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Abstract

Background—Measurement of vascular density has significant value in characterizing healthy
and diseased tissue, particularly in brain where vascular density varies among regions. Further, an
understanding of brain vessel size helps distinguish between capillaries and larger vessels like
arterioles and venules. Unfortunately, few cutting edge methodologies are available to laboratories
to rapidly quantify vessel density.

New Method—We developed a rapid microscopic method, which quantifies the numbers and
diameters of blood vessels in brain. Utilizing this method we characterized vascular density of five
brain regions in both mice and rats, in two tumor models, using three tracers.

Results—We observed the number of sections/mm? in various brain regions: genu of corpus
callosum 161 + 7, hippocampus 266 + 18, superior colliculus 300 + 24, frontal cortex 391 + 55,
and inferior colliculus 692 + 18 (n=5 animals). Regional brain data were not significantly different
between species (p>0.05) or when using different tracers (70kDa and 2000kDa Texas Red;
p>0.05). Vascular density decreased (62—79%) in preclinical brain metastases but increased (62%)
a rat glioma model.
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Comparison with Existing Methods—Our values were similar (p>0.05) to published
literature. We applied this method to brain-tumors and observed brain metastases of breast cancer
to have a ~2.5-fold reduction (p>0.05) in vessels/mm? compared to normal cortical regions. In
contrast, vascular density in a glioma model was significantly higher (sections/mm? 736 + 84;
p<0.05).

Conclusions—In summary, we present a vascular density counting method that is rapid,
sensitive, and uses fluorescence microscopy without antibodies.

Graphical Abstract

Vascular density varies significantly between brain regions and between healthy and diseased
tissue. However, current methods are arduous and time consuming. Herein we present a rapid
simple method to quantify vascular density in brain. Normal brain vasculature is seen with
indocyanine green fluorescence within the image.
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1. Introduction

Vascular density varies from organ to organ, with some tissues such as lung containing 6-
fold higher values than heart (Targan et al., 2003). The brain is a highly vascularized organ,
although vessel density varies among regions i.e., thalamus contains 460 vessels/mm? which
is double the number of blood vessels per unit of tissue compared to the superior colliculus
(Klein et al., 1986; Wu et al., 2004). Alterations in vessel density are noted in pathological
conditions like ischemia, aging, and cancer (Aronen et al., 1994; Eberhard et al., 2000;
Farkas and Luiten, 2001; Mann et al., 1986). Clinically, low vascular density is used as a
measure of a lack of developmental progress and as an indicator of cerebral palsy or mental
retardation in infants (Miyawaki et al., 1998). Similarly a higher density of brain vasculature
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in stroke patients has been correlated with improved progress and survival due to the
increased blood flow to the damaged area (Krupinski et al., 1993). In contrast, higher vessel
densities have been associated with lower patient outcome in several types of cancer
(Bevilacqua et al., 1995; Nico et al., 2008; Uzzan et al., 2004; Weidner et al., 1993).

Currently, several methods are used to calculate vessel density including the Chalkley
method, the Weidner approach, and capillary perfusion of fluorescein isothiocyanate (FITC)-
labeled globulin or dextran. Each of these techniques involves manual counting of vessels,
which has the limitations of being highly time consuming and difficult to reproduce
(Chalkley, 1943; Gobel et al., 1991; Weidner et al., 1991). Human error can be a significant
confounding variable in the identification of individual vessels. For example, when the
thickness of the tissue sample is so thin that only a small portion of a vessel might be visible,
variable human judgement can lead to errors in counting (Nico et al., 2008; Simpson et al.,
1996). A review of 43 studies which evaluated vascular density and patient prognosis in
breast cancer revealed that only three studies utlized a completely automated methodology
to assess vessel density. Of the remaining 40 studies, four used a combined manual and
automated system (Uzzan et al., 2004).

To address the limitations of time and human error, we have developed a semiautomated
rapid methodology to quickly and accurately assess vascular density of brain tissue. Briefly,
the method consists of injecting a large molecular weight fluorescent marker into the
peripheral vasculature, allowing the dye to circulate in the blood for approximately 60-120
seconds followed by immediate sacrifice, removal of the brain from the skull within 45
seconds, and immediate freezing in isopentane. Similar to previously published work, in our
initial studies, we used the large vascular-impermeant fluorescent dextrans, Texas Red
2000kDa and Texas Red 70kDa, to count the normal brain vascular density of both mice and
rats. In subsequent studies we used indocyanine green (ICG), which upon entry to
circulation becomes bound to albumin. Albumin is rapidly trapped in the vasculature, and
has been used previously as a vascular marker (Habazettl et al., 2010). In studies using Texas
Red, we observed that vascular density values in rat and mouse brain showed no significant
difference from previously published results using manual counting methods. To expand the
application of this method to pathological conditions, we incorporated an experimental brain
metastases of breast cancer and an implanted glioma model. Comparison of the metastatic
and glioma models showed striking differences in vascular density. Brain metastases
generally had a significantly lower number of capillaries per unit of tissue, compared to
normal brain, whereas the highly aggressive RG-2 glioma model was 5-6 fold higher in
density. In summary, we demonstrate that this methodology has the ability to efficiently and
accurately calculate vascular density in normal and pathological brain tissue. Further, this
method is easily transferable to numerous labs, which may increase vascular density
counting as a variable in neurological studies.
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2. Methods

2.1. Chemicals

Lysine fixable dextrans Texas Red 2000kDa MW and Texas Red 70kDa MW were
purchased from Molecular Probes (Invitrogen, Eugene, OR). Indocyanine green (ICG) and
all other analytical grade chemicals were purchased from Sigma-Aldrich (St. Louis, MO).

2.2. Cell Culture

Human metastatic breast cancer cells transfected with enhanced green fluorescent protein
(eGFP) over-expressing Her2 (MDA-MB-231-BR-Her2) and rat glioma (RG-2) cells were
cultured in DMEM supplemented with 10% FBS (MDA required Zeocin 300 pg per 500 mL
media, Invitrogen). All cells were used in passages 1-10 and maintained at 37°C with 5%
CO»,_ For preparation of cells for injection, cells were grown to 70% confluency, trypsinized,
and rinsed twice in 4°C PBS to remove all traces of serum. Cells were resuspended in serum
free 4°C DMEM and placed on ice. All cell lines were kindly provided by the laboratory of
Dr. Patricia Steeg at the National Cancer Institute.

2.3. Animals

Male F344 rats (220-330 g; n=12), male CD-1 mice (25-30 g, n=12), and female NuNu
mice (~25 g; n=12) were obtained from Charles River Laboratories (Kingston, NY);
287Sato/J (Tie-2 GFP; n=3) transgenic female mice were purchased from Jackson
Laboratories (Bar Harbor, ME). All studies were approved by the Animal Care and Use
Committee at Texas Tech University Health Sciences Center, and conducted in accordance
with the 1996 NIH Guide for the Care and Use of Laboratory Animals.

2.4. In Vivo Tumor Models

For development of metastases, female NuNu mice were anesthetized with isoflurane and
inoculated with the breast cancer cell line MDA-MB-231-BR-Her2 (1.75x10° cells) in the
left cardiac ventricle with the use of a stereotaxic device (Stoelting, Wood Dale, IL) and
sterile 28 gauge tuberculin syringes, as previously described (Lockman et al., 2010). Tumor
cells seeded the brain and were allowed to grow for 4-6 weeks. Intracranial implantation in
F344 rats of RG-2 cells (1.0x10° cells) in 5 puL was accomplished using a stereotaxic frame
to inoculate into the caudate-putamen complex at coordinates of 4.5mm lateral to bregma
and 4.5mm deep (Ningaraj et al., 2003) after anaesthetizing with ketamine (75-100 mg/kg)
and xylazine (6-8 mg/kg). Animals recovered from tumor cell inoculation within 15
minutes. All animals were monitored for signs of lethargy, weight loss, paralysis, and
hunched posture. Median survival was 18 days for F344 rats and 32 days for NuNu mice.

2.5. Injection of Vascular Markers
One of the two fluorescent markers (Texas Red MW 2000kDa or Texas Red MW 70kDa)
was injected intravenously into F344 rats or CD-1 mice (1.5 mg/animal body weight) via
femoral vein using a 31-gauge tuberculin syringe and allowed to circulate for 2 minutes. In
tumor studies, on day 30 £ 2 (MDA-MB-231-BR-Her2) and day 7 (RG-2), ICG (1.5 mg/
animal), was injected intravenously and allowed to circulate 1 minute. Animals were then
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euthanized via decapitation under anesthesia (ketamine/xylazine), the brain tissue was
rapidly removed (< 45 seconds) and flash frozen in isopentane (-65°C). Care was taken to
remove brain rapidly since slower removal may cause changes in the spatial distribution of
tracers (Jay et al., 1988; Williams et al., 1991). Sagittal brains sections were sliced at 6um
thickness using a cryostat (Shandon Cryotome®) at —30 °C. Slices were mounted on glass
slides and air-dried with no mounting media or coverslip. Fluorescence images were then
obtained from specific brain regions (genu of corpus callosum, hippocampus, superior and
inferior colliculus, frontal cortex, caudate putamen) aided by an anatomical atlas (Paxinos
and Franklin, 1997; Paxinos and Watson, 1998). The vessel density analysis utilizing the
different molecular weight markers and 1ICG was accomplished by analyzing a subset of
tissue sections from each of the brain regions.

2.6. Fluorescence imaging

Fluorescence was observed with an Olympus 1X81 stereo microscope (Olympus America
Inc., Center Valley, PA) using a 40x objective (NA= 0.6). A 100 Watt short arc mercury
lamp was used as the fluorescence light source. Texas Red dextran fluorescence was
measured via a DsRed Spultter filter (Chroma Technology: cat # U-M49004XL.: excitation
560 nm, emission 645 nm). Likewise, ICG fluorescence was recorded using a Cy7 filter
(Chroma Technology: cat # 41009XL.: excitation 740 nm, emission 780 nm). A dichromatic
mirror prevented emitted light with a wavelength shorter than 565 nm (Texas Red
fluorescence) or 770 nm (ICG) to reach the microscope’s camera. Images were acquired
with a monochromatic 12-bit cooled CCD camera (Retiga 4000R; QImaging, Surrey, British
Columbia) connected to a computer running Slidebook™ 5.0 analysis software (Intelligent
Imaging Innovations “31”, Denver).

2.7. Vessel Density and Size Determination

Slices were analyzed using a binary masking methodology based upon fluorescence to
define the vessel locations (Slidebook™ 5.0). Regions of interest were delineated with the
help of an anatomical atlas (Paxinos and Franklin, 1997; Paxinos and Watson, 1998) and
tissue autofluorescence. Binary masks were created by identifying areas of fluorescent
intensity (for both Texas Red and ICG) exceeding a 3-fold threshold above background
fluorescence in each channel. Objects exceeding this threshold that were smaller than 1
micron squared (um?) were excluded from quantitation. Background intensities for each
channel were defined by identifying the background peak on the intensity distribution
histogram of each image; background intensities were equivalent among each slice evaluated
in this study. Briefly, binary masking consisted of defining the vessel based on Texas Red
and ICG fluorescence on a voxel by voxel basis. If Texas Red or ICG fluorescence was
present (> 3-fold above background) the voxel was considered to belong to a vessel. Vessel
densities were calculated per area (mm?). Vessel diameters were determined utilizing the
same software and masking system to identify the minor axis length of each object.

2.8. Statistical Analysis

One-way ANOVA analysis followed by Bonferroni’s multiple comparison test was used for
vessel density data analysis in control brains during development of the method. For all data,
errors are reported as standard error of the mean unless otherwise indicated. For analysis of
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tumor vessel density, ANOVA analysis with Dunnett’s post-test was used to compare values
within each brain region. This test was also used to determine significant differences in
tumor vessel diameter. Differences were considered statistically significant at the p< 0.05
level (GraphPad Prism 5.0).

3.1. Fluorescence Microscopy Observations of Vessel Density

To develop an efficient technique to identify and calculate brain vessel density, we first
perfused transgenic mice expressing Tie-2 driven GFP in brain vasculature to determine
whether fluorescent tracers would mark structures other than the vasculature. Intracardially
perfused TX Red 70kDa dextran remained within the vasculature and did not stain
compartments or structures other than vessels within the brain (Fig 1). We then utilized both
rat and mouse injected with Texas Red dextran MW 2000kDa or Texas Red MW 70kDa
(circulation time of 2 minutes), or ICG (circulation time of 1 minute) for tumor studies.
Objects of interest were based on fluorescence sum intensity (> 3-fold above background)
and subsequently counted for each brain region. Representative images are shown of vessel
density (F344 and CD-1, 40x magnification) in various brain regions of high vascular
density (ie: inferior colliculus with a greater number of vessels) and low vascular density (ie:
genu of corpus callosum with fewer vessels) (Fig. 2A). Fig. 2B is a representative image of
frontal cortex brain vasculature as identified with red fluorescence (Texas Red 70kDa, 12x
magnification); and Fig. 2C shows the overlay of the binary masking technique employed by
the software to identify vessels. Smaller red objects are attributed to a minute part of the
vessel appearing in the tissue slice.

3.2. Vessel Density Calculations

To calculate the density of fluorescently-labeled blood vessels, comprehensive digital
microscopy software (Slidebook™ 5.0) was used to select fluorescent objects voxel by voxel
and calculate the total number of blood vessels per area (vessels/mm?2). Fig. 3A shows the
local densities of perfused capillaries as calculated by Gobel et al (1991), who determined
vascular densities using two different markers: FITC-globulin and FITC-dextran (both
injected in the femoral vein), and FITC-globulin injection into the tail vein. Observed
densities varied from ~148 vessels/mm? in the genu of corpus callosum to ~658 vessels/mm?
in the inferior colliculus. To determine if the current method using fluorescence microscopy
would achieve similar values, Texas Red MW 2000kDa was injected into the femoral vein
(circulation of 2 minutes). Vessels/mm? calculated in F344 rats were: genu of corpus
callosum 161 + 7, hippocampus 266 + 18, superior colliculus 300 + 24, frontal cortex 391

+ 55, and inferior colliculus 692 + 18 (n=5 animals) (Fig. 3B). Vascular densities in
previous reports (Gobel et. al, 1991) using identical section thicknesses (6pum) fell within
one standard deviation of values obtained in the current study using the Texas Red 2000kDa
marker in F344 rats.

In our second set of experiments, we translated this method to calculate vascular density in
the mouse brain, which is a species often used for cancer models but for which there are
limited data on brain vascular density. In addition, we compared results observed with Texas
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Red 2000kDa to those obtained using a smaller molecular weight marker (Texas Red
70kDa) that is known to be vascular impermeant in the 120 second circulation time frame.
Values obtained with Texas Red 2000kDa in the mouse (CD-1) brain were: genu of corpus
callosum 137 £ 19, hippocampus 230 + 19, superior colliculus 413 * 35, frontal cortex 444
+ 36, and inferior colliculus 680 + 41 (vessels/mm?) (Fig. 3C). Injection of Texas Red
70kDa in CD-1 mice resulted in similar values (One way ANOVA followed by Bonferroni’s
multiple comparison’s test; p> 0.05) as Texas Red 2000kDa, ranging from 155 £ 11 in the
genu of corpus callosum to 711 + 22 in the inferior colliculus (Fig. 3D). While the values
within the mouse were similar (p> 0.05) using either tracer, a small increase in vascular
density was seen in the superior colliculus and frontal cortex regions in the mouse brain
compared to the F344 rat, though it was not signficantly different (One way ANOVA
followed by Bonferroni’s multiple comparison test; p> 0.05).

3.3. Vessel Size Distribution in Brain

For size analysis of fluorescently labeled vessels, we separated objects of interest (vessels
filled with Texas Red 2000kDa) into categories based on minor axis length (diameter).
Within both rat and mouse brains, the majority of vessels were in the vessel size range of
<10 pm (~81% and ~94%, respectively) (Fig. 4). The size range with the greatest number of
vessels was 2-4.99 um (rat had 168 vessels and mouse had 90). The vessel size range (~10-
14 um) contained ~12% and ~4.8% of vessels counted in the rat and mouse brains,
respectively. The rat model produced a greater number of vessels with diameter in the size
range of 5-7.99 um compared with the mouse (p= 0.037) and is consistent with previous
reports (Howell et al., 1974). All other vessel sizes were not different between mouse and rat
in this study. While previous studies (Heinsen and Heinsen, 1983) agree with these
observation, differences in methodology and technology have been known to introduce
variability in these measurements of vascular density (Burns et al., 1981; Hunziker et al.,
1979).

3.4 Vascular Density Values are Decreased in Preclinical Brain Metastases and Elevated in
Implanted Gliomas Regardless of Location

After validation of the current counting technique in normal brain in both rat and mouse, we
applied it to two pathological models of brain cancer: experimental brain metastases of
breast cancer (MDA-MB-231-BR-Her2) and an intracranially implanted rat glioma model
(RG-2). For the brain metastases model, 175,000 MDA-MB-231-BR-Her2 breast cancer
cells were injected into the left cardiac ventricle of anesthetized NuNu female mice and
allowed to metastasize to brain. To initiate the glioma model, 1.0x10° stably eGFP-
transfected rat glioma (RG-2) cells were intracranially implanted in the caudate putamen of
anesthetized F344 rats using a stereotaxic apparatus (Stoelting Co.; Wood Dale, IL). Lesions
were allowed to develop (~30 days for MDA-MB-231-BR-Her2 and ~7 days for the RG-2
model) and indocyanine green (ICG) was injected intravenously as a near-infrared tracer
(Habazettl et al., 2010). Representative images of ICG labeled vasculature are shown here,
obtained from normal brain parenchyma (Fig. 5A), a MDA-MB-231-BR-Her2 metastatic
lesion (Fig. 5B) and an experimental glioma (Fig. 5C). Qualitatively, a decrease in vessel
density is observed in experimental brain metastases (Fig. 5B) compared to the higher
densities seen in normal corresponding brain regions (Fig. 5A) and the experimental glioma
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model (Fig. 5C). As shown in Fig. 5D there is a quantitatively significant (p< 0.001) ~2.5-
fold reduction in vessels/mm? in metastatic lesions (MDA-MB-231-BR-Her2: 168 + 37)
compared with normal brain parenchyma (443 + 21) in cortical regions. Similarly, vascular
density values of experimental lesions in the caudate putamen region of the brain, were also
signifcantly (p< 0.001) decreased (MDA-MB-231-BR-Her2: 97 + 7) compared to the
corresponding normal brain region (455 + 26). In addition, the time frame for development
of lesions corresponded to the vessel density and agressiveness of the lesion ie., ~32 days for
metastases compared to ~7 days RG-2 gliomas; and vascular density values of the
experimental metastases (~138 vessels/mm? average) were substantially less than (p< 0.001)
that observed in the glioma model (736 + 84).

4. Discussion

There are several limitations in current methodologies used to evaluate vascular density. The
Chalkley method involves hand counting nuclei within randomly achieved hot spots, but is
used to achieve ratios of volumes rather than actual cell numbers (Chalkley, 1943). A second
method is immunohistochemical staining of tissue for vessel density analysis. Limitations of
this method include differing protocols from one lab to the next such as fixation techniques,
antibody dilutions, and long storage periods, all of which can result in protein loss and
contribute to human error (Bertheau et al., 1998; Jacobs et al., 1996; Walker, 2006). Lastly,
vascular density has been manually calculated using perfused FITC labeled fibronectin or
FITC conjugated dextran. While all three methods yield similar results, they all involve time
consuming manual calculations (Gobel et al., 1991; Klein et al., 1986). In contrast with the
previous methodologies, the current technique put forth in this report utilizes comprehensive
digital microscopy software to evaluate microvessel density, yields immediate results
thereby reducing counting time, and substantially reduces variability introduced by human
observation.

Fluorescent dye based determination of vascular density has become widely employed for
quantification. However, a major problem associated with fluorescent markers is
photobleaching (the photochemical destruction of the fluorophore due to prolonged periods
of exposure to a light source) (Giloh and Sedat, 1982). Common fluorescence dyes such as
FITC are prone to rapid bleaching when exposed to excitation light sources, such as the 100
Watt short arc mercury lamp used in this study, and are sensitive to pH and moisture during
sample storage (Benchaib et al., 1996); newer generation fluorescence probes exhibit
improved photostability and are less susceptible to photobleaching (Lefevre et al., 1996;
Titus et al., 1982). To prevent photobleaching in this study, we limited the period of
exposure of the fluorophores to 800 milliseconds with a green fluorescent filter and kept the
slides in the dark at all times. Focusing of the images was performed in the dark utilizing a
small amount of visible light to ensure no exposure to the excitation light until the moment
of image capture. Using this technique, the observed total fluorescence intensity emanating
from the vasculature did not change more than 7% during imaging (data not shown).

To address the limitation of the potential vascular extravasation of the marker, we selected
fluorescent markers either bound to large dextrans (Texas Red 2000kDa and Texas Red
70kDa) or to albumin. Vascular extravasation must be addressed since it would potentially
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increase vessel density counts and could affect the morphological size analysis of vessels in
brain. It has been previously shown that large molecular weight markers are trapped within
the vasculature of the brain (Pardridge, 2005). For this study, we chose a dextran conjugated
Texas Red tracer which, because of its size and hydrophilic nature, exhibits poor
extravasation into brain across an intact BBB. Unlike many classical fluorescent dyes such
as fluorescein sodium and FITC, more than 95% of indocyanin green binds protein in
plasma (Haglund et al., 1994) which restricts it to the vasculature in brain and making ICG
an optimal vascular marker. In our study, we used a circulation time of two minutes, to
balance an adequate perfusion of the brain vasculature with minimal to no leakage of the
marker into the brain parencyhma (Reese and Karnovsky, 1967). Microscopic evaluation of
our data revealed that all vascular sections had sharp fluorescence “edges” indicating the
dyes were limited to the vascular space. This method may be applied easily into other
laboratories as fluorescent dextrans of varying sizes are often used as vascular markers
(Hoffmann et al., 2011), given their price and relative ease of administration. Brain tissue
autofluorescence reduces the signal-to-noise ratio and degrades sharp contrasting structure
when imaging fluorescent probes emitting in the 340-525nm wavelength ranges (Billinton
and Knight, 2001; Duong and Han, 2013). Unlike many classical fluorescence probes such
as FITC, Texas Red dextran and ICG are well suited for quantification of vascular density
since their emission peak wavelengths occur outside and further red-shifted than most of the
spectra of brain autofluorescence (Molitoris et al., 2002). The use of these red-shifted
fluorescent probes enhances the signal-to-noise and structural contrast in brain tissue
samples.

Early studies in counting brain vascular density presented conflicting numbers, with some
groups presenting much lower data than others. While it was recognized that there was
potential human error in counting, others groups postulated that not all capillary beds in
brain were open during all times. One hypothesis was discussed which suggested that brain
capillaries opened and closed over time creating “reserve” capillaries, that could be opened
to deliver oxygen and glucose during increased metabolic demand (Klein et al., 1986). A
second hypothesis suggested that the opening and closing of capillaries occurred fairly
quickly in response to a “stop and go” movement of blood (Ozanne, 1975). However, as
vacular density studies progressed, values calculated using a method of capillary perfusion
of FITC labeled globulin were compared to values identified with immunofluorescence
labeling, and no significant difference in various brain regions were noted (Gobel et al.,
1991). Other studies reported similar results using gamma globulin coupled fluorophores
and various circulation times, and eventually, it was accepted that brain capillaries appear to
be constantly perfused under normal physiological conditions (Klein et al., 1986). Our data
are similar to the mentioned studies other than that our calculations are performed with
semi-automated software.

This study reports accurate vascular density numbers for CD-1 mice and immune
compromised mice (cortical and caudate-putamen regions), which up to now has been
signficantly lacking in the literature. Most studies that calculate vascular densities for
pathological purposes employ a ratio method, reporting the vessel surface area divided by
the brain parenchyma area. For this study, we did not follow the classical design-based
stereological approach (Dockery and Fraher, 2007; Muhlfeld, 2014; Walchli et al., 2015).
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However, our method differed from stereological approaches only by the method in which
the tissue sections were cut so that we could identify specific brain regions in which
measurements were acquired. All tissue slices were sectioned at equivalent slice thickness
and equidistant from another to adhere as close to a stereological approach as possible. In an
effort provide comparable data to literature (Gobel et al., 1991), we chose not to transform
the vessel densities to a number per unit volume. Of note, it has been determined that
microvessels in the cortex of rodents are oriented isotropically (Eins and Bar, 1978) and,
therefore, reduces methodological bias in this study. The vascular densities categorized by
vessel diameter between mouse and rat had minor variations that were not significantly
different except for vessel sizes of 5-7.99 um in diameter; these results are similar to
previous studies (Heinsen and Heinsen, 1983). The small variations observed can likely be
attributed to structural differences between rat and mouse nervous tissue as a result of strain-
related differences in vascular architecture (Beckmann et al., 1999; Burns et al., 1981;
Hunziker et al., 1979; Kitagawa et al., 1998).

To apply a semi-automated technique in a pathological model, we performed vascular
density counts in mice with experimental brain metastases and an RG-2 rat glioma
implantation model. Vessel density counts in MDA-MB-231-BR-Her2 metastatic lesions
within the cortical region were reduced 62% compared to normal brain parenchyma. Vessel
densities in metastases in the caudate-putamen complex were decreased to densities 21% of
control brain values and 13% of RG-2 gliomas. Implanted gliomas were highly vascular
with densities ~1.5 fold greater than normal brain parenchyma. Gliomas are considered
highly angiogenic and aggressive with increased vascular density; and metastases have been
shown to have vessel densities at only fractions of corresponding normal tissue (Ribatti,
2008; Yano et al., 2000).

In conclusion, the data presented herein confirm the validity of a semi-automated rapid
methodology utilizing fluorescence microscopy and comprehensive software to efficiently
evaluate brain vessel density. This study puts forth data showing congruence of this semi-
automated technique to previously published manual counts. Application of the current
technique to a pathological model demonstrated decreased vessel density within metastatic
lesions and increased density in cranially implanted gliomas. Since analysis of vessel density
plays a critical role in several disease states, this new technique will aid in more efficient
data acquisition in both the clinical and laboratory settings.
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BBB Blood Brain Barrier

sD Sprague-Dawley rats
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CD-1 Charles River CD-1 Swiss mice
F344 Fisher 344 rats
VD Vessel/Vascular Density
kDa kilodalton
ICG Indocyanine Green
eGFP Enhanced Green Fluorescent Protein
MW molecular weight
TX Red Texas Red
FITC fluorescein isothiocyanate
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Highlights

. We describe the development and evaluation of a semi-automated
methodology utilizing fluorescence microscopy and comprehensive
digital microscopy software to rapidly calculate vascular density within
brain and cancerous lesions in brain.

. This novel methodology produces data comparable to previously hand
counting pathology methods.

. Vascular density is decreased in experimental brain metastases of breast
cancer compared to corresponding brain regions in a highly angiogenic
preclinical glioma model as well as healthy control mice.
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overlay

Figure 1. Perfusion of fluorescent tracers label and remain restricted to vessels in brain
A representative image of Tie-2 driven GFP expression (A) in brain vasculature perfused

with TX Red 70kD dextran (B). The overlay (C) of each channel indicates good
colocalization and no tracer associated with structures other than brain vasculature. Scale bar
=100pm.
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Figure 2. Fluorescence images showing perfused capillaries labeled with TX Red dextrans in
different brain regions
Panel A representative images of capillaries after 2 min in vivo circulation of TX Red 2000

kDa or TX Red 70 kDa (1.5 mg/kg) in F344 rat and CD-1 mouse models (rows). Regional
vascular variability is evident by the greater number of red fluorescing objects within the
inferior colliculus compared to the genu of corpus callosum. Panels B and C: Images
illustrating binary masking in CD-1 mouse frontal cortex region. Panel B illustrates TX Red
70 kDa marked vessels in a 6 um section. Panel C is the binary mask overlay on images of
panel B, identifying capillary sections based on fluorescent intensity.
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Figure 3. Vascular density of various brain regions
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‘|F344 Rats
TX Red 2000kDa

CD-1
TX Red 70kDa

The quantified vascular density of various brain regions are shown . Panel A represents
vascular density in male SD rats (data reproduced with permission from (Gobel et al., 1991).
Panel B shows vascular density in F344 rats using (2000kDa TxRed), Panel C CD-1 mice
(2000kDa TxRed), and Panel D CD-1 mice (70kDa TxRed). No significant differences
(p>0.05) in vessel density was observed between previously published work and species.
Data were analyzed using one-way ANOVA followed by Bonferroni’s multiple comparison

test. All values represent mean + SEM (n=3-6).
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Figure 4. Size distribution of vascular diameter in control regions of rat and mouse brain
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Data shows comparison between F344 (grey bar) and CD-1 (black bar) vessel diameters.

The F344 rat model showed a greater number of vessels in the size range 5-7.99 um
compared to the CD-1 mouse model (* p= 0.037); however, no significant differences

(p>0.05) were observed in the distribution of other size ranges. All data include an n=3-5

mice/rats per group and an n>3 brain slices analyzed per rodent. All data represent the

number of vessels per mm?2 (mean + SEM).
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Figure 5. Vascular density is decreased in metastatic lesions compared to normal brain
parenchyma regardless of location

Representative fluorescence images of GFP (left panel), ICG (center panel), and overlay
(right panel) in normal brain (row A), metastatic tumor (row B), and RG2 glioma regions
(row C). GFP labelled metastases (M) or glioma (G) are shown with adjacent tissue
separated by white dashed lines. Scale bars = 200um. (D) Vascular density of cortex and
metastases (15t and 2" column) in corresponding cortex region. The 3'9-5% columns show
vascular density of cuadate-putamen, metastastes, and glioblastoma in corresponding brain
region (caudate-putamen). Statistical significance in cortical samples was determined using
Student’s t-test; ***p < 0.001, n=3-5. Significance in caudate putamen region was
determined using ANOVA with Bonferroni’s multiple comparison’s test; *** p < 0.0001,
n=3-5.
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