
Brain Pathology 30 (2020) 1071–1086 1071  

Brain Pathology ISSN 1015-6305

© 2020 The Authors. Brain Pathology published by John Wiley & Sons Ltd on behalf of International Society of Neuropathology
This is an open access article under the terms of the Creat ive Commo ns Attri butio n-NonCo mmerc ial-NoDerivs License, which permits use and distribution in any medium, 
provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.

R E S E A R C H  A R T I C L E

Denser brain capillary network with preserved pericytes in 
Alzheimer’s disease
Francisco Fernandez-Klett1,2,#; Lasse Brandt1,3,#; Camila Fernández-Zapata1 ; Basim Abuelnor1;  
Jinte Middeldorp4; Jacqueline A. Sluijs4; Maurice Curtis5; Richard Faull5; Laura W. Harris6;  
Sabine Bahn6; Elly M. Hol4; Josef Priller1,3,7,8

1 Laboratory of Molecular Psychiatry, Department of Neuropsychiatry, Charité − Universitätsmedizin Berlin, Berlin, Germany.
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Abstract

Pericytes are vascular mural cells that surround capillaries of the central nervous 
system (CNS). They are crucial for brain development and contribute to CNS ho-
meostasis by regulating blood–brain barrier function and cerebral blood flow. It has 
been suggested that pericytes are lost in Alzheimer’s disease (AD), implicating this 
cell type in disease pathology. Here, we have employed state-of-the-art stereological 
morphometry techniques as well as tissue clearing and two-photon imaging to assess 
the distribution of pericytes in two independent cohorts of AD (n  =  16 and 13) 
and non-demented controls (n  =  16 and 4). Stereological quantification revealed 
increased capillary density with a normal pericyte population in the frontal cortex 
of AD brains, a region with early amyloid β deposition. Two-photon analysis of 
cleared frontal cortex tissue confirmed the preservation of pericytes in AD cases. 
These results suggest that pericyte demise is not a general hallmark of AD 
pathology.

INTRODUCTION
Pericytes are paramount for the development and function 
of  the capillary network (1). Pericytes are contractile under 
certain conditions, although it is still debated if  this is a 
ubiquitous ability, and to which extent it contributes to 
the brain’s functional blood flow regulation (16,20,24). In 
the CNS, vessels establish a tight barrier to blood con-
stituents that might interfere with proper functioning of 
neural tissue—the blood–brain barrier (BBB). Pericyte cov-
erage correlates with the tightness of  the endothelial cell 
lining in different organs of  the body, and is exceptionally 
high in the CNS (51). The investment of  endothelium by 
pericytes is dependent upon platelet-derived growth factor 
(PDGFR)β signaling, and experimental models that exploit 
this dependence collectively revealed the importance of 

pericytes in the development and regulation of  the BBB. 
Mice lacking PDGFRβ show diminished coverage of 
endothelial cells by pericytes as well as structurally aber-
rant vessels and increased BBB permeability during early 
development, resulting in neonatal lethality (31). Genetically 
engineered mice with incomplete deficiency of  PDGFRβ 
signaling exhibit reduced pericyte coverage in adults as 
well as increased BBB permeability (2,5,14,38). Recently, 
targeted diphtheria-toxin (DT)-mediated depletion of  peri-
cytes was shown to result in the rapid collapse of  brain 
perfusion, and BBB disruption (40). Some murine models 
of  impaired PDGFRβ-signaling, as well as mice heterozy-
gous for the PDGFRB gene or with two hypomorphous 
PDGFRB alleles show a progressive reduction of  cortical 
pericyte coverage accompanied by increased BBB permeabil-
ity, preceding neurodegeneration and behavioral alterations 
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(5,38). However, other mouse models of  PDGFRβ signaling 
deficiency do not present with an age-dependent loss of 
pericyte coverage in the brain (61), suggesting that the 
observed functional differences may not necessarily be linked 
to pericyte demise.

Alzheimer’s disease (AD) is a neurodegenerative disorder, 
whose hallmarks are the deposition of amyloid β (Aβ) in 
the brain parenchyma, the presence of hyperphosphorylated 
tau filaments in neurons, and reactive gliosis (43). In a 
large fraction of subjects with AD pathology, Aβ is depos-
ited in the vascular walls of  leptomeningeal and parenchymal 
arteries and arterioles (cerebral amyloid angiopathy, CAA), 
and these neuropathological changes are associated with 
accelerated cognitive decline (54). Ultrastructurally, Aβ is 
deposited around the basement membrane, thus, in direct, 
intimate contact to smooth muscle cells and pericytes of 
small arterioles and capillaries (63). In culture, Aβ is toxic 
to pericytes; this effect is partly dependent of apolipoprotein 
E (APOE) 4 genotype, the strongest genetic risk factor for 
the development of late-onset AD (9,57,62,64). Pericytes 
may participate in Aβ clearance (32) and pericyte loss leads 
to increased deposition of Aβ in vessel walls and brain 
parenchyma in AD transgenic mice (47). Recent data show 
that soluble Aβ might lead to constriction of pericytes in 
microvessels (41). Altogether, the data suggest a complex 
interaction between the trafficking of Aβ and mural cell 
function in AD.

Post-mortem studies of AD brain tissue have detected 
diminished absolute pericyte numbers and area coverage of 
capillaries in the frontal cortex and hippocampus, correlating 
with BBB leakage (50). This effect was increased in carriers 
of the APOE4 genotype (21). Others have shown decreased 
levels of PDGFRβ along with increased BBB permeability 
in post-mortem tissue obtained from AD cases (35) and 
recently, another study correlated BBB disruption with 
increased levels of PDGFRβ in the cerebrospinal fluid (CSF), 
as well as neurocognitive decline independent of Aβ or tau 
pathology in APOE4 carriers (37). In these studies, the 
alterations of the levels of PDGFRβ in the brain tissue or 
in the CSF were considered a surrogate marker of pericyte 
damage. Due to the well documented impact of pericyte 
function on the BBB, these results collectively suggest that 
pericyte dysfunction or loss could represent a cause of BBB 
breakdown, leading ultimately to neurodegeneration in AD 
[as well as in amyotrophic lateral sclerosis, Ref. (65)]. However, 
earlier ultrastructural studies did not show increased pericyte 
degeneration in AD (15,52).

To reassess the impact of AD pathology on the pericyte 
population, we have used stereological techniques, which 
are considered the gold standard in morphometric studies, 
as well as clearing and two-photon imaging of post-mortem 
samples to measure capillary and pericyte density in two 
independent AD cohorts. We have focused on the frontal 
cortex, a region with early Aβ deposition (55). Our results 
indicate that pericyte loss is not a general feature of AD 
tissue. Instead, we find a denser capillary network with a 
normal pericyte population in the frontal cortex of AD 
subjects.

MATERIALS AND METHODS

Samples

For the stereological study, we obtained a total of 16 frozen 
samples from patients with a clinical and neuropathologi-
cally confirmed diagnosis of AD as well as 16 age- and 
sex-matched control cases without history of dementia, from 
the Neurological Foundation Human Brain Bank in New 
Zealand. In controls, the lack of history of dementia was 
confirmed by the general practitioner. For AD cases, neu-
ropathological scores (four-tier neurofibrillary tangle (NFT) 
score, CERAD score) were provided by the brain bank. 
For the analysis of cleared tissue, which precluded the use 
of archival frozen or formalin-fixed materials, we obtained 
freshly fixed tissue from 14 cases with neuropathologically 
confirmed AD, as well as four control cases without history 
of dementia deceased during the same time period from 
the Netherlands Brain Bank. Neuropathological data (Thal, 
Braak, CERAD and CAA scores) were made available for 
both controls and AD cases by the brain bank. One case 
was excluded from the analysis due to incomplete tissue 
clearing. Human brain tissue was obtained in compliance 
with ethical and legal guidelines and the studies were approved 
by the institutional review boards. The available demographic 
and clinical data for all included cases are presented in 
Tables  1 and 2.

Preparation of samples for stereology

Fresh frozen (−80°C) blocks were cut orthogonally to the 
middle frontal gyrus at a thickness of 60  µm. We fixed the 
mounted slices for 10 minutes in 100% of methanol at −20°C, 
except for slices stained for the proliferation marker Ki67, 
which were fixed in ice-cold 4% of paraformaldehyde (PFA). 
All primary antibodies were incubated in 1% of normal 
donkey serum (NDS), 0.3% of Triton X-100 and Tris-buffered 
saline (TBS) overnight at 4°C. For the stereological measure-
ment of pericyte linear density and proliferation, the following 
primary antibodies were employed: laminin (mouse anti-
human, γ1, clone 2E8, Millipore, 1:800); PDGFRβ (rabbit 
anti-human, Y92, GeneTex, 1:100); Ki67 (Abcam, 1:1000). 
To reveal endothelia, mouse anti-CD31 (Clone JC70A, DAKO, 
1:100) was employed. Binding of the primary antibodies was 
detected by incubation with the secondary antibodies Alexa-
488 donkey anti-mouse and Alexa 568 donkey anti-rabbit 
(Invitrogen, both 1:1000) in 5% of NDS, 0.3% of Triton 
X-100 in TBS. 4′,6-diamidino-2-phenylindole (DAPI) was 
used to stain nuclei.

For the stereological quantification of total and vascular 
Aβ, fresh frozen mounted slices were fixed in methanol. 
Incubation with 0.3% of H2O2 was used to inactivate endog-
enous peroxidase. Aβ was stained with a primary antibody 
against Aβ (clone DE2B4, Santa Cruz, 1:500) revealed by a 
biotinylated secondary horse anti-mouse antibody (Vector 
Laboratories, 1:200). We applied the avidin-biotin complex (ABC) 
kit (Vector Laboratories) according to the manufacturer’s instruc-
tions and nuclei were stained with Harris’ hematoxylin.
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Stereological analysis

The stereological approach for the measurement of pericyte 
and vascular densities is described in the Supporting Figure 
S1. We counted pericyte bodies, defined as PDGFRβ-
immunoreactive cells with round or oval nuclei, whose cell 
bodies were embedded in the laminin-immunoreactive base-
ment membrane (1). To identify cells, we used a LEICA 
DMIL microscope equipped with a 40× (NA 1.25–0.75) oil-
immersion objective. Pericyte density and linear density was 
quantified by stereological sampling over three second-con-
secutive slices per subject. The optical fractionator was imple-
mented as detailed previously (27). Briefly, the dedicated 
stereological software (Stereo investigator 10, MBF Bioscience) 
drove an x/y stage to access sampling sites in a random and 
systematic manner from the entire cortical tissue represented 
in the probe. At those places, a counting frame was projected 
over the live images acquired with a CCD camera. Pericytes 
were then identified and counted online. The size of the 
counting frame area in each sampling site (14  400 µm2) was 
chosen so as to contain about two pericytes. Typically, we 
counted about 450 pericytes per subject from more than 200 
sampling sites encompassing the entire cortical tissue presented 
in the sections. Capillaries were defined as laminin-immuno-
reactive tubular vascular structures with a diameter ≤9  µm 
(29). We implemented the space balls method to analyze 
capillary density (39), counting every intersection between the 
projected hemisphere and the central axis of the capillary. 
Pericyte linear density was calculated as the pericyte number 
divided by the total capillary length for a given subject. In 
addition, we estimated the density of intermediate (diameter 
>9 and ≤50  µm) and large vessels (diameter >50  µm).

For pericyte coverage analysis, images of the laminin-
immunoreactive vasculature and  PDGFRβ-immunoreactive 
structures were obtained with a  100  ×  oil-immersion objec-
tive  (NA  1.4) at random systematically placed locations 
selected with the stereological optical fractionator. A  total 
of ~10 intersections were sampled per subject, obtained from 
one of the three consecutive sections included in the ste-
reological pericyte and vascular density analysis. After manual 
thresholding in ImageJ (v1.51s), the fraction of area of the 
laminin-immunoreactive vessels covered by  PDGFRβ-
immunoreactive  signal was determined.

Aβ analysis was performed on a single slice per subject 
and the Aβ signal was divided into two fractions: “vascular” 
and “parenchymal.” We used the stereological area fraction 
fractionator as previously described, projecting ~200 count-
ing grids into the counting space at each crossing of the 
lattice per subject (25). This analysis yielded the 
Aβ-immunoreactive area fraction as a percent of the total 
gray matter area. The presence or absence of capillary CAA 
(Table  1) was determined in the same frontal sample.

For illustration purposes, we acquired confocal images 
using a Leica SP5 confocal microscope.

Clearing

Cortical tissue from the middle frontal gyrus obtained from 
the Netherlands Brain Bank was dissected and fixated in 

4% of PFA for 4  hours before being transferred into PBS 
containing 0.035% of sodium azide. Clearing was performed 
using the original Clarity protocol with slight modifications 
(12,58). These were directed to minimize the duration of 
the incubation with the PFA fixative. The cortical tissue 
was cut to obtain a cuboid of approximately 
1  ×  1  ×  3–5  mm entailing all cortical layers and a small 
fraction of subcortical tissue. The tissue was incubated in 
the polyacrylamide solution overnight, and thereafter in 4% 
of PFA-containing polyacrylamide solution for 4  h. For 
cross-linking of proteins with the polyacrylamide scaffold, 
the tissue was degassed and incubated at 37°C for another 
2  h. After cross-linking, the excess acrylamide was scraped 
off  the tissue. The cross-linked tissue was then incubated 
at 37°C in 4% of SDS-containing PBS for 7–10  days, after 
which an optimum of clearing was typically reached. SDS 
was then removed by repeated washes in PBS with 0.5% 
of Triton-X before immunostaining. In order to reveal the 
pericyte-containing vascular network as well as Aβ plaques, 
we incubated with rabbit primary antibodies against the 
pericyte marker PDGFRβ (clone Y92, GeneTex) and against 
Aβ peptide (Clone DE2B4, Santa Cruz, both at 1:100) for 
72  h at 37°C. After washing off  the primary antibodies 
with PBS containing 0.5% of Triton-X, incubation with 
secondary Alexa-488 anti-mouse and Alexa-638 anti-rat 
antibodies (1:100) was performed for another 72  h at 37°C.

Two-photon imaging of cleared tissue

Prior to imaging, the samples were incubated in 30% of 
2,20-Thiodiethanol (TDE) to match the refractive index of 
water (13), and then, placed in a custom-built chamber. 
Imaging was performed on a Nikon A1R MP multiphoton 
microscope equipped with a 25x N.A. 1.1 objective, Nikon) 
and a Ti:Sa laser (Spectra Physics, Insight DeepSee) at the 
AMBIO Life Cell Imaging Core Facility (http://AMBIO.
chari te.de). For each fragment, we produced 15–20 stacks 
arranged as tiles with 10% overlap covering the entire frag-
ment. At each of the position of the tile, the tissue was 
subsequently scanned with the IR laser tuned for excitation 
at 980  nm for Alexa-488 imaging or 1200 for Alexa-647 
imaging. The fluorescence of the Alexa dyes was recorded 
with 525/50 or 575/25  nm bandpass filters, respectively. A 
third image was acquired with excitation at 980  nm and 
the emission bandpass filter at 575/25 to record the tissue 
autofluorescence. The size of a single tile was typically with 
a voxel size of about 1  µm  ×  1  µm  ×  4  µm. Using this 
approach, the typical imaging time for a whole tissue frag-
ment lasted for about 3  h.

Image processing

We stitched the tiles using the Nikon software. We applied 
a Gaussian filter for noise reduction and resampled the images 
to a half of the original resolution to make further analysis 
feasible using ImageJ. The contrast of the PDGFRβ-
immunoreactive signal was enhanced using the CLAHE ImageJ 
plugin. In order to increase the specificity of the detection 
of the PDGFRβ-immunoreactive and Aβ-immunoreactive 

http://AMBIO.charite.de
http://AMBIO.charite.de
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signal, we employed a color extraction procedure in the imag-
ing processing program Imaris 8.3.1 (Bitplane). This enhanced 
the fluorescent signals over tissue autofluorescence. Using 
Imaris, both the PDGFRβ-immunoreactive and Aβ- 
immunoreactive signals were segmented. The rendered volume 
of the PDGFRβ-immunoreactive vascular network was skel-
etonized using a custom-written plugin based on the 
Skel2Graph3D MATLAB function (28); MATLAB version 
R2015a, MathWorks). This procedure provided a network 
of segments, connected by nodes, from which several metrics 
were calculated: length of the vascular network, tortuosity 
(the quotient of the vascular segment length and the distance 
between their endpoints) as well as, for every voxel, the  
distance to the nearest vessel. In addition, the volume occu-
pied by Aβ positive immunostaining was measured. A scheme 
of the image analysis is presented in the Supporting  
Figure S2.

APOE genotyping

For APOE genotyping, we extracted genomic DNA either 
from unfixed frozen or fixed brain tissue. We employed a 
semi-nested PCR assay based on (18). Outer primers for 
amplification of exon 4 of the APOE gene were 
5′-TACAAATCGGAACTGGAGGAAC-3′ (forward) and 
5′-CCTGCTCCTTCACCTCGTC-3′(reverse); inner primers 
were 5′-GGCACGGCTGTCCAAGGAGC-3′(forward) and 
5′-ACGCGGCCCTGTTCCACCAG-3′ (reverse). The prod-
uct of the nested PCR was digested with the HhaI restric-
tion enzyme to yield bands specific for the APOE2, APOE3 
and APOE4 genotypes (18). For statistical analysis, subjects 
presenting any APOE4-allele, either homo- or heterozygotes, 
were pooled in the “APOE4” group. Subjects with any com-
bination of the APOE2 and APOE3 alleles were pooled 
into the “APOE2-3” group.

Statistics

The effect of  diagnosis (AD vs. control) on pericyte density, 
pericyte linear density, capillary density, intermediate vessel 
density and large vessel density was determined by a mul-
tivariate analysis (one-way MANOVA). Univariate analysis 
(one-way ANOVA) was used in case of  significant multi-
variate analysis (P < 0.05). We carried out a Mann–Whitney 
U Test to investigate the effect of  diagnosis (AD vs. control) 
or genotype on the non-normally distributed variables. 
Comparison between more than two groups was performed 
with the Kruskal–Wallis nonparametric test followed by 
the Dunn-Šidák correction for multiple comparisons. 
Pericyte and capillary densities were correlated with total 
Aβ and vascular Aβ (Spearman’s rank-order correlation). 
Data are presented as means  ±  standard deviation or the 
median for non-normally distributed variables. In boxplots, 
box and whiskers indicate median and 25th and 75th per-
centiles and whiskers represent 5th and 95th percentiles. 
SPSS (version 23, IBM) and MATLAB were used for 
statistical analysis.

RESULTS

Demographic, clinical and neuropathological 
data

Demographic and neuropathological characteristics of all 
included cases are shown in Tables 1 and 2. Matched samples 
of 16 control and 16 AD subjects were included in the ste-
reological study. Median ages were 75.5  years for both the 
control and AD groups, and the sex distribution was matched 
to eight males and eight females (Table  1). Median post-
mortem times were 12 and 9  h in controls and AD subjects, 
respectively. In AD subjects, the CERAD score of neuritic 
plaques (36) ranged from moderate (11/16) to frequent (5/16). 
In a semiquantitative four-tier classification of the presence 
of NFTs, the scores of AD subjects varied from mild (3/16) 
to moderate (10/16) and severe (3/16). AD subjects showed 
mild (7/16) to moderate (5/16) and severe (4/16) degrees of 
atrophy. We did not find any statistically significant differ-
ences for any morphometric parameter among the different 
stages of pathology, and therefore, pooled all data.

Tissue employed for clearing comprised 13 AD cases as 
well as four control cases. The necessity of using freshly 
fixed tissue for clearing and staining for PDGFRβ accounted 
for the skewed group sizes. All demographic and neuro-
pathological data of subjects included in the cleared tissue 
study are provided in the Table 2. Mean ages were 78.3 ± 14.8 
and 78.8  ±  13.8  years and sex distribution (f:m) was 2:2 
and 6:7 in the control and AD groups, respectively. Aβ 
plaque, Braak and CERAD scores were known for all sub-
jects and differed significantly between the control and AD 
groups [Mann–Whitney U test, Supporting Figure S3; Refs. 
(7,36,55)]. Mean brain weight for controls and AD subjects 
were 1348  ±  208  g and 1168  ±  195  g, respectively, not 
reaching a statistically significant difference (Supporting 
Figure S3). Out of all AD cases, four cases displayed grade 
2 or 3 type 1 (capillary) CAA. We did not find any sta-
tistically significant difference for any metric between cases 
with grade 2 or 3 CAA and the cases without CAA, and 
therefore, we pooled all cases in one single AD group.

Stereological analysis

We identified pericytes as PDGFRβ-immunoreactive cells with 
cellular bodies and projections embedded in the laminin-
immunoreactive vascular basement membrane (Figure  1A). 
As PDGFRβ-immunoreactivity surrounded the CD31-
immunoreactive endothelium, we confirmed the specific stain-
ing of mural cells by the anti-PDGFRβ antibody. (Supporting 
Figure S4). Pericyte density was increased by 28% in AD 
cases compared to controls (controls: 2,412  ±  376 cells/mm3 
vs. AD: 3,081 ± 584 cells/mm3; P = 0.0006; one-way-ANOVA; 
Figure  1B). The increase in pericyte density was paralleled 
by a similar increase in the capillary density (see below), 
so that the linear pericyte density remained unchanged (con-
trols: 8.3 ± 0.7 vs. AD: 8.5 ± 1 cells/mm; Figure 1C). Pericyte 
coverage (the fraction of laminin-immunoreactive area occu-
pied by PDGFRβ immunoreactivity) was not different between 
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AD cases and controls (control: 75.6 %, AD: 75.8 %; 
Figure  1D). The percentage of brain tissue immunoreactive 
for Aβ (Aβ burden) was increased in AD cases compared 
to non-demented controls, although a fraction of the latter 
also presented with some Aβ immunoreactivity (median 0.18% 
in control vs. 0.91% in AD cases, P < 0.001, Mann–Whitney 
U Test, Figure  2A,E. The vascular fraction of Aβ also dif-
fered between controls (0%) and AD cases (0.07%) 
(P < 0.0001, Mann–Whitney U Test, Figure 2F). The increase 
in pericyte density correlated with total Aβ burden (rs = 0.54, 

P  <  0.01; Spearman’s rank-order correlation; Figure  2G). 
Among AD cases, neither pericyte density nor pericyte cov-
erage varied significantly between different stages of the 
four-tier NFT or neuritic plaque (CERAD) classifications 
(Supporting Figure S5). In summary, total pericyte numbers 
increased in AD subjects, while no statistically significant 
changes in pericyte linear density (i.e. corrected for vascular 
density) or endothelial area coverage were detected in AD 
cases. These findings show that pericyte loss was not present 
in the frontal cortex of AD cases.

Figure 1. Pericyte density changes in AD. A. Representative confocal 
image showing PDGFRβ-immunoreactive pericytes and the laminin-
immunoreactive vascular basement membrane in the frontal cortex of 
an AD case. The arrowhead demonstrates a PDGFRβ-immunoreactive 
pericyte body contained within the laminin-immunoreactive basement 
membrane. Those were counted with the stereological fractionator 
method (see Supporting Figure S1 for details). B. The density of 

pericytes (number of pericytes in a given tissue volume) is increased in 
AD cases (one-way ANOVA; *P = 0.00058). C and D. The linear density 
of pericytes (pericyte number in a given capillary segment; C; one-way 
ANOVA; P = 0.46) as well as the vascular coverage (D; Mann–Whitney 
U test; P  =  0.78) did not change in AD cases compared to controls. 
Scale bar: 50 µm. 
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We stained for the basement marker laminin to measure 
vascular density (Figure  3A,B). The microvascular network of 
AD subjects displayed a 24% increase in capillary density 
compared to controls (controls: 291  ±  39  mm/mm3 vs. AD: 
361  ±  48  mm/mm3; P  =  0.000079; one-way-ANOVA; 
Figure 3C). In contrast, no significant differences between AD 
cases and controls was detected for the densities of intermedi-
ate sized vessels (controls: 72  ±  23 vs. AD: 73  ±  27  mm/
mm3; Figure  3C) or large vessels (controls: 0.55  ±  0.25 vs. 
AD: 0.43  ±  0.30  mm/mm3; P  =  0.24; one-way-ANOVA; 
Figure  3C). The capillary density correlated with the total Aβ 
burden (rs  =  0.6419, P  <  0.0001; Spearman’s rank-order cor-
relation; Figure  3D). In AD subjects, vascular density of 
intermediate vessels was significantly higher in subjects with 
a score of 3 when compared with those with a score of 2 

(median of 47.6 vs. 87.9, P  <  0.005, Mann–Whitney U Test). 
Otherwise, the density of vessels did not vary significantly 
between different stages of the four-tier NFT or neuritic plaque 
(CERAD) classifications (Supporting Figures  S6 and S7).

Some of the non-demented control cases showed 
Aβ-immunoreactive plaques (Figure  2G). We separated the 
control cases into subjects with negligible Aβ-immunoreactivity 
(< 0.1% area fraction; n  =  5), and non-demented subjects 
with positive Aβ immunoreactivity (Aβ-immunoreactive plaques 
in>  0.1%; n  =  9). The analysis of pericyte and capillary 
densities showed significant differences between these two groups 
and the AD group, while no difference was found between 
control and non-demented subjects with AD-like pathology 
for any other metric studied (Supporting Figure S8). No dif-
ferences were found for pericyte linear density, intermediate 

Figure 2. Correlation of pericyte density with AD pathology. A-D. 
Representative images showing immunoreactivity for β-amyloid in two 
non-demented cases (A and B) and two AD cases (C and D). Non-
demented controls showed variable degree of β-amyloid deposition. The 
insets in C and D demonstrate plaques and parenchymal vascular 
amyloid deposition, respectively. E and F. Boxplots showing the fraction 

of the area occupied by total Aβ immunoreactivity (E) or vessel-
associated Aβ immunoreactivity (F) in non-demented control and AD 
cases. *P  =  0.00015, **P  =  0.000016; Mann–Whitney U Test. G. 
Pericyte density correlated with the total Aβ load (rs = 0.54, P = 0.0012, 
Spearman’s rank-order correlation. Scale bar: 100 µm. 
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vascular or large vascular densities (Supporting Figure S8). 
These results suggest that clinically patent and neuropathologi-
cally confirmed AD, and not merely the presence of 
Aβ-immunoreactive plaques, is associated with the observed 
increases in pericyte and capillary density. The APOE genotype 
did not influence Aβ plaque load, pericyte or vascular density 
in neither the control nor the AD groups, although a  
trend to a higher amount of Aβ vascular deposition was 
found in carriers of the APOE4 allele (Supporting Figures  S9 
and S10).

Analysis of cleared samples

Upon clearing, double-labeling and two-photon imaging of 
brain tissue samples revealed Aβ deposits as well as the 

PDGFRβ-immunoreactive vascular network (Figure  4A,B). 
Pericyte-containing vessels were detected in both controls 
and in AD cases along all cortical layers, often in close 
apposition to Aβ plaques (Figure  4B). The PDGFRβ-
immunoreactive mural cell lining of arteries, capillaries and 
veins was clearly rendered (Figure  4C,E). The Supporting 
Videos S1 and S2 demonstrate the staining and imaging 
of whole tissue fragments. The volume occupied by Aβ 
deposition was significantly higher in AD cases than con-
trols, although we encountered some degree of Aβ immu-
noreactivity in one control case (median 0% in control vs. 
0.6% in AD cases, P  <  0.005, Mann–Whitney U Test, 
Supporting Figure S11A). Aβ deposition did not vary sig-
nificantly in dependence of the APOE genotype (Supporting 
Figure S11B).

Figure 3. Vascular density changes in AD. A and B. Representative 
immunohistochemical stains for laminin showing changes in capillary 
density in a non-demented control (A) versus an AD case (B). The 
discontinuous pattern of staining is owed to the sectioning of fresh-
frozen samples. C. The density of capillaries (defined as vessels with 
diameters ≤9 µm) is significantly increased in AD cases compared to 

controls (*P = 0.000079, one-way ANOVA). The density of intermediate 
and large vessels (including arterioles and veins) remains constant 
(P = 0.9 and 0.24, respectively; one-way ANOVA). D. Vascular density 
correlated with the total Aβ load (rs = 0.6419, P = 0.000075, Spearman’s 
rank-order correlation). Scale bars: 250 µm. 
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For the morphometric analysis, we first produced a skeleton 
of the PDGFRβ-immunoreactive vascular network, which com-
prised pericyte-containing capillaries in addition to mural cell-
containing larger arterioles and venules. (Figure  5A,D). The 
linear density of PDGFRβ-immunoreactive vessels as well as 
the density of junctions were calculated as independent mor-
phometric endpoints. Further, the mean parenchymal distance 
to the next vessel and the tortuosity were calculated. The 
values of the linear vascular density matched with previously 
published results (29) and the stereological measurements of 

laminin-immunoreactive capillaries reported above (Figure  3). 
We did not find statistically significant differences of PDGFRβ-
immunoreactive vascular density, mean parenchymal distance 
to the next vessel or tortuosity between AD cases and controls 
(Figure  5E,G). Also, the PDGFRβ-immunoreactive vascular 
density did not change significantly among APOE genotypes, 
Aβ plaque scores, NFT (Braak) stages or neuritic plaque 
(CERAD) scores (Supporting Figure S12).

Collectively, our results show a preservation of capillary 
pericytes in the frontal cortex of AD.

Figure 4. Pericyte vascular network in cleared brain samples. A and B. 
3D-rendering of stitched and processed two-photon images from two 
cleared specimens, one non-demented control case (A) and one AD 
case (B) showing PDGFRβ-immunoreactive (red) and Aβ-immunoreactive 
(green) signals. The spurious green signal in the surface of A represent 
contaminating particles of the tissue piece. The density of PDGFRβ-
immunoreactive structures is similar between the control and AD tissue. 

C–E. raw scanning images of the signal corresponding to PDGFRβ-
immunoreactivity. Under the imaging protocol employed for the 
sampling of large tissue volumes, two-photon imaging did not resolve 
the fine cellular structures of pericytes. However, the staining revealed 
unambiguously the lining of PDGFRβ-immunoreactive mural cells in 
arterioles, capillaries and venules. Scale bars: 400 µm. 
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DISCUSSION

Located in capillaries throughout the CNS at the interface 
between the neural tissue and the circulatory system, peri-
cytes are involved in the development of the brain’s vascular 
system and the regulation of the BBB (1). Pericytes appear 
to be contractile under certain conditions, and a population 
of pericyte-like mural cells in the arteriolar vasculature con-
tributes to the control of blood flow in the CNS (16,20,24,45). 
Pericyte function thus determines the maintenance of a 

homeostatic environment in the CNS. An adequate blood 
supply and the isolation of the neural tissue from blood 
electrolytes, proteins and inflammatory mediators are neces-
sary conditions to ensure proper brain function. Experimental 
conditions which target the brain’s pericyte population, either 
by interfering with PDGFRβ signaling (2,5,14,31) or by 
iDTR-mediated ablation of pericytes (40), result in CNS 
pathology (disturbances of the BBB and CNS blood flow, 
inflammation and neurodegeneration) and are in some cases 
associated with cognitive dysfunction or even death.

Figure 5. Morphometric analysis of the pericyte vascular network in 
cleared samples. A–D. 3D-rendering of the skeletonized PDGFRβ-
immunoreactive vascular network of a non-demented control (A and B, 
same as in Figure 4A) and an AD case (C,D, same as in Figure 4 B). The 
green surfaces in C represent thresholded Aβ-immunoreactive plaques. 
The boxes in B and D display the skeleton along the PDGFRβ- or Aβ-
signals (box comprises 75 µm in each dimension). E–G. No differences 

between AD cases and non-demented controls were found for neither 
PDGFRβ-immunoreactive vascular network (E; Mann–Whitney U test; 
P = 1) nor the average distance in the parenchyma to the nearest vessel 
(F; Mann–Whitney U test; P = 0.83) or the tortuosity of the vascular 
structures (G; Mann–Whitney U test; P = 0.50). Scale bars: 400 µm. 
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The effect of CNS pathology on the pericyte population is 
not fully known. Ischemia leads to a rapid demise of pericytes 
(17,20). Loss of pericytes has also been described in neuro-
degenerative disorders, particularly in AD (21,50). Some ultra-
structural studies showed increased signs of pericyte degeneration 
in post-mortem AD brains, such as the accumulation of intra-
cellular lipofuscin-like material and damaged mitochondria (3). 
However, other studies did not confirm pericyte degeneration 
(15,52). Aβ is internalized by pericytes and has toxic effects 
on cultured pericytes (9,57,62,64). These observations have led 
to the hypothesis that pericyte loss might be a major factor 
in the cascade leading to neurodegeneration in AD (21,50).

Here, we used state-of-the-art techniques, such as stereol-
ogy which is considered the gold standard in morphometric 
studies, as well as novel tissue clearing and two-photon 
imaging techniques to characterize the presence of pericytes 
in two independent samples of AD brains and controls. 
Our results clearly demonstrate that pericytes are not dimin-
ished in the frontal cortex of individuals with clinically 
diagnosed AD. These findings are in line with previous 
ultrastructural studies of pericytes in the AD brain (15,52). 
However, our results contradict more recent reports sug-
gesting that capillary pericytes are lost in AD, in particular 
in dependence of the APOE genotype (21,50).

This discrepancy could be explained by the different tech-
niques employed. We did not produce measurements of the 
area covered by pericyte or endothelial markers above a 
certain intensity threshold, as in (21,50), because this measure 
is influenced by the amount of expressed proteins, which 
is subject to regulation in disease. For instance, the Ulex 
europaeus agglutinin I used to reveal endothelia in (21,50) 
binds to fucosylated glycoproteins, which are effectors of 
leukocyte adhesion and could be upregulated during endothe-
lial activation (30). It is not well established how AD affects 
the expression levels of pericyte markers, but in vitro studies 
show that pericytes shed PDGFRβ into the medium upon 
hypoxia or exposure to β-amyloid, which may explain why 
lower levels of PDGFRβ protein are found in AD brains 
(35,47), even in the absence of pericyte degeneration. In 
our stereological study, pericyte numbers were assessed visu-
ally by an investigator blinded to the groups, who identified 
pericytes and vessels independently of the intensity of the 
immunofluorescence signal. Similarly, in the cleared tissue 
analysis, skeletonization of the PDGFRβ-immunoreactive 
signal yields measurements that are largely independent of 
the cross-sectional area of positive immunoreactivity.

In line with previous results (4,22,34,44), our stereological 
analysis demonstrates an increased capillary density in the 
AD cortex. Increased capillary density has also been described 
in the brains of different AD mouse models by chronic 
intravital imaging (6). Since the cortex is subject to atrophy 
in AD, the increase in capillary density could be explained 
by the persistence of the vascular network in a context of 
parenchymal volume shrinking. However, we did not detect 
increased densities of intermediate sized and large vessels, 
which is hard to reconcile with a passive effect of atrophy. 
The increased density of capillaries is more likely to result 
from angiogenesis, since angiogenic genes are upregulated 
in AD (6,42). Upregulation of ANGPTL4 expression has 
been associated to angiogenesis and increased capillary 

density in in patients with capillary CAA (11). The intrathe-
cal concentration of vascular endothelial growth factor 
(VEGF), an angiogenic molecule, is increased in patients 
with AD and might serve as a biomarker (53,56). The rise 
in angiogenesis and increase in capillary density could reflect 
a regulatory response to reduced cerebral blood perfusion 
or an effect of brain inflammation, among other potential 
mechanisms (59).

One limitation of our study is the focus on only one 
brain region, namely the frontal cortex. Although amyloid 
deposits are found early on in the frontal cortex of AD 
cases (55), neurofibrillary tangles and cortical atrophy occur 
first and predominantly in limbic structures, such as the 
hippocampus or the entorhinal cortex (8,48). More advanced 
AD pathology, including atrophy, might be associated with 
a different vascular phenotype. However, our study reca-
pitulates the increase in capillary density found by others 
in the hippocampus or temporal cortex (4,10,44), showing 
that vascular remodeling is a common feature of AD among 
different brain regions, including the frontal cortex.

It is important to note that our results do not imply that 
pericyte function is intact in AD. CAA affects parenchymal 
vessels in about one-third of AD cases (23) and contributes 
to microhemorrhages and infarcts, having thus a direct impact 
on vascular function (19,33). Aβ oligomers constrict pericytes 
in capillaries (41). Vascular amyloid deposition may lead to 
immune reaction and vasculitis (49), and pericytes actively 
participate in neuroinflammatory responses through the pro-
duction of a plethora of chemokines and cytokines (46).

In conclusion, our study demonstrates that pericyte loss 
is not a general feature of AD. Methods to isolate pericytes, 
endothelia, and other vascular cells in the neurovascular 
niche are rapidly evolving (60) and will shed light on func-
tional changes of pericytes and their contribution to the 
cascade of neurodegeneration in AD.
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Fig S1

Figure S1. Methods for stereological counting of pericyte den-
sity. Frozen samples of the middle frontal gyrus were provided 
by the Neurological Foundation Douglas Human Brain Bank 
in New Zealand. About 60  µm thick slides were stained for 
PDGFRβ and laminin expression. For assessment of the peri-
cyte density (pericytes in a given tissue volume), we counted 
pericyte bodies with the optical fractionator. The space ball 
method was employed for measuring the vascular density 
(length of vascular segments in a given volume). The pericyte 
linear density (number of pericytes in a given vascular seg-
ment) was inferred from the above measurements.
Fig S2

Figure S2. Image processing and analysis of the cleared brain tis-
sue samples. The cleared samples were imaged with the two-pho-
ton microscope to obtain three different images, corresponding 
to the Alexa-647 signal (PDGFRβ), the Alexa-488 signal (Aβ) 
or tissue autofluorescence, largely due to lipofuscin deposits 
in the aged brain tissue. Using Imaris “Channel Extraction” 
color deconvolution algorithm, the autofluorescence) was 
subtracted from the Aβ-immunoreactive image. For PDGFRβ 
detection, a far-red fluorochrome was employed, whose emis-
sion spectrum did not overlap with the autofluorescence. The 
PDGFRβ-immunoreactive signal was enhanced using a rolling 
contrast enhancing algorithm (CLAHE) using ImageJ. Both 
PDGFRβ-immunoreactive and Aβ-immunoreactive signals 
were segmented. For the analysis of the vascular network, the 
segmented images were skeletonized using a custom MATLAB 
Imaris plugin based on the Skel2Graph3D MATLAB function 
(28).
Fig S3

Figure S3. Neuropathology scores of donors of cleared brain 
tissue samples. Boxplots showing A the Aβ plaque scores 
(*P = 0.0008, Mann–Whitney U test), B NFT (Braak) stages 
(*P  =  0.0008, Mann–Whitney U test), C neuritic plaque 
(CERAD) scores (*P = 0.0017, Mann–Whitney U test) and D 
the brain weight (P = 0.12, Mann–Whitney U test) of donors 
of cleared brain tissue.
Fig S4

Figure S4. PDGFRβ-CD31 double staining. Maximum projec-
tion (A) as well as single confocal slice and orthogonal views 
(B) of a confocal stack of frontal brain tissue double stained 
for PDGFRβ (pericytes) and CD31 (endothelial cells). The 
images demonstrate the distinct PDGFRβ-positive immuno-
reactivity of pericytes lining endothelia in capillaries. Scalebar: 
50 µm.
Fig S5

Figure S5. Effect of NFT and CERAD scores on pericyte den-
sity in AD subjects. A,B Boxplots represent pericyte density, 
pericyte linear density, pericyte area coverage of AD subjects 
stratified along the different scores of the four-tier NFT classi-
fication (A) or the neurofibrillary plaque (CERAD) score (B).
The numbers represent the P-values of the Kruskal–Wallis test 
followed by post hoc Dunn-Šidák correction for multiple com-
parisons. n.p. = not present (no matching cases).

Fig S6

Figure S6. Effect of NFT score on vascular density in AD sub-
jects. Boxplots represent vascular densities of capillaries, inter-
mediate or large vessels of AD subjects stratified along the 
different scores of the four-tier NFT classification. The num-
bers represent the P-values of the Kruskal–Wallis test followed 
by post hoc Dunn-Šidák correction for multiple comparisons. 
n.p. = not present (no matching cases).
Fig S7

Figure S7. Effect of CERAD score on vascular density in AD 
subjects. Boxplots represent vascular densities of capillaries, 
intermediate or large vessels of AD subjects stratified along the 
different CERAD scores. The numbers represent the P-values 
of the Kruskal–Wallis test followed by post hoc Dunn-Šidák 
correction for multiple comparisons. Intermediate vessels dis-
play a higher density in AD subjects with CERAD score of 3 
compared to 2. n.p. = not present (no matching cases).
Fig S8

Figure S8. Analysis of non-demented subjects with AD-like 
pathology. Boxplots display pericyte density (A), pericyte lin-
ear density (B), pericyte area coverage (C) and vascular density 
(D) in control subjects with negligible Aβ immunoreactivity, 
non-demented subjects with Aβ immunoreactivity and AD 
cases. The numbers represent the P-values of the Kruskal–
Wallis test followed by post hoc Dunn-Šidák correction for 
multiple comparisons.
Fig S9

Figure S9. Effect of APOE genotype on total and vascular Aβ 
load. Boxplots display total (A) or vascular Aβ load (B) of sub-
jects stratified along the APOE genotype for the control and 
AD groups. Numbers represent the P-values of the Kruskal–
Wallis test followed by post hoc Dunn-Šidák correction for 
multiple comparisons (A) or of the Mann–Whitney U Test (B).
Fig S10

Figure S10. Effect of APOE genotype on pericyte and vascular 
densities. Boxplots display pericyte density (A), pericyte linear 
density (B), pericyte area coverage (C) and vascular density (D) 
of subjects stratified along the APOE genotype for the con-
trol and AD groups. Numbers represent the P-values of the 
Kruskal–Wallis test followed by post hoc Dunn-Šidák correc-
tion for multiple comparisons.
Fig S11

Figure S11. Aβ load in cleared brain tissue samples. A Boxplots 
display the fraction of tissue volume occupied by Aβ immuno-
reactivity (Aβ load) in control and AD subjects. *P = 0.0017, 
Mann–Whitney U Test. B Aβ load in subjects stratified by clin-
ical diagnosis and APOE genotype. The number represents the 
P-values of the of the Kruskal–Wallis test followed by post 
hoc Dunn-Šidák correction for multiple comparisons.
Fig S12

Figure S12. PDGFRβ-immunoreactive vascular density con-
trasted by APOE Genotype and neuropathological scores. 
Boxplots display the density of PDGFRβ-immunoreactive ves-
sels in control and AD subjects stratified by APOE genotype 
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(A), Aβ plaque score (B), NFT stage (Braak) stage (C) or neu-
ritic plaque (CERAD) score (D). No significant differences were 
found (A: P = 0.58, P = 0.67, P = 0.51, P = 0.50, respectively; 
Kruskal–Wallis test). n.p. = not present (no matching cases).
Supplementary Material

Movie S1. 3D-reconstruction of the cortical volume of a non-de-
mented control, showing the orthogonal slicing of the sample. 
PDGFRβ-immunoreactivity is displayed in red pseudocolor. 
Green-pseudocolored signal at the surface of the piece of 

tissue represents autofluorescent debris. Scale bar: 500 µm.
Supplementary Material

Movie S2. 3D-reconstruction of the cortical volume of an AD 
case, showing the orthogonal slicing of the sample. PDGFRβ-
immunoreactivity is displayed in red, Aβ plaques in green 
pseudocolor. Green-pseudocolored signal at the surface of 
the piece of tissue represents autofluorescent debris. Scale bar: 
500 µm.


