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Using digital pathology to analyze the
murine cerebrovasculature
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Abstract

Research on the cerebrovasculature may provide insights into brain health and disease. Immunohistochemical staining is

one way to visualize blood vessels, and digital pathology has the potential to revolutionize the measurement of blood

vessel parameters. These tools provide opportunities for translational mouse model research. However, mouse brain

tissue presents a formidable set of technical challenges, including potentially high background staining and cross-

reactivity of endogenous IgG. Formalin-fixed paraffin-embedded (FFPE) and fixed frozen sections, both of which are

widely used, may require different methods. In this study, we optimized blood vessel staining in mouse brain tissue,

testing both FFPE and frozen fixed sections. A panel of immunohistochemical blood vessel markers were tested (includ-

ing CD31, CD34, collagen IV, DP71, and VWF), to evaluate their suitability for digital pathological analysis. Collagen IV

provided the best immunostaining results in both FFPE and frozen fixed murine brain sections, with highly-specific

staining of large and small blood vessels and low background staining. Subsequent analysis of collagen IV-stained sections

showed region and sex-specific differences in vessel density and vessel wall thickness. We conclude that digital pathology

provides a useful tool for relatively unbiased analysis of the murine cerebrovasculature, provided proper protein

markers are used.
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Introduction

Cerebrovascular pathology is associated with age-related
neurologic diseases, including Alzheimer’s disease, limbic
predominant age-related TDP-43 encephalopathy with
hippocampal sclerosis (LATEþHS), and stroke.1–3 A
wide range of pathological changes occur in small arterio-
les and capillaries- arteriolosclerosis, infarcts, and micro-
bleeds have all been linked to dementia.4–7 Additional
age-related changes such as arterial stiffening, blood
brain barrier breakdown, endothelial dysfunction, and
reduced neurovascular coupling are also highly prevalent
in human populations.1,8,9

Susceptibility to a variety of diseases, including many
that are age-related, are known to be sexually dimorphic,
and the disease trajectory and severity can vary between
males and females.10–13 Though sex difference in vascular
structure and function exist throughout the lifespan, sus-
ceptibility to cardiovascular and cerebrovascular diseases

increases substantially in post-menopausal females.14–18

Because of this sex disparity, there is a renewed focus
on sex as a variable in human studies, and use of both
male and female mice is now required in studies funded
by the U.S. National Institutes of Health (NIH).

An important part of investigations into the under-
lying mechanisms and potential therapeutics of many
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diseases is immunohistochemical (IHC) staining of var-
ious proteins, followed by qualitative and quantitative
analyses of stained tissue. There are many potential
blood vessel markers used routinely for IHC, though
they can vary with respect to reactivity with large
versus small blood vessels and many can show reactiv-
ity with other cell types. In addition, though there is
overlap in the reactivity of some antibodies (i.e., they
stain both human and rodent tissue), others show no
cross-reactivity, making species-specific optimization
of antibodies necessary. Nonspecific background stain-
ing is a known potential problem in mouse tissue, and
reactivity of anti-mouse secondary antibodies with
murine IgG can both obscure the desired staining and
confuse analysis.19 Therefore, it is essential to evaluate
individual antibodies in the context of the desired eval-
uation (arteries, capillaries, etc.), and to optimize the
protocol based on fixation method, section thickness,
method of quantitation, etc.

Beyond the selection of antibodies and proteins for
evaluation, changes in stain area as well as cell/tissue
structure may be used to assess changes conferred by
the genetic, environmental, or pharmaceutical manipu-
lation. As a pre-eminent translational model in labora-
tory settings, rodents have been widely used to model
these pathological processes. Adequately powered
studies using rodents can involve dozens, or even hun-
dreds, of mice, making single-slide visualization and
analysis tedious and time-consuming. Further, there
are shortcomings in the ability of the human eye to
detect subtle histomorphological changes.20,21

Therefore, a rigorous, quantitative, high-throughput
method of cerebrovascular histomorphological assess-
ment is desirable.

Digital pathology has been used extensively in both
clinical and research settings to facilitate high through-
put screening and analysis of human samples.22–25

Among the advantages of digital pathology are the
algorithm-driven analysis of digitized images, reducing
bias and improving quantitation of various parame-
ters.26–28 In addition to measurements of staining
intensity and coverage, some software packages can
be used to analyze microvessels via algorithms that
analyze metrics of blood vessel geometry (which may
track with healthy or disease states), such as blood
vessel lumen area and wall thickness.22,29,30 When
using algorithm-based quantitation, it is essential to
optimize the immunoreactivity’s signal-to-noise ratio,
as high background staining may prevent accurate dis-
crimination of blood vessels versus other histological
features.

In this study, we tested both formalin-fixed paraffin
embedded (FFPE) and frozen-fixed mouse brain sec-
tions with a variety of antibodies directed at blood
vessel/neurovascular unit proteins. We asked which

marker was the most effective for specific staining of
the murine cerebrovasculature. We also explored the
impact of various technical parameters, with the spe-
cific intent to perform high-throughput digital
pathology.

Materials and methods

Mice

Mice were obtained from commercial sources (The
Jackson Laboratory, National Institute on Aging) or
in-house breeding colonies at the University of
Kentucky. Mice were fed and watered ad libitum, and
maintained on a constant light: dark cycle (14:10).
Mice were euthanized by barbiturate overdose
(Beuthanasia, Fatal Plus, or similar: Covetrus,
Lexington, KY), followed by transcardial perfusion
with phosphate buffered saline (PBS). Mice used for
the sex and region-specific analyses were C57Bl/6J
mice (N¼ 6/sex) fed a standard rodent chow
(BioServ, Flemington, NJ), and euthanized at
18months old. All animal work was conducted with
prior approval from the University of Kentucky
Institutional Care and Use Committee and performed
in accordance with U.S. Public Health Service Policy
on Humane Care and Use of Laboratory Animals.

FFPE tissue processing

Brains were fixed in 10% phosphate-buffered formalin
for at least 24 hours before processing (Tissue Tek
VIP). The processing program used increasing concen-
trations of ethanol for 30minutes each (70-100%), fol-
lowed by 45minutes in 100% ethanol, 30minutes in 1:1
ethanol/xylene, and two 30-minute steps in 100%
xylene. Processing was completed with four cycles in
60 �C paraffin (1 X 5minutes, 3 X 15minutes). Brains
were embedded in paraffin and sectioned to eight
micron thickness using a microtome. Slide-mounted
sections were deparaffinized by sequential submersion
in xylene followed by decreasing concentrations of eth-
anol. For heat-mediated antigen retrieval, slides were
boiled in buffer (pH 6 or pH 9) for six minutes.
Endogenous peroxidases were neutralized with 3%
H2O2 (30minutes, room temperature), followed by
blocking in normal serum from the secondary antibody
host species (15% horse serum, 5% goat serum, 5%
rabbit serum in Tris-buffered saline (TBS)), 1 hr.,
room temperature). For pepsin-mediated retrieval, sec-
tions were first treated with 3% H2O2 (30minutes,
room temperature), then incubated with pepsin
(20minutes, 37 �C), and blocked in 5% normal goat
serum (1 hour, room temperature). Sections were incu-
bated overnight at 4 �C with primary antibody diluted
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in TBS with normal serum (for list of the antibodies
used, see Table 1). After washing, slides were incubated
with either biotinylated horse anti-mouse, biotinylated
rabbit anti-rat, or biotinylated goat anti-rabbit second-
ary antibody (Vector Laboratories, Burlingame, CA:
1 hour, room temperature), followed by ABC reagent
(Vector Laboratories: 1 hour, room temperature).
Slides were developed with DAB (Dako/Agilent,
Santa Clara, CA), counterstained with hematoxylin
(Vector Laboratories), dehydrated, and cover slipped
with toluene-based mounting media (Fisher Scientific,
Hampton, NH).

Frozen fixed tissue processing

For collagen IV and DP71 staining, brains were post-
fixed in 4% paraformaldehyde for 24 hours, then sub-
merged in 20% sucrose until sunk to the bottom of the
tube (at least 24 hours). For CD31, brains were sub-
merged sequentially in 10, 20, and 30% sucrose
(24 hours each). Brains were sectioned in the coronal
or horizontal plane to 25–40 mm thickness using a freez-
ing, sliding microtome (American Optical AO 860).
Free floating sections were either placed in cryopreser-
vative (25% glycerol, 25% ethylene glycol in 1X
phosphate-buffered saline (PBS) and stored at �20� C
(collagen IV and DP71) or stored in 1X PBS with azide
at 4 �C (CD31) until immunostaining was performed.
The conditions for each antibody are below:

1. CD31: Heat-mediated antigen retrieval was per-
formed with a citrate-based buffer (pH 6, 95�C, 12
min.), followed by formic acid (70%, 3 min.).
Endogenous peroxides were neutralized with 3%
hydrogen peroxide (H2O2, 70% methanol) for 15
minutes. Sections were washed in PBS with 4%
goat serum. Sections were blocked with 5% goat
serum (in PBS with 0.1% Triton X-100 and
0.019% L-lysine) for one hour. The primary anti-
body was diluted 1:1000 in 4% goat serum.

2. Collagen IV: Endogenous peroxidases were neutral-
ized with 3% H2O2 (90% methanol for 30 minutes.
Heat-mediated antigen retrieval was performed
using a Tris-based buffer (pH 9; 20 minutes, 80� C)
and washed in TBS (with 0.1% Triton X-100 and
3% BSA). Sections were then blocked with 5% goat
serum in TBS (with 0.1% Triton X-100 and 3%
BSA) for 1 hour at room temperature. The primary
antibody was diluted 1:1000 in blocking buffer.

3. DP71: No antigen retrieval was performed for this
antibody. Endogenous peroxidases were neutralized
with 3% H2O2 (10% methanol) for 15 minutes.
Sections were washed in PBS with 4% goat serum,
then blocked in 4% goat serum (in PBS with 0.2%
Triton X-100 and 0.019% L-lysine) for 30 minutes.
The primary antibody was diluted 1:1000 in 4% goat
serum.

All sections were incubated overnight with the
desired primary antibody (4 �C). After washing, sec-
tions were incubated with the goat anti-rabbit second-
ary antibody (2 hours, room temperature), followed by
ABC reagent (1 hour, room temperature). DAB was
used as the HRP substrate (Vector Labs). No counter-
stain was used. Sections were mounted onto slides and
dried overnight, before dehydration and the addition of
DPX mounting medium and a coverslip.

Slide scanning and analysis

Slides were scanned using an Aperio ScanScope AT2
(Leica Biosystems, Deer Park, IL) at 40X magnifica-
tion and the resulting virtual slide stored on a dedicated
server. eSlides were analyzed using the Aperio
Microvessel Analysis Algorithm, part of the Image
Analysis software. This analysis algorithm uses color
deconvolution, and is tuned to differentiate between
dark-brown DAB staining and unstained or counter-
stained background. Pixels with DAB’s color profile
are segmented from the rest of the image, and light/

Table 1. Antibodies tested for microvessel staining.

Target protein Company Catalog # Host species

Dilution

(FFPE)

Dilution

(free floating)

CD31 Abcam ab281583 Rabbit 1:2000 1:1000

CD34 Dako QBEnd10 Mouse 1:2 n/a

Abcam ab8158 Rat 1:100 n/a

Abcam ab81289 Rabbit 1:2500 n/a

Thermo 14-0341-02 (RAM34) Rat 1:50 n/a

Thermo PA5-89536 Rabbit 1:50 n/a

Thermo MA5-29674 Rabbit 1:5000 n/a

Collagen IV Abcam ab236640 Rabbit 1:1000 1:1000

Dystrophin (DP71) Abcam ab15277 Rabbit 1:500 1:1000

VWF / Factor VIII Abcam ab287962 Rabbit 1:50 n/a
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dark thresholding allows for noise reduction by elimi-
nating background, non-vessel pixels from the decon-
voluted image.31,32 Remaining vessels and vessel
fragments are joined by the algorithm based on their
distance from each other to assemble a completed
vessel, from which morphometric data is produced.
The default settings were used for analysis, except for
the light and dark thresholds, which were adjusted for
each slide to capture the vessels while excluding non-
specific background staining as much as possible.
Regions of interest (ROI) were drawn separately
around the hippocampus and cortex for each slide,
and the microvessel parameters (vessel number, perim-
eter, lumen, wall thickness, etc.) calculated for each
ROI.

Statistics

All animal data from this study are reported according
to AARIVE 2.0 guidelines.33 For assessment of anti-
body efficacy in digital pathology, a single section for
each condition was scanned and analyzed. In order to
determine the effect of sex on microvessel parameters,
each mouse’s data were counted individually, then used
to calculate group averages (N¼ 6/group). Data are
reported as group mean� standard deviation. Data
were analyzed for statistical significance with SPSS
(Hewlett Packard; Palo Alto, CA). Data sets were
first evaluated using the Shapiro-Wilk test for normal-
ity. Normally-distributed data were analyzed using the
general linear model (GLM) module for ANOVA with
sex or brain region as the independent variable. For
explanation of this model, using two-tailed statistical
tests:

https://www.ibm.com/support/knowledgecenter/SSLV
MB_25.0.0/statistics_mainhelp_ddita/spss/advanced/idh_
glm_multivariate.html

Post hoc analyses were performed as a Tukey’s HSD
or Bonferroni correction. Data that were not normally
distributed were analyzed using a Mann-Whitney U
test for non-parametric data. The p-values for normal-
ity testing are listed in the figure legend. The p-values
for significance testing are shown on the relevant
graphs.

Results

The workflow is shown in Figure 1. Briefly, mouse
brain sections were stained for different blood vessel
markers, then scanned into the Aperio ScanScope
AT2 in order to obtain a digital image (Figure 1(a)).
For each image, the microvessel algorithm was applied
after titrating the dark and light thresholds to prevent
detection of non-vessel objects while maximizing the
number of vessels detected. The microvessel algorithm

outputs several different parameters, including vessel
perimeter, lumen area, and wall thickness. The markers
selected stain a variety of blood vessel-related struc-
tures, including astrocyte endfeet (DP71), lamina (col-
lagen IV), and endothelial cells (Figure 1(b)). A typical
micrograph stained for blood vessel markers is shown
in Figure 1(c), along with a false color markup, illus-
trating the shading used to denote lumen versus vessel
wall.

FFPE staining

CD34. We previously showed that CD34 staining of
human FFPE brain sections is optimal for microvessel
analyses.22 We therefore investigated whether CD34
would also be a good marker for the murine cerebro-
vasculature. We first tested QBEnd10, which we had
successfully used to stain human brain microvessels.
Though there was apparent microvessel staining with
this antibody (Figure 2(a)), a similar pattern was seen
when the primary antibody was omitted; therefore, this
staining was likely attributable to non-specific binding
of the anti-mouse IgG secondary antibody (Figure
2(b)). We next tested several additional anti-CD34 anti-
bodies, focusing on those generated in rabbit and rat in
order to prevent this non-specific binding to murine
blood vessels. RAM34 (Figure 2(c)) displayed some
immunostaining, albeit light, of blood vessels, but
this was limited to larger arteries and arterioles (red
arrow). Antibodies ab8158 (Figure 2(d)) and ab81289
(Figure 2(e)) showed limited reactivity with small
blood vessels, but also reacted with cells such as neu-
rons (blue arrows). MA5-29674 (Figure 2(f)) reacted
with astrocytes (blue arrow), but not blood vessels,
whereas PA5-89536 (Figure 2(g)) showed high back-
ground in our hands, without any staining of cells or
vessel structures.

Additional Candidate Markers. As we were not able
to identify a viable anti-CD34 antibody to use with
mouse tissue, we explored other small blood vessel
markers in FFPE. Slides stained for CD31 (Figure
3(a)) displayed moderate background staining and
some staining of blood vessels. Slides stained for col-
lagen IV showed very low background and moderate
staining of large and small blood vessels (Figure 3(c)).
DP71 localizes to astrocyte endfeet.34,35 Because end-
feet directly contact blood vessels, DP71 can be used
as a protein marker for visualization.36 Anti-DP71
(Figure 3(e)) showed moderate vessel staining, but
also had a moderately high background, including
staining of cell bodies. Anti-von Willebrand Factor
(VWF) led to very high background, with no obvious
blood vessel staining (Figure 3(g)). The slides were
next analyzed using the Aperio microvessel algorithm.
Though some anti-CD31-stained vessels were detected

598 Journal of Cerebral Blood Flow & Metabolism 44(4)

https://www.ibm.com/support/knowledgecenter/SSLVMB_25.0.0/statistics_mainhelp_ddita/spss/advanced/idh_glm_multivariate.html
https://www.ibm.com/support/knowledgecenter/SSLVMB_25.0.0/statistics_mainhelp_ddita/spss/advanced/idh_glm_multivariate.html
https://www.ibm.com/support/knowledgecenter/SSLVMB_25.0.0/statistics_mainhelp_ddita/spss/advanced/idh_glm_multivariate.html


Figure 1. Digital pathology workflow. (Upper Panel) FFPE (on slides) or frozen-fixed (free floating) mouse brain sections were stained
for a variety of blood vessel markers. The resulting slides were scanned by the Aperio ScanScope AT2 slide scanner to obtain digitized
images. Two regions of interest (cortex and hippocampus), were outlined, then analyzed, using the supplied microvessel algorithm to
quantify different vessel parameters, such as vessel density, vessel perimeter, lumen area, and vessel wall thickness. (Middle Panel) I. The
blood vessel markers used are specific for a variety of blood vessel structures, including astrocyte endfeet (DP71), elastic lamina
(collagen IV), and endothelial cells (CD31, CD34, and von Willebrand Factor). II. A representation of the output measurements in
relation to the blood vessel structure. (Lower Panel) I. A representative micrograph with a DAB-stained blood vessel. II. A false color
markup of the vessel by the microvessel algorithm, showing the relevant output parameters.
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by the algorithm, there were many visible vessels that

were not detected (red arrow, Figure 3(b)) and other

areas where “vessels” were detected that did not exist

(blue arrows). There was very low background in the

slide stained with anti-collagen IV, but due to the light

staining, very few vessels were detected by the algo-

rithm (Figure 3(d)). There was good detection of ves-

sels in the DP71-stained slide, but many neuronal cells

were also detected (Figure 3(f)). The background was

so high in the slide stained for VWF, that few vessels

were detected and the majority of the analyzed area

was excluded completely by the algorithm (Figure

3(h)). The numbers of detected vessels (Figure 3(i))

and vessel density (Figure 3(j)) were much higher for

CD31 and DP71 stained hippocampus and cortex

than either collagen IV or VWF, likely due to the

counting of stained cells and background areas (blue

arrows).

Collagen IV optimization. Though in our preliminary

experiments there were relatively few vessels detected

due to light staining, collagen IV gave the best com-

bination of low background and blood vessel-specific

staining. Therefore, we sought to optimize the

Figure 2. CD34 staining. Mouse brain sections were stained for CD34 using a variety of antibodies. (a) While QBEnd10 staining
showed blood vessel staining, this was indistinguishable to that seen in the negative, anti-mouse secondary antibody control. We next
evaluated anti-CD34 antibodies not generated in mouse (b). RAM34 stained only very large blood vessels (red arrow), albeit very lightly
(c). ab8158 showed very light, inconsistent blood vessel staining, but also significant staining of neuronal cells (blue arrow: d). ab81289
showed light, inconsistent blood vessel staining, but with moderate background staining (e). MA5-29674 predominantly stained glial
cells (blue arrow), but did not stain blood vessels (f). PA5-89536 showed no staining, other than a very high background (g).
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collagen IV-positive staining by utilizing a variety of
antigen retrieval methods. Our original tests of this
antibody used a heat-mediated, pH 6 antigen retrieval
(Figure 4(a)). We tried a pH 9 solution for heat-
mediated retrieval but this led to a similar level of
blood vessel staining than the lower pH (Figure 4
(c)). We next tested the ability of enzyme-mediated
retrieval to enhance blood vessel staining using anti-
collagen IV. Pepsin treatment for 10minutes increased

blood vessel staining (Figure 4(e)), compared with
heat-mediated retrieval, while 20minutes led to even
more robust staining (Figure 4(g)). Downstream digi-
tal image analysis by the microvessel algorithm
showed that all tested antigen retrieval methods
yielded staining with very little background staining.
However, there were many vessels that were unde-
tected by the digital image analyses, though visible
to the human eye, in the pH 6 (red arrows: Figure 4

Figure 3. Initial evaluation of non-CD34 blood vessel markers. We tested a variety of potential blood vessel markers for use in
mouse brain tissue. (a) CD31 stained blood vessels lightly, but also showed some non-vascular cell staining. (b) Analysis by the
microvessel algorithm identified blood vessels, but also cell staining (blue arrows). There were many vessels left unidentified (red
arrow). (c) Collagen IV stained blood vessels lightly, with very low background. (d) Given the light staining, the microvessel algorithm
clearly missed some visible blood vessels (red arrows). (e) The DP71 stained slide had moderately high background staining, but
showed both blood vessel and cell body staining. (f) The microvessel algorithm readily detected blood vessels, but also misidentified
cell staining as blood vessels (blue arrows). (g) The von Willebrand Factor (VWF) stained slide had very high background. (h) The
background was so high that the algorithm could not identify any blood vessels. The entirety of the displayed region of interest was
excluded from analysis (yellow shading). The number of vessels identified by the algorithm (i), as well as the vessel density (j) varies
significantly for each antibody. CD31 and DP71 identified the most vessels, possibly due to the non-vessel cell staining. Red boxes
indicate the region of interest analyzed by the microvessel algorithm, shown in the second panel for each antibody.
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(b)), pH 9 (Figure 4(d)) and ten minutes of pepsin
treatment (Figure 4(f)). Extending the pepsin treat-
ment to 20minutes led to detection of all blood vessels
seen in the region of interest (Figure 4(h)), including
both capillaries and arterioles. This result was evident
whether looking at the number of blood vessels
detected (Figure 4(i)), or the vessel density (Figure 4(j)).

Free floating sections

Staining of FFPE presents several challenges, including

a potential increase in masking (decrease of staining)

of antigens that reduces binding of antibodies. As such,

it is common practice to stain frozen-fixed sections

that have not been paraffin-embedded. Because these

Figure 4. Optimization of collagen IV staining. We tested different antigen retrieval methods to improve the staining of blood vessels
with anti-collagen IV. (a) Low pH heat-mediated antigen retrieval of collagen IV staining led to only light reactivity. (c) High pH heat-
mediated antigen retrieval did not improve blood vessel staining. (b, d) Though the microvessel algorithm did detect some vessels,
there were many lightly-stained vessels that were not identified (red arrows). (e) Pepsin-mediated retrieval for 10minutes improved
blood vessel staining, while maintaining a very low background. (f) The microvessel algorithm detected more vessels using this
method, but still missed some that were lightly stained (red arrows). (g) Pepsin-mediated retrieval for 20minutes further improved
staining of blood vessels, both small and large, while retaining the low background. (h) The microvessel algorithm was able to detect all
stained vessels in the region of interest, while minimizing detection of non-vessels. Each of the antigen retrieval methods tested
yielded an increase in the number of vessels detected by the algorithm (i), as well as the vessel density (j). Red boxes indicate the
region of interest analyzed by the microvessel algorithm, shown in the second panel for each antibody.
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sections are often stained while free floating in solution,

the techniques used can be quite different, especially

with respect to antigen retrieval methods. We therefore

tested three of the blood vessel markers that gave the

best results in FFPE. Slides stained for CD31 showed

some staining of blood vessels, though the signal-to-

noise ratio was very low, as well as staining of neuronal

cells in the dentate gyrus (blue arrow; Figure 5(a)).

Collagen IV robustly stained large and small blood

vessels in free floating mouse brain sections with relatively

low background, even using heat-mediated antigen

retrieval (Figure 5(c)). We attempted to use enzyme-

mediated antigen retrieval for free-floating tissue, but

the sections were robustly digested by the enzyme and

not usable (data not shown). DP71 strongly stained

blood vessels, though it also picked up cell bodies, such

as astrocytes (Figure 5(e)). Analysis of these slides, using

the microvessel algorithm, showed that CD31 staining led

to very low detection by the algorithm (Figure 5(b)).

Similar to FFPE, collagen IV staining of blood vessels

lead to robust identification by the algorithm (Figure 5

(d)). Many microvessels were detected in the DP71-

stained slide as well (Figure 5(f)), though the astrocyte

cell body staining was also mis-labeled as blood vessels by

Figure 5. Staining for blood vessels in free-floating sections. We tested a few different blood vessel markers to determine whether
they also work for frozen fixed brain sections. (a) CD31 showed light-inconsistent staining of blood vessels, but also stained cells in
the dentate gyrus (blue arrow). (b) The microvessel algorithm detected a few blood vessels, but clearly missed some that were lightly
stained (red arrows). (c) Collage IV robustly stained large and small blood vessels in both the hippocampus and cortex, which were
readily detected by the microvessel algorithm (d). (e) DP71 also stained the blood vessels well, though there was apparent staining of
astrocyte cells as well, which were erroneously identified as blood vessels by the microvessel algorithm (blue arrows; f). The algorithm
identified more vessels in the DP71 stained slide than the other antibodies, likely due counting non-vessel stained cells (g), yielding a
higher apparent blood vessel density (h). Red boxes indicate the region of interest analyzed by the microvessel algorithm, shown in the
second panel for each antibody.
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the digital algorithm (blue arrows), leading to incor-

rect overestimation of blood vessel numbers. This was

particularly problematic in the hippocampus, where

the estimated vessel number was seven-fold increased

versus that of the collagen IV-stained tissue section

(Figure 5(g)). In addition, vessel density was much

higher in the hippocampus than for the other stains

(Figure 5(h)).

Choosing a preferred method to analyze the effect of
sex on murine microvessel parameters

Given the observed staining results, the best candidate
for microvessel staining of the murine cerebrovascula-
ture was collagen IV, both for FFPE and free-floating
sections. Using both preparatory techniques, there was
a strong DAB signal, relative to the background, which
is essential for accurate identification of the blood ves-
sels. We next used this stain to test whether sex differ-
ences could be detected in the murine
cerebrovasculature in middle-aged (18months old)
mice. We used FFPE sections because it was more con-
venient and used less antibody. With this approach,
there was strong staining of microvessels in both the
hippocampus and the cortex, with very low back-
ground (Figure 6(a) to (d)). Analyses using the micro-
vessel algorithm showed differences between brain
regions as well as sex differences in some of the meas-
urements. There was no significant sex-specific differ-
ence in vessel density in the hippocampus or cortex
(Figure 6(e)). Vessel density was greater in the cortex
than the hippocampus in females (p¼ 0.002), though
there was no difference between regions in the males.
There was no sex- or region-specific difference in vessel
perimeter in these animals (Figure 6(f)). Though it did
not reach significance, there was a trend towards a
larger lumen size in male versus female mice in the
hippocampus (p¼ 0.065; Figure 6(g)). On the other
hand, vessel walls were thinner in male than female
mice in the hippocampus (mean difference 0.227 mm;
p¼ 0.048; 95% CI [0.003–0.5; Figure 6(h)] and cortex
(mean difference 0.185 mm; p¼ 0.032; 95% CI [0.019–
0.351]). Vessel walls were also slightly thinner in the
cortex of female mice, compared with hippocampal
blood vessels (mean difference 0.143 mm; p¼ 0.043;
95% CI [0.006–0.281]).

Discussion

In this report, we optimized technical parameters for
digital quantification of microvessel morphology in the
murine brain. Unlike our studies of the human brain,
we found that collagen IV IHC gave a desirable com-
bination of technical features. Using collagen IV IHC,

we were able to detect statistically significant differen-
ces in male and female mice in terms of cerebral vas-
cular parameters.

The significance of the current study relates to five
basic factors: 1. We evaluated a panel of various blood
vessel markers, several antibodies, and tissue prepara-
tion conditions for murine brains, with an eye towards
staining specificity and optimal signal-to-noise, 2. To
our surprise, some of the “canonical” methods were
not optimal, or even necessarily feasible, in our
hands, 3. In the wake of a relatively unbiased approach
to methods development, a data-driven, optimized IHC
protocol was generated for morphometric assessment
of microvessels in both FFPE and free-floating sec-
tions, 4. The optimized methodology was specifically
oriented toward pairing with “downstream” digital
pathologic assessments, and 5. These methods were
applied, including in silico analyses, and we confirmed
the potential for identifying differences between biolog-
ical groupings. Ultimately, it is hoped that these meth-
ods can have a broad range of uses in the research field,
particularly focused on how perturbations in murine
biology correlate with small blood vessel morphometry
in the brain.

Digital pathology provides opportunities for rigor-
ous assessments of histomorphology, but the experi-
mental methods requires technical optimization.
Immunohistochemistry is a widely-used technique in
both clinical and lab settings. However, an optimal
signal: noise ratio of the stain itself is crucial for accu-
rate downstream quantitation and analyses of the data.
Achieving dependable results when studying mouse
microvessel parameters requires identification of anti-
bodies that specifically recognize blood vessels in the
mouse brain, as well as optimization and validation of
the procedure.

Though we and others have successfully used CD34
IHC as a microvasculature marker in human brain
tissue,22,37 our results indicated that this technical
approach does not work as well in mouse brain tissue.
We tried CD34 antibodies generated in three different
animals (mouse, rat, and rabbit) and saw very sparse
and inconsistent microvessel-specific staining (Figure
2). The mouse-generated antibody that we tested
(QBEnd10) presented an additional problem in that
the anti-mouse secondary antibody bound to endoge-
nous murine IgG. (Figure 2(b)). Unfortunately, the non-
specific binding with murine IgG was patchy and sparse
and not appropriate for optimal digital pathologic
downstream analyses.

There are several proteins/antigens that have been
used via IHC to stain the vasculature, each targeting a
distinct subset of cell types (Figure 1). We examined
several of the most common blood vessel markers,
with mixed results. The most common problem that
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Figure 6. The effect of sex on cerebral microvessels. FFPE sections of mouse brain were stained for microvessels using collagen IV as
a marker. Each slide was subsequently scanned using the Aperio ScanScope and analyzed using the microvessel algorithm feature of the
associated ImageScope software, drawing regions of interest around the hippocampus and cortex of each section. Representative
images for each brain region are shown for both female (a, c) and male (b, d) mice. (e) Vessel density was similar in males and females
in the hippocampus, while females had a higher density in the cortex. (f) Vessel perimeter was not significantly different between
females and males in either brain region tested. (g) The lumen area trended larger in the males than the females in the hippocampus.
(h) Wall thickness was slightly thinner in males compared with females in both brain regions. Vessel walls were thicker in the
hippocampus than the cortex of female mice. N¼ 6/sex. The distribution of data was evaluated by a Shapiro-Wilk test for normality
(e, p¼ 0.017, f, p¼ 0.23, g, p< 0.0001, h, p¼ 0.425). Vessel density and lumen are were subsequently analyzed with a Mann-Whitney
U test for nonparametric data. Vessel perimeter and wall thickness were subsequently analyzed by ANOVA.
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we observed was high background relative to the vas-
cular staining. This issue would make it difficult for a
subsequent computational algorithm to differentiate
between background and vessel, skewing identification
of vessels and calculation of their various characteris-
tics. Other antibodies, particularly that for DP71,
showed non-vascular cell staining in addition to vascu-
lar staining, i.e. lack of specificity, which would simi-
larly lead to inaccurate quantitation.

In our hands, collagen IV IHC gave the cleanest
signal, coupled with very low background (Figure
3(c)). Optimization of the collagen IV antibody in
FFPE revealed that pepsin-mediated antigen retrieval
led to more robust staining of blood vessels than heat-
mediated retrieval using different pH (Figure 4(a), (c),
(e) and (g)). Because collagen IV is a marker of the
vessel lamina, the antibody used here stains the luminal
portion of both small and large blood vessels. In order
to achieve a more complete picture of vascular changes,
it would be ideal to be able to use complementary
markers of a variety of cell and structure types (e.g.
endothelial, smooth muscle, pericytes, astrocytic end-
feet, lamina, etc.), as some pathologies presumably
affect some cell types and/or microdomains more
than others. Such a comprehensive analysis will require
identification of appropriate reagents for the additional
cell types, however.

Though FFPE may be a good option for IHC
experiments, due to long-term stability of the paraffin
blocks and suitability for thin sections, using frozen
fixed sections may confer some advantages. For
instance, the processing that occurs prior to embedding
in paraffin may effectively “mask” some epitopes, lead-
ing to inconsistent staining.38–40 In addition, some epit-
opes are known to be labile and are effectively lost
during the harsh FFPE processing steps.41,42

Furthermore, the equipment needed for processing
and embedding are specialized and may not be readily
available. On the other hand, frozen fixed sections are
often 3-5 times thicker than FFPE sections, which can
impact the ability of the antibody to penetrate into the
tissue. Additionally, free floating sections are more del-
icate due to the absence of a stabilizing matrix, such as
a glass slide, requiring gentle handling and antigen
retrieval. With this in mind, we examined several
blood vessel markers in frozen fixed mouse brain
tissue. Though the background tended to be higher
overall in these sections, the antibody against collagen
IV led to robust staining of blood vessels (similar to the
results with FFPE murine brains) that easily stood out
against the background (Figure 5(c)). despite a less
stringent antigen retrieval method (pH 9 at 80 �C vs.
pepsin).

The use of anti-collagen IV antibodies to stain blood
vessels is not new, but published protocols vary.43–45

Some previous published reports used heat-mediated
antigen retrieval at both low and high pH,46,47 but
these approaches did not lead to robust staining of
mouse brain microvessels in our hands. Other describe
successful collagen IV immunostaining with pepsin-
mediated retrieval,48,49 even with free-floating sections.
In our studies of mouse brain, we found that the free-
floating sections were substantially digested by the
pepsin treatment and this approach was not practical
in this context.

Despite their importance to pre-clinical research,
there have been relatively few studies that have rigor-
ously reported on murine cerebral microvessel morpho-
metrics using IHC experiments. Even fewer prior
published studies assessed the technical results of dif-
ferent approaches. By contrast, as number of prior
published studies have used various radiological and
intravital methods (for examples, see50–56). We feel
that neuropathologic observations are an important
complement to other modalities, as a time-honored
source of insights into healthy and disease states.

Many of the prior studies of mouse brain pathologic
specimens have focused on neurodegenerative diseases,
brain tumors, and brain trauma.22,44,45,57–59 These
studies have applied various methodologies, including
estimation-based quantification methods such as frac-
tal analysis60,61 and stereology.62–64 Other computa-
tional methods have been investigated; Mozumder
and colleagues captured histological images of micro-
vessels in sectioned tissue to estimate capillary morpho-
metrics via digitally-reconstructed 2D models.65

Similarly, Freitas-Andrade published a protocol for
analyzing cerebrovascular microvessels in a relatively
unbiased manner, using immunofluorescence with sub-
sequent 3D digital reconstruction.66 Further, several
studies have employed image segmentation software
to analyze vessel morphometry directly.57,67,68 Despite
progress in the field, our study underscores that there
remains a need for technical studies so that different
investigators can ask a range of questions with tools
that are optimized and, perhaps in the future,
standardized.

There are some caveats and limitations to using the
microvessel algorithm to quantify vessel number and
characteristics. For instance, there are some measure-
ments that are not calculated that could be of interest:
diameter and length, for instance. More broadly, the
image obtained is two dimensional, which may limit
appreciation of the three-dimensional aspects of the
vasculature, thus requiring additional software applica-
tions. This may also lead to overestimation of vessel
number, since a single thin section may not detect the
connection between vessels when the connections are
out of plane. In addition, it is important when using
digital pathology to carefully adjust thresholds so that
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vessels are delineated from background. It is also
important to compare vessel parameters from similar
brain regions- vessel sizes, orientation (e.g., anterior-
posterior vs dorsal-ventral) wall thickness, etc. can
vary significantly within and between different struc-
tures. There appears to be more variation in some of
the estimated parameters than others, particularly
lumen area (Figure 6(g)). This may be due to difficul-
ties of the algorithm to estimate lumen based solely on
variations in shading, but also highlights the impor-
tance of comparing consistently stained slides and to
carefully titrate the algorithm staining thresholds
Despite the difference in the processing and staining
protocols of the FFPE versus free floating sections,
microvessel analysis yielded the detection of roughly
the same density of vessels, particularly in the hippo-
campus when anti-collagen IV was used (Figure 4(j)
and 5(h)).

Effect of brain region and sex. Vessel density in hip-
pocampus and cortex was similar in male and female
mice brains (Figure 6(e)). However, the observed ves-
sels in males had thinner vessel walls in both brain
regions studied, as well as a trend towards larger
lumen area in the hippocampus (Figure 6(g) and (h)).
This could be indicative of sex-dependent differences in
vascular biology, which may have implications for cere-
bral blood flow, hemodynamics, neurovascular cou-
pling, or other aspects of cerebrovascular health in
middle aged mice.17,46,69–71 Whether the measured dif-
ferences translate to hemodynamic differences in these
mice is currently unknown. In prior published studies
of young mice, as well as humans, females have been
shown to have higher cerebral blood flow than males,
but this flow declines more rapidly with age in
females.69,72–74 The present study indicates that digital
pathology methods may provide insights into structur-
al changes that correlate with those physiological
phenomena.

Conclusions

Though different antigens have been used as IHC
markers for cerebral blood vessels in mice, few anti-
bodies that we tested yielded a good combination of
high signal and low background that was necessary for
accurate detection and quantitation by digital pathol-
ogy platforms. Of the markers that we tested, the best
option was collagen IV IHC, which proved to be useful
in both FFPE and free-floating sections, following
technical optimization (see Supplementary Figure S1
for comparison of the staining workflows). Sections
in both formats analyzed with the Aperio Microvessel
Algorithm displayed high vessel recognition rates while
minimizing the quantitation of either background or
non-specific cell body staining, thus maximizing both

sensitivity and specificity. Subsequent exploratory

analyses of immunostained FFPE sections showed

sex- and region-specific differences in some of the cal-

culated parameters, indicating that our methods can be

applied for hypothesis testing, or hypothesis genera-

tion, in mouse models.
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