple groups
(e.g., different volumes) to determine if there is a statistical difference between the means of the
groups. If there was a difference, we used Tukey Kramer’s multiple comparisons to determine
which of the paired group comparisons contain(s) a significant difference. When we compared
only 2 groups of data, we used the two-tail student t-test. The null hypothesis was that there were

no statistically significant differences between the means.
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Figure 10. Example of capillary and background signal sampling across the cortical depths. We
collected 7 data points from the capillaries (green circles) and 7 data points from the background adjacent
to each sampled capillary (yellow circles) along the cortical depths orthogonal to the cortical surface (dark
orange line). The distance between each point is approximately the same. If at a certain depth there were
no capillaries, then we sampled the signal and the background from the background. A zoomed-in view of
the blue cyan rectangle is shown on the right, to illustrate more precisely how the sampling was done.

CHAPTER 1YV - RESEARCH FINDINGS

a. Preliminary clearing results of whole brains & hemispheres

In the initial stages, we used complete mouse brains or whole hemispheres to evaluate
clearing protocols. As one of the first evaluations, we followed the iDISCO+ clearing protocol and
compared the refractive index matching solutions. We used BABB and DBE. The clearing quality
remained similar with both refractive indices. Another initial evaluation included clearing our
samples at 4°C and in alkaline conditions while using the iDISCO+ protocol. The clearing solvents
were methanol, dichloromethane and dibenzyl ether. We used triethanolamine to increase the pH
to 9-9.5. We saw clearly that the samples incubated at these conditions became more opaque
compared to the samples cleared at room temperature and normal pH (Figure 11). Therefore, for

our subsequent studies, we abandoned the clearing at colder temperatures and higher pH.
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Additionally, as clearing results were similar between BABB and DBE, we proceeded with
Todorov et al.’s (2020) recommendation to use BABB.

4°C 25°C
Alkaline pH Normal pH

e

Mouse 1

Mouse 2

Figure 11. Comparison of clearing results based on different incubation conditions. Rows 1 and 2
demonstrate clearing examples of 2 different mice. The left hemisphere (first column) was cleared at 4°C
and with alkaline pH. The right hemisphere (second column) is cleared at room temperature with normal
pH.

As part of our preliminary studies, we also cleared the whole mouse brain. We performed
uDISCO, 3DISCO, and iDISCO+ clearing. Figure 12 a-b demonstrates uDISCO clearing. Even
though we used the same protocol for the 2 mice brains, we noticed a difference in the results.
From panel b, we see that the cleared brain was relatively darker in color. Next, we cleared with
the modified 3DISCO protocol as recommended in Todorov et al (2020) (Figure 12 c-e). The first
3 samples were incubated in 10 ml solvent volumes (panels a-c) in 15 ml test tubes. We noticed
that the cleared brains had a dark amber appearance. Following troubleshooting recommendations
from iDISCO, I understood that the dark amber color may be related to the fact that the samples
were exposed to too much air. Thus, we varied the volume of the incubation solutions relative to

the air-filled space of the 15 ml test tubes. Brain samples in panel c), d), and e) were incubated in
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10ml, 14 ml, and 5 ml volumes respectively. We expected to see the brain incubation in 5 ml
solutions to be the darkest. Instead, we noticed that it was the one incubated in 10 ml. Despite the
troubleshooting recommendations, a clear trend of transparency was not observed between these
3 cleared brains. Thus, after a closer look, I realized the perfusion of the brain from panel c) was
unsuccessful since, during perfusion, the pressure of the perfusate entering the heart was too high
relative to the pressure leaving. Notably, we can look back at the difference in clearing results from
panels a and b which followed the same uDISCO protocol. In b), the perfusion was also
unsuccessful, and we noticed a darker sample. Finally, we also demonstrate a comparison between
the 3DISCO (f) and the iDISCO+ (g) protocols. In panel g), the dehydrating solution was switched
to methanol. As a result, we noticed a more transparent brain. As a whole, we found that iDISCO+
clearing gave greater optically cleared brain samples and that poor perfusion directly affects the

quality of the clearing.

a) ubISCO b) uDISCO c) 3DISCO d) 3DISCO e) 3DISCO f) 3DISCO g) iDISCO+
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Figure 12: Demonstration of whole-brain clearing performance using different organic solvent
protocols. The top and bottom rows represent images of mouse brains taken before and after clearing
respectively. Both brains in columns a) and b) were cleared using uDISCO solvents and they were injected
only with Evans blue dye. Columns c) to f) show 3DISCO clearing as described by Todorov et al. Alexa
fluor and Evans Blue staining are used for columns c) to e) only. The solvent incubation volumes are 10 ml
inc) 14 ml in d), and 5 ml in e). Only Alexa fluor is used for f) and g). Finally, iDISCO+ clearing is shown
in column g).

Finally, we performed CUBIC clearing on a whole mouse brain following the
recommendation time stamps of Tainaka et al. (2018) and Matsumoto et al. (2019). Figure 13
demonstrates the clearing progress. The sample was delipidated for a total of 5 days at 37°C. After

being transferred to the RI solution, the clearing was insufficient as the sample was not transparent.
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Therefore, for our subsequent CUBIC tissue clearing of coronal brain slabs, we performed

delipidation for longer periods in order to get a complete clearing of our samples.

Before ‘ Delipidation Delipidation After
Clearing Day 1 Day 5 Clearing

]

EEEDREwW |
+

Figure 13: Example of CUBIC clearing progress of a whole brain. From left to right, images represent
the clearing progress of a whole mouse brain: before clearing (in PBS), days 1 and 5 from the start of
delipidation (in CUBIC-L), and after refractive index matching (CUBIC-R).

b. Comparison of clearing protocols: 3DISCO, iDISCO+, and CUBIC:
Experiments 1-3

We switched to using coronal slabs in order to increase the speed of the optimization and

application of our protocol. For microscopy imaging, we used the Phenix Opera High Content

Screening System which is a spinning disc confocal microscope. It has the capability to scan

multiple samples in one imaging session.
i. Clearing results in mice: Experiment 1

Figure 14 shows images from tissue slabs cleared with the organic solvent methods using
4 different mice. The brains were cut into 2 coronal slabs of 3 mm thickness. The slabs from the
top row of each panel were cleared with iDISCO+ and the bottom row with modified 3DISCO.
We looked at the possibility of tissue deformation by taking pictures of the coronal slabs in air
before and after clearing. Two views are shown: a dorsal view and a coronal view. We noticed that
with iDISCO+ clearing, the samples remained relatively the same size with no visible distortions.
Meanwhile, 3DISCO clearing decreased the sample’s size about 20-30%. The last column of the

figure demonstrates the clearing capacity. All tissue slabs were transparent after RI matching.
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In general, both organic solvent methods cleared the coronal slabs: the grid underneath the
samples became visible. Additional comparison of both organic solvent clearing methods is shown
in Figure 15. Once again, each panel represents a different mouse. The right hemispheres (3 mm
thick slabs) were cleared with 3DISCO. The contralateral left hemispheres were cleared with
iDISCO+. We noticed that, with iDISCO+, the coronal slabs achieved a higher RI matching with
the surrounding BABB compared to the 3DISCO cleared samples. That is, they become more
transparent. We also always refreshed the clearing solution after one day of BABB incubation to
help increase transparency. We noticed that the transparency of the slabs increased slightly after 2
days of clearing. In fact, it became difficult to localize the edges of the iDISCO+ samples after

refreshing our BABB solution.
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Dorsal view of coronal slabs

Anterior view of coronal slabs

Before After Before After After clearing
clearing clearing clearing clearing In solvent
a)
T
1L
b)
c)

d)

Figure 14. Clearing results from 3 mm thick coronal brain slabs using iDISCO+ and 3DISCO. A
depiction of volume before and after clearing of coronal brain slabs of 4 different mice. There is one panel
for each mouse (a-d). The top row of each panel illustrates iDISCO+ clearing and the bottom shows
modified 3DISCO clearing. The first 2 columns show a dorsal view of the coronal slabs in air. The
remaining columns show the anterior view. The slabs are immersed in BABB in the last column.
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a) b) ¢) d)

iDISCO+ 3DISCO iDISCO+ 3DISCO iDISCO+ 3DISCO iDISCO+ 3DISCO

Figure 15. Comparison of iDISCO+ and 3DISCO clearing after 1 and 2 days of refractive index
matching. Panels a) to d) depict the anterior view of coronal brain slabs from 4 different mice. All right
hemispheres are cleared with iDISCO+ and the left hemispheres with modified 3DISCO. Images of the
slabs before the clearing process, 1 day after RI matching, and 2 days after RI matching are shown in rows

Before
clearing

Day 1
clearing

Day 2
clearing

M

1 through 3 respectively.

Although, in general, there were no major distortions caused by the clearing, sometimes
certain slabs were slightly bent after clearing (data not shown). Additionally, the clearing protocol

amplified any minor artifact that occurred during brain extraction or tissue cutting (Figure 16).

b) ARTIFACT
a) ARTIFACT EXAMPLE # 1 EXAMPLE # 2

Figure 16. Depiction of clearing artifacts. In a) a thin line of cut occurred during brain extraction. The
cut shown by the yellow boxes is barely visible before clearing the sample. After clearing (bottom row),
the cut artifact is amplified. b) A second example of a cut that occurred on the lateral side of the slab. It was
also increased in size after clearing (blue boxes). The coronal sections were placed such that the anterior
side of the slabs faced the camera.
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ii. Clearing results in the rat: Experiment 3

We also performed experiments on rat brains. All the rat coronal slabs were 2 mm thick.
All the slabs from the left hemisphere were cleared with the iDISCO+ protocol (Figure 17b). The
contralateral right hemispheres were cleared with CUBIC, 3DISCO, or iDISCO+ (Figure 17a).
The right hemisphere coronal slabs centered at 0 mm and at -4 mm from bregma were cleared with
CUBIC. Those centered at +2 mm and -6 mm from bregma were cleared with 3DISCO. Similar to
the mouse brains, 3DISCO clearing resulted in a darker color relative to the slab’s contralateral
counterparts which were cleared with iDISCO+. The right hemisphere slab centered at -2 mm from
bregma was cleared with iDISCO+. They all yielded transparent samples such that the millimetric
grid remained completely visible. Therefore, all clearing methods have the capability to yield

transparent samples.

Bregma +2 mm Bregma O mm Bregma-2 mm Bregma-4 mm Bregma-6 mm

a)
Right Hemisphere
Varying Protocols

b)
Left Hemisphere
iDISCO+ Protocol

Figure 17. Demonstration of final clearing results from rat coronal brain slabs using 3 different
clearing methods. Before and after clearing images are shown of five 2 mm thick rat coronal brain slabs.
a) The right hemispheres are cleared with different protocols. They are cleared with modified 3DISCO,
CUBIC, and iDISCO+ for coronal slabs centered at +2 mm and -6 mm from bregma, at 0 mm and at -4 mm
from bregma, and at -2 mm from bregma, respectively. b) The left hemispheres are cleared with iDISCO+
protocol for all the slabs.



iii. Imaging results in mice: Experiment 2

A comparison of the 3 clearing methods in terms of vascular imaging is shown in Figures
17 and 18. The mouse was intracardially labeled with 150 ul of Alexa Fluor 649. We see that there
is homogenous labeling throughout the cortical layers from all brain slabs demonstrated. In Figure
17, we looked at 2 mm thick contralateral brain slabs of similar depth considering tissue shrinkage
caused by 3DISCO (z = 800 um and 600 um for iDISCO+ and 3DISCO). The left and right
hemisphere were cleared with iDISCO+ and 3DISCO, respectively (Figure 18a, b). A magnified
view of the brain coronal slabs is also shown in Figure 18c and d. It is important to note that
3DISCO clearing shrinks the samples by about 20-30% which explains the difference in the scale

bar size.

In order to evaluate the performance of each of the clearing protocols, we compared the
signal-to-background ratio between contralateral slabs cleared with iDISCO+ and 3DISCO. The
mean signal-to-background ratio were 3.514 £ 2.117 and 2.299 £ 0.708, respectively (Figure 18e).
The standard deviation of the ratio with iDISCO+ is relatively large. However, the difference in
the means was statistically significant (a=0.001, DOF = 60, tstat > terit — 3.810 > 3.460). To better
understand the reasons for the different signal-to-background ratios, we computed the mean
fluorescence levels at the capillary and background separately (Figure 18f). The iDISCO+
background intensity was lower than 3DISCO’s background (6448 + 1485 and 8300 + 2144,
respectively) with a statistically significant difference (a=0.001, DOF = 80, tstat > terit — 4.918 >
3.416). In addition, the iDISCO+ mean signal intensity in the capillaries was higher than
3DISCO’s (22058 + 12492, and 18425 + 5603 respectively). Thus, we observed an increase in
signal-to-background ratio. However, we see that the capillary signals with iDISCO+ varied a lot
throughout the ROIs as seen by the large standard deviation. With this, the confidence level for
the significant difference in the mean capillary intensity was 90% (a=0.1, DOF = 60, tstat > terit —
1.838 > 1.671).

The CUBIC cleared slab was centered at +2 mm from the bregma (figure 19). We noticed
higher background signal with the CUBIC clearing in general. Additionally, the distance between
the vessels was larger than the distance observed with the DISCO protocols. We applied a grid
correction protocol as described in the methods section. However, the grid pattern still remained

with the CUBIC samples.
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b) 3DISCO

d) 3DISCO
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Figure 18. Depiction of vascular staining results using DISCO clearing methods in a mouse. A
demonstration of vascular staining is shown from 2 mm thick homologous coronal slabs from the same
mouse. The a) left hemisphere is cleared with iDISCO+ and the b) right hemisphere is cleared with modified
3DISCO. A zoomed-in view of the orange rectangle depicting the cortical layers is shown of both c) the
iDISCO+ slab and d) the modified 3DISCO slab. The mouse was stained with 150 ul Alexa Fluor 647. A
depiction of e) signal-to-background ratio with standard deviations and f) capillary and background signal
intensity with standard deviations for both iDISCO+ and 3DISCO protocols.

Figure 19. Depiction of blood vessel images from a CUBIC cleared mouse coronal slab. An overview
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of a coronal slab cleared with CUBIC is shown on the left with a magnified view of the orange square on
the right.

iv. Imaging results in the rat: Experiment 3

In the rat experiments, we injected the dye through the tail vein with volumes of 1.2 ml
(Figure 20a, c¢) and 0.6 ml (Figure 20b, d) with Smg/3ml WGA Alexa fluor 647. We first used 1.2
ml of dye. We based our decision to use this volume on the fixed dye volume we used in mice
(150 pl) which was suggested by Todorov et al. (2020). We performed a cross-product calculation
of the blood volume in mice and rats, and the dye volume we used for mice blood vessel labeling.
This gave us the dye volume we used in rats. We additionally tested 0.6 ml to see if using less dye
could still yield good results. The left hemisphere demonstrates an example with iDISCO+ clearing
and the right hemisphere shows an image of a 3DISCO cleared sample. The rat brain’s vascular
labeling through tail vein injection demonstrates homogenous labeling. There are no dark areas
that show a lack of labeling. In Figure 20, we can spot many ascending venules/penetrating
arterioles. We can especially distinguish the cortex from the white matter. Mainly from the coronal
slabs injected with 1.2 ml of the dye, we can also identify the inner, middle, and outer cortical
layers as shown by the green, yellow, and red rectangles respectively. These separate regions were
not as visible in the rat coronal slabs injected with 0.6 ml Alexa Fluor. The background around the
blood vessels in 3DISCO cleared sample was not as defined with the 1.2 ml injection compared to
0.6 ml. The imaging results from the CUBIC clearing were poor (data not shown) since most of

the slabs had no signal in the vasculature.

We compared the signal-to-background ratio of iDISCO+ to 3DISCO cleared samples for
samples stained with 1.2 ml and 0.6 ml of WGA Alexa Fluor 647 (Figure 21). The mean signal-
to-background ratio for the labeling with 1.2 ml volume were 4.387 + 1.650 and 2.295 £+ 0.596 for
iDISCO+ and 3DISCO, respectively. The means for the 0.6 ml were 2.829 + 0.833 and 1.853 +
0.411 for iDISCO+ and 3DISCO, respectively. We can see the ratio is greater with both iDISCO+
clearing examples. Although the standard deviation is higher with iDISCO+, we still get a
statistically significant difference in the means using student t-test with a 99.9% confidence level
(0=0.001, for iDISCO+ vs. 3DISCO with 1.2 ml: tstat > terit — 8.347 > 3.46, DOF=60; and with 0.6
ml: tstat > terit — 7.354 > 3.416, DOF=80). In addition, we directly compared the capillary
intensities and the background intensity values. The mean capillary signals obtained with iDISCO+

cleared samples (43167 + 16517 for 1.2ml and 43830 + 12589 for 0.6ml) was higher relative to
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the mean capillary signals obtained with 3DISCO (27903 + 10887 for 1.2 ml and 40883 + 12521
for 0.6 ml). Conversely, there was a lower background signal with iDISCO+ clearing. The
background signals for 1.2 ml dye volume were 9850 + 1423 for iDISCO+ and 12141 + 3091 for
3DISCO. The background signals from 0.6 ml dye injection were 15580 + 2385 for iDISCO+ and
22055 + 4619 for 3DISCO. Thus, both the higher capillary signal and the lower background
fluorescence contributed to the higher signal-to-background ratio demonstrated by the iDISCO+

protocol.

Interestingly, when comparing the signals between the clearing protocols, we found a
statistically significant difference between the background signals. The background signal was
lower in iDISCO+ cleared samples compared to the 3DISCO cleared samples, with 99.9%
confidence level (0=0.001, with 1.2 ml: tstat > terit — 4.665 > 3.460, DOF=60, and for 0.6ml: tstat >
terit — 8.630 > 3.416, DOF=80). However, the capillary signals obtained with the two methods
following the injection of the 0.6 ml dye solution did not show a statistically significant difference
(0=0.3, tstat > terit — 1.150 > 1.042, DOF=100). In contrast, after injecting the higher volume (1.2
ml), there was a significant difference in the mean capillary signals with a 99.9% confidence level

(0=0.001, tstat > terit — 5.346 > 3.416, DOF=80).

We also performed a direct comparison between the signal-to-background ratio of 1.2 ml
to 0.6 ml Alexa Fluor staining (Figure 22). We observed a statistically significant difference in the
signal-to-background ratio (a=0.001, DOF=80, with iDISCO+: tstat > terit — 5.900 > 3.416; and for
3DISCO: tstat > terit — 4.269 > 3.416). For comparing the signal-to-background ratios obtained
with injections of 1.2 ml and 0.6 ml dye and iDISCO+ clearing, the difference in the mean capillary
signals was relatively small, such that the null hypothesis could not be rejected (a=0.5, DOF=80,
tstat = 0.221 and > terit = 0.678). The main factor that led to the difference in signal-to-background
ratio was the difference in the background signal. Here, this difference was statistically significant
(0=0.001, DOF=80, tstat > terit — 14.289 > 3.416). In contrast, comparing the signal-to-background
ratios obtained with injections of 0.6 ml and 1.2 ml dyes and 3DISCO clearing, there were
significant differences in both the capillary and the background signals (a=0.001, for capillary: tstat
> terit — 5.4198 > 3.390, DOF=100; for background tstat > terit — 12.359 > 3.416, DOF=80).
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Finally, we typically used 3 hours of PFA post-fixation in mice and 6 hours in rats. We
incubated several slabs for 24 hours to see if overnight fixation would impact the autofluorescence

of the sample. We did not observe a difference (Figure 23).
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iDISCO+ Left Hemisphere 3DISCO Right Hemisphere
a) Dye Volume: 1.2 ml

b) Dye Volume: 0.6 ml




c) Dye Volume: 1.2 ml

d) Dye Volume: 0.6 mli

Figure 20. Depiction of vascular labeling results using DISCO clearing methods in a rat. A
demonstration of vascular labeling is shown from 2 mm thick homologous (each slab from one hemisphere
contralateral to the other slab) coronal slabs from a rat injected with a) 1.2 ml and b) 0.6 ml of Alexa Fluor
649. The injection was done through the tail vein. The images on the left show clearing of the left
hemisphere with iDISCO+. The images on the right show clearing of the right hemisphere with modified
3DISCO. Panels c) and d) show zoomed-in views of the orange rectangles depicting the cortical layers from

the rat brain labeled with 1.2 ml and 0.6 ml volume of dye, respectively.
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Figure 21. Comparison of signal-to-background ratio and signal and background intensities between
clearing protocols. Depiction of a) signal-to-background ratio with standard deviations and b) capillary
and background signal intensity with standard deviations for both iDISCO+ and 3DISCO protocols using
1.2 ml of WGA Alexa Fluor 647. Depiction of c¢) signal-to-background ratio with standard deviations and
d) capillary and background signal intensity with standard deviations for both iDISCO+ and 3DISCO
protocols using 0.6 ml of WGA Alexa Fluor 647.

66



iDISCO+ clearing

a ) ) x10*
7 6
o 6
@ 390
o ©
c 5t =
S g4
o c
5
@ =37
23t g
— L=
g @27
® 2| §
] =41
O 1r 1
=
0 0
0.6 ml 1.2ml Capillary Background
WGA Alexa Fluor 647 Volume (ml) Source of signal
3DISCO clearing
C) x10*
3 6 ‘
. I 0.6 ml
& 2.5} ':‘
i &
3 2t =
= w
2 8
@ 1.5 =
L g
— (=]
g 1} o
§ 05} =
=
0
0.6 ml 1.2ml Capillary Background
WGA Alexa Fluor 647 Volume (ml) Source of signal

Figure 22. Comparison of signal-to-background ratio and signal and background intensities between
different dye volumes. Depiction of a) signal-to-background ratio with standard deviations and b) capillary
and background signal intensity with standard deviations for labeling with both 1.2 ml and 0.6 ml WGA
Alexa Fluor 647 and iDISCO+ clearing. Depiction of c) signal-to-background ratio with standard deviations
and d) capillary and background signal intensity with standard deviations for labeling with both 1.2 ml and
0.6 ml WGA Alexa Fluor 647 and 3DISCO+ clearing
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a) iDISCO+
6 hours PFA post-fixation

b) iDISCO+
24 hours PFA post-fixation

Figure 23. Depiction of vascular labeling results using the iDISCO+ clearing method in a rat. A
demonstration of vascular labeling is shown from 2 mm thick contra-lateral coronal slabs from a rat injected
with 1.2 ml of Alexa Fluor 649 through the tail vein. The PFA post-fixation duration after brain extraction
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was varied between these two brain slabs. a) The left hemisphere was post-fixed for 6 hours and b) the right
hemisphere for 24 hours. In both cases, the samples were cleared with iDISCO+. A zoomed-in view of the
orange rectangles depicting the cortical- depth-dependent labeling from the rat brain is shown on the right-
hand side.

Figure 24 demonstrates data obtained from a single point confocal LSM880 microscope.
The images show data from a 2 mm slab obtained from the rat injected with 1.2 ml of WGA Alexa
Fluor 647. The slab was centered at -2 mm from bregma, and it was cleared with iDISCO+. The
slab was placed on the imaging dish such that its posterior side was facing the laser and the
objective (both located below the sample). The figure shows the intensity projection of 10 planes
from each of the following depth ranges: 200 pum to 220um (a), 300 pm to 320 pm (b), and 400
um to 420 pm (c) into the samples. The step size between the planes is 2 um. At these planes, we
can identify the cortex as shown by the yellow arrows and the white matter underneath (blue
arrows) (Figure 24a, b). We use panel C as an example to show the cortical layers. The red-orange,
orange-yellow, yellow-green, green-blue, and blue-purple lines show an approximate delineation
of layer 1, layers 2/3, layer 4, layer 5, and layer 6 respectively, in the somatosensory area (Sotero

et al., 2015).
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Figure 24. Average intensity z-projection of 10 planes using a single point confocal microscope
(LSM880) from a 2 mm thick rat coronal brain slab. An average intensity projection of 10 planes is
shown where the step size between the planes is 2 um. In a) there is a z-projection from z-plane 200 pm to
220 pm, in b) from 300 um to 320 um, and in c¢) from 400 um to 420 um. The axis of increasing cortical
depth is shown with the yellow arrows. The white matter approximately overlaps with the dark area
underneath (blue arrow) as shown in a) and b). The labeling shows cortical depth-dependent variations, as
demonstrated in c). The red-orange, orange-yellow, yellow-green, green-blue, and blue-purple lines
approximately mark layer 1, layers 2/3, layer 4, layer 5, and layer 6 respectively in the somatosensory area
(Sotero et al., 2015).

C. Dye volume selection: Experiment 4

We varied the amount of dye that was injected into the vascular system to search for an
optimal volume. With a concentration of 1.67 mg/ml, we tested intracardiac injections of 250 pl,
200 pl, 150 pl, and 100 pl in 4 different mice. Figure 25 shows complete 3 mm-thick coronal slabs
that span from bregma (0 mm) to -3 mm from bregma. They were all cleared with iDISCO+. For
all 4 mice, the perfusion had seemed to go well. However, the mice injected with 150 pul of the dye
had patchy staining (Figure 25b). There were dark areas without vessels. In general, for all
samples, we can identify venules/arterioles spanning the cortical depth perpendicularly to the
cortical surface. Looking at the regions of interest more closely, we see that the capillaries were
less visible for the mouse stained with 100 ul of the dye (Figure 25a): the signal to background
ratio seemed lower. The coronal slabs with 200 pul and 250 pl gave the best signal-to-background
ratio in terms of capillaries (Figure 25c¢, d). We evaluated quantitatively the signal-to-background
ratio of the mice stained with 100 pl, 200 pl, and 250 pl. The data from the mouse stained with
150 pl were omitted from the calculation since the labeling was unsuccessful and it had regions
with no data. We looked at the middle cortical layer from 5 different regions of interest (figure
26a). The mean signal-to-background ratio for each mouse from each region of interest is shown
in Figure 26b. Table 6 includes the mean and the standard deviation values. The mice stained with
100 ul gave the lowest ratio in all 5 cases. However, in certain ROIs, the difference was more

prominent. We did not notice a significant difference between the 200 pl and 250 pl.
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) ) ‘ Mice labeled with different volumes of WGA Alexa Fluor 594 \
Region of interests
#1 1.389 £0.128 1.671 £0.211 1.614 +0.335
#2 1.500 £ 0.246 1.566 +£0.192 2.014 £ 0.564
#3 1.543 +0.299 1.579 +£0.234 1.589+0.194
#4 1.383 +0.159 1.587 +£0.236 1.561 +£0.182
#5 1.330 + 0.087 1.362 +£0.153 1.471+£0.219

Table 6. Mean and standard deviation values of the signal-to-background ratios for each mouse from
each region of interest. The rows represent the 5 different regions of interest. The columns represent the
mice labeled with 100 pul, 200 pl, and 250 pl of WGA Alexa Fluor 594.

To test the differences statistically, we performed a one-way ANOVA statistical test of the
capillary signals from all the regions between the 3 mice (n=50 / mouse). The F test statistic (84.4)
is greater than the F critical value (F=7.3211, a = 0.001). Thus, we concluded that there was a
statistical difference between the 3 means of the capillary signals (39679 + 7656 for 100 ul, 32382
+ 7232 for 200 pl, 33743 + 9771 for 250 ul). We also evaluated the background signal (n=50 /
mouse) with one-way ANOVA. Again, we found a statistical difference (Fest=131, F=7.3211,
0=0.001) between the 3 means (27770 = 3478 for 100 pl, 21043 £ 4365 for 200 pl, 20431 + 3454
for 250 ul). With the Tukey Kramer multiple comparison test, we found that there was a significant
difference in the capillary signals between 100 pl versus 200 ul (Qu=5.211, a=0.001) and 100 pl
versus 250 pl (Qu=4.523, 0=0.005). For the background signal, we found a statistical difference
between 100 pl versus 200 pl (Qu=5.211, 0=0.001) and 100 pl versus 250 pl (Qu=5.211, 0=0.001).
There was no significant difference between the two capillary mean signals and the two

background mean signals when comparing 200 pl vs 250 pl injections (a=0.1).
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a) Dye Volume: 100 ul

¢) Dye Volume: 200 ul

b) Dye Volume: 150 ul

d) Dye Volume: 250 ul
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Figure 25. Vascular imaging results from 4 mice injected with different volumes of Alexa Fluor 594.
The complete coronal slabs and magnified views of the orange rectangles show the cortical depth-dependent
labeling. The images were obtained from 4 mice injected with a) 100 ul, b) 150 ul, ¢) 200 ul, and d) 250 ul
of Alexa Fluor.

a) b) ’ | B 100y
I 200 ul

Mean Signal to Background Ratio

ROI 01 ROI02 ROI 03 ROI 04 ROI 05
Regions of Interest (ROI)

Figure 26. Signal to background ratio from 5 different regions of interest (ROI) in mouse brains.
Signal to background ratio was evaluated from the middle cortical layer of 5 different ROI around the
somatosensory area. a). The example shown in panel a is from a coronal slab of a mouse injected with 100
ul of WGA Alexa Fluor 594. The intensity was sampled from twenty points (10 points from capillaries and
10 from the background adjacent to the selected capillaries) per region of interest. b) The bar graph
demonstrates the mean and the standard deviation of the signal-to-background ratio from each region and
from mice stained with 100 ul (magenta bars), 200 ul (red bars), 250 ul (dark red bars) of WGA Alexa Fluor
594.

From the same set of mice, we also compared iDISCO+ vs 3DISCO cleared slabs (Figure
27). In each mouse, we used a 3 mm-thick coronal slab located from -3 mm to -6 mm from the
bregma. The right and left hemispheres were cleared with iDISCO+ and modified 3DISCO,
respectively. Again, we noticed inhomogeneous labeling in the slabs from the mouse that received
with 150 pl. It was particularly the neocortical areas that were not properly labeled (Figure 27b).
We obtained the most homogenous labeling and best signal-to-background ratio with the samples
stained with 200 pl (Figure 27¢). However, there was a structural distortion artifact that occurred
during the clearing due to a cut made during brain extraction. Although the right hemisphere of
the coronal section stained with 250 pl gave a good signal, we noticed a lack of vascular labeling

within the left hemisphere that was cleared with 3DISCO (Figure 27d).

For both iDISCO+ and 3DISCO cleared slabs, the images were processed the same way.
Following stitching, a 2% percent pixel saturation was applied on the images. The 3DISCO cleared
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samples resulted in bright images such that the signal-to-background ratio was reduced. Further

data processing techniques would be necessary here.

iDISCC+ a) Dye Volume: 100 um 3DISCO
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iDISCO+ b) Dye Volume: 150 um 3DISCO
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iDISCO+ ¢) Dye Volume: 200 um 3DISCO
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iDISCO+ d) Dye Volume: 250 um 3DISCO
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Figure 27. Imaging results obtained from iDISCO+ and 3DISCO clearing and labeling with 4
different volumes of WGA Alexa Fluor 594. A comparison between iDISCO+ and 3DISCO clearing of
contralateral coronal brain slabs cut from the same region along the anterior-posterior axis. The left-hand
side and right-hand side of the figure present images obtained with iDISCO+ and 3DISCO, respectively.
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For each, a general view of the coronal slabs and a magnified view of the orange rectangles is shown. The
panels show imaging results from 4 different mice labeled with a) 100 ul, b) 150 ul, ¢) 200 ul, and d) 250
ul volume of Alexa Fluor.

d.  Effects of clearing on age and tissue thickness: Experiments 5 and 6

We varied the ages of the mice to test if there was an optimal mouse age for labeling the
capillaries. We also varied the slab thickness, to test the effect of the thickness on the clearing
result. We performed 2 experiments of this type. In the first experiment, all samples were cleared
with iDISCO+. In the second experiment, they were cleared with CUBIC. The 5 different ages
used were approximately 65, 115, 165, 185, and 229 days old. The 2 different slab thicknesses

used were 2 mm and 3 mm.
i. Clearing results using the iDISCO+ protocol: Experiment 5

Figure 28 represents posterior slabs of 5 different mouse brains of varying ages. Panels a)
and b) demonstrate clearing of the 3 mm and 2 mm thick slabs respectively. In terms of age, there
was no noticeable change in the clearing quality. However, the tissue thickness did influence
transparency. The homogeneity between the 2 mm thick coronal slabs and the surrounding BABB
is higher relative to the 3 mm slabs. However, we noticed an outlier. The clearing 2 mm slab of
the 65 days old mouse turned out darker than its 3 mm counterpart. Regardless of the
“improvement” with the 2 mm slabs, all samples yielded optically transparent tissues in the same

time frame (4 days).
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Mouse 1 Mouse 2 Mouse 3 Mouse 4 Mouse 5
Age 65 days Agell5days Agelb65days Age185days Age 229 days

Before
Clearing
2 mm slab
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Figure 28. Comparison of clearing between different coronal slab thicknesses from mice of different
ages. Depiction of iDISCO+ clearing of (a) 3 mm thick and (b) 2 mm thick coronal brain slabs. Columns 1
through 5 show results from 65, 115, 165, 185, 229 days old mice respectively.

ii. Imaging results from iDISCO+ protocol: Experiment 5

All 5 mice were stained intracardially with 150 ul of WGA Alexa Fluor 594. The perfusions
of the mice of age 115 and 219 days did not go well. Consequently, the vasculature labeling of
these 2 mice was inhomogeneous (Figure 29). The yellow arrows point at areas that have minimal
to no vessels. Interestingly, even though the perfusion of the 65 days old mouse went well it also
had areas with no labeled vessels (Figure 29). Mice of age 165 and 185 days old demonstrated
vessel and capillary labeling throughout the cortex (Figure 30). However, we noticed some
inconsistencies in the signal-to-background ratio between the left and right hemispheres in both

mice. The capillary signals were dimmer in the right hemispheres.
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a) 65 days old mouse b) 115 days old mouse ¢) 229 days old mouse

Figure 29. Observation of inhomogeneous labeling. Examples of inhomogeneous labeling are
demonstrated in coronal brain slabs from 3 different mice of varying ages: a), b), and c) present images
obtained from 65 days-, 115 days-, and 229 days old mice, respectively. All slabs were cleared with the
iDISCO+ protocol. The slabs are from the right hemisphere and span from 0 mm to -3 mm from bregma
for the 65 and 229 days old mice, and from -1 mm to -3 mm from bregma for the 115 days old mouse.
Images are shown from a depth of 1200 um in the z-plane. Orange arrows illustrate areas of little to no
blood vessel labeling.
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Figure 30. Imaging the vasculature in slabs with different thicknesses obtained from 2 mice of
different ages. a) Blood vessels labeling of a 2 mm thick coronal slab (left hemisphere) and 3 mm thick
coronal slab (right hemisphere) obtained from a 165 day old mouse. B) Labeling of a 3 mm thick coronal
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slab (left hemisphere) and a 2 mm thick coronal slab (right hemisphere) obtained from a 185-day old mouse.
Each mouse was injected with 150 ul Alexa Fluor 594.

iii. Clearing results from CUBIC protocol: Experiment 6

We performed a similar experiment with the CUBIC protocols (Figure 31). In general, with
CUBIC, it took a few weeks to clear the coronal slabs. The longest part of the CUBIC clearing
was the delipidation process. The brain slabs from the younger mice showed a higher delipidation
rate relative to the older ones. This difference was most apparent in coronal slabs of 3 mm thick
(blue rectangle). On day 28, the 3 mm thick coronal slab of the 219 day old mouse was cloudier in
appearance relative to that of the 65 day old mouse. We also noticed that the rate of delipidation
was slower with thicker brain slabs (orange rectangle). On day 37, the 3 mm slabs were more
opaque compared to the 2 mm slabs. The longest time to delipidate was about 43 days, recorded
for a 3 mm thick posterior slab of the 219 days old mouse. The shortest number of days to
delipidated was 16 days, recorded for 2 mm thick anterior slabs of 65 and 115 days old mice. We
performed the clearing process for this set of mice at room temperature. After refractive index
matching, we found that all samples gave optically transparent tissues and about a 40% increase

in volume.

Perfusion Day 10 Day 19 Day 37 RI matching

65 days old
2 mm slab

155 days old
2 mm slab

219 days old
2 mm slab

65 days old
3 mm slab

155 days old
3 mm slab

219 days old
3 mm slab

&
]
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Figure 31. Depiction of the progress of CUBIC clearing applied to coronal slabs of different
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thicknesses from mice of varying ages. In chronological order, the columns represent images of the
progress of clearing after perfusion, delipidation for 10, 19, 28, and 37 days, and refractive index matching.
The top 3 rows (marked in orange) show 2 mm coronal slabs of 65, 155, and 219 days old mice from top
to bottom. Similarly, the bottom 3 rows demonstrate results from 3 mm thick slabs obtained from the same
mice. The blue frame highlights small differences in the delipidation rates in mice of different age. The
orange box highlights differences in the delipidation rate of 2 mm versus 3 mm thick brain slabs.

iv. Imaging results from CUBIC protocol: Experiment 6

For all 5 mice, the perfusions were performed without issues. We used 100 ul of dextran-
FITC (6 ug/ul) to stain. We observed poor labeling in 4 out of the 5 mice. Barely any vessels were
visible in the microscopy images. Solely, the slabs from the 105 days old mouse showed labeling
signals in blood vessels. Figure 32 shows an example of homologous labeling of coronal slabs: 2
mm thick coronal slab (+2 mm to 0 mm from bregma) and 3 mm thick coronal slab (+2 mm to -1
mm from bregma). We can observe some blood vessels more clearly by looking at the magnified
images in Figure 32. However, in addition to the vasculature, we noticed other cellular components
that were labeled as well. Finally, during clearing, the extremities of the tissues lost their integrity.

This can be seen by looking at the tissues’ edges.
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a) 105 days old mouse - 2 mm slab

b) 105 days old mouse - 3 mm slab

Figure 32. Demonstration of blood vessels labeling with dextran-FITC and CUBIC clearing. a) A 2
mm and b) a 3 mm thick homologous coronal brain slabs from a 115 days old mouse are shown. The 2 mm
slab from the left hemisphere spans from +2 mm to 0 mm of the bregma. The 3 mm slab from the right
hemisphere spans from +2 mm to -1 mm of the bregma. A zoomed-in view of the black square is shown on
the right-hand side of each slab.
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e. Staining by immersion: Experiment 7

We further attempted to label the vasculature by immersing 2 mm thick coronal brain slabs
in 0.5 ml of the fluorophores for 14 days while on a shaker. The clearing of all the mouse brain
slabs was performed with CUBIC. For 3 mice, the staining was performed after the PBS wash. In
other words, before we started the delipidation. We varied the tissue PFA post-fixation time and
the incubation temperature between these 3 mice. For an additional 2 mice, the vessels were stained
after the end of the delipidation at room temperature. All left hemispheres were used for DyLight

staining and all the right hemispheres for Alexa Fluor staining.

Examples of the delipidation progress are shown in Figure 33. Panels a) and b) show the
delipidation progress of slabs cleared at room temperature. We saw that the rate of delipidation
was relatively faster for the mouse brain slabs of panel b). This mouse was half the age of the
mouse whose slab delipidation is presented in panel b. Looking at panel b) and c), the mice were
of the same age. However, the brain slabs were cleared at 37°C in panel c). The delipidation rate
was faster at 37°C compared to delipidation at room temperature. We can observe pale blue colors
in the initial stages of the delipidation of the right hemisphere (panel c). Here, the immersion
staining was performed prior to the removal of the lipids. Although generally, the CUBIC cleared
samples increase in size, we noticed an outlier with the slabs of the mouse in panel b. Here, the

brain slabs did not increase in size.
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Figure 33. CUBIC delipidation progress of 3 different mice brains used for labeling by immersion.
The delipidation of slabs from a) 106 days old and b) 57 days old mice was done at room temperature. c)
The delipidation of a slab from a 57-day old mouse was done at 37°C. From left to right, we present images
of the coronal slabs before delipidation, and 1 day, 4 days, and 11 days after the initiation of the delipidation
process. The immersion in the dye was done after delipidation for the mouse in a) and prior to the initiation
of delipidation for the mice in b) and c¢). The examples shown are from 2 mm contra-lateral coronal brain
slabs centered on the same A-P coordinate. The slabs from the right and left hemispheres were immersed
in Alexa Fluor 647 and DyLight 649, respectively.

The labeling by immersion was performed with 2 different dyes: WGA Alexa Fluor 647
and LEL DyLight 649. All the right hemisphere slabs were dedicated to WGA Alexa Fluor 647
labeling. For this dye, we found that there was no vascular labeling regardless of the protocols we
tried (Figure 34a). All the left hemispheres were labeled with LEL DyLight 647. We incubated the
anterior and posterior slabs in 500 pl of the dye with 0.2 mg/ml and 0.1 mg/ml concentrations
respectively. In 3 mice, we labeled the vessels prior to delipidation (Figure 34b-d). For both dye
concentrations and the 3 incubation conditions, the results were similar. We observed minimal
vascular labeling. However, there was an improvement when applying 37°C during the incubation

as we could observe some larger penetrating vessels (Figure 34b, c).

Figure 35 shows labeling examples performed following the delipidation. We can see the
capillaries. However, we can also see other cellular structures that were labeled. Notably, this
method additionally labeled the white matter. The white matter labeling was very bright. In order
to reduce its impact and improve the viewing of capillaries, we pre-processed the images. We
blurred the image and took its inverse. This result was in turn multiplied by the original image.
The bright white matter area became dark, enabling us to visualize capillaries. Panels a and b show
the labeling of the slabs incubated in 0.2 mg/ml and 0.1 mg/ml of the fluorophore, respectively.
The mouse brain slabs incubated in 0.2 mg/ml of LEL DyLight 647 span from +1 mm to -1 mm
from bregma and the brain slabs incubated in 0.1 mg/ml span from -1 mm to -3 mm from bregma.
We noticed an improved signal-to-background ratio with 0.1 mg/ml labeling and less labeling of

additional cellular compounds such as microglia.

Once more, we noticed that the samples that were cleared with CUBIC lost their integrity

at their edges (Figure 34, 35).
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Figure 34. Labeling by immersion with 4 different protocols. a) Shows an example of labeling the
vasculature by immersion with Alexa Fluor 647. The slab was stained and cleared at room temperature after
the delipidation process. The PFA post-fixation time was 24 hours. b)-d) Show an example of labeling the
vasculature with DyLight 649 before the start of the delipidation process. In b) the coronal slab was stained
and cleared at 37°C. The PFA post-fixation time was 24 hours. In ¢) the coronal slab was stained and cleared
at 37°C. The PFA post-fixation time was 3 hours. In d) the coronal slab was stained and cleared at room
temperature. The PFA post-fixation time was 3 hours. A zoomed-in view of the orange square is shown for
each example, to illustrate the cortical depth-dependent labeling
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a) 0.2 mg/ml DyLight

b) 0.1 mg/ml DyLight

Figure 35. Labeling by immersion with DyLight 649 performed after delipidation. A) Blood vessel
labeling of a 2 mm slab that was immersed in 0.2 mg/ml of DyLight 649. The slab was centered on the
bregma. b) Vasculature of the same mouse brain imaged from a 2 mm slab that was immersed in 0.1 mg/ml
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of DyLight 649. This slab was centered at -2 mm posterior to the bregma. The slabs were cleared with
CUBIC. A zoomed-in view of the orange square is shown on the right-hand side of each of panels a) and
b), illustrating the cortical-depth dependence of the labeling.

CHAPTER V - DISCUSSION

Summary of the findings

In this study, we compared different methods for labeling blood vessels and clearing brain
samples. We aim to optimize our protocol to get high-resolution images of neocortical vessels in
mice and rats. In short, we used different parameters to label the vasculature and we varied the
clearing protocol among brain slabs. We obtain transparent brain slabs with all the clearing
protocols used. However, DISCO protocols are relatively more rapid. They clear the tissue slabs
within a few days and the rate is not influenced by the mouse age. A thinner slab provides higher
transparency. For CUBIC, it takes a few weeks to clear 2-3 mm brain slabs. The clearing rate
varies between slabs of different thicknesses and between mice of different ages. We find that
intracardiac injection of Alexa Fluor in mice can give homogenous labeling of vessels. However,
the results are not consistent. We varied the different volumes of 1.67 mg/ml Alexa Fluor 594
injected in mice (100 pl, 150 pl, 200 pl, and 250 pl) and saw a statistically significant difference,
with a higher signal-to-background ratio for mice labeled with 200 pl and 250 pl compared to 100
pl. Similarly, we compared the dye volume of Alexa Fluor 647 (1.67 mg/ml) in rats. We found
that labeling with 1.2 ml gave a higher signal-to-background ratio compared to 0.6 ml. iDISCO+
provided a greater signal-to-background ratio compared to 3DISCO and CUBIC. Finally,
immersion staining does not work with the WGA Alexa Fluor dye. It is only successful with LEL
DyLight and after the samples are delipidated. However, other structures such as the white matter
also get stained, and it requires more image processing to view the vasculature. Of the different
methods and parameters that we applied, intravenous blood vessel injection of 1.2 ml WGA Alexa
Fluor 647 (1.67 mg/ml) in rats yielded the best results: homogeneous labeling of the cortex, fine

cortical depth-dependent variation, and differences between the gray matter and white matter.
Selection of refractive index matching solution

There is debate in the literature on whether DBE or BABB would act as a better RI
matching solution (Ertiirk et al., 2012a, Pan et al., 2016, and Becker et al., 2014). Thus, as part of
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the preliminary work done in the lab, we looked at both solutions and found inconclusive results.
They both had, in general, good clearing capabilities. However, DBE and benzyl alcohol (BA) are
prone to form peroxides. Thus, similar to Todorov et al. (2020)’s choice of replacing DBE with
BABB in their modified 3DISCO protocol, we selected BABB with the addition of vitamin E

antioxidant which helps prevent the formation of peroxides.
Retaining fluorescence signal during clearing

Another part of our preliminary work evaluates DISCO clearing with different incubation
parameters. FDISCO was expected to improve fluorescence preservation of substances such as
fluorescent proteins and chemical fluorescent tracers by using alkaline pH and lower temperature
incubations. Moreover, using these parameters was not expected to lengthen the clearing duration
(Qietal., 2019). In our hands, the clearing time is longer under these conditions since the samples
came out opaque. However, we used methanol instead of THF. The goal of Qi et al.’s is to support
the preservation of fluorophores. Nonetheless, we find that simply using fresh chemicals from
well-sealed containers (Ertiirk et al., 2012a), checking for peroxides with Quantofix peroxide strips
before use (Hahn et al., 2019), and adding vitamin E in BABB (Pan et al., 2016) suffice for
preserving the signal of our dyes. In addition, we carry out long-term storage at 4°C (Schwarz et
al., 2015). In fact, we imaged some of our samples about 1.5 months following the initial imaging
session and obtained strong signals. The use of strong fluorophores also helps in preserving the

signal.

Improper perfusion’s effects on clearing and imaging

As a final part of our preliminary work, we performed whole-brain clearing. One of the
two mouse brains we cleared with uDISCO was darker in color relative to the other sample. The
grid underneath was less visible. This was followed by a 3DISCO clearing procedure that gave an
even more pronounced amber color. We found through iDISCO troubleshooting recommendations
that this is the result of excess air exposure (Renier et al., 2016). They suggest filling test tubes
more than halfway or to the top. Our initial incubations were done in 10 ml solution inside 15 ml
falcon tubes. To test this concept, we cleared 2 other brains in 5 ml and 15 ml of the solvents. We
expected to see a trend where incubating the sample in 15 ml would yield improved transparency
relative to incubating in 10 ml and 5 ml. However, we observed that the 10 ml option yielded the

worst results. After a second look, I noticed that both the uDISCO and the 3DSICO cleared samples
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with pronounced dark color had improper perfusions. Therefore, this may have been the reason for
the low clearing results. As Ertiirk et al. (2012a) describe in their troubleshooting section, improper
fixation may cause blood to remain in the tissues. In turn, the transparency of the samples

diminishes (Ertiirk et al., 2012a)

Besides clearing, we also notice the impact that poor perfusion has on staining vessels.
From the experiment where we used mice of different ages, 3 out of 5 samples did not have
homogeneous labeling: there were areas in the coronal slab with no labeling. From them, 2 had
unsuccessful perfusion. We take into consideration parameters that will enable successful
perfusions. For instance, we use 16% liquid PFA diluted to 4% and low perfusion flow rates to
prevent perfusion artifacts (Cahill et al., 2011). Moreover, we warm our PBS and PFA solutions
to 37°C in a warm water bath prior to perfusion. This reduces vasoconstriction. If vasoconstriction
occurs in arterioles, then the surrounding vasculature may not be properly perfused (Fix and
Garman, 2000). As Fix and Garman (2000) explain, this may occur when the perfusion flow rate
is too low, or the fixative is too cold. Finally, we also add heparin into our PBS which is an
anticoagulant. In summary, we take care to prepare for successful perfusions. Other challenges
may occur during perfusion itself. For one, the cut at the atrium can be too small such that the flow
of the perfusate entering the heart will be too high relative to the flow leaving. This builds up
pressure that can burst the vessels. Failed perfusions also occur when the needle pierces the right
ventricle (Wu et al., 2021). Both these cases may lead to fluids flowing out of the nose. As such,
the perfusion impacts the tissue clearing and vessel staining qualities. From these 5 mice, we did
notice a case where even though the perfusion seemed to have gone well, we still had incomplete

staining that we could not account for.
Clearing coronal slabs with iDISCO+ and 3DISCO

The use of coronal slabs increases the number of samples available for comparisons. When
evaluating the transparency of the slabs, both iDISCO+ and 3DISCO resulted in optically cleared
coronal sections (see also: Renier et al., 2016, Ertiirk et al., 2012a). In other words, the millimetric
grid placed underneath the tissue was visible. As such, our results concord with these organic
solvent clearing protocols. Incidentally, we notice that refreshing the RI matching solvent
improves transparency. In fact, Ertiirk et al. (2012a) also recommend this tip. On another note, the

mice's age variation did not impact the clearing. However, in terms of different slab thicknesses,
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we notice that 2 mm slabs become slightly more transparent. Nonetheless, we get good clearing
for both 2 mm and 3 mm slabs. Additionally, by following the incubation steps described for
clearing rat hemispheres (Branch et al., 2021), we also noticed cleared tissue slabs from the rat

brains.

Tissue shrinkage with the 3DISCO clearing averages to 20-30%. This behavior is expected
because dehydration with THF shrinks tissue samples (Tainaka et al., 2016; Becker et al., 2012).
We base our 3DISCO protocol on Todorov et al.’s instructions who also report tissue shrinkage
(Todorov et al., 2020). A gradual increase of the dehydrating agent’s concentration minimizes the
shrinkage and distortions (Ertiirk et al., 2012a). For iDISCO+ clearing, similar to the published
iDISCO+ protocol (Renier et al., 2016), we do not observe shrinkage. This change in behavior
may be due to the usage of methanol instead of THF. Renier et al., (2016) indicate that the
elimination of shrinkage facilitates automated registration of microscopy data to the brain atlas.
On the other hand, Pan et al., (2016) put in perspective the advantages of tissue shrinkage. It
facilitates organ imaging if the only available microscope can only support small imaging
chambers, or it only has objectives with a short working distance and high numerical aperture (Pan
etal., 2016). Additionally, methods such as vDISCO use the feature of tissue shrinkage to perform
whole-body mouse imaging (Cai et al., 2019). However, a reduction in sample size could also lead
to a reduction in resolution (Pan et al., 2016). Although it has been suggested that these clearing
methods result in isotropic shrinkage and cause no distortions (Renier et al., 2016, Ertiirk et al.,
2012a), we sometimes observed some bending at the edges of our 'z coronal slabs. We also saw
noticeable distortions after clearing whenever minor cuts occurred during brain extraction or

cutting.
Clearing coronal slabs with CUBIC

All coronal samples cleared with CUBIC became transparent. However, as tissue size
increases, the clearing time increases. The use of a 3 mm mouse coronal slab also slows down the
process relative to the mouse 2 mm slab. Thus, the process may take longer for larger samples as
it may take more time for the delipidating solvents to penetrate all the way to the center of the

sample and take effect on the tissue.

For complete clearing, we need to make sure there is sufficient delipidation before

immersing our samples in the RI solution. In fact, we observed an incomplete clearing during our
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whole brain processing as some areas remained white and cloudy. We followed the
recommendation from the paper that brought forth CUBIC-L/R clearing (Tainaka et al., 2018).
They recommend, for mouse organs and body clearing, 3-7 days of incubation at 37°C. However,
Tainaka et al. also use an optional step during perfusion with a solvent called CUBIC-P. This may
play a role in the increased rate of delipidation. Nonetheless, with coronal slabs, we extended the
delipidation time and noticed good optical clearing. Other papers have also found the need to
increase delipidation time. Rocha et al. (2019) clear an adult songbird brain with the original
CUBIC protocol. They increased the delipidation time to 10 days instead of the recommended 7
days and saw that the tissue transparency obtained at the end of the process improved (Rocha,
2019). In fact, the effectiveness of delipidation impacts the final tissue transparency (Tainaka et

al., 2018).

Some of our coronal slabs were delipidated at room temperature while others were at 37°C.
Incubating at 37°C speeds the clearing process. However, we found that as the number of
incubation days increased, the tissue started to lose its integrity. This was especially true with
incubations at 37°C. By inspecting our CUBIC imaging data, we can see the slabs lose their

structure at the regions of the surface of the brain: the edges of the samples look broken.

In summary, a long incubation time makes the tissues fragile, whereas a short incubation
time results in incomplete lipid removal. This leads to reduced clearing efficiency (Tainaka et al.,
2016). Finally, we notice an increase in tissue size. This is depicted by Nehrhoff et al. (2017) as

well. Our solutions are slightly basic which can cause swelling (Tainaka et al., 2016).
Imaging vasculature with vessel labeling and DISCO clearing

For labeling the vascular system, we mainly use WGA Alexa Fluor in combination with
organic solvent clearing. Renier et al. also use Alexa Fluor in their iDISCO and iDISCO+
immunolabelling protocols since these probes resist well in organic solvents and are stable long-
term even at room temperature (Renier et al., 2014, Renier et al., 2016). In fact, we still had strong
fluorescent signals while imaging our coronal slabs 1.5 months following the initial microscopy

imaging. We note that we store our tissue at 4°C.

We initially used Alexa Fluor 594, following Todorov et al.’s protocol. However, the

excitation laser available to us is a 561 nm solid-state laser. At this value, only about 50% of the
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fluorophores in Alexa Fluor 594 are excited, based on the excitation spectrum (Thermo Fisher
Scientific). Therefore, we switched to using Alexa Fluor 647. The excitation laser available for
Alexa Fluor 647 is a 640 nm solid-state laser. For our mouse coronal slabs that were stained with
Alexa Fluor 594 and cleared with iDISCO+, we can see background fluorescence around in the
cortex area. This is not observed in the mouse slabs stained with Alexa Fluor 647 and cleared with
iDISCO+. Some use Alexa Fluor 647 purposefully to overcome autofluorescence (Luong et al.,
2021). In fact, it is best to use fluorophores in the red or far-red spectrum (e.g.: Alexa Fluor 594

and 647) since tissues generate autofluorescence in the blue/green spectrum (Renier et al., 2014).

When we compared iDISCO+ images to 3DISCO qualitatively and quantitatively, we
observed a smaller 3DISCO signal-to-background ratio. Although the reason is not entirely clear,
one possible explanation is that autofluorescence may arise due to the changes in a tissue's
biochemical properties during clearing (Seo et al., 2016) or due to tissue shrinkage (Pan et al.,

2016).

In terms of vasculature labeling with different volumes of dye, % of our mice had good
perfusion-staining. The larger vessels are easily identifiable in this dataset. However, at the
capillary level, we noticed that the micro-vessels are harder to visualize in the mouse that received
a volume of 100 pl of Alexa Fluor (1.67 mg/ml). The 200 ul and 250 pl injection volumes yielded
the best results. The 150 pl dye volume did not give a good result due to poor perfusion. Even
though this experiment was performed only once, we can still see a trend where the signal-to-
background ratio is greater with 200 ul and 250 pl dye volumes relative to 100 ul (Figures 25 and
26). Others have also evaluated the ideal quantity of dye necessary to stain vessels. Although they
find a minimum, an upper threshold is not reported. For one, Robertson et al. (2015) vary the
amount of LEL DyLight 649 to stain mouse vasculature (25 pg, 50 pg, and 100 pg). They find
low labeling intensity with 25 pg (1 mg/ml) of the dye and the most distinguishable results at 100
pg (1 mg/ml). Battistella et al. (2021) investigate a similar question. They intracardially stain with
5 ml WGA-FITC during perfusion using different concentrations: 5 ug/ml, 50 pg/ml, 125 pg/ml.
125 pg/ml gives the best signal-to-noise ratio. We saw a similar pattern in our mouse experiment
where a higher volume gave a better signal-to-background ratio. We also looked at different
volumes in rats: 1.2 ml vs 0.6 ml of Alexa Fluor 647 (1.67 mg/ml). We found that a volume of 1.2

ml gave a greater signal-to-background ratio compared to 0.6 ml.
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Based on this result, we would need to increase the volume of the dye a lot to get high
signal-to-background ratio. This will increase the cost significantly. But, when should one stop
increasing the volume? We recommend evaluating the required volume against the required
results. To test whether the increase in volume is indeed necessary, an automatic analysis — such
as segmentation with convolutional neural networks — can be performed, to identify the specific
features of interest: in our case, this would be the capillaries. To analyze the cost-effective optimal
concentration, one can apply such an automatic analysis and verify the results by inspection. This
would include inspecting the images and identifying true positive detection, false positive and false
negative (true negative is the default outcome in such an experiment). The volume should be
increased to achieve the required percentage of the true positive, false positive and false negative
detection. We recommend doing a similar evaluation in similar future studies, to analyze the cost-
effectiveness of increasing stain or antibody concentration and the corresponding cost, based on

the specific aims of the study.

In terms of the dye injection site, when we performed Alexa Fluor 647 tail vein injections
in rats, we can see homogenous labeling. In contrast, we noticed that the brightness obtained with
intracardiac injections in mice varied between different regions of the slabs. This was mainly
noticeable with Alexa Fluor 594. For instance, the larger vessels are significantly brighter than the
capillaries. This makes it harder to visualize the capillaries with simple image processing
techniques because visualization of the larger vessels without cropping their brightness requires a
wide dynamic range. A similar result is discussed by Robertson ef al. (2015). They compared
different parameters of injection in mice. Although both intracardiac and intravenous labeling
showed homogenous labeling, the intensities observed with intracardiac labeling varied between
different regions (Robertson et al., 2015). However, it is important to note that our results may be
attributed to the different species we used (homogeneous and non-homogeneous labeling in rats
and mice, respectively) and not the pathway of fluorophore injection (intravenous or intra-cardiac).
Although we initially attempted tail vein injection in mice as well, we decided to abandon the idea,
because it was difficult to localize the lateral vein. In fact, Berry-Pusey et al. (2013) demonstrate
the difficulty of tail vein injection. They use 3 trained injectors to perform 7 tail vein injections of

radiolabeled probes. They find that 13.9% =+ 12.3% of the injection dose remains in the tail vein.
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Imaging vasculature with vessel labeling and CUBIC clearing

We injected a total of 5 mice intracardially to label with dextran-FITC and cleared their
brains with CUBIC. We used mice of different ages and cut the slabs into different thicknesses.
Only one out of the 5 mice had labeled vasculature. From the mouse in which dextran-FITC
staining worked, we noticed that many of the capillaries were difficult to see as they blended with
the background (low signal-to-background ratio). In fact, this makes sense as FITC’s excitation is
in the green spectrum. At this spectrum, the autofluorescence in mouse brain is high, to the extent
that some studies use it to annotate brain regions (Ariel 2017). We also notice from this data that
other cellular structures were labeled as well. We used dextran-FITC with a molecular weight of
2000kDa to follow Susaki et al.’s (2015) staining protocol. Therefore, with this molecular weight,
dextran is not expected to cross the blood-brain barrier (Choi et al., 2010). Some discourage the
use of dextran-FITC because, although dextran-FITC fills the blood vessels, it does not bind to it
(L1 et al., 2008). Therefore, as the tissue gets compressed during processing (e.g.: cutting brain
slabs) the dye may escape from some of the vessels and we may observe fragmented vascular
patterns (Li et al., 2008). CUBIC clearing leads to swelling at the cellular level (Nehrhoff et al,
2017). The removal of lipids interrupts the cell membrane’s integrity which leads to the solvents
passing through the cells (Nehrhoff et al, 2017). Perhaps, the breakup of the cellular integrity and
the swelling of the structures may also cause dextran-FITC to escape the vessels. Therefore, the
reason for the signal of the structures in the background may be due to the tissue’s autofluorescence
itself or due to dextran-FITC escaping the vessels. To help understand if the observed cellular
structures are visible because of the tissue’s autofluorescence, a good approach would be to

perform imaging of a control sample with no dye.

We also performed CUBIC clearing following intracardiac injection of Alexa Fluor 647.
In our mouse results, we do notice staining of vessels after the completion of the clearing. As for
the rats, we obtain vessel signals from only 1 out of the 3 rats. The clearing of the rat coronal slabs
takes longer. In other words, the samples were incubated at 37°C for a longer period which may
have affected the signal’s strength. For the data in which we observed vessels (with Alexa Fluor
647), we noticed a relatively high level of background signal similar to what we observed with the
background signal in mice injected with dextran-FITC. This is interesting since Alexa Fluor 647
is in the far red and we would expect a reduction in autofluorescence. However, conversely, to

dextran-FITC, we no longer observe the staining of other cellular compounds with the WGA Alexa
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Fluor. Nehrhoff et al. (2017) stained the heart vasculature by injecting LEL-FITC and LEL
DyLight-649 into the vascular system. They found that using LEL DyLight-649 generally gives
more microvessel labelling and less background relative to FITC fluorophore. Another group that
used FITC conjugated to a lectin is Di Giovanna, et al (2018). They compared it to the use of
albumin-conjugated FITC dissolved in porcine skin gelatin, and they performed CLARITY

clearing. They concluded that staining with FITC-gel gives a higher signal-to-noise ratio.
Imaging vasculature with Immersion staining and CUBIC clearing

In general, immersion staining with WGA Alexa Fluor did not work. However, it worked
with brain slabs labeled with LEL DyLight after delipidation. For the slabs that were stained before
delipidation, we saw much fewer vessels. Mainly larger vessels were labeled. By removing the
lipids, we permeabilize the tissues. Therefore, the fluorescent probes travel into the sample more
easily (Molbay, M., et al. 2021). Additionally, the dye penetration into the samples increases with
higher incubation temperature (Xiao X. et al., 2018). As we saw, the slabs at room temperature

incubation resulted in minimal vascular staining.

WGA and LEL both bind to glycoproteins on the cell membranes. More specifically, LEL
binds to poly-N-acetyllactosamine residues (Robertson et al., 2015). WGA binds to N-
Acetylglucosamine and sialic acid (Robertson B., 1990, Bensley et al 2016). These
glycoconjugates are also found on neuronal and microglia membranes (Robertson 1990, Brawek
et al., 2019, Battistella et al., 2021). They are also highly abundant on endothelial membranes like
the apical surface of capillaries (Bensley et al., 2016, Robertson et al., 2015). Therefore, since
these glycoproteins are common constituents of many cells, it is reasonable to see elements - other
than the vasculature - labeled too. Battistella ez al., (2021) performed immunohistology on 100 um
brain slices with WGA and LEL at different concentrations (5 pg/ml, 10 pg/ml, and 20 pg/ml).
They conclude that the lowest concentration gives the smallest background. Additionally, similar

to us, they find that LEL gives superior immunostaining of vasculature compared to WGA.
Limitations & Future steps

The end goal of our experiment was to set up a staining and clearing protocol that would
allow us to image blood vessels down to the capillary level. For this, we evaluate the results

obtained from varying a number of parameters involving the dyes used, the dye volumes, the
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labeling methods, the clearing methods, and the rodent’s age. We achieve the best results with rats

intravenously labeled with 1.2 ml of WGA Alexa Fluor 647 and cleared with iDISCO+.

A limitation is an unpredictability of staining quality in mouse perfusion. Although we are
making sure all controllable aspects are done properly (filtering the PBS before use, the use of
heparin, warming the perfusates, etc.), we still had cases in mice where their perfusion seemed to

have gone well but the staining of the vasculature was inconsistent.

We concluded that tail vein dye injection in rats gave one of the best results. However, it
may be because of an interspecies aspect: we currently have data from rats injected in the tail vein
and mice that received intra-cardiac injections. Regardless, we observed that tail vein injection of
WGA Alexa Fluor 647 in rats with organic solvent (iDISCO+) clearing seems to give the best

result.

The next steps to accomplish include finalizing the optimal volume of WGA Alexa Fluor
needed to label rat vasculature. Once the optimization is complete, the next step is to image larger
brain sections and perform quantitative analysis. More future work involves incorporating the

information in models of fMRI, for better modeling of the mechanisms underlying fMRI.
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