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Abstract

Functional imaging in behaving animals is essential to explore brain functions. Real-time optical
imaging of brain functions is limited by light scattering, skull distortion, timing resolution and
subcellular precision that altogether, make challenging the rapid acquisition of uncorrupted
functional data of cells integrated de novo in the neurogliovascular unit. We report multimodal
transcranial in vivo optical imaging for the fast and direct visualization of microcirculation in the
perfusion domain where new cells incorporated in the neurogliovascular unit during the
progression of a seizure disorder and its treatment. Using this methodology, we explored the
performance improvement of cells integrated de novo in the neurogliovascular unit. We report
fast transcranial imaging of blood microcirculation at sites of pericyte turnover in the epileptic
brain and after treatment with a trophic factor that revealed key features of the regenerating

neurogliovascular unit.



Introduction

The neurogliovascular unit is a complex assembly of endothelial cells, perivascular mural cells,
extracellular matrix, astrocytes and neurons (Stanimirovic and Friedman, 2012). Each interface
between the various cell types assembled in the neurogliovascular unit serves particular functions
by way of paracrine signaling with specific receptor systems (Abbott et al., 2006; Sweeney et al.,
2019). Mural cells are embedded in the basal membrane of the blood brain barrier (BBB) and the
vessel walls connecting with neuronal axons, astrocytes and endothelial cells where it regulates
the exchange of nutrients, metabolites and solute between blood and interstitial milieu in the
brain, and ensures local energetic supply with spatial and temporal precision (Grutzendler and
Nedergaard, 2019; Harris et al., 2012; Iliff et al., 2014). Sensory stimulation, neuronal activity
and learning new experience command to the mural cells with a vascular response suited to the
local activity of the neuronal network (Hill et al., 2015; Kisler et al., 2020; Whiteus et al., 2014).
Mural cells specialize into pericytes and smooth muscle cells (SMC) that cover more than 90% of
the cerebrovasculature (Armulik et al., 2011; Trost et al., 2016; Zhao et al., 2015).

Imaging studies of the living mouse brain over months in adulthood indicated that both
the mural cells and microvessels establish very stable interface of contacts (Arango-Lievano et
al., 2018; Berthiaume et al., 2018) that contrasts with its extensive dynamic sprouting and
pruning during development (Armulik et al., 2010; Coelho-Santos and Shih, 2020; Daneman et
al., 2010; Gaengel et al., 2009). However, dynamic remodeling of perivascular mural cells has
been reported in the ageing human brain (Montagne et al., 2015) as well as in various vascular
pathologies of the adult central nervous system (Sweeney et al., 2019). Neurological diseases
associated with pericytosis include Alzheimer’s disease (Sagare et al., 2013), cerebral amyloid
angiopathy (Giannoni et al., 2016), stroke (Fernandez-Klett et al., 2013), vascular dementia
(Iadecola, 2013), cerebral autosomal dominant arteriopathy with subcortical infarcts
leukoencephalopathy (Ghosh et al., 2015), epilepsy (Leal-Campanario et al., 2017), Amytrophic
lateral sclerosis (Winkler et al., 2013), traumatic brain injury (Zehendner et al., 2015), neonatal
intraventricular hemorrhage (Braun et al., 2007) and others presented in excellent reviews
(Lendahl et al., 2019; Rasmussen et al., 2018; Sweeney et al., 2019; Zlokovic, 2008).

Although we know a lot about the individual functions of vessels, pericytes, astrocytes
and neurons in the healthy and diseased brains, little is known about their roles as a network

organizing the neurogliovascular unit (Iadecola, 2017). Would the damage of one cell type



disorganize the structure and function of the neurogliovascular unit? The sole optical ablation of
a small number of pericytes in the healthy brain suggested that the neurovasculature tolerates
fluctuations of pericytes coverage without damaging consequences in the healthy brain. In fact,
pericytes use PDGF-BB and ephrin signaling to regain coverage within days by the extension in
non-overlapping territories of neighboring pericytes for bridging the gaps in vascular coverage
(Armulik et al., 2010; Berthiaume et al., 2018; Foo et al., 2006; Salvucci et al., 2009). This
scenario reads different in the context of CNS diseases as pericytosis, induced -either
constitutively or conditionally, resulted in neuroinflammatory microbleeds (Ogura et al., 2017;
Park et al., 2017; Rustenhoven et al., 2017), circulatory failure and tissue anoxia that precede
neurodegeneration and cognitive impairment (Bell et al., 2010; Kisler et al., 2017; Kisler et al.,
2020; Montagne et al., 2018; Nikolakopoulou et al., 2019). Therefore, pericytosis accelerates
CNS diseases progression by degrading barrier and perfusion functions of the neurogliovascular
unit (Winkler et al., 2011).

This raises important questions about the repair of the neurogliovascular unit. How would
new cells integrate structurally in the topological organization of the damaged neurogliovascular
network? Would the new cells be operating isolated or integrated into the damaged
neurogliovascular network? Wouldn’t new cells operate as the network, damaged or healthy,
depending on the physiological microenvironment and disease state of progression? Would
changing the local ratio between individual cell types organizing the neurogliovascular unit
modify its function? There are limitations that make answering these questions challenging. First,
it requires a longitudinal approach to track the regeneration of the damaged neurogliovascular
unit. Second, it requires an in vivo approach to investigate the complex multicellular organization
and topology of the neurogliovascular unit in its physiological environment. Third, it requires a
non-invasive approach to visualize the newly formed cells and its dynamic assembly in the
damaged neurogliovascular unit. Fourth, it requires non-invasive techniques for tracking
endophenotypic parameters of disease progression and performance improvement of the
neurogliovascular unit in its naturalistic surrounding tissue. Fifth, it requires a treatment that
would promote the regeneration of the neurogliovascular unit. In this regard, trophic factors and
guidance molecules show promising prospects for the clinic because they promote the assembly,
growth and survival of cells organizing the neurogliovascular unit (Maki et al., 2013; Xing and

Lo, 2017). Studies that used PDGF-BB as treatment of vascular pathology in models of stroke



(Shibahara et al., 2020) and epilepsy (Arango-Lievano et al., 2018) reported regrowth of
perivascular mural cells with amelioration of the neuropathology and behavior.

We present a methodology to visualize the regeneration of the neurogliovascular unit with
cellular precision and test performance improvement in the physiological environment of the
disease state of progression. We report fast transcranial imaging of blood microcirculation at sites
of pericyte turnover in the epileptic brain and after treatment with a trophic factor that revealed

key features of the regenerating neurogliovascular unit.

Methods and Materials

Animal model and experimental timeline

It requires a time-lapse approach to capture the acts of regeneration of the neurogliovascular unit
and to test its performance improvements. We planned a longitudinal experiment for tracking
vasoactive phenomena in its physiological environment with high-speed microscopy. The
timeline is divided in 3 imaging sessions in the same animal subjects overtime to assess: 1)
homeostasis, 2) damages due to disease onset and 3) functional improvement with treatment
compared to placebo. The objective is to track how the newly formed cells integrate functionally
in the neurogliovascular unit in its physiological environment. To this end, we used transcranial
optical imaging techniques for tracking endophenotypic parameters of disease progression in its
naturalistic surrounding tissue (Figure 1). Given that only a small field of view can be repeatedly
imaged safely, the animal subjects were sacrificed on completion, for brain-wide clinical
inspection of neurogliovascular markers. Such procedure will aid determining if cells newly
integrated in the neurogliovascular unit operate equally in the healthy and sick brains.

We chose to investigate the regeneration of the neurogliovascular unit in a mouse model
of epilepsy (Ben-Ari, 2012). Fifty percent of mice injected i.p. with kainic acid (25 mg/kg,
Sigma-Aldrich) developed within 3 hours at least one status epilepticus associated with the
generalization of seizures with widespread anatomical repercussions in the brain including the
sensory cortex that was imaged. To administer the intraveinous treatment (saline only or with 100
Mg PDGF-BB in a volume of 50 pl once a week for 3 weeks, Sigma Aldrich), mice were lightly
sedated with isoflurane and a drop of ophthalmic anesthetic before retro-orbital sinus injection.

All procedures followed the Directive by the Council of the European Communities

(86/609/EEC) and were reviewed and approved by the institutional animal care and use



committee at the University of Montpellier and the French ministry of research (protocols
00846.01 and 00651.01). All efforts were made to minimize the number of animals used and their
suffering. Animals were housed under a 12 hr light/ dark cycle with unrestricted access to food
and water. Male animals were used at 4 months of age at the beginning of the procedure.

Direct visualization of the neurogliovascular unit in its physiological environment is
necessary to track the remodeling of its multicellular organization (Figure 2A). Although,
autofluorescence 2-photon microcopy can distinguish between the venogram and arteriogram in
absence of contrasting agents (Li et al., 2020), its low resolution prompted us to use fluorescent
tracers for in vivo optical imaging due to its subcellular resolution and limited toxicity. Diffusible
and tethering chemical dyes or protein dyes can be used for imaging of vessel specifications with
hydrazide-AlexA633 (1 mg/kg injected 24h prior, ThermoFisher Scientific) (Shen et al., 2012),
for imaging the vascular bed with small and large molecular weight dextrans (50-150 mg/kg from
Applied Biosystems and Sigma Aldrich) (Lafont et al., 2010), for imaging the vasculature with
lectins (0.1 mg/ml from Lycopersicon esculentum, Sigma-Aldrich) (Di Giovanna et al., 2018), for
imaging the pericytes on capillaries and post-capillary venules with the Neurotrace (1 g injected
days prior, ThermoFisher Scientific) (Damisah et al., 2017), for imaging the astrocytes bound to
vessels with sulforhodamine SR101 (20 mg/kg from ThermoFisher Scientific) (Hill and
Grutzendler, 2014; Hulsmann et al., 2017), and to visualize tissue oxygenation with pimonidazole
(Sigma Aldrich) (Whiteus et al., 2014). Specific antigens expressed by the astrocytes, neurons,
mural cells or endothelial cells are instrumental for genetic tracing with fluorescence indicators
and visualizing their functional interfaces in real-time in vivo.

Here, we used the membrane-bound tdTomato to mark the mural cells with subcellular
precision by crossing the line Tg(Cspgd-cre)lAkik/J (Jackson labs stock 008533) with
Ai27(RCL-hChR2(H134R)/tdT)-D (Jackson labs stock 012567) (Arango-Lievano et al., 2018),
and also with the line Tg(Thyl-YFP)HJrs/J (Jackson labs stock 003709) to label pyramidal
neurons with synaptic precision (Arango-Lievano et al., 2019). Vessel categories are easily
recognized by pericyte morphologies (Figure 2B) and by the direction of flow. This was useful
for tracking performance improvements of each cell types in vivo between imaging sessions. All

data collected in animals were from littermate controls.

Transcranial 2-photon microscopy



Mice were anesthetized with a mix of 0.075mg/g ketamine and 0.01mg/g xylazine and lidocaine
sprayed atop the skull prior to surgery. Thin-skull preparation for transcranial in vivo imaging
was performed as previously described (Arango-Lievano et al., 2016). Skull bone was thinned
between imaging sessions down to 18-20 pm thick using disposable ophtalmic surgical blades
(Surgistar). The scalp is sutured and topped with antibiotic cream to avoid infection between
imaging sessions. A detailed map of the pial vasculature was taken at macroscopic and
microscopic scales for subsequent relocation. Three sessions were performed to compared basal
state with the effects of seizures and treatment.

All images were acquired with a Zeiss LSM710 2-photon microscope coupled to a
Ti:sapphire laser (Chameleon vision2, Coherent) and a water immersion 20x objective (NA 1.0,
Apochromat, Carl Zeiss) for optimal fluorophore excitation and emission separation. Excitation
wavelengths avoided 2-photon excitation wavelengths (880-920 nm) for ChR2 stimulation
(Andrasfalvy et al., 2010) but were optimal for tdTomato and dextran-FITC excitation (1040 nm
and 780 nm, respectively). ChR2-tdTomato could not be activated at these excitation
wavelengths (Andrasfalvy et al., 2010). Laser power kept below 5 mW is not compatible with
ChR2 stimulation but necessary for non-damaging longitudinal studies. Images were taken at
each image session for each mouse using 0.75 pum step with a scanning dwell time of 2.55 psec
per pixel. Image subfields were stitched together using ImagelJ stitching plugin. All images
obtained from time lapses imaging sessions were realigned with Image J plugin RegStack to
minimize artifacts of heartbeat pulsations and blood pressure. The volume of the field of view
(volume 500 x 500 x 250 pm) was reconstructed with Imaris 8.0 (Bitplane) from z-stack images
(512 x 512 pixels). Mural cells skeleton were traced using the filaments tracer module of Imaris,
which calculated the surface of vessels covered by mural cells. Sets of coordinates of the 3
different imaging sessions were extracted with the Edlund method in order to align the
coordinates with a stable reference point and further point-by-point analysis using MatLab
(Mathworks). Mural cells extensions and retractions on vessel walls were measured by

subtraction of signal between consecutive images.

Transcranial epifluorescence time-lapse microscopy
Mice were anesthetized with a mix of 0.05mg/g ketamine and 0.01mg/g xylazine and lidocaine

sprayed atop the skull prior to thinning. Relocation of the field of view previously imaged with



the 2-photon microscope was made possible with both macroscopic and microscopic objectives
and tunable magnification of the stereomicroscope (from 8x to 600x). Zones of interest
corresponded to sites where vessel coverage with NG2-tdTomato mural cells changed between
imaging sessions as determined by prior 2-photon microscopy. Two sessions were performed to
assess the effect of seizures and treatment. Transcranial blood flow was imaged through a thinned
skull preparation with an epifluorescence Discovery V12 microscope (Carl Zeiss) equipped with
a 20x, 63x water objectives (Carl Zeiss). To measure velocities of red blood cells (RBCs) in
individual vessels, retro-orbital injections of a solution of 70-kDa Dextran-Texas red (Sigma-
Aldrich) were performed to fluorescently label the plasma but not red cells permitting
identification of their circulation. Fluorescence excitation was delivered by a Lambda LS xenon
arc lamp (300W; Sutter Instruments) fitted with a fast-rotating filter wheel (27 milliseconds lag)
and linked to the stereomicroscope with an optical fiber. Fluorescence emission was captured
with a sCmos camera (C11440 Orca-Flash 4.0, Hamamatsu Photonics) capturing images at 100 to
800 Hz. To allow accurate quantification of flow velocities in vessels with widely varying
diameters (between 5 to 100 um) such as brain microvasculature, several movies were acquired
with MetaMorph software (Molecular Devices) in the same field at different focus and different
magnifications and resolution (512 x 512 pixels). With the 20x objective, the speed limit was up
to 5 mm/s if images were taken at 100 Hz, 9 mm/s at 200 Hz, 14 mm/s at 400 Hz and up to 17
mm/s at 800 Hz.

RBC flow was analyzed from 10,000 images per field using an in-house Matlab sofware
based on an algorithm as described (Kim et al., 2012). Matlab code for LS-PIV (Line-Scanning
Particle Image Velocimetry) available at: https://sourceforge.net/projects/Ispivsupplement/files).
Briefly, one line was traced along the center lumen of the vessel. Parallel line-scans were
automatically traced from the reference line and the emission fluorescence along this ribbon
along the vessel was averaged and instantaneous red blood cell flow was measured. Two Fast
Fourier Transform (FFT) were sequentially applied, a cross-correlation on the spatial frequency
domain was performed, and inverse FFT on cross-correlation gave access to a correlation peak.
Peak shift from the origin obtained by fitting a Gaussian function gave a peak distance shift value
in pixels/frames converted as mm/sec according to image acquisition parameters. These analysis

sequences were applied to multiple regions of interest. We used factorial ANOVA (Prism 8.0



GraphPad) to compare multiple groups, using seizures, PDGF-BB, and vessel subtypes as

independent factors, followed by post-hoc comparison with Sidak test.

Open skull cerebrovascular angiography
Mice were anesthetized with a mix of 0.075mg/g ketamine and 0.01mg/g xylazine and lidocaine
sprayed atop the thinned skull window prior to surgery. A 3—4 mm craniotomy was prepared over
the somatosensory cortex and the underlying dura was removed. This is a terminal session for in
vivo imaging at the open skull preparation that facilitates access of drugs via the surface of
parietal cortex. Baseline vessels dynamics were captured in HEPES-buffered ACSF (in mM 120
NaCl, 3.5 KCl, 0.4 KH2PO4, 15 glucose, 1.2 CaCl2, 5 NaHCO3, 1.2 Na2S04, 20 HEPES, pH =
7.4) for 5 min prior addition of 10* M glutamate (Sigma Aldrich) for 15 min, 10® M endothelin-
I (Sigma Aldrich) for 15 min. Dextran dyes 10-Kda and 70-Kda were injected i.v. to mark
vessels and track its permeability. After 2 h of Dextrans injection, the remaining circulating
tracers were rinsed out of the circulation with PBS by transcardiac perfusion. The fluorescent
tracers observed in cells and in the brain parenchyma of post-mortem tissues can only result from
diffusion through the vessel walls normally non-permeable to these dyes. Indeed, no parenchymal
dextran was observed in healthy control mice that were not subjected kainate-induced seizures.
Movie correction from movement due to respiration and blood pressure were done using
the ImageJ plugin Image stabilizer. Vessel diameters were calculated at cross sections using
imageJ] plugin plot profile, visualization of vessel diameter elasticity over time was obtained
using the dynamic reslice plugin. We used factorial ANOVA (Prism 8.0 GraphPad) to compare
multiple groups, using seizures, PDGF-BB, and vessel subtypes as independent factors, followed

by post-hoc comparison with Sidak test. Significance level is set at 0=0.05.

Results

Multimodal transcranial optical imaging as diagnostic mode

Implementation of in vivo transcranial epifluorescence imaging of hemodynamics combined with
2-photon cellular imaging and functional angiography for longitudinal tracking of
neurogliovascular plasticity allowed degenerative and regenerative changes in the

neurogliovascular unit to be monitored during disease progression and upon treatment (Figure 3).



Focal plan images were taken every 0.75 Jm step within a depth of 250 pm for a total volume of
3.6 mm? for capturing the topological organization of the cerebrovasculature at each session.

Comparing the first 2 sessions of transcranial 2-photon imaging indicated that seizures
caused the retraction of a transition pericyte from its underlying arteriole al at about 75 pm under
the surface of the brain. Cellular debris visible in the field of view of the second image is
suggestive of pericytosis associated with a dilation of the underlying vessel (Figure 3A). High-
speed imaging of RBC velocity using transcranial in vivo epifluorescence miscroscopy allowed
visualizing a rare backflow event in the arteriole al where the transition pericyte retracted after
seizures (supplemental movie 1). This impacted flow velocities calculated in neighboring vessels.
That is, acceleration in the arteriole branch a2, mixed effects in capillaries and acceleration in the
venule V (Figure 3B).

Comparing the 2" (after seizure induction) and 3™ (after treatment) 2-photon images in
the same field of view allowed direct visualization of pericyte extension at a similar position on
the arteriole al suggestive of pericyte regeneration that associated with the normalization of the
underlying vessel diameter (Figure 3A). A second transcranial in vivo epifluorescence imaging
session of the same field of view indicated that blood flow normalized in all vessels (Figure 3B
and Supplemental movie 2). This result is direct visual evidence that pericyte extension in the
context of seizure treatment with PDGF-BB ameliorated RBC velocity in the underlying arteriole
and in the surrounding vascular bed.

To interrogate the structural impact of pericyte remodeling on local vasodynamics, we
used time-lapse 2-photon in vivo microscopy of vessels in response to vasoactive drugs applied
topically through a cranial window. Glutamate is an established vasodilator of capillaries (Hall et
al., 2014) and endothelin-1 a known vasoconstrictor (Dehouck et al., 1997) through its receptor
EDNA enriched in the smooth muscle cells (SMC) (He et al., 2016; Kumar et al., 2017). We
relocated the same field of view to capture the dynamics of vascular plasticity at the sites of
pericyte regeneration on arteriole al and its neighboring vessels (supplemental movies 3 and 4).
Time-lapse analysis showed that the pericyte newly formed on arteriole al responded poorly to
glutamate and robustly to endothelin-1 compared to the nearest pericyte on arteriole a2 (Figure
3C). Such a methodology allowed direct visualization of local vasoactivity associated with

pericyte degeneration and regeneration events.
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Quantitative analysis of vasoactivity where pericytes degenerated and regenerated

We conducted an extensive analysis of the structure and function of the newly formed pericytes
to assess its performance on the neurogliovascular unit compared to the pre-existing pericytes.
We segmented the cortical vascular bed to provide a size- and type-specific analysis of mural
cells on a topological basis. Glutamate evoked the dilation of capillaries and the contraction of
pre-capillary arterioles with a slight delay (Figure 4A), which could safely optimize blood
circulation in the surrounding perfusion domain as previously suggested (Iadecola et al., 1997).
This effect was more robust at vessels covered with mural cells than vessels lacking mural cells
(Figure 4B). Likewise, the effect of endothelin-1 lasted longer if arterioles were covered with
SMC rather than not covered with SMC (Figure 4B).

Overall, the newly formed pericytes on capillaries and venules did not distinguish from
the pre-existing pericytes in terms of attributes to these vasomodulatory drugs. We found no
difference if vessels were always covered with pericytes or gained coverage with treatment
(Figure 4C). Likewise, there was no difference if vessels were never covered with pericytes or
lost coverage after seizure induction (Figure 4C). It means that adding a pericyte predicts
capillary dilation to glutamate whereas loosing a pericyte predicts no response. In contrast, the
SMC newly formed after seizures or treatment showed mixed responses to glutamate compared
to the pre-existing SMC in the healthy controls. It is not merely a lack of contractility of the
newly formed SMC since they responded to endothelin-1 (Figure 4C).

Statistical analyses of group data (Figure 4D) indicated that adding a new SMC or loosing
a pre-existing SMC is not merely similar to vessels always covered with SMC (P<0.0001) or
never covered with SMC (P=0.02). Treatment of seizures showed statistical difference between
PDGF-BB and placebo in the analysis of vasoactivity of the arterioles (P=0.035 for the newly
formed SMC) and the capillaries (P=0.03 for the newly formed pericytes). This could be due to
the trophic effects of PDGF-BB that offset seizure-induced pericytosis by increasing the number
of SMC and pericytes (Arango-Lievano et al., 2018).

Pericyte turnover alters local blood perfusion
By imaging at a rate of 0.8 kHz, we could observe the heartbeat’s influence on flow at about 160
pulses.min™!, which is in synchrony with arterial pulsations as previously described (Mateo et al.,

2017). The average flow was calculated as the mean of RBC velocities in epochs of at least 2
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seconds (Figure 5A). As cerebrovascular RBC velocities can markedly change from a vessel to
another (up to 20x), we imaged short episodes (2 to 30 seconds) at varying acquisition rates (100-
800 frame per second). Imaging bouts were spaced ~2 min apart to prevent photobleaching,
photodamage and tissue heating. We found that the speed of flow is proportionate to vessel
diameter in the range of 7-40 pm for both the arterioles and venules (Figure 5B). In the
capillaries (< 7 pm), the flow is not proportionate to the vessel size.

To determine the performance of the newly formed pericytes at moderating blood flow,
we compared vessels that gained or lost a pericyte with vessels that were covered or not covered
with pre-existing pericytes. We found that after seizures, blood flow at the sites of pericyte gains
and losses was not proportionate to vessel size. This contrasted with the speed of flow at the sites
of pericyte turnover after treatment of seizures with PDBG-BB (Figure 5C). The performance of
the newly formed pericytes after treatment with PDGF-BB fits with the moderating effects of the
pre-existing pericytes in healthy controls.

Statistical analyses of group data (Figure 4D) indicated that loosing a pre-existing pericyte
(P=0.003) or a pre-existing SMC (P=0.0007) is not merely similar to the absence of pericytes or
SMC for moderating the flow. This contrasted with the newly formed pericytes or newly formed
SMC that operated similarly to the pre-existing ones regardless of seizure treatments. Overall, the
turnover of mural cells moderates the perfusion domain by increasing flow in the capillary bed
after seizures due to a net loss of pericytes and the occlusion of underlying vessels (Figure 4D).
On the contrary, the trophic effects of PDGF-BB are consistent with the moderation of flow in
the perfusion domain by increasing the number of new pericytes and SMC according to the

topology of the neovasculature.

Pericyte turnover at vessel bifurcations impacts the perfusion domain

Pericyte’s cell bodies often reside at vessel bifurcations extending coverage across multiple
branches in the capillary bed (Figure 2B). We wondered whether such an anatomical position is
suited to direct circulation in specific perfusion domains. To address this possibility, we tracked
in vivo vessel perfusion at sites of mural cells retractions and extensions across vessel branches
after treatment of seizures (Figure 5E). SMC extension precisely at an arteriole bifurcation

associated with changes of blood flow between vessel branches (see arrows). Pericyte retraction
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associated with the occlusion of the underlying capillary, diverting flow in the bifurcation to the

vessel branches where pericyte extended coverage (see arrows).

Pericyte turnover at vessel bifurcations impacts its permeability
Post-mortem analysis of the angiogram performed prior sacrifice with the small 10-Kda dextran
dye showed its prominent extravasation at vessel bifurcations in venules (Figure 6A), in arterioles
(Figure 6B) and in the capillary bed (Figure 6C). Endothelial cells and pericytes loaded with the
dye at vessel bifurcations whereas astrocytic endfeet and neurons loaded with the dye beyond
bifurcations, suggesting its diffusion along the basal membrane and in the parenchyma.
Consistent with the extravasation of the dye, the co-labeling of NG2-tdTomato pericytes
with a marker of cell death was observed at a vessel bifurcation (Figure 6D). Likewise, the co-
labeling of NG2-tdTomato pericytes with a marker of cell proliferation was observed at a vessel
bifurcation (Figure 6E). Such post-mortem evidence combined with the time-lapse visualization
of NG2-tdTomato debris clearance between imaging sessions indicate that mural cells extensions
and retractions are not the result of cell migration in and out of the field of view but rather

associated with pericyte degeneration and regeneration events.

Discussion
Multimodal optical transcranial imaging techniques were combined in a longitudinal protocol to
assess the performance of cells newly integrated in the neuroglovascular unit during the
progression of a seizure disorder and its treatment. We found that pericyte regeneration assumed
functional attributes similar to those of the pre-existing pericytes in moderating blood flow.
Pericyte turnover occurred at vessel bifurcations to optimize its effects on the surrounding
perfusion domain. This methodology can be used as a diagnostic mode to monitor performance
improvement of tissue regeneration in its physiological environment. It adds to prior studies that
used invasive in vivo imaging to show that both the vascular and axonal networks can recover
after traumatic injury (Fenrich et al., 2012; Tedeschi et al., 2016).

Keeping the skull is important for accurate measures of vascular dynamic signals as
craniotomy is known to cause inflammation (Cole et al., 2011; Lagraoui et al., 2012; Xu et al.,
2007), neovascularization at the pial surface (Drew et al., 2010), heartbeat pulsation-related

movement artifacts (Paukert and Bergles, 2012), improper hemodynamics (Drew et al., 2010),
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neuroplasticity defects (Xu et al., 2007), impaired glymphatic flow (Plog et al., 2019), and
cortical spreading depression (Chang et al., 2010). Heightened levels of reactive astrocytes and
microglia with cytokines expression were found within the first 2-3 weeks after installation of an
open skull cranial window for chronic optical imaging. This was found to alter hemodynamic and
neuronal responses upon sensory stimulation even six weeks posterior to surgery (Park et al.,
2019). Such experimental neuroinflammatory response could modify CNS diseases progression
in animal models with genetic or behavioral vulnerabilities, and corrupt physiological measures.
Skull thinning is a minimally invasive procedure recommended for longitudinal in vivo imaging
practice because it lacks many of the side effects resulting from craniotomy (Harb et al., 2013).
Although transcranial imaging presents limitations in terms of depth and resolution of imaging
(Xu et al.,, 2007), it is recommended for investigating chronic disease trajectories with a
neuroinflammatory component (Arango-Lievano et al., 2016).

We developed fast transcranial imaging of blood flow, up to 0.8 kHz compatible with
cellular resolution to identify the sites of cells death and regeneration. Photobleaching,
phototoxicity and sample heating were not limitations of transcranial epifluorescence
microscopy. Full-frame imaging allowed tracking of RBC trajectories in a large vascular
perfusion domain assuming corrections for the focal planes and motion artifacts. This is an
advantage compared to the line scanning technique of illumination that lacks macroscopic scale
and degrades the optical sectioning (Brakenhoff et al., 1996). However, background fluorescence
due to illumination outside the focal plan is limiting the depth of imaging. Using such
preparation, we detected blood flow through the skull in small vessels down to 100 pm deep in
the cerebral cortex. Deeper imaging shall be attainable with the new generation of fast 2-photon
microscope up to 1 kHz as recently described (Zhang et al., 2019). However, in vivo optical
imaging, especially in the brain, is limited to observations in millimiter-cube preparations due to
the scattering of incident photons by the skull and brain. The mismatch of impedance between the
skull and underlying layers could distort images. Because ultrasound scatters much less than light
in tissue, photoacoustic tomography and ultrasonic imaging overcome some of the limitations
associated with deep tissue imaging but they lack cellular precision (Errico et al., 2015; Xia et al.,
2014).

Fast imaging revealed different speeds of cells in the same vessels (see supplementary

movie 1). Unlike RBC, leukocytes crawl on the vessel walls looking for sites with gaps of

14



pericyte vascular coverage for transmigration into the parenchyma (Proebstl et al., 2012; Wang et
al., 2006). Interruption of flow could result from leukocyte plugging of the capillaries (Cruz
Hernandez et al., 2019; Yata et al., 2014). We observed this phenomenon 23 times in 56 sites of
pericyte retractions in the epileptic brain, which is consistent with the no-reflow due to
pericytosis in ischemic vessels and after spreading depolarization (Hall et al., 2014; Hill et al.,
2015). In contrast, we did not observe any vessel occlusions at 40 sites of pericyte additions in
the epileptic brain.

We expect that combining full-frame, multi-focal and fast imaging of biological events
will improve the visualization of cell regeneration across the complex topological organization of
the neurogliovascular unit. The heterogeneity of the mural cells across the cerebrovascular
topology is a good example of imaging requiring rapid acquisition in a large field of view with
multiple focal plans across various time frames. The fact that glutamate evoked a contraction of
arterioles after a dilation of downstream capillaries could represent a safe mechanism for
directing flow in the downstream perfusion domain. Ca?* waves signaling between pericytes on
capillaries and SMC on upstream arterioles have been previously involved in coordinated
moderation of vasoactivity in the vascular domain (Peppiatt et al., 2006). Such timing of
responses to glutamate was impaired after seizures and partially restored after treatment with
PDGF-BB (Arango-Lievano et al., 2018). Classically, it is anticipated that mural cells
morphology is tailored to its position and function on the cerebrovasculature (Shih et al., 2012;
Tsai et al., 2015). That is, arteriolar SMC are contractile cells that impact the robustness of the
perfusion domain (Blinder et al., 2010; Hillman, 2014) whereas the capillary pericytes control
neuronal homeostasis and survival by sustaining the bulk exchange of metabolites and gases
between blood and brain (Whiteus et al., 2014). Venular mesh pericytes control the clearance of

parenchymal wastes and immune functions across the BBB (Proebstl et al., 2012).

Conclusions and perspectives

Multimodal in vivo cellular imaging approach will aid address the emerging questions about the
assembly of multiple cell types in the functional organization of the neurogliovascular unit in the
healthy brain as well as in the pathophysiology of CNS diseases. What can be learned from the in
vivo dynamics of the newly formed cells that integrate in the multicellular organization of the

neurogliovascular unit? Is it clinically relevant to promote the assembly or the disassembly of
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specific cell types in the neurogliovascular network? What specific molecular mechanisms
underlie these dynamic processes? Pharmacological strategies for promoting the repair of cell-
cell interfaces supporting the neurogliovascular network and for regenerating the barrier
functions and perfusion control of the cerebrovasculature are already being tested. One major
application for visualizing cellular regeneration in the neurogliovascular unit is functional
rehabilitation after a stroke or CNS injury that requires the growth and assembly of vessels, mural
cells and astrocytes to supply the nutrients and oxygen needed for neuronal re-wiring in the
surviving neuronal circuits (Demuth et al., 2017; Geranmayeh et al., 2019). Trophic factors and
guidance molecules organizing the newborn cells in the neurogliovascular unit are already
valuable candidates for the clinic (Arango-Lievano et al., 2018; Sweeney et al., 2016; Sweeney et
al., 2019).

Technical recommendations pertaining to in vivo optical imaging: First, it is preferable to
perform experiments in awake or lightly sedated animals (Grutzendler and Nedergaard, 2019).
Second, light stimulation > SmW is sufficient to dilate vessels and change blood flow, a pitfall to
some opto-stimulation protocols (Katase et al., 2011). Third, epochs of several seconds shall be
recorded for measuring blood flow as small fluctuations in flow can occur at homeostasis
(Kleinfeld et al., 1998). Recommendations for future study design are to combine transcranial in
vivo optical imaging with transcranial acoustic tomography to obtain the microscopic precision
needed to study cellular network functions across mesoscopic brain-wide territories with
temporal resolution (Boido et al., 2019; Ovsepian et al., 2017; Sofroniew et al., 2016; Yao and
Wang, 2014). Although the voxel size limit using transcranial sonic imaging techniques is not yet
compatible with cellular/subcellular precision (Errico et al., 2015; Osmanski et al., 2014), its
rapid acquisition time and brain wide scale have great prospects for preclinical studies in
primates and towards human brain imaging (Yan et al., 2020). Moreover, label free measurement
of blood flow, velocity, hematocrit and tissue oxygenation in vivo with multiphoton high-
resolution imaging would allow sophisticated investigation of brain microvascular flow

regulation in CNS diseases and reveal underlying mechanisms (Guevara-Torres et al., 2016).
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Figures and legends

Figure 1. Multimodal optical transcranial imaging as a diagnostic mode.

Follow up study of NG2-tdTomato transgenic mice before and after the induction of generalized
seizures with a single i.p. injection of 25 mg/kg kainate, and following 3 weeks of treatment with
1.v. injection of saline or 100 /g PDGF-BB per week. Control mice were injected with saline
instead of kainate. Methodological timeline divided in 3 sessions of observational parameters of
cellular integrity and function in situ: 1) healthy, 2) sick and 3) treated. At last, postmortem

histological studies confirm brain wide tissue damage and repair.
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Figure 2. Imaging the dynamic organization of the neurogliovascular unit in vivo.

(A) Genetic tracers and chemical dyes compatible with in vivo time lapse imaging of the
multicellular interfaces in the neurogliovascular unit. 3D reconstruction of a neurogliovascular
unit imaged with thy/-YFP, SR101 and 70 kDa dextran-FITC in vivo using transcranial 2-photon
microscopy. 3D reconstruction of the topological distribution of mural cells on the
cerebrovasculature imaged in vivo with NG2-tdTomato and 70 kDa dextran-FITC. SMC on
arterioles can be distinguished with AlexaFluor 633-hydrazide. Capillary and post-capillary
pericytes can be labeled with neurotrace™ and expression of genetic tracers with Cnnl and
Acta2, Tagln promoters (Vanlandewijck et al., 2018). Capillaries and venules can be labeled with
the genetic markers expressed under the control of Ecm, and Abcc9 promoters (Vanlandewijck et
al., 2018). 3D reconstruction of an interface between neurons and pericytes imaged in vivo with
thyl-YFP and NG2-tdTomato. 3D reconstruction of an interface between astrocyte endfoot and
an axon terminal on the vasculature imaged with thy/-YFP, SR101 and 70 kDa dextran-FITC in
vivo using transcranial 2-photon microscopy. (B) Topological organization of a variety of mural

cells morphologies tailored to the vessel subtypes.
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Figure 3. Functional in vivo imaging of pericyte degeneration and regeneration.

(A) Transcranial 2-photon microscopy of the same microvessels al and a2 (70-kDa dextran-
FITC) and pericytes (NG2-tdTomato) during a period of 8§ weeks in the same mouse brain before
and after seizure onset and treatment. Pericyte remodeling at 75 pm deep associated with changes
of vessel diameter. (B) Transcranial epifluorescence microscopy of blood cells velocity at 75 um
deep into the cortex at the sites of pericyte retraction and extension. Arrows point to direction of
flow and numbers to the speed of flow in arterioles (al and a2), capillaries (c) and venules (v).
Flow is variable in vessel al: backflow at the site of pericyte retraction after seizure induction
accelerated flow in vessels a2, ¢ and v. Later post-treatment, pericyte extension on vessel al
normalized flow in all vessels. See movie 1 for transcranial flow imaging after seizure induction
and movie 2 for transcranial flow imaging after the treatment. (C) Open skull 2-photon
microscopy of the pericyte-vessel interface at 75 um depth where pericyte regenerated on vessel
al 46 days post-treatment. See movie 3 and movie 4 for in vivo time-lapse responses of vessels
al, a2, v and ¢ to 10* M glutamate and 10® M endothelin-1 applied topically via the cranial
window and rinsed with ASCF. Kymographs represent vessel diameters at indicated cross-
sections as a function of time for dextran-FITC and NG2-tdTomato cells. Data are plotted in the

graph for each vessel.
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Figure 4. Analysis of vasoactivity upon turnover of mural cells subtypes in vivo.

(A) Blood flow circulation in the vascular domain assisted by the coordinated contraction of
arterioles and dilation of downstream capillaries. Mural cells determine the action domain of
vasoactive molecules (e.g. ET-1 and GLU) thanks to their topology on the cerebrovasculature and
various morphologies. (B) Net change of vessel diameter to vasoactive drugs where mural cells
pre-existed or lacked from the first imaging session. Means +SEM of N vessels as indicated in 3
mice. Two-way ANOVA for the effect of 10® M ET-1 on: vessel subtypes F(2,137)=891.5,
P<0.0001; at sites of pericyte coverage F(1,137)=54.1, P<0.0001 and its interaction
F(2,137)=38.76, P<0.0001. Two-way ANOVA for the effect of 10* M GLU on: vessel subtypes
F(2,137)=135.4, P<0.0001; at sites of pericyte coverage F(1,137)=5.66, P=0.018 and its
interaction F(2,137)=27.1, P<0.0001. Post-hoc Sidak test comparing vasoactivity on vessels with
pericytes and vessels without pericytes *P<0.05, **P<0.001, ***P<0.0001. (C) Comparison of
vasoactivity on vessels gaining or loosing pericytes. Each vessel presented as a thin line before
and after stimulation with vasoactive drugs. Thick lines represent the mean of N vessels indicated
for each vessel categories. Capillaries with pericyte loss failed to dilate with GLU unlike vessels
with newly formed pericytes. (D) How does the newly formed pericytes compare with the pre-
existing ones or the vessels loosing pericytes compare with vessel never covered in term of
vasoactivity? Two-way ANOVA for the effect of GLU on vessel subtypes F(8,264)=74.9,
P<0.0001; at sites of pericyte turnover F(1,264)=36.3, P<0.0001; Effect of ET1 on vessel
subtypes F(8,264)=271.3, P<0.0001; at sites of pericyte turnover F(1,264)=9.64, P=0.0021. Post-

hoc comparisons with Tukey test are presented. SE of diff.= standard error of difference.
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Figure 5. Analysis of blood flow upon turnover of mural cells subtypes in vivo.

(A) Transcranial epifluorescence microscopy show pulsatile flow of RBC in large caliber vessels.
Average speed of flow is calculated from at least 2 s of in vivo recordings. (B) Average blood
flow sorted by vessel subtypes defined by the morphology of its pericytes and its caliber at
baseline (arterioles > 7 pm capillaries < venules). N= 30 arterioles, 44 capillaries and 68 venules
from 3 healthy mice. Flow in arteriole > venules > capillaries by one-way ANOVA F(2,139)=91,
P<0.0001 post-hoc Sidak test P<0.0001. (C) Flow in control mice indistinguishable between in
vessels covered or not covered with pericytes: N= 10 arterioles, 10 capillaries and 19 venules
covered with pre-existing mural cells and 18 arterioles, 26 capillaries and 27 venules without
pericytes. One-way ANOVA F(5,104)=18.38, P<0.0001 post-hoc Sidak test P>0.5. Hyperemia in
capillaries with pericytes loss after seizures treated with saline: N= 8 arterioles, 15 capillaries and
9 venules covered with pre-existing mural cells; 5 arterioles, 18 capillaries and 22 venules not
covered; 3 arterioles, 4 capillaries and 7 venules with a pericyte gain; 8 arterioles, 13 capillaries
and 12 venules with pericyte loss. One-way ANOVA F(11,112)=3.11, P=0.001 post-hoc Sidak
test P=0.003. Alterations of flow after treatment of seizures with PDGF-BB at residual sites of
pericyte loss: N= 9 arterioles, 45 capillaries and 12 venules covered with pre-existing mural cells;
9 arterioles, 33 capillaries and 9 venules not covered; 10 arterioles, 7 capillaries and 9 venules
with a pericyte gain; 4 arterioles, 4 capillaries and 5 venules with pericyte loss. One-way
ANOVA F(11,144)=10.64, P<0.0001 post-hoc Sidak test P=0.0007. (D) Balancing effect of
pericyte turnover on blood flow. If seizures are treated with saline, pericyte loss reduces local
flow, which could cause hyperemia in neighboring perfusion domains despite some pericyte
gains. If seizures are treated with PDGF-BB, gains of pericytes offset the losses thereby
normalizing flow in the perfusion domain. (E) Branch-specific changes of vessel perfusion
correspond with pericyte retraction and extension. Images are representative of 23 occlusions
observed at 56 sites of pericyte loss and O occlusions observed at 40 sites of pericyte gain. Z-
stacks of the indicated cross-sections at vessel bifurcations are showed sideways. Numbers

indicate the order of vessels following to direction of flow represented by arrows.
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Figure 6. Analysis post-mortem of vessel permeability and pericyte death and proliferation.
(A-C) Angiogram with the permeable dye 10 Kda dextran-Alexa568 injected i.v. before sacrifice
shows extravasation from the lumen into cells of the neurovascular unit at bifurcations between
vessels covered with pericytes labeled with PDGFRB (1:100, Abcam ab32570). Images a
representative of N=41 bifurcation in capillaries, 17 in arterioles and 26 in venules of 11 mice.
(D, E) Capillary pericytes labeled with the apoptotic marker cleaved caspase-3 (1:100, Cell
Signaling Technologies) or with the proliferation marker KI-67 (1:500 Abcam ab15580) at
vessels bifurcations. Images a representative of N=15 pericytes with CC3 and 16 pericytes with
KI67 in 11 mice. Images were taken in a field of 150 um x 150 pm at 0.75 um step in z with a
confocal microscope LSM780 (Carl Zeiss) and 20x water immersion objective. Z-stacks of the
indicated cross-sections at vessel bifurcations are showed sideways. Numbers indicate the order

of vessels following to direction of flow.
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