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Understanding amazingly complex brain functions and patHogies requires a complete
cerebral vascular atlas in stereotaxic coordinates. Makga precise atlas for cerebral
arteries and veins has been a century-old objective in neusgience and neuropathology.
Using micro-optical sectioning tomography (MOST) with a naied Nissl staining

method, we acquired ve mouse brain data sets containing amries, veins, and
microvessels. Based on the brain-wide vascular spatial afictures and brain regions
indicated by cytoarchitecture in one and the same mouse brai, we reconstructed and

annotated the vascular system atlas of both arteries and vies$ of the whole mouse brain
for the rsttime. The distributing patterns of the vasculasystem within the brain regions
were acquired and our results show that the patterns of indidual vessels are different
from each other. Reconstruction and statistical analysis fothe microvascular network,

including derivation of quantitative vascular densitiesindicate signi cant differences

mainly in vessels with diameters less than 8m and large than 20mm across different

brain regions. Our precise cerebral vascular atlas provigean important resource and

approach for quantitative studies of brain functions and dieases.

Keywords: whole mouse brain, three-dimensional reconstruct ion,
patterns, microvessels, quantitative calculation

ne vascular atlas, vascular distributing

INTRODUCTION

The mammalian brain is the organ that consumes the most enefbgg oxygen and nutrients
used to maintain the normal function of the neurons and glialls in brain tissues are supplied
continuously by the bloodstreane(decola, 2004; Attwell et al., 2010; Hirsch et al., 208 Ze and
complete vascular system of arteries, veins and capillaroesdas the structural basis for ensuring
the supply from the bloodstrean¥(okovic, 2005; Meyer et al., 2008; Hirsch et al., 2012; Zhang
etal., 201 Alterations of the vascular structure can be found in brpathologies, such as stroke,
Alzheimer's, and tumors\(eyer et al., 2008; Blinder et al., 2010; Hirsch et al., 20&z0al., 201R
The arteries transport the blood to the di erent brain regiowile veins collect the blood. Both
the arteries and veins are very important to the brain as thesequences of occlusion of arteries
and veins are well knownSgkhar et al., 2002; Blinder et al., 20Iherefore, the structures of
the arterial and venous vascular system, the distributirttepas of the vascular system within the
brain tissues and the detailed information of microvess$etsn a basis for understanding brain
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function and pathology Kirsch et al., 2012 However, our precise vascular system of both arteries and veins, folldwed
knowledge of the cerebral vascular system remains rembrkala quantitative study of the distributing patterns betweereteal
incomplete, especially in veins. vessels and brain regions in the whole brain, using the data wi
Recently, great progress has been made in many techniquesxel size of 5 5 5nmm3. And we quantitatively counted the
used to image whole brain vascular structures. For examplbranch numbers of all the arteries and veins. Subsequendy,
mCT combined with vascular castingi¢inzer et al., 2006, 20))8 analyzed the microvessels in the primary somatosensory gortex
MOST (Li et al., 201pusing Indian-Ink perfusion Xue et al., barrel eld (S1BF), superior colliculus (SC), hippocampus (HIP),
2019 and Nissl staining \(Vu et al., 2014, 2016; Yuan et al.,thalamus (TH), and hypothalamus (HY), using the data with
2019, KESM combined with Indian-Ink perfusionMayerich  voxel size of 0.35 0.35 1mm?3. And we obtained quantitative
et al., 2011; Ryang et al., 2011; Pesavento et al.),2&id results for the fractional vascular volume (Fv) and normedi
Nissl staining layerich D. et al., 2008; Mayerich D.M. et al.,vascular length (NI).
2009, serial two-photon tomography (STP) combined with
uorescence labelingAmato et al., 201} can be used to acquire
high-resolution mouse cerebral vascular datasets in largas. MATERIALS AND METHODS
The vascular casting and Indian-Ink perfusion method Ca”SampIe Preparation

produce high quality and resolution vascular images, thoughthe image datasets in this study were obtained from ve 8kwee
the cytoarchitecture is not included in the reported and pabli old, male C57BL/6 mice with Niss! stainingV( et al., 201)i
data. Some fantastic reconstructed and statistical resilthe First, the mice were anesthetized using a 1% solution of sodiu
vessels have been acquired in the cerebral corfexi (et al.,  pentobarbital (90 mg/kg) and perfused intracardially withI\D
2009; Blmder_ et al., 2013; Uludag and Blinder, JCdnd some phosphate-bu ered saline (PBS) and 4% paraformaldehyde at a
useful analysis methods and parameters were propoSedsOt pressure of 38 mmHg. After perfusion, the brains were removed
et al., 2006; Tsai et al., 2009; Lorthois et al.,, 2014; Wu. €t §om the skull and post- xed. Subsequently, the brains were
2019. However, there have been no reports of the ne vasculafashed with PBS and stained with thionine solution. Then
system of both the arteries and veins in one and the same MOUgEgraded series of ethanol and acetone solutions were used
brain. Studies of the cerebral vascular system have maialised o gehydrate the brains. Finally, the brains were immersed
on the arteries porr et al., 2007; Scremin, 201and studies iy 5 graded series of Spurr resin solutions. The total sample
of veins remain very scarce and have been limited to the levgleparation time was nearly 25 days. Detailed information abou
of the primary veins in t'he pial surface _and |ns_|de the bra'”sample preparation can be found in our previous work(et al.,
(Dorr et al., 2007; Scremin, 2017 he precise relation between 5014 Al the animal experiments were performed according
blood vessels and brain regions, re ecting the physiologgt any, the procedures approved by the Institutional Animal Ethics

pathology of brain function directly and accurately, has &ned  committee of Huazhong University of Science and Technology.
largely unknown. Thus, a comprehensive, systematic study of

the distributing patterns of each artery and vein within brai Imaging

regions in the same mouse brain is needed. In previous studi . . . .
brain regions were only considered to orientate the vesaeals eI\F/IhOeS'I? rr(:_ti)estdztlnl \;ngyl)ev?/ﬁ:(l:r;] ngfg'rrpnirés s;lr\:weurl(:arllr:ci?seotlhi\thh

provided incomplete location information between vesseld an - ! k . . .
sectioning and imaging while simultaneously recording the

brain regions Ecremin, 1995, 2012; Dorr et al., 2D(Functional . . o :
. ) I image coordinates for automatic aligning of the images. The
interaction between the cerebral vessels and brain tisstess . o -

high-resolution images had a voxel size of 0.39.35 1mm

in the microvessels, where the neurovascular unit is geeéra and were all saved at a depth of 8 bits. For each specimen
(Zhang et al., 209)2But the statistical results for microvessels in~ . ; . P | pecimen,
uninterrupted imaging was performed for 7 days, and the size

3D have mainly been acquired in cortical areas4(| et al., 2009; . .
Blinder et al., 2013: Wu et al., 2014, 2D46d there is no detailed ©f e uncompressed image dataset exceeded 2.4 terabytes wit
more than 11,000 coronal sections.

information of 3D microvessels across di erent brain regson
Acquiring the ne and complete vascular system of arteriems, . .
microvessels, and the distributing patterns between theulas Image Preprocessing and Spa“al
system and brain regions in the whole mouse brain, remains @rientation Correction
core urgent need of neuroscience. Due to the uneven staining and illumination, the originalages

To construct a standard mouse cerebral vascular system atlaere preprocessed to correct for brightness and to remove noise
to benet studies of cerebral vascular diseases and cdrebrssing a customized preprocessing prograing et al., 2018
vascular development, we acquired datasets containing botfhen, the spatial orientation was corrected. The preprocessed
the vessels and cytoarchitecture of the whole mouse braiaw data is shown in Supplementary Figure 1.
with a voxel resolution of fnm using modi ed Nissl staining The transform pattern between and the original orientation
and MOST imaging. We reconstructed the precise vasculand the standard orientation was obtained by 3D transforiorat
system of both the arteries and veins, and accurately Idcateising Amira software (Visage Imaging, San Diego, Califoyni
and uniformly annotated the vascular system based on thEirst, the whole mouse brain with a voxel size of 55 5
cytoarchitecture, which was regarded as the gold standard fmm?® was visualized, and then the 3D mouse brain was manually
anatomical localization. Then, we constructed an atlashef t transformed to the standard orientation such that the dbgsat
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was horizontal. Ultimately, we obtained a 44 transformation were edited manually with NeuronToolNling et al., 201Bto

matrix T (Gong et al., 2003 correct for discontinuous and redundant vascular branches
0 Si1 Si2 Sis 01 Tracing of Connected Penetrating Vessels
S1 S92 30 Tracing cortical penetrating vessels and distinguishingrtlaes
ATDB,TD @ i [ ired i hs b '
1 S0 S30 arteries or veins required connecting paths between penegrat
t1y too taz 1 vessels and the pial surface vessels (Supplementary Figure 3).

Each penetrating vessel within the data with voxel size of %

Ais the original image stack and B is the transformed imagelst ~ 5MM® was semi-automatically segmented in 3D via the region
in 3D. S is the rotation factor, and t is the translation facto3 ~ 9rowing method using the lament editor in Amira software@n
directions. And the gray value of all points in B were acquirecf@ved as binarized images.

with the corresponding points in A through an inverse matrix To semi-automatically obtain the binarized results for the
of T with a customized MATLAB (MathWorks, Natick, MA) penetrating vessels, appropriate thresholds must be acquined.

program. threshold of each vessel was set manually to be the minimum
value (near the value that 20 larger than the mean value of the

Arteries and Veins Tracing image) that would obtain as many vascular branches as pessibl

Accurate Binarization of Brain Contour without segmenting background areas, which could be vizedli

The arteries and veins in the whole brain were reconstructef0th in 2D and 3D in real time using the Amira software
using the datasets with voxel size of 55 5 mm3. We during the segmentation. Subsequently, the seed point df eac
down-sampled the data for segmentation of arteries and veirfd€netrating vessel was set manually to start the segmentatio
for two reasons: (1) The size of the raw image dataset of whol8 3D- Finally, the segmented binarized results were mapual
brain exceed 2,400 GB with more than 11,000 coronal sectiof§ecked and edited to add the missed branches.
(resolution with 0.35 0.35 1 mm3). The existing computer We have quantitatively tested that the minimum threshold
memory and image processing software can not directly de¥f@s about 20 larger than the average gray value of thegimage
with such a large amount of data. (2) The arteries, veins aed t Within a represented data W't3h size of 585500  395mm
capillaries are highly interconnected to form a complex networ (VOxel sizé of 5 5 5 mm°) as shown in Supplementary
in the whole mouse brain. We can't distinguish and separage thFigure 4. We manually segmented all the connected branches
arteries and veins from the complex network. of one vessel slice by slice as the ground truth (Supplementary
To obtain accurate brain contours from the dataset, a 3 Figure 4d). Then we used di erent thresholds to segment the
3 sized median Iter was rst applied to remove noise. Then,Same vessel, and all the pixels were used to acquire the F1 score
the threshold was obtained using thgraythresh(i.e., Otsu Recall, Precision, and ROC curves. We de ned the binarized
method; Otsu, 1975 function in MATLAB. Subsequently, all pixels with gray value of 255 as the positive results, and thespixel

sections were binarized using the threshold. The holes weMith gray value of 0 as the negative results. The F1 scoret resul
lled, some isolated points were removed via morphologicafhowed the suitable threshold was 136 (The mean value of each

operations (using thém Il , imclose and imopenfunctions in slice was about 117), and the threshold resulted the Recdll an
MATLAB), and some noise on a large scale was removed @recision were all large than 98%. The ROC cove showed the
connected component analysisi€ et al., 201/ (using the suitable threshold was 135 (Recall, Precisio®7%). The results
bwlabelnand regionpropsunctions in MATLAB). All processes also showed the thresholds Wlthlp range between 134 and 139,
were accomplished with a customized MATLAB program.WOUld result the Recall and Precision all large than 94%. Then
Finally, some manual editing was performed for the binarizedh® thresholds between 134 and 139 were tested manually, the
sections, which were overlaid on the original dataset wita t 136 was the minimum threshold as a part of background points
lament editor in Amira software, to get the accurate brain Were segmented as vessels with thresholds of 135 (Supplenenta
contours. Figures 4e,f).

Tracing of Pial Surface Vessels Segmentation of Main Brain Regions

Di erent sized dents of the pial surface vessels were presémted Cytoarchitecture with Nissl staining is the basic chargstie
serial coronal sections in a continuous manner (Supplemegntarthat has been used to label brain regions and the nucleus in
Figure 2). To trace the pial surface vessels in the mousewittin  both the Allen Reference Atla®¢ng, 201) and the Franklin
voxel size of 5 5 5mm?3 (Figure 1), a morphological closing and Paxinos Mouse AtlasP@xinos and Franklin, 20)2With
operation {mclosdunctions in MATLAB) was rstimplemented reference to the Allen Reference Atlas, the Franklin and Rexin
to Il the dents in the brain contour. The model used for clogi  Mouse Atlas, and the MICe mouse atlas(r et al., 200§ three
was a circle with a radius of 30 pixels. Next, the closed imagesilled persons segmented images (voxel size 085 5mm?)
were subtracted by the original images to extract the cardus  slice by slice with the lament editor in Amira software anceth
dents of the surface vessels. Then, the extracted dents wemerformed back-to-back amendment and validation manuatly i
traced in 3D with NeuronStudio softwaré\(earne et al., 2005; any of the coronal, sagittal or horizontal sections. The tgpic
Rodriguez et al., 200%and the traced results were saved in .swsegmented brain region contour in 2D sections and 3D space
(Cannon et al., 199%ormat. Ultimately, the vectorized results were shown irFigure 2.
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FIGURE 1 | Identi cation and reconstruction of pial surface vessels(A,C) Reconstructed 3D mouse brain surface with surface rendergon sagittal and horizontal
views, respectively (data resolutionis 5 5 5 mm®). (B,D) Tracing results of the pial surface arteries and veins. Arties, including Mcer, Acer, and Pcer, are
presented in red, whereas veins, including Sss, Rrhv, Crhand Trs, are in blue. Mcer, Middle cerebral artery; Acer, Aatior cerebral artery; Pcer, Posterior cerebral
artery; Sss, Superior sagittal sinus; Rrhv, Rostral rhingein; Crhv, Caudal rhinal vein; Trs, Transverse sinuses.

Annotation of Arteries and Veins to a reported method\(/u et al., 201} Images were extracted
The same with traditional annotating rules, the main anristg  every 70rmm, and the traced result and ground truth (segmented
rule used here for the mouse cerebral vascular system wasnually) were put together. We de ned B as the overlapped
“orientation-brain region-artery/vein,” as indicated the names regions, B1 as the total number of ground truth regions, B2 as
in black (Supplementary Figure 5). If one position was nothe total number of traced regions, A1l and A2 as the areaseof th
su cient to distinguish the vessels, two or three were usedtrﬁged and manually labeled regions, SB®/B1, PD B/B2, D
orientation-orientation-brain region-artery/vein, asdicated in D =~ AI=A2 (Wu et al., 201}t The recall reached 95.7%, while the
the names in blue. If some branches that connect to the sanprecision was 94.4%. The diameter ratio was 96.7%. The detailed
vessel at the same level were distinguishable with oriemtat estimated results was shown in Supplementary Figure 6.

such as some branches in the pial surface and some third level The parameters used for quantitative statistics of the vascul
branches inside the brain, we annotated them “orientationnetwork were fractional vascular volume (Fv) and normalize
branch of-name of connected vessel,” as indicated in theasamvascular length (NI). Firstly, the vessels were separatied3n

in purple. groups according to diameter: ® 20nm; 8< D  20mm; and

D 8mm. Then, the Fv and NI were calculated with a MATLAB
Microvessels Tracing and Vascular Density toolbox, and the results were revised according to the edgoh
Calculation linear shrinkage of 25.9 1.6% (Vu et al., 201

To obtain the microvessels in the brain regions, the datset . | .
(voxel size of 0.35 0.35 1 mm?), with a uni ed size of 400 Distributing Patterns between Vessels and
400 400mm? were binarized based on the Otsu methodBrain Regions
(Otsu, 1975; Wu et al., 20).4The binarized vessels were thenTo obtain the distribution pattern of arteries and veins with
traced with the skeletonization method in Amira softwardeT di erent brain regions, each artery and vein, together wittet
center lines of the vascular network were acquired via Ansirel  connected penetrating branches, was rst designated with a
a radius-adjustable spherieéd€ng et al., 20)@vas used to estimate separate gray value during segmentation, while the 19 brain
the diameters and the results were saved as .swc format. regions were labeled with di erent gray values. The segntente
We assessed the tracing method both qualitativelyesults of the vessels and brain regions were saved as separat
(Supplementary  Figures  6a-c) and  quantitativeljimage stacks with di erent gray values (voxel size of 55
(Supplementary Figures 6e—i). Qualitative results in 2D 5 mm?3). However, both the vessels and brain regions were
and 3D both showed the diameter and centerline matche@cquired from the same dataset; thus, their coordinatesswer
well with the raw data. For quantitative assessment, réBgll matched, and the distribution in di erent brain regions of @a
precision (P), and diameter ratio (D) were used to estimate thartery and vein could be calculated with the volume of all
traced results with the ground truth labeled manually, adoeg ~ vascular branches in 3D. The volume of the vessels wasai@dul
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FIGURE 2 | Segmentation of the brain regions(A—C) The representative coronal sections in the same mouse braiThe blue lines represent the contour of the brain
regions segmented manually(D,E) Horizontal sections with a distance of 30Gmm to present contour indicated by cytoarchitecture of the CPand coronal sections
with a distance of 500mm to present contour indicated by cytoarchitecture of the HIRare presented. The images in the blue and green boxes are loteenlarged
views of the CP and HIP, respectively. The 3D structures in ylelv and violet are the constructed contours of the CP and HIP,espectively. A, anterior; P, posterior; D,
dorsal; V, ventral. A list of abbreviations and the full nanseof the brain regions is presented in Supplementary Table 1.

by adding together the voxels in in the 3D binarized imagecytoarchitecture, using the Otsu method (section Materials

stack. The radii of the pial sur cial vessels were missing andnd Methods), and the 3D brain surface was visualized with

thus the artery was set to 16®n and the veins were set to surface rendering using Amira (Visage Imaging, San Diego,

250mm uniformly according to the reported mean valudifller ~ California) software Figures 1A,Q. This high-quality imaging

et al., 2008 The calculations and mean distribution results fortechnology allowed the continuous dents of pial surfaceelsss

5 mouse brains were performed using a customized MATLARo be clearly distinguished on the reconstructed brain swfac

program. Then, based on these dents, we semi-automatically traced
the mouse pial surface vessels (see the section Materials
and Methods). Finally, arteries, including the middle ceetb

RESULTS artery (Mcer) and pial branches of the anterior cerebral
. artery (Acer) and posterior cerebral artery (Pcer), and sgin

Continuous Vascular Network including the superior sagittal sinus (Sss), rostral rhimaln

Reconstruction (Rrhv), caudal rhinal vein (Crhv), and transverse sinuses)T

To construct the precise arterial and venous vascular systewere acquired Kigures 1B,D. The diameter of the smallest

in the whole mouse brain, we acquired serial datasets iterminal branches of the pial surface vessels was as small as
ve 8-week-old male C57BL/6 mice with a voxel resolution25-30mm.

of 1mm using modied Nissl staining and MOST imaging.  To acquire the structures of the cerebral vascular system of
We traced the pial surface arteries and veins. First, thenbraithe whole mouse brain and to distinguish arteries and veires, w
contours of the whole mouse brain were segmented withirtontinuously traced the penetrating vessels in large arsamu
serial coronal sections (Supplementary Figure 2) based dhe regional growing method (section Materials and Methods),
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along the connecting paths with the identi ed arteries andhge three branches of Mcer extend on the pial surface in the véntra
in the pial surface. The ne vascular connecting paths fromto dorsal direction, together with branches of Acer in thelpia
the pial surface to the deep-brain across the whole brain werurface in the dorsal to ventral direction, cover almosioélihe
acquired, and the diameters of the arterial terminal bragetvere  cerebral cortex. The branches of Mcer inside the brain armipa
as small as 8.3 2.6nm, while the venous terminal branches located in the HY, CP, and amygdala (AMY). Ach originates
were as small as 8.73.7mm. To provide a better understanding from the Ictd and is located near Mcer in the caudal direction
of the connecting path, Supplementary Figure 3 showed th&he branches of Ach head in the ventral to dorsal direction to
path between Mcer and the anterior striate artery (Astr) in anthe dorsum of the TH through the AMY, HY, TH, and choroid.
individual mouse brain as an example, as a 2D section and a 3Bcer is the caudal branch of the Ictd. The main trunk of Pcer
volume rendering. The existing arterial system was ne towtb heads dorsally through the area between the cerebral cartéx
20mm (Ghanavati et al., 20)4Here, we reconstructed the 3D midbrain (MB), and four large branches extend to the medial
ne vascular structures of both the arteries and veins in ane  choroid, lateral choroid, ventral HIP, and SC, respectivelyile
the same mouse brain to make the precise vascular atlas. pial surface branches in the caudal to rostral direction supply
the cerebral cortex not covered by Acer and Mcer. Bas origsa
. from the fusion of the two Verts, and is located in the ventrum
Cytoarchitecture-Based, Accurate of the medulla (MY) and pons (P). There are also branches that
Vascular Localization, and Annotation penetrate the MY and P in the ventral to dorsal direction. Then,
We accurately located the cerebral vascular system in tlidewh Bas extends to the ventral part of the TH to form Scba, which
mouse brain. Cytoarchitecture is regarded as the gold stahd extends in the ventral to dorsal direction into the rostrata of
in brain regions labeling [fong, 2011; Paxinos and Franklin, the cerebellum (CB). The Scba supplies blood to the CB and is
2012). Datasets acquired with modi ed Nissl staining and serialconnected with the Pcer with the posterior communicating grte
high resolution imaging, provide both vascular structuresla (Pcom), forming a cooperation between the two blood supply
cytoarchitecture. Because the cerebral vascular stestand sources.
brain regions were imaged at the same time and in the same In addition, in the venous system, in the dorsal area, the
mouse brain, no more registration was needed. We manuallgranches of Rrhv head in the dorsal to ventral direction to syppl
segmented 19 main brain regiongigure 2, Supplementary the FL and OLF. The main trunks of the Sss travel along the
Table 1) in each of 5 whole mouse brains (section Materiatk anmidline in the pial surface, and the branches cover the dorsal
Methods) referencing the Allen Reference Atlas(ig, 201),the  cerebral cortex and subcortex. Trs is located in the caudsd a
Franklin and Paxinos Mouse AtlaB#éxinos and Franklin, 20)2  of the cerebral cortex, and heads ventrally to form Crhv,chhi
and the MICe (Mouse Imaging Center) mouse atlBs | et al., extends in the caudal to rostral direction through the later
2009. Subsequently, we accurately located the traced vesselgiidline on the pial surface, together with Rrhv, Sss, and Trs
3D, based on the segmentated brain regions. and covers almost all the pial surface. The penetrating brasich
We annotated the traced cerebral vascular system aff Crhv extend to the CP and HIP. In the ventral area, Basv
arteries and veins based mainly on the following namindoranches o Acerv and Mcerv, which are almost parallel to Acer
rule (Supplementary Figure 5): “orientation-brain region-and Mcer, respectively, but the extending distance to the dorsa
artery/vein.” The ne 3D distribution and annotation redsl areaare short. Penetrating branches of Basv extend to tebred
of the traced cerebral vascular system in an individual neouscortex, CP, HY, AMY, TH, HIP, and MB from the ventral area.
brain were presented-{gures 3, 4. The traced cerebral vascular Achv, which is connected to Basv, extends in the ventral tsao
system included, six main arteries: Acer, Mcer, Pcer, attereon ~ direction. Achv runs almost parallel to Ach. Inside the braBgv
choroidal artery (Ach) originated from the internal cardtartery  produces Azicv and Lhiv. Azicv heads in the opposite direction
(Ictd) and the basilar artery (Bas), superior cerebellaemgrt of Acer to the corpus callosum (cc), CP, TH, and HIP, along
(Scba) originated from the vertebral artery (Vert). Twetaain  the midline area. The main trunks of Lhiv are located between
veins in four areas: Rrhy, Sss, Trs, and Crhv in dorsal area, tiIP and TH, and branches also penetrate HIP and TH. Lcolv
basal vein [Basv: anterior cerebral vein (Acerv), middleloeal covers the lower portion of HIP. The main trunks of Mcolv exist
vein (Mcerv)], anterior choroidal vein (Achv) in the ventra between MB and cortex, and branches will supply CB, MB, and
area, the vein of Galen (Gcv), azygos internal cerebral veifH. In caudal area, Unamedv contains Unamedvl, located in
(Azicv), longitudinal hippocampal vein (Lhiv), medial colllar  dorsal CB, and Unamedv2, located in dorsal P, and penetrates
vein (Mcolv), and lateral collicular vein (Lclov) insideettbrain  into cerebellum and pons.
and the Unamed vein [Unamedv: (Unamedvl, Unamedv2)] in Detailed spatial distributions and extending patterns of all
the caudal area. To show the positions of the vessels clearbnnotated vessels are described in the Supplementary Notes. W
the contours of the corresponding brain regions were shownrst provide 3D distributions and annotation results for thee
as well. vascular system of both the arteries and veins in the wholesao
In the arterial system, Acer is the rostral branch of the Idtsl  brain. The annotations of arteries and the large veins aee th
main trunks head dorsally to the pial surface along the migllin same as those reported in the literatufeok, 1965; Dorr et al.,
area, and the branches are mainly located in the HY, striaturd007; Lin et al., 2009; Scremin, 2)13ut we nd and annotate
(CP), frontal lobe (FL), olfactory bulb (OLF), and dorsalpaf some new branches, which are presenteéigure 4, especially
the cerebral cortex. Mcer is the middle branch of the IctdeTh in veins.
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FIGURE 3 | The structure, distribution and labeling of the whole braimascular system of different arteries and veins in 3D. Redditates arteries, and blue indicates
veins. The vascular names are all marked in black. The nameg brain regions are marked in gray(A) The distributions of Acer and its major branches are mainly
located between the CP.(B) The distributions of Mcer and its major branches, which maig extend into the CP and the outside of the pial surface(C) The
distributions of Pcer and its major branches, which mainly gnetrate the HIP and TH below the HIRD) The distributions of Pcer and Vert and their major branches.
The annotated branches of Vert mainly extend to both the suate and interior of the CB, P, and MY(E) The distributions of Ach and Achv and their major branches,
which are located in the rostral area of the HIRF) The distributions of Lhiv and its branches, which penetratito the upper portion of the HIP and TH below the HIP.
(G) The distributions of the thalamostriate vein (Thsv) and Gamside the brain, which extend to the caudal part of the CP andhe rostral part of the TH along the
middle area of the HIP(H) The distributions of Mcolv and Lcolv and their branches. Mde is mainly located in the rostral aspect of the CB and the latal aspect of the
MB below the HIP, whereas Lcolv penetrates the lower portionfathe HIP. (1) The distributions of the pial surface veins and the connectecortical penetrating veins.
The penetrating veins presented here extend to the subcoral area. The list of abbreviations and full names of the braregions is presented in Supplementary
Table 1, and the tree of abbreviations and full names of the @sels is presented inFigure 4. D, Dorsal; V, ventral; L, left; R, right; A, anterior; P, pdsrior.

Combined with the brain regions provided by the Pcer, Scba, Lhiv, and Lcolv in these brains were presented to
cytoarchitecture, we accurately located each traced yarteillustrate the conserved vascular distributions among dirgre
and vein. The extending directions, detailed extending pathindividuals Figure 5. Trhi always originates from Pcer and
numbers, covered areas, and the relationships with brailonsg penetrates the HIP in the caudal to rostral direction, and
of the vascular branches could be determined. Furthermweee, the thalamoperforating artery (Thp) always originates from
could acquire quantitative morphological parameters based oScba and emanates in the ventral to dorsal direction in the
the vectorized results, such as the length, diameter, pvderme, TH below the HIP. Trhiv originates from Lhiv, and Vtrhiv

density, and bifurcation number of the vascular branches. originates from Lcolv in the upper and lower portions of

. the HIP, respectively. The thalamoperforating vein (Thpv)
Creating the Cerebral Vascular System emerges from Lhiv and penetrates into the TH from the dorsal
Atlas and lateral areas to form an anastomotic distribution with

To create a conserved cerebral vascular system atlas, Wep. The qualitative results indicate that the distributions o
reconstructed and annotated the cerebral vascular system arteries and veins are conserved among the di erent mouse
ve C57BL/6 mouse brains. The reconstructed structures obrains.
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FIGURE 4 | Complete tree-like structures and annotations of the artéal and venous vascular system in the whole mouse brain. To sare readability, the tree-like
structure is arranged in the sagittal direction, in which ferepresents rostral, right represents caudal, up represgs dorsal, and down represents ventral. The full
names of vessels are presented in each box, and abbreviatianare presented in brackets.(A) Tree-like structure of the arterial system(B) Tree-like structure of the
venous system. Vessels in black indicate the reported brarfies of the mouse brain vascular system study. Vessels in bluadicate the branches reported in the rat
brain vascular system study but not reported in the mouse bria. Vessels in red indicate the branches not reported in theat or mouse brain. Vessels in gray indicate

the missing branches in our data.

The 3D reconstructed cerebral vascular system in theascular system in the form of a 2D brain magidure 6). We
brains mentioned above were combined to obtain conservedassied the arteries and veins according to the bifuimati
distribution patterns of the brain-wide arterial and venousposition, starting from the origin of large vessels and thenaieter
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FIGURE 5 | Vascular conserved distribution results across ve mouse lains. (A) Sagittal slice used for localization; the gray box shows theange in the rostral to the
caudal direction of the 3D datasets inB-F). (B—F) Three-dimensional reconstructed results for Lhiv, Lcohand Pcer in ve mouse brains. To identify the position and
direction of the vessels in 3D, the contour of the HIP is shownsawell. In(B), the main branches of Pcer and Scbha are marked in red, while thbranches of Lcolv and
Lhiv are marked in blue, and brain regions are marked in grag list of abbreviations and full names of the brain regions gresented in Supplementary Table 1, while
the tree of abbreviations and the full names of vessels is psented in Figure 4.

of the branches from large to small. To ensure the readgbilitof the distribution patterns between most of the arteries and
of the imageFigure 6 show the distributions and extents of the veins, indicating that it is necessary to study both arte@ad
arteries and veins at 3 levels (about®0nm, 40< D < 90nm, veins. Based on our results, the locations, extents, coimgect
D < 40mm) with diameters from large to small. The results showpatterns, and coverage area of each artery and vein in theewhol
the distribution patterns of both the arteries and veifrégure 6  mouse brain can be observed directly. We rst provide a ne
and the relationships between the arteries and veliiguie 7).  mouse cerebral vascular system atlas in stereotaxic cwied
The cortical penetrating arteries and penetrating veins, &eti  of both the arteries and veins at three levels, which will
Achv, and Mcer and Mcerv, are parallel in the cortical areabene tthe understanding of the mouse cerebral vasculaesyst
By contrast, in the subcortical area, Thp and Thpv and Thsespecially to rede ne the knowledge of the venous vascular
and the lateral hypothalamic artery (Lhy) anastomose in theystem.

dorsal to ventral direction; rostral septal artery (Rsa) andsdl L .

septal vein (Dsv) anastomose in the rostral to caudal dieecti Distributing Patterns between the

Thp and the ventral thalamic vein (Vthv) anastomose in theVasculature and Brain Regions

medial to lateral direction, and Trhi and Thriv, and Trhi and The brain regions of dierent function are correlated with
Vtrhiv distribute alternately. However, there is no retaiship  neural activities. When a sensory is inputted to a brain region
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FIGURE 6 | Distribution map of the arterial and venous vascular systenm the whole C57 mouse brain. Abbreviations and trending cwes of the arteries and veins are
presented in red and blue, respectively. Both the arteriesrad veins are presented in 3 levels using 3 different sizes frolarge to small of the font, sphere and link
curves, which respectively represent the size of the vesseliameter, original/terminal points, and extending direains. The dotted curves and full curves respectively
represent the vascular branches in the pial surface and ird# the brain. A tree of abbreviations and full names of the vegls is presented inFigure 4 .

FIGURE 7 | Typical distribution patterns of arteries and veins. Artes are presented in red, and veins are in blue. The arrows ied and blue indicate the
characteristics of the extending direction. D, dorsal; V,entral; L, left; R, right; A, anterior; P, posterior. A treefaabbreviations and the full names of the vessels is
presented inFigure 4. (A) The distribution patterns of vessels on the brain surfac§B—F) The distribution patterns of vessels inside the brain.
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the ow of blood will increase in the brain function imaging between the statistical results for the arteries and velige
(Grinvald et al., 1986; Blinder et al., 201But the knowledge branch numbers increase with the level increases in botriag
of real vascular distribution patterns and the vascular dgns and veins. The maximum branch number is observed in both
within di erent brain regions are rather sparsélifsch et al., arteries and veins at the third level with diameter<D40mm.
20129. The areas that are a ected when an artery or vein isThe dierences in the mean and standard deviation values
infarcted, that is the distributing patterns between vesseld increase at the third level, re ecting dierences in vascula
brain regions, provide essential information for the studfy o distribution among the di erent mouse brains and between
clinical and cerebral vascular diseases. Previous stigtiasded the left and right brains. These ndings con rm traditional
the brain regions as the marks to orientate the vessels arbliefs about mouse brain vessels that the large vessels are
there have been no complete distribution proportion resultsnore conserved than the small vessélsrienza, 2007; Geudens
among blood vessels and brain regions of the whole mousend Gerhardt, 2011 Detailed statistical results are listed in
brain. Table 1

To acquire the distributing patterns of the arteries and gein

with brain regions, we obtained quantitative statisticstoé  Quanti cation of the Microvessels in Brain
mean volume distribution proportions (Supplementary Figure 7)Regions

of each_ artery af‘d vein within di erent brain reglo_ns .(SeeFunctionaI interaction between the cerebral vessels amihbr
the section Materials and Methodsh O 5). The quantitative . . . .
tissues occurs in the microvessels, where the neurovaamitar

statistical results for Mcer and Lhi¥igures 8A,B presented as is generated Zhang et al., 20)2that maintains the energy

samples of arteries and veins, respectively. The statistisalts . : .
. . o : ) metabolism of neurons and glial cells. To facilitate functiona
show that Mcer is mainly distributed in the FL, parietal temabr .
>Biudy of the cerebral vessels, we further analyzed the nessels

lobe (PTL) and CP, in which the cortex represents 80.6% in aJl_. . S

. L igure 8C Supplementary Figures 8a3—e3). The capillaries were
and the CP represents the maximum portion in the subcorte Separated with the diameter size of (Michaloudi et al
of 3.8%. Lhiv is mainly distributed in the HIP, TH, MB, and 208@ v

) . 0 .
cc; these 4 regions account for80% of Lhiv. Based on the We provided ne microvascular structuresFigures 9A—Q

distributions of di erent arteries and veins in di erent brai - o ; . .
. o and statistical vascular densities in ve typical brain regip
regions, we constructed the distributing patterns betwelea t . . . .
as calculations at the microvessels are very time consuming.

vessels and brain regionki§ures 8C,D. Only the distributing . .
patterns results of Ach and Achv with the brain regions areBaSed on the cytoarchitecture (Supplementary Figures )

consistent (11 brain regions with one di erence), while tiesults selected the S1BF, SC, TH, HIP, and HY as ve brain regions

for the other arteries and veins are not. Each artery or veir|1n the cortical and subcortical areas as study subjects liaeth

. . mouse brains. One image stack with a size of 40@00
connects to one or more brain regions, and there are WealeOOrrm (about 1.4 GB) was chosen in both the left and right
connectet_j brain regions. The distributing F’a“erf‘s O.f indul brains of three r'lnicer( D 6). Fractional vascular volume (Fv)
vessels dllerent from e;ach other: Each brain region is cotetéc and normalized vascular length (NI) were calculated in small-
to many di erent arteries and veins to ensure the blood supplySized vessels (capillaries) (SD<IBM), medium-sized vessels
indicating that the ne and accurately located vasculateysof ’ !

. . . . . < < mm - :
both the arteries and veins and the distributing patternsazsgn (MD’ 8 D 20mm), and large .S'Zed ve_ssel_s (I__D>_D20mn,
. . . . _Michaloudi et al., 2005 and the di erence in distribution of the
cerebral vessels and brain regions in whole mouse brain are . .
. o vascular network among ve brain regions was analyzed by-One
of great importance to the study of vascular distributiongdan

brain function. Here we provide the relation between the e&ss way ANO\./A' The resultsF(lg_ure_s 9D, show that the FV ar_1d NI
. of the capillaries are both high in the TH because all inforiorat

a_nd brain r?gion.s' aqd we will provide the vascular density "Nransmission to the cortex passes through the Bé¢rman and

di erent brain regions in the next part. Guillery, 200). The density values of medium-sized and large-
sized vessels are lowest in the HY, which contains mainlylsma

Quanti cation of the Vascular System sri]zeg_and mediufm-sizetil vedssels. The_stlatisti_cal re;ullts_lmm |

(Arteries and Veins) in the Whole Brain cized vessels and large-sized veseels among i erentkagis.

To quantitatively study the conserved distributions of kot g 9

: g : L (Figures 9F—K, especially in small-sized vessels (capillary). And
arteries and veins among dierent individuals, we counted .
. R Epe connected paths between the arterioles and venules, have t
the branch numbers of 6 large arteries and large veins in

areas of 5 mouse brains. The statistical results show tteat ﬂg)otentlal to be used for calculating blood ow in the brain.
standard deviation values are small for both arterial angous

branch numbers at the rst and second levels with diameteD|SCUSSION

D > 90mm and 40< D < 90mm, respectively Table 7). The

mean values are similar between the left and right brain ofrhe scienti ¢ advances of our work re ects in three points: (1)
both arteries and veins at the rst and second levels, initica We reconstructed, annotated and analyzed the vasculagrsyst
that the branches of arteries and veins at the rst and secondtlas of both arteries and veins in the whole brain, using thid
levels are conserved both among di erent mouse brains andith voxel size of 5 5 5 mm3. And we unveiled some new
between the left and right brain. No correlation is observedranches, especially in veins, which have rede ned the kedgé
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FIGURE 8 | Distributing patterns between the arterial and venous vasdar system and brain regions in the whole mouse brair(A,B) The statistical results for the
volume distributions of Mcer and Lhiv within different brairegions. The segmented brain regions are presented on thedrizontal axis, and the distribution proportions
(after log10 transformation) of vessels in the corresponuiy brain region are presented on the vertical axigC,D) Distributing patterns of arteries and veins with the
main brain regions. The lines and arrows between the vessebnd brain regions indicate the branches that extend to the kain region, while the line thickness
represents the values of distribution proportions. A listfoabbreviations and the full names of the brain regions is psented in Supplementary Table 1, while a tree of
abbreviations and the full names of vessels is presented iRigure 4.

of the venous vascular system; (2) The structure of the mouse 0.35 1 mm?3, not only in the cerebral cortex, but also in the
brain vasculature is conserved across individuals in largesels subcortex.

with diameter large than 48m, the di erences begin to emerge  We have acquired high-resolution datasets of vascular
in small vessels with diameter 40nm; (3) We reconstructed structures and cytoarchitecture at a voxel resolution ofinl
and demonstrated the dierences of microvessels througtior the whole mouse brains by taking the advantages of
calculating the vascular density, using data with voxel sf0.35 MOST combined with a modi ed Nissl staining method. MOST
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TABLE 1 | Statistical table of the branch numbers of arteries and veat 3 levels.  microvessels were only reconstructed and analysis in vénbra
regions.

We rst constructed the precise mouse cerebral arterial
Acer Dov and venous vascular system atlas in stereotaxic coordinate
1st 1 1 1st 4 4 The minimum diameter of the reported arterial system is
20mm (Ghanavati et al., 20)4while the terminal branches of

Arteries L R Veins L R

2?: 1;:2 2:2 ;: 2:2 2?: ZZ j:g ZSZ 2:2 arteries and veins acquired here were all as small asrésl0

Mcer Dev Comparisons of our constructed treelike structures of theus®

Lst 1 1 Lst 45 45 brain arterial and venous vascular system with the reported

ond 66 05 62 08 2nd 4 4 vascular system of mouse and rat brains are showrigiire 4,

ard 120 10 118 16  3rd 573 19 585 20 and the results indicate tha_t we have constructed the ne wsno

Ach Vev vascular system and described many new structures of \fas.

1t N X 1t so 04 22 o4 have req<_a ned thg knowledge of the venous vascular system fr

ond 06 05 02 04  ond aa 05 . the traditional primary Iargg veins to the ne venous struru

ard aa 15 32 13 3 160 21 164 23 at three _Ievels; together with the arteries, we have corsiuc

beer cw the precise mouse cerebral vascular system. Th_ere are some
discrepancies between our results and those of previousestodli

st ! ! Lst 3 3 arterial branches in mouse and rat brain vascular systémsk,

2nd 74 05 82 04  2nd 3 3 1965: Dorr et al., 2007; Scremin, 2D1Ror example, Pcom was

3rd 208 22 234 09 reported to be absent or poorly formed in the C57BL/6 mouse

Scba brain (Barone et al., 1993; Dorr et al., 200Gut in our C57BL/6

ot 1 1 mouse brain, the Pcom was found in both sides of 3 brains and

2nd 28 04 28 04 in one side of 2 brains. In addition, previous studies suggst

3rd 87 22 201 11 that Pcom was connected between the Pcer and Istdgmin,

Bas 1995; Dorr et al., 2007 but in our data, Pcom was connected

Lst 1 1 to Pcer and Scba. Pcer and Thp originate from Scba and Pcer,

2nd 24 05 24 05 respectively, in the CBA mouse braiddrr et al., 200y, but

3rd 96 35 102 27 from Ictd and Scba in our C57BL/6 mouse brain. The results here

According to the vessel classi cation inFigure 4, we counted the number of vascular will bene tthe underStanding of the arterial and venous waac
branches at 3 levels. L and R represent the left and right halve hira The values in the ~ SyStem in whole brains of di erent strains of mice.
table are the mean values and standard deviation in the arteries and wsi of 5 mouse The perfusion patterns of vessels in brain regions are
brains at 3 levels. important foundations for clinical applicationvén Laar et al.,
2009. The results for the distributing patterns between
system performs simultaneous thin sectioning and imagindevh the cerebral vascular system and brain regions reveal the
recording the image coordinates for automatic aligning.eTh relationships of the supplying arteries and draining veins with
Nissl staining is conventionally used to get cytoarchiteet brain regions. Based on these results, we can determine ¢las ar
in brain tissues [Pong, 2011; Paxinos and Franklin, 2012;that are mainly supplied by each artery and the areas from which
Windhorst and Johansson, 2012Ve modi ed the traditional each vein mainly drains blood. The quantitative distribgtin
Nissl staining method to label both cytoarchitecture andpatterns between the vascular system and brain region in the
vascular structures simultaneously in one and the same avholvhole mouse brain have not been reported previously; brain
mouse brain (Vu et al., 20I%The cells and vascular walls regions were only considered to locate the cerebral vascula
were stained in dark, while the vascular lumen were nosystem GEcremin, 1995, 2012; Dorr et al., 2)0he quantitative
stained and presented in white (Supplementary Figure 1). Theslationships between the cerebral vascular system anah brai
datasets of India-ink staining and vascular castirifei(izer  regions will provide references for identifying occlusion sms
et al.,, 2006, 2008; Ryang et al., 2011; Xue et al., 20béth experimentally and clinically.
Pesavento et al., 201have high image quality and contrast  Energy metabolism between the bloodstream and brain tisssue
but only the vascular structure can be acquired, while thenainly occursinthe capillarie€fangetal., 20)2Traditionally,
Nissl stained dataset can provide the cytoarchitecture at thstatistical results for vascular density based on high utisol
same time. The cytoarchitecture was used to orientate théatasets have mainly been acquired in cortical areesai(
vessels and get the brain regions. Here, we accuratelyetbcatet al., 2009; Blinder et al., 2Q1&nd vascular densities were
each arteries and veins in 3D of the whole mouse braiused to study the relationships between vessels and delis (
based on the Nissl stained data, and coordinates generatedal., 2009; Wu et al., 20)l4Here, we presented the statistical
by the cytoarchitecture can be used to reliably nd speci cmicrovasculature densities not only in the cerebral cortext
arteries or veins (Supplementary Figure 9). Meanwhile walso in the subcortex, based on datasets with a voxel résolut
acquired the distributing patterns between the vasculaturef 1nm and studied the vascular distribution di erences within
and brain regions. But only the arteries and veins wereve brain regions. The calculated results for the vasculemsity
reconstructed and analysis in the whole brain scale, and thsere revised according to linear shrinkag&'\( et al., 201 of
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FIGURE 9 | Quantitative statistical results for the capillary densitin the cortical and subcortical areas of the mouse brain(A) Maximum projection of 200mm to show
the vessels in HIP (image size of 400 400 mm). (B) The reconstructed ne vascular network in HIP (stack size of 400 400 400 nm). (C) Separated capillaries
(Continued)
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FIGURE 9 | in HIP with diameter size of 8mm (stack size of 400 400 400 nm). (D,E) Quantitative statistical results for the fractional vasdar volume (Fv) and
normalized vascular length (NI) in the S1BF, SC, HIP, TH, andyHSD, small-sized vessel (B 8 mm) density; MD, medium-sized vessel (& D < 20 nm); LD,
large-sized vessel (D> 20 mm) density. (F—H) The detailed diversity distributionsR-values) among 5 brain regions of fv in SD, MD, and L{I-K) The detailed diversity
distributions among 5 brain regions of nl in SD, MD, and LD; SBF, primary somatosensory cortex, barrel eld; SC, superiocolliculus; HIP, hippocampus; TH,
thalamus; HY, hypothalamus.

25.9 1.6% to correct for the isotropic shrinkage caused bymaging techniques, the methods and processes could be used for
the sample preparation. From the statistical results we can g#te reconstruction of the vascular system in the brains tieot
that the capillary densities of TH and S1BF are high, becdlise aammals, including the human brain.
information transmission to the cortex passes through the TH
(Sherman and Guillery, 20pand the S1BF are correlated with AUTHOR CONTRIBUTIONS
the whiskers [Diamond et al., 2003 which are used to detect
the environment in the night. But the capillary density of HIP HG and QL: conceived and designed the project and coordinated
is low, while the HIP plays important roles in the consolidatio activities from all authors. ZY, BL, and XL: designed the et
of information from short-term memory to long-term memory, Nissl staining method; AL: designed the imaging system MOST,
and in spatial memory that enables navigation. and TJ used the MOST to acquired datasets; JP: performed
High resolution datasets, including the capillary bed, wergreprocess to the data; BX and YL: performed the segmentation
acquired with MOST. The complex real connected path obf the vessels and analyzed the data; TX, XL, and BL: give help
capillaries has the potential to be used for calculating bloogvith stereotaxic analysis. BX, HG, QL, SC, TX, XY, and YL:&vrot
ow in the brain (Reichold et al., 2009; Linninger et al., 2p13 and modi ed the manuscript.
to provide insights on metabolism and neuro-vascular cougplin
(ladecola and Nedergaard, 200 Here, we only provide the ACKNOWLEDGMENTS
reconstructed and statistical results of the ne microetss
within brain regions, limited by the computing power. With This work was supported by the National Major Scientic
the development of the analysis algorithms and hardware foinstrument & Equipment Development Program of China
the large data, we will continue our detailed reconstructio (Grant No. 2012YQ030260), National Nature Science
and comparative study about microvessels across both ggndefoundation of China (Grant Nos. 91432105, 81171067),
dierent strains and dierent developmental phases in the Science Fund for Creative Research Group of China (Grant No.
future work. 61421064) and the director fund of the WNLO.
The reconstruction and calculation of the arteries, veind a
capillaries of the brain have demonstrated the capacity of ouSUPPLEMENTARY MATERIAL
platform of acquiring and analyzing of the vessels at di erent
levels. Our comprehensive platform provides important basiThe Supplementary Material for this article can be found
standard resources for the study of brain function and brainonline at: https://www.frontiersin.org/articles/10.3fhana.
diseases. With further development of sample preparation ang017.00128/full#supplementary-material
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