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SUMMARY

The cerebrovasculature and its mural cells must meet brain regional energy demands, but how
their spatial relationship with different neuronal cell types varies across the brain remains
largely unknown. Here we apply brain-wide mapping methods to comprehensively define the
quantitative relationships between the cerebrovasculature, capillary pericytes, and glutamatergic
and GABAergic neurons, including neuronal nitric oxide synthase-positive (1NOS*) neurons
and their subtypes in adult mice. Our results show high densities of vasculature with

high fluid conductance and capillary pericytes in primary motor sensory cortices compared
with association cortices that show significant positive and negative correlations with energy-
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demanding parvalbumin* and vasomotor nNOS™ neurons, respectively. Thalamo-striatal areas
that are connected to primary motor sensory cortices also show high densities of vasculature

and pericytes, suggesting dense energy support for motor sensory processing areas. Our
cellular-resolution resource offers opportunities to examine spatial relationships between the
cerebrovascular network and neuronal cell composition in largely understudied subcortical areas.

Graphical Abstract

In brief

Wau et al. generate cerebrovascular, pericyte, and neuronal cell type maps with their distribution
and spatial relationship to understand the organization of brain energy infrastructure in mice.
Dense cerebrovascular networks support the high energy demand of motor sensory circuits with
enriched parvalbumin neurons compared with association areas with a high density of NNOS
neurons.
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INTRODUCTION

The brain meets its uniquely high metabolic demand through an intricate web of vascular

and mural cells that dynamically supply blood and clear metabolic waste (Hartmann et
al., 2015; Sweeney et al., 2016; Vergara et al., 2019; Zhao et al., 2015). Pericytes, a key
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mural cell type, wrap around microvessels and have been proposed to regulate blood flow

and vascular permeability (Hall et al., 2014; Hartmann et al., 2021; Hill et al., 2015;
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Nikolakopoulou et al., 2019; Sweeney et al., 2016). Neuronal activity can also regulate
local energy supply by controlling vascular diameter directly or indirectly (via astrocytes),
which is referred to as neurovascular coupling (Attwell et al., 2010; Cauli and Hamel, 2010;
Kaplan et al., 2020; Lecrux et al., 2011; Schaeffer and ladecola, 2021). Neuronal health
and function critically depend on efficient vascular support (Hall et al., 2012; Vergara et al.,
2019). Impairment of the cerebrovasculature, pericytes, and neurovascular coupling has been
widely implicated in many neurological disorders, such as stroke and neurodegenerative
disorders, and even neurodevelopmental disorders (Ouellette et al., 2020; Zhao et al., 2015).
Despite its significance, we have limited knowledge of the cellular architecture of the
vasculature and pericytes, especially with respect to their quantitative relationship with
neuronal cell types across the whole brain. This relationship is likely of critical importance
for the heterogeneous coupling of neural activity to blood flow described across different
brain regions (Devonshire et al., 2012; Huo et al., 2014; Shih et al., 2009; Zhang et al.,
2019).

Generation of action potentials and synaptic transmission are energetically demanding
(Harris et al., 2012; Howarth et al., 2012), and, accordingly, brain energy consumption

has been proposed to be linearly correlated with the number of neurons in the brain across
different animal species, including humans (Herculano-Houzel, 2011). However, neurons
comprise highly distinct subtypes with different morphological, electrophysiological, and
molecular characteristics (Kepecs and Fishell, 2014; Tasic et al., 2018). For example, the
major classes of GABAergic neurons in the cortex include neurons expressing parvalbumin
(PV), somatostatin (SST), and vasoactive intestinal peptide (VIP), each of which make
distinct synaptic connections with pyramidal neurons and each other (Kepecs and Fishell,
2014). These neuronal cell types are expressed at different densities across cortical areas; PV
interneurons have high density in sensory cortices and low density in association cortices,
whereas SST neurons show the opposite density pattern in mice (Kim et al., 2017). Different
neuronal subtypes also have differential energy demands and regulation. For instance, the
fast-spiking PV neurons are among the neuronal types with the highest energy demand

(Inan et al., 2016). Another neuronal type, neurons expressing neuronal nitric oxide synthase
(nNOS), can actively regulate blood supply by causing vasodilation (Echagarruga et al.,
2020; Krawchuk et al., 2020; Lee et al., 2020). These data suggest that determining specific
spatial relationships between neuronal cell types and the vascular network is critically
important for understanding differences among brain regions in terms of energy demand and
the mechanism of distinct blood flow regulation across different brain regions.

To address the relationship between cerebrovasculature and the aforementioned cell types,
we have devised high-resolution 3D mapping methods to derive a cellular architecture atlas
containing cerebrovasculature, capillary pericytes, and several major neuronal cell types,
including PV interneurons and vasomotor nNOS neurons, in the adult mouse brain. Our
data resource allowed us to uncover key organizational principles of the brain, including a
dense cerebrovascular network in primary motor sensory cortical areas and related thalamic
and dorsal striatal areas and a positive correlation between vascular and capillary pericyte
densities with energy-demanding PV interneurons in the isocortex.
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RESULTS

Comprehensive vascular mapping in the intact mouse brain

Our first goal was to map spatial arrangements of the cerebrovasculature in the whole

intact mouse brain to understand the anatomical variation in the vascular network. We

filled microvessels from 2-month-old C57BL/6 mice with a cardiac perfusion of fluorescein
isothiocyanate (FITC)-conjugated aloumin gel (Figure 1A; Blinder et al., 2013; Tsai et

al., 2009) and used serial two-photon tomography (STPT) imaging in combination with
two-photon optical scans and serial sectioning to image the whole mouse brain at 1 x

1 x5 um (X, Y, z; medial-lateral, dorsal-ventral, rostral-caudal) (Figure 1B). We also
developed a stitching algorithm to correct optical aberrations, bleaching in overlapped

tile areas, and z stack alignments (Figures 1C and 1D; Figure S1). We also developed

a computational pipeline to quantitatively analyze cerebrovascular arrangement across the
whole brain (Figures 1E-1G; see STAR Methods for more details). Individual brains were
then registered to the Allen Common Coordinate Framework (Allen CCF) (Figures 1H-1L;
Table S1; Video S1; Wang et al., 2020). We implemented an additional quality control step
to reject data from areas with potentially incomplete labeling or imaging artifacts (Figure
S1). We also confirmed that our approach closely reflects vasculature structure, including
diameter, /n vivo by directly comparing STPT results with /n vivo two-photon measurements
of the same vasculature acquired in the same mice (Figure S2).

We then focused on mapping the density distribution of capillary pericytes, using transgenic
labeling of platelet-derived growth factor receptor p (PDGFRp), and nNOS-expressing
neurons as vasomodulatory cell types and major cortical cell types (pan glutamatergic, pan
GABAergic, PV, SST, and VIP neurons) with different energy demands. We employed
cell-type-specific reporter mice to genetically label 11 target cell types (Table S2). Then
we developed deep learning algorithms to specifically count capillary pericytes and detect
neurons, including densely packed nNOS neurons, in the cerebellum (Figures 1M-1N and
1P-1Q; Figure S3; Table S3; see STAR Methods for more details). Detected signals were
then registered onto the Allen CCF to quantify the 3D density of the target cell type
distribution across the whole brain (Figures 10 and 1R; Tables S3, S4, S5, and S6; Videos
S2, S3, and S4; Kim et al., 2017; Wang et al., 2020).

Primary motor sensory cortices show denser vasculature than association cortices

We focused our analysis on the isocortex. To examine the spatial distribution intuitively
while maintaining high-resolution information, we devised an isocortical flatmap based on
Laplace’s equation (Figures 2A-2D; see STAR Methods for more details). We grouped
isocortical areas into 5 subregions based on their anatomical connectivity and cell type
composition: motor somatosensory, audio visual, medial association, medial prefrontal, and
lateral association (Kim et al., 2017; Zingg et al., 2014; Figure 2D). When averaged vessel
length density is plotted in the cortical flatmap, primary motor and sensory (auditory,
somatosensory, and visual) cortices show overall higher vascular densities than association
areas (medial prefrontal, medial, and lateral association) (Figures 2D-2H). For example,
densely vascularized areas are tightly aligned with anatomical borders in the somatosensory
(SS) and primary auditory (AUDp) cortices (Figure 2E, gray and white arrowheads). One
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notable exception is the ventral retrosplenial cortex (RSPv), which shows remarkably high
vascular density compared with other cortical areas (Figure 2E, black arrowhead). Although
the RSPv was included as a part of the medial association group, this area receives spatial
navigation information from the dorsal subiculum (Zingg et al., 2014) and, thus, can be
considered a sensory processing region. Cortical layer-specific maximum projection of the
length density shows that sharp boundaries between cortical areas are strongly driven by
layer 2/3/4 (specifically layer 4 for primary sensory regions) vascular distribution (Figure
2H).

Next we analyzed the vascular branching density and radius. Branching density closely
followed the pattern of the vessel length density (Figures 2E-2G). In contrast, the average
vessel radius did not show a significant correlation with the vessel length density (Figures
2E-2G). However, plotting vessel radius against vessel length densities unveiled distinct
patterns between the five cortical groups. For instance, motor sensory areas showed overall
high vascular density and radii, whereas the medial prefrontal group was low in both
measurements (Figure 2G). The lateral association group showed a high vascular radius with
relatively lower vascular density, and the medial association regions showed the opposite
pattern (Figure 2G). the RSPv showed an overall low average vascular radius despite a high
vascular length density (Figures 2E-2G).

We then examined whether a relatively large vasculature (radius > 3 um) also showed
regional variabilities. First we examined whether surface vasculature is stereotypically
organized between samples and even between hemispheres of the same brain. We observed
that the position of large surface vasculature differs considerably between brains and even
between hemispheres from the same brain (Figures 21 and 2J). When we plotted the
distribution of the large vessels from 8 hemispheres from 4 animals in our layer-specific
flatmap, the layer 1 map including the surface vessels showed that the large vessels,
including the middle cerebral artery (MCA), closely surround the somatosensory (SS) area
(Figure 2K, layer 1).A high density of large penetrating vasculature was clearly observed
in the primary motor sensory areas and the RSPv in layers 2—4, with a gradual decrease in
deeper layers (Figure 2K).

These data provide strong evidence that cortical vascularization is not uniform but distinctly
organized in functionally different cortical areas.

Structure-based simulation reveals regional heterogeneity of microvascular directionality
and fluid conductance

To examine the link between microvessel structure and its influence on blood perfusion
in the brain, we applied a mathematical approach to estimate the fluid conductance and
directionality of the microvascular network (Figures 3A and 3B; Video S5; Table S7).

We first examined how the geometry of microvascular networks can influence the
directionality of blood flow by calculating the microvessel anisotropy using the tensor in
the isocortex (Figure 3C). We used three axes according to the cortical column direction:
the penetrating (P) axis along the cortical column as a main blood input direction from
surface vessels and the anterior-posterior (AP) and medial-lateral (ML) axes as two vascular
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communication directions within areas (Figure 3C). Our analysis showed that microvessels
oriented along the P axis dominated in the anterior (e.g., prefrontal and motor area) and
posterior cortical areas (e.g., visual area), whereas mid-cortical areas (e.g., the SS area)
showed vasculature orientation along the P and AP axes dominating the superficial layer
and the deep layers, respectively (Figure 3C). For instance, the secondary motor cortex
(MOs) shows dominant P axis vasculature (magenta), whereas the primary SS barrel field
(SSp-bfd) shows a clear switch to AP axis (cyan) vasculature, preferentially between layers
4-6 (Figures 3D and 3E). This result suggests that mid-cortical areas containing many
primary motor sensory areas have a high degree of AP vascular communication in deep
layers to facilitate blood perfusion across these hypervascularized areas.

Next we applied the fluid conductance measurement across the isocortex and plotted the
result in the cortical flatmap (Figure 3F). Overall, motor sensory groups showed higher fluid
conductance than association groups in correlation with vascular density (Figures 3F-3H;
Table S7). Noticeable exceptions include the RSPv with relatively low fluid conductance
despite having the highest cortical vessel density because of small vessel radius and a few
lateral association areas (e.g., the ectorhinal cortex [ECT]) which has relatively high fluid
conductance because of large vessel radius (Figures 3G and 3H).

Our data suggest that microvessels in primary motor sensory cortices are structured to
provide a high degree of blood perfusion compared with other cortical areas.

Pericyte and nNOS neuron density mapping reveals differential vasoregulation between
cortical areas

Pericytes, a mural cell type, are primarily located within the microvasculature and play
important roles to regulate microvascular integrity and permeability (Attwell et al., 2016;
Bennett and Kim, 2021; Hartmann et al., 2021; Nelson et al., 2020; Nikolakopoulou et al.,
2019).

We wanted to determine whether capillary pericyte distribution shows distinct densities
across brain areas in support of local brain functions in a similar fashion to cortical
vasculature. We found that capillary pericyte density across cortical areas showed a
distribution pattern similar to the vascular density (Figures 4A-4C; Tables S3; Video S2).
Overall, primary sensory areas as well as the RSPv showed higher pericyte densities

than association groups (Figures 4A-4C). A very strong positive correlation between
capillary pericyte and vascular densities suggests that the number of pericytes per length

of microvessel is overall constant across different cortical areas (Figure 4C). However, when
we examined layer-specific differences in the density of capillary pericytes and vasculature,
we observed that relative pericyte density as well as the ratio between capillary pericyte and
vascular densities were highest in layer 5 and lowest in layer 1 (Figures 4D and 4E; Table
S4). This suggests that layer 5, characterized by its large pyramidal neurons, may require
higher capillary pericyte coverage per microvessel to finely tune the regulation of blood flow
compared with other cortical layers.

Next we examined the relationship between the cerebrovascular network with capillary
pericytes and the distribution of cortical nNOS-expressing neurons, whose activity has been
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shown to cause vasodilation (Echagarruga et al., 2020; Krawchuk et al., 2020; Lee et al.,
2020). Based on our results so far, our expectation was that the density distribution of nNOS
neurons may follow the distinct patterns of vasculature and pericyte densities in providing
more robust blood flow support for the motor sensory versus prefrontal association cortical
areas. Although we did observe up to 2-fold differences in nNOS neuronal density across
isocortical regions (Figure 4F; Table S5; Video S3), nNOS neuron density was higher in the
association cortical areas compared with the motor sensory areas—the opposite pattern than
that of the vascular and pericyte densities (Figures 4F and 1H-1J). We also noted that the
highest density of nNOS neurons was found in layer 6 in all cortical areas compared with
the highest densities of vasculature and pericytes in layer 5 (Figure 4F). For nNOS subtypes,
the nNOS/neuropeptide Y (NPY), nNOS/SST, and nNOS/VIP subtypes showed similar
density patterns as the pan nNOS neurons (Figure 4G). In contrast, NNOS/PV neurons,
despite having much lower density, showed relatively higher expression in the RSPv
(Figure 4G), suggesting a subtype-specific role in this cortical area. The contrasting nNOS
distribution is also evident from a correlation analysis of the relationship between nNOS
neuronal densities and vascular density across different areas, which revealed a significant
negative correlation in the isocortex that is true for all subtypes except NNOS/PV (Figures
41 and 4J). Similarly, nNOS neurons, including the nNOS/NPY and nNOS/VIP subtypes,
showed significant negative correlation with pericyte density (Figure 4J). In contrast, NNOS
neurons and all of their subtypes did not show any correlation with average vasculature
radius (Figure 4J). These data show a surprisingly distinct distribution of NNOS neurons
across cortical areas, with overall stronger nNOS-based vasomotor regulation in association
cortices than in primary motor sensory cortices.

Cortical PV interneurons and glutamatergic neurons show positive correlation with the
vascular network

Glutamatergic and GABAergic neuronal cell types have different energy consumption and
metabolic costs (Buzsaki et al., 2007). We examined whether glutamatergic neurons and
specific GABAergic neuronal subtypes show any significant correlation with vascular and
capillary pericyte distribution in the isocortex (Figure 5; Table S6; Video S4). Density
plotting using our isocortical flatmap allowed us to visualize distinct neuronal cell type
distributions and localizations across the isocortex, revealing a clear pattern compared

with the vessel length and pericyte densities (Figure 5A). First, pan-glutamatergic neurons
(vGlut1™), but not pan GABAergic (Gad2*) neurons, showed modest but significant positive
correlation with vascular and pericyte density (Figures 5A-5D). However, among different
GABAergic cell types, PV* interneurons showed a strikingly strong positive correlation with
the vascular length density, whereas the other interneuron subtypes (SST* and VIP*) did not
show a significant correlation with vascular density (Figure 5C). All motor sensory groups
and the RSPv showed high PV* interneuron density comparable with the vascular density
(Figures 5A and 5C). As expected, the pericyte distribution followed similar correlation
patterns as the vessel length density with all neuronal subtypes studied (Figure 5D).
Importantly, cortical PV neurons are involved in generation of gamma band oscillations
(Cardin et al., 2009; Sohal et al., 2009; Takada et al., 2014), which are linked to increased
vasodilation and blood flow in the brain (Drew et al., 2020). Thus, our results suggest
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that correlated vascular, pericyte, and PV* interneuron densities may act to support local
gamma-band oscillation neural activity during rapid signal processing in sensory cortices.

Our data suggest that the isocortex in mice is composed of two domains with distinct
vascular/pericyte and neuronal cell type composition: (1) the primary motor sensory domain
(motor, SS, audio, and visual cortices and the RSPv) with a high density of vessels

and pericytes positively correlated to the density of PV* inhibitory neurons and, less
prominently, vGlutl* excitatory neurons but negatively correlated with the density of nNOS
neurons and (2) the association domain (lateral, medial, and medial prefrontal), which
comprises the opposite pattern of vasculature, pericytes, and neuronal density distribution
(Figure 5E; Table S8).

The motor sensory thalamo-cortico-striatal circuit shares high densities of vasculature
and capillary pericytes

Next we wanted to determine whether the high vascular and pericyte density specific to
primary motor-sensory versus association cortices is also shared across thalamo-cortico-
striatal pathways. We used thalamo-cortical and cortico-striatal connectivity datasets to
identify clusters of thalamic and dorsal striatal areas that are well connected with the five
cortical domains (Foster et al., 2021; Harris et al., 2019; Hintiryan et al., 2016; Hunnicutt et
al., 2014). In the thalamus, sensory thalamic areas processing SS (e.g., ventral posteromedial
thalamus [VPM]), auditory (e.g., medial geniculate complex [MG]), and visual (e.g., dorsal
lateral geniculate complex [LGd]) information as well as the anteroventral nucleus of
thalamus (AV), which is strongly connected with the RSPv, showed higher densities of
vasculature and pericytes than non-sensory thalamic areas connected to medial prefrontal
and other association cortical groups (e.g., nucleus of reuniens [RE]) (Figures 6A and 6B).

We then examined vascular and pericyte densities in subregions of the dorsal striatum
(caudate putamen [CP]) using detailed anatomical segmentations established in the Allen
CCF (Chon et al., 2019). The intermediate CP (Cpi) receives topographically segregated
projections from cortical domains, whereas the rostral (CPr) and caudal (CPc) areas have
intermixed projections from many cortical domains (Foster et al., 2021; Hintiryan et al.,
2016). Our analysis revealed that Cpi areas receiving inputs from primary motor sensory
cortices such as the Cpi ventral lateral (Cpi.vl) had relatively higher vascular and pericyte
densities than the Cpi ventral medial (Cpi.vm) areas connected with medial prefrontal and
lateral association cortical projections (Figures 6C and 6D; Table S9). Heatmap plots of
relative vascular and pericyte densities with each anatomical region showed a clear pattern
of primary motor sensory processing areas comprising overall higher vascular and pericyte
densities compared with association areas throughout the thalamo-cortico-striatal pathways
(Figure 6E).

Data resources to further examine brain energy supply and regulation

Our brain-wide high-resolution vasculature and cell type mapping data open new
opportunities to understand global and local energy supply and its regulation. For instance,
we provide our brain-wide flow conductance simulation result and its relationship with
capillary pericyte density and pericyte coverage (pericyte per vessel length density) as a
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resource to elucidate regional blood flow and vascular integrity (Figure S4). We noted

that many hippocampal areas, including the dentate gyrus (DG) and the subiculum (SUB),
showed low flow conductance, pericyte density, and pericyte coverage compared with other
cortical and subcortical areas, which may confer regional vulnerability under pathological
conditions (Figure S4; Table S7; Video S5; Ballinger et al., 2016; Sweeney et al., 2018).

We also include a freely downloadable simulation-ready dataset to model vascular flow in
the whole brain as well as high-resolution raw images in a publicly available database. To
facilitate ease of access and intuitive visualization to examine large-scale imaging datasets,
we created a web-based resource (https://kimlab.io/brain-map/nvu/) that displays navigable
z stacks of full-resolution images for our STPT datasets. This web-based resource also
provides interactive 3D visualizations, allowing users to navigate our quantitative vascular
and cell type measurements registered in the Allen CCF.

One notable cell type resource is the nNOS neuronal subtype brain-wide distribution data.
In addition to cortical NNOS neurons, nNOS neurons in subcortical areas, including the
cerebellum, also powerfully regulate neurovascular coupling (Du et al., 2015; Yang et

al., 2003). Our results indicate that the total NNOS neuronal density is highest in the
accessory olfactory bulb (AOB), followed by the cerebellum, medial amygdala (MEA), and
dorsal medial hypothalamus (DMH) (Figures 7A-7C; Table S5). In contrast, the isocortex,
hippocampus, and thalamus showed overall low nNOS neuronal density (Figure 7C). Of
the NNOS subtypes, NNOS/NPY neurons represent the majority of nNOS subtypes in
cerebral cortical, hippocampal, and cerebral nucleus areas (Figures 7A-7C). The nNOS/SST
subtype showed overall similar density compared with the nNOS/NPY subtype except in
hippocampal regions, which had noticeably low density (Figures 7A-7C). The nNOS/PV
subtype showed overall low density across the whole brain, except for very high density in
the cerebellum (Figures 7A-7C). The nNOS/VIP subtype had the lowest density compared
with the other nNOS* subtypes, with sparse expression in a few areas, such as the SUB of
the hippocampus (Figures 7A-7C). Many amygdala and hypothalamic areas as well as the
AOB showed high nNOS density that was not reflected in the nNOS interneuron subtype
populations, suggesting that NNOS neurons in these areas may represent different nNOS
subtypes (Chachlaki et al., 2017). Thus, the current brain-wide nNOS subtype mapping
unveils region-specific distributions of the vasomotor neurons.

DISCUSSION

The structural organization of regional vascular networks is crucial to support local brain
function and may reflect susceptibility to different pathologies. Here we present cellular-
resolution maps of cerebral vasculature, capillary pericytes, and neuronal subtypes in the
mouse brain. Our cerebrovascular map, in combination with flow conductance simulations,
reveals the organizational principles of microvessels and pericytes in relationships with
several key neuronal cell types, highlighting regionally heterogenous vascular networks and
potential differences in blood flow regulation across different brain regions.
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Cortical neuronal cell types and the vascular network

A prevailing theory of cortical organization is that the cortex is composed of repeating
cortical columns with a common microcircuit motif (Douglas and Martin, 2004). However,
this view has been challenged by recent data showing that different cortical domains show
distinct cell type compositions and hemodynamic responses (Kim et al., 2017; Zhang et

al., 2019). Results from the current study provide further evidence that vascular networks,
including pericytes and vasomotor neurons, are organized in distinct spatial patterns to meet
energy demands from motor sensory and association cortices (Howarth et al., 2012; Vergara
etal., 2019).

Motor and sensory signals require precise temporal and spatial information processing in
primary motor sensory cortices to perceive dynamic external signals and execute motor
commands. Although previously included as a part of the association cortices, we consider
the RSPv part of the sensory area because of its role in processing rapid navigational
information from the dorsal SUB (Zingg et al., 2014). In contrast, association cortices
integrate information from broader areas with slower temporal kinetics. We previously
identified a higher density of PV neurons in sensory cortices compared with association
cortices (Kim et al., 2017). Cortical PV neurons are fast-spiking interneurons that participate
in generating gamma oscillations and are some of the most energy-demanding neurons
(Cardin et al., 2009; Hu and Jonas, 2014; Inan et al., 2016; Kann, 2016; Takada et al., 2014).
Thus, our current results suggest that a high density of microvessels and capillary pericytes
in the sensory cortices provides an efficient energy support system for PV-dominated

local circuits to accommodate high energy consumption and mediate local functional
hyperemia for rapid sensory processing. In contrast, association cortices contain relatively
high densities of NNOS neurons despite low vascular, capillary pericyte, and PV densities.
Although nNOS interneurons represent only about 2% of cortical neurons, activation of
nNOS neurons robustly dilates cerebral arterioles to generate increases in cerebral blood
flow (Echagarruga et al., 2020; Krawchuk et al., 2020; Lee et al., 2020). Thus, the relatively
higher density of nNOS neurons in association areas suggests that this cell type can exert
more powerful vasodilation in larger areas to compensate for a lower vascular density in
these highly cognitive areas.

We found that areas of the thalamus and the dorsal striatum heavily connected to motor-
sensory cortices also contain high densities of vasculature and pericytes compared with
thalamostriatal areas linked with association cortices. Thus, our data demonstrate that
this dense network of vasculature and pericytes is conserved throughout neural circuits
processing primary mator sensory information.

Comprehensive data resources to understand relationships between brain regional
vascular organization and energy homeostasis

Although recent approaches using light sheet microscopy to examine fine cerebrovascular
structure have provided advantages in rapid data acquisition as well as 3D immunolabeling
to mark different vascular compartments (Kirst et al., 2020; Todorov et al., 2020), the
required tissue clearing methods can introduce microscopic volume distortions, which can
lead to inconsistent measurements (Ji et al., 2021). Here we used STPT to visualize the
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whole cerebrovasculature at single-capillary resolution in intact mouse brains, revealing a
cerebrovascular map that closely represents physiological conditions, as confirmed by /n
vivo two-photon microscopy. Thus, our dataset allows us to perform precise computational
simulations to estimate fluid conductance based on structural arrangements of microvessels,
including deep cortical layers as well as subcortical areas, which are hard to access with

in vivo two-photon microscopy. Our high-resolution cerebrovascular maps combined with
vasoregulatory cell types can provide a detailed structural basis of signals for functional
neuroimaging modalities such as functional magnetic resonance imaging or newly emerging
functional ultrasound imaging (Brunner et al., 2020; Lecrux et al., 2019).

Our study also presents a brain-wide quantitative capillary pericyte map. Previous functional
studies identified that capillary pericytes actively regulate the diameter and permeability

of microvessels (Hartmann et al., 2021, 2022; Nikolakopoulou et al., 2019; Rungta et al.,
2018). Capillary dilation could have significant effects on blood flow to mediate functional
hyperemia (Pfeiffer et al., 2021; Schmid et al., 2017). Our results complement previous
mechanistic studies of a defined anatomical area by providing capillary pericyte population
density across the brain. We observed a strong positive relationship between capillary
pericyte and vascular density in the cortex, suggesting that pericyte coverage per microvessel
remains similar across different cortical areas in the normal adult mouse brain. We found
the highest pericyte coverage per vascular length in layer 5 across all cortices. Because large
pyramidal neurons in layer 5 act as main cortical output to the rest of the brain, the high
density of pericytes may confer extra control over blood flow in this energy-demanding layer
(Schmid et al., 2017). Our subcortical mapping results provide opportunities to investigate
pericyte arrangements in largely understudied brain regions. For instance, thalamic areas
have overall higher pericyte density compared with other areas (Figure S4). Interestingly,
thalamic pericytes have shown resistance to disrupted PDGFR signaling, whereas cortical
and striatal pericytes were more vulnerable (Nikolakopoulou et al., 2017). The combination
of high density and cellular resilience may confer extra protection to maintain vascular
integrity in the thalamus. Conversely, relatively low pericyte density in the hippocampal
areas and association cortices can make these areas more vulnerable to pathological
conditions (Montagne et al., 2015; Sengillo et al., 2013; Zhao et al., 2015).

Our nNOS results with added subtype specificity offer insights to understand nNOS

subtype coverage across the whole brain. In contrast to well-studied cortical nNOS

neurons, the functional and vasomotor characteristics of subcortical NNOS neurons is
largely unknown. Previous studies have suggested that nNOS signaling in the cerebellum
and the hypothalamus is linked to neurovascular coupling (Du et al., 2015; Yang et al.,
2003). Our comprehensive NNOS and nNOS subtype maps can guide future research to
determine which brain regions and nNOS subtypes need to be examined to establish a causal
relationship between nNOS neuronal types and local hemodynamic response.

Limitations of the study

Caveats of the current study include a lack of separate labeling for different vascular
compartments (e.g., arteries versus veins) to understand blood flow direction and relative
simple fluid conductance measurements without considering granule-like properties in red
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blood cells. Future studies using discrete vascular labeling and computational modeling
considering additional information (e.g., blood pressure and viscosity) can help to gain a
more complete understanding of brain blood perfusion and its change with additional risk
factors, such as stroke (Balogh and Bagchi, 2019; Blinder et al., 2010). Another limitation
of the current study is the lack of delineation for pericyte subtypes in vascular subregions
(Grant et al., 2019; Hill et al., 2015). Future studies with a combination of markers (e.g.,
CD13, smooth muscle actin) in the same brain will help to classify and quantify these cell
types in the precapillary arterioles, capillaries, and post-capillary venules in the whole brain.

Our quantitative information on cerebrovasculature and associated cell types establishes a
platform for future studies to gain a deeper understanding of how energy demand and supply
maintain balance in a normal brain from a cellular architectural perspective and how this
homeostatic mechanism changes under pathological conditions.

STARXMETHODS
RESOURCE AVAILABILITY

Lead contact—*Further information and requests for resources should be directed to and
will be fulfilled by the lead contact, Yongsoo Kim (yuk17@psu.edu).

Materials availability—This study did not generate new unique reagents.

Data and code availability—Deposited data and codes are listed in the Key resources
table. All dataset and codes can be used for non-profit research without any restriction. Any
additional information required to reanalyze the data reported in this paper is available from
the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animal experiments were approved by the Institutional Animal Care and Use Committee
at Penn State University and Cold Spring Harbor Laboratory. For all genotypes in this
study, both adult male and female mice were used, unless otherwise specified. Adult
2-month-old C57BL/6 mice were bred from C57BL/6 mice directly obtained from the
Jackson Laboratory and used for vascular tracing experiments with FITC filling (n = 4).
For pericyte specific experiments, male PDGFRB-Cre mice (Kind gift from the Volkhard
Lindner Lab) (Cuttler et al., 2011) were crossed with female Ail4 mice (Jax: Stock No:
007914) as previously described (Hartmann et al., 2015). These PDGFRB-Cre;Ail4 mice
exhibit PDGFRpB-driven tdTomato expression in two distinct vascular cell types, pericytes
and vascular smooth muscle cells (vSMCs). For isocortical cell types, vGlutl-Cre (Jax:
023527) and Gad2-Cre (Jax: 010802) mice were crossed with Ai75 reporter mice (Jax:
025106). NNOS-CreER mice were used to label nNOS neurons (Jax: Stock No: 014541)
(Taniguchi et al., 2011). After nNOS-CreER mice were crossed with Ail4 mice, the
nNOS-CreER;Ail14 offspring were administered with an intraperitoneal (i.p.) tamoxifen
(Sigma, cat.no. T5648-1G) injection (100mg/kg) at P16. Similarly, for NNOS-subtypes,
nNOS-CreER mice were initially crossed with Ai65 mice (Jax; Stock No: 021875), which
were further crossed with PV-flp (Jax Stock No: 022730), SST-flp (Jax Stock No: 028579),
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NPY-flp (Jax Stock No: 030211), or VIP-flp (Jax Stock No: 028578) mouse lines, to
generate triple transgenic mice which allowed for tdTomato fluorescent labeling of NNOS
expression within these interneuron populations. To allow for postnatal specific expression
of tdTomato in nNOS+ subtype populations, tamoxifen injections dosed at 75mg/kg were
given at P10, P12, and P14 timepoints. We used 10 animals for each PDGFRp;Ai14,
nNOS;Ai14, nNOS;VIP;Ai65, 9 animals for nNOS;NPY;Ai65 and nNOS;PV;Ai65, 8
animals for nNOS;SST;Ai65. For PV, SST, and VIP neurons, we re-registered previously
collected data on to the Allen CCF (Kim et al., 2017). For glutamatergic and gabaergic
neuronal populations, results were obtained from 7 animals (all males) for vGlut1;Ai75, and
9 animals (all males) for Gad2;Ai75. All animals were used once to generate data. We used
tail genomic DNA with PCR for genotyping. Brain samples were collected at 2 months old
age for all mouse lines.

METHOD DETAILS

Perfusion and tissue processing for STPT imaging—Animals were deeply
anesthetized with a ketamine-xylazine mixture (100 mg/kg ketamine, 10 mg/kg xylazine,
i.p. injection) for both regular perfusion and vascular labeling. Transcardiac perfusion with
a peristaltic pump (Ismatec, cat.no.: EW-78018-02) was used with 1x PBS followed by

4% paraformaldehyde at 0.3mLs/min, both injected through a small incision in the left
ventricle, in order to wash out blood and allow for tissue fixation, respectively. Brains
were dissected carefully in order to preserve all structures. For vessel labeling, transcardiac
perfusion with a peristaltic pump (Welch, Model 3100) was used with 1x PBS followed by
4% paraformaldehyde at 0.3 mL/min, in order to wash out blood and for tissue fixation,
respectively. To ensure that the large surface vessels would remain filled with the gel
perfusate, the body of the mouse was tilted by 30° before gel perfusion (with the head
tilted down), as previously described (Tsai et al., 2009). Following the fixative perfusion, the
mouse was perfused at 0.6 mL/min with 5 mL of a 0.1% (w/v) fluorescein isothiocyanate
(FITC) conjugated albumin (Sigma-Aldrich, cat.no.: A9771-1G) in a 2% (w/v) solution of
porcine skin gelatin (Sigma-Aldrich, cat.no: G1890-500G) in 1x PBS. Immediately after
perfusion, the heart, ascending and descending aorta as well as the superior vena cava,
were all clamped with a hemostat (while the butterfly needle was simultaneously removed
from the left ventricle). This served to prevent any pressure changes in or gel leakage

from the brain vasculature. Next, the entire mouse body was submerged in an ice bath to
rapidly solidify the gel in the vessels. Then, the head was fixed in 4% PFA for one week,
followed by careful dissection of the brain to avoid damage to pial vessels. After fixation
and dissection, the brain was placed in 0.05M PB until imaging. Any animals that had poor
perfusion and/or possible air bubbles interfering with the gel perfusion were excluded from
imaging and any further analysis.

Serial two photon tomography (STPT) imaging—Prior to imaging, the brain sample
was embedded in oxidized agarose and cross-linked in 0.05M sodium borohydrate at 4°C
for at least 2 days ahead of imaging (Kim et al., 2017; Newmaster et al., 2020). This
procedure allows for seamless cutting of 50um thick sections using a built-in vibratome,
while also preventing any tearing of the brain surface. The embedded brain sample was
then glued to the sample holder and fully submerged in 0.05M PB in an imaging chamber.
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For STPT imaging (TissueCyte 1000, TissueVision), we used 910nm excitation using a
femtosecond laser (Coherent Ultra 1) for all samples. Signals in the green and red spectrum
were simultaneously collected using a 560 hm dichroic mirror (Chroma). For pericyte and
neuronal subtypes, STPT imaging was conducted with 1 x 1 um (x,)) resolution in every 50
um (2), with the imaging plane set at 40um deep from the surface, as previously described
(Kim et al., 2017; Newmaster et al., 2020). For vascular imaging, optical imaging (5 pm z
step, 10 steps to cover 50um in 2) was added in the imaging, producing 1 x 1 x 5 um (x,,2)
resolution beginning at 20um deep from the surface. Due to length of imaging time required
for vascular imaging, each brain sample was imaged through multiple imaging runs to adjust
the imaging window size in order to reduce overall imaging time.

STPT image reconstruction—To measure and correct an optical aberration from the
objective lens (Figure S1), we imaged a 25 um EM-grid (SPI supplies, cat.no.: 2145C)

as a ground truth for spatial data (Han et al., 2018). We annotated all cross points of

the grid and computed the B-spline transformation profile from the grid image to the
orthogonal coordinate sets using ImageJ (Schneider et al., 2012). The pre-scripted program
then corrected every image tile by calling the ImageJ deformation function using that
profile. Afterwards, we used the entire set of imaged tiles (full mouse brain in this case)

to map out the tile-wise illumination profile. The images were grouped according to the
stage movement, which affects the photo-bleaching profile. The program avoids using pixels
that are considered empty background or dura artifacts using preset thresholds. Using those
averaged profile tiles, the program normalized all the tile images. Please note, this profile is
unique for each sample. Finally, the program picked 16 equal-spacing subsampled coronal
slices (out of the nearly 2,000) throughout the z stack and utilized ImageJ’s grid/collection
stitching plugin to computationally stitch those 16 slides. The program then automatically
performs z-stack alignment through combining the transformation profiles from center to
outer edge according to the calculated pairwise shifting distance to perform the z-stack
alignment. It used a tile-intensity weighted average to ensure the empty tiles did not
contribute to the final profile. This approach significantly reduced the computational time
and allowed parallelization with no communication overhead. After the aforementioned
alignment, the program finally stitched the image set together. If the sample was imaged
through multiple runs during imaging acquisition, the program also aligns and combines
each of these image sets into one cohesive image stack.

Vessel digitization, tracing, and visualization—We started with interpolating the
data into 1 x 1 x 1 um resolution with cubic interpolation then subtracted the signal

color channel (green) with the background color channel (red) to remove auto-fluorescent
backgrounds. Next we performed a voxel binarization. The voxel with at least one of the
following conditions passed as the foreground signal (vasculature), a. the voxel passed a
fixed threshold (6% that of the non-empty space average) or b. passed a threshold (2.4x
that of the non-empty space average) after subtracting a circular 35% local ranking filter.
The binarized image was then skeletonized using 26-neighbor rule (Kollmannsberger et al.,
2017). The code then reconnected lose ends that were within 10 um distance and removed
all the short stem/furs shorter than 50 um, starting with the short ones and iterated until no
more fur artifacts were found (Figure S1F). The threshold of 10 um was chosen based on
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the FITC vessel labeling quality and stitching quality. Most of faulty disconnection is less
than 5 um. The 50 um threshold was chosen based on the 1:10 aspect ratio for capillaries to
be consider too stubby to be true. By using the binary image and the skeleton (center-line),
the radius for each skeleton pixel can be measured. The code then grouped all the skeleton
pixels into segments with the branching nodes, and all the segments shorter than 2x radius
(or shorter than 10 pm) were further cleaned up with shortest graph path (Figure S1G). ROIs
with poorly connected (<250 pm/node) were excluded in further analysis as shown Figure
S1H. Many of brain stem regions do not pass this threshold due to imaging issues related to
high myelination. Finally, the code documented and traced all the segments and nodes with
their connectivity, length, averaged radius, and raw skeleton locations. The full pipeline here
is programed to be fully automatic and the code was fully vectorized and parallelized with
reasonable memory consumption per thread (~8GB).

For 3D voxel visual rendering, we used 20 x 20 x 20um?3 as the bin size for voxelization
with dataset registered onto the Allen CCF. then the data array was processed with gaussian
filter (o = 2) to achieve local averaging. The transparency was set linearly between 85% and
100% (100% is fully transparent) respected to upper and lower threshold of the colormap.
We used 3D rendering tool (Avizo, ThermoFisher) to illustrate the voxel data for the spatial
distribution of our 3-D measurements (e.g., volumetric length density).

Fluid conductance simulation—The goal of calculating and visualizing a flow tensor is
to illustrate how well fluid can flow through the local microvasculature of a given volume in
a given direction. Since the direction distribution of the microvasculature can be anisotropic,
the fluid flow can move with a direction that is different from the pressure gradient direction,
thus making the flow in a tensor form. Such a tensor can illustrate the local microvascular
performance and its directional characteristic.

The equation of flow tensor is given by:

baulll

-VP=0Q

or

kxx kyx kzx||P, x Ox
kxy kyy kzy||P,y|=|Qy
k.XZ kyz kZZ P,Z QZ

where kis the flow tensor, Pis the pressure, Qs the fluid flux, the subscript index

is the Cartesian coordinate direction, and the comma is partial differentiation. We chose

a size of 400 x 400 x 400 um as the local representative control volume. We then

probed the system with three V Pthat are the three unit-vectors in the Cartesian coordinate
system. The pressure boundary condition with gradient profile was applied on all size
surfaces of the cubical control volume, then the network flow profile was calculated by
solving the system of equations of the Hagen—Poiseuille equation (with the viscosity set
to unity for normalization) and conservation of flux. We chose the center cut plan to
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measure the directional flux and consequently, the flow conductance. To illustrate the
vascular directionality of the isocortex, we projected the tensor onto penetrating, anterior-
posterior, medial-lateral vectors according to their location within the isocortex using the
equation k,; = | k “npj | where subscript g/ indicates the direction of the projecting vessels.

To calculate overall fluid conductance in a given voxel (400 x 400 x 400 um?3), we
integrated flow tensor through numerical approximation of two thousand points distributed
by Fibonacci Sphere. The integrated results of voxels (20 um spacing) were used for Figure
3F and Video S5.

Deep learning neural network (DLNN) pericyte counting—We used a deep
learning neural network (DLNN) to detect and classify cells. Instead of using a fully
convoluted neural network like Unet, we chose to use per-cell multi-resolution-hybrid
ResNet classification with potential cell locations (He et al., 2016). This makes the Al
compute time significantly shorter. The potential cell locations were identified with local
maximum within a radius of r = 8 um. The image around the potential cell locations was
fed to the network with two different resolutions. One is 101 x 101 um (101 x 101 pixel)
and the other one is 501 x 501 um (201 x 201 pixel). The two-window system allows

the network to capture characteristics from two zoom scales simultaneously. In order to
use global maximum at the end of the network, we stacked an empty (value zero) image
onto the 3D direction of each image, which made them 101 x 101 x 2 and 201 x 201 x

2 pixels. We then assigned value 1 to the location of the potential cell, in this case, the
center. At the end of the two networks of those two images, the intermediate images were
flattened and concatenated into one. The classification was done with two bins, ‘pericytes’
and ‘everything else.” The detailed schematic describing the network is in Figure S3.

We deployed two human annotators with the same training to annotate the data, and only
used the mutually agreed data to train the Al to eliminate human error and bias. We used

a strict set of criteria to include only capillary pericytes. Cells were counted only when the
cell body was in the imaging plane and clear pericyte cell morphology could be detected.
Cells associated with larger vessels, often with vascular smooth muscle morphology, were
not counted to prevent the inclusion of erroneous cell types. We also excluded transitional
cell types often referred to as either ensheathing pericytes or precapillary arteriolar smooth
muscle cells, due to the controversy in the field as to whether this should be included as

a pericyte subtype and lack of additional markers to distinguish different pericyte subtypes
in our image dataset (Attwell et al., 2016; Hartmann et al., 2015). A total 12,000 potential
cell locations from multiple anatomical regions across 4 different brains were annotated
by both annotators. 90% of the data selected at random was used to train the Al and the
remaining 10% was used for validation. The 90% of the data taken for training was further
truncated down to 3,400 potential cell locations with half positive and half negative for
training. The positive cell selections in the raw data were around 19.6% (annotator #1) to
21.1% (annotator #2). The validation set was not truncated to represent actual performance.
The performance can be found in Table S3.

Deep learning neural network (DLNN) nNOS neuron counting—The morphology
and size of tdTomato positive cells in the granular layer of the cerebellum from nNOS-
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CreER; Ail4 mice differs significantly from other tdTomato positive nNOS neurons in other
brain regions. Thus, we developed new DLNN Al algorithms to consider not only cell
morphology but also the location of cells by putting additional zoomed-out, low-resolution
images of whole coronal sections. The network set-up is similar to the pericyte classification
with one more image containing the coronal section with the cell location. The inputs are
101 x 101 pm (101 x 101 pixel), 501 x 501 pm (201 x 201 pixel), and the full frame low
resolution 12 x 8 mm (201 x 201 pixels). Similar to the pericyte network, we made images
101 x 101 x 2, 202 x 202 x 2, and 202 x 202 x 2 pixels with the cell location marked as
value 1. At the end, those three sub-networks were flattened and concatenated into one. The
classification is done with three bins, NNOS neurons, cerebellar granular nNOS neurons, and
everything else. One human user created 10,000 annotations from 5 pan nNOS and 5 nNOS
subtype brains. 5,000 cells from 5 brains were initially used to train the Al. Another 5,000
cells from 5 new brains (one of each Cre mice, i.e. (NOS/nNOS-SST/nNOS-PV/nNOS-VIP/
nNOS-NPY) were used to evaluate the Al performance. The Al reached an F1 score = 0.96,
which is comparable to human performance. The details for the network are in Figure S3.
The performance can be found in Table S3.

Isocortical flatmap—We started with Allen CCF annotation images to solve the Laplace
equation by setting the surface of cortical layer 1 as potential ‘1,” the surface of layer 6b as
‘0,” and the surface of everything else as flux ‘0’ (Wang et al., 2020). We used the potential
map to find the gradient direction as the projecting direction. The projection was first traced
to the cortical surface and then flattened at the Anterior-Posterior (A-P) tangential plane,
which later preserved the A-P coordinate on the flat map. The flattened map has the y

axis mapped as the original A-P coordinate at the surface, and the x axis was adjusted to
represent the surface arc (azimuth) length to the reference X-zero. The reference X-zero was
defined on the cortical ridge in the dorsal direction (maximum Y point in 3D) with a straight
cut in the A-P direction. Finally, the projection profile was saved at two resolutions, 10 x

10 x 10 pm3 and 20 x 20 x 20 um3. We created a Matlab script that can map any signal
(previously registered to the Allen CCF) into a 3D projected isocortical flatmap.

Conversion of 2D based counting to 3D cell density—STPT imaging has very
accurate cutting and stage depth movement, which allows us to convert the 2D cell counting
to 3D cell density. We used previously calculated 3D conversion factors for cytoplasmic
(factor = 1.4) and nuclear signals (factor = 1.5) to generate density estimates of NNOS
neurons and other neuronal cell type datasets (Kim et al., 2017). To estimate the 3D
conversion factor for pericytes as we have done for Figure S1 from (Kim et al., 2017),

we imaged one PDGFRp-Cre;Ail4 mouse brain with 1 x 1 x 5 ym, as done with vascular
imaging (Figure 1B). Then, we cropped out 40 ROIs with 500 x 500 x 50 (x,y,z) um?3 in size
randomly from different areas including the cortex, hippocampus, midbrain, hypothalamus,
and cerebellum. We then manually counted pericytes in 2D (5™ z slice from the stack) and
3D (total 10 z slices from the stack). We counted total 840 cells from 2D counting and 1769
cells from 3D counting (3D/2D ratio = 2.13 + 0.28, mean + standard deviation), resulting in
3D conversion factor of 2.1, which was applied as a conversion factor to estimate pericyte
numbers in 3D.
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To estimate the anatomical volume from each sample, the Allen CCF was registered

to individual samples first using Elastix (Klein et al., 2010). Anatomical labels were
transformed based on the registration parameters and the number of voxels associated with
specific anatomical IDs were used to estimate the 3D volume of each anatomical area (Kim
etal., 2017).

In vivo two-photon recording and comparison with STPT vascular
measurement

Surgery: All surgeries were performed under isoflurane anesthesia (in oxygen, 5% for
induction and 1.5-2% for maintenance). A custom-machined titanium head bolt was
attached to the skull with cyanoacrylate glue (#32002, Vibra-tite). The head bolt was
positioned along the midline and just posterior to the lambda cranial suture. Two self-
tapping 3/32’” #000 screws (J.1. Morris) were implanted into the skull contralateral to

the measurement sites over the frontal lobe and parietal lobe. For measurements using two-
photon laser scanning microscopy (2PLSM), a polished and reinforced thin-skull (PORTS)
window was made covering the right somatosensory cortex as described previously (Drew et
al., 2010; Zhang et al., 2019). Following the surgery, mice were returned to their home cage
for recovery for at least one week, and then started habituation on experimental apparatus.
Habituation sessions were performed 2—4 times over the course of one week, with the
duration increasing from 5 min to 45 min.

Measurements using two-photon laser scanning microscopy (2PLSM): Mice were
briefly anesthetized with isoflurane (5% in oxygen) and retro-orbitally injected with 50

uL 5% (weight/volume in saline) fluorescein-conjugated dextran (70 kDa, Sigma-Aldrich,
cat.no.: 46945), and then fixed on a spherical treadmill. Imaging was done on a Sutter
Movable Objective Microscope with a 20x, 1.0 NA water dipping objective (Olympus,
XLUMPIanFLN). A MaiTai HP (Spectra-Physics, Santa Clara, CA) laser tuned to 800 nm
was used for fluorophore excitation. All imaging with the water-immersion lens was done
with room temperature distilled water between the PORTS window and the objective. All the
2PLSM measurements were started at least 20 min after isoflurane exposure to reduce the
disruption of physiological signals due to anesthetics. High-resolution image stacks of the
vasculature were collected across a 500 by 500 um field and up to a depth of 250 um from
the pial surface. All the images were acquired with increasing laser power up to 100 mW at
a depth of ~200 pm. Lateral sampling was 0.64 um per pixel and axial sampling was at 1 um
steps between frames. Shortly (within 20 min) after the imaging, the mouse was perfused
with FITC filling for STPT based ex vivo vasculature imaging.

In vivo and ex vivo comparison—In order to compare our measurements for vessel
radii in STPT imaging datasets to vessel parameters measured /n vivo, the same animals
that were used for 2PLSM (See In vivo two-photon recording and comparison with

STPT vascular measurement) underwent the FITC-fill perfusion and STPT imaging steps
described above. However, STPT imaging was only conducted on the cortical hemisphere
used for 2PLSM, with imaging spanning from prefrontal regions to visual cortex regions,
in order to appropriately capture the primary somatosensory cortex limb region. Following
stitching and tracing of the images, the raw imaging data was reconstructed in 3D in order
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to visualize the cortical surface. To find the 2PLSM imaging window, vessel landmarks used
for navigation purpose in 2PLSM were again used to identify the same landmark vessels

in the STPT imaging dataset (Figure S2). The region of interest was further confirmed by
anatomical landmarks (proximity to bregma, surface vessels, etc.) through overlay of STPT
and 2PLSM imaging window regions. Next, within a STPT imaging z stack, borders were
inserted using ImageJ software to further outline the /n vivo imaging window region in the
3D data. Then the /n vivo imaging z stack data were used to identify branch points along
the penetrating vessel tracked during 2PLSM. This provided identifiable characteristics to
further locate the same vessel in the STPT imaging dataset. Once the exact vessel was
identified in the STPT images, the precise 3D coordinates were tracked to accurately
obtain the radii measurements from the traced vessel data, see the Computational: Vessel
digitization/tracing section for details. In 2PLSM images, vessel diameter measurements
were manually taken with adjusted pixel/micron distances using the straightline function

in ImagelJ. These vessel diameter measurements accounted for the lumen of the vessel,

at half of the maximum fluorescence intensity profile and were adjusted for pixilation of
2PLSM data. These measurements have been further refined through VasoMetrics ImageJ
macro (McDowell et al., 2021). To identify the radii and diameter measurements from the
STPT imaging data, exact vessel coordinates were used to retrieve the associated vessel
radii measurements using custom MATLAB code. A minimum of 10 vessel diameter
measurements were taken per imaging window (each animal contained 2 imaging regions of
interest) per animal.

QUANTIFICATION AND STATISTICAL ANALYSIS

All statistical analysis, including multi-region of interest (ROI) correlation analysis, was
done in Matlab (Mathworks). We used an averaged value of the experimented animals
while treating each ROI as an individual data point to calculate the correlation coefficient ”
between vascular and cell density measurements. The p value was calculated based on the
null hypothesis that the two groups have no correlation; the values were adjusted with the
Bonferroni correction for multiple comparison correction.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

ACKNOWLEDGMENTS

We thank Drs. Nanyin Zhang, Anirban Paul, and Byungkook Lim for constructive discussions of the manuscript;
Dr. Volkhard Linder for kindly sharing PDGFRp-Cre transgenic mice; and Rebecca Betty for assistance with
editing the manuscript. We acknowledge use of computational resources of the High Performance Computing
cluster at Penn State College of Medicine. This work was supported by National Institutes of Health grants
RO1NS108407 and RFIMH12460501 (to Y.K.) and ROINS078168 and RO1INS101353 (to P.J.D.). The contents are
solely the responsibility of the authors and do not necessarily represent the views of the funding agency.

REFERENCES

Attwell D, Buchan AM, Charpak S, Lauritzen M, Macvicar BA, and Newman EA (2010). Glial
and neuronal control of brain blood flow. Nature 468, 232—243. 10.1038/nature09613. [PubMed:
21068832]

Cell Rep. Author manuscript; available in PMC 2022 July 10.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wu et al.

Page 20

Attwell D, Mishra A, Hall CN, O’Farrell FM, and Dalkara T (2016). What is a pericyte? J. Cereb.
Blood Flow Metabol 36, 451-455. 10.1177/0271678x15610340.

Ballinger EC, Ananth M, Talmage DA, and Role LW (2016). Basal forebrain cholinergic circuits and
signaling in cognition and cognitive decline. Neuron 91, 1199-1218. 10.1016/j.neuron.2016.09.006.
[PubMed: 27657448]

Balogh P, and Bagchi P (2019). Three-dimensional distribution of wall shear stress and its gradient
in red cell-resolved computational modeling of blood flow in in vivo-like microvascular networks.
Physiol. Rep 7, e14067. 10.14814/phy2.14067. [PubMed: 31062494]

Bennett HC, and Kim Y (2021). Pericytes across the lifetime in the central nervous system. Front. Cell
Neurosci 15, 627291. 10.3389/fncel.2021.627291. [PubMed: 33776651]

Blinder P, Shih AY, Rafie C, and Kleinfeld D (2010). Topological basis for the robust distribution
of blood to rodent neocortex. Proc. Natl. Acad. Sci. U S A 107, 12670-12675. 10.1073/
pnas.1007239107. [PubMed: 20616030]

Blinder P, Tsai PS, Kaufhold JP, Knutsen PM, Suhl H, and Kleinfeld D (2013). The cortical angiome:
an interconnected vascular network with noncolumnar patterns of blood flow. Nat. Neurosci 16,
889-897. 10.1038/nn.3426. [PubMed: 23749145]

Brunner C, Grillet M, Sans-Dublanc A, Farrow K, Lambert T, Macé E, Montaldo G, and Urban
A (2020). A platform for brain-wide volumetric functional ultrasound imaging and analysis of
circuit dynamics in awake mice. Neuron 108, 861-875.e7. 10.1016/j.neuron.2020.09.020. [PubMed:
33080230]

Buzsaki G, Kaila K, and Raichle M (2007). Inhibition and brain work. Neuron 56, 771-783. 10.1016/
j.neuron.2007.11.008. [PubMed: 18054855]

Cardin JA, Carlén M, Meletis K, Knoblich U, Zhang F, Deisseroth K, Tsai L-H, and Moore CI (2009).
Driving fast-spiking cells induces gamma rhythm and controls sensory responses. Nature 459,
663-667. 10.1038/nature08002. [PubMed: 19396156]

Cauli B, and Hamel E (2010). Revisiting the role of neurons in neurovascular coupling. Front.
Neuroenergetics 2, 9. 10.3389/fnene.2010.00009. [PubMed: 20616884]

Chachlaki K, Malone SA, Qualls-Creekmore E, Hrabovszky E, Miinzberg H, Giacobini P, Ango F,
and Prevot V (2017). Phenotyping of nNOS neurons in the postnatal and adult female mouse
hypothalamus. J. Comp. Neurol 525, 3189. 10.1002/cne.24298.

Chon U, Vanselow DJ, Cheng KC, and Kim Y (2019). Enhanced and unified anatomical labeling for
a common mouse brain atlas. Nat. Commun 10, 5067. 10.1038/s41467-019-13057-w. [PubMed:
31699990]

Cuttler AS, LeClair RJ, Stohn JP, Wang Q, Sorenson CM, Liaw L, and Lindner V (2011).
Characterization of Pdgfrb-Cre transgenic mice reveals reduction of ROSA26 reporter activity
in remodeling arteries. Genesis 49, 673-680. 10.1002/dvg.20769. [PubMed: 21557454]

Devonshire IM, Papadakis NG, Port M, Berwick J, Kennerley AJ, Mayhew JEW, and Overton PG
(2012). Neurovascular coupling is brain region-dependent. Neuroimage 59, 1997-2006. 10.1016/
j.neuroimage.2011.09.050. [PubMed: 21982928]

Douglas RJ, and Martin KAC (2004). Neuronal circuits of the neocortex. Annu. Rev. Neurosci 27,
419-451. 10.1146/annurev.neuro.27.070203.144152. [PubMed: 15217339]

Drew PJ, Mateo C, Turner KL, Yu X, and Kleinfeld D (2020). Ultra-slow oscillations in fMRI and
resting-state connectivity: neuronal and vascular contributions and technical confounds. Neuron
107, 782-804. 10.1016/j.neuron.2020.07.020. [PubMed: 32791040]

Drew PJ, Shih AY, Driscoll JD, Knutsen PM, Blinder P, Davalos D, Akassoglou K, Tsai PS, and
Kleinfeld D (2010). Chronic optical access through a polished and reinforced thinned skull. Nat.
Methods 7, 981-984. 10.1038/nmeth.1530. [PubMed: 20966916]

Du W, Stern JE, and Filosa JA (2015). Neuronal-derived nitric oxide and somatodendritically
released vasopressin regulate neurovascular coupling in the rat hypothalamic supraoptic nucleus. J.
Neurosci 35, 5330-5341. 10.1523/jneurosci.3674-14.2015. [PubMed: 25834057]

Echagarruga CT, Gheres KW, Norwood JN, and Drew PJ (2020). nNOS-expressing interneurons
control basal and behaviorally evoked arterial dilation in somatosensory cortex of mice. Elife 9,
€60533. 10.7554/elife.60533. [PubMed: 33016877]

Cell Rep. Author manuscript; available in PMC 2022 July 10.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wu et al.

Page 21

Foster NN, Barry J, Korobkova L, Garcia L, Gao L, Becerra M, Sherafat Y, Peng B, Li X, Choi J-H,
et al. (2021). The mouse cortico-basal ganglia—thalamic network. Nature 598, 188-194. 10.1038/
$41586-021-03993-3. [PubMed: 34616074]

Grant RI, Hartmann DA, Underly RG, Berthiaume A-A, Bhat NR, and Shih AY (2019). Organizational
hierarchy and structural diversity of microvascular pericytes in adult mouse cortex. J. Cereb. Blood
Flow Metabol 39, 411-425. 10.1177/0271678x17732229.

Hall CN, Klein-Flugge MC, Howarth C, and Attwell D (2012). Oxidative phosphorylation, not
glycolysis, powers presynaptic and postsynaptic mechanisms underlying brain information
processing. J. Neurosci 32, 8940-8951. 10.1523/jneurosci.0026-12.2012. [PubMed: 22745494]

Hall CN, Reynell C, Gesslein B, Hamilton NB, Mishra A, Sutherland BA, O’Farrell FM, Buchan AM,
Lauritzen M, and Attwell D (2014). Capillary pericytes regulate cerebral blood flow in health and
disease. Nature 508, 55-60. 10.1038/nature13165. [PubMed: 24670647]

Han Y, Kebschull JM, Campbell RAA, Cowan D, Imhof F, Zador AM, and Mrsic-Flogel TD (2018).
The logic of single-cell projections from visual cortex. Nature 556, 51-56. 10.1038/nature26159.
[PubMed: 29590093]

Harris JA, Mihalas S, Hirokawa KE, Whitesell JD, Choi H, Bernard A, Bohn P, Caldejon S, Casal L,
Cho A, et al. (2019). Hierarchical organization of cortical and thalamic connectivity. Nature 575,
195-202. 10.1038/s41586-019-1716-z. [PubMed: 31666704]

Harris JJ, Jolivet R, and Attwell D (2012). Synaptic energy use and supply. Neuron 75, 762-777.
10.1016/j.neuron.2012.08.019. [PubMed: 22958818]

Hartmann DA, Berthiaume A-A, Grant RI, Harrill SA, Koski T, Tieu T, McDowell KP, Faino AV,
Kelly AL, and Shih AY (2021). Brain capillary pericytes exert a substantial but slow influence on
blood flow. Nat. Neurosci 24, 633-645. 10.1038/s41593-020-00793-2. [PubMed: 33603231]

Hartmann DA, Coelho-Santos V, and Shih AY (2022). Pericyte control of blood flow across
microvascular zones in the central nervous system. Annu. Rev. Physiol 84, 331-354. 10.1146/
annurev-physiol-061121-040127. [PubMed: 34672718]

Hartmann DA, Underly RG, Grant RI, Watson AN, Lindner V, and Shih AY (2015). Pericyte structure
and distribution in the cerebral cortex revealed by high-resolution imaging of transgenic mice.
Neurophotonics 2, 041402. 10.1117/1.nph.2.4.041402. [PubMed: 26158016]

He K, Zhang X, Ren S, and Sun J (2016). Deep residual learning for image recognition. In 2016 IEEE
Conference on Computer Vision and Pattern Recognition (CVPR), pp. 770-778.

Herculano-Houzel S (2011). Scaling of brain metabolism with a fixed energy budget per neuron:
implications for neuronal activity, plasticity and evolution. PLoS One 6, e17514. 10.1371/
journal.pone.0017514. [PubMed: 21390261]

Hill RA, Tong L, Yuan P, Murikinati S, Gupta S, and Grutzendler J (2015). Regional blood flow in the
normal and ischemic brain is controlled by arteriolar smooth muscle cell contractility and not by
capillary pericytes. Neuron 87, 95-110. 10.1016/j.neuron.2015.06.001. [PubMed: 26119027]

Hintiryan H, Foster NN, Bowman I, Bay M, Song MY, Gou L, Yamashita S, Bienkowski MS, Zingg
B, Zhu M, et al. (2016). The mouse cortico-striatal projectome. Nat. Neurosci 19, 1100-1114.
10.1038/nn.4332. [PubMed: 27322419]

Howarth C, Gleeson P, and Attwell D (2012). Updated energy budgets for neural computation in the
neocortex and cerebellum. J. Cerebr. Blood Flow Metabol 32, 1222-1232. 10.1038/jcbfm.2012.35.

Hu H, and Jonas P (2014). A supercritical density of Na + channels ensures fast signaling
in GABAergic interneuron axons. Nat. Neurosci 17, 686—693. 10.1038/nn.3678. [PubMed:
24657965]

Hunnicutt BJ, Long BR, Kusefoglu D, Gertz KJ, Zhong H, and Mao T (2014). A comprehensive
thalamocortical projection map at the mesoscopic level. Nat. Neurosci 17, 1276-1285. 10.1038/
nn.3780. [PubMed: 25086607]

Huo B-X, Smith JB, and Drew PJ (2014). Neurovascular coupling and decoupling in the cortex during
voluntary locomotion. J. Neurosci 34, 10975-10981. 10.1523/jneurosci.1369-14.2014. [PubMed:
25122897]

Inan M, Zhao M, Manuszak M, Karakaya C, Rajadhyaksha AM, Pickel VM, Schwartz TH,

Goldstein PA, and Manfredi G (2016). Energy deficit in parvalbumin neurons leads to circuit

Cell Rep. Author manuscript; available in PMC 2022 July 10.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wu et al.

Page 22

dysfunction, impaired sensory gating and social disability. Neurobiol. Dis 93, 35-46. 10.1016/
j.nbd.2016.04.004. [PubMed: 27105708]

Ji X, Ferreira T, Friedman B, Liu R, Liechty H, Bas E, Chandrashekar J, and Kleinfeld D (2021). Brain
microvasculature has a common topology with local differences in geometry that match metabolic
load. Neuron 109, 1168-1187.e13. 10.1016/j.neuron.2021.02.006. [PubMed: 33657412]

Kann O (2016). The interneuron energy hypothesis: implications for brain disease. Neurobiol. Dis 90,
75-85. 10.1016/j.nbd.2015.08.005. [PubMed: 26284893]

Kaplan L, Chow BW, and Gu C (2020). Neuronal regulation of the blood-brain barrier and
neurovascular coupling. Nat. Rev. Neurosci 21, 416-432. 10.1038/s41583-020-0322-2. [PubMed:
32636528]

Kepecs A, and Fishell G (2014). Interneuron cell types are fit to function. Nature 505, 318-326.
10.1038/nature12983. [PubMed: 24429630]

Kim Y, Yang GR, Pradhan K, Venkataraju KU, Bota M, Garcia del Molino LC, Fitzgerald
G, Ram K, He M, Levine JM, et al. (2017). Brain-wide maps reveal stereotyped cell-type-
based cortical architecture and subcortical sexual dimorphism. Cell 171, 456-469.e22. 10.1016/
j.cell.2017.09.020. [PubMed: 28985566]

Kirst C, Skriabine S, Vieites-Prado A, Topilko T, Bertin P, Gerschenfeld G, Verny F, Topilko P,
Michalski N, Tessier-Lavigne M, and Renier N (2020). Mapping the fine-scale organization and
plasticity of the brain vasculature. Cell 180, 780-795.e25. 10.1016/j.cell.2020.01.028. [PubMed:
32059781]

Klein S, Staring M, Murphy K, Viergever MA, and Pluim JPW (2010). elastix: a toolbox for
intensity-based medical image registration. IEEE Trans. Med. Imag 29, 196-205. 10.1109/
tmi.2009.2035616.

Kollmannsberger P, Kerschnitzki M, Repp F, Wagermaier W, Weinkamer R, and Fratzl P (2017). The
small world of osteocytes: connectomics of the lacuno-canalicular network in bone. New J. Phys
19, 073019. 10.1088/1367-2630/aa764b.

Krawchuk MB, Ruff CF, Yang X, Ross SE, and Vazquez AL (2020). Optogenetic assessment of VIP,
PV, SOM and NOS inhibitory neuron activity and cerebral blood flow regulation in mouse somato-
sensory cortex. J. Cerebr. Blood Flow Metabol 40, 1427-1440. 10.1177/0271678x19870105.

Lecrux C, Bourourou M, and Hamel E (2019). How reliable is cerebral blood flow to map changes
in neuronal activity? Auton. Neurosci 217, 71-79. 10.1016/j.autneu.2019.01.005. [PubMed:
30744905]

Lecrux C, Toussay X, Kocharyan A, Fernandes P, Neupane S, Lévesque M, Plaisier F,

Shmuel A, Cauli B, and Hamel E (2011). Pyramidal neurons are “neurogenic hubs” in the
neurovascular coupling response to whisker stimulation. J. Neurosci 31, 9836-9847. 10.1523/
jneurosci.4943-10.2011. [PubMed: 21734275]

Lee L, Boorman L, Glendenning E, Christmas C, Sharp P, Redgrave P, Shabir O, Bracci E, Berwick J,
and Howarth C (2020). Key aspects of neurovascular control mediated by specific populations of
inhibitory cortical interneurons. Cereb. Cortex 30, 2452-2464. 10.1093/cercor/bhz251. [PubMed:
31746324]

McDowell KP, Berthiaume A-A, Tieu T, Hartmann DA, and Shih AY (2021). VasoMetrics: unbiased
spatiotemporal analysis of microvascular diameter in multi-photon imaging applications. Quant.
Imaging Med. Surg 11, 969-982. 10.21037/qims-20-920. [PubMed: 33654670]

Montagne A, Barnes SR, Sweeney MD, Halliday MR, Sagare AP, Zhao Z, Toga AW, Jacobs RE, Liu
CY, Amezcua L, et al. (2015). Blood-brain barrier breakdown in the aging human hippocampus.
Neuron 85, 296-302. 10.1016/j.neuron.2014.12.032. [PubMed: 25611508]

Nelson AR, Sagare MA, Wang Y, Kisler K, Zhao Z, and Zlokovic BV (2020). Channelrhodopsin
excitation contracts brain pericytes and reduces blood flow in the aging mouse brain in vivo. Front.
Aging Neurosci 12, 108. 10.3389/fnagi.2020.00108. [PubMed: 32410982]

Newmaster KT, Nolan ZT, Chon U, Vanselow DJ, Weit AR, Tabbaa M, Hidema S, Nishimori K,
Hammock EAD, and Kim Y (2020). Quantitative cellular-resolution map of the oxytocin receptor
in postnatally developing mouse brains. Nat. Commun 11, 1885. 10.1038/s41467-020-15659-1.
[PubMed: 32313029]

Cell Rep. Author manuscript; available in PMC 2022 July 10.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wu et al.

Page 23

Nikolakopoulou AM, Montagne A, Kisler K, Dai Z, Wang Y, Huuskonen MT, Sagare AP, Lazic D,
Sweeney MD, Kong P, et al. (2019). Pericyte loss leads to circulatory failure and pleiotrophin
depletion causing neuron loss. Nat. Neurosci 22, 1089-1098. 10.1038/s41593-019-0434-z.
[PubMed: 31235908]

Nikolakopoulou AM, Zhao Z, Montagne A, and Zlokovic BV (2017). Regional early and
progressive loss of brain pericytes but not vascular smooth muscle cells in adult mice with
disrupted platelet-derived growth factor receptor-g signaling. PLoS One 12, e0176225. 10.1371/
journal.pone.0176225. [PubMed: 28441414]

Ouellette J, Toussay X, Comin CH, Costa L.d.F., Ho M, Lacalle-Aurioles M, Freitas-Andrade M,
Liu QY, Leclerc S, Pan Y, et al. (2020). Vascular contributions to 16p11.2 deletion autism
syndrome modeled in mice. Nat. Neurosci 23, 1090-1101. 10.1038/s41593-020-0663-1. [PubMed:
32661394]

Pfeiffer T, Li Y, and Attwell D (2021). Diverse mechanisms regulating brain energy supply at
the capillary level. Curr. Opin. Neurobiol 69, 41-50. 10.1016/j.conb.2020.12.010. [PubMed:
33485189]

Rungta RL, Chaigneau E, Osmanski B-F, and Charpak S (2018). Vascular compartmentalization
of functional hyperemia from the synapse to the pia. Neuron 99, 362-375.e4. 10.1016/
j.neuron.2018.06.012. [PubMed: 29937277]

Schaeffer S, and ladecola C (2021). Revisiting the neurovascular unit. Nat. Neurosci 24, 1198-1209.
10.1038/s41593-021-00904-7. [PubMed: 34354283]

Schmid F, Tsai PS, Kleinfeld D, Jenny P, and Weber B (2017). Depth-dependent flow and pressure
characteristics in cortical microvascular networks. PLoS Comput. Biol 13, €1005392. 10.1371/
journal.pcbi.1005392. [PubMed: 28196095]

Schneider CA, Rashand WS, and Eliceiri KW (2012). NIH Image to ImageJ: 25 years of image
analysis. Nat. Methods 9, 671-675. 10.1038/nmeth.2089. [PubMed: 22930834]

Sengillo JD, Winkler EA, Walker CT, Sullivan JS, Johnson M, and Zlokovic BV (2013). Deficiency
in mural vascular cells coincides with blood—brain barrier disruption in alzheimer’s disease. Brain
Pathol. 23, 303-310. 10.1111/bpa.12004. [PubMed: 23126372]

Shih Y-YI, Chen C-CV, Shyu B-C, Lin Z-J, Chiang Y-C, Jaw F-S, Chen Y-Y, and Chang C
(2009).A new scenario for negative functional magnetic resonance imaging signals: endogenous
neurotransmission. J. Neurosci 29, 3036-3044. 10.1523/jneurosci.3447-08.2009. [PubMed:
19279240]

Sohal VS, Zhang F, Yizhar O, and Deisseroth K (2009). Parvalbumin neurons and gamma rhythms
enhance cortical circuit performance. Nature 459, 698-702. 10.1038/nature07991. [PubMed:
19396159]

Sweeney MD, Ayyadurai S, and Zlokovic BV (2016). Pericytes of the neurovascular unit: key
functions and signaling pathways. Nat. Neurosci 19, 771-783. 10.1038/nn.4288. [PubMed:
27227366]

Sweeney MD, Kisler K, Montagne A, Toga AW, and Zlokovic BV (2018). The role of
brain vasculature in neurodegenerative disorders. Nat. Neurosci 21, 1318-1331. 10.1038/
$41593-018-0234-x. [PubMed: 30250261]

Takada N, Pi HJ, Sousa VH, Waters J, Fishell G, Kepecs A, and Osten P (2014). A developmental
cell-type switch in cortical interneurons leads to a selective defect in cortical oscillations. Nat.
Commun 5, 5333. 10.1038/ncomms6333. [PubMed: 25354876]

Taniguchi H, He M, Wu P, Kim S, Paik R, Sugino K, Kvitsiani D, Fu'Y, Lu J, Lin 'Y, etal. (2011). A
resource of Cre driver lines for genetic targeting of GABAergic neurons in cerebral cortex. Neuron
72, 1091. 10.1016/j.neuron.2011.12.010.

Tasic B, Yao Z, Graybuck LT, Smith KA, Nguyen TN, Bertagnolli D, Goldy J, Garren E, Economo
MN, Viswanathan S, et al. (2018). Shared and distinct transcriptomic cell types across neocortical
areas. Nature 563, 72-78. 10.1038/s41586-018-0654-5. [PubMed: 30382198]

Todorov MI, Paetzold JC, Schoppe O, Tetteh G, Shit S, Efremov V, Todorov-Volgyi K, Diiring M,
Dichgans M, Piraud M, et al. (2020). Machine learning analysis of whole mouse brain vasculature.
Nat. Methods 17, 442-449. 10.1038/s41592-020-0792-1. [PubMed: 32161395]

Cell Rep. Author manuscript; available in PMC 2022 July 10.



1duosnue Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wu et al.

Page 24

Tsai PS, Kaufhold JP, Blinder P, Friedman B, Drew PJ, Karten HJ, Lyden PD, and Kleinfeld
D (2009). Correlations of neuronal and microvascular densities in murine cortex revealed by
direct counting and colocalization of nuclei and vessels. J. Neurosci 29, 14553-14570. 10.1523/
jneurosci.3287-09.2009. [PubMed: 19923289]

Vergara RC, Jaramillo-Riveri S, Luarte A, Moénne-Loccoz C, Fuentes R, Couve A, and Maldonado
PE (2019). The energy homeostasis principle: neuronal energy regulation drives local network
dynamics generating behavior. Front. Comput. Neurosci 13, 49. 10.3389/fncom.2019.00049.
[PubMed: 31396067]

Wang Q, Ding S-L, Li Y, Royall J, Feng D, Lesnar P, Graddis N, Naeemi M, Facer B, Ho A, et al.
(2020). The allen mouse brain common coordinate Framework: a 3D reference atlas. Cell 181,
936-953.620. 10.1016/j.cell.2020.04.007. [PubMed: 32386544]

Yang G, Zhang Y, Ross ME, and ladecola C (2003). Attenuation of activity-induced increases in
cerebellar blood flow in mice lacking neuronal nitric oxide synthase. Am. J. Physiol. Heart Circ.
Physiol 285, H298-H304. 10.1152/ajpheart.00043.2003. [PubMed: 12623792]

Zhang Q, Roche M, Gheres KW, Chaigneau E, Kedarasetti RT, Haselden WD, Charpak S, and Drew
PJ (2019). Cerebral oxygenation during locomotion is modulated by respiration. Nat. Commun 10,
5515. 10.1038/s41467-019-13523-5. [PubMed: 31797933]

Zhao Z, Nelson AR, Betsholtz C, and Zlokovic BV (2015). Establishment and dysfunction of the
blood-brain barrier. Cell 163, 1064-1078. 10.1016/j.cell.2015.10.067. [PubMed: 26590417]

Zingg B, Hintiryan H, Gou L, Song MY, Bay M, Bienkowski MS, Foster NN, Yamashita S, Bowman I,
Toga AW, and Dong HW (2014). Neural networks of the mouse neocortex. Cell 156, 1096-1111.
10.1016/j.cell.2014.02.023. [PubMed: 24581503]

Cell Rep. Author manuscript; available in PMC 2022 July 10.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Wu et al.

Page 25

Highlights

Resource to examine cerebrovasculature, pericytes, and related neuronal
subtypes

Dense cerebrovasculature network in motor sensory circuits

Cortical vasculature significantly correlated with parvalbumin and nNOS
neurons

Neurovascular architecture to meet regionally distinct brain energy regulation
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Figure 1. High-resolution 3D mapping of the cerebrovasculature, pericytes, and neuronal cell

types
(A) Fluorescent dye (FITC)-conjugated albumin gel perfusing the mouse brain through the

heart to label cerebrovasculature.

(B) Combination of physical and optical sectioning to achieve lossless imaging of a sample.
(C and D) Stitching with optical aberration and tile line correction (D) from uncorrected
images (C).

(E-G) Example outputs from each stage of the analysis pipeline. Top row: 100-um-thick 3D
volume from the white boxed areas from the center row. Center row: an example coronal
section. Bottom row: whole-brain results.

(E) The raw image volume of FITC-labeled vasculature.

(F) The binarized vasculature.

(G) The traced vasculature. Large (radius > 5 um) and small vessels are colored red and
green, respectively. The bottom image shows the vasculature density.

(H-J) The averaged vasculature length density (H), branching density (1), and radii (J) from
four C57bl/6 mouse brains.
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(K and L). The correlation between vessel density and branching density (K) and the
correlation between vessel density and the averaged radius (L). The size of each ROl is
displayed according to the relative volume of the area. See Table S1 for abbreviations.
(M-0). Pericyte density mapping. Shown is an example of tdTomato labeling from
PDGFRp-Cre; Ail4 mice (M), a pericyte detection algorithm (red stars, N), and brain-wide
pericyte density (n = 10 brains) (O).

(P-R) Pan nNOS neuronal mapping using nNOS-CreER; Ail4 mice (n = 10 brains). Shown
is artificial intelligence (Al)-based detection of nNOS cells with two distinct shapes (green
and red crosses) in the cerebellum (P, from the white box in Q) and brain-wide nNOS
density (R).
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Figure 2. Heterogeneous vascular arrangements in the isocortex
(A-C) Creating an isocortical flatmap.

(A) Anatomical border lines of the Allen CCF.

(B) Gradient vectors from solving the Laplace equation by setting cortical layer 1 and layer
6 as endpoints.

(C) The flattened projected profile.

(D) The cortical flatmap with Allen CCF border lines. y axis: bregma anterior-posterior (AP)
coordinates; x axis, azimuth coordinate representing the physical distance by tracing the
cortical surface on the coronal cut.

(E) The averaged vasculature length and branching density as well as vessel radius plotted
onto the cortical flatmap. Note the high density of vasculature in the SS (gray arrowhead),
auditory (white arrowhead), and retrosplenial (black arrowhead) cortices; there is a low
density in the lateral association cortex (white arrow).

(F) Examples of cortical areas with different vasculature structures. Large (radius > 5 um)
and small vessels are colored red and green, respectively.
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(G) Correlation between average vessel density and branching density (top) or average
radius (bottom) in the isocortex. See Table S1 for abbreviations.

(H) Cortical layer-specific max projection of vasculature length density.

(1) Large surface vessels from the left (green) and right (red) hemisphere from two different
animals.

(J) Large surface vessels from 4 different brains with different colors (red, green, blue, and
cyan) in each hemisphere.

(K) Large surface and P vessels (8 hemispheres from 4 animals) in a cortical layer-specific
flatmap based on their radius.
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Figure 3. Anisotropy of the cerebral microvascular network and its fluid conductance
(A) Flow chart of the fluid conductance simulation. From left to right: original traced data

(red for large vessels with radius >5 um and green for small vessels), applying a pressure
profile on the surface of the control volume with a gradient profile and solving the coincide
flux equation set for the flow tensor, the annotation rule of the flow tensor, and the sampling
dots of the numerical spherical integration. |, perfusing length; 2, pressure; @, fluid flux; R,
resistance; 4, viscosity; k; fluid conductance; A, changing of the quantity; -, dot product; V,
gradient; ¢£#s, spherical integral; S, spherical surface; /7, normal direction; bold font, vector;
double top bar, tensor.

(B) Examples illustrating how the structure of the vasculature network affects the flow
tensor.

(C-E) Microvessel anisotropy measurement in the isocortex.

(C) Microvessel directionality in cortical layers. Only the dominant direction is displayed for
simplicity. Microvessels are colored based on their orientation: magenta for penetrating (P),
cyan for anterior-posterior (AP), and yellow for medial-lateral (ML). Shown are examples
from the secondary motor cortex (MOs; D) and primary SS barrel field (SSp-bfd; E)
cortices. Left: coronal view. Right: sagittal view. The color of individual vessels in the top
panel (full-resolution images of the yellow boxed areas in the bottom left panel) represents
three directions as in (C). White lines in the top panel denote anatomical annotations from
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the bottom right. Note the differences in dominant vessel directions based on brain regions
and cortical layers.

(F) Fluid conductance results in the cortical flatmap.

(G and H) Relationship between fluid conductance and vessel length density (G) or average
radius (H). See Table S7 for full data and abbreviations.
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Figure 4. Cortical pericyte and nNOS neuron densities display opposite correlation with vascular
density

(A) Example images of areas showing variability in pericyte density from PDGFRp-Cre;
Ail4 mice with the pericyte detection algorithm (red stars).

(B) Cortical flatmap of averaged pericyte density across the isocortex in comparison with the
vessel length density.

(C) Scatterplot demonstrating significantly positive correlation between pericyte density and
vascular length density in isocortical regions (R = 0.859, p = 1.86 x 10712). See Table S4 for
abbreviations.

(D) Layer-specific pericyte distribution.

(E) Relative pericyte (green) and vessel (red) density (normalized against maximum value
within the area) in cortical regions without (left) or with layer 4 (right).

(F and G). Averaged density of pan nNOS neurons (F) or nNOS subtypes (G) on the cortical
flatmap. Note the higher nNOS density in the medial prefrontal and lateral association areas.
(H) Representative STPT images of nNOS cell types from the primary SS cortex and the
agranular insular cortex.

(1) Scatterplot showing significant negative correlation between total NNOS density and
vessel length density in the isocortex (R = —0.806, p = 6.9 x 107/).
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(J) Correlation matrix between nNOS cell types and vascular/pericyte measurements. *p <
0.05, **p < 0.005 after Bonferroni correction. (—) denotes negative correlation.
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Figure 5. Cortical PV* and vGlut1™ neurons positively correlated with vasculature density
(A) Cortical flatmap showing density distributions of neuronal subtypes as well as vessel

length and pericyte densities.

(B) Examples of neuronal cell types and the vasculature and its tracing result (large vessels,
red; microvasculature, green) from the densely vascularized primary SS and sparsely
vascularized infralimbic cortices.

(C) Correlation between vascular density and neuronal subtypes. Note the very strong
positive correlation with PV density (R = 0.968, p = 8.5 x 10722) and positive correlation
with vGlutl excitatory neuronal density (R = 0.552, p = 5.9 x 1073).

(D) Correlation matrix between neuronal subtypes, vessel length density, and pericyte
density. *p < 0.05, **p < 0.005 after Bonferroni correction.

(E) Cortical organization of the vascular/pericyte network and neuronal cell types. Primary
motor sensory cortices are characterized by relatively high density of vessels, pericytes, PV
interneurons, and vGlutl excitatory neurons and low density of nNOS neurons. In contrast,
association cortices show the opposite pattern.
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Figure 6. High density of vascular/pericyte network in the motor sensory thalamo-cortico-
striatal pathway

(A) Heatmap of vascular (top) and pericyte (bottom) densities in the thalamus (left

side), with examples from the nucleus of reuniens (RE; low densities) and the ventral
posteromedial thalamus (VPM; high densities) (right).

(B) Density scatterplot of pericytes and vessel length densities. Colors of thalamic areas are
assigned based on anatomical connectivity with specific cortical groups.

(C) Heatmap of vascular (top) and pericyte (bottom) densities in the striatum (left), with
examples from the intermediate CP ventral medial (CPi.vm; low densities) and intermediate
CP ventral lateral (CPi.vl; high densities) (right).

(D) Density scatterplot of pericytes and vessel length densities. The colors of striatal areas
are the same as in (B).

(E) Heatmap of vascular and pericyte densities normalized within anatomical areas. The
colors of boxes represent cortical groups and their connected thalamocortical areas. Note
that the motor sensory areas contain higher densities compared with association areas.

See Table S9 for abbreviations.
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Figure 7. Brain-wide density map of nNOS neurons and their subtypes
(A) Heatmaps demonstrating the distribution of total nNOS and nNOS subtype populations.

See also Video S3 and Table S5.

(B) Representative raw images of NNOS, nNOS/NPY, nNOS/SST, nNOS/PV, and
nNOS/VIP neurons in the olfactory bulb, hippocampus, medial amygdala (MEA),
dorsomedial hypothalamus (DMH), and cerebellum. Reference atlas images included in
nNOS/VIP images show the area displayed for each region of interest. MOB, main olfactory
bulb; CA1, Ammon’s horn; DG, dentate gyrus; opt, optic tract; fx, fornix; gr, granular; mo,
molecular.

(C). nNOS density by brain region for the total NNOS neurons and their subtypes. The size
of a circle corresponds to density, as shown in the key at the bottom.

See Table S5 for full names of abbreviations.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, peptides, and recombinant proteins

Tamoxifen Sigma-Aldrich T5648-1G; CAS: 10540-29-1

Fluorescein isothiocyanate (FITC) conjugated Sigma-Aldrich A9771-1G; MDL: MFCD00282182

albumin

Porcine skin gelatin Sigma-Aldrich (G1890-500G; CAS: 9000-70-8

Deposited data

STPT full resolution images for cerebrovasculature This paper https://download.brainimagelibrary.org/82/0a/

and related cell types 820aec4a2b25h348/

Web visualization of STPT images This paper https://kimlab.io/brain-map/nvu/

Simulation-ready dataset for cerebrovascular tracing This paper Mendeley Data: https://doi.org/10.17632/mjtyry6v85.1
Cell counting data registered onto a standard This paper Mendeley Data: https://doi.org/10.17632/stxvn5sv44.1

reference atlas

Experimental models: Organisms/strains

C57bl/6J mice

PDGFR@-Cre mice

Ai14 (B6.Cg- GH(ROSA) 26S0rm14(CAG-tdTomato)hze|3)
vGlut1-Cre (B6;129S-S/c1 7a7tm1-1(cre)Hze) 3)
Gad2-Cre (Gad2m2(cre)Zjhyy)

Ai75 (B6.Cg-GI(ROSA)
26Sortm 75.1(CAG-tdTomato *)Hze/ J)

NNOS-CreER (B6;129S- Nos1imL-1(ere/ERT2)Zjf3)

Ai65 (B6;129S-G{(ROSA)
26S0rtm65.1 (CAG-[dTamato)Hzel J)

PV-Flp (B6.Cg-Pvalbm*1(fipojHzey)
SST-Flp (Sstm3-1(ripo)2iryg)
NPY-Flp (B6.Cg-Njpy/™-L(flpo)ze[3)
VIP-Flp (Viptm21(fipo)Zjty )

Jackson Laboratory
\olkhard Lindner Lab
Jackson Laboratory
Jackson Laboratory
Jackson Laboratory

Jackson Laboratory

Jackson Laboratory

Jackson Laboratory

Jackson Laboratory
Jackson Laboratory
Jackson Laboratory

Jackson Laboratory

Strain #: 000664;RRID:IMSR_JAX:000664

N/A

Strain #: 007914; RRID:IMSR_JAX:007914
Strain #: 023527; RRID:IMSR_JAX:023527
Strain #: 010802; RRID:IMSR_JAX:010802
Strain #: 025106; RRID:IMSR_JAX: 025106

Strain #: 014541; RRID:IMSR_JAX:014541
Strain #: 021875; RRID:IMSR_JAX:021875

Strain #: 022730; RRID:IMSR_JAX:022730
Strain #: 028579; RRID:IMSR_JAX:028579
Strain #: 030211; RRID:IMSR_JAX: 030211
Strain #: 028578; RRID:IMSR_JAX: 028578

Software and algorithms

ImageJ
VasoMetrics ImageJ macro
Elastix

MatLab

Vascular tracing algorithm based on STPT imaging
Cortical Flatmap

Machine learning based cell counting algorithm
STPT imaging reconstruction algorithm

Fluid conductance simulation algorithm

Schneider et al. (2012)
McDowell et al. (2021)
Klein et al. (2010)
Mathworks

This paper
This paper
This paper
This paper
This paper

https://imagej.nih.gov/ij/; RRID:SCR_003070
https://pubmed.nchi.nIm.nih.gov/33654670/
https://elastix.lumc.nl/; RRID:SCR_009619

https://www.mathworks.com/products/matlab.html;
RRID:SCR_001622

ZenodoData: https://doi.org/10.5281/zenodo.6517732
ZenodoData: https://doi.org/10.5281/zenodo.6517175
ZenodoData: https://doi.org/10.5281/zenodo.6517759
ZenodoData: https://doi.org/10.5281/zenodo.6517742
ZenodoData: https://doi.org/10.5281/zenodo.6517724
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