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Abstract

The brain vasculature can be investigated in different ways ranging from in vivo to biochemical analysis. Immunohistochem-
istry is a simple and powerful technique that can also be applied to archival tissues. However, staining of brain vessels on
paraffin sections has been challenging. In this study, we developed an optimized method that can be used in paraffin-embedded
mouse and human brain tissues derived from healthy controls and neurological disorders such as Alzheimer’s disease. We
subsequently showed that this method is fully compatible with the detection of glial cells and key markers of Alzheimer’s
disease including amyloid beta and phosphorylated Tau protein. Furthermore, we observed that the length of microvasculature
in hippocampus of TeCRNDS8 Alzheimer’s disease mouse model is reduced, which is correlated with the decreased blood
flow in hippocampus as determined by arterial spin labeling perfusion magnetic resonance imaging. Finally, we determined
that the microvasculature length in two other Alzheimer’s disease mouse models, APP and PS1 double-transgenic mice
and P301S Tau-transgenic mice, is also shortened in the dentate gyrus. Thus, we have established a new, simple and robust
method to characterize the brain vasculature in the mouse and human brain.
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Introduction

The role of cerebrovascular dysfunction is becoming widely
recognized in dementia and Alzheimer’s disease (AD) (Love
and Miners 2016; Montagne et al. 2016). Cerebrovascular
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While hypoperfusion is a well-established hallmark of
AD in patients and in its various animal models (Faure et al.
2011; Hebert et al. 2013; Massaad et al. 2010; Poisnel et al.
2012), its cause and role in the pathogenesis of AD is still
not fully understood. In AD patients, a decrease in micro-
vascular density has been observed and proposed as one of
the reasons of hypoperfusion (Bouras et al. 2006; Buee et al.
1994; Love and Miners 2016). Studies focusing on histo-
logical analysis have also described alterations of the micro-
vasculature in different mouse models of AD (Kouznetsova
et al. 2006; Lee et al. 2005; Zerbi et al. 2013). However,
none of these studies have directly correlated microvascula-
ture damage to a reduction of cerebral blood flow.

Thus, we decided to evaluate both microvasculature
density and cerebral blood flow in a well-characterized
APP-transgenic AD mouse model, which is known to carry
impaired cerebral microvasculature (Dorr et al. 2012; Paul
et al. 2007). Unfortunately, the staining of the microvascu-
lature by immunohistochemistry on paraformaldehyde-fixed
adult rodent brains has been recognized to be inconsistent
and the reasons are not entirely understood (Jucker et al.
1992; Mori et al. 1992).

To overcome the inconsistencies of standard immunohis-
tochemistry, we have developed a new method to detect the
blood vasculature on paraffin sections of adult mouse and
human brains. We further compared the length of hippocam-
pal blood vessels visualized on 40-um-thick paraffin sections
with the cerebral blood flow measured by arterial spin labe-
ling analysis in both APP-transgenic and wild-type mice.

Materials and methods
Animals

TgCRNDS8 APP-transgenic mice (APP) expressing a
transgene that incorporates both the Indiana mutation
(V717F) and the Swedish mutations (K670N/M671L) in the
human app gene under the control of hamster prion protein
(PrP) promoter (Chishti et al. 2001) were kindly provided
by D. Westaway (University of Toronto, Canada). Number
of animals used for MRI: APP n=6, WT littermates n=7,
histological studies: APP n=8 and WT littermates n=11.

APP/PS1 double transgenic mice overexpressing human-
mutated APP (KM670/671NL) and PS1 (L166P) under
Thy-1 promoters (Radde et al. 2006) were kindly provided
by M. Jucker (University of Tiibingen, Germany).

Number of animals used: APP/PS1 n =28, WT littermates
n=7.

P301S Tau-transgenic mice (B6;C3-Tg(Prnp-
MAPT*P301S) PS19Vle/J; stock no. 008169) overexpress-
ing the mutant human Tau (P301S) gene under the direc-
tion of the mouse prion protein promoter (Yoshiyama et al.
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2007) were purchased from The Jackson Laboratory (Maine,
USA). Number of animals used: P301S n=6, WT litter-
mates n="6.

NG2-CreERT2 mice (n=2) that were crossbred with the
reporter mouse line Rosa26-CAG-floxed-stop-tdTomato
(Huang et al. 2014) were kindly provided by F. Kirchhoff.

Mice were housed at a 12 h day/12 h night cycle with
free access to tap water and food pellets. All animal experi-
ments were approved by the regional ethical committee of
the Saarland, Germany.

Humans

Paraffin-embedded brain samples from AD patients were
obtained from the Department of Neuropathology of Saar-
land University. The use of post-mortem human brains was
approved by the local ethical committee. The clinical diag-
nosis of AD was confirmed by histochemical staining of
senile plaques and neurofibrillary tangles.

Tissue collection for pathological analysis

Animals were euthanized at the indicated age by inhalation
of isoflurane (Abbott, Wiesbaden, Germany). Mice were
then perfused transcardially with ice-cold PBS, the brain
was removed and divided. The left hemisphere was imme-
diately fixed in 4% PFA (Sigma, Schnelldorf, Germany) and
embedded in paraffin for histological analysis.

Antigen retrieval

Antigen retrieval was performed after rehydration of 40-um
paraffin sections as following. For heat antigen retrieval, sec-
tions were heated with a steamer at 80 °C in citrate buffer
(10 mM, pH=06) for 1 h. Sections were allowed to cool down
at room temperature. Before enzymatic antigen retrieval,
sections were washed twice with distilled water and next
treated with digest-all"" 3 Pepsin (Life Technologies,
Karlsruhe, Germany) without dilution at 37 °C for 20 min.

Immunohistochemistry and lectin staining

Following antigen retrieval, 40-pm-thick sagittal paraffin
sections were incubated with the primary rabbit antibody
against collagen IV at 4 °C overnight (1:500; # ab6586,
Abcam Cambridge, UK). After three washes with PBS,
the VectaStain Elite ABC-AP kit (Vector Laboratories,
Burlingame, CA, USA) and the Vector Blue Alkaline
Phosphatase Substrate kit (Vector Laboratories) were used
according to the manufacturer’s instructions. Sections were
counterstained with fast red (Sigma). After dehydration
steps, coverslips were mounted with Vecta mount” (Vector
Laboratories).
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Fluorescent staining was performed on 40-um paraffin
sections after the indicated antigen retrieval procedure.

The primary rabbit antibodies were anti-collagen IV
(1:500; Abcam, # ab6586), anti-laminin (1:300; Abcam,
#11575), anti-Ibal (1:500; #019-19741, Wako Chemicals
GmbH, Neuss, Germany) and anti-red fluorescent proteins
(1:100, #600-401-379, Biomol, Plymouth Meeting, PA,
USA). The primary mouse antibodies were anti-Af,, (1:500,
MOAB-2, clone 6C3; Biomol), anti-p-Tau (1:500, clone
ATS; Thermo Scientific, Darmstadt, Germany), anti a-SMA
(1:500, clone 1A4; Sigma) and anti GFAP (1:500, clone
2AS; Abcam, # ab4648). All primary antibodies were incu-
bated at 4 °C overnight. After washing sections, they were
incubated with Alexa Fluor 488-conjugated goat anti-rabbit
IgG or goat anti-mouse IgG (1:250, Life Technologies).
For lectin staining, sections were incubated with DyLight®
488-labeled tomato lectin (1:100, DL-1174, Vector Labora-
tories) at 4 °C overnight. For double staining, incubations
with the primary and secondary antibodies were performed
successively (secondary antibodies were applied for 2 h at
room temperature). Coverslips were mounted with Mowiol®
(Sigma) including DAPI (Sigma).

Image acquisition and analysis

All images were acquired with a Zeiss Axiolmager Z2
microscope equipped with a stereo investigator system
(MicroBrightField, Williston, VT, USA). Using the virtual
tissue scan module of stereo investigator, we performed
multichannel acquisitions of the regions of interest on the
sections.

Blood vessel length quantification

The virtual section was specifically cropped to delimitate
the region of interest. As shown in supplementary Fig. 1,
vessels were next thresholded, despeckled and skeletonized
with the Imagel] plugin “Skeletonize3D” as previously
described (Whiteus et al. 2014).The length of skeletonized
vessels was automatically quantified with the ImageJ plugin
“AnalyzeSkeleton”. The total length of vessels measured
was summed and divided by the area of the region of inter-
est. To ensure accurate counts, every tenth 40-um sections
throughout the brain (in total four sections per brain) were

selected, stained and analyzed. For a-SMA positive ves-
sel quantification, in case of round vessels, they were filled
manually with ImagelJ after the threshold step.

Blood vessel diameter quantification

The virtual section was specifically cropped to delimitate the
region of interest. To measure vessel diameter, the pictures
were thresholded. Minimum Feret’s diameter was deter-
mined with ImageJ software and was used as an approxima-
tion for vessel diameter as previously described (Kloepper
et al. 2016).

To ensure accurate counts, every tenth 40-pum sections
throughout the brain (in total four sections per brain) were
selected, stained and analyzed.

MRI measurements of cerebral blood flow

Seven APP-wild-type and six APP-transgenic mice were
examined at the age of 8 months with a horizontal bore
9.4 T MRI animal scanner (Bruker BioSpin 94/20, Ettlin-
gen, Germany) using a high-performance water-cooled gra-
dient system with a gradient strength of 675 mT/m, a linear
inductive rise time of 130 ps and a maximum slew rate of
4673 T/m/s. The magnetic resonance imaging (MRI) system
was run with the ParaVision 6.0.1, including the arterial spin
labeling (ASL) MRI protocol employed for determination of
global and regional cerebral blood flow (CBF). An actively
decoupled four element (2 X 2) surface coil designed for the
mouse brain (Bruker BioSpin) was used for signal acquisi-
tion, while a single-channel volume coil with an inner diam-
eter of 72 mm was used for RF pulse transmission (Bruker
BioSpin).

All experiments were performed with animals under
general anesthesia with a mixture of 1.0-2.0% isoflurane
and 99-98% oxygen at a flow rate of 1.5 L/min. Induction
and maintenance as well as animal monitoring and handling
during MRI experiments were performed as described previ-
ously (Fries et al. 2012). Animal core temperature was con-
trolled by manual adjustment of the animal heating device
and maintained at 36.5-38.5 °C throughout MRI data acqui-
sitions. Standard MRI settings are summarized in Table 1.

Animal position was verified within the magnet with
a fast low angle shot (FLASH) localizer MRI sequence

Table 1 Detailed parameters of the applied sequences as set in paravision 6.0.1

Sequence TR (ms) TE (ms) Flip angle ST (mm) FOV (mm?) Matrix NS NA Duration

Flash 15.0 3.0 10° 1.0 25.0%25.0 192x 192 3x5 3 2m 9 s 600 ms
Rare 1300.0 32.0 90°/180° 0.8 20.0x12.8 268x 170 11 8 3 m 38 s 400 ms
Fair-EPI 10000.0 16.5 90°/180° 0.8 20.0x12.8 100 x 65 1 4 17m 33 s 770 ms

TR repetition time, TE echo time, ST slice thickness, FOV field of view, NS number of slices, NA number of averages
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generating image sets in x, y and z orientations. Preceding
anatomical MRI and CBF measurements extensive iterative
first- and second-order shimming was performed with a spe-
cial protocol supplied with the scanner software, followed
by readjustment of basic resonance frequency and reference
pulse strength.

For identification of different portions of the hippocam-
pus, a standard T2-weighted rapid acquisition relaxa-
tion-enhanced (RARE) MRI scan of the whole brain was
obtained with 11 axial slices spanning from the trailing edge
of the olfactory bulb to the leading edge of the cerebellum.
Anatomical T2-weighted images were acquired with pro-
spective respiratory triggering, motion averaging, fat sup-
pression, flip back pulse and a RARE factor of eight.

For each animal investigated, a single slice of interest
was determined as the second axial section from rostral in
which the hippocampus could be identified (Fig. 5a, b). For
CBF measurements, the geometry of these single slices was
loaded into an echo planar imaging (EPI)-based flow sensi-
tive alternating inversion recovery (FAIR) MRI sequence
(Kim et al. 1997). FAIR EPI MRI was performed in inter-
leaved mode with constant recovery time, fat suppression
and 12 selective and non-selective experiments each. Inver-
sion times TI were set to 30, 100, 300, 600, 900, 1000, 1050,
1100, 1150, 1300, 1600 and 2400 ms. Inversion slab thick-
ness and slice package margin were set to 3.8 and 1.5 mm,
respectively.

T1 values from the scans with selective and non-selective
inversion pulses were calculated using the tlinvacq func-
tion of Paravision 6.0.1 on a voxel-by-voxel basis, creat-
ing T1 maps from both experiments. From selective and
non-selective inversion T1 maps, CBF maps were calculated
with the Paravision 6.0.1 macro ASL_Perfusion_Processing
employing equations published previously (Herscovitch and
Raichle 1985; Kober et al. 2007), with the T1 of blood set to
2400 ms (Dobre et al. 2007), encoded in grey scale as well
as in false color (Fig. Sc—f). Regions of interest (ROI) cir-
cumscribing both hippocampi and the brain were transferred
from the corresponding anatomical images to the CBF maps.
Individual voxels selected for measurements were verified to
reside in desired anatomical structures, ROI were adjusted
when necessary and average values for CBF (in mL min~!
100 g tissue™!) were collected.

Statistics

Two-independent-sample ¢ test was used to compare means
for two groups. Pearson correlation and # test statistical anal-
yses were performed with SPSS version 19.0 for Windows
(IBM, New York, NY, USA). Statistical significance was
set at the level of p <0.05. All box plots were plotted using
BoxPlotR (Spitzer et al. 2014).
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Results

The sequential treatment with citrate and pepsin
is an efficient method to recover antigens
on paraffin-embedded brain tissues

To visualize the blood vasculature of adult mouse brain,
different antigen recovery methods were tested for
the immunohistochemical staining of collagen IV on
40-um-thick paraffin sections. No antigen retrieval led to
ineffective immunostaining (Fig. 1a). Heating the sections
for 1 h at 80 °C in citrate buffer at pH = 6 was not effective
either at unmasking antigens for collagen IV (Fig. 1b).
Increasing the treatment duration up to 2 h or the tem-
perature up to 100 °C did not lead to further improvements
(data not shown). Therefore, a pepsin treatment similar to
the one described on paraformaldehyde-fixed free-floating
sections (Franciosi et al. 2007) was applied to paraffin-
embedded tissues. Unexpectedly, the pepsin treatment
did not allow collagen IV visualization (Fig. 1c). We then
combined citrate buffer treatment followed by pepsin treat-
ment and observed a remarkable increase in collagen IV
immunoreactivity (Fig. 1d). Heating sections in a steamer
or a microwave (data not shown) led to comparable inten-
sities of immunostainings; however, steam treatment
limited tissue damage. Additional replacement of citrate
buffer by distilled water gave similar results suggesting
that heat is critical in this process (data not shown). Sur-
prisingly, when digestion with pepsin was applied before
heat treatment, no staining with anti-collagen I'V antibody
was observed (Fig. 1e). The intensity and homogeneity of
the immunostaining after sequential treatment with cit-
rate and pepsin combined with stereological microscopy
allowed the reconstitution of a sagittal section of the cor-
tex and hippocampus of an adult mouse brain (Fig. 1f).
When testing the optimized protocol on 40-pum-thick par-
affin sections cut from human brains, we have observed that
similarly to adult mouse tissues, a combination of heat fol-
lowed by enzymatic digestion was necessary to obtain the
optimal staining of the vasculature in the cortex (Fig. 2a—e).
To further investigate the role of pepsin treatment, brain
sections were subjected to different time periods of enzy-
matic digestion (Fig. 2f—j). Slides treated with pepsin for
2-10 min following heat antigen retrieval with citrate buffer
for 1 h, showed partial detection of the brain vasculature
(Fig. 2f-h). Digestion of the brain tissue for 20 min appeared
to be optimal, revealing a maximal intensity and complex-
ity of the vasculature (Fig. 2i). Increasing time of treatment
with pepsin did not increase immunoreactivity but led to
increased tissue damage (data not shown). When the optimal
time of pepsin digestion (i.e. 20 min) preceded heat treat-
ment, no collagen IV immunoreactivity was visible (Fig. 2j).
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Using the optimal protocol, we further examined alterna-
tive classical markers of blood vessels: tomato lectin and
laminin. Vessel staining in adult mouse brain with tomato
lectin (Fig. 3a—e) and laminin (Fig. 3f—j) revealed to be as
robust as the anti-collagen IV staining only when heat pre-
ceded enzymatic treatment. Altogether, these findings sup-
port the view that the combined antigen retrieval method
we propose can be broadly applied for a diversity of brain
antigens.

The citrate and pepsin-based antigen retrieval
protocol is compatible with the staining
of vasculature and other AD-related typical markers

After we optimized the antigen retrieval protocol for the
immunohistological staining of vasculature, we asked
whether this protocol was compatible for the staining of
other AD-related proteins. We tested this protocol in the co-
labeling of blood vessels and amyloid-p (AB), p-Tau or Ibal.
Both AP (Fig. 4a—f) and p-Tau (Fig. 4g-h) showed enhanced
antigenic reactivity following serial treatments with citrate
and pepsin compared to the standard antigen retrieval pro-
tocol with single citrate buffer treatment (data not shown).
Cerebral amyloid angiopathy and AP plaque interactions
with blood vessels were observed both in mouse (Fig. 4c, e)
and human (Fig. 4d, f) brain sections embedded in paraffin.
Detection of microglial cells with Ibal antibody was also
possible (Fig. 4i—j), albeit the signal was not increased when
compared to our routine staining protocol (data not shown).
We could also show that the co-detection of astrocytes and
blood vessels was possible (supplementary Figs. 2a, b).
Although we failed at directly staining pericytes following
heat and enzymatic treatment (data not shown), we were
able to successfully detect immunologically the red fluo-
rescent protein in NG2-CreERT2 mice that were crossbred
with Rosa26-tdTomato animals (supplementary Figs. 2c, d).

The total length of vasculature is correlated
with the cerebral blood flow in the hippocampus

After establishing the method for immunohistological stain-
ing of cerebral vasculature, we continued to investigate
whether this protocol could be used to evaluate cerebrovas-
cular dysfunction in the AD brain. Thus, we measured cer-
ebral blood flow in APP-transgenic and wild-type mice with
MRI and compared it with the anatomical changes in the
vasculature of the same mice. In MRI experiments, regions
of interest, i.e. brain and hippocampus for cerebral blood
flow analysis, were identified in T2-weighted anatomical
images (Fig. 5a, b). Utilizing ASL MRI, the blood flow was
measured in the brain and the hippocampus of 8-month-old
TgCRNDS8 APP-transgenic and wild-type littermate mice
(Fig. 5¢c—f). While in the whole brain of APP mice, the blood

flow (Fig. 5g) was reduced by 6% (p=0.055) when com-
pared to wild-type animals, the regional CBF in the cortex
and in the hippocampi were respectively 9% (p =0.055) and
20% (p <0.001) lower in transgenic mice than in the litter-
mate controls (Fig. Sh—i). Thus, we restricted the comparison
of the blood flow and the length of blood vessels to the hip-
pocampus. A significant correlation was observed between
the hippocampal blood vessel length and the hippocam-
pal blood flow (Fig. 6a), (Pearson correlation R=0.754;
p=0.003) but not between the cortical blood vessel length
and the cortical blood flow (Fig. 6b), (Pearson correlation
R=0.754; p=0.003).

To determine which vascular compartment might be
affected, we measured the diameter of capillaries (<6 pm
in diameter) and larger vessels (>6 pm in diameter) in the
hippocampus of TgCRNDS APP-transgenic mice and their
wild-type littermates (Fig. 6¢c, d). We observed a signifi-
cant reduction (p < 0.05) of the capillary diameter in the AD
mouse model (Fig. 6¢). We further investigated whether the
vascular morphological changes could originate from o
smooth muscle actin-positive (a-SMA) vessels. We stained
(Fig. 6e) and quantified the length of a-SMA-positive ves-
sels (Fig. 6f) in the hippocampus of TgCRNDS8 and WT
mice. No difference was observed between APP mice and
the control.

In the following experiments, we used the optimized
method to evaluate the brain microvasculature in three differ-
ent and complementary mouse models of AD. Because these
three models share the strongest expression of AP (Fig. 7a,
b) or p-Tau in the dentate gyrus (Fig. 7¢c), we focused our
evaluation of the brain vasculature in this area. Remarkably,
we observed structural alterations of the microvasculature
at the age of 8 months in all three models. In comparison
with their age-matched wild-type controls, the blood vessel
length was shorter in TeCRND8 APP mice (Fig. 7d) by 11%
(p<0.01), in APP and PS1 double transgenic mice (Fig. 7e)
by 7% (p <0.01) and in P301S Tau-transgenic mice (Fig. 7f)
by 9% (p <0.05).

Discussion

Detection and quantification of the brain vasculature is easily
performed in neo-natal rodents (Walchli et al. 2015), how-
ever poor or inconsistent staining has been observed in par-
aformaldehyde-fixed adult brains (Jucker et al. 1992; Mori
et al. 1992). Recently, pepsin digestion has been described
to enable a widespread staining of the vessel basement
membrane in the adult mouse brain (Franciosi et al. 2007).
Requirement of pepsin to visualize brain blood vessels has
been confirmed both on frozen (Clark et al. 2009; Muneton-
Gomez et al. 2012; Soto et al. 2015) and vibratome sections
(Gama Sosa et al. 2014; Gama Sosa et al. 2010). However,
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Fig.5 Cerebral blood flow (CBF) is reduced in the hippocampus
of TeCRNDS (APP) mice. T2-weighted anatomical images of WT
(a) and APP (b) mouse brains showing regions of interest (brain,
cortex and hippocampus) selected for cerebral blood flow (CBF)
measurements. Absolute grey scale CBF maps and false color CBF
maps obtained with arterial spin labeling magnetic resonance perfu-
sion imaging at 9.4T in 8-month-old WT (c, e) and APP (d, f) mice.
Quantification and comparison in WT and APP mice of the brain

we and others (Vollert et al. 2015) had failed at visualizing
blood vessels on paraffin sections in spite of pepsin treat-
ment. Our newly established protocol combining heat and
enzymatic treatment has allowed us to stain the brain vas-
culature on paraffin sections.

Paraffin sections offer many advantages over vibratome or
frozen sections including a better preservation of the tissue
structure and the possibility to access to a larger resource
of archival tissues. Heat treatment is the major antigen
retrieval method used in routine immunohistochemistry
(Shi et al. 1991). An alternative is to use enzymatic diges-
tion to restore the immunoreactivity of antigens on paraffin
sections (Huang et al. 1976). Publications reporting heat or
enzymatic treatment are largely abundant, however, the com-
bination of heat and enzymatic treatment is rarely described
in the literature (D’Amico et al. 2009). The mechanism of
heat-induced antigen retrieval is based on the cleavage of
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protein—protein crosslinks (Yamashita 2007). Concerning
pepsin treatment, Mauro et al. suggested that it might dis-
rupt cross links between laminin and collagen (Mauro et al.
1984). Remarkably, in the antigen retrieval method we pro-
pose only a pretreatment of paraffin-embedded sections with
heat followed by enzymatic treatment leads to a robust stain-
ing of blood vessels. Enzymatic treatment preceding heating
was ineffective. A possible mechanism could be that heat
treatment is necessary to remove the trace amount of paraffin
remaining in the tissue and/or to break protein crosslinks to
enable further penetration and action of pepsin.
Alzheimer’s disease is a disorder characterized by abnor-
mal aggregation of Af, hyperphosphorylation of Tau and
activation of glial cells (De Strooper and Karran 2016).
AP, p-Tau and glial cells interact with the brain vascula-
ture (Dudvarski Stankovic et al. 2016; Lamoke et al. 2015;
Love and Miners 2016). Interestingly, our antigen retrieval
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protocol with the combination of heat and enzymatic treat-
ment not only helps the efficient staining of vasculature but
also enhances the immunohistochemical staining of both
amyloid proteins, AP and p-Tau. This result is in agreement
with the recent finding that a combination of heat and enzy-
matic treatment was necessary to obtain the most sensitive
staining of AP on paraffin sections (Kai et al. 2012).

Histological examinations of AD patients and its ani-
mal models have shown impairments of microvasculature
in specific regions of the brain (Asllani et al. 2008; Buee
et al. 1994; Fischer et al. 1990). Functional analysis with
MRI has suggested that the cerebral blood flow decreases
in the AD mouse brain (Faure et al. 2011; Hebert et al.
2013; Massaad et al. 2010; Poisnel et al. 2012). However,
the connection between histological and functional find-
ings needed to be further investigated. For example, Zerbi
et al. observed a decrease in the blood volume in APP-
swe/PS1(dE9) mice but they did not detect any changes in
the density of the microvasculature (Zerbi et al. 2013). In
our study, the newly established antigen retrieval protocol
allowed us to clearly visualize and quantify the vascu-
lature in paraffin-embedded brains. In TgCRND8 APP-
transgenic mice, in which vascular damage has been pre-
viously described (Paul et al. 2007), and their wild-type
littermates we did observe that the length of blood vessels
in hippocampus was correlated with the blood flow.

Our findings show that structural vascular dysfunction
correlates with hypoperfusion in TeCRNDS8 mice and sug-
gests that anatomical changes are at least partly respon-
sible for the blood flow decrease. We further show that
the morphological changes of the vasculature might be
restricted to the capillaries as their diameter is reduced
in AD mice and as no change is observed in larger ves-
sels. However, anatomical alteration of the vasculature
might not be the unique mechanism involved. Non-ana-
tomical processes such as vasoconstriction have also been
described to modulate the cerebral blood flow. Ap was
previously found to directly induce vasoconstriction and
reduce cerebral perfusion (Niwa et al. 2001). Furthermore,
AP was shown to inhibit the production of the vasodilator
nitric oxide by decreasing endothelial nitric oxide synthase
activity (Lamoke et al. 2015). Such findings strongly sug-
gest that a combination of vasoconstriction and decrease in
the blood vessel length might be responsible for the reduc-
tion of the blood flow in TgCRNDS8 mice compared to that
in wild-type controls. Nevertheless, Af might not be the
unique culprit for vasculature alteration in AD patients.
In P301S-transgenic mice, we observed a reduction of the
vasculature in the dentate gyrus where p-Tau accumulates.
This finding is in agreement with the recent discovery that
the blood brain barrier is altered in r'Tg4510 tau-transgenic
mice and that Tau depletion is sufficient to prevent it (Blair
et al. 2015). The precise mechanism through which AP

and p-Tau damage endothelial cells still remains unknown.
Their accumulation might impair the vasculature directly
or by inducing inflammation and/or neurodegeneration or
a combination of these factors.

To summarize, we describe a novel simple and robust
method to visualize and analyze the brain vasculature on
paraffin sections in mouse and human postmortem brains.
This methodology offers the possibility to re-examine the
brain vasculature in a broader range of archival tissues. In
addition, we show that our new method is fully compat-
ible with the detection of glial cells and key markers of AD
including AP and p-Tau making it a valuable tool to investi-
gate the vasculature both in physiological and pathological
conditions. Furthermore, we showed that anatomical altera-
tion of the vasculature directly correlates with the reduction
of the blood flow suggesting that the method we developed
could be the basis for further identification and characteriza-
tion of cerebral blood flow alterations in health and disease.
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