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A robust vessel-labeling pipeline with high
tissue clearing compatibility for 3D
mapping of vascular networks

Yating Deng,"? Jingtan Zhu,"? Xiaomei Liu," Junyao Dai,’ Tingting Yu,'* and Dan Zhu'-3*

SUMMARY

The combination of vessel-labeling, tissue-clearing, and light-sheet imaging techniques provides a potent
tool for accurately mapping vascular networks, enabling the assessment of vascular remodeling in
vascular-related disorders. However, most vascular labeling methods face challenges such as inadequate
labeling efficiency or poor compatibility with current tissue clearing technology, which significantly under-
mines the image quality. To address this limitation, we introduce a vessel-labeling pipeline, termed Ultra-
label, which relies on a specially designed dye hydrogel containing lysine-fixable dextran and gelatins for
double enhancement. Ultralabel demonstrates not only excellent vessel-labeling capability but also
strong compatibility with all tissue clearing methods tested, which outperforms other vessel-labeling
methods. Consequently, Ultralabel enables fine mapping of vascular networks in diverse organs, as
well as multi-color labeling alongside other labeling techniques. Ultralabel should provide a robust and
user-friendly method for obtaining 3D vascular networks in different biomedical applications.

INTRODUCTION

The intricate vascular networks within the human body play a critical role in maintaining physiological balance, not only by facilitating the effi-
cient transport of oxygen, various nutrients, and hormones to different organs and tissues but also by aiding in the removal of metabolic
waste. Disruptions in vascular structures are closely related to the development of diverse medical conditions, such as organ failure,"” tu-
mors,>* and stroke.>®

Due to the significance of blood vessels in clinical investigations and therapy, visualization of different vascular networks has always been a
research hotspot.” Traditional medical imaging tomography, such as X-ray/computed tomography (CT), magnetic resonance imaging (MRI),
and positron emission tomography (PET), provides powerful tools for imaging large arteries and veins in living larger animals and humans
both in vivo and ex vivo.® In addition, recent developments in modern optical imaging techniques have made it possible for 3D imaging
of vascular structures both for large vessels and small capillaries.” However, the imaging depth is rather limited due to the turbid nature
of biological samples. To image large tissues, diverse tissue optical clearing methods have been proposed to render tissues “transparent”
by overcoming tissue scattering and absorption via different physical and chemical strategies.”'* The combination of tissue clearing and op-
tical imaging techniques provides an effective means to obtain the 3D structure of the vascular system.'>""’
To obtain the fine vessel networks, efficient labeling of the entire vascular networks is the primary step highly responsible for the imaging
2223 \which can be roughly
divided into three categories. Vessel-specific marker labeling is often used instead of transgenic labeling by passive diffusion of antibodies or

quality."® " To date, a variety of fluorescent vessel-labeling methods have been used to label the vascular structure,

direct injection of fluorescent markers into the animal body. However, this kind of vessel-labeling strategy is limited by incomplete labeling,
weak fluorescence signals, or incompatibility with tissue clearing. In recent years, vessel labeling via fluorescent dye filling has become famous
due to its labeling completeness for both large vessels and small capillaries, as well as its high labeling efficiency and ease of
handling.'“?*?*?> However, due to the limitation of filling dyes currently used, drawbacks such as potential leakage, vessel occlusion, and
weak tissue compatibility remain unresolved. There have been several recent studies trying to overcome the problem of dye leakage and
vessel occlusion by using custom-made hydrogel and nanoparticles.””“?" However, this will significantly raise the operation difficulty,
and the tissue clearing compatibility is not obviously improved. In general, a fluorescent vessel-labeling method with both superior labeling
ability and tissue clearing compatibility is still lacking.

In this study, we developed a hydrogel-based vascular labeling method, termed Ultralabel, to overcome the unresolved challenges. We
used a special kind of dextran molecular dye molecule fused with lysine residue and incorporated it into gelatin hydrogel. During the vessel
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Figure 1. Overview of the Ultralabel method

(A) Principle and workflow for Ultralabel method. (The lysine-fixable dextran conjugated with tetramethylrhodamine is abbreviated as Dextran-TRITC-lysine).
(B) The labeling result via vein injection of 70 kDa Dextran-TRITC-lysine and transcardial-perfusion of hydrogel-mixed fluorescent dyes (3 kDa, 10 kDa, 70 kDa,
2,000 kDa Dextran-TRITC-lysine).

(C) The signal-to-background ratios of vascular image stacks for each labeling method (n = 6 samples for each group).

(D) Quantification of vessel length densities in different labeling methods (n = é samples for each group). Statistical significance in (C) and (D) (n.s., p > 0.05; ***,
p < 0.001) was assessed using one-way ANOVA, followed by the Bonferroni post hoc test.

labeling, the dextran tracers will not only bind to the nearby endothelial cells via aldehyde-mediated fixation but also be stably entrapped in
the hydrogel matrix. This double enhancement of dye molecules results in not only excellent vascular labeling performance within different
organs but also unique tissue clearing compatibility better than other vessel-labeling methods tested. Using Ultralabel, we performed 3D
imaging of different vascular networks within the entire organ with high quality via diverse tissue clearing methods. We believe that Ultralabel
will provide powerful and robust tools for researchers to visualize the entire vascular network in numerous histological and pathological ap-
plications across the biomedical and clinical fields.

RESULTS

Development of Ultralabel protocol using hydrogel-based filling solution with lysine-fixable fluorescent dextran

We started to form the Ultralabel protocol with a dextran dye molecule covalently attached to lysine residues. Similar with the fluorescein
isothiocyanate (FITC)-albumin used in previous studies,'®*"?>?%? this special structure facilitates the binding of dye molecules to neigh-
boring biomolecules via aldehyde-mediated fixation and thus has the potential for robust fluorescence labeling for vasculature. As shown
in Figure 1A, we combined the selected fluorescent dyes with gelatin, a hydrolysate of the natural polymer, to facilitate comprehensive la-
beling of vascular networks. Different from the conventional intravenous injection, filling with fluorescent hydrogels generates a complete
and uniform vessel map with strengthened signal-to-background ratio (Figure 1B).

To investigate the ideal molecular weight for dextran dye molecules with lysine residues in vascular labeling, we tested four working so-
lutions with different molecular weights (3 kDa, 10 kDa, 70 kDa, 2,000 kDa) and quantitatively evaluated their labeling performance. The vessel
signals generated using 70 kDa and 2,000 kDa dyes were notably superior to those from the 3 kDa and 10 kDa dyes and the tail vein injections
(Figure 1C). However, we found that the 2,000 kDa dye will result in vessel blockages and partial labeling, potentially due to its high molecular
weight and weak dissolution in the gelatin solution impairing effective vascular labeling (Figure 1D). Hence, a 70 kDa dye molecule mixed with
gelatin was chosen for the labeling scheme as it effectively labeled the vascular networks. This potent vessel-labeling approach has been
coined "“Ultralabel.”

Ultralabel is applicable for labeling vascular networks of various organs with high quality

We further validated the completeness of the vascular structures formed by Ultralabel casting. Co-labeling of blood vessels using common
lectin and CD31 antibodies with Ultralabel was performed. As shown, the vessels casted by Ultralabel finely covered the vascular structures
stained with Lectin and CD31 antibodies (Figures 2A and 2B). However, the signal-to-background ratio of Ultralabel is significantly higher than
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Figure 2. The Ultralabel method achieves complete and uniform labeling of blood vessels in various organs with high signal-to-background ratio

(A) Validation of labeling completeness of Ultralabel with lectin and CD31 antibodies by intravenous injection.

(B) The overlap ratios of vasculatures labeled using Ultralabel/LEL-D649 and Ultralabel/CD31-A647 samples (n = 6 samples for each group).

(C) The signal-to-background ratios of vascular image stacks for each method (n = 9 samples for each labeling method).

(D) Fluorescence images of the vasculature of mouse brain slices casted by Ultralabel.

(E) Fluorescence images of the Ultralabel-casted blood vessels in mouse liver sections, showing the labeling effectiveness in both large and small blood vessels.
All values are presented as the mean + SD. Statistical significance in (C) (*, p < 0.05; ***, p < 0.001) was assessed using one-way ANOVA, followed by the
Bonferroni post hoc test.

that of the other two methods tested, as shown in Figure 2C. Additionally, we imaged the blood vessels counterstained with common CD31
antibodies and DAPI at high magnification (20x and 40x), including large vessels and small capillaries (5-10 pm). As shown in Figure S1, the
morphology of blood vessels displayed in a good manner, indicating Ultralabel did effectively label the true and complete vascular networks.

The Ultralabel technique demonstrated superior efficacy in uniformly labeling the vascular networks within different organs, both for large
vessels and small capillaries. For example, Ultralabel displays complete and uniform labeling of vascular networks in the mouse brain (Fig-
ure 2D). In the mouse liver, the vasculature containing both large vessels and capillary networks can also be effectively identified (Figure 2E).

Ultralabel possesses superior tissue clearing compatibility with diverse existing tissue clearing methods

The fluorescence compatibility with major tissue clearing technologies poses another crucial factor in achieving fine reconstruction of the
entire vascular network in different organs. Therefore, we then compared the tissue clearing compatibility of our protocol with other common
labeling techniques. We selected five prevalent tissue clearing methodologies: organic solvent-based methods (uDISCO,*® FDISCO,*’
PEGASOS™), hydrophilic solvent-based methods (CUBIC?®, and hydrogel embedding-based methods (PACT®%. Images of vascular informa-
tion in mouse brain samples labeled by different methods were shown before and after clearing by each tissue clearing technique (Figure 3A).
Signals labeled by Ultralabel were successfully preserved with no noticeable loss post-clearance by different protocols, as shown in Figure 3B.
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Figure 3. The Ultralabel method achieves labeling of vascular networks with robust compatibility
(A) Fluorescence images of vascular structures labeled by the four vascular labeling methods after clarification by indicated tissue clearing method.
(B) Quantification of the signal-to-background ratios of the labeled vascular structures after clearing with each method (n = 3 samples for each group).

However, the fluorescence signals labeled by other protocols were detrimentally lost after clearing to different extents. As a result, the signal-
to-background ratios of vascular networks labeled by tested methods were obviously lower than those labeled by the Ultralabel protocol,
especially after CUBIC clearing. Ultralabel protocol demonstrated the highest tissue clearing compatibility among all tested methods. We
then tested whether Ultralabel could be used combined with common 3D immunolabeling protocol assisted by tissue clearing. Benefiting
from the superiority in tissue clearing compatibility, the vascular signals labeled by Ultralabel could be preserved much better than those
labeled by other methods after undergoing harsh treatment in the two major 3D immunolabeling procedures assisted by tissue clearing (Fig-
ure S2), indicating that Ultralabel is capable for simultaneous investigation of vascular networks together with other cell types in combination
with diverse tissue clearing techniques and 3D immunolabeling. Additionally, we examined the Ultralabel-casted vessels before and after tis-
sue clearing. As shown in Figure S3, the morphology of vascular networks casted by Ultralabel was maintained well after FDISCO clearing,
showing no obvious collapse.

Ultralabel can be used for 3D visualization of diverse vascular networks combined with different optical clearing methods

To demonstrate the wide applicability of Ultralabel with tissue clearing technology, we combined Ultralabel with a wide range of tissue
clearing methods to perform 3D reconstruction of diverse vascular structures. We labeled the entire architecture of brain vascular networks
and then cleared the brain with PEGASOS, a solvent-based clearing method commonly used. As shown in Figure 4A and Video S1, the entire
cerebral vascular structure could be finely visualized in 3D. The demonstration of the sagittal view in Figure 4B shows that all vascular struc-
tures were well captured throughout the imaging depth. The vascular networks in different brain regions, such as the cortex, hippocampus,
and cerebellum, were also clearly identified (Figure 4C). The labeled mouse liver was cleared by FDISCO clearing method, and the liver vascu-
lature was finely reconstructed (Figures 4D and 4E, Video S2). We also achieved three-color labeling of the neuron, vessels, and nucleus simul-
taneously visualized within the mouse spinal cord, which was assisted by the aqueous-based CUBIC clearing protocol (Figures 4F and 4G,
Video S3). As shown in Figure 4H, the Ultralabel method enables high-resolution multi-channel labeling, with clear observations of nucleus,
neurons, and blood vessels. In addition to soft tissue organs, the Ultralabel method is also capable for labeling the vascular networks within
hard bones, including both large vessels and capillaries (Figures 4l and 4J). Therefore, the Ultralabel method can be used to obtain a com-
plete 3D vascular network in both soft and hard tissues, combining multiple tissue clearing methods. The bright-field images of the Ultralabel-
casted organs and bone before and after tissue clearing are shown in Figure S4.
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Figure 4. 3D reconstruction of vascular networks in typical organs using Ultralabel and different clearing methods

(A) 3D rendering of the Ultralabel-casted vascular network throughout an entire adult brain cleared with PEGASOS. Images along the z stack are colored by
spectrum.

(B) The sagittal view of the reconstructed brain shown in (A).
©
D)
(E) Magnified views of the boxed regions in (D).
(F)

Detailed vasculature in the cortex, hippocampus, and cerebellum.
3D rendering of an Ultralabel-casted vascular network throughout an entire adult mouse liver cleared with FDISCO.

F) 3D rendering of an Ultralabel-casted vascular network throughout the spinal cord of an adult Thy-1-GFP mouse cleared with CUBIC. Casted vessels are shown

n red, GFP-expressing neurons in green, and labeled nucleus in blue.

G) Magnified view of the boxed region in (F).
H) The optical section of reconstructed images shown in (G) at Z = 50 pm imaging depth.
) 3D rendering of Ultralabel-casted vascular networks throughout an entire adult mouse femur cleared with FDISCO.

(
(
(
(J) Magnified views of the boxed regions in (I).
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Figure 5. 3D visualization and analysis of vessel/microglia alteration in TBI mouse brain

A) Experimental design for the TBI mouse model. The brain regions were defined as the impact region, the surrounding area of injury (V1), and the remote region.
B) Magnification of impact region marked in (A). Casted vessels are shown in red and microglia in green.

C) Magnification of the surrounding area of injury (V1) marked in (A).

D)

E) Quantification of vessel length density in the above three regions (n = 3 samples for each group).

F) Quantification of microglia density in the above three regions (n = 3 samples for each group). All values are presented as the mean + SD. Statistical
significance in (e, f) (***, p < 0.001) was assessed using one-way ANOVA, followed by the Bonferroni post hoc test.

Magnification of remote region marked in (A).

(
(
(
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Ultralabel facilitates 3D investigation of vessel/microglia alteration in TBI mouse brain

The combination of vessel-labeling techniques with tissue clearing enables 3D visualization of vascular networks, thus allowing researchers to
examine vascular alteration under pathological conditions. Given that the Ultralabel protocol possesses ideal vessel-labeling capability and
superior compatibility for both tissue clearing and 3D immunolabeling, we applied Ultralabel in studying the microvascular remodeling and
microglia alteration in traumatic brain injury (TBI) mouse brains (Figure 5A).

As expected, Ultralabel enabled simultaneous visualization of the vascular networks/microglia in TBI mouse brain tissue assisted by tis-
sue clearing and immunolabeling. Magnifications of 3D rendering images were shown in three regions post-TBI, impact site, surrounding
area of injury (primary visual cortex [V1]), and remote region (Figures 5B-5D), which revealed substantial loss of vascular structures in the
injured region, as well as microglia gathering and activation in the area surrounding the injury. The quantitative analysis showed that the
vessel length density and microglia density decreased obviously in injured regions, with microglia aggregation toward the damaged area
via V1 (Figure 5E). These results suggested that Ultralabel could facilitate the studying of microvascular remodeling under specific path-
ological conditions.
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DISCUSSION

The breakthroughs in fluorescence labeling and tissue clearing technology offer reliable tools for obtaining 3D vascular structures under spe-
cific physiological and pathological statuses. The fine labeling of vascular networks is the foundation for visualizing detailed vascular structural
information in 3D form. In this study, we developed Ultralabel, a method with both robust vessel-labeling capability and excellent tissue
clearing compatibility, enabling high-quality reconstruction of vascular networks within different organs. This method is based on a dextran
dye with lysine cross-linking, which has bright fluorescence and a special fixation mechanism that can be stably fixed on biological tissues
through aldehyde mediation. Labeling the vasculature with such a dye solution could achieve complete labeling of the vascular network
with high signal-to-background ratio and strong tissue clearing compatibility. Using Ultralabel together with different tissue clearing tech-
niques, we obtained high-quality vascular maps for diverse organs, and even for 3-color reconstruction within the mouse spinal cord.

The quality of vessel labeling and its compatibility with tissue clearing methods codetermine the imaging quality in optical tomography.
Conventional immunolabeling requires a rather long time for passive diffusion of vessel-specific antibodies and usually achieves limited diffu-
sion depth on large tissue. The method using injection via tail vein has overcome the problem for a long time but often leads to incomplete
labeling for large vessels and weak signals, which is difficult to resolve. Therefore, filling the blood vessels with fluorescent dyes has become
popular, which was pioneered by Tsai et al. since 2009.”° The used filling dyes also varied, such as 1,1"-dioctadecyl-3,3,3'3'-tetramethylindo-
carbocyanine perchlorate (Dil),* Gel-BSA-FITC,?* and Rhodamine isothiocyanate (RITC)-Dex-Glycidyl methacrylate (GMA) hyclrogels.26 How-
ever, Dil suffers from dye leakage and insufficient tissue clearing compatibility. RITC-Dex-GMA hydrogels partially resolved these problems
but created higher barriers to entry. Gel-BSA-FITC could achieve better labeling performance and has been used in many studies, '¢2*?>2%27
but the inadequate tissue clearing compatibility for typical tissue clearing methods (e.g., CUBIC) and restricted access in some countries (e.g.,
China) prevent its wide use. Due to the availability of numerous vascular labeling methods and tissue optical clearing techniques for complex
tissues, it can be challenging to identify a suitable pipeline for a specific application, as many factors must be considered. Table ST summa-
rizes the 3 types of strategies available for labeling the entire vascular network and their applicable tissue optical clearing techniques, along
with their respective advantages and limitations. Advanced genetic labeling techniques offer reliable and bright fluorescence for vascular
labeling at the capillary level. However, these techniques are time-consuming and technically challenging. It is also difficult to apply genetic
manipulation to primates or humans. Endothelial-specific markers have effective labeling of true vascular networks, especially for small cap-
illaries, but somewhat expensive and time-consuming for sufficient antibody penetration. It is less effective for large vessels, especially when
labeling via vein injection. Fluorescent dye-filling techniques provide uniform and complete labeling for both large vessels and capillaries.
However, some of these techniques may result in potential dye leakage, and certain methods may not be compatible with current tissue
clearing techniques.*® Here, we selected a special kind of dextran dye fused with lysine residue instead and developed Ultralabel. Similar
with FITC-albumin, the dextran tracers will not only bind to the nearby endothelial cells via aldehyde-mediated fixation but also are stably
entrapped in the hydrogel matrix during the vessel labeling, providing excellent vessel-labeling performance within different organs. Addi-
tionally, the lysine-fixable dextran is much easier to purchase from the worldwide Thermo Fisher Scientific company without restriction. More
importantly, Ultralabel outperforms Gel-BSA-FITC due to its superior compatibility with most tissue clearing methods currently available,
making it an ideal candidate for use alongside tissue clearing and 3D immunolabeling techniques. This simple innovation successfully solves
the major problems associated with currently used fluorescent vascular labeling methods. Therefore, Ultralabel is more flexible for re-
searchers to design their experiments for vascular imaging and analysis.

The development of various tissue clearing methods has provided an important means for the 3D imaging of mouse tissues. However,
there are still significant differences in the structure and function of tissues/organs between rodents and humans.*’-*® This is why more
and more researchers are using large, high-level animals for their research, such as pigs and macaques that share greater similarities with
humans.**"~*! Tissue clearing methods have been developed for large volume samples, such as small-micelle-mediated human organ effi-
cient clearing and labeling (SHANEL),” entangled link-augmented stretchable tissue-hydrogel (ELAST),"* etc. However, complete labeling of
blood vessels in larger animals remains a challenging task.***® Filling blood vessels with fluorescent dyes via cardiac perfusion is currently an
ideal labeling strategy for labeling large-volume animals. In addition to conventional vessel labeling, immunolabeling is also a powerful tool
to label different cell types and structural information with antibodies, and 3D immunolabeling techniques have been developed along with
tissue clearing in recent years. However, it is still difficult to combine vessel labeling with 3D immunolabeling for simultaneous visualization of
cell type information and blood vessels, mainly due to the poor tissue clearing compatibility of current vessel-labeling methods. Moreover,
larger tissues need to undergo longer and more rigorous tissue clearing procedures, making the tissue clearing compatibility of a vascular
labeling method particularly important. By verifying the robust tissue clearing compatibility of our method with various optical tissue clearing
protocols, it can be concluded that Ultralabel has great potential in vascular labeling for large-volume animals. Given that the developed
Ultralabel protocol possesses unique advantages in tissue clearing compatibility, it is also expected to be used combined with 3D immuno-
labeling for the investigation of the relationship and interaction between different biological components and blood vessels.

It is worth noting that we have different protocols for different organs. For the labeling of the brain, distilled water is used to dissolve
gelatin, while, for visceral organs, phosphate buffer saline (PBS) solution is used for dissolution. This is because, when using distilled water
as a solvent to label blood vessels throughout the body of mice, blood vessels in the brain can be completely labeled, while blood vessels
in visceral organs may experience dye leakage. We speculate that it is probably due to the existence of blood-brain barrier in the brain, which
can effectively prevent dye leakage. Due to the higher salt balance of the PBS solution, the PBS-dissolved gelatin solution is more suitable for
labeling the blood vessels of visceral organs. Actually, some vessel-labeling methods fail to label bone marrow organization due to poor cir-
culation. However, the Ultralabel protocol is effective in labeling vascular networks at the capillary level within bones, such as the mouse femur.

iScience 27, 109730, May 17, 2024 7
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In summary, we have established a method for vascular labeling that offers robust labeling capability and potent tissue clearing capability.
This novel approach ensures the preservation of bright fluorescence, even during stringent and extended tissue clearing procedures. Desig-
nated as “Ultralabel,” this method is not only efficient and user-friendly, but also practical for tracking and reconstructing vascular networks
across various organs. Consequently, Ultralabel is projected to emerge as a powerful instrument for the appraisal of vascular structure in
models of pathological diseases.

Limitations of the study

This study, while thorough, presents a few conceivable limitations that should be acknowledged. Due to the fact that existing tissue clearing
methods are roughly divided into three categories, we have selected representative tissue clearing methods from the three categories to
demonstrate Ultralabel’s tissue clearing compatibility. Our study does not cover all existing methods, but we believe that Ultralabel has
the potential to be compatible with most tissue clearing methods. The secondary concern relates to the use of pig skin gelatin as the hydrogel
base due to its accessibility and user-friendly operation. While this choice was made for accessibility and ease of operation, it is important to
recognize that gelatin’s morphology is sensitive to temperature fluctuations. This temperature sensitivity renders the labeling procedure
highly reliant on the ambient temperature, potentially complicating experimentation and compromising the integrity of labeling in colder
laboratory environments. It is worth noting that gelatin can be replaced with alternative hydrogel bases under different conditions to suit spe-
cific experimental requirements.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies
Anti-CD31 Alexa Fluor 647 BioLegend Cat#102416, RRID: AB_493410

Anti-GFAP antibody

Proteintech

Cat#16825-1-AP, RRID: AB_2109646

Goat anti-rabbit secondary antibody Abcam Cat#ab150077, RRID: AB_2630356
Alexa Fluor 488
Goat anti-rabbit secondary antibody Abcam Cat#ab150083, RRID: AB_2714032
Alexa Fluor 647
Anti- Iba1 antibody Abcam Cat# ab5076, RRID: AB_2224402
Chemicals, peptides, and recombinant proteins
PBS Sigma-Aldrich Cat#P3813
Paraformaldehyde Sigma-Aldrich Cat#158127
Pork skin gelatin Sigma-Aldrich Cat# G1890
MeOH Sinopharm Chemical Reagent Cat#10014118
Co. Ltd.
Tert-butanol Sigma-Aldrich Cat#360538
Tetrahydrofuran Sinopharm Chemical Reagent Cat#40058161
Co., Ltd., Shanghai, China
DBE Sigma-Aldrich Cat#108014
Quadrol Sigma-Aldrich Cat#122262
PEGMMAS500 Sigma-Aldrich Cat#409529
Benzyl benzoate Sigma-Aldrich Cat#W213802
Benzyl alcohol Sigma-Aldrich Cat#24122
DPE Sigma-Aldrich Cat#P24101
EDTA Sigma-Aldrich Cat#324503
DL-alpha-tocopherol Sigma-Aldrich Cat#47786
Dichloromethane (DCM) Sigma-Aldrich Cat#270997
Sorbitol Sigma-Aldrich Cat#85529
Triton X-100 Sigma-Aldrich Cat#T8787
N-butyl diethanolamine Tokyo Chemical Industry Cat#B0725
Antipyrine Tokyo Chemical Industry Cat#D1876
Nicotinamide Tokyo Chemical Industry Cat#NO0078
VA-044 Wako Chemicals, Osaka, Japan 011-19365
Acrylamide Sigma-Aldrich Cat#A8887
DAPI Thermo Fisher scientific Cat#D1306
TO-PRO-3 Thermo Fisher scientific Cat#T3605
DMSO Sigma-Aldrich Cat#T78418
Goat serum Boster Bio Cat#AR1009
Tween 20 Sigma-Aldrich Cat#P9416
Dextran, tetramethylrhodamine, Thermo Fisher scientific Cat#D3308
3000 MW, anionic, lysine fixable
Dextran, tetramethylrhodamine, Thermo Fisher scientific Cat#D1868

10,000 MW, anionic, fixable

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
Dextran, tetramethylrhodamine, Thermo Fisher scientific Cat#D1818
70,000 MW, lysine fixable

Dextran, tetramethylrhodamine, Thermo Fisher scientific Cat#D7139
2,000,000 MW, lysine fixable

DyLight 649-lectin Vector Laboratories Cat#DL1178
DyLight 594-lectin Vector Laboratories Cat#DL1177

BSA-FITC

Xi'an Ruixi Biological Technology
Co., Ltd

Cat#R-FB-005

Experimental models: Organisms/strains

C57BL/6J

Jackson Laboratories

Cat# JAX:000664, RRID:IMSR_JAX:000664

Software and algorithms

MATLAB Mathworks https://www.mathworks.com/products/matlab.html
Imaris Bitplane https://www.bitplane.com/imaris/imaris

Fiji Schindelin et al.* https://imagej.nih.gov/ij/

Other

Conical tubes (50 mL)
Conical tubes (15 mL)
Syringe pump

Peristaltic pump

Corning
Corning
Leadfluid
Leadfluid

Cat#430828
Cat#430790
Cat#TFD04

Cat#BT100L

RESOURCE AVAILABILITY
Lead contact

Further information and requests for resources and reagents should be directed to the lead contact, Dan Zhu (dawnzh@mail.hust.edu.cn).

Materials availability

All unique/stable reagents generated in this study are available from the lead contact without restriction. Further information and requests for
resources and reagents should be directed to and will be fulfilled by the lead contact Prof. Dan Zhu (dawnzh@mail.hust.edu.cn).

Data and code availability
e Data: This paper does not report Standardized datatypes. All data reported in this paper will be shared by the lead contact upon
request.
e Code: This paper does not report any original code.
e Any additional information necessary to reproduce results or reanalyze the data presented in this study will be made available upon
request to the lead contact.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Animals

Wild mice (C57BL/6J, 8-12 weeks old, male) and Thy1-GFP-M mice (812 weeks old, male) were used in this study. All animals were housed on
a 12 h light/dark cycle at 23 + 1°C with free access to food and water in specific pathogen-free (SPF) cages. All animal experiments were
performed under the Experimental Animal Management Ordinance of Hubei Province, P.R. China, and the guidelines from the Huazhong
University of Science and Technology and were approved by the Institutional Animal Ethics Committee of Huazhong University of Science
and Technology.

TBI mouse models

The mice were anesthetized with 5% isoflurane delivered in surgical grade air before the surgery and maintained at 2.5% isoflurane via nose
cone. While anesthetized, body temperature was maintained using an isothermal heating pad. In preparation for the TBI procedure, anes-
thetized mice were placed in a stereotaxic frame. The injury was triggered via a controlled cortical impact device consisting of a fixed impactor
using the following parameters: a tube diameter of 4 mm, impact speed of 1.5 m/s, and impact depth of T mm. The resulting injury was
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obvious with these parameters. After surgery, the mice were recovered in a warmed holding cage and monitored until ambulatory. And then
were housed on a 12 h light/dark cycle at 23 + 1°C with free access to food and water in specific pathogen-free (SPF) cages. The mice were
vascularly labeled and sampled after 3 days.

METHOD DETAILS

Vascular labeling

Ultralabel for vascular labeling

Mice were deeply anesthetized with a mixture of ketamine/xylazine thiazide (100/20 mg/kg) and then the heart was infused with 0.01M phos-
phate-buffered saline (PBS, no. P3813; Sigma-Aldrich) for blood washing. Gelatin solutions were prepared by dissolving porcine dermal
gelatin (no. G1890; Sigma-Aldrich) in hot 0.01 M PBS or distilled water (the brain was marked for dissolution in water and the organs were
marked for dissolution in 0.01 M PBS). The lysine-fixable dextran conjugated with tetramethylrhodamine (no. D1818; Thermo Fisher scientific)
was dissolved in a 2% (w/v) gelatin solution at a concentration of 0.005% (w/v) and the mixed solution was kept at 40°C-45°C until infusion
before use. Next, 10-15 mL of the mixture was infused under warm conditions. The perfused mouse body was then transferred to a low tem-
perature environment (around 4°C) to rapidly cool and solidify the gelatin solution in the blood vessels. After cooling, the required mouse
organs were extracted and fixed in 4% paraformaldehyde (PFA, Sigma-Aldrich, 158127) at 4°C overnight. Another version of lysine-fixable
dextran with different molecular weights was also involved in this study for comparison, including 3 kDa (no. D3308; Thermo Fisher scientific),
10 kDa (no. D1868; Thermo Fisher scientific), 2000 kDa (no. D7139; Thermo Fisher scientific).

Gel-BSA-FITC for vascular labeling

We used the procedure described by Tsai et al. with slight modifications. Gelatin solutions were prepared by dissolving porcine dermal gelatin in
hot 0.01 M PBS. BSA-FITC powder (no. R-FB-005, Xi‘an Ruixi Biological Technology Co., Ltd) was dissolved in 2% (w/v) gelatin solution at a con-
centration of 0.5% (w/v) and the mixed solution was kept at 40°C-45°C before use. A mixture of ketamine/xylazine (100/20 mg/kg) was used to
deeply anesthetize the mice, and then 0.01M PBS was infused into the heart to wash out the blood. Next, 10-15 mL of the mixture was infused
under warm conditions. The perfused mouse body was then transferred to a low temperature environment (around 4°C) to rapidly cool and so-
lidify the gelatin solution in the blood vessels. After cooling, the required mouse organs were extracted and fixed in 4% PFA at 4°C overnight.

Lectin and CD31 antibodies for vascular labeling

A DyLight 649 conjugated L. esculentum (Tomato) lectin (LEL-D649, no. DL-1178; Vector Laboratories), A DyLight 594 conjugated L. esculen-
tum (Tomato) lectin (LEL-D594, no. DL-1177; Vector Laboratories) and an Alexa Fluor 647 conjugated anti-mouse CD31 antibody (CD31-Aé47,
no. 102416, BioLegend) were also used to label the vasculature. Mice were deeply anesthetized with a mixture of ketamine/xylazine (100/
20 mg/kg). LEL-D649 or LEL-D594 were diluted in saline to a concentration of 0.5 mg/mL and injected into the body of an anesthetized mouse
via the tail vein (0.1 mL per mouse). Mice were deeply anesthetized with a mixture of ketamine/xylazine (100/20 mg/kg). Alexa Fluor 647 con-
jugated anti-mouse CD31 antibody was diluted in saline to a concentration of 0.075 mg/mL and injected into the anesthetized mouse body via
the tail vein (0.2 mL per mouse). After injection, the animals were placed in a warm cage for 30 min before perfusion. After labeling and perfu-
sion, the desired organs were excised from the animal bodies and post-fixed in 4% PFA at 4°C overnight. After injection, animals were placed
in a warm cage for 30 min before perfusion. After labeling and perfusion, the desired organs were excised from the animal bodies and post-
fixed in 4% PFA at 4°C overnight. The fixed tissues were sectioned using a commercially available vibrometer (Leica VT 1200s, Germany).

Tissue clearing protocols

We used different tissue clearing schemes based on organic solvents, including uDISCO, FDISCO, and PEGASOS; based on hydrophilic re-
agents, CUBIC; and the hydrogel embedding method, PACT. All evaluated digestion schemes were performed according to the instructions
in the original publication. A brief summary of the clearing procedures for each method is given below.

ubDISCO

Dehydration reagents were prepared by mixing pure tert-butanol (no. 10014118; Sigma-Aldrich) with distilled water at concentrations of 30%,
50%, 70%, 80%, 90%, 96%, and 100% (v/v). Fixed tissues were dehydrated sequentially in each reagent. The dehydrated tissue was then
immersed in dichloromethane and BABB-D4; prepared by mixing BABB (benzyl alcohol + benzyl benzoate 1:2, no. 24122 and no.
W213802; Sigma-Aldrich) with diphenyl ether (DPE) (no. P24101; Sigma-Aldrich) at a ratio of 4:1 and adding 0.4% vol DL-alpha-tocopherol
(Vitamin E) (no. 47786; Sigma-Aldrich); until the sample became transparent. The time for each dehydration step (30%-100% tert-butanol)
is 4 h (tissue section) and the time for matching Rl with BABB-D4 is 4 h (tissue section). The dehydration step was performed at 35°C and
the Rl matching step was performed at room temperature with gentle shaking.

FDISCO

This method consists of two steps: dehydration and Rl matching. First, a solution of tetrahydrofuran (THF) (no. 40058161; Sinopharm Chemical
Reagent Co., Ltd., Shanghai, China) was used to dehydrate the fixed tissue in concentration gradients of 50%, 70%, 80%, and 100%. The pH of
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each THF solution was adjusted to 9.0 by the addition of triethylamine. The dehydrated tissue was then incubated in pure dibenzyl ether (DBE)
(no. 108014; Sigma-Aldrich) for RI matching. The time for each dehydration step (50%-100% THF) is 4 h (tissue section)/12 h (whole organ), and
the time for RI matching with DBE is 4 h (tissue section)/12 h (whole organ). All steps were performed at 4°C with gentle shaking.

PEGASOS

The sample was first decolorized with a 25% Quadrol (no. 122262; Sigma-Aldrich) decolorization solution. The sample was then dehydrated in
a gradient of tert-butanol solution, tB-PEG (70% (v/v) tert-butanol, 27% (v/v) PEG methacrylate Mn 500 (PEGMMAS500) (no. 409529; Sigma-
Aldrich) and 3% w/v Quadrol. The samples were then immersed in BB-PEG [75% (v/v) benzyl benzoate (BB) and 25% (v/v) PEGMMAS500]
with the addition of 3% (w/v) Quadrol for clearing. The time for decolorization is 12 h (tissue section)/24 h (whole organ), and the adaptation
time between each dehydration step and the final Rl is 4 h (tissue section)/12 h (whole organ). All steps were performed at 37°C with gentle
shaking.

CUBIC

CUBIC-L is a mixture of 10% (w/w) N-butyl diethanolamine (no. B0725; Tokyo Chemical Industry) and 10% (w/w) Triton X-100 (no. T8787;
Sigma-Aldrich) in distilled water. CUBIC-R was prepared by mixing 45% (w/w) antipyrine (no. D1876; Tokyo Chemical Industry) with 30%
(w/w) nicotinamide (no. N0078; Tokyo Chemical Industry) in distilled water. The samples were incubated and degreased in CUBIC-L for
1.5 days (tissue section)/3 days (whole organ), washed with PBS for 6 h, and then exposed to CUBIC-R for Rl matching for 12 h (tissue sec-
tion)/2 days (whole organ). All steps were performed at 37°C with gentle shaking.

PACT

The PACT clearing method consists of three steps: hydrogel embedding, degreasing, and Rl adjustment. First, the samples were incubated in
A4PO hydrogel solution (4% acrylamide (no. A8887; Sigma-Aldrich) in 0.01M PBS), incubated with VA-044(no. 011-19365; Wako Chemicals,
Osaka, Japan) at 4°C overnight and incubated at 37°C for é h to achieve polymerization. The embedded sample was then washed with
0.01M PBS and degreased in 0.01M PBS containing 8% sodium dodecyl sulfate (SDS) (no. 30166480; Sinopharm Chemical Reagent Co.,
Ltd., Shanghai, China). The sample was washed again with PBS and immersed in a sorbitol-based refractive index matching solution (sRIMS)
(75% (w/v) sorbitol solution) until the tissue became transparent. The SDS degreasing time is 96 h and the Rl matching time is 24 h. All steps
were performed at 37°C with gentle shaking.

Decalcification

For clearing hard tissue samples, 4% PFA fixation was performed at room temperature for 12 h and then samples were immersed in 20% EDTA
(pH 7.0) at 37°C in a shaker for 4 days. Samples were then washed with H2O for at least 30 min to elute excessive EDTA (no. 324503; Sigma-
Aldrich).

Immunolabeling
DAPI and TO-PRO 3

After washing with PBS, DAPI (1:1000, no. D1306; Thermo Fisher scientific) or TO-PRO 3 (1:2000, no. T3605; Thermo Fisher scientific) dye was
added in PBS for 12 h (tissue section)/3 days (whole organ) at 37°C for cell nuclei staining.

Protocol 1 (hydrophilic)

Fixed brain slices were first pretreated with CUBIC-L solution for 2.5 days and then washed with PBS for 0.5 days. Pretreated samples were
incubated in 0.2% PBST containing 20% DMSO (no. D8418; Sigma-Aldrich) and 0.3 M glycine at 37°C overnight, washed in 0.2% PBST con-
taining 10% DMSO and 6% goat serum at 37°C for 12 h, washed in PTwH (PBS-0.2% Tween 20 (no. 409529; Sigma-Aldrich) with 10 mg/mL
heparin) overnight and then incubated with Anti-GFAP antibody (1:500, no. 16825; Proteintech) dilutions in PTwH containing 5% DMSO,
3% goat serum and 0.01% (w/v) sodium azide at 37°C with gentle shaking on a shaker for 1 day. The sections were then washed in PTwH
for 1 day and incubated with a secondary antibody (1:500) diluted in PTwH containing 3% goat serum (no. AR1009; Boster Bio) and 0.01%
(w/v) sodium azide at 37°C with gentle shaking for 1 day. Then the sections were washed in PBS for 12 h (for 3D immunolabeling 1 day). Finally,
exposed to CUBIC-R for RI matching for 12 h (tissue section)/2 days (whole organ). All steps were performed at 37°C with gentle shaking.

Protocol 2 (hydrophobic)

Fixed brain slices were first pretreated with a series of methanol (no. 10014118; Sinopharm Chemical Reagent Co. Ltd.)/DiH20 solutions: 20%,
40%, 60%, 80%, 100%, 80%, 60%, 40%, 20%, 1 h for each step (for 3D immunolabeling 3 h), then washed with PBS for 6 h. Pretreated samples
were incubated in 0.2% PBST containing 20% DMSO and 0.3 M glycine at 37°C overnight, blocked in 0. 2% PBST containing 10% DMSO and
6% goatserum at 37°C for 12 h (for 3D immunolabeling 1 day), washed in PTwH (PBS-0.2% Tween 20 (no. P9416; Sigma-Aldrich) with 10 mg/mL
heparin) overnight and then incubated with Anti-GFAP antibody (1:500) or Anti-lba1 antibody (1:500, no. ab5076; Abcam) were in PTwH con-
taining 5% DMSO, 3% goat serum and 0.01% (w/v) sodium azide at 37°C with gentle shaking on a shaker for 1 day (for 3D immunolabeling
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3 days). Sections were then washed in PTwH for 1 day and incubated with secondary antibody (1:500) diluted in PTwH containing 3% goat
serum and 0.01% (w/v) sodium azide at 37°C with gentle shaking for 1 day (for 3D immunolabeling 3 days). Then the sections were washed
in PBS for 12 h (for 3D immunolabeling 1 day). The samples were shaken with a series of methanol/DiH20 solutions (20%, 40%, 60%, 80%,
100%, 100% v/v) at room temperature, followed by a DCM (no. 270997; Sigma-Aldrich). The dehydrated tissue was then incubated in pure
dibenzyl ether (DBE) for RI matching. The time for each dehydration step is 4 h (tissue section)/12 h (whole organ), and the time for RI matching
with DBE is 4 h (tissue section)/12 h (whole organ).

Imaging

The bright fieldimages were taken with a digital camera. A light microscope (LiToneXL, Optical Innovation Technology, China) equipped with
a4x objective (NA = 0.28, working distance (WD) = 20 mm) is used to image dissected brains and other samples. The thin layer is illuminated
from the four sides of the specimen and the merged image is stored. Laser scanning confocal microscope (LSM710, Zeiss, Germany) for im-
aging tissue sections; use 5x objective (NA = 0.25, WD = 12.5xmm), 10x objective (NA = 0.5, WD = 2xmm), 20X objective (NA = 0.8, WD =
0.55 mm). Data were collected using Zen 2011 SP2 software (version 8.0.0.273, Carl Zeiss GmbH, Germany).

Image data processing

All raw image data were acquired in lossless TIFF format (8-bit for confocal microscopy and 16-bit for light-sheet microscopy). Processing and
3D rendering were performed on a Dell workstation with an 8-core Xeon processor, 256 GB RAM, and an Nvidia Quadro P2000 graphics card.
Imaris (version 7.6, Bitplane AG) and Fiji (version 1.51n) were used for 3D and 2D image visualization,’ respectively. The 16-bit light sheet
images were converted to 8-bit images by Fiji to allow fast processing by other software such as Imaris. Image stitching was performed as
follows: The image acquired by the Zeiss confocal microscope and the LiToneXL light sheet microscope could be stitched automatically using
the data acquisition software provided by the company. If manual stitching was required, we recommended the use of the ‘Grid/Collection
stitching’ plug-in in Fiji. Briefly, the ‘Grid: column-by-column’ mode was selected and the stitching order was determined by the data acqui-
sition mode (we used Down & Right). Then the parameters such as grid size, tile overlap value, and input and output file directories were set
manually based on the image data. Then the plugin would run and stitch the data with the selected parameters.

QUANTIFICATIONS AND STATISTICAL ANALYSIS

The signal-to-background ratio

To evaluate the efficiency of different container labeling methods and the fluorescence compatibility of each vessel labeling technique with
different clearing procedures, the signal-to-background ratio was calculated. First, the image stack (50 pm thickness) is imported into ImageJ.
The "threshold’ function in ImageJ is used to extract vascular signals for each image in the image stack. The function calculates the average
signal strength for each image. Next, three areas without blood vessels are manually selected as the background area for each image in the
image stack. The average signal intensity of these areas is taken as the background intensity of each image. The signal-to-background ratio of
each image in the stack is defined as the average signal intensity divided by the average background intensity.

The vessel length density

3D vascular reconstruction and quantification by Imaris was performed using the pipeline described in previous studies. In brief, the
“Threshold (loops)” algorithm in the filament module was used to trace and quantify blood vessels. The parameter for the filament diameter
was automatically set by the algorithm according to the voxel size. The threshold for extracting vascular information was manually adjusted to
ensure the complete recognition of all blood vessels. After reconstruction of the vascular network, the local vessel density, average radius, and
vessel segment length were obtained using the “statistics-selection” in the filament module.

The microglia density

Fluorescent images of brain regions were analyzed with Imaris software. Automated calculations and segmentation were adjusted manually
to incorporate unrecognized signal points.

Statistical analysis

Data are presented as the mean & SD and were analyzed using SPSS software (Version 22, IBM, USA) with a 95% confidence interval. Sample
sizes are given in the figure legends. For the analysis of statistical significance, the normality of the data distribution in each experiment was
checked using the Shapiro-Wilk test. The homogeneity of variance for each group was assessed using Levene's test. p values were calculated
using one-way ANOVA followed by the Bonferroni post hoc test to compare data in Figures 1C, 1D, 2B, 5E, and 5F. In this study, p < 0.05 was
considered significant (*, p < 0.05; **, p < 0.01; ***, p < 0.001).
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