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Resume en Anglais

Cerebral vascularization is a vast network aimed at adequately distributing the nutrients and oxygen necessary
for energy. Its functioning is closely linked to the activity of the neurons that populate it. This delicate balance
involves multiple mechanisms, including neurovascular coupling interactions. It is assumed that neurovascular
imbalances are involved in most brain and vascular diseases, such as neurodegenerative diseases. The

precise mechanisms that control neurovascular plasticity remain largely unknown.

However, studying the role that the vasculature plays in all cognitive systems is a real technical challenge
because very few resources are available. Therefore, we have developed a pipeline to image the vasculature
of whole organs in a reasonable time frame in order to characterize the state and evolution of the vascular
system under different pathological conditions (Kirst, Skriabine, Vieites-Prado et al., 2020). We also propose
to monitor the evolution of the vascular network during development and provide resources in the form of

atlases and computational tools to unlock research on brain development in mice.

This leads to the complete characterization of the vascular system: strong disparities were observed in both
densities and topology. Particularly in the cortical areas, these differences are sufficient to characterize the
function (integrative or somatosensory) of the different cortical regions. The observation of vascular plastic
remodeling after stroke, as well as vascular degradation in congenitally deaf mice, provides strong evidence

for the correlation between neuronal activity, stress, and vascular topology.
To further investigate vascular heterogeneities, we examined their evolution during development:

Vascular development occurs in waves whose length and intensity depend on the brain region. The
somatosensory systems (cortical and thalamic regions) seem to develop together, and it can be hypothesized

that there is a link between the length of the developmental window and the orientation/density heterogeneities.

Early disruption of the system (e.g., by sensory deprivation) leads to a change in vascular topology in the adult,
suggesting that decreased neuronal activity during development leads to decreased vascular density in the
affected regions. In adulthood, such a loss of vessels has not been observed after a decrease in neuronal
activity. However, a decrease in neuronal activity shows an impact during long-term aging in mice by
accelerating vascular degradation, not only in somatosensory areas but also in thalamic areas related to

memory and cognition. These areas are known to be involved in age-related neurological disorders in humans.



Resume en Francais

La vascularisation cérébrale est un vaste réseau visant a distribuer de maniére adéquate les nutriments et
l'oxygéne nécessaires aux tissus cérébraux. Son fonctionnement est étroitement lié a I'activité des neurones
qui le peuplent. Cet équilibre délicat fait intervenir de multiples mécanismes, notamment les interactions de
couplage neurovasculaire. On suppose que des déséquilibres neurovasculaires sont impliqués dans la plupart
des maladies cérébrovasculaires, telles que les maladies neurodégénératives. Les mécanismes précis qui
contrélent la plasticité neurovasculaire restent largement méconnus.

Cependant, étudier le réle que joue la vascularisation dans I'ensemble des systemes cognitifs représente un
véritable défi technique car trés peu de ressources sont disponibles. Nous avons donc développé un pipeline
permettant d'imager la vascularisation de I'ensemble des organes dans un laps de temps raisonnable afin de
caractériser I'état et I'évolution du systeme vasculaire dans différentes conditions pathologiques (Kirst,
Skriabine, Vieites-Prado et al., 2020). Nous proposons également de suivre I'évolution du réseau vasculaire
pendant le développement. Nous fournissons des ressources sous la forme d'atlas et d'outils informatiques
pour debloquer la recherche sur le développement cérébral chez les souris.

Cela nous conduit a la caractérisation compléte du systeme vasculaire: d'importantes disparités ont été
observées tant en termes de densités que de topologie. L'observation d'une restructuration plastique
vasculaire aprés un accident vasculaire cérébral, ainsi que la dégradation vasculaire chez les souris atteintes
de surdité congénitale, apportent de solides preuves de la corrélation entre I'activité neuronale, le stress et la
topologie vasculaire.

Pour approfondir I'étude des hétérogénéités vasculaires, nous avons examiné leur évolution au cours du
développement : le développement vasculaire se produit par vagues dont la longueur et l'intensité dépendent
de la région cérébrale. Les systémes somatosensoriels (régions corticales et thalamiques) semblent se
développer conjointement, et l'on peut émettre I'nypothése d'un lien entre la durée de la période de
développement et les hétérogénéités d'orientation/densité. Une perturbation précoce du systeme (par
exemple, par la privation sensorielle) entraine une modification de la topologie vasculaire chez I'adulte,
suggérant que la diminution de I'activité neuronale pendant le développement conduit & une diminution de la
densité vasculaire dans les régions concernées. La diminution de I'activité neuronale impacte également le

vieillissement, en accélérant la dégradation vasculaire, non seulement dans le cortex, mais aussi dans les



zones thalamiques liées a la mémoire et a la cognition, et reconnues pour étre impliquées chez I'homme dans

les troubles neurologiques liés a I'age.
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Introduction

"Throughout the body the animal arteries are mingled with veins and veins with arteries, and both veins and
arteries are mingled with nerves and the nerves with these... And of course the usefulness of such a complete
interweaving is very evident, if, that is to say, it is a useful thing for all parts of the animal to be nourished." --
Galen, 2nd century A.D.

The vasculature has long been seen as a nourishing tree spanning across the body. However, until middle
age, the relationship between veins and arteries was not completely understood, as veins were believed to
carry blood and arteries carried spirit and energy through the body. Later anatomical studies persisted in
presenting venous and arterial systems as completely separate, until perfusion experiments performed on
vivisected animals showed that they belong to the same circulatory system (Harvey, 1660).

In the late 1800s, Angelo Mosso, Charles Roy, and Charles Sherrington (Roy, 1890) hinted at the possibility
that brain activity increases cerebral blood flow. In the 1950s-60s, Seymour Kety and Lou Sokoloff developed

autoradiographic methods to image regional cerebral blood flow during neural activation, jump-starting a novel



field of research to understand neurovascular interactions. Indeed, due to their close cellular interactions within

the neurovascular unit, the vasculature, astrocytes, and neurons strongly regulate each other's functions.

Without a blood supply, neurons start dying within 5 minutes. It has been demonstrated that the vasculature

plays a major role in most, if not all, brain and systemic disorders, ranging from dementia to diabetes.

Even respiratory tract infections, such as those caused by SARS-CoV, unexpectedly, may also impact the

cerebral vasculature in mice, thus increasing the risk of brain-related disorders.

However, studying neurovascular interactions is a daunting task, as both neuronal and vascular networks have
a complex and very dense three-dimensional organization that spans several scales. Vessels vary in size by
several orders of magnitude between capillaries and large veins, and neuronal connectivity can affect both
local circuits and distant regions. Moreover, both networks are plastic structures that can be reorganized at
small- and long-time scales. Obtaining reconstructions of the organization of both networks represents an
imaging challenge because one needs to image centimeter-sized regions with micrometer resolution.
Additionally, owing to the variability, both in time and across individuals, of the topology of these networks,
scans of several brains are needed to derive robust information on their organizational principles. Another

challenge is the identification of the types of vessels in the imaging datasets (arteries, capillaries, veins).

Therefore, imaging data capturing the organization of the vascular network is of a very large size, which calls
for the development of novel, tailored image processing strategies. Another challenge to address is that, even
though the vascular system can be formally represented as a network from a mathematical point of view, very
few algorithms can scale to the number of nodes and edges needed to embed the full brain vasculature.
Moreover, the spatial heterogeneity of the cerebral vascular network may require different analysis tools
depending on the brain regions considered. To summarize, understanding the structure of the cerebral vascular
network requires:

¢ Reproducible and parallelized brain preparations (i.e., avoiding the need for complex perfusions)

¢ Acquisition systems compatible with large intact volumes (i.e., above 1 cm3)

e Adapted spatial resolution to capture brain capillaries (i.e., smaller than 3 pm/pixel)

o Fast data acquisition to obtain many individual scans

¢ Annotation of the vessels: recognizing veins, capillaries, and arteries

o Fast algorithms that scale to the image sizes (i.e., capable of processing over 100 GigaPixels)

¢ Fast algorithms that can scale to the size of the graphs for analysis (over 100 million nodes)

10



The major roadblock up to this day to obtain complete reconstructions of the vascular network has been
limitations in both the availability of high-performance algorithms and computers, as well as sample preparation
techniques that enable streamlined 3D acquisitions. The few datasets available today were obtained after very
intensive efforts and constitute the foundations of a novel field modeling blood flow in silico. However, since
those initial efforts, there hasn't been much progress done until the recent advances in tissue clearing and light

sheet microscopy.

In this thesis, | aimed to develop tools for the reconstruction and analysis of oriented graphs
(arteries->capillaries->veins) of the cerebral blood vessels based on light sheet microscopy and tissue clearing.
Combined with mouse genetic tools developed by our collaborator Nicolas Michalski at the Pasteur
Institute/Audition Institute to manipulate sensory experience and neuronal activity in the auditory system, |
strived to generate and analyze the vascular graphs of mouse brains obtained from lines with congenital or
progressive deafness, as well as deaf mice having undergone hearing restoration. To further develop the tools
and to figure out how those networks are impacted by neuronal plasticity, | also generated the resources to
study the postnatal developing brain with the generation of an MRI/Lightsheet postnatal developmental

anatomical atlas.
My project aims to achieve the following challenges:

e Map the topology of vascular networks through their interindividual variations

¢ Define the interactions between neuronal activity and vascular plasticity during development

e Develop novel algorithms and methods aimed at better understanding complex biological graphs
containing millions of nodes

e Understand the interactions between the heterogeneous metabolic demand of the brain and the

vascular topology

In the first part, | will give a brief overview of the basic biology of neurovascular coupling. In the second part, |
will present and discuss state-of-the-art techniques, both in terms of microscopy and computational pipelines,
for the generation of 3D vascular datasets. This part aims to pinpoint the pros and cons of the different existing
pipelines and justify how the method | contributed to developing improves the current state of the art and
outperforms the existing applications. In the third and last part, | will introduce the concept of graphs, which is
the format used to represent and extract the vascular system. | will present the classical methods for traditional

graph analysis and explain how they are limited in the case of the vascular architecture. Then, | will describe

11



the vascular topology as a graph and present the alternative strategies to make the most out of the graph
format by extracting different information, and how it makes room for novel algorithms able to tackle large

graph data.

Then | will present in greater details the work that has been done during the thesis, and finally | will discuss

the limitations and prospecting improvements of different aspects of the project.
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I. The vasculature, a supply highway
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Figure 2: brain size across mammalian species, from Herculano-Houzel et al 2020. Among
all the above species, brain sizes and neuronal densities vary by several orders of
magnitude. The cellular density of the cerebral tissue is most likely an important factor
dictating vascular organization and density.

The brain vasculature aims to distribute blood, oxygen, and nutrients to adequately fuel the neural cells,
especially the neurons. The scaling of neurons across mammalian species varies linearly: as the number of
neurons increases, neuronal density decreases. However, due to the scarcity of available data, little is known

about how the vasculature itself scales in comparison to neurons and how it affects its structure (Fig 2).

.1 General structure of the vasculature

The brain is a crucial, yet fragile and dynamic organ that undergoes continuous and subtle activity
modifications over time (ladecola, 2017). It relies on a precise and adaptable energy supply for its proper
functioning. To achieve this, it is perfused by a dense and intricate network of arteries, capillaries, and veins.

The complex interaction between the neuronal and vascular networks enables subtle changes in neuronal
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activity to influence local blood flow in the mature brain, as well as vascular development and remodeling in

the developing brain (Carmignoto & Gémez-Gonzalo, 2010).

Although the brain accounts for roughly 20% of the body's total energy consumption, it has limited energy
storage capacity. Therefore, it heavily depends on a continuous and stable blood supply from the vascular
network to receive energy, oxygen, and nutrients. Blood is supplied to the brain through the carotid arteries,
which originate from the aorta, and the vertebral arteries, which connect to the subclavian artery. The carotids
connect to the circle of Willis, which distributes blood to the major cerebral arteries of the forebrain, while the
vertebral arteries feed into the basilar artery of the brainstem. Notably, the surface arteries of the brain have
anastomosis, providing alternative routes to compensate for potential strokes or arterial blockages. Pial
arteries run along the surface of the parenchyma, giving rise to penetrating arteries, arterioles, and eventually
capillaries. Blood is then drained into venules and finally into veins (Carmignoto & Gémez-Gonzalo, 2010).
Pial veins collect blood from the superficial parenchymal regions, while a large venous central sinus collects
most of the blood from the deep cerebral regions. The gross anatomical structure of the mouse cerebral
vasculature has been accurately reconstructed using the fMOST (fluorescence micro-optical sectioning

tomography) technique.

In the human brain, which has a volume of approximately 1200 cm?, the total vascular network contains up to
640 km of capillaries (Pandey et al., 2016). In mice, the capillary network reaches 384m for a cranial volume
of approximately 1.5 cm?® (Ji et al., 2021). Rather than a tree-like graph where capillary branches divide
sequentially from the arteries, the vascular network resembles a three-dimensional web with highly redundant
paths. Its redundant and interconnected structure allows for efficient nutrient distribution and provides a certain
degree of protection against strokes by allowing blood flow to be reversed in case of occlusion (Schaffer et al.,

2006).

14
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Figure 3: Organization of the neuro-vascular unit - adapted from Zhao et al 2015. Neuronal and vascular
networks are tightly coupled through the control of hemodynamic and nutrient supply. They interact via support
cells, such as the pericytes and astrocytes, controlling the exchange of solutes, nutrients, and blood flow.

.2 Cellular structure of the vasculature

Blood vessels consist of endothelial cells, which line the inner part of all vessels and originate from the bone
marrow in adult animals (Zhao et al., 2015). In the brain, these endothelial cells undergo a specific
specialization program that downregulates the general trans-cellular machinery responsible for molecule
transport. Instead, they develop selective transport mechanisms. Additionally, brain endothelial cells express
high levels of tight junction proteins, such as Claudin 5, which restrict the movement of solutes around the
cells. Consequently, these cells form the blood-brain barrier (BBB), the primary component that highly restricts

the permeability of the brain vasculature (Daneman et al., 2015).

The limited permeability of the BBB prevents rapid changes in ionic or metabolic conditions by restricting the
movement of substances from the systemic circulation to the brain. This buffering effect helps maintain a stable
environment for neuronal function. Moreover, the BBB protects the brain from exposure to substances that are

harmless to peripheral organs but toxic to brain neurons, such as glutamate, nitric oxide, or botulinum toxin
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(i.e., botox). The permeability of the BBB is influenced not only by neurons but also by the extracellular matrix

and non-neuronal cells, including astrocytes, pericytes, and vascular endothelial cells (Sweeney et al., 2018).

Astrocytes are star-shaped glial cells contacting both neurons and blood vessels. One of their many roles is
to mediate the passage of nutrients from the bloodstream to the surrounding neurons, regulate the

microchemical environment, and modulate neuronal activity. Most, if not all, astrocytes have at least one end-

foot unsheathing a blood vessel. (Armulik et al., 2005)

Pericytes are cells that are wrapped around vessels, particularly the capillaries. They are in contact with several
endothelial cells with whom they communicate via specialized peg-socket connections. Therefore, they are
thought to play a role in the communication and coordination of endothelial cells within their environment. They
are also known to be involved in vasculogenesis, angiogenesis, and can control the opening of the blood-brain
barrier (Winkler et al., 2011).

Endothelial cells, astrocytes, pericytes, and neurons, along with their extracellular matrix, function as a
neurovascular unit and regulate BBB permeability and maintain the integrity of the central nervous system.
However, under certain conditions such as inflammation, traumatic brain injury, or ischemic stroke, the BBB
can be compromised, allowing for the passage of larger hydrophilic substances (Lacoste et al., 2015).
Cerebral blood vessels larger than capillaries are lined with mural cells. A diversity of pericytes and smooth
muscle cells wrap around the endothelial cells, with cellular morphologies and molecular signatures that
gradually change in the artery -> capillary -> vein axis, as a continuum. Pericytes control blood flow in
capillaries and are important in many biological processes, and their role in diseases has been more recently
recognized. Arteries and arterioles are covered with an extra layer of smooth muscle cells organized as rings,
allowing tight adjustments of the intraluminal vessel diameter that can also regulate the blood flow. (Hillman,
2014)

The regulation of cerebral blood flow (CBF) itself is still a matter of intense research. Over the past years,
various hypotheses concerning the possible roles of the diverse abovementioned cell types (pericytes,
astrocytes, smooth muscle cells, endothelial cells) have been proposed and debated. While it seems clear that
the regulation of the CBF can occur at different levels, neuronal activity is thought to back-propagate from the
site of increased demand all the way to the pial surface and hence act on several cell types. Pericytes, acting
on capillaries, may have the strongest effect on CBF, as they are positioned at the site of the highest resistance

in the vascular network (Fig 3). Nevertheless, we still do not have an integrated mechanism describing the
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coupling between neuronal activity and CBF across the different cell types (see table 1 for a summary of the

known actors).

Table 1: from E.M.C Hillman 2014 : the table below summarizes the known signaling pathways
bridging neuronal activity with vasomotricity, with a summary diagram presented below. Most
neuronal and glial cell types interface with neuronal activity via diverse molecular mechanisms to
modulate the diameter of capillaries and arterioles through the contraction of pericytes and smooth
muscle cells.

Cell type factors target effect
astrocyte Ca2+ SMC dilation of adjacent
penetrating arterioles
neurons glutamate MgluR5s astrocytic Increased intrecellular
receptors calcium
A GABAPericytes Pericytes Vasoconstriction in retina
ATP

electrical stimulation

noradrenaline Vasoconstriction in

cerebellum
glutamate capillary dilation
bradykinin

cholinergic agonists
histamine
Endothelial prostacyclin PGI 2 pericytes Pericytes relaxation
NO
ET-1 Pericytes constriction
thromboxane A 2
angiotensin ||
catecholamines serotonin,

histamine, and
noradrenaline

.3 The cerebral vasculature in diseased states

Because of its tight integration with neural cells, the vasculature almost always reacts to some extent to brain
diseases and is, for instance, the focus of intense research in the context of neurodegenerative disorders.
Sometimes, the vasculature is an aggravating factor, but not the cause of an ailment, while other times it is the

direct cause of brain function impairment.
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For instance, traumatic brain injuries (TBI) can illustrate how secondary alterations to the brain vasculature
may be the cause leading to secondary neurodegeneration long after the injury, even in the case of mild initial
injuries. TBls are an extremely common and widespread brain affliction. In the U.S, 1.7 million TBIs occur each
year, ranging from mild to severe. Most of the time, they are the result of repeated shocks to the head (sports),
car accidents, or falls, and have short-term consequences. However, even mild TBIs have been recently
associated with cognitive deficits (memory or reasoning loss) and abnormal social behavior (anxiety or poor
social skills). Additionally, they increase the risk of later developing dementia. Chronic damages such as
vasospasm, BBB weakening, and chronic inflammation are among the pathologies associated with traumatic
brain injuries (TBI). Studies in rodents show that most vascular damage can be healed within 2 to 3 weeks
after the TBI. However, even if the vascular density is set back to baseline, sub-optimal cerebral blood flow
restoration is observed, revealing widespread hypoperfusion regardless of the structural recovery of the
vascular network (Fig 4). Furthermore, the newly formed vessels after severe strokes presented morphological
abnormalities such as increased tortuosity and impaired BBB, but also vessel wall aberrations and reduced
vessel radii. Both capillaries and larger vessels seem to be affected, and these deficits lasted longer than a
few months after the injury. This suggests that even though vessel density can be restored, TBI can lead to

delayed hypoperfusion and increase local damages due to poor vascular repair.

Peripheral metabolic syndromes can also directly
-:. affect the cerebral vasculature. For instance, the
l vascular factor in diabetes has long been
i} described. Itis a widely accepted fact that patients

affected by diabetes are more likely to develop

nephropathy, atherosclerosis, and retinopathy

Figure 4: Li, W. et al. Cerebral vascular alterations in a mosue
model of type 2 diabetes. Changes in the composition of the SINCe
blood affects directly the vascular topology and could create
weaknesses in the network. (Diabetes 59, 228-235 (2010)).  hypertension, dyslipidemia, and atherothrombotic

hyperglycemia is associated with

complications. (Rask-Madsen & King, 2013). However, in addition to hyperglycemia alone, the side effect of
insulin resistance seems to play a role in the development of vascular abnormalities. Most of the pathologies
linked with diabetes are due to inflammation processes and apoptotic reactions.

Vascular dysfunction is increasingly recognized as a key component of neurodegenerative disease (ND) as it
increases the risks of dementia and early cognitive decline. While genetic, lifestyle, and environmental factors

have been demonstrated to be correlated with AD, they also influence neurovascular health. In addition to its
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role in AD development, the vasculature has been shown to be implicated in frontotemporal dementia,

particularly the CADASIL syndrome, Parkinson's disease, Huntington's disease, amyotrophic lateral sclerosis,

and multiple sclerosis.

h Mice
Control

SARS-CoV-2 (day 7)

o [\ . ' s
Figure 5: effect of sars-cov infection on mouse brain
vasculature, adapted from Wenzel et al 2021. This viral
infection is believed to cause the appearance of “string
vessels” that are not functional. Sars-Cov 2 has been linked
to brain alteration in both mice and humans in some cases,
assessing the importance of the vascular component in
brain diseases.

During the Covid-19 pandemic, to explain the
neurological symptoms of patients, it has been
hypothesized that the virus SARS-COV-2 could
infect the brain via the vascular or lymphatic
systems, or even via peripheral nerves. While
the route of entry of the virus to the brain is still
debated, studies demonstrated the existence of
a link between Covid infection and brain
capillaries damages, both in humans and mice
(Wenzel et al 2021). Here, the authors identified

that one of the proteases of SARS-CoV-2

induces endothelial cell death in humans and the occurrence of "string vessels" in mice (shadows of vessels

only visible from their remaining extracellular matrix), thus causing vessel rarefaction and potential disruption

of the blood-brain barrier (Fig 5).
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I.4 Developement of the cerebral vasculature
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Figure 6: de Vinci cardiovasculaf éirbuit — 1508. The description of
the vascular system as a closed circulation network has
revolutionized our understanding of general physiology.

Already in the XVI century, Leonardo da Vinci describes the analogy between the botanic and the vascular
tree (Fig 6) (taken from The anatomy of the man: the cardiovascular system 1508). In 1917 Florence Reva
Sabin published a first description of the phenomenon in Origin and development of the primitive vessels of
the chick and of the pig. The formation of angioblasts and their migration into the creation of primitive blood
vessels is described, as well as the difference between vasculogenesis (in situ formation of new vessels) and
angiogenesis (sprouting of new vessels from already existing vessels). Angioblasts originate from the
mesoderm as a mobile agglomeration of endothelial cells able to fuse with each other in order to form larger
structures until they shape primitive blood vessels. This is mediated via VEGF-R2 and Scl/tal-1 transcription
factors. Then, after the formation of the primary vascular plexus, VEGF and TIE-2 among other factors mediate
embryonic angiogenesis (sprouting of new capillaries from existing vessels) and intussusception (splitting of
pre-existing vessels). Later, the network is pruned and remodeled under the combined effect of VEGF
concentration and hyperoxia gradient. Further maturation of the vascular network into adult functioning
vasculature, as well as vessel differentiation into venules and arterioles, occurs later under platelet-derived
growth factors (PDGF BB and TGF-Beta). Other physical signals mostly induced by blood flow circulation, like
shear stress and hyperoxia, shape the growth factors profile and thus the final topology of the vasculature

(Risau, 1997) (Fig 7).
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Figure 7: adapted from Risau et al 1997. Initial formation of the
Vascular network during early stages of development. Precursor
mesodermic cells, once differentiated into vascular cells, aggregate
together to form “blood islands”, that will under the influence of
various growth factor, bind together until they form a primitive
capillary plexus. Later on during the development this primitive
network will rewire and complexify via sprouting and pruning
processes influenced by molecular gradients.

In the mouse brain, the vascular network originates from the Peri-Neural Vascular Plexus, a mesodermic
diffuse structure surrounding the neural tube. Endothelial cells, guided by tip cells, ingress into the neural tubes
from embryonic day E10.5 in mice at specific points of entry, around the dorsal roof plate, ventral floor plate,
and motor column in the spinal cord. Many factors pattern the growth of the initial embryonic vascular network,
with the most important ones being VEGF signaling and Wnt7a/b signals, originating from both glial cells and
neural precursors. The closure of the Blood-Brain Barrier occurs at around E15 with the down-regulation of
transcytosis in endothelial cells (lack of PLVAP and MFSD2A), as well as the upregulation of tight junctions

such as Claudins. However, at birth, the cerebral vascular network is still extremely immature.
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Figure 8: from Thion, Garel et al 2017. Several waves of developmental processes occur in the embryonic and
post-natal brain. Interestingly, most of the cerebral angiogenesis occurs in the mouse in the first week of post-
natal life. This is at the same time as neuronal activity shapes neuronal connectivity via synaptogenesis and
synaptic pruning, suggesting a strong interaction between the refinement of neuronal and vascular networks.

Many cellular processes occur together in the postnatal brain: synaptogenesis, myelination, astrogenesis, and
the last waves of neurogenesis in the hippocampus and cerebellum (Fig 8). The vascular network, still
immature, is also expanding rapidly to cater to the specific metabolic needs of the developing brain. It is still
unclear how the blood flow remains uninterrupted and the blood-brain barrier remains hermetically tight with
regard to the massive rounds of remodeling the vascular network undergoes during these developmental
phases. To shed light on the matter, Coelho-Santos et al. (2021) imaged the capillary network in the neonatal
mouse brain using 2-photon microscopy and cranial windows, with a particular focus on P8-P12. At birth, the
brain vascular network in the mouse pup presents a low flow rate. Between P9 and P10, a massive phase of
neovascularization occurs, creating a burst of sprouting vessels with spatially organized initial long vessels
and late bursts of short vessel additions. As observed in other organs such as the heart, newly formed
capillaries sprout from penetrating veins and venules, which are perfect loci for angiogenesis, since they have
low velocity and low pressure. This environment allows fragile capillary sprouts to develop and strengthen
before branching back to arterioles and arteries (Red-Horse & Siekmann, 2019). Therefore, for the same
reason, venous sprouting also minimizes possible breaches to the blood-brain barrier. Another explanation lies
in the fact that pericytes are in contact with sprouting vessels made of already mature endothelial cells, allowing

pericyte-endothelial signaling to suppress transcytotic leakage.
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An outstanding question is what drives the burst of neovascularization during the postnatal first 2 weeks.
Among all the possible candidates, myelination and synaptogenesis occurring simultaneously with the
angiogenesis postnatal burst constitute likely actors in this phenomenon. Axonal branching and
dendritogenesis could transiently increase hypoxia by shaping neuronal activity and its associated metabolic

cost, thus driving angiogenesis.

Microglia invasion also happens early during embryonic development (Thion & Garel, 2017). From E16,
microglia start colonizing neocortical areas, modulating many developmental processes such as synaptic
plasticity. Since they are also closely associated with blood vessels (Goldmann et al., 2016), they may directly
or indirectly play a role (by modulating other cells' growth and oxygen needs) in angiogenesis during

development (Fantin et al., 2010, Rymo et al., 2011).

Neuronal activity is also a factor controlling postnatal angiogenesis. Lacoste et al. (2014) showed that
somatosensory deprivation in one-week-old pups leads to a decrease in endothelial cell proliferation and,
therefore, a sparser and less branched vascular network in the somatosensory cortical areas. Conversely, they
also showed that increased sensory input had the opposite effect. Oligodendrocytes, responsible for
myelination, also mature concomitantly with blood vessels and closely interact for their migration and for the
stimulation of angiogenesis (Tsai et al., 2016). Polydendrocytes, NG2+ cells, are also necessary for the

sprouting of new vessels between E12 and E18 and likely also in postnatal stages (Minocha et al., 2015).

In conclusion, vessel formation seems to result from a complex and intricate mix of interactions among various
actors. While most of the molecular actors are known, the coordinated maturation of the system in the postnatal
stages and the integrated role of each cellular player are still being refined. Access to an efficient methodology
for the complete 3D reconstruction of the network would greatly assist in determining the precise contribution

of each cell type to the mature vascular structure.
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Il. Generation of cerebral vascular datasets

As mentioned in the introduction, methods to acquire the 3D structure of the cerebral vascular network are
necessary to better understand its organization, development, and plasticity. It is challenging to design a
method that can simultaneously capture the complexity of the vascular network while still being as automated
and fast as possible. The brain is an incredibly complex organ, composed of millions of delicate and fragile
vessels with dimensions and length ranges spanning 1 or 2 orders of magnitude. Additionally, there can be
regional heterogeneities in terms of density, orientation, and tortuosity. Therefore, high-resolution 3D
acquisition at a large scale is required. To provide an extreme example, classical histological techniques
combined with fluorescent microscopy work at subcellular resolution but only for micrometer-thick slices. On
the other hand, MRI allows fast 3D acquisition of whole-brain data but has limited spatial resolution. Another
challenge lies in the processing of the acquired data. Imaging the entire organ at the capillary level results in
hundreds of gigabytes of data, which requires significant computational power to be processed within a
reasonable amount of time. Novel approaches based on machine learning networks, parallel computation, and
the use of clusters have become key in bioimaging pipelines to address this challenge and have gained

popularity.

I1.1 Legacy methods for 3D vascular reconstructions

I1.1.1 Resin casts

Since the invention of non-viscous polymer 60 years ago (Murakami, 1971), vascular cast corrosion has been
widely used to describe the normal and pathological vascular system of various organs. The technique involves
injecting Mercox resin into the vascular system and then removing the surrounding tissues with KOH, hot
water, and formic acid. The resulting 3D cast can be imaged using scanning electron microscopy (Gaudio et
al., 1984). However, the assumption that the corrosion cast technique faithfully represents the entire capillary

network is not completely correct. It has been shown that due to their delicate structure, some capillaries can
collapse during the maceration phase, and some may not be filled with resin due to insufficient injection flow.
Additionally, Mercox resin is known to shrink during polymerization, ranging from 5% to 20% depending on the
degree of dilution (Weiger et al., 1986). Moreover, the viscosity of the resin itself is highly sensitive to aging

and external conditions, and it varies from one batch to another, making measurements hard to reproduce
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(Hossler & Douglas, 2001). The biggest drawback of this technique is that it produces a 2D image obtained

from the resin surface via scanning electron microscopy, which has a limited field of view and a limited depth

of imaging restricted to the sample surface.

To address this issue, micro-computed tomography (micro CT) can be used to scan the resin cast. MicroCT
utilizes tomographic reconstruction and non-invasive techniques such as 3D X-ray diffraction to produce 3D
image acquisitions. This technique is widely used in biomedical imaging, similar to CT scanners. It enables
relatively fast scanning of large samples and can achieve sub-micrometer resolution. For example, it takes
approximately 15 hours to scan an entire mouse brain vasculature with a 2um voxel size, resulting in a 500GB
dataset per sample (Quintana et al., 2019). However, since this technique needs to be combined with the
corrosion cast injection methods described above, it is prone to inconsistencies due to resin quality. The main
drawback of this technique is that it is not possible to image the background brain tissue since it has been

digested away, rendering the data unalignable to a reference brain.
1.1.2 Serial tomography

To overcome this limitation, other techniques are based on serial tomography. In this technique, tissues are
sliced using a cryostat. The slices are then mounted, stained, and imaged using microscopy. The images are
then assembled. Since the method involves slicing, the axial resolution is limited by the thickness of the slice,
introducing some anisotropy and distortions that prevent accurate 3D reconstruction. The technique is also

labor-intensive, and the cutting process before imaging inevitably introduces deformations (Amato et al., 2016).

To address the deformations visible on brain sections, block face imaging has been introduced. In each
iteration, a section is removed with a vibratome, and the fresh brain surface is imaged (Ewald et al., 2002).
However, even if some of the previously mentioned limitations are overcome, there are still significant
drawbacks. Firstly, slicing introduces surface damage to the sample. Moreover, the slice thickness continues
to limit the axial resolution. Originally, this technique was associated with whole-field imaging, so the intrinsic
fluorescence of the underlying tissue adds noise to the imaged surface. The entire process is also time-
consuming. These issues have been addressed by using a laser to cut the surface layer in each iteration

(Winiarski et al., 2017). Another important improvement is the combination of two-photon microscopy with

serial tomography (Amato et al., 2016).
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Two-photon microscopy is a high-resolution 3D imaging technique that relies on the simultaneous absorption
of two photons, whose combined energy allows excitation of an electronic state. The fluorophore then relaxes
to the first electronic state, releasing an electron. Due to the low probability of simultaneous electron

absorption, which is highest near the focal point, two-photon microscopy has a relatively shallow Point Spread
Function in the axial direction and sub-micron resolution in the imaging plane (Peter T.C. So et al., 2000). In
2013, Blinder et al. used this technique in combination with fluorescent gel injections to image the vasculature
of the mouse somatosensory cortex (Blinder et al., 2013). They imaged a cube of 1900x1200x1450 um with a

1-micron resolution in the barrel field and segmented the vessels while manually labeling veins and arteries.
The data quality is excellent, and the overall process is mostly automated with simpler sample preparation.
However, it still has some drawbacks. First, it relies on the quality of dye injection, which can be affected by
poor perfusions. More importantly, only a small volume can be imaged at a time. However, this approach has

recently been scaled up to the whole brain.

A possible way to overcome these limitations is to work with histological staining, for instance, by imaging
successive stained brain slices using two-photon microscopy (Ragan et al., 2012). The use of clearing methods
combined with lightsheet microscopy would streamline this type of preparation, albeit with a loss in imaging

resolution (Vieites-Prado & Renier, 2021).

1.2 Light sheet microscopy and tissue clearing

1.2.1 Light sheet microscopy

Since transparency has always been a highly valuable feature for observing organisms such as zebrafish and
cells, techniques to optically clear tissues have been developed early on. At the beginning of the 20th century,

Werner Spalteholz published a clearing protocol based on methyl salicylate and benzyl benzoate (Spalteholz,
1911). In 2007, the combination of clearing with light sheet microscopy paved the way for large sample and
whole organ imaging and analysis (Dodt et al., 2007). Light sheet scans, being performed on intact samples,

do not exhibit mechanical distortions and are well suited for acquiring large samples. However, the chemical

tissue processing during optical clearing can cause some distortions.
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Figure 9: Dodt 2007: Principle of ultramicroscopy. (a) The The principle of light sheet microscopy is quite
sample is illuminated from the sides by a laser forming a

thin sheef of light from I¢_Jw m{merical ap_erture_ cylindri_cal simple: the transparent tissue is put in a
lenses. Light thus only illuminates a thin optical section
and fluorescence emission is collected by a
perpendicular high numerical aperture objective lens. The
image is projected through the tube lens onto the camera L. .
target. (b) Photograph of a whole mouse brain in an  'efraction index as the sample. The sample is
organic solvent clearing solution. The highly

autofluorescent myelin is visible. then illuminated from the side by a laser forming

container filled with a solution of the same

a thin planar Gaussian beam. Illluminated
a Ml Camera target

i1 stained tissues emit fluorescent light that is then
@ B Tubelens

GERTiar collected by an orthogonal microscope

Fluorescence
ligh . . : .
s Qhadie objective lens located above the sample (Fig 9).

Slit aperture

‘ rFye ‘ Depending on the fluorophores, different

A L excitation wavelengths can be used. For very

Specimen chamber Cylinder lens light
Brain

large objects open-top light sheet designs use a
setup tilted to 45 degrees above the samples
(usually a large slice of primate tissues). Since

the gaussian beam has a narrow field allowing

isotropic and in-focus imaging, data are
acquired as thin tiles centered on the waist of
the light sheet to get an even resolution. Columns of data are thus acquired and later stitched together using

stitching pipelines.
1.2.2 Tissue clearing

Clearing is one of the crucial steps of whole brain imaging. It must be chosen carefully depending on the
application, the type of organs, or the structures that will be targeted. Even though the different techniques
vary in terms of chemicals, the overall idea is the same: the sample is first fixed to maintain its structure
throughout the processing. Then, the sample is depleted of lipidic molecules to allow the clearing solution and
antibodies to diffuse through the tissue. Then comes immunolabeling to stain specific structures, and lastly,

the sample is flushed with an optical clearing solution to homogenize its refractive index (Vieites-Prado &

Renier, 2021).
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1.3.1 The differents tissue clearing methodologies
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Figure 10: from Seo et al 2016 Tissue clearing techniques. (A) Light scattering in biological tissues can be
reduced by removal of lipid and Refraction Index (RI) matching. (B) Simple immersion in a high-Rl aqueous
solution renders the tissue modestly transparent by homogenizing scattering throughout the sample. (C)
Delipidation and dehydration/hyper- hydration followed by refractive inde