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Abstract
We introduce a novel protocol to stain, visualize, and analyze blood vessels from the rat and mouse cerebrum. This technique
utilizes the fluorescent dye, DiI, to label the lumen of the vasculature followed by perfusion fixation. Following brain extraction,
the labeled vasculature is then imaged using wide-field fluorescence microscopy for axial and coronal images and can be
followed by regional confocal microscopy. Axial and coronal images can be analyzed using classical angiographic methods
for vessel density, length, and other features. We also have developed a novel fractal analysis to assess vascular complexity. Our
protocol has been optimized for adult rat, adult mouse, and neonatal mouse studies. The protocol is efficient, can be rapidly
completed, stains cerebral vessels with a bright fluorescence, and provides valuable quantitative data. This method has a broad
range of applications, and we demonstrate its use to study the vasculature in assorted models of acquired brain injury.
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Introduction

The brain is one of the most metabolically active organs in the
body. In order to satisfy its high metabolic needs, the brain
requires an intricate network of blood vessels that constitutes
the cerebral vasculature. Cerebral vessels are responsible for
maintaining constant blood flow throughout the brain [1].
Perturbations or cessation in blood flow, for example during

ischemic stroke, can lead to irreparable neuronal injury in a
matter of minutes [2, 3]. At the cellular level, the cerebral ves-
sels engage with neuronal and non-neuronal cells to regulate
blood flow in accordance with neuronal activity (neurovascular
coupling) [1, 4, 5]. The vascular endothelium forms a restricted
barrier called the blood-brain barrier, which controls the entry
of molecules into the brain and is essential for creating a pro-
tective environment for neurons [1]. Thus, maintaining an intact
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blood-brain barrier with blood flow regulated in response to
metabolic need is crucial for cerebral health.

An important challenge facing preclinical research is to find
methods to rapidly visualize the cerebral vasculature at the
whole brain level. The ability to image cerebral vessels would
be invaluable in understanding the vascular anatomy in healthy
developing and mature brains. Neuroscientists need a reliable
method to study cellular and morphological aspects of vascular
pathology following a variety of brain injuries and diseases. In
addition, the effects of promising therapeutics targeting the
cerebrovasculature require methods for assessment. Thus, there
is an urgent need to develop sensitive and more efficient tech-
niques to visualize the cerebral vessels in the entire brain.

Several techniques have been developed that permit for
visualization of cerebral vasculature of the rodent brain.
One such technique is called vessel painting (VP), which
was originally developed to visualize the 3D blood vessel
network in the retina and was recently modified to stain
the cerebral vasculature [6–8]. The VP technique utilizes
a lipophilic carbocyanine dye, 1,1′-dioctadecyl-3,3,3′,3′-
tetramethylindocarbocyanine perchlorate (DiI), to label
endothelial cell membranes. VP is achieved through mea-
sured intracardiac injection of an aqueous DiI solution
followed by perfusion fixation. When the DiI molecules
come in contact with the vessel lumen, it is incorporated
within the lipid membranes thereby staining the entire
vessel lumen [6, 9]. Originally, a major drawback of this
technique was that it had low success rate and labeled
vessels typically exhibited heterogeneous staining, pre-
cluding repeatable quantitative whole or regional analysis.
Furthermore, the original retinal studies were not adapted
to stain the cerebral vasculature in rats.

Vascular analysis has been accomplished using manual
analytical programs (ImageJ plugins) and semi- and full-
automated software programs [10, 11].A recently developed
tool is AngioTool, a fully automated program that performs a
comprehensive quantitative analysis focusing particularly
on vessel network features and computes various morpho-
metric and spatial parameters including number of vessels,
vessel length, branching, and lacunarity, among others.
AngioTool has been utilized in simple vascular systems such
as murine embryonic hindbrain, retinal, and allantois ex-
plants [12]. AngioTool features have not been optimized
for large-scale analysis of the rodent cerebrovasculature.

The use of fractals as a measure of complexity has not been
routinely employed in neuroscience, and few reports exist for
its utilization in morphological characterization of cerebral
vessels [13, 14]. Fractal analyses have been used to evaluate
roughness and patterning of neuron structures and microglial
morphology [15–17]. Fractals have recently been used to
study tumor and retinal vessels [18, 19], and we have been
one of the first to use it in evaluation of whole brain rodent
cerebrovasculature [20].

Here, we present a novel protocol to stain, visualize, and
analyze the blood vessels in the rodent brain. Our novel VP
technique has been adapted for the adult rat brain and further
improved to label vessels in the adult and neonatal mouse brain.
Unlike previous techniques, our technique stains cerebral ves-
sels with a bright red fluorescence that allows for visualization
by wide-field fluorescence and confocal microscopy. Another
key advantage of our technique is that it stains the blood vessels
in the entire brain (in 3D) across rodent species and ages. We
introduce two complimentary analysis approaches that have
been adapted for brain vasculature in rodents: classical analysis
to assess vessel characteristics and fractal analysis to measure
vascular complexity. We applied our protocol to analyze the
cerebral vasculature in adult and neonatal mice and obtained
quantitative parameters of vessel density, length, and complex-
ity. Finally, we demonstrate its ability to be used in a variety of
acquired brain injury models where vascular alterations are
known to occur. Further, the protocol is uncomplicated, in-
volves aminimum number of steps, and requires only a handful
of standard laboratory materials.

Materials

Reagents

The following reagents were used:

DiI (Life Technologies, Carlsbad, CA; catalog number
D282)
Ethanol (absolute, 200 proof; Fisher Scientific, Fair
Lawn, NJ; catalog number BP2818100)
Sodium nitroprusside (SNP, dihydrate, Sigma Aldrich,
Saint Louis, MO; catalog umber 71778)
Heparin, sodium injection 1000 USP units/mL (Sagent
Pharmaceuticals, Schaumburg, IL; catalog number
25021-400-01)
Phosphate buffered saline (PBS, 1×; MP Biomedicals,
Solon, OH; catalog number 0928103)
PBS contains 2.68 mM potassium chloride, 1.47 mM po-
tassium phosphate monobasic, 136.89 mM sodium chlo-
ride, and 8.10 mM sodium phosphate dibasic at pH 7.4
Paraformaldehyde (PFA, 32%; Electron Microscopy
Sciences, Hatfield, PA; catalog number 15714-S)
Dextrose (anhydrous, Fisher Scientific, Fair Lawn, NJ;
catalog number 50-99-7)

Preparation of Reagents

DiI stock solution: 100 mg DiI, 33.4 mL 100% ethanol.
Protect from light and store at room temperature for up to
1 year.
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Diluent solution: 2 g dextrose, 1 mL 10× PBS, adjust with
ddH2O to 50 mL. Filter through a 0.22-μm bottle-top filter.
Store at 4 °C; stable for several months. Diluent solution is
warmed to 37 °C prior to adding the DiI stock solution.

DiI working solution (see Note 1):

Method 1

i. Adult rat (250 g): 200μLDiI stock solution, 900 μL 100%
ethanol, adjust with diluent solution to 50 mL.

ii. Adult mouse (25 g): 40 μL DiI stock solution, 180 μL
100% ethanol, adjust with diluent solution to 10 mL.

Method 2

i. Adult mouse (25 g): 50 μL DiI stock solution, 450 μL
diluent solution.

ii. Neonatal mouse (12 g): 25 μL DiI stock, 225 μL of dil-
uent solution.

SNP stock solution: 0.75 mg SNP, 1 mL sterile 1× PBS.
Protect from light and refrigerate at 4 °C. Stable for 1 week.

SNP-heparin injection solution: 0.75 mg/kg SNP stock so-
lution, 2000 units/kg heparin (see Note 2).

Equipment

Method 1
Nitrogen tank
Two 100-mL bottles
PE-50 tubing
Tygon lab silicone tubing, 1/32 in. (Cole-Parmer, Vernon
Hills, IL)
Three-way stopcock (cat# WU-30600-02, Cole-Parmer)
22-Gauge Luer stub adapters (cat# 724439, Harvard
Apparatus, Holliston, MA)
Male to male Luer lock connectors (cat# 12090, Qosina,
Edgewood, NY)
Pressurized air tank, 2 L empty plastic bottle with airtight
cap
27-Gauge Luer stub
30-Gauge needle
1-mL syringe with barrel flange cut
10-mL syringe
Syringe pump (Harvard Pump II Plus single syringe,
Harvard Apparatus, Holliston, MA)
Method 2
Two 100-mL bottles
FH100 peristaltic pump (Thermo Fisher Scientific,
Waltham, MA)
1-mL syringe with 23-gauge needle
1-mL syringe with barrel flange cut
Tygon lab silicone tubing, 1/32 in.

Methods

Two Methods to Stain the Cerebral Vasculature

Method 1 Procedure

Method 1 was initially based on a protocol developed for mice
by Hughes and colleagues [6], and modifications to the proto-
col were made to improve the efficiency and facilitate its use in
rats (Fig. 1a). The initial protocol utilized a pressurized air tank
with a blood pressure bulb and gauge to deliver the perfusion
solutions, but air leakage often resulted in an inability to main-
tain constant pressure throughout the system. Thus, to over-
come these limitations, we switched to a nitrogen gas tank that
provided continuous delivery of perfusion solutions under care-
ful and constant pressure (1.7 PSI). PBS and PFA solutions
were then delivered under constant pressure, while the DiI so-
lution was delivered under constant flow rate using a syringe
pump. The three-way stopcock assembly was used to control
the solutions flowing from the outflow port (Supplemental
Fig. 1).

1. Assemble the perfusion apparatus. A detailed descrip-
tion of how to construct the perfusion apparatus can be
found in Hughes’ article [6] (Supplemental Fig. 1). As
stated above, the blood pressure bulb and gauge was
replaced with a nitrogen gas tank.

2. Before starting the procedure, it is imperative that the
entire system is airtight and devoid of air bubbles.

3. Anesthetize mouse or rat by intraperitoneal injection of
ketamine (90 mg/kg) and xylazine (10 mg/kg) or by
other institutionally approved method.

4. In a perfusion tray, secure the animal on its back. Make an
incision along the thoracic midline to open the abdominal
cavity. Cut the diaphragm. Carefully cut the chest wall on
both sides. Take a small hemostat to hold the sternum and
turn it toward the head to expose the chest cavity.

5. Inject the SNP-heparin solution (0.75 mg/kg SNP stock
solution and 2000 units/kg heparin) into the left
ventricle.

6. Insert the butterfly needle from the perfusion device into
the left ventricle and then make a large incision in the
right atrium.

7. Rotate the stopcock knob for the PBS to the Bon^ posi-
tion. Perfuse with 1× PBS (rats 150 mL, mice 10 mL) to
remove the blood. A sign of a good perfusion is uninter-
rupted flow of blood exiting the right atrium.

8. Rotate the stopcock knob for the DiI solution to the Bon^
position and then activate the syringe pump. Perfuse
with DiI solution (rats 50 mL, mice 10 mL) at a constant
flow rate (rats 10 mL/min, mice 1 mL/min). During per-
fusion with DiI solution, the nose and palms of the ani-
mal will turn slightly pink.
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9. Rotate the stopcock knob for the PFA to the Bon^ posi-
tion. Perfuse with 4% PFA (rats 200 mL, mice 20 mL) to
fix the brain tissue.

10. Remove brain from the skull and postfix in 4% PFA for
24 h. Brains can be left in 1× PBS in the dark for several
weeks at 4 °C.

Method 2 Procedure

While method 1 works in adult mice, visual examination
found that a majority of mice (75%) showed heterogeneous
staining of the cerebral vessels. Imaging of vessel-painted
brains revealed lack or reduced staining of capillary structures
indicating that the DiI solution was not successfully penetrat-
ing into the capillaries using nitrogen tank as the pressure
source. To improve circulation of the DiI solution into these
fine vessels in the mouse brain, we modified the method 1

protocol by direct manual injection of the DiI solution into
the left ventricle of the heart (Fig. 1b). By performing an
intracardiac injection of DiI solution into a beating heart prior
to the PBS perfusion step, this allows for the DiI to circulate
through the entire cerebral vasculature, thereby labeling all the
blood vessels, including fine capillaries. The PBS and PFA
solutions were then delivered at a pulsating flow rate using a
peristaltic pump (9 mL/min for adult mice and 5 mL/min for
neonatal mice). The labeling efficiency rate for the adult and
neonatal mice was higher with the peristaltic pump than the
compressed gas nitrogen tank as the pulsating flow rate per-
fusion possibly better mimics the physiological conditions in
the mouse than the constant pressure perfusion. The syringe
pump, stopcock assembly, and its associated components are
not needed for method 2 (see Note 3 for methodological dif-
ferences between methods 1 and 2).

1. Before starting the procedure, make sure that the perfu-
sion line is devoid of air bubbles.
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Fig. 1 Vessel painting perfusion apparatus for rodents. a Photograph of
vessel painting (VP) apparatus for adult mice and rats (Method 1) used in
our studies. The apparatus consists of a nitrogen tank, tubes connecting to
the stopcock assembly, and an outflow port. The nitrogen tank provides
pressure to deliver the phosphate buffered saline (PBS) and paraformal-
dehyde (PFA) fixative solutions. b Photograph of VP apparatus for adult
and neonatal mice (Method 2). This setup consists of a peristaltic pump
and syringe containing the DiI solution. The pump is used to deliver the

PBS and PFA, but the DiI solution is deliveredmanually. cRepresentative
examples of VP in adult mice and rat brains as well as in postnatal day 14
(P14)mouse brain. The brains labeled Bgood^ demonstrate successful VP
with uniform pink staining of the tissue. The brains labeled Bfail^ dem-
onstrate failed VP perfusion with patches of pale tissue (asterisks) within
the diffusively pink tissue. Right hemisphere (R) and left hemisphere (L).
Scale bar = 2 mm



2. Anesthetize mouse or rat by intraperitoneal injection of
ketamine (90 mg/kg) and xylazine (10 mg/kg) or by other
institutionally approved method.

3. Secure the animal on its back and open the abdominal
cavity. See step 4 in method 1 for more detail.

4. Inject the SNP-heparin solution (0.75 mg/kg SNP stock
solution and 2000 units/kg heparin) into the left ventricle.

5. Manually inject the DiI solution (adult mice 500 μL, neo-
natal mice 250 μL) into the left ventricle slowly over the
course of 10–12 s (see Note 4). In a few cases, the heart in
neonatal mice stopped beating as the DiI solution was
being injected, and the heart was manually pumped using
forceps to assist in circulating the solution (see Note 5).
During incubation with the DiI solution, the nose and
palms of the animal will turn slightly pink.

6. Insert the butterfly needle from the perfusion device into
the left ventricle and then make a small incision in the
right atrium.

7. Perfuse with 1× PBS (adult mice 10 mL, neonatal mice
8 mL) to remove the blood. A sign of a good perfusion is
uninterrupted flow of blood exiting the right atrium.

8. Perfuse with 4% PFA (adult mice 20 mL, neonatal mice
15 mL) to fix the brain tissue.

9. Remove brain from the skull and postfix in 4% PFA for
24 h. Brains can be left in 1× PBS in the dark for several
weeks at 4 °C.

Different variations of our VP protocol have been utilized
in other studies and are described in Note 6.

Removal of Brain and Assessment of Vessel Painting
Success

To assess the success of our VP, brains were carefully re-
moved from the cranium without damaging the vasculature
or the underlying tissues. The dura mater was gently removed
from the surface of the brain keeping the pial vessels intact
within the pial and arachnoid layers. Extracted brains were
then postfixed in 4% PFA for 24 h before being placed in 1×
PBS. Success of VP was confirmed by visual inspection of the
brain parenchyma. Excellent VP was determined if brains had
uniform pink staining of the surface and deep structures of the
brain (Fig. 1c) and excellent labeling of pial, penetrating, and
parenchymal vessels assessed by wide-field fluorescence mi-
croscopy (Fig. 2). Animals that did not meet these criteria
were excluded from subsequent analysis. Method 1 showed
excellent vessel staining from 67% (6/9) of adult rats and 25%
(6/24) of adult mice; method 2 showed excellent vessel stain-
ing from 71% (5/7) of adult mice and 37.5% (6/16) of neonatal
mice (Table 1). Failed vessel-painted brains exhibited hetero-
geneous staining and pale spots within the pink tissue (Fig. 1c,
asterisks). Vessel-painted brains with lack of pink staining
were classified as Bno staining.^ Methods 1 and 2 have also

been utilized in other applications and their success rates are
reported in Note 7.

Wide-Field Fluorescence Imaging of Vessel-Painted
Brains

Vessel-painted brains were imaged by wide-field fluorescence
microscopy (BZ-X700, Keyence Corp, Osaka, Japan). The
BZ-X700 fluorescent microscope can image to a depth of
42μmwhich allows for imaging of the surface cortical vessels
and parenchymal vessels of the brain. Acquisition of whole
brain axial images of the dorsal view was executed through
careful positioning of the brain between two glass slides.
Gentle pressure was applied to minimally flatten the dorsal
surface of the brain to facilitate imaging of the entirety of
the surface cortical vascular network of the cerebrum without
causing damage (Supplemental Fig. 2). The brains were gent-
ly pressed onto the glass slides until the compression ring is
formed in the outer perimeter of the brain resulting in clear
view of the middle cerebral artery trunk and its branching
vessels. Z-stacks of the surface cortical vessels were obtained
at 2x magnification at 1-mm depth of field to collect VP data
as the cortical surface curves laterally. Following acquisition,
axial Z-stacks were merged into full focus images using BZ-X
Analyzer software (Keyence Corp, Osaka, Japan). After axial
images were collected, coronal images were obtained by plac-
ing brains into an Acrylic Brain Matrix (Ted Pella, Inc.,
Redding, CA) and slicing 5 mm posteriorly from the olfactory
bulbs to create an anterior and posterior half brain. The pos-
terior half brain was placed on a glass slide (Supplemental
Fig. 2) and imaged at ×2magnification at 1-mm depth of field.
The coronal Z-stacks were merged into a full focus images.

Axial view images revealed uniform staining of the cortical
vessels on the surface of the brain (Fig. 2, top row). The pial
vessel network, including branching arteries from the middle,
anterior, and posterior cerebral arteries and leptomeningeal
anastomosis, is clearly visible in our axial images. However,
there was limited staining of the superior sagittal sinus, trans-
verse sinuses, and other venous structures (see Note 8 for
limitations of our VP protocol). Coronal images of the anterior
half brains confirmed well-defined staining of deep vessel
structures within the brain (Fig. 2, bottom row). We observed
distinct labeling of the penetrating vessels on the cortical sur-
face and parenchymal microvessels in subcortical brain re-
gions. Furthermore, there was no apparent leakage of the DiI
working solution from the vessels into the cerebral tissue.

High-Resolution Confocal Microscopy

The DiI molecule has an intense fluorescence and fades slow-
ly when exposed to excitation light during image acquisition
[21]. Given its strong fluorescence intensity and slow fading
properties, we tested whether DiI-labeled vessels are
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amendable to laser scanning confocal microscopy. Laser scan-
ning confocal microscopy (Zeiss LSM 710 NLO, Jena,
Germany) was used to acquire axial images from the dorsal
surface of the cortex (wavelength absorbance 549 nm, emis-
sion 565 nm). Axial views of the brain were obtained between
the middle and anterior cerebral arteries using a ×5

magnification with 300-μm depth of field. Images were sub-
sequently processed to create maximum intensity projections
using Zeiss software (Zeiss Zen 2010, Jena, Germany).

Axial confocal images revealed uniform staining of the
pial, penetrating, and microvessels on the surface of the brain
(Fig. 2, middle row). Adult mice stained with method 1

Table 1 Evaluation of vessel-
painted brains following methods
1 and 2

Method Excellenta Failedb No stainingc Success rated (%)

Method 1—adult rat 6 3 0 67

Method 1—adult mouse 6 5 13 25

Method 2—adult mouse 5 2 0 71

Method 2—P14 mouse 6 5 5 37.5

The table summarizes the number of vessel-painted brains with excellent, failed, and no staining following
methods 1 and 2
a Excellent vessel-painted brains exhibited homogeneous pink staining of the entire brain parenchyma and excel-
lent labeling of vessels on the dorsal surface and deep compartments in the brain - see Fig 1c
b Failed vessel-painted brains exhibited heterogeneous pink staining and poor labeling of vessels in the brain
c Brains with lack of pink staining were classified as Bno staining^
d The success rate was determined by dividing the number of excellent vessel-painted brains by the total number
of brains
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Fig. 2 Visualization of a mouse and rat brains. The top row displays
examples of axial view images of adult rat and mouse brains as well as
P14 mouse brain. The middle row set of images are high-magnification
confocal images from axial cortical tissues, and the bottom row shows
coronal images. The representative brains from either method 1 or 2
illustrate excellent staining of all the blood vessels within whole brain
tissues. The confocal images confirm crisp staining of pial, penetrating,

and parenchymal microvessels. Adult mouse brain stained with method 2
revealed more uniform staining of large pial vessels and intense staining
of microvessels than method 1 (see confocal images). The boxed areas in
the confocal images are magnified in the inserts. Right hemisphere (R)
and left hemisphere (L). Scale bar = 1 mm (axial and coronal images),
200 μm (confocal), and 100 μm (inserts). Axial and coronal VP brain
tissue were scaled to the same size for rats and mice



typically showed heterogeneous staining of large vessels and
reduced or absent staining of microvessels, while adult mice
stained with method 2 had more uniform staining of large
vessels and improved microvessel staining (compare confocal
images of adult mice from method 1 and method 2). We de-
tected small red aggregates attached to the vessel lumen using
method 1, which have been reported in other VP protocols
[22, 23]. These dye aggregates were absent from adult mice
stained with method 2.

Classical Vascular Analysis

Wide-field fluorescence and/or confocal images can be uti-
lized in a broad range of analysis methods. Quantitative anal-
ysis of vessel characteristics has previously been reported for
simple vascular systems such as retinal explants (AngioTool)
[12]. For the first time, we demonstrate that AngioTool can be
utilized for large-scale vascular analysis of the rodent brain
(Fig. 3b, c). Analysis of the cerebrovasculature can be under-
taken from the entire cortical surface or in regional sections
based on the scientific question being studied. Herein, we
describe our analysis of the blood vessels from the left and
right hemispheres.

Using BZ-XAnalyzer software, the raw fluorescent images
were first processed for black balance and haze reduction
(blur/brightness/reduction 10/10/1) to enhance the appearance
of the vessels from wide-field fluorescent images (Fig. 3a).
The processed fluorescent images displayed high resolution
of the labeled vessels with reduced background signal
(Supplemental Fig. 3). The processed images were then
imported into Fiji ImageJ software (http://fiji.sc/) and
regions of interest (ROIs) were drawn around the left and right
hemispheres. The compression ring around the edge of the
brain was excluded from the analysis by drawing a ROI that
encompassed the brain surface along the curvature of the
brain. The ROIs were saved and imported to AngioTool soft-
ware. The software then selects vessels based on their diame-
ter and fluorescence intensity and the values can be individu-
ally adjusted. For whole brain analysis, the vessel diameter
was set to 2 which selects vessels with diameters greater than
2 μm. The vessel intensity was set from 0 (minimum) to 255
(maximum) which indicates that vessels with a large range of
fluorescence intensity (faint to bright) were included in the
analysis. The classical vascular analysis generates an
AngioTool image related to the number of vessels and their
branch points (Fig. 3b). The size and color of the features can
be user adjusted, where the AngioTool image displays vessels
in red, branch points in blue, and vessel area outlines in yel-
low. Additionally, the software provides vessel morphometric
and spatial features, including vessel area, total number of
junctions, number of endpoints, and total vessel length
(Fig. 3c, see Note 9 for limitations of classical analysis). A

detailed description of these parameters can be found in the
article from Zudaire and colleagues [12].

Fractal Geometry Analysis

The complex vasculature of the rodent brain can also be
quantified by fractal geometric analysis [13]. The use of
fractals to analyze vascular structures is rare, and in the
few reported studies, it is used to assess retinal or tumor
vessels [18, 19]. We have developed a novel fractal analysis
protocol that has been adapted for analyzing the rodent
cerebrovasculature (Fig. 3d–f). Our fractal analysis pro-
vides unique and complimentary data on vascular complex-
ity of the whole brain, which cannot be derived using the
classical vascular analysis method (see Note 10 for differ-
ences between classical and fractal analysis).

Processed axial images were imported into Fiji software
and converted into a binary image. The polygon tool was used
to outline the ROIs on the whole brain hemispheres. Fractal
analysis was performed using the ImageJ plugin that was de-
veloped for microglia analyses, FracLac [24]. A local fractal
dimensions (LFD) analysis was performed from the binary
images at each pixel using the box counting method. The
method applies the following formula DBmass = limε → 0

[ln(με)/ln(ε)], where ε is the side length of the box and με is
the mean pixels per box of side ε. A ln(με) vs. ln(ε) graph is
generated and LFD is calculated by taking the slope of the log
regression line [15]. All output data and graphs were saved.
Following analysis, the software generated a colorized image
visually encoding the degree of complexity (Fig. 3d) where
the color scale used can be adjusted by the user (lookup table
LUT4 used in this study) (Fig. 3e). The brain vasculature is
colorized with a gradient of low LFD (low complexity) in
blue, medium LFD (medium complexity) in yellow, and high
LFD (high complexity) in pink. The different colors correlate
with the complexity of vessels, with large pial vessels
appearing more complex than microvessels. The distribution
of LFD displays a histogram with local fractal dimensions
(complexity) in the x-axis and frequency (vessel number) in
the y-axis (Fig. 3f). Kurtosis, skewness, and peak fractal fre-
quency values are extracted from the fractal histograms.
Kurtosis describes the peakness (tailness) of the fractal distri-
bution, skewness describes the uniformity of the fractal distri-
bution, and peak fractal frequency is the peak fractal value.

Notes

1. Direct labeling of the cerebral vessels was achieved
through the lipophilic carbocyanine dye DiI (DiIC18

(3)), a lipid-soluble molecule that becomes incorporated
into endothelial cell membranes upon contact. To facil-
itate efficient circulation of the DiI in the rodent
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circulatory system, an aqueous DiI working solutionwas
prepared as previously described [6, 7]. This aqueous
DiI working solution contains high concentrations of
PBS along with dextrose in order to maintain osmolarity.
In our preliminary work, we found that DiI had a ten-
dency to precipitate out of solution at room temperature
and this issue was resolved by heating the solution at
37 °C prior to injection.

2. The doses for SNP (vasodilator) and heparin
(anticoagulant) were based on previously published
work [6]. The SNP-heparin injection prevents blood clot
formation, improves homogeneity of the staining, and

enhances DiI solution penetration into microvessels, fa-
cilitating improved vessel resolution.

3. There are several differences in methodology that must
be noted. First, method 2 is reliant on intrinsic blood
flow to circulate the DiI solution throughout the brain.
As a result, this procedure only labels blood vessels with
active perfusion. In cases when cerebral blood flow is
reduced or absent, such as in acquired and nonacquired
brain injuries, this could potentially affect the quality of
the vessel staining and lead to poorly labeled vessels.
Conversely, method 1 is reliant on the PBS solution (un-
der constant pressure) to remove the blood throughout

Transl. Stroke Res. (2019) 10:216–230 223

Fig. 3 Classical and fractal vascular analysis of vessel-painted images. a
The raw epifluorescent image is processed using black balance and haze
reduction algorithms to create an enhanced fluorescent image with
reduced background. A region of interest is drawn around the whole
cortex (white outline). Right hemisphere (R) and left hemisphere (L). b
The enhanced image can be processed for vascular features (AngioTool
software) which results in images that display vessels in red, junctions in
blue, and vessel outline in yellow. c Quantitative analysis of vessel
characteristics can be derived including vessel percentage area, number
of junctions, vessel length, and lacunarity. The data is from the enhanced
fluorescent image from Fig. 1a. d The enhanced image can be processed
for vascular complexity using fractal analysis (FracLac, ImageJ plugin).

The fractal analysis extracts the local fractal dimension (LFD) and then
color-codes according to the degree of vessel complexity. The vasculature
in the brain is colorized based on corresponding fractal dimension with a
gradient from lower LFD in blue (less complex) to higher LFD in pink
(more complex). e The color scale displays LFD values with a gradient
from blue (less complex) to pink (more complex). The LFD value ranges
and vessel complexity are shown in the chart. f The resultant LFD
histogram displays vessel complexity in the x-axis (LFD) and vessel
numbers in the y-axis (frequency). The histograms can be quantitatively
analyzed by measuring skewness, kurtosis, and LFD peak frequency. The
histogram is a mean of 4 animals with all error bars presented as standard
error of mean



the cerebrovasculature and subsequent delivery of DiI
solution to label the vessels. Method 1 does not rely on
the heart to circulate the DiI solution. Second, each
method used different concentrations of the DiI working
solution (12.8 μM for method 1 vs. 321 μM for method
2). The total volumes were also adjusted according to the
rodent strain and age. We found that these DiI concen-
trations effectively labeled all the blood vessels in the
entire mouse and rat brain, while also preventing the
formation of dye aggregates. Third, the order in which
the perfusion solutions were delivered differs between
methods. Method 1 delivered the DiI solution following
the PBS solution, while method 2 delivered the DiI so-
lution prior to the PBS solution.

4. It is imperative that DiI working solution is injected at a
steady rate. Following injection, quickly start the perfu-
sion with PBS and PFA solutions. A long delay at this
step can lead to incomplete vessel painting.

5. The VP procedure in neonates was challenging because
of their small size and difficulty in performing injections
and insertion of the butterfly needle into the heart. Some
neonates underwent cardiac arrest during the intracardi-
ac injection inhibiting the circulatory system from natu-
rally distributing the DiI solution throughout the brain. If
cardiac arrest did occur, the heart was manually pumped
to create perfusion but in a limited capacity. A possible
modification could be to inject a smaller volume of DiI
solution and administer it at a slower pace. Additionally,
the SNP-heparin injection could be administered several
minutes prior to VP procedure.

6. A very recent modified VP protocol has been shown to
label blood vessels in adult and neonatal mice [23, 25].
This modified technique resembles our method 1 proce-
dure but with a few minor modifications: SNP-heparin
was injected subcutaneously 5 min prior to euthanizing,
and infusion of PBS and PFA solution was performed
with a peristaltic perfusion pump. The authors reported
strong labeling of pial vessel network on axial images,
but it was unclear whether this modified protocol stained
parenchymal vessels as efficiently as our technique. A
recent study by Konno and colleagues [22] utilized neu-
tral liposomes and DiIC12 to achieve brighter and uni-
form labeling of the blood vessels in the mouse brain.
The addition of liposomes to the DiI solution prevented
the formation of DiI aggregates which improved the ho-
mogeneity of the vessel painting. This technique is sim-
ilar to our method 1 procedure, except that the PBS flush
was omitted and DiI/liposome solution was manually
injected.

7. Method 2 has been utilized in healthy female mice with a
success rate of 67% [26]. We previously utilized method
1 in adult rats that received moderate TBI and found that
70% of rat brains showed excellent vessel staining [20].

Similarly, we used method 2 in adult male mice that
received a moderate TBI and found that 65% of mouse
brains showed excellent vessel staining including label-
ing of new, immature microvessels [9].

8. The VP protocol described here has several limitations.
First, DiI may label cerebral arteries and veins different-
ly, a feature that is difficult to elucidate. Other protocols
that use DiI reported high staining of arteries and arteri-
oles and limited staining of veins and venules [6, 23].
Based on these studies, we do not recommend this VP
protocol if one has an interest in studying the cerebral
venous system. Second, this protocol provides only a
snapshot of the cerebral vasculature at a single time point
in an individual animal. Thus, large numbers of animals
are needed to study temporal alterations of the cerebral
vessels over time. Techniques for real-time imaging of
the in vivo brain vasculature are available and these
could be combined with our protocol [27, 28]. Third,
while this protocol enables visualization of the blood
vessels in the entire brain, it does not provide meaningful
data on blood flow. Noninvasive techniques such as
magnetic resonance perfusion-weighted imaging (PWI
MRI) or two-photon approaches could be utilized prior
to VP to provide dynamic information on blood flow
[29, 30]. This is of particular importance in brain pathol-
ogies where blood flow is reduced or heterogeneous
[31]. Since effective labeling is predicated on perfusion
of DiI through the vessels, labeled vessels must possess
some degree of blood flow or the capacity to perfuse
blood (and likely a mature vessel lumen). Thus, this
protocol offers only indirect data regarding perfusion
status of the vessels.

9. One limitation of our analysis approaches is that it does
not report on average vessel diameter which would be
useful in determining the type of blood vessels. An al-
ternative approach would be to measure vessel diameter
with ImageJ plugins such as Vessel Diameter or Vessel
Analysis.

10. The classical and fractal analyses apply different param-
eters and algorithms for quantification and measure dis-
tinct features of the vessel network. For the classical

Fig. 4 Workflow of vessel painting and analysis. The workflow is
comprised of four components, the actual vessel painting technique
(two methods), data acquisition, analysis methods, and extraction of the
final results. The vessel painting technique consists of two methods: one
optimized for the adult rat and mouse (method 1) and a second
modification for adult and neonatal mouse (method 2). Following the
procedure, vessel-painted brains are removed from the cranium, visually
inspected to ensure adequate staining, and imaged by wide-field and/or
high-resolution fluorescence microscopy. The raw fluorescent images are
processed and subsequently analyzed by classical and fractal analysis.
Classical vascular analysis provides quantitative analysis of vessel char-
acteristics and creates an image that displays vessels and branch points.
Fractal geometric analysis measures biological vessel complexity and
creates a colorized image according to the degree of complexity

b
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analysis, AngioTool identifies vessel segments using a
multiscale Hessian enhancement filter [32]. Avessel seg-
ment is defined as any segment between two branch
points, two end points, or a branch point and an end
point. Vessel segments are skeletonized and then ana-
lyzed by counting and morphometric algorithms which
compute various morphological features of the vessels.
For the fractal analysis, FracLac assigns fractal proper-
ties to the blood vessels in the image [15]. Fractals are
defined as geometric patterns that are repeated across
different scales. An LFD analysis is performed at each
pixel using the box counting method to measure fractal
dimensions (quantitative index of complexity) and fre-
quency (number of occurrences in each box). The
resulting fractal data measures morphological complex-
ity in the entire vessel network.

Application of the Vessel Painting Procedure

We have synthesized the process of VP and analysis into a
schematic that provides an overview (Fig. 4). Additional de-
tails are described in the text. We now discuss the applications
of our VP technique and analyses.

Classical and Fractal Analysis of Cerebral Vessels
in Adult and Neonatal Mice

To validate our vessel painting technique and vascular analy-
sis approaches for particular detection of a range of blood
vessel sizes in the brain, we analyzed the cortical vasculature
in healthy adult (8-week-old, 25–28 g, Jackson Laboratories,
n = 4) and neonatal (P14, 10–12 g, Jackson Laboratories, n =
4–5) male C57BL/6 mice. The vasculature of adult and neo-
natal mice were labeled with method 2, and whole brain axial
images were obtained and analyzed by classical vascular anal-
ysis, as described above. Comparison of classical vascular
analysis images revealed reduced vessel features in neonatal
brain compared to the brain of adult mice (Fig. 5a). Vascular
analysis of the entire hemispheric cortex demonstrated reduc-
tions in vessel percentage area (16.3 ± 2.1 vs. 21.3 ± 1.1%,
unpaired Student’s t test, p < 0.05), total number of junctions
(7.3 × 10−4 ± 9.6 × 10−5 vs. 1.5 × 10−3 ± 1.3 × 10−4, unpaired
Student’s t test, p < 0.05), and total vessel length (1.4 × 10−4

± 9.1 × 10−6 vs. 2.1 × 10−4 ± 1.1 × 10−5mm, unpaired
Student’s t test, p < 0.05) in neonatal mice as compared to
adult mice (Fig. 5b). There was an increase in lacunarity
(space between vessels) (unpaired Student’s t test, p = 0.08)
in neonatal mice brains as compared to adult brains but this
did not reach significance (Fig. 5b). Collectively, these data
suggest that vessel characteristics in the cortex increase from
adolescence to adulthood.

We next analyzed vascular complexity between the adult
and neonatal mice vasculature using fractals. Comparison of
fractal colorized images revealed a reduction in vessel com-
plexity in neonatal brain as compared to the brain of adult
mice (Fig. 5c). When we analyzed the entire hemispheric cor-
tex, we observed a leftward shift (reduced vascular complex-
ity) and a decrease in peak frequency values (reduced vessel
numbers) in the histogram from the neonatal mice brains com-
pared to the adult brains (Fig. 5d). Quantitative analysis of the
distribution of the LFD revealed a 3.9% reduction (unpaired
Student’s t test, p = 0.30) in skewness and 22.6% reduction
(unpaired Student’s t test, p = 0.11) in kurtosis values but did
not reach significance. The peak frequency value, a measure
of the number of vessels, revealed a 5% reduction in neonatal
mice (unpaired Student’s t test, p = 0.08) compared to the
adult mice, but this did not reach significance. While the com-
plexity values were not significantly different between neona-
tal and adult brain, there was a clear increase in vascular com-
plexity as the mice progressed to adulthood. These changes in
the cerebral vasculature are consistent with other published
studies [27, 33, 34].

Assessment of Vascular Architecture in Various
Animal Models of Brain Injury

A critical question for our vessel-painted technique is whether
it could also be used to study the vasculature following ac-
quired brain injuries where the vasculature is known to be
compromised. To test this, we induced brain injuries in adult
male Sprague-Dawley rats (2–3 months old, 250–275 g,
Harlan Laboratories) using a moderate controlled cortical im-
pact (CCI) model of traumatic brain injury (TBI) [20],
collagenase-induced intracerebral hemorrhage (ICH) [35],
endovascular perforation-induced subarachnoid hemorrhage
(SAH) [36], and permanent middle cerebral artery occlusion
model (MCAO) model of ischemic stroke [37]. Injured rats
underwent method 1 vessel painting at 24 h following injury.
Rats with a moderate CCI showed a loss of the cortical and
subcortical vessels in the right somatosensory cortex (Fig. 6a).
The injury extended to a depth of about 0.5 mm confirming
the moderate nature of the brain injury. ICH resulted in loss of
vessels in the right striatum at the site of hemorrhage (Fig. 6c).
The SAH model induced bleeding in the subarachnoid space
at the base of the brain (Fig. 6c). In this model, the injury site is
external to the brain parenchyma; however, there was a clear
deformation of the brain tissue indicative of brain swelling.
One intriguing finding in the SAH model was that there was
loss of microvessels which accentuated the resolution of the
pial and penetrating vessels (see axial view). This is likely due
to the edematous compression of the brain. Rats with a per-
manentMCAO showed a clear loss of vascular components in
the right hemisphere which is evident on the coronal and axial
views (Fig. 6d). There was also expansion of the ipsilateral
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hemisphere due to ongoing edema and brain swelling. Thus,
our VP technique has broad utility in normal brain vascular
morphology as well as assessment in an extensive range of
brain injury models.

We previously performed classical and fractal analysis to
assess acute changes in the cortical vessels of adult rats after a
moderate CCI and found a brain-wide reduction in vessel
length, junctions, and complexity 24 h after injury [20].
Furthermore, we performed classical analysis to assess sub-
acute changes in the cortical vessels in adult mice after a
moderate CCI and found an increase in vessel density in the

brain along with an increase in vessel density, length, and
junctions in the peri-lesional tissue at 7 days after injury [9].
Thus, the classical and fractal analyses provide a comprehen-
sive assessment of the cerebrovasculature in the injured brain.

Potential Applications of Vessel Painting Procedure

Further applications of the VP procedure could involve stud-
ies with magnetic resonance imaging, which would provide a
unique opportunity to correlate the vascular features with neu-
roimaging findings. We recently demonstrated proof of
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Fig. 5 Classical and fractal analysis of vessel-painted adult and neonatal
mouse brains. a Axial images from classical vascular analysis reveal a re-
duction in cortical vascular features in neonatal (P14) as compared to adult
(8-week-old) mice. The expanded view clearly illustrates decreased vessel
density in the cortex that increases during development. Vessels (red), junc-
tions (blue), vessel outline (yellow). bWhole cortex analysis demonstrates a
reduction in vessel percentage area (unpaired Student’s t test, p < 0.05), total
number of junctions (unpaired Student’s t test, p < 0.05), and total vessel
length (unpaired Student’s t test, p < 0.05) in neonatal mice compared to
adults. There was an increase in lacunarity (unpaired Student’s t test, p =
0.14) in neonatal mice as compared to adults but did not reach significance. c

Axial images from fractal geometric analysis reveal a reduction in vessel
complexity in neonatal brain (P14) as compared to adult (8-week-old) brain.
The expanded view illustrates decreased complexity within the cortex. Low
complexity (blue), medium complexity (yellow), and high complexity
(pink). d Local fractal dimension (LFD) distribution in the whole cortex is
representative of a decrease in vessel complexity (leftward LFD shift) and a
decrease in vessel numbers (decreased peak frequency). Quantitative analy-
sis of the distribution of the LFD histogram revealed no significant alter-
ations in the skewness (unpaired Student’s t test, p = 0.30), kurtosis (unpaired
student’s t test, p = 0.11), and peak frequency values (unpaired Student’s t
test, p= 0.08) between the two age groups



principle [20], where we performed correlations between in-
dividual fractal properties (skewness, kurtosis, local fractal
dimensions, and peak value frequency) with total hemorrhage
and edema volume from ex vivo T2-weighted imaging fol-
lowing moderate TBI. Combining perfusion-weighted imag-
ing and VP could provide valuable insight into hemodynamic
and cerebrovascular changes in the ischemic penumbra fol-
lowing MCAO. Another potential application could be com-
bining VP with tissue-clearing solutions which would allow
for imaging at depths of several millimeters along with large-
scale reconstruction of the vessel structures at high resolution.
The success of this method is dependent on utilizing a clearing
solution devoid of organic solvents and detergents as these
reagents will cause removal of the DiI from the lipid mem-
branes of the vessels. ScaleSQ, a detergent-free formulation of
ScaleS, could potentially be used for this purpose [38].
FocusClear has also been successfully used to clear thick brain
sections following vessel painting [8]. Lastly, although we
focus our investigation on the brain, the entire rodent circula-
tory system is exposed to DiI solution. Thus, other organs
such as retinal vasculature may be stained and could be exam-
ined using our technique. It should also be noted that

lipophilic tracers in the carbocyanine family are available in
other colors, for example DiO is a green fluorescent marker,
and are thus potentially compatible with transgenic and other
types of reporter mice [21].

The VP technique we describe here produces detailed im-
ages of the cerebral vessels, but these images are restricted to
depths of approximately 50 μm [39]. Several methods are
available to transform the intact brain into transparent form.
While these show promise in studying the cerebral vascula-
ture, no single method provides a comprehensive view of how
cerebral vessels respond to injury. One such method utilizes
Tie-2/red fluorescent protein (RFP) mice and CLARITY,
which allowed for imaging of cerebral vessels up to 3.2 mm
into the brain [40]. However, RFP expression is controlled by
an endothelial-specific promoter, and RFP expression may
change under different conditions, especially in cases of brain
injury and disease. The authors of this same study demonstrat-
ed that lectin and anti-claudin-5 antibody can penetrate into
the CLARITY-treated brain slices of wild-type C57BL/6 mice
resulting in labeling of cerebral vessels up to 900 μm [40].
However, fluorescent antibodies can lead to heterogeneous
staining of vessels and nonspecific staining of nonvascular
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Fig. 6 Vessel painting applied to different acquired injury models. All
injury models were vessel painted 24 h after injury induction. a Traumatic
brain injury reveals a loss of cerebral vessels in the axial views on the
right hemisphere (asterisk) following a controlled cortical impact model
(CCI). The CCI-induced injury extends about 0.5 mm from the cortical
surface (arrows) as observed in the coronal view. Right hemisphere (R)
and left hemisphere (L). b Intracerebral hemorrhage induced by collage-
nase injection into the striatum reveals an injury site on the axial view
(asterisk). In the coronal sections, there is a clear loss of vessels in the
right striatal region (arrow). The needle track also results in a secondary
loss of vessels in the cortex (yellow asterisk). c Subarachnoid hemorrhage

model based on puncture of the middle cerebral artery (MCA) illustrates
the loss of vascular complexity in the axial images, likely due to edema-
tous brain swelling. There is loss of vascular structures at the base of the
brain as can be seen in the coronal images (arrows). There is no overt
injury site as the MCA puncture is at the base of the brain. d MCA
occlusion model of stroke demonstrates a clear loss of perfusion in the
right hemisphere on the axial image (solid arrows) with expansion of the
right hemisphere due to edema formation. The coronal image clearly
illustrates the loss of the vascular network in the region supplied by the
MCA (asterisk). Scale bar = 1 mm



cells. Additionally, this method has been shown to cause ex-
pansion of the brain tissue which may affect the accuracy of
the quantitative analysis. Another method involves
transcardial perfusion with Texas Red-labeled lectin followed
by ScaleA2, which leads to visualization of cerebral vessels in
the hippocampus [41]. ScaleA2-treated samples are often brit-
tle, and the clearing method can potentially compromise tissue
structures. This method also results in brain tissue expansion.
Unlike these techniques, our VP technique uniformly stains
blood vessels in different rodent strains, ages, and pathologi-
cal conditions. The DiI molecules are able to laterally diffuse
within the lipid membranes of the endothelial cells providing
uniform staining of the vessel lumen and no staining of non-
vascular cells. Thus, vessel-painted brains can be routinely
used for various applications with minimal effects on the la-
beled vessels. Additionally, there was no overt change in the
size of brain tissue using our technique.

In summary, we have developed a newly developed proto-
col to stain, visualize, and analyze the cerebral vasculature in
the rodent brain. Among the many approaches for vessel la-
beling of the brain vasculature, our VP technique provides a
simple, more efficient alternative that gives bright red fluores-
cence and exquisite resolution of the pial, penetrating, and
parenchymal vessels including microvessels. Thus, the VP
technique we describe will be valuable for the high-
resolution imaging of the cerebral vessels in intact or injured
brain. We also introduced two simple analysis approaches to
assess vessel features. The classical and fractal analyses offer
extensive quantitative data on vessel morphology and com-
plexity, which have been lacking in the scientific community.
Thus, these analysis techniques are critical for assessing the
structural and quantitative features in the cerebral vasculature.
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