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Abstract
We studied small vessel disease (SVD) pathology in Familial Alzheimer’s
disease (FAD) subjects carrying the presenilin 1 (PSEN1) p.Glu280Ala
mutation in comparison to those with sporadic Alzheimer’s disease (SAD) as a
positive control for Alzheimer’s pathology and Cerebral Autosomal Dominant
Arteriopathy with Subcortical Infarcts and Leukoencephalopathy
(CADASIL) bearing different NOTCH3 mutations, as positive controls for
SVD pathology. Upon magnetic resonance imaging (MRI) in life, some FAD
showed mild white matter hyperintensities and no further radiologic evidence
of SVD. In post-mortem studies, total SVD pathology in cortical areas and
basal ganglia was similar in PSEN1 FAD and CADASIL subjects, except for
the feature of arteriosclerosis which was higher in CADASIL subjects than in
PSEN1 FAD subjects. Further only a few SAD subjects showed a similar
degree of SVD pathology as observed in CADASIL. Furthermore, we found
significantly enlarged perivascular spaces in vessels devoid of cerebral amyloid
angiopathy in FAD compared with SAD and CADASIL subjects. As
expected, there was greater fibrinogen-positive perivascular reactivity in
CADASIL but similar reactivity in PSEN1 FAD and SAD groups. Fibrino-
gen immunoreactivity correlated with onset age in the PSEN1 FAD cases,
suggesting increased vascular permeability may contribute to cognitive decline.
Additionally, we found reduced perivascular expression of PDGFRβ AQP4 in

Abbreviations: AQP4, Aquaporine-4; BBB, blood–brain-barrier; BG, basal ganglia; CAA, cerebral amyloid angiopathy; CADASIL, Cerebral autosomal dominant
arteriopathy with subcortical infarcts and leukoencephalopathy; FC, frontal cortex; HIP, hippocampus; OC, occipital cortex; PC, parietal cortex; PDGFRβ, Platelet-
derived growth factor receptor beta; PVS, perivascular spacing; SVD, small vessel disease; TC, temporal cortex; WMH, white matter hyperintensities.
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microvessels with enlarged PVS in PSEN1 FAD cases. We demonstrate that
there is Aβ-independent SVD pathology in PSEN1 FAD, that was marginally
lower than that in CADASIL subjects although not evident by MRI. These
observations suggest presence of covert SVD even in PSEN1, contributing to
disease progression. As is the case in SAD, these consequences may be pre-
ventable by early recognition and actively controlling vascular disease risk,
even in familial forms of dementia.

KEYWORDS
Alzheimer’s disease, cerebral autosomal dominant arteriopathy with subcortical infarcts and
leukoencephalopathy, dementia, FAD, presenilin, small vessel disease, vascular disease

1 | INTRODUCTION

Alzheimer’s disease (AD) is the most prevalent neurode-
generative dementia affecting approximately 46 million
people worldwide [1, 2]. Familial Alzheimer’s disease
(FAD) accounts for up to 5% of all AD cases [3], caused
by mutations in the amyloid precursor protein (APP) or
presenilins 1 and 2 (PSEN1/2) genes. The p.Glu280Ala
mutation in PSEN1 is the most common known cause of
FAD with more than 600 symptomatic carriers in the
Colombian kindred alone and presents with neuropsy-
chological symptoms such as memory and language
impairment and behavioural changes [3]. We have
recently shown multiple factors are responsible in the age
of onset heterogeneity in FAD caused by mutations in
PSEN1 gene [4]. Other factors including pre-existing vas-
cular disease should be considered whether they modify
severity or disease progression. Accumulating evidence
suggests that vascular factors modify disease onset pro-
portional to severity and the threshold for demen-
tia [5–7].

We have also detected individuals in the same region
of Colombia with Cerebral Autosomal Dominant
Arteriopathy with Subcortical Infarcts and Leu-
koencephalopathy (CADASIL), caused by two different
point mutations, Cys455Arg and Arg1031Cys, in the
NOTCH3 gene. Notch3 is a substrate of the γ-secretase
of which presenilin 1 is the catalytic unit. CADASIL is a
cerebral small vessel disease (SVD) characterized by the
presence of subcortical strokes, microbleeds and white
matter hyperintensities (WMHs) on magnetic resonance
imaging (MRI) that leads to vascular dementia [8].
CADASIL show several key features of SVD involving
arteriopathy in small, perforating vessels leading to sub-
cortical infarcts, microinfarcts, WM changes as well as
perivascular spacing (PVS) and cerebral atrophy [9]. PVS
been suggested as a significant feature of radiologically
defined SVD [10] and are thought to result from
periarteriolar obstruction of fluid transport and clearance
of waste products by accumulation of proteins or cell
debris [11, 12]. Lacunar infarcts and arterial disease were
previously reported in late-onset AD patients that
showed no overt evidence of vascular involvement [7].

The neurovascular unit (NVU) is comprised by differ-
ent cell types, for example, endothelial cells, pericytes,
astrocytic end-feet. These control blood–brain barrier
(BBB) function and they were shown to be disrupted in
late-onset AD [13]. In apolipoprotein E (APOE) ε4
carriers, BBB breakdown contributes to cognitive
decline independent of Aβ-pathology [14]. Therefore,
the study of SVD in FAD patients provides a unique
opportunity to assess vascular pathology without
confounding factors associated with ageing and com-
mon in the late-onset variants with usually several
comorbidities.

WMH of vascular origin, frequently used as the clini-
cal signature for early detection and progression of SVD
[15] are common in late-onset AD [16, 17] just as they are
a key diagnostic feature of CADASIL. Current observa-
tions from the Dominantly Inherited Alzheimer Network
(DIAN) have described that FAD mutation carriers have
greater total WMH volumes and white matter
(WM) degeneration, which appear to increase several
years prior to expected symptom onset [18, 19]. WMHs
have propensity for a posterior distribution and are
largely attributed to cerebral amyloid angiopathy (CAA)
which tends to be similarly distributed [20]. These find-
ings collectively suggest WMHs are a core feature of
SVD in AD and a target for potential therapeutic
strategy.

Here, we assessed the extent of SVD pathology in a
large FAD cohort of PSEN1 FAD. We hypothesise that
clinical FAD may be modified by covert cerebral micro-
vascular pathology. We compared previously
established features of SVD pathology [21, 22] in FAD
with that in SAD and in a large cohort of CADASIL
subjects from two centres. CADASIL is an ideal model
for SVD and microvascular pathology, largely free of
AD or Aβ pathology. Further with Notch3 being
cleaved by the γ-secretase, the rational to compare FAD
to CADASIL is given because the one pathway is
affected by the mutations. Quantitative histopathologi-
cal and immunohistochemical methods were undertaken
to evaluate SVD in a total 88 subjects including brain
tissues from normal ageing old and young control
subjects.
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2 | MATERIALS AND METHODS

2.1 | Human subjects

Table 1 shows the demographics and relevant clinical
and pathological features of the 88 subjects. The
PSEN1 p.Glu280Ala genealogy was identified 30 years
ago and carriers were regularly followed up using the
CERAD protocol, NINCDS-ADRA and DSM-IV
criteria until end-stage dementia and death [23, 24]. We
searched the Neuroscience Group of Antioquia (GNA)
database for subjects with confirmed positive genetic
status for p.Glu280Ala in PSEN1 or any mutation in
the NOTCH3 gene that would have been evaluated
using imaging during their follow up and would have
donated their brain for research. A total of 31 cases ful-
filling these criteria, 21 PSEN1 FAD and 10 CADASIL
subjects, were selected for the study (Table 1). The
PSEN1 FAD subjects were chosen to be representative
for the p.Glu280Ala family. We also assessed
12 CADASIL subjects from the Newcastle cohort [25]
and 28 SAD cases from both the Columbian and New-
castle Centres [26]. There are no AD cases in the family
history of the SAD patients. Unless otherwise stated,
for further analysis we considered the CADASIL and
SAD groups from the two centres as two combined
respective disease groups since there were no significant
differences in age, gender, brain weights or vascular risk
factor distribution (Table 1). In addition, we assessed
brain tissues from 17 old and 10 young controls to
match all the AD and CADASIL subjects (Table 1).
For the purpose of this study we considered the SAD
cases to be the positive control for AD related vascular
pathology and CADASIL cases as the positive control
for brain SVD. Brain donation and procedures were
preformed following the ethical approval from the
respective institutions, Universidad de Antioquia,
Medellin, Colombia and Newcastle Health Hospitals
NHS Trust, Newcastle, and informed consent from the
patients or family members.

2.2 | Histological and immuno-histochemical
analysis

We evaluated brain tissues from Brodmann areas
10 (frontal cortex), 20/21 (temporal), seven (parietal),
17 (occipital), the basal ganglia (caudate-putamen at level
of anterior commissure and the anterior hippocampal
formation. The number of samples used for the different
immunohistochemical experiments ranged 10 to 22 per
group (Table 1). 4 μm thick sections were stained with
haematoxylin and eosin (H&E) and luxol fast blue and
further processed for immunohistochemical (IHC)
staining for amyloid beta (Aβ, 1:100; BAM-10, Mob410;
DBS Emergo Europe, The Hague, The Netherlands),
platelet derived growth factor receptor beta (PDGFRβ,

1:50, AF385, R&D systems, MN, USA), aquaporin-4
(AQP4, 1:2000, HPA014784, Merck KGaA, Darmstadt,
Germany), fibrinogen (1:2000, DAKO A0080, DAKO
GmbH, Jena, DE) and glial fibrillary acidic protein
(GFAP, 1:100; M761, DAKO GmbH, Jena, DE). Auto-
matic immunostaining was performed with a Ventana
Benchmark XT system (Roche AG, Basel, Switzerland)
according to manufacturer instructions. Briefly, after
dewaxing and inactivation of endogenous peroxidases
(PBS/3% hydrogen peroxide), antibody specific antigen
retrieval was performed, sections were blocked and
afterwards incubated with the primary antibody. For
detection of specific binding, the Ultra View Universal
3,3´-Diaminobenzidine (DAB) Detection Kit (Ventana,
Roche) was used which contains secondary antibodies,
DAB stain and counter staining reagent. For detection of
PDGFRβ, sections were blocked with rabbit serum and
the anti-goat Histofine Simlpe Stain MAX PO immune-
enzyme polymer (medac GmbH, 414161F) was used as
secondary antibody. Sections were scanned using a
Hamamatsu NanoZoomer automatic digital slide scan-
ner (Hamamatsu Photonics, Hamamatsu, Japan) and
obtained images of whole stained sections at a resolution
of at least 1 pixel per μm. Signal of total area was
assessed using ImageJ Software (version 1.52p, NIH,
Bethesda, MA).

2.3 | Assessment of vascular pathology

Total vascular pathology scores were adapted by the
methods of Deramecourt et al. [21] consistent with type
of lesion as described in Skrobot et al. [22]. Pathological
features evaluated included arteriosclerosis, CAA, peri-
vascular hemosiderin leakage, PVS dilatation and mye-
lin loss. All features evaluated in the intracerebral
compartment unless otherwise specified. These features
were evaluated visually, and scores were given based on
severity. The presence of cortical microinfarcts, large or
lacunar infarcts and haemorrhages were considered in
the final scoring. In order to derive average scores, we
added the scores for all areas per case together and
divided by the number of areas. White matter pathology
was further assessed by quantifying luxol fast blue signal
intensity in white matter relative to its intensity gray
matter of occipital cortices of evaluated cases, using
region of interest (ROI) and signal intensity features of
ImageJ Software (version 1.52p, NIH, Bethesda,
MA, USA).

2.4 | Quantification of CAA

CAA was quantified using the scale described by Love
et al. [27] in which leptomeningeal vessels, cortical
microvessels and capillaries were graded for Aβ reactiv-
ity. Scores were in range between zero (no CAA present)
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to three (severe CAA present). Capillary CAA was evalu-
ated as present (one) or not present (zero).

2.5 | PVS quantification

We quantified perivascular space dilatation for 15 CAA
and non-CAA vessels in the occipital cortex of each case.
Sections stained with Aβ were used for PSEN1 FAD
cases while HE stained sections were used for CADASIL,
since latter were not stained for Aβ. Images at 5X magni-
fication were exported from the whole-image scan file,
using the NDP.view2 software (Hamamatsu Photonics,
Hamamatsu, Japan). Then, ImageJ Software (version
1.52p, NIH, Bethesda, MA, USA) was used to measure
the longest distance between the parenchyma and the ves-
sel to determine the exact size of the perivascular spaces.
PVS ratio was calculated by dividing this distance by the
diameter of the measured vessel. To exclude vessel size as
the determinant for larger perivascular spaces, the caliber
of the vessels <50 and 50–90 μm diameters were mea-
sured in the same manner as the perivascular space
dilatation.

2.6 | Fibrinogen immunoreactivity

For BBB leakage assessment, whole stained sections were
used to quantify fibrinogen immunoreactivity around
100 cortical vessels per case. A vessel was counted as
leaking once there was fibrinogen staining around the
vessel. For PSEN1 FAD this quantification was addi-
tionally performed taking the PVS into account. A vessel
was defined as dilated when the ratio was PVS ≥1.

2.7 | PDGFRβ immunohistochemistry

PDGFRβ immunoreactivity was determined to assess
perivascular pericyte coverage for assessing mural cell
integrity. Using ImageJ Software (version 1.52p, NIH,
Bethesda, MA, USA), we determined periarteriolar
PDGFRβ reactivity in 100 cortical vessels per case. Col-
our deconvolution [28], using the H&E vectors, was used
to separate the channels. The brown channel with the fol-
lowing RGB values: R: 0.26814753, G: 0.57031375, B:
0.77642715 was used. After applying the automatic
threshold, particles defined as any continuous PDGFRβ
signal positive object were measured. Particles smaller
than 100 μm [2] were excluded from this analysis. To
account for measurements of large artefacts, the top 1%
of each dataset was subtracted. In addition, PDGFRβ
total signal restricted to vessels was also assessed, dis-
criminating between those with thickened walls and PVS
dilation.

2.8 | Ultrastructural analysis

Three PSEN1 FAD formalin-fixed temporal cortices
were fixed in glutaraldehyde and chrome-osmium,
dehydrated in ethanol and embedded in Epon 812 (Serva
Electrophoresis GmbH, Heidelberg, Germany). After
polymerization, 1-mm-thick sections were cut, stained
with toluidine blue and checked for presence of arterioles.
Relevant specimens were further processed for electron
microscopy by cutting 100 nm-thick sections which were
contrasted with uranyl replacement stain (22405, Elec-
tron Microscopy Sciences, Hatfield, PA) and lead citrate
solution. Sections were viewed and representative pic-
tures taken using a LEO EM 912AB electron microscope
(Zeiss, Oberkochen, Germany).

2.9 | Aquaporin-4 (AQP4) immunoreactivity

AQP4 immunoreactivity was determined to assess peri-
vascular end-feet. Using ImageJ Software we assessed
15 vessels with dilated PVS and 15 PVS undilated vessels
per case. Immunostained vessel profiles were exported at
80X magnification from the whole-image scan, resulting
in images with 1280 � 1032 pixels. Again, colour
deconvolution was used to obtained separated channels
and automated threshold was applied and measured,
resulting in total AQP4 signal.

2.10 | Statistical analyses

Statistical analyses were performed using GraphPad
Prism 8 (GraphPad Software, La Jolla California
USA, www.graphpad.com) and IBM SPSS Statistics
for Windows, Version 21.0. For cognitive assessment
all scores were standardized as Z scores and averaged
for each cognitive domain assessed (memory, atten-
tion, executive function, reasoning, praxis) as previ-
ously described [23]. We used a crosstab with Chi2
test to analyse frequencies on categorical variables.
We performed a linear mixed model analysis to longi-
tudinally assess and compare the cognitive evolution
at each cognitive domain over time between
CADASIL and FAD patients. We also calculated the
change (delta) between the first and last evaluation,
adjusted to baseline values and the speed (slope) of
cognitive decline, for each cognitive domain. For neu-
ropathological analysis, Unpaired t-tests, one-way and
two-way ANOVAs, Kruskal–Wallis H test and Mann–
Whitney U tests were used according to data distribu-
tion. When necessary for analysis, outlier values were
removed by using the robust regression outlier
removal method (ROUT). p ≤ 0.05 was determined
significant.
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3 | RESULTS

3.1 | Characterisation of PSEN1 p.
Glu280Ala FAD, SAD and CADASIL patients

There were no age of onset or gender differences between
the PSEN1 FAD and the comparison group of CADASIL
subjects. As expected, SAD patients showed statistically sig-
nificant older age of onset but there were no gender differ-
ences (Figure 1A and Table 1). Disease duration showed no
significant differences between the three groups (Figure 1B).
Both PSEN1 FAD and CADASIL groups tended to have
high frequencies of vascular risk factors including that
acquired by behaviour such as tobacco smoking compared
with SAD subjects (Tables 1, S1 and S2). There tended to be
greater frequency of tobacco smokers in the Colombian sub-
jects. While there were no overt stroke events recorded in
the PSEN1 subjects, >90% of the CADASIL subjects had
at least one stroke (Table S2). Where longitudinal follow up
data were available, we found that both the PSEN1 FAD
and CADASIL groups showed significant decline in cogni-
tive performance over time (Figure S1A and Table S3 and
S4). On comparing the trajectories longitudinally between
both the groups, controlling for age and education level, the
PSEN1 FAD group presented with significantly lower per-
formances in the cognitive domains of memory and reason-
ing (Figure S1B). The severity of decline in cognitive
impairment in general, and in specific cognitive domains,
was significantly higher in PSEN1 FAD than in CADASIL
subjects, with the sole exception of decline in executive func-
tion that was not significantly different between groups
(Figures 1C and S2A). On the other hand, the rate of cogni-
tive decline was similar in both groups with no significant
differences (Figures 1D and 2B).

T2W or FLAIR MRI scans of the PSEN1 FAD and
CADASIL patients from Colombia were graded for WM
changes using Fazekas scoring. Nine out of twenty-one
(42.86%) PSEN1 FAD subjects showed mild WMHs in
contrast to the Colombian CADASIL cases who showed
significantly higher scores, as expected (Figure 1E,F).
Available CADASIL cases (n = 6) from Newcastle also
all showed high scores, that is, three with presence of
both periventricular as well as deep WMHs on T2W or
FLAIR MRI. Further, we assessed imaging patterns in
both groups (Table S5), PSEN1 FAD subjects showed
evidence of mild to moderate brain and cortical atrophy
according to different grading systems (Table S6), while
CADASIL cases showed higher frequency of cerebral
microbleeds than PSEN1 FAD cases (Tables S4 and S7).

3.2 | Assessment of vascular pathology in
PSEN1 p.Glu280Ala FAD, SAD and
CADASIL

Mean brain weights of PSEN1 FAD cases were signifi-
cantly lower than those from SAD and CADASIL cases

F I GURE 1 Characterisation of PSEN1 p.Glu280Ala FAD and
CADASIL. An overview of demographical, clinical and imaging data
for the Colombian and Newcastle cohort. The FAD and CADASIL
cases presented with a significantly lower age of onset in comparison
with SAD cases (A). There were no significant differences in disease
duration (B) while the rate of cognitive decline was significantly faster
in PSEN1 FAD than in CADASIL cases (C). The speed of cognitive
decline showed no significant differences (D). Representative MRI
images are shown for PSEN1 FAD and CADASIL patients (E).
PSEN1 FAD patients presented with significantly lower Fazekas scores
compared with CADASIL (F). The brain weight was significantly lower
for PSEN1 FAD compared with SAD and CADASIL cases (G).
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(Tables 1, S1, and Figure 1G). Upon neuropathological
examination, the entire spectrum of vascular changes
including small infarcts, microinfarcts, hemosiderin
leakage, arteriolosclerosis and WM attenuation was evi-
dent in PSEN1 FAD subjects (Figure 2A–L). We
observed that every PSEN1 FAD subject had at least
one lesion attributable to vascular disease. Although
cerebral microbleeds were not seen upon MRI in
PSEN1 FAD we noted the presence of some peri-
vascular hemosiderin leakage in these subjects as well as
in CADASIL subjects.

To determine the degree of SVD in FAD, we quanti-
fied cortical and subcortical vascular pathology in

PSEN1 FAD compared with SAD, as a control for the
possible role of CAA in SVD, and with CADASIL, as a
positive control for SVD and dementia [21]. The aver-
age scores showed that PSEN1 FAD was similarly
affected to CADASIL in frontal and temporal cortices
together with basal ganglia. Both PSEN1 FAD and
CADASIL scored significantly higher than young or
older controls. SAD cases on the other hand, scored sig-
nificantly lower than CADASIL cases, and significantly
higher than young healthy controls but not from con-
trols of similar age (Figures 2M and S3A–C). Lack of
differences between PSEN1 FAD and CADASIL
remained when all cortices and basal ganglia where

F I GURE 2 SVD pathology in
PSEN1 p.Glu280Ala FAD, SAD and
CADASIL. Representative images of
vascular pathology are given for PSEN1
FAD, SAD and CADASIL (A–L), scale
bar for all panels = 250 μm. The vascular
features such as microinfarcts (A–C),
perivascular spacing (D–F),
arteriosclerosis (G–I) are shown in H&E
staining and myelin loss (J–L) is shown in
Luxol Fast Blue staining, all features
shown in occipital cortex. The average
score for frontal (FC) and temporal
(TC) cortices and BG (L) was calculated to
compare PSEN1 FAD cases with the SAD
cohort (Colombian, SAD, n = 10,
Newcastle, N-SAD, n = 17) and different
CADASIL mutations (Colombian
CADASIL, n = 10, Newcastle CADASIL,
n = 12), together with younger (Y-Ctrl,
n = 10) and older healthy (O-Ctrl, n = 15)
controls. Even though PSEN1 FAD tends
to show wider variability of vascular
pathology, average values are not
significantly different to those from pure
vascular dementia such as CADASIL. All
groups show significant more vascular
pathologies than both control groups
(p values: **** ≤ 0.0001, *** ≤ 0.001,
** ≤ 0.01, * ≤ 0.05). SAD cases presented
with significantly less vascular pathology
than the CADASIL cases (p value:
** < 0.01) (M). The arteriosclerosis scores
of the evaluated cortices are shown for
PSEN1 FAD, SAD and CADASIL (N).

SVD IN FADr 7 of 16
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evaluated in PSEN1 FAD cases and a subset sample of
CADASIL. We also noted that WM attenuation was
variable between FAD, SAD and CADASIL subjects
and presented no statistically significant features when
measured (Figure S3D). We further found that
although the degree of arteriolosclerosis was not differ-
ent in FAD and SAD, CADASIL as expected had
greater numbers of arteriosclerotic vessels (Figure 2N).
These results suggest that SVD is common in PSEN1
FAD pathology.

3.3 | Lack of association between CAA and
dilated perivascular spaces in PSEN1 FAD

CAA in AD cases was evaluated as another feature of
SVD. We found that both AD groups exhibited similar
numbers of CAA affected vessels in all evaluated cortices
for all categories of vessels (Figure 3A,B). Next, we quan-
tified the size of enlarged PVS in PSEN1 familial, SAD
and CADASIL, as enlargement of PVS is another feature
of SVD. The ratio of PVS according to the diameter of

F I GURE 3 Perivascular spacing in
PSEN1 p.Glu280Ala FAD, SAD and
CADASIL. Representative images of Aβ
pathology are shown for PSEN1 FAD and
SAD (A). There are no significant
differences in Aβ CAA pathology based on
CAA VCING score (B). CAA VCING
scores were similar for all vessel types in
both groups. Representative images of
perivascular spacing for Non CAA and
CAA vessels are shown for PSEN1 FAD
(n = 21), SAD (n = 10) and CADASIL
(n = 10) (C), scale bar all
panels = 100 μm. The perivascular space
in relation to the diameter of the vessel was
calculated to compare perivascular spacing
in PSEN1 FAD, SAD and CADASIL.
Non CAA FAD vessels showed significant
enlargement of the perivascular space
compared with all other vessel types
measured (D) (p value: **** ≤ 0.0001).

8 of 16 LITTAU ET AL.

 17503639, 2022, 6, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/bpa.13097 by T

est, W
iley O

nline L
ibrary on [04/03/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



microvessels with and without CAA in Aβ stained occipi-
tal cortices were quantified in both, FAD and SAD cases.
Likewise, PVS ratio was assessed in occipital cortices
from CADASIL subjects using H&E staining, given that
CAA is not a pathological feature of this disease
(Figure 3C). In general, PVS was significantly enlarged in
non-CAA vessels in FAD cases (Figure 3D). This differ-
ence was still evident in vessels of both <50 μm and 50–
90 μm diameters. This could not be confirmed for vessels
with a diameter > 90 μm because the tissue sections did
not contain sufficient large numbers of vessels of this size
(Figure S4A). Finally, we found a positive correlation
between enlarged PVS in non-CAA vessels and the sever-
ity of decline in MMSE scores in FAD cases although
these variables were unrelated in CADASIL (Figure S4B).
The lack of differences in CAA pathology between AD
groups and the presence of significantly dilated PVS with-
out CAA pathology in FAD support the notion that SVD
type of arteriosclerotic changes independent of Aβ pathol-
ogy occur in PSEN1 FAD.

3.4 | Blood–brain-barrier integrity (BBB) and
mural cell coverage in PSEN1 FAD, SAD and
CADASIL

To further identify pathological events leading to SVD in
PSEN1 FAD, we evaluated features of BBB damage as a
possible pathological process. Tissue sections from the
occipital cortex were immunostained for fibrinogen
immunoreactivity in PSEN1 FAD, SAD and CADASIL
subjects to identify leaking vessels (Figure 4A). While the
majority of vessels in the three disease groups showed to
be non-leaking, we found that the numbers of leaking
vessels were similar in PSEN1 FAD and SAD, while
being significantly higher in CADASIL (Figure 4B). To
assess if our previous finding of dilated PVS in PSEN1
FAD had any impact in BBB integrity, we evaluated the
percentage of leaking vessels among those presenting
with dilated PVS. The majority of dilated PVS vessels
showed to be non-leaking (Figure 4C), pointing to a lack
of association between enlarged PVS and perturbed BBB

F I GURE 4 Role of the blood–brain-
barrier in PVS in PSEN1 p.Glu280Ala
FAD, SAD and CADASIL.
Representative images of leaking (full
arrow-head) and non-leaking (empty
arrow-head) vessels in PSEN1 FAD
(n = 21), SAD (n = 10) and CADASIL
(n = 10) are shown (A). PSEN1 FAD and
SAD cases presented with significantly less
leaking vessels than CADASIL cases
(B) (p values: **** ≤ 0.0001, *** ≤ 0.001).
Further in PSEN1 FAD significantly less
dilated vessels were leaking (C) (p value:
**** ≤ 0.0001). The % of fibrinogen
leaking vessels is significantly correlated
with age of onset in PSEN1 familial
Alzheimer’s disease but not in CADASIL
(D) (p value: 0.014 vs. 0.211,
r = 0.526, 0.433).
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integrity. Interestingly, as a clinical correlate, we also
found that there was a significant relationship with the
percentage of fibrinogen leaking vessels with the age of
onset in PSEN1 FAD subjects although such association
was not significant in CADASIL (Figure 4D,E).

We then used PDGFRβ, a marker for pericytes, to
determine arteriolar pericyte coverage in all the groups
(Figure 5A). The percentage of area covered by PDGFRβ-
positive reactivity (Figure 5B) and the PDGFRβ-positive
perivascular signal (Figure 5C) were both significantly
lower in PSEN1 FAD cases compared with the SAD and
CADASIL groups. However, PDGFRβ-positive signal
intensity was significantly larger in SAD compared with
PSEN1 FAD and CADASIL (Figure S5A). We also
analysed perivascular PDGFRβ signal in non-dilated

vessels with thickened and normal walls in PSEN1 FAD,
SAD and CADASIL. As with total PDGFRβ-positive peri-
vascular area, the perivascular PDGFRβ-positive area was
significantly lower in PSEN1 FAD compared with SAD
and CADASIL but there were no significant differences
between PSEN1 FAD vessels regardless of PVS dilation or
wall thickness (Figure S5B,C). PDGFRβ-positive area cor-
related negatively with the rate of MMSE decline in
PSEN1 FAD cases while it showed no correlation in
CADASIL subjects (Figure 5D,E). Finally, ultrastructural
analysis of PSEN1 FAD capillaries showed thickened base-
ment membranes, without evidencing disruption of tight
junctions in EC. Furthermore, there was evidence of apo-
ptotic bodies on pericytes (Figure 5F). These results indicate
that even though there is more evidence of altered integrity

F I GURE 5 PDGFRβ and the
BBB in PSEN1 p.Glu280Ala
FAD, SAD and CADASIL.
Representative images of
PDGFRβ staining are shown for
PSEN1 FAD, SAD and
CADASIL (A), alongside
enlargements of one vessel each,
scale bar all panels = 50 μM. The
PDGFRβ staining was quantified
for PSEN1 FAD (n = 21), SAD
(n = 10) and CADASIL (n = 10).
The percentage of area covered by
PDGFRβ-positive signal is
significantly lower in PSEN1 FAD
versus SAD and CADASIL
(B) (p values: **** ≤ 0.00001,
** ≤ 0.01). The perivascular
PDGFRβ signal was measured for
30 vessels per each group. PSEN1
FAD cases presented with
significantly less perivascular
PDGFRβ than SAD and
CADASIL (C) (p values:
**** ≤ 0.0001). The %Area of
PDGFRβ is significantly negative
correlated with slope of MMSE
(r = �0.502, p value: 0.029) while
there is no significant correlation
observed in CADASIL
(r = �0.176, p value: 0.627) (D).
Representative EM images are
shown for a control (Ctrl) case and
a PSEN1 FAD case (F).
Thickening of the basement
membrane (yellow arrowhead) and
a pericyte undergoing apoptosis
(yellow arrows) can be observed in
FAD (scale bar = 5 μm).
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of BBB in CADASIL, there is also evidence of clinically
relevant altered mural cell integrity in PSEN1 FAD.

3.5 | Astrocytosis and astrocyte end feet
pathology in PSEN1 FAD

We observed star-shaped fibrinogen-positive astrocytes
as well as clasmatodendrotic astrocytes with swollen and
vacuolated appearance (Figure 6A), which were previ-
ously described in the WM of CADASIL and post-stroke
dementia patients [29, 30]. In prior experiments, we used
GFAP + Aβ co-staining in PSEN1 FAD and SAD, and
GFAP in CADASIL cases. Although we observed
GFAP+ astrocytic end-feet surrounding vessels, the
intense astrogliosis observed in both groups did not allow
for their accurate assessment (Figure S6A). We then used
AQP4, an astrocyte marker with preferential localisation
of water channel protein in the end feet [31], to determine
the distribution of astrocytic end-feet in PVS dilated and
PVS non-dilated vessels in PSEN1 FAD, SAD and
CADASIL cases (Figure 6B). We confirmed the degree
of astrocytosis was similar in FAD and SAD with signifi-
cantly more signal per area in comparison to CADASIL

(Figure S6B). Moreover, there were no differences in
perivascular AQP4 reactivity between PSEN1 FAD,
SAD and CADASIL groups regardless of PVS enlarge-
ment. However, AQP4 perivascular reactivity was signifi-
cantly decreased in dilated PVS vessels when compared
with their non-dilated PVS counterparts in PSEN1 FAD
cases (Figure 6C). These results indicate that even though
astrocytosis is a common feature in both, PSEN1 FAD
and SAD, there are astrocyte-specific changes in vessels
associated with enlarged PVS in PSEN1 FAD.

4 | DISCUSSION

Our observations represent the first comprehensive study
on cerebrovascular pathology utilising a large sample of
PSEN1 FAD cases. There was a substantial burden of
vascular pathology incorporating all the features of SVD
in FAD, comparable in severity to SAD and to a certain
extent in CADASIL with known SVD pathology.
Despite similar degrees of CAA pathology to SAD,
PSEN1 FAD showed (1) an unexpectedly high degree of
amyloid-β independent total SVD pathology, (2) similar
extent of WM attenuation, (3) increased PVS,

F I GURE 6 Influence of perivascular
astrocytes in PSEN1 p.Glu280Ala FAD,
SAD and CADASIL vessel pathology.
Representative images of Fibrinogen+
astrocytes in PS1 FAD, SAD and
CADASIL are shown, scale bar all
panels = 50 μm (A). Clasmatodendrotic
(full arrow-head) cells can be observed in
PSEN1 FAD, SAD and CADASIL as
well as star-shaped astrocytes (empty
arrow-head). Additionally, representative
images of AQP4 staining of a dilated and a
non-dilated vessel in PSEN1 FAD
(n = 21) are shown. AQP4-positive
astrocyte podocytes (empty arrow-head)
are present for dilated and non-dilated
vessels (B). Signal per area was quantified
for 15 dilated and non-dilated vessels in
PSEN1 FAD (n = 21), SAD (n = 10) and
CADASIL (n = 10). The signal per area
for non-dilated and dilated vessels in
PSEN1 FAD (C) is significantly higher for
non-dilated vessels (p value: * ≤ 0.05).
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(4) increased tendency of fibrinogen leakage, (5) decreased
periarteriolar pericyte coverage and (6) reduced astro-
cytic end feet reactivity. PSEN1 FAD, SAD and
CADASIL subjects showed similar degrees of SVD. We
used established vascular pathology scoring systems to
identify types of lesions and demonstrate the presence of
vascular pathology as a starting point for a more detailed
analysis of SVD in PSEN1 FAD. It should be noted that
even though we found abundant pathological evidence of
SVD in all PSEN1 FAD cases, premortem standard
MRI evaluation of WMHs as a radiological marker of
SVD did not reveal such in majority of the subjects. It is
plausible that the presence of SVD in PSEN1 FAD can
be detected using functional MRI approaches such as
cerebrovascular reactivity and BBB permeability [32]. It
is not unlikely that the cerebrovascular lesions modify
severity of presentation or lead to earlier development of
cognitive impairment or dementia also in FAD [33].

Previous studies showed that age-related vascular
pathology in PSEN1 FAD mutant transgenic mice [34],
and vascular pathology in AD [18, 21, 35, 36] was often
concomitant with CAA [37, 38]. It has also been reported
that Aβ deposits were significantly less spatially related
to blood vessels in FAD when compared with SAD.
However, only four clearly genotyped FAD cases were
included in that study [39]. While the methods used did
not discriminate if FAD had more or less CAA affected
vessels [26], our study, with 21 FAD cases from a single
PSEN1 mutation, showed no differences in CAA pathol-
ogy between PSEN1 FAD and SAD, further supporting
that the observed vascular pathology in our study was
unrelated to Aβ-pathology.

We observed that non-CAA vessels exhibited larger
PVS than all other vessels making PVS a distinctive fea-
ture between PSEN1 FAD and SAD. Enlarged PVS in
SVD are gaining relevance due to the association with
AD status and SVD, in which enlarged PVS represent the
earliest and most consistent neuroimaging finding, pre-
dominantly in BG, associated with WM lesions and cere-
bral microbleeds [40]. Enlarged PVS could also result
from loss of brain parenchyma, particularly WM or
decreased intramural perivascular drainage. Cerebral
atrophy could be excluded as a main cause of enlarged
PVS because there was no correlation between brain
weight (Figure S7), as an indirect measurement for atro-
phy, and enlarged PVS in PSEN1 FAD and CADASIL
cases. Enlarged PVS involving large vessels has been
reported before in SAD and mixed dementia [41] and an
association of PVS in centrum semi-ovale in both AD
and CAA was also described [42].

As enlarged PVS has been previously associated
with disrupted vessel wall integrity [43], we assessed
pericyte cell coverage by assessing various markers of
the NVU and their association with PVS and the arte-
rial wall. We previously shown periarteriolar PDGFRβ
reactivity in CADASIL as a quantifiable marker in
SVD [44]. We found reduced periarteriolar PDGFRβ

reactivity indicating lower coverage of cell processes in
PSEN1 FAD compared with SAD and CADASIL sub-
jects, regardless of PVS or wall thickening. We showed
that vessels with dilated PVS had more PDGFRβ-
expressing pericytes than non-dilated PVS vessels in
FAD, suggesting that enlargement of PVS is not
directly associated with loss of PDGFRβ-expressing
processes. We suggest these are novel findings. While
pericyte type of mural cells have not been assessed in
large microvessels, Sengillo et al. previously identified
decreased PDGFRβ-positive cells and coverage in cap-
illaries of the frontal cortex in a small sample of late-
onset AD [45]. In contrast, a recent stereological study
showed preserved PDGFRβ-positive pericyte cells
against increased capillary density in the frontal cortex
in late-onset AD [46]. Our ultrastructural findings indi-
cate mural cell pathology in PSEN1 FAD cases, includ-
ing evidence of basement membrane alterations and
pericyte degeneration, and confirming previous results
from Szpak et al., that showed degeneration of peri-
cytes and vascular smooth muscle cells in two FAD
cases with changes of endothelial morphology in the
presence and absence of amyloid fibrils in the vessel
wall [47]. Finally, faster rate of cognitive impairment
was shown to correlate with PDGFRβ signal coverage
in PSEN1 FAD cases, indicating a possible clinical cor-
relate between cognition and SVD in these patients.
Taken together, our findings indicate that PDGFRβ is
differentially affected in FAD compared with the other
groups and could be related to mural cells pathology.
Up to which point this is a reflection of pericyte dys-
function and its possible impact on BBB integrity, can-
not be identified without further mechanistic studies,
including various marker for pericytes in order to iden-
tify pericytes of different origins [48, 49]. Furthermore,
a decrease of coverage of pericytes in FAD cases could
affect intramural periarterial drainage as a consequence
of decreased vasomotor function.

Regarding BBB integrity, CADASIL subjects showed
greater leaking vessels than both the AD groups. This
can be explained by the presence of higher burden of
SVD pathology, more microbleeds and WMHs of vascu-
lar origin in the CADASIL compared with FAD. Also,
decreased BBB integrity seems to be associated with age
of onset in PSEN1 FAD cases, perhaps reflecting the role
of ageing in the pathology. However, leaking vessels
determined here only represented active leaking at time
of death which is supported by distribution of fibrinogen-
positive astrocytes. The astrocytes showed structural
changes in form of retracted processes and swollen round
cell bodies which had been previously described as
clasmatodendrocytes in the WM of CADASIL patients
[30] as well as post-stroke survivors who developed
dementia [29]. Higher GFAP coverage of vessels in FAD
has been recently reported [50]. However, this can
be attributed to the abundant astrogliosis which was
apparent in our study. The differences in astrogliosis and
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astrocyte morphology between PSEN1 FAD and SAD
suggest disease specific changes.

We selected AQP4 as a marker for evaluating astro-
cytic involvement because it plays an important role in
water movement, neuronal activity, astrocyte migration
as well as the glymphatic system. It has been shown that
the perivascular spaces around microvessels were
completely covered in astrocytic end-feet [51, 52]. How-
ever, analyses of AQP4 expression in AD are contradic-
tory. Moftakhar et al. showed higher AQP4 expression in
a small cohort of AD patients with varying degrees of
CAA [53], whilst other studies demonstrated no apparent
differences between AD patients and healthy controls
[54]. Boespflug et al. showed increased global AQP4
expression alongside qualitative reduction in perivascular
AQP4 [41] reactivity, while their previous study demon-
strated reduced perivascular AQP4 expression in small
vessels of AD patients [55]. The small sample sizes hinder
direct comparison with our findings. We showed more
AQP4 signal per area in FAD and SAD in comparison
to CADASIL, consistent with the findings of increased
global expression of AQP4 in the study by Boespflug
et al. [41]. However, vessels with dilated PVS in FAD
show significantly less AQP4 signal/area compared with
vessels with non-dilated PVS, indicating less astrocytic
end-feet in the PVS of dilated vessels in FAD. This is
consistent with the findings of Zeppenfeld et al. [55]. Both
studies [41, 55] assessed frontal cortical regions in late-
onset AD patients. Additionally, reduced pericyte cover-
age increases BBB permeability and pericytes have been
shown to induce polarisation of astrocyte end-feet.
Reduced pericyte coverage results in reduced polarisation
of AQP4. PDGFβ signalling was shown to be crucial for
the development of the glymphatic system as well as
recruitment of pericytes to the brain vasculature early in
development [56]. The molecular interactions between
pericytes and astrocytes in PSEN1 FAD progression
remain to be identified in further studies. Although the
status of the glymphatic system in AD remains to be
explored, it has been suggested that accumulation of Aβ
is a product of reduced glymphatic flow [57], caused by
constricted capillaries and reduced AQP4 positive astro-
cytes. Reduced blood flow due to constricting capillaries
contributes to the aggregation of amyloid resulting possi-
bly in reduced clearance. Therefore, enlarged PVS with
overall reduced pericyte coverage and reduced
AQP4-expressing astrocytic end-feet in PSEN1 FAD
suggest impaired glymphatic flow.

Limitations of this study include restricted assessment
of a larger battery of vascular markers for SVD pathol-
ogy within the whole microvascular structure, such as
specific endothelial cell function markers [58] or laminin.
In addition, we assessed subjects of a single PSEN1 caus-
ative mutation. It remains to be seen whether similar
extent of SVD pathology is apparent in other FAD types
with mutations in PSEN1 or PSEN2 or APP. However,
we previously did note high burden of SVD pathology

including WM attenuation in a family with the Ile143Met
PSEN1 mutation [59]. Furthermore, this is a descriptive
study and additional structural and mechanistic studies
are required to identify the mechanism of SVD patho-
physiology in FAD. The relevance of our findings for
SAD remains to be identified given the wide heterogene-
ity of pathological presentation found in these patients.

In summary, we provide evidence of amyloid-
independent moderate to severe SVD in PSEN1 FAD,
characterized by several features of SVD pathology
including enlarged PVS, WM attenuation and
arteriolosclerosis with likely involvement of dysfunctional
astrocytes and pericytes. Our observations indicate that
SVD is a relevant pathological feature in PSEN1 FAD,
supporting a multifactorial pathology model for these
patients, beyond Aβ or Tau aggregation. Regardless of
inheritance and other pathological events, the presence of
SVD in PSEN1 FAD cases clearly calls for need to con-
trol vascular disease risk factors, encourage healthier life-
style including cessation of tobacco smoking in these
patients. Also, it should lead to efforts to develop future
therapeutic strategies for SVD to impact on progression
to dementia.
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