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Abstract
Brain accumulation of amyloid-beta (Aβ) is a crucial feature in Alzheimer´s disease (AD) and cerebral amyloid angi‑
opathy (CAA), although the pathophysiological relationship between these diseases remains unclear. Numerous
proteins are associated with Aβ deposited in parenchymal plaques and/or cerebral vessels. We hypothesized that
the study of these proteins would increase our understanding of the overlap and biological differences between
these two pathologies and may yield new diagnostic tools and specific therapeutic targets. We used a laser capture
microdissection approach combined with mass spectrometry in the APP23 transgenic mouse model of cerebral-βamyloidosis to specifically identify vascular Aβ-associated proteins. We focused on one of the main proteins detected
in the Aβ-affected cerebrovasculature: MFG-E8 (milk fat globule-EGF factor 8), also known as lactadherin. We first
validated the presence of MFG-E8 in mouse and human brains. Immunofluorescence and immunoblotting studies
revealed that MFG-E8 brain levels were higher in APP23 mice than in WT mice. Furthermore, MFG-E8 was strongly
detected in Aβ-positive vessels in human postmortem CAA brains, whereas MFG-E8 was not present in parenchymal
Aβ deposits. Levels of MFG-E8 were additionally analysed in serum and cerebrospinal fluid (CSF) from patients diag‑
nosed with CAA, patients with AD and control subjects. Whereas no differences were found in MFG-E8 serum levels
between groups, MFG-E8 concentration was significantly lower in the CSF of CAA patients compared to controls and
AD patients. Finally, in human vascular smooth muscle cells MFG-E8 was protective against the toxic effects of the
treatment with the Aβ40 peptide containing the Dutch mutation. In summary, our study shows that MFG-E8 is highly
associated with CAA pathology and highlights MFG-E8 as a new CSF biomarker that could potentially be used to dif‑
ferentiate cerebrovascular Aβ pathology from parenchymal Aβ deposition.
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Introduction
Cerebral β-amyloidosis is characterized by the accumulation of amyloid-beta (Aβ) protein in the brain parenchyma and cerebral blood vessels, which are major
features of Alzheimer’s disease (AD) and Aβ-associated
cerebral amyloid angiopathy (CAA), respectively [1, 2].
AD is the main cause of dementia [3], whereas CAA is
the most common cause of lobar intracerebral haemorrhage (ICH) in elderly individuals [4, 5]. The principal

© The Author(s) 2021. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/. The Creative Commons Public Domain Dedication waiver (http://creativeco
mmons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.

Marazuela et al. acta neuropathol commun

(2021) 9:154

neuropathological hallmarks of AD are the presence
of neuritic plaques, initiated by the deposition of Aβ in
the neuropil, and the intracellular generation of neurofibrillary tangles (consisting of hyperphosphorylated tau protein) [6]. Conversely, CAA predominantly
affects leptomeningeal and cortical arteries and arterioles, although capillaries are also frequently involved [7].
Population-based autopsy studies have estimated a CAA
prevalence of 20–40% in non-demented individuals and
50–60% in those with dementia, which demonstrates its
strong association with AD [8]. In fact, the prevalence of
CAA pathology is particularly high in patients with AD,
accounting for 47–100% of those patients [8].
Even though there is a large degree of overlap between
the two pathologies, they are clinically distinct; whereas
AD promotes neuronal loss and dementia, CAA leads to
vascular dysfunction, lobar haemorrhage [9], and cognitive decline independent of AD [10]. Moreover, although
Aβ accumulates in both pathologies, the mechanisms
explaining the different localization of the deposits in the
brain have not been fully elucidated. Some factors seem
to favor vascular or parenchymal Aβ deposition, such as
the length of Aβ peptides; Aβ40 is predominantly found
in CAA-affected vessels, whereas Aβ42 is the main component of neuritic plaques in AD [11, 12]. In addition,
mutations in the APP gene (β-amyloid precursor protein)
can also predispose the formation and deposition of Aβ
towards a vascular or a parenchymal location [13]. For
instance, the E693Q mutation in APP causes the autosomal dominant disorder Dutch-type hereditary CAA (also
known as hereditary cerebral haemorrhage with amyloidosis, Dutch type, HCHWA-D), which is characterized
by severe Aβ deposition in cerebral and cortical arterioles with much less deposition in the brain parenchyma
[9, 14]. On the other hand, a number of Aβ-associated
proteins have been identified both in neuritic plaques
and CAA, such as complement proteins, serum amyloidP component, glycosaminoglycans, and apolipoprotein
E (ApoE) or apolipoprotein J (ApoJ) [13]. Recently, via
proteomic analysis, the presence of ApoE or ApoJ was
confirmed in leptomeningeal and cortical vessels from
CAA patients [15–17]. In these studies, other proteins
were identified being specifically associated with vascular
deposits and absent from neuritic plaques, such as tissue
inhibitor of metalloproteinases‐3 (TIMP3) [15], norrin
(NDP), collagen-α-2(VI) (COL6A2) [16], or sushi repeatcontaining protein-1 (SRPX1) [18]. Whereas such a proteomic strategy has been widely used in AD models [19,
20], the identification of biomarkers related to vascular
Aβ accumulation and their potential implications in the
pathology have been less explored. Finding novel amyloid-associated proteins exclusively present in brain vessels is still a challenge and may be a valid approach to find
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novel biomarkers for CAA and provide new insights into
the mechanisms of CAA formation. For this purpose, we
used a laser capture microdissection approach combined
with proteomics to selectively isolate vascular or parenchymal Aβ deposits from a transgenic mouse model of
cerebral β-amyloidosis. We focused our study on milk
fat globule-EGF factor 8 (MFG-E8), as it was one of the
proteins specifically detected with Aβ-affected cerebral
vessels and absent from parenchymal Aβ plaques in the
APP23 mouse model of AD/CAA. MFG-E8, also known
as lactadherin, is a secreted glycoprotein originally identified as a component of milk fat globules with multifunctional domains [21]. MFG-E8 accumulates within the
arterial wall during aging and is abundantly expressed
by vascular smooth muscle cells and other variety of cell
types, including immune cells, astrocytes or microglia
[22]. It has been reported to be involved in several physiological and pathophysiological processes, including
immunity [23], angiogenesis [24, 25], and the clearance of
apoptotic cells [26, 27] and platelet-derived microvesicles
from the circulation [28, 29]. Moreover, MFG-E8 plays a
role in Aβ42 phagocytosis in vitro [30, 31], although its
contributions to vascular dysfunction in AD and CAA
still need to be established.
The first aim of this study was to validate the expression
and localization of MFG-E8 protein in the APP23 transgenic model. We next explored the cerebral distribution of MFG-E8 in human postmortem cortical sections
from CAA patients, where its association with vascular
and parenchymal Aβ deposition was examined. Furthermore, circulating MFG-E8 levels were analysed in serum
and cerebrospinal fluid (CSF) from CAA patients, AD
patients and healthy controls. Finally, the contribution of
MFG-E8 to Aβ-induced cytotoxicity in cultured human
vascular smooth muscle cells was also investigated.

Material and methods
APP23 transgenic mice model

Mice were maintained on a 12-h/12-h light–dark
cycle in a temperature-controlled room with food
and water available ad libitum. All animal procedures
were approved by the Ethics Committee for Animal
Experimentation of Vall d’Hebron Research Institute
(78/13 CEEA) and were performed following Spanish legislation and in accordance with the Directives
of the European Union. All experiments were carried out on APP23 transgenic male mice (hemizygote
B6, D2-TgN [Thy-APPSWE]-23-Tg mice, The Jackson
Laboratory, Bar Harbor, ME, USA) [32]. These transgenic mice overexpress the human-type APP protein
with the Swedish mutation (K670M/N671L) under the
control of the murine brain and neuron-specific Thy-1
promoter (thymocyte antigen-1). Hemizygous APP23
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mice were backcrossed with C57BL/6 mice (Janvier
Labs, Le Genest-Saint-Isle, France), and the APP genotype was tested by Transnetyx (Cordova, TN, USA).
Male wild-type (WT) and APP23 mice were aged in
the Vall d’Hebron Research Institute animal facility
to obtain the final study cohort at different age points
(12, 18 and 24 months). The number of mice per group
is specified in each figure.
Brain tissue preparation and laser capture microdissection

Paraffin-embedded brain tissue from 24-monthold APP23 and WT mice (n = 3/ group) was cut into
10 µm-thick sections and mounted onto ultraviolet-irradiated 2 µm polyethylene naphthalate (PEN)
membrane slides (MicroDissect GmbH, Herborn,
Germany). Between 10 and 20 brain sections from
each mouse were used to isolate an approximate total
area of 106 µm2. An equivalent area of PEN membrane
slices without brain tissue was also microdissected
as negative control. Before microdissection, sections were deparaffinized for 1 h at 65 °C, rehydrated
with graded ethanol solutions, and then stained with
Thioflavin-S (ThS) (Sigma-Aldrich, Saint Louis, MO,
USA) or tomato lectin (TL) (Lycopersicon esculentum
lectin; Burlingame, Vector Labs, CA, USA) solution.
ThS staining was performed to detect fibrillary Aβ
(cerebral CAA vessels and parenchymal Aβ plaques)
in APP23 mice. Briefly, sections were incubated in ThS
(1% in 75% ethanol) for 30 s. The excess of ThS was
removed, and the sections were then immersed in ThS
(0.1% in 75% ethanol) for a minute. After washing with
75% ethanol, samples were dehydrated and air-dried.
In parallel, sections from 24-month-old WT mice were
stained with TL to label all cerebral blood vessels and
to be used as control material. These sections were
rinsed twice in PBS-1% Tween 20 (PBST) for 5 min and
then incubated with DyLight 594-labelled TL diluted
1:100 in PBST for 1 h at room temperature (RT). Sections were finally washed with PBST, dehydrated, and
air-dried. Laser capture microdissection (LCM) was
performed using the 20 × objective of an LMD600
microscope (Leica Microsystems, Wetzlar, Germany).
ThS-positive vessels or parenchymal plaques from
APP23 mice and TL-positive cerebral vessels from WT
mice were independently collected into the caps of
0.5 ml microcentrifuge tubes containing 20 μl of 1 mM
EDTA (Sigma-Aldrich), 10 mM Tris (Sigma-Aldrich),
0.002% Zwitterionic detergent (Sigma-Aldrich) and
1/4 Protease Inhibitor Cocktail Tablet (Roche Diagnostic, Mannheim, Germany). The collected samples
were frozen at − 80 °C until analysed.
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Liquid chromatography‑mass spectrometry analysis
and protein identification

Collected tissues were heated at 98 °C for 90 min and
then sonicated for 60 min in a water bath refrigerated
with ice. The samples were then digested with trypsin
and subsequently analyzed using a linear ion trap
Velos-Orbitrap mass spectrometer (Thermo Fisher,
Bremen, Germany) by the Proteomics Unit of the Vall
d’Hebron Institute of Oncology (VHIO, Barcelona,
Spain). The peptide mixtures were fractionated by online nanoflow liquid chromatography using an EASYnLC system (Proxeon Biosystems, Thermo Fisher) with
a two-linear-column system. The LTQ Orbitrap Velos
mass spectrometer was operated in the range of m/z
300 to 1600 with a resolution of 30,000. The 20 most
abundant ions were selected for fragmentation by collision-induced dissociation with an isolation window of
2 Da.
Proteins were identified using a MASCOT search
(Matrix Science, London, UK) against the SwissProt
database (version 2016_0108) taxonomy selected for
Mus musculus (16,754 entries) or Homo sapiens (20,194
entries). MS/MS spectra were searched with a precursor
mass tolerance of 10 ppm, a fragment tolerance of 0.5 Da,
and trypsin specificity with a maximum of two missed
cleavages. The label-free approach was used for evaluation based on the total number of spectra identified for a
single protein, known as the spectral count. All proteins
were sorted in descending order according to the spectral count. The proteins identified in each group were
considered present when they were detected in all three
samples of each group with a spectral count ≥ 1. Shared
proteins between experimental groups are also reported.
All proteins identified for each experimental group are
reported in Suppl. Data 1–7. The coverage of the murine
MFG-E8 sequence and the peptides detected by mass
spectrometry are shown in Additional file 1.
Mouse brain homogenates

The soluble protein fraction was obtained from each
hemisphere of 12-, 18- and 24-month-old APP23 and
WT mouse brain. Brain tissue was homogenized with
a Dounce homogenizer in 4 ml of Tris-buffered saline
(TBS; pH 7.4) containing a cocktail of protease inhibitors (Roche). Each homogenate was then centrifuged at
8000 × g for 30 min at 4 °C. The supernatant was selected
as the soluble protein fraction. The collected fractions
were frozen at − 80 °C until use. The protein concentration of each fraction was quantified with a BCA Protein
Assay kit (Thermo Fisher) and was used for the validation
of MFG-E8 in brains from WT and APP23 mice by western blot analysis.
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Immunofluorescence in mouse brain sections

Immunofluorescence validation of MFG-E8 expression
was performed in paraffin-embedded brain sections from
24-month-old APP23 and WT mice (n = 3/group). All
samples were deparaffinized, hydrated, and treated with
70% formic acid for antigen retrieval for 30 min. The
samples were blocked in 3% bovine serum albumin (BSA;
Sigma-Aldrich) in PBST for 1 h at RT and then incubated
overnight (ON) with goat anti-MFG-E8 antibody (1:50,
R&D Systems, Minneapolis, MN, USA). After rinsing,
samples were incubated with the secondary antibody
anti-goat-Alexa Fluor-488 (Thermo Fisher) diluted 1:500
in blocking solution for 1 h at RT. Finally, samples were
dehydrated, and 4′,6-diamidino-2-phenylindole (DAPI)
was used for contrast staining before mounting the slices.
MFG-E8-positive vessels were manually counted in each
brain region under an Olympus BX61 microscope using
a 10 × objective. Double immunofluorescence was performed for MFG-E8 and Aβ using the same procedure
as previously described. A mouse anti-Aβ monoclonal
antibody (4G8, 1:1000, BioLegend, San Diego, CA, USA)
was used as the primary antibody, and anti-mouse Alexa
Fluor-568 (1:500, Thermo Fisher) was used as the secondary antibody. Double immunofluorescence images were
captured with an Olympus FV1000 confocal microscope.
Immunohistochemistry in human brain tissue

Postmortem brain tissue was obtained from the Neurological Tissue Bank of the Vall d’Hebron University
Hospital (VHUH). The study was performed on 6 cases
neuropathologically diagnosed with CAA and 6 controls without CAA which were selected based on the
absence of vascular amyloid pathology. Patients included
in this study, or their relatives, expressed their willingness to donate brain tissue for research purposes. The
project was approved by the Clinical Investigation Ethical Committee of the Vall d’Hebron University Hospital,
PR(IR)173/2019. All samples were obtained from 2 to
20 h after death, and specimens were fixed in 10% buffered formalin for 3–4 weeks. All patients included in
the study had a complete autopsy that included a neuropathological examination performed in the Pathology
Department of the VHUH. Briefly, CAA lesions were
graded following the criteria described by Greenberg
and Vonsattel [33], and the classification into CAA type
I and CAA type II was made according to the criteria
described by Thal et al. [34]. AD neuropathologic change
score was evaluated and staged according to the NIA-AA
2012 criteria [35], combining Thal Aβ phases [34], Braak
(neurofibrillary tangle scores) [36] and CERAD’s criteria
(neuritic plaque scores) [37]. Cases were then classified
according to the level of AD neuropathologic change
score (low, intermediate or high) previously defined [35].
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The presence of Aβ and MFG-E8 immunostaining was
evaluated in consecutive sections of previously selected
paraffin blocks. Paraffin-embedded cortical brain sections were deparaffinized, hydrated, and incubated with
citrate buffer to improve antigen exposure (10 mM
sodium citrate, 0.05% Tween 20, pH = 6) for 30 min
at 95 °C. The sections were then blocked in 10% goat
serum in PBST for 1 h at RT and incubated ON with
the anti-Aβ monoclonal antibody 4G8 (1:5000, BioLegend) or an anti-MFG-E8 polyclonal antibody (1:1000,
Thermo Fisher). The slices were then treated with 3%
hydrogen peroxide for 15 min to block endogenous
peroxidases. Afterward, the slices were incubated with
biotinylated anti-mouse IgG or anti-rabbit IgG (1:1000,
Vector Labs) for 1 h at RT and then with streptavidin–
horseradish peroxidase (HRP; 1:1000, Vector Labs).
Finally, diaminobenzidine (DAB; Dako, Denmark) was
applied to the samples, and the sections were immersed
in Harris haematoxylin solution (Sigma-Aldrich) for contrast staining. The samples were dehydrated, and DPX
(Sigma-Aldrich) was used as a mounting medium. A Pannoramic 250 scanner (3DHistech, Budapest, Hungary)
was used with a 20 × objective to digitize the histological slides, and images were captured using Case Viewer
Software (3DHistech). The immunodetection of Aβ and
MFG-E8 in parenchymal plaques and cortical vessels was
evaluated qualitatively according to the total number
of deposits in an equivalent area of 385–400 mm2 in all
the slides and was classified as follows: a score of 0 was
assigned when no signal was detected (absence of deposits), a score of 1 was assigned for mild detection (1–50
deposits), a score of 2 was assigned for moderate detection (51–100 deposits), and a score of 3 was assigned
for intense detection (> 100 deposits). The evaluation of
the slides and the determination of the score were conducted by two investigators (P.M and E.M-S) blinded to
the group distribution.
Serum MFG‑E8 determination

MFG-E8 levels were quantitatively determined by
enzyme-linked immunosorbent assay (ELISA) in serum
samples from CAA-associated ICH patients (n = 31),
AD patients (n = 25), and age- and sex-matched controls
(n = 39). All of them were recruited from the VHUH
(Barcelona, Spain). The study was approved by the Clinical Investigation Ethical Committee of the Vall d’Hebron
University Hospital, Barcelona, Spain (PR(AG)326/2014)
and was conducted in accordance with the Declaration of
Helsinki. All patients provided signed informed consent
before inclusion. Serum samples from CAA patients were
collected in the non-acute phase (at least two months
after the last ICH) to avoid the initial inflammatory process. The CAA-ICH patients were > 55 years old and had
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suffered lobar ICH with clinical suspicion of CAA diagnosed by magnetic resonance imaging (MRI) following the modified Boston criteria [38]. The recruited AD
patients presented sporadic probable AD according to
the NIA-AA criteria [39]. The AD patients did not present a history of stroke before recruitment. The control
subjects were healthy family members or companions
of the patients with no history of stroke or dementia.
Peripheral blood was collected in EDTA tubes, and serum
was immediately separated by centrifugation and stored
at −80 °C. The final results were analysed following the
manufacturer’s instructions (R&D Systems, #DFGE80) in
a Synergy™ Mx Microplate reader (BioTek Instruments
Inc., Winooski, VT, USA). Each serum sample (fivefold
dilution) was assayed in duplicate.
Cerebrospinal fluid MFG‑E8 determination

MFG-E8 levels in cerebrospinal fluid (CSF) were measured in two independent clinical patient cohorts. AD
patients (n = 26) and age- and sex-matched controls
(n = 10) were recruited from the VHUH (Barcelona,
Spain). CAA patients (n = 23) and corresponding controls (n = 27) were recruited from the Radboud University Medical Center (Nijmegen, The Netherlands). The
use of CSF samples from patients and controls from both
cohorts (VHUV and Radboud UMC) was approved by
the local medical ethical committees and informed consent was obtained from all study subjects or their legal
representatives. CAA patients were diagnosed on the
basis of the modified Boston Criteria [38], and were classified as either probable CAA (n = 18), CAA presenting
with mixed-location cerebral hemorrhages (lobar and
deep hemorrhages/microbleeds, n = 4)[38], or as confirmed suffering from a hereditary form of CAA, Hereditary Cerebral Hemorrhage With Amyloidosis-Dutch type
patients (n = 1). The recruited AD patients presented
sporadic probable AD according to the NIA-AA criteria [39] and did not present a history of stroke before
recruitment. Control subjects underwent a lumbar puncture as part of the diagnostic workup of neurologic symptoms or to exclude central nervous system involvement of
a systemic disease. They neither had the suspected neurological disease nor a neurodegenerative disease, known
cognitive impairment, sepsis, stroke, nor a malignancy
in the central nervous system (CNS). Additional inclusion criteria were the availability of a sufficient amount
of CSF and a normal composition of the CSF for a number of routine parameters. The levels of t-tau, p-tau and
Aβ42 in the CSF of controls and patients were previously
obtained. CSF Aβ40 concentrations were only available
from Radboud UMC patients and controls. The CSF biomarker profile and demographic characteristics for both
control cohorts are described in Additional file 2.
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All CSF samples were obtained by lumbar puncture via
standard procedures, collected in polypropylene tubes,
centrifuged, and stored at -80 °C. Finally, the CSF MFGE8 levels were determined with a commercial ELISA kit
(R&D Systems, #DFGE80) in tenfold diluted samples that
were tested and analyzed in a blind manner to the diagnostic group.
Cell culture and treatments

Primary cultures of human brain vascular smooth muscle
cells (HBVSMCs) were obtained from Innoprot (Derio,
Bizkaia, Spain). The cells were cultured in Dulbecco’s
modified Eagle’s medium (DMEM, Sigma-Aldrich) supplemented with 10% fetal bovine serum (FBS; Gibco,
MD, USA), 100 U/ml penicillin, and 100 μg/ml streptomycin and maintained at 37 °C in a humidified incubator containing 5% CO2. For treatments, cells were seeded
on poly-L-lysine-coated 24- and 48-well cell culture
plates at densities of 30,000 and 15,000 cells/ml, respectively. The HBVSMCs were grown in DMEM complete
serum medium for 48 h and starved in FBS-free DMEM
medium for the treatments. Aβ(1–40) and Aβ(1–40) containing the Dutch mutation (Aβ40-D; AnaSpec, San Jose,
CA, USA) were dissolved in hexa-fluoro-2-isopropanol
(Sigma-Aldrich) for 6 h and divided into 250 μg aliquots.
The organic solvent was evaporated overnight, and aliquots were stored at −80 °C until use. To mimic the effect
of Aβ in the cerebral vasculature, HBVSMCs were treated
for 2 or 5 days with 25 μM Aβ(1–40) or 25 μM Aβ40-D
previously resuspended in sterile water. Recombinant
human MFG-E8 protein (rhMFG-E8; R&D Systems) was
added at 2 µg/ml for 5 days.
MFG‑E8 knockdown by siRNA

HBVSMCs were seeded on poly-L-lysine-coated 48-well
cell culture plates at a density of 15,000 cells/ml and were
grown with DMEM complete serum medium for 48 h.
A commercial Accell SMART pool of 4 short interfering RNAs (siRNAs, GE Dharmacon, Lafayette, CO, USA)
was used to achieve MFG-E8 gene silencing. An Accell
non-targeting siRNA pool (GE Dharmacon) was used as
a negative control. The siRNAs were initially resuspended
at 100 μM according to the manufacturer’s instructions.
Cells were treated with 1 µM MFG-E8 siRNA or non-targeting siRNA. Forty-eight hours after transfection, fresh
FBS-free medium was added, and the cells were then
treated with 25 μM Aβ40-D for 2 days.
Quantitative real‑time reverse transcriptase‑polymerase
chain reaction (RT‑qPCR)

Total RNA was isolated from HBVSMCs using a SpeedTools Kit (Biotools, Madrid, Spain), and cDNAs were
synthesized through reverse transcription using a
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High-Capacity cDNA Reverse Transcription Kit (Applied
Biosystems, Foster City, CA, USA) according to the manufacturer’s instructions. The mRNA levels were quantified using TaqMan probes for MFG-E8 (Hs00983890_m1,
Thermo Fisher) and PPIA (peptidylprolyl isomerase A,
Hs99999904_m1, Thermo Fisher). Quantitative real-time
reverse transcription PCR (RT-qPCR) was performed in
triplicate using an Applied Biosystems Prism 7900HT
Fast System. Gene expression was normalized to PPIA
levels, and relative quantification values were calculated
using the Livak Eq. (2-ΔΔCt).
Cell viability and total cell lysate preparation

The cytotoxicity in HBVSMCs was estimated by the
mitochondrial-dependent reduction of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT;
Sigma-Aldrich) to purple formazan. Briefly, after treatments, cells were incubated with 0.5 mg/ml MTT solution for 90 min at 37 °C. The medium was replaced with
dimethyl sulfoxide (Sigma-Aldrich) to dissolve formazan
crystals, and the amount of formazan formed was spectrophotometrically quantified at 560 nm and 620 nm
using a Synergy™ Mx Microplate reader (BioTek Instruments Inc.). Cell viability is expressed as a percentage of
the control condition for each independent experiment.
Total cell lysates for western blot analysis were obtained
by cell collection in freshly prepared ice-cold lysis buffer
containing 50 mM Tris–HCl, 150 mM NaCl, 5 mM
CaCl2, 0.05% BRIJ-35, 0.02% NaN3, 1% Triton X-100, 1%
phenylmethanesulfonyl fluoride (Sigma-Aldrich), and
0.5% aprotinin (Sigma-Aldrich). The lysates were sonicated for 10 s and stored at -80 °C until use.
Immunocytochemistry

HBVSMCs were grown on poly-L-lysine-coated glass
coverslips at a density of 15,000 cells/ml for 2 days. The
cells were fixed for 15 min with 4% paraformaldehyde
and blocked with 3% BSA in PBST for 1 h at RT. The
slices were then incubated overnight with the following
primary antibodies diluted in blocking solution: rabbit anti-MFG-E8 (1:50, Thermo Fisher) and mouse antismooth muscle actin (1:100, SMA; Abcam, Cambridge,
UK). After rinsing, the cells were incubated with secondary antibodies conjugated to Alexa Fluor 568 or Alexa
Fluor 488 (Thermo Fisher) at a 1:500 dilution for 1 h at
RT. Coverslips were finally mounted onto the glass slides
using DAPI for nuceli staining. Images were acquired
using a Zeiss LSM 980 confocal laser microscope.
Western blot

The protein concentrations in cell lysates were determined using a Pierce BCA protein assay kit (Thermo
Scientific). Equal amounts of protein from mouse
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membrane-bound brain fractions (50 μg) or cell lysates
(10 μg) were analysed by 10% SDS-PAGE and transferred
onto a nitrocellulose membrane using a Trans-Blot Turbo
transfer system (Bio-Rad, Hercules, CA, USA). The
membranes were blocked for 1 h with 10% non-fat milk
in PBST, and the membranes were then incubated with
specific primary antibodies at 4 °C ON. After rinsing, the
membranes were incubated with HRP-labelled secondary
antibodies for 1 h at RT. Finally, the protein bands were
visualized by enhanced chemiluminescence using Pierce®
ECL Western Blotting Luminol (Thermo Fisher). ImageJ
software was used to quantify the intensity of specific
bands. All protein measurements were divided by β-actin
measurements for normalization. The primary antibodies used were goat anti-MFG-E8 (1:1000, R&D), rabbit
anti-hMFG-E8 (1:1000, Thermo Fisher), and mouse antiβ-actin (1:10,000, Sigma-Aldrich). The following HRPlabelled secondary antibodies were used: anti-rabbit-HRP
(1:2000, GE Healthcare Biosciences, Little Chalfont, UK),
anti-mouse-HRP (1:2000, GE Healthcare Bioscience),
and anti-goat-HRP (1:5000, GE Healthcare Bioscience).
Statistical analyses

The SPSS 20.0 package (IBM Corporation, Armonk,
NY, USA) and GraphPad Prism 6 (GraphPad Software,
La Jolla, CA, USA) were used for statistical analysis.
For experimental results, the Shapiro–Wilk test was
used to analyse the normality of continuous variables.
In animal experiments, significant differences between
groups were determined by Student’s t-test. The effects
of genotype (G) and age (A) were evaluated by two-way
analysis of variance (ANOVA) with Bonferroni’s post
hoc test. In human cell culture experiments, differences
between groups were determined by one-way ANOVA
with Tukey’s post hoc test for multiple comparisons. In
studies based on human samples, descriptive statistics
were used to define demographic data and clinical characteristics for the diagnostic groups (CAA patients and/
or AD patients and controls). Contingency tables were
constructed and chi-squared tests were conducted for
categorical variables. The distributions of continuous
variables were tested using the Shapiro–Wilk or Kolmogorov–Smirnov test, as appropriate. For normally distributed variables, one-way ANOVA with Tukey’s post hoc
test was performed. For non-normally distributed variables, the Mann–Whitney U-test was used for one-to-one
comparisons, and the Kruskal–Wallis test with Dunn’s
post hoc test was used for multiple comparisons. Associations between two continuous variables were calculated with Spearman’s rho. The data are expressed as the
mean ± SEM for normal distributions or as the median
(interquartile range) for non-normal distributions. A
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p-value < 0.05 was considered to indicate statistical
significance.

Results
Protein identification in the Aβ‑affected cerebral
vasculature

To identify proteins that specifically co-deposited with
Aβ in the cerebrovasculature, we used LCM followed by
mass spectrometry in consecutive paraffin-embedded
brain sections from 24-month-old APP23 and WT transgenic mice (Fig. 1A). Amyloid plaques and Aβ-positive
vessels were detected using ThS staining in APP23 brains
and were independently microdissected, as shown in
Fig. 1B. Cerebral blood vessels from WT mice were
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visualized using TL staining and were selected as control material for LCM isolation (Fig. 1B, III). The proteins
identified in each group are described in Additional file 3.
A total of 194 proteins associated with parenchymal Aβ
deposits were identified in APP23 mice (Fig. 1C). Among
them, 89 proteins were exclusively found in plaques,
including well-known amyloid-associated proteins such
as ApoE, ApoJ, and GFAP (Additional file 3). On the
other hand, 70 proteins were found to be associated
with Aβ-positive vessels. However, after exclusion of the
proteins identified in parenchymal plaques from APP23
brains and in brain vessels from WT mice, the only proteins exclusively detected in the Aβ-affected cerebral vasculature were MFG-E8 and TIMP3 (Additional file 3).

Fig. 1 Study workflow for the identification of Aβ-associated proteins. a Schematic representation of the LCM proteomic approach for tissue
collection, microdissection, data analysis, and protein identification. b Representative brain sections from 24-month-old APP23 and WT mice
before and after LCM. I) Aβ plaques from APP23 brains stained with thioflavin S (ThS). II) Aβ-positive vessels from APP23 brains stained with ThS. III)
Brain vessels from WT mice stained with tomato lectin (TL). The scale bar indicates 100 μm. c Venn diagram showing the total number of proteins
identified in the three experimental groups
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Because TIMP3 in cerebral vessels from CAA patients
has previously been described [15], we focused our study
on the other candidate, MFG-E8.
MFG‑E8 expression in brain tissue from APP23 transgenic
mice

To confirm the proteomic data, immunoblotting was
performed on brain homogenates from 12- to 24-monthold mice. MFG-E8 brain levels were significantly higher
in 18- and 24-month-old APP23 mice than in agematched WT mice. Although MFG-E8 levels were
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strongly associated with genotype, an effect of age was
also observed, only in APP23 mice (Fig. 2A). The plasma
levels of MFG-E8 were also determined, although no
significant differences between genotypes were found in
24-month-old mice (Fig. 2A). We next evaluated the distribution of MFG-E8 in the mouse brain by immunofluorescence staining. MFG-E8 was detected in brain vessels
from both genotypes, but the number of MFG-E8-positive vessels was significantly higher in APP23 brains than
in WT brains (Fig. 2B). Moreover, double immunofluorescence showed that MFG-E8 was detected principally

Fig. 2 MFG-E8 expression analysis in APP23 mice. a Representative western blot images and quantification of MFG-E8 protein levels in brain
homogenates from 12-, 18-, and 24-month-old WT and APP23 mice and in 24-month-old plasma samples, n = 3–6/group. b Representative
immunofluorescence images and quantification of the MFG-E8-positive vessels in brains from 24-month-old WT and APP23 mice. The scale bar
indicates 100 μm, n = 3/group. c Representative confocal images showing the localization of MFG-E8 (green) and Aβ (red) in parenchymal brain
sections (I) from 24-month-old APP23 mice. II) Representative images showing no MFG-E8 detection in parenchymal Aβ deposits. III) Representative
images showing MFG-E8 detection in an Aβ-positive vessel. The scale bar indicates 10 μm. *p < 0.05, **p < 0.01, ****p < 0.0001

Marazuela et al. acta neuropathol commun

(2021) 9:154

in Aβ-positive vessels, and it was absent from Aβ plaques
(Fig. 2C).
MFG‑E8 distribution in Aβ‑positive cortical brain vessels
from human CAA brains

Next, the expression of MFG-E8 in human postmortem
cortical brain sections was analysed in patients diagnosed
with pathological CAA and in a control cohort. The
principal demographic characteristics, neuropathological features, and cause of death of all the cases included
in the study are described in Additional file 4. Interestingly, strong MFG-E8 staining was detected only in cortical Aβ-positive vessels, as visualized in consecutive
brain sections stained with anti-Aβ and anti-MFG-E8 in
CAA cases (Fig. 3A). In fact, we confirmed the previous
results found in APP23 mice in which MFG-E8 detection was restricted to vascular Aβ pathology, while Aβ
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parenchymal plaques did not show any immunoreactivity
for MFG-E8. Control cases also showed some MFG-E8
immunoreactivity, although the staining was less pronounced in the brain parenchyma (Fig. 3A) and mostly
restricted to leptomeningeal vessels.
The presence of MFG-E8 and Aβ in occipital brain sections was then evaluated and scored in the total cohort
through IHC. The distribution of MFG-E8-positive vessels was significantly higher in CAA cases than in controls. Indeed, the highest MFG-E8 score was given to
66.6% of CAA cases (4/6), while the lowest scores were
given to non-CAA cases (p = 0.018) (Fig. 3B, I). Regarding the distribution of MFG-E8 in Aβ-positive cortical vessels, significant differences were found between
groups (p = 0.014). As expected, MFG-E8 immunodetection was strongest in those groups with the highest cerebrovascular Aβ scores; CAA cases with intense (1/1)

Fig. 3 MFG-E8 immunodetection in cortical brain sections from CAA patients and controls. a Representative images of brain Aβ and MFG-E8
presence in consecutive cortical brain sections from CAA patients or control individuals. b Distribution of MFG-E8 staining according to (I) the
presence or absence of CAA pathology and according to the (II) vascular and (III) parenchymal Aβ pathological burden. The graph shows the
percentage of cases in each group. 0: No staining; 1: mild detection (1–50 positive deposits); 2: moderate detection (51–100); 3: intense detection
(> 100 deposits) in the selected area for each section
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or moderate (3/3) vascular Aβ deposition presented a
MFG-E8 score of 3, while cases without vascular Aβ
involvement presented a MFG-E8 score of 1 (4/6) or
2 (2/6) (Fig. 3B, II). On the other hand, CAA cases also
presented an intense (4/6) or moderate (2/6) Aβ parenchymal deposition, however, the positivity of MFG-E8
in brain vessels was not significantly associated with
the number of Aβ plaques (p = 0.238) (Fig. 3B, III). It is
important to remark that MFG-E8 presence was neither
associated with neuritic plaques nor diffuse parenchymal
deposits. Age was significantly different among groups
(CAA cases: 82.3 ± 6.4 yrs; control cases: 74.5 ± 5 yrs;
p = 0.04), but the MFG-E8 immunostaining score was not
associated with age or any other neuropathological features evaluated in the total cohort, including the Braak
score or Vonsattel rating. MFG-E8 distribution was not
associated with the AD neuropathological change score
or the presence of ICH (Additional file 5).

pg/ml) than AD patients (5655.6 (4552.6–6849.2) pg/ml;
p < 0.001) and control subjects (4569.4 (3533.9–5848.7)
pg/ml; p = 0.01) (Fig. 4A). Differences remained significant after adjustment for age (CAA vs. controls: odds
ratio (OR) 0.999 95% CI [0.999–1], p = 0.013; CAA vs.
AD: OR 0.999 95% CI [0.999–1], p = 0.001). Next, the
associations of MFG-E8 levels with other CSF biomarkers of the total cohort were evaluated. Interestingly, CSF
MFG-E8 levels were positively correlated both with CSF
Aβ40 (r = 0.502, p < 0.001) and Aβ42 levels (r = 0.395,
p = 0.001) in the total cohort (Fig. 4B, C), suggesting that
CSF MFG-E8 levels are dependent on Aβ levels. A weak
correlation was also found between MFG-E8 levels and
total tau levels in CSF (r = 0.236, p = 0.004). However,
the concentration of the MFG-E8 protein in CSF was not
associated with age (r = -0.121, p = 0.268) or CSF p-tau
levels (r = 0.009, p = 0.932).

Circulating MFG‑E8 levels

Modulation of MFG‑E8 expression by different Aβ‑40
peptides in cultured HBVSMCs

Circulating MFG-E8 levels were evaluated in serum
samples from CAA-ICH patients (n = 31), AD patients
(n = 25), and control participants (n = 39). However,
no differences were found between groups (Additional
file 6). Serum MFG-E8 levels were not associated with
age, sex or other vascular risk factors (Additional file 7).
Circulating MFG-E8 levels were further evaluated in
CSF samples from healthy controls, CAA patients, and
AD patients obtained from two different clinical cohorts.
Controls from Radboud UMC and from VHUH were
pooled for posterior analysis (n = 37), as no significant
differences were found regarding sex and age or levels of CSF biomarkers (p-Tau, t-Tau and Aβ42) between
cohorts (Additional file 2). Demographics and levels of
CSF markers from all the groups included in the study are
shown in Table 1. CAA patients presented significantly
lower MFG-E8 levels in CSF (3345.5 (2661.8–4648.3)

Vascular smooth muscle cells are widely known to
express MFG-E8 [40]. Double immunostaining of MFGE8 and SMA was performed to validate the in vitro
model used, and confirmed the expression of MFG-E8
in HBVSMCs (Fig. 5A). The toxicity of two Aβ40 peptides, Aβ40-wt and Aβ40-D, on cell viability was determined. Whereas no cytotoxicity was induced by Aβ40 in
brain vascular cells cultured under the conditions tested,
a significant decrease in cell viability was observed after
5 days of treatment with the mutant Aβ40-D peptide
(33.1% reduction vs control, p < 0.01) (Fig. 5B). Interestingly, MFG-E8 protein levels were significantly increased
only in HBVSMCs after 5 days of treatment with the toxic
Aβ40-D peptide (83.3% increase vs control, p = 0.04),
(Fig. 5C). However, no differences in MFG-E8 expression were shown after treatment with the nontoxic Aβ40
peptide.

Table 1 Demographic characteristics and CSF parameters of healthy controls, CAA patients, and AD patients
Control (n = 37)

CAA (n = 23)

AD (n = 26)

63.8 ± 8.5

70.6 ± 7.8**

64.3 ± 7.3$

p-Value

Demographics
Age, years, mean ± SD
Sex (female), n (%)

11 (29.7%)

7 (30.4%)

14 (53.8%)

0.004
0.110

CSF parameters, pg/ml
Aβ40, mean ± SD

10,187.9 ± 4009.1

7911.1 ± 3140.1

-

Aβ42, median (IQR)

895.1 (678–1225)

360 (317.5–462)***

514.6 (468.6–593.5)***

t-Tau, median (IQR)

231 (170–317)

403 (268–512.5)**

328.6 (183.4–395.3)

p-Tau, median (IQR)

28 (19–39)

45 (33.5–63.5)**

32.4 (18.1–39.6)$

MFG-E8, median (IQR)

4568.4 (3672.3–5898)

3345.5 (2661.8–4648.3)*

5655.6 (4552.6–6849.2)$$$

0.032
< 0.001
0.002
0.001
< 0.001

CAA, Cerebral amyloid angiopathy; AD, Alzheimer’s disease; CSF, cerebrospinal fluid; SD, standard deviation; IQR, interquartile range; -, not known. p-values below 0.05 are
shown in bold: *p < 0.05 vs. the control group; **p < 0.01 vs. the control group; ***p < 0.001 vs. the control group; $p < 0.05 vs. the CAA group; $$$ p < 0.001 vs. the CAA group
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Fig. 4 MFG-E8 levels in CSF from controls, AD patients, and CAA patients. a Analysis of CSF MFG-E8 levels in healthy controls (n = 37), AD patients
(n = 26) and CAA patients (n = 23). b Correlation plot between CSF MFG-E8 levels and CSF Aβ40 levels among controls and CAA patients (n = 50).
c Correlation plot between CSF MFG-E8 levels and CSF Aβ42 levels among controls, AD patients, and CAA patients (n = 86).*p < 0.05, ***p < 0.001. r,
Spearman rho correlation coefficient

Fig. 5 MFG-E8 expression in HBVSMCs after treatment with Aβ40 peptides. a Representative immunocytochemistry image showing the expression
of MFG-E8 (green) and SMA (red) in HBVSMCs. b Cell viability after 2 and 5 days of treatment with 25 μM Aβ40 peptide and the toxic Aβ40-D
peptide, n = 3–4/group. c Representative western blot images and quantification of MFG-E8 protein levels after 2 and 5 days of treatment with
25 μM Aβ40 peptide and the toxic Aβ40-D peptide, n = 3–4/group. d Cell viability of HBVSMCs co-treated with 2 µg/ml rhMFG-E8 and 25 μM
Aβ40-D for 5 days (n = 5/group). e Cell viability of HBVSMCs treated with 25 μM Aβ40-D for 48 h after transfection with MFG-E8- or NT-siRNA
(n = 5/group). A non-targeting siRNA (siNT) was used as a control. Significant differences among groups are indicated as * p < 0.05, ** p < 0.01, ****
p < 0.0001
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We next investigated whether exogenous administration of rhMFG-E8 was able to impact HBVSMC viability.
Notably, no significant differences were found between
non-treated cells and those treated with rhMFG-E8
(Fig. 5D), indicating that MFG-E8 was not cytotoxic
to HBVSMCs under the conditions tested. However,
co-administration of rhMFG-E8 protein and Aβ40-D
peptide significantly reduced the Aβ40-D-induced cytotoxicity in HBVSMCs compared to cells treated with
Aβ40-D alone (38.3% reduction in toxicity vs cells treated
with Aβ40-D, p = 0.007) (Fig. 5D). Finally, to further confirm that MFG-E8 could play a protective role in CAA
pathology by attenuating Aβ40-D cytotoxicity, MFG-E8
depletion was evaluated. HBVSMCs were treated with
1 μM MFG-E8-specific siRNA for 48 h and then subjected to 2 days of Aβ40-D treatment. The efficiency
of MFG-E8 silencing was confirmed by RT-qPCR and
western blot analyses 48 h post transfection (Additional
file 8). Remarkably, MFG-E8 silencing exacerbated the
slight Aβ40-D cytotoxicity observed at 2 days in HBVSMCs compared to that in non-transfected cells (14.1%
increase in toxicity vs non-transfected cells treated with
Aβ40-D, p < 0.001) (Fig. 5E).

Discussion
Interest in understanding the pathological interactions
between AD and CAA has grown considerably in recent
years. The discovery of new markers related to cerebral
Aβ deposition is crucial for a better comprehension of
the underlying pathological mechanisms and could support the development of novel potential disease-modifying therapies. In the present study, we used an approach
combining LCM and proteomics to identify new proteins specifically associated with vascular Aβ in a widely
used transgenic mouse model of cerebral β-amyloidosis.
Our proteomic data confirmed the presence of proteins
already well known to be related to parenchymal and vascular Aβ deposits, such as ApoJ and ApoE [17, 41–43].
Remarkably, we identified two proteins selectively associated with cerebrovascular Aβ, TIMP3 and MFG-E8.
We focused our study on the MFG-E8 candidate since
TIMP3 has been previously described in vessels from
CAA patients [15, 44]. Our proteomic results demonstrated that the LCM approach using an experimental
transgenic model was a reliable tool that successfully validated candidates previously identified in other studies on
humans.
MFG-E8 is a multifunctional glycoprotein expressed by
a wide variety of cells, including epithelial cells, vascular
smooth muscle cells, dendritic cells, microglia and astrocytes [22]. It has previously been associated with several
physiological and pathological functions in the CNS,
including phagocytosis of apoptotic cells [23, 26, 45],
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anti-inflammation [46, 47], and tissue regeneration[25],
among others. In this regard, it has been shown that
MFG-E8 binds to the Aβ42 peptide and increases microglial neuroprotective activity against oligomeric Aβ toxicity in vitro, suggesting that MFG-E8 can facilitate the
clearance of Aβ by glial cells [30, 31]. The beneficial role
of this protein in cerebral ischaemia has been extensively
studied in mice, in which the treatment with MFG-E8
reduces the infarct volume and the expression of inflammatory cytokines [48, 49]. The anti-inflammatory and
anti-apoptotic roles of MFG-E8 have also been described
in MFG-E8-deficient mice with transient occlusion of
the middle cerebral artery [50, 51] and in rat models of
traumatic brain injury administered with rhMFG-E8
[52]. Additionally, a recent study also revealed that intracerebroventricular MFG-E8 administration after subarachnoid haemorrhage induction in mice decreases brain
oedema by attenuating inflammation [53]. However, to
the best of our knowledge, this is the first time that the
MFG-E8 protein has been associated with vascular Aβ in
CAA pathology.
In the CAA/AD experimental model, using immunofluorescence techniques, we detected an increased
presence of MFG-E8 protein in Aβ-positive vessels
from APP23 brains, while this protein was absent from
parenchymal Aβ deposits, which supported the previous proteomic findings. Furthermore, we confirmed
these results in human postmortem cortical brain tissues
from CAA patients. Indeed, a strong association between
MFG-E8 presence and Aβ-affected cortical vessels, but
not the parenchymal Aβ burden, was observed. In fact,
we found that MFG-E8 expression was not related to
the neuropathologically assessed risk score for AD. A
previous report using human postmortem brain samples
showed that total mRNA MFG-E8 levels were decreased
in AD brains compared to controls [30]. That study did
not analyze gene expression in CAA brain samples and/
or did not describe the prevalence of CAA pathology in
the AD patient cohort, which makes it non-comparable
to our study. However, it should be noted that low MFGE8 protein expression in Aβ plaque-enriched areas was
found, which would be in agreement with our results,
in which no MFG-E8 immunoreactivity was detected in
parenchymal Aβ deposits. On the other hand, the association of medin, a small fragment derived from MFGE8 cleavage, with AD and vascular dementia has been
recently described; previous studies have reported higher
levels of medin in the cerebral arterioles from AD and
vascular dementia patients than in those from controls
[54]. Medin is one of the most common forms of ageing-related amyloid and accumulates in the vasculature,
presenting a strong affinity to elastin fibres [55]. Increasing evidence suggests that medin may cause vascular
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dysfunction in ageing arteries and could contribute to
age-associated vascular decline [56–58], although little is
known about its physiological or pathologic effects and
the mechanism by which it is cleaved from MFG-E8. In
this line, a direct link between MFG-E8 and ageing has
also been demonstrated [59–61]. However, in our study,
MFG-E8 was not associated with age in the human
cohorts analysed. Nevertheless, we detected MFG-E8
expression in specific vessels from healthy control subjects and in WT mice, and a significant association was
found between MFG-E8 brain levels and ageing in APP23
mice when mice with a wide age range were included in
the study. Taken together, the involvement of MFG-E8
expression in vascular ageing under physiological and
pathological conditions merits further investigation.
Our results showing specific MFG-E8 accumulation in the Aβ-containing cerebral vessels raised questions regarding the cellular origin and the modulation
of MFG-E8 protein expression. In this regard, because
MFG-E8 was not detected in parenchymal deposits
or expressed in microglia or other parenchymal cells,
it is plausible to assume that the elevated presence of
the protein could have resulted from its expression in
cerebrovascular cells or from a peripheral source. To
test this latter possibility, we analysed the circulating
MFG-E8 levels in the serum of CAA patients. In fact,
previous studies have described elevated circulating
levels of MFG-E8 in patients with different inflammatory diseases [62, 63] and have observed an association
between elevated MFG-E8 serum levels and the presence of high-intensity cerebral lesions on MRI [64].
Thus, we hypothesized that serum MFG-E8 may be
modified in CAA patients, in whom the high prevalence of white matter lesions is well described [2, 65].
However, no differences were found in serum levels in
CAA patients compared to AD cases or controls. In
contrast, in CSF samples, lower MFG-E8 levels were
found in the CAA group than in both the AD and control group. Interestingly, the Aβ CSF biomarker profiles for the clinical patient cohorts used in our study
are consistent with previously reported data [66–68].
CAA patients presented lower Aβ42 and Aβ40 levels
than controls. Remarkably, we found a positive correlation between MFG-E8 levels and Aβ40 and Aβ2
levels in the CSF, demonstrating, again, the strong
association of this protein with Aβ levels. It has been
hypothesized that CSF biomarker levels may reflect
neuropathological changes in the brain [69, 70]. In
this sense, the decreased Aβ levels in the CSF of CAA
and AD patients may indicate possible impairment of
the clearance of the peptides, potentially through the
perivascular drainage pathway, which could explain
the altered deposition of Aβ in the brain [71]. Similarly,
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our results demonstrate that MFG-E8 protein strongly
accumulates in the cerebral vasculature of CAA
patients, which may explain the reduced MFG-E8 concentrations in the CSF of these patients. In contrast, as
MFG-E8 is absent from parenchymal Aβ deposits, no
differences were observed in the CSF levels of MFG-E8
in AD patients. Further studies in independent cohorts
prospectively recruited and provided with complete
MRI data are needed to confirm whether measurement of CSF MFG-E8 levels could be used to differentiate cerebrovascular pathology from parenchymal Aβ
deposition. Besides, future analysis may also elucidate
whether CSF MFG-E8 levels could be combined with
other biomarkers described in CSF for CAA, such as
ApoD [72] or Aβ/p-Tau, to improve the accuracy of its
diagnosis. Nevertheless, the biological overlap between
CAA and AD pathologies involves an intrinsic limitation to differentiate the cohorts of the study. Although
AD patients and controls selected in our study did not
present a history of ICH, the lack of neuroimaging data
in those cohorts could have masked the presence of
CAA-related radiological markers. To overcome this
limitation and define a clear CAA phenotype in comparison to other potential degrees of CAA pathology,
we selected only patients with at least one lobar ICH
or that had been clinically diagnosed according to the
Boston clinical-radiographic criteria [38].
To determine the possible functional implication of
MFG-E8 in CAA pathology, we simulated the pathological scenario by treating HBVSMCs with Aβ40, the
most prominent peptide that accumulates in CAA, and
Aβ40-D, the mutant form generated in HCHWA-D
patients. Consistent with the findings of previous studies, only treatment with the Aβ40-D peptide induced a
significant decrease in HBVSMC viability, confirming
its highly toxic response [73, 74]. Several studies have
shown that MFG-E8 is abundantly expressed in vascular smooth muscle cells [40, 55, 59]. In this regard, we
found specific increases in MFG-E8 protein levels only
after treatment with the toxic Aβ40-D peptide. Previous
studies have shown that exogenous MFG-E8 significantly
increases the expression of pro-inflammatory genes in
vascular smooth muscle cells isolated from the thoracic
aortas of aged mice [59]. However, under the conditions
evaluated, cell viability was not altered after rhMFG-E8
treatment in human brain vascular smooth muscle cells.
Indeed, we found that rhMFG-E8 supplementation significantly increased cell viability after Aβ40-D treatment
and, complementarily, silencing of MFG-E8 increased
Aβ40-D-induced toxicity. Altogether, these results suggest that MFG-E8 could play a protective role in CAA
pathology, potentially reducing the cytotoxicity of Aβ.
Whether MFG-E8 participates in Aβ phagocytosis or
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acts by attenuating the inflammation induced at the vascular level and reducing neuronal apoptosis requires further investigation.
In summary, this study covered different aspects of
the relation of MFG-E8 with CAA pathology; we started
with an experimental approach using a mouse transgenic
model; then studied the levels of MFG-E8 in the brain,
blood and CSF; and finally explored the effects of modulating MFG-E8 expression in cultured human smooth
muscle cells. Overall, we have demonstrated that data
obtained with an LCM proteomics approach using an
experimental model of β-amyloidosis can be successfully translated to human studies. Our results indicate
that MFG-E8 is closely associated with CAA; MFG-E8
levels are increased in cerebral Aβ-positive vessels but
decreased in CSF from CAA patients. Finally, we have
shown that MFG-E8 expression is increased in HBVSMCs by toxic Aβ variants, which may prevent the vascular damage induced by Aβ. The discovery of MFG-E8 as a
specific novel marker for CAA opens up new opportunities to explore more accurate diagnostic tools and potential therapeutic approaches for CAA. Additional in vivo
functional studies are required to elucidate the molecular
pathways involved in the protective role of MFG-E8 in
CAA pathology.
Abbreviations
AD: Alzheimer´s disease; ANOVA: Analysis of variance; ApoE: Apolipoprotein E;
ApoJ: Apolipoprotein J; Aβ: Amyloid-beta; BSA: Bovine serum albumin; CAA:
Cerebral amyloid angiopathy; CNS: Central nervous system; COL6A2: Collagenα-2(VI); CSF: Cerebrospinal fluid; DAB: Diaminobenzidine; DAPI: 4’,6-Diamidino2-phenylindol; DMEM: Dulbecco’s modified Eagle’s medium; ELISA: Enzymelinked immunosorbent assay; FBS: Fetal bovine serum; HBVSMC: Human brain
vascular smooth muscle cells; HCHWA-D: Hereditary cerebral haemorrhage
with amyloidosis, Dutch type; HRP: Streptavidin–horseradish peroxidase;
ICH: Intracerebral haemorrhage; LCM: Laser capture microdissection; MFGE8: Milk fat globule-EGF factor 8; MRI: Magnetic resonance imaging; MTT:
3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromid; NDP: Norrin; ON:
Overnight; PBST: Phosphate buffered saline-1% Tween 20; PEN: Polyethylene
naphthalate; PPIA: Peptidylprolyl isomerase A; rhMFG-E8: Recombinant human
MFG-E8 protein; RT: Room temperature; RT-qPCR: Quantitative real-time
reverse transcriptase-polymerase chain reaction; siRNA: Short interfering
RNAs; SMA: Smooth muscle actin; SRPX1: Sushi repeat-containing protein-1;
TBS: Tris-buffered saline; ThS: Thioflavin-S; TIMP3: Tissue inhibitor of metallo‑
proteinases‐3; TL: Tomato lectin; VHUH: Vall d’Hebron University Hospital; WT:
Wild-type.

Supplementary Information
The online version contains supplementary material available at https://doi.
org/10.1186/s40478-021-01257-9.

Page 14 of 17

Additional file 4. Cause of death and patient demographic and neuro‑
pathological characteristics in cases with and without CAA.
Additional file 5. Univariate analysis of MFG-E8 distribution according to
the demographic and neuropathological characteristics of the CAA brain
cohort.
Additional file 6. Demographic and clinical characteristics of healthy
controls, CAA-ICH patients, and AD patients.
Additional file 7. Univariate analysis of circulating MFG-E8 levels accord‑
ing to demographic and clinical characteristics of the total cohort.
Additional file 8. Western blot and qPCR results showing the gene silenc‑
ing efficiency of the siRNA sequence targeting MFG-E8 in HBVSMCs.
Authors’ Contribution
MH-G designed the study. MMV contributed to the design of the substudy
related with CSF human samples. PM and MS performed experiments. PM, MS,
AB-P and EM-S analysed and/or interpreted data. JP, HPK, MMV, AMK, CJMK,
LC-R, OP, DR-L, FP and PD contributed to the acquisition of patient data and
samples. EM-S and JC conducted neuropathological diagnostics and selected
and prepared the human tissue for the study. EM-S and PM rated and analyzed
the data obtained from the immunohistochemistry study in human brain
samples. PM and MHG wrote the manuscript. All authors reviewed and agreed
to the published version of the manuscript.
Funding
This work was funded by the Instituto de Salud Carlos III (ISCIII), (PI20/00465),
co-financed by the European Regional Development Fund (FEDER). The Neu‑
rovascular Research Laboratory is part of the INVICTUS + network, ISCIII, Spain
(RD16/0019/0021). P.M. held a predoctoral fellowship from the Vall d’Hebron
Research Institute. MMV is supported by the BIONIC project (no. 733050822,
which has been made possible by ZonMW as part of ‘Memorabel’, the research
and innovation program for dementia, as part of the Dutch national ‘Deltaplan
for Dementia’:the CAFÉ project (the National Institutes of Health, USA, grant
number 5R01NS104147-02), and a grant from the Selfridges Group Founda‑
tion (NR170024). The BIONIC project is a consortium of Radboudumc, LUMC,
ADX Neurosciences, and Rhode Island University.
Declaration
Competing interests
The authors declare no competing interests.
Author details
1
Neurovascular Research Laboratory, Vall d’Hebron Research Institute,
Hospital Universitari Vall d´Hebron, Universitat Autónoma de Barcelona, Pg.
Vall d´Hebron, 119‑129, 08035 Barcelona, Spain. 2 Pathology Department, Vall
d’Hebron University Hospital, Universitat Autònoma de Barcelona, Barcelona,
Spain. 3 Department of Neurology, Donders Institute for Brain, Cognition
and Behaviour, Radboud Alzheimer Centre, Radboud University Medical
Center, Nijmegen, The Netherlands. 4 Department of Laboratory Medicine,
Radboud University Medical Center, Nijmegen, The Netherlands. 5 Clinical
Biochemistry Department, Vall d’Hebron University Hospital, Universitat
Autònoma de Barcelona, Barcelona, Spain. 6 Stroke Unit, Department of Neu‑
rology, Vall d’Hebron University Hospital, Barcelona, Spain. 7 Neurology Depart‑
ment, Dementia Unit, Vall d’Hebron University Hospital, Barcelona, Spain.
Received: 2 September 2021 Accepted: 4 September 2021

Additional file 1. Domain structure and coverage of the murine MFG-E8
sequence and the peptides detected by mass spectrometry.
Additional file 2. Demographic characteristics and CSF parameters of
controls from both cohorts.
Additional file 3. List of proteins found by mass spectrometry. Proteins
are listed in decreasing order according to the number of spectral counts
identified.

References
1. Vinters HV (2015) Emerging concepts in alzheimer’s disease. Annu Rev
Pathol Mech Dis. https://doi.org/10.1146/annurev-pathol-020712-163927
2. Boulouis G, Charidimou A, Greenberg SM (2016) Sporadic cerebral amy‑
loid angiopathy: pathophysiology, neuroimaging features, and clinical
implications. Semin Neurol. https://doi.org/10.1055/s-0036-1581993

Marazuela et al. acta neuropathol commun

3.
4.
5.

6.
7.
8.
9.

10.
11.
12.
13.

14.

15.

16.

17.

18.

19.

20.
21.

22.

(2021) 9:154

Prince M, Albanese E, Guerchet M, Prina M (2014) Alzheimer’s Disease
International. Dementia and risk reduction: an analysis of protective and
modifiable factors. Alzheimer’s Dis. Int
Hanger HC, Wilkinson TJ, Fayez-Iskander N, Sainsbury R (2007) The risk of
recurrent stroke after intracerebral haemorrhage. J Neurol Neurosurg &
Psychiatry 78:836–840. https://doi.org/10.1136/jnnp.2006.106500
Charidimou A, Boulouis G, Gurol ME, Ayata C, Bacskai BJ, Frosch MP,
Viswanathan A, Greenberg SM (2017) Emerging concepts in sporadic
cerebral amyloid angiopathy. Brain 140:1829–1850. https://doi.org/10.
1093/brain/awx047
Lane C, Hardy J, Schott JM (2018) Alzheimer’s disease. Eur. J. Neurol.
Vinters HV (1987) Cerebral amyloid angiopathy a critical review. Stroke.
https://doi.org/10.1161/01.STR.18.2.311
Jäkel L, De Kort AM, Klijn CJM, Schreuder FHBM, (2021) Prevalence of
cerebral amyloid angiopathy: A systematic review and meta-analysis.
Alzheimers Dement
Revesz T, Holton JL, Lashley T, Plant G, Frangione B, Rostagno A, Ghiso J
(2009) Genetics and molecular pathogenesis of sporadic and hereditary
cerebral amyloid angiopathies. Acta Neuropathol 118:321–321. https://
doi.org/10.1007/s00401-009-0555-7
Arvanitakis Z, Leurgans SE, Wang Z, Wilson RS, Bennett DA, Schneider JA
(2011) Cerebral amyloid angiopathy pathology and cognitive domains in
older persons. Ann Neurol. https://doi.org/10.1002/ana.22112
Suzuki N, Iwatsubo T, Odaka A, Ishibashi Y, Kitada C, Ihara Y (1994) High
tissue content of soluble β1–40 is linked to cerebral amyloid angiopathy.
Am. J. Pathol
Viswanathan A, Greenberg SM (2011) Cerebral amyloid angiopathy in the
elderly. Ann Neurol 70:871–880. https://doi.org/10.1002/ana.22516
Greenberg SM, Bacskai BJ, Hernandez-Guillamon M, Pruzin J, Sperling R,
van Veluw SJ (2020) Cerebral amyloid angiopathy and Alzheimer disease
— one peptide, two pathways. Nat Rev Neurol 16:30–42. https://doi.org/
10.1038/s41582-019-0281-2
Maat-Schieman MLC, Radder CM, Haan J, Roos RAC, van Duinen SG
(1994) Hereditary cerebral hemorrhage with amyloidosis (Dutch): a
model for congophilic plaque formation without neurofibrillary pathol‑
ogy. Acta Neuropathol. https://doi.org/10.1007/BF00310382
Manousopoulou A, Gatherer M, Smith C, Nicoll JAR, Woelk CH, Johnson
M, Kalaria R, Attems J, Garbis SD, Carare RO (2017) Systems proteomic
analysis reveals that clusterin and tissue inhibitor of metalloproteinases
3 increase in leptomeningeal arteries affected by cerebral amyloid
angiopathy. Neuropathol Appl Neurobiol 43:492–504. https://doi.org/10.
1111/nan.12342
Hondius DC, Eigenhuis KN, Morrema THJ, van der Schors RC, van Nierop
P, Bugiani M, Li KW, Hoozemans JJM, Smit AB, Rozemuller AJM (2018) Pro‑
teomics analysis identifies new markers associated with capillary cerebral
amyloid angiopathy in Alzheimer’s disease. Acta Neuropathol Commun
6:46. https://doi.org/10.1186/s40478-018-0540-2
Endo Y, Hasegawa K, Nomura R, Arishima H, Kikuta KI, Yamashita T, Inoue
Y, Ueda M, Ando Y, Wilson MR et al (2019) Apolipoprotein E and clusterin
inhibit the early phase of amyloid-β aggregation in an in vitro model of
cerebral amyloid angiopathy. Acta Neuropathol Commun. https://doi.
org/10.1186/s40478-019-0662-1
Inoue Y, Ueda M, Tasaki M, Takeshima A, Nagatoshi A, Masuda T, Misumi
Y, Kosaka T, Nomura T, Mizukami M et al (2017) Sushi repeat-containing
protein 1: a novel disease-associated molecule in cerebral amyloid
angiopathy. Acta Neuropathol 134:605–617. https://doi.org/10.1007/
s00401-017-1720-z
Drummond E, Nayak S, Faustin A, Pires G, Hickman RA, Askenazi M, Cohen
M, Haldiman T, Kim C, Han X et al (2017) Proteomic differences in amyloid
plaques in rapidly progressive and sporadic Alzheimer’s disease. Acta
Neuropathol. https://doi.org/10.1007/s00401-017-1691-0
Xiong F, Ge W, Ma C (2019) Quantitative proteomics reveals distinct com‑
position of amyloid plaques in Alzheimer’s disease. Alzheimer’s Dement.
https://doi.org/10.1016/j.jalz.2018.10.006
Taylor MR (1997) Lactadherin (formerly BA46), a membrane-associated
glycoprotein expressed in human milk and breast carcinomas, promotes
Arg-Gly-Asp (RGD)- dependent cell adhesion. DNA Cell Biol. https://doi.
org/10.1089/dna.1997.16.861
Ni YQ, Zhan JK, Liu YS (2020)Roles and mechanisms of MFG-E8 in vascular
aging-related diseases. Ageing Res Rev

Page 15 of 17

23. Hanayama R, Tanaka M, Miyasaka K, Aozasa K, Koike M, Uchiyama Y,
Nagata S (2004) Autoimmune disease and impaired uptake of apop‑
totic cells in MFG-E8-deficient mice. Science (80-. ). 304, 1147–1150,
doi:https://doi.org/10.1126/science.1094359.
24. Silvestre JS, Théry C, Hamard G, Boddaert J, Aguilar B, Delcayre A, Hou‑
bron C, Tamarat R, Blanc-Brude O, Heeneman S et al (2005) Lactadherin
promotes VEGF-dependent neovascularization. Nat Med 11:499–506.
https://doi.org/10.1038/nm1233
25. Uchiyama A, Yamada K, Ogino S, Yokoyama Y, Takeuchi Y, Udey MC, Ishi‑
kawa O, Motegi SI (2014) MFG-E8 regulates angiogenesis in cutaneous
wound healing. Am J Pathol 184:1981–1990. https://doi.org/10.1016/j.
ajpath.2014.03.017
26. Fuller AD, Van Eldik LJ (2008) MFG-E8 regulates microglial phagocytosis
of apoptotic neurons. J Neuroimmune Pharmacol 3:246–256. https://doi.
org/10.1007/s11481-008-9118-2
27. Fricker M, Neher JJ, Zhao JW, Théry C, Tolkovsky AM, Brown GC (2012)
MFG-E8 mediates primary phagocytosis of viable neurons during neuro‑
inflammation. J Neurosci 32:2657–2666. https://doi.org/10.1523/JNEUR
OSCI.4837-11.2012
28. Dasgupta SK, Abdel-Monem H, Niravath P, Le A, Bellera RV, Langlois K,
Nagata S, Rumbaut RE, Thiagarajan P (2009) Lactadherin and clearance of
platelet-derived microvesicles. Blood 113:1332–1339. https://doi.org/10.
1182/blood-2008-07-167148
29. Zhou Y, Cai W, Zhao Z, Hilton T, Wang M, Yeon J, Liu W, Zhang F, Shi
FD, Wu X et al (2018) Lactadherin promotes microvesicle clearance to
prevent coagulopathy and improves survival of severe TBI mice. Blood
131:563–572. https://doi.org/10.1182/blood-2017-08-801738
30. Boddaert J, Kinugawa K, Lambert JC, Boukhtouche F, Zoll J, Merval R,
Blanc-Brude O, Mann D, Berr C, Vilar J et al (2007) Evidence of a role for
lactadherin in Alzheimer’s disease. Am J Pathol 170:921–929. https://doi.
org/10.2353/ajpath.2007.060664
31. Li E, Noda M, Doi Y, Parajuli B, Kawanokuchi J, Sonobe Y, Takeuchi H,
Mizuno T, Suzumura A (2012) The neuroprotective effects of milk fat
globule-EGF factor 8 against oligomeric amyloid β toxicity. J Neuroin‑
flammation 9:636. https://doi.org/10.1186/1742-2094-9-148
32. Sturchler-Pierrat C, Abramowski D, Duke M, Wiederhold KH, Mistl C,
Rothacher S, Ledermann B, Bürki K, Frey P, Paganetti PA et al (1997) Two
amyloid precursor protein transgenic mouse models with Alzheimer
disease-like pathology. Proc Natl Acad Sci U S A. https://doi.org/10.1073/
pnas.94.24.13287
33. Greenberg SM, Vonsattel JPG (1997) Diagnosis of cerebral amyloid angi‑
opathy: Sensitivity and specificity of cortical biopsy. Stroke. https://doi.
org/10.1161/01.STR.28.7.1418
34. Thal DR, Ghebremedhin E, Rüb U, Yamaguchi H, Del Tredici K, Braak H
(2002) Two types of sporadic cerebral amyloid angiopathy. J Neuropathol
Exp Neurol. https://doi.org/10.1093/jnen/61.3.282
35. Hyman BT, Phelps CH, Beach TG, Bigio EH, Cairns NJ, Carrillo MC, Dickson
DW, Duyckaerts C, Frosch MP, Masliah E et al (2012) National Institute
on Aging-Alzheimer’s Association guidelines for the neuropathologic
assessment of Alzheimer’s disease. Alzheimer’s Dement. https://doi.org/
10.1016/j.jalz.2011.10.007
36. Braak H, Alafuzoff I, Arzberger T, Kretzschmar H, Tredici K (2006) Staging
of Alzheimer disease-associated neurofibrillary pathology using paraffin
sections and immunocytochemistry. Acta Neuropathol. https://doi.org/
10.1007/s00401-006-0127-z
37. Mirra, S.S.; Heyman, A.; McKeel, D.; Sumi, S.M.; Crain, B.J.; Brownlee, L.M.;
Vogel, F.S.; Hughes, J.P.; van Belle, G.; Berg, L.; et al. The consortium to
establish a registry for Alzheimer’s disease (CERAD). Part II. Standardiza‑
tion of the neuropathologic assessment of Alzheimer’s disease. Neurology
1991, doi:https://doi.org/10.1212/wnl.41.4.479.
38. Linn J, Halpin A, Demaerel P, Ruhland J, Giese AD, Dichgans M, Van
Buchem MA, Bruckmann H, Greenberg SM (2010) Prevalence of super‑
ficial siderosis in patients with cerebral amyloid angiopathy. Neurology
74:1346–1350. https://doi.org/10.1212/WNL.0b013e3181dad605
39. McKhann GM, Knopman DS, Chertkow H, Hyman BT, Jack CR, Kawas CH,
Klunk WE, Koroshetz WJ, Manly JJ, Mayeux R et al (2011) The diagnosis
of dementia due to Alzheimer’s disease: Recommendations from the
National Institute on Aging-Alzheimer’s Association workgroups on diag‑
nostic guidelines for Alzheimer’s disease. Alzheimer’s Dement. https://
doi.org/10.1016/j.jalz.2011.03.005

Marazuela et al. acta neuropathol commun

(2021) 9:154

40. Wang M, Fu Z, Wu J, Zhang J, Jiang L, Khazan B, Telljohann R, Zhao
M, Krug AW, Pikilidou M et al (2012) MFG-E8 activates proliferation of
vascular smooth muscle cells via integrin signaling. Aging Cell. https://
doi.org/10.1111/j.1474-9726.2012.00813.x
41. Harr SD, Uint L, Hollister R, Hyman BT, Mendez AJ (1996) Brain expres‑
sion of apolipoproteins E, J, and A-I in Alzheimer’s disease. J Neuro‑
chem. https://doi.org/10.1046/j.1471-4159.1996.66062429.x
42. Verbeek MM, Otte-Höller I, Veerhuis R, Ruiter DJ, De Waal RMW (1998)
Distribution of Aβ-associated proteins in cerebrovascular amyloid of
Alzheimer’s disease. Acta Neuropathol. https://doi.org/10.1007/s0040
10050944
43. Camacho J, Moliné T, Bonaterra-Pastra A, Cajal SRY, Martínez-Sáez E,
Hernández-Guillamon M (2019) Brain ApoA-I, ApoJ and ApoE immu‑
nodetection in cerebral amyloid angiopathy. Front Neurol. https://doi.
org/10.3389/fneur.2019.00187
44. Jäkel L, Kuiperij HB, Gerding LP, Custers EEM, Van Den Berg E, Jolink
WMT, Schreuder FHBM, Küsters B, Klijn CJM, Verbeek MM (2020) Dis‑
turbed balance in the expression of MMP9 and TIMP3 in cerebral amy‑
loid angiopathy-related intracerebral haemorrhage. Acta Neuropathol
Commun. https://doi.org/10.1186/s40478-020-00972-z
45. Hanayama R, Tanaka M, Miwa K, Shinohara A, Iwamatsu A, Nagata S
(2002) Identification of a factor that links apoptotic cells to phagocytes.
Nature 417:182–187. https://doi.org/10.1038/417182a
46. Xiao Y, Li G, Chen Y, Zuo Y, Rashid K, He T, Feng H, Zhang JH, Liu F (2018)
Milk fat globule-epidermal growth factor-8 pretreatment attenuates
apoptosis and inflammation via the integrin-β3 pathway after surgical
brain injury in rats. Front Neurol 9:1–11. https://doi.org/10.3389/fneur.
2018.00096
47. Huang W, Wu J, Yang H, Xiong Y, Jiang R, Cui T, Ye D (2017) Milk fat
globule-EGF factor 8 suppresses the aberrant immune response of sys‑
temic lupus erythematosus-derived neutrophils and associated tissue
damage. Cell Death Differ. https://doi.org/10.1038/cdd.2016.115
48. Deroide N, Li X, Lerouet D, Van Vré E, Baker L, Harrison J, Poittevin M,
Masters L, Nih L, Margaill I et al (2013) MFGE8 inhibits inflammasomeinduced IL-1β production and limits postischemic cerebral injury. J Clin
Invest 123:1176–1181. https://doi.org/10.1172/JCI65167
49. Choi, J. Il; Kang, H.Y.; Han, C.; Woo, D.H.; Kim, J.H.; Park, D.H. Milk fat
globule-epidermal growth factor VIII ameliorates brain injury in the
subacute phase of cerebral ischemia in an animal model. J. Korean
Neurosurg. Soc. 2020, 63, 163–170, doi:https://doi.org/10.3340/jkns.
2019.0188.
50. Cheyuo C, Jacob A, Wu R, Zhou M, Qi L, Dong W, Ji Y, Chaung WW,
Wang H, Nicastro J et al (2012) Recombinant human MFG-E8 attenu‑
ates cerebral ischemic injury: Its role in anti-inflammation and antiapoptosis. Neuropharmacology. https://doi.org/10.1016/j.neuropharm.
2011.09.018
51. Cheyuo C, Aziz M, Yang WL, Jacob A, Zhou M, Wang P (2015) Milk fat
globule-EGF factor VIII attenuates CNS injury by promoting neural
stem cell proliferation and migration after cerebral ischemia. PLoS ONE
10:1–17. https://doi.org/10.1371/journal.pone.0122833
52. Gao YY, Zhang ZH, Zhuang Z, Lu Y, Wu LY, Ye Z, Zhang XS, Chen CL, Li
W, Hang CH (2018) Recombinant milk fat globule-EGF factor-8 reduces
apoptosis via integrin β3/FAK/PI3K/AKT signaling pathway in rats
after traumatic brain injury. Cell Death Dis. https://doi.org/10.1038/
s41419-018-0939-5
53. Gao YY, Tao T, Wu D, Zhuang Z, Lu Y, Wu LY, Liu GJ, Zhou Y, Zhang DD,
Wang H et al (2021) MFG-E8 attenuates inflammation in subarachnoid
hemorrhage by driving microglial M2 polarization. Exp Neurol. https://
doi.org/10.1016/j.expneurol.2020.113532
54. Migrino RQ, Karamanova N, Truran S, Serrano GE, Davies HA, Madine J,
Beach TG (2020) Cerebrovascular medin is associated with Alzheimer’s
disease and vascular dementia. Alzheimer’s Dement. Diagnosis, Assess.
Dis. Monit. https://doi.org/10.1002/dad2.12072.
55. Miura Y, Tsumoto H, Iwamoto M, Yamaguchi Y, Ko P, Soejima Y, Yoshida
S, Toda T, Arai T, Hamamatsu A et al (2019) Age-associated proteomic
alterations in human aortic media. Geriatr Gerontol Int 19:1054–1062.
https://doi.org/10.1111/ggi.13757
56. Migrino RQ, Davies HA, Truran S, Karamanova N, Franco DA, Beach
TG, Serrano GE, Truong D, Nikkhah M, Madine J (2017) Amyloidogenic
medin induces endothelial dysfunction and vascular inflammation

Page 16 of 17

57.

58.

59.
60.
61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

through the receptor for advanced glycation endproducts. Cardiovasc
Res. https://doi.org/10.1093/c vr/c vx135
Degenhardt K, Wagner J, Skodras A, Candlish M, Koppelmann AJ, Wild
K, Maxwell R, Rotermund C, Von Zweydorf F, Gloeckner CJ et al (2020)
Medin aggregation causes cerebrovascular dysfunction in aging
wild-type mice. Proc Natl Acad Sci U S A. https://doi.org/10.1073/pnas.
2011133117
Karamanova N, Truran S, Serrano GE, Beach TG, Madine J, Weissig V,
Davies HA, Veldhuizen J, Nikkhah M, Hansen M et al (2020) Endothe‑
lial Immune Activation by Medin: Potential Role in Cerebrovascular
Disease and Reversal by Monosialoganglioside-Containing Nanoli‑
posomes. J Am Heart Assoc. https://doi.org/10.1161/JAHA.119.014810
Chiang HY, Chu PH, Lee TH (2019) MFG-E8 mediates arterial aging by
promoting the proinflammatory phenotype of vascular smooth muscle
cells. J Biomed Sci 26:1–14. https://doi.org/10.1186/s12929-019-0559-0
Wang M, Wang H, Lakatta E (2013) Milk Fat Globule Epidermal Growth
Factor VIII Signaling in Arterial Wall Remodeling. Curr Vasc Pharmacol
11:768–776. https://doi.org/10.2174/1570161111311050014
Fu Z, Wang M, Gucek M, Zhang J, Wu J, Jiang L, Monticone RE, Khazan
B, Telljohann R, Mattison J et al (2009) Milk fat globule protein epider‑
mal growth factor-8: A pivotal relay element within the angiotensin II
and monocyte chemoattractant protein-1 signaling cascade mediating
vascular smooth muscle cells invasion. Circ Res. https://doi.org/10.
1161/CIRCRESAHA.108.187088
Yamaguchi H, Takagi J, Miyamae T, Yokota S, Fujimoto T, Nakamura S,
Ohshima S, Naka T, Nagata S (2008) Milk fat globule EGF factor 8 in the
serum of human patients of systemic lupus erythematosus. J Leukoc
Biol. https://doi.org/10.1189/jlb.1107730
Yamamoto N, Yamaguchi H, Ohmura K, Yokoyama T, Yoshifuji H, Yukawa
N, Kawabata D, Fujii T, Morita S, Nagata S et al (2014) Serum milk fat
globule epidermal growth factor 8 elevation may subdivide systemic
lupus erythematosus into two pathophysiologically distinct subsets.
Lupus. https://doi.org/10.1177/0961203314523870
Kishi C, Motegi SI, Ishikawa O (2017) Elevated serum MFG-E8 level is
possibly associated with the presence of high-intensity cerebral lesions
on magnetic resonance imaging in patients with systemic lupus
erythematosus. J Dermatol 44:783–788. https://doi.org/10.1111/1346-
8138.13791
Smith EE, Gurol ME, Eng JA, Engel CR, Nguyen TN, Rosand J, Greenberg
SM (2004) White matter lesions, cognition, and recurrent hemorrhage
in lobar intracerebral hemorrhage. Neurology. https://doi.org/10.1212/
01.WNL.0000142966.22886.20
Verbeek MM, Kremer BPH, Rikkert MO, Van Domburg PHMF, Skehan ME,
Greenberg SM (2009) Cerebrospinal fluid amyloid β40 is decreased in
cerebral amyloid angiopathy. Ann Neurol. https://doi.org/10.1002/ana.
21694
Olsson B, Lautner R, Andreasson U, Öhrfelt A, Portelius E, Bjerke M,
Hölttä M, Rosén C, Olsson C, Strobel G et al (2016) CSF and blood bio‑
markers for the diagnosis of Alzheimer’s disease: a systematic review
and meta-analysis. Lancet Neurol. https://doi.org/10.1016/S1474-
4422(16)00070-3
Charidimou A, Friedrich JO, Greenberg SM, Viswanathan A (2018) Core
cerebrospinal fluid biomarker profile in cerebral amyloid angiopathy:
A meta-analysis. Neurology. https://doi.org/10.1212/WNL.0000000000
005030
Tapiola T, Alafuzoff I, Herukka SK, Parkkinen L, Hartikainen P, Soininen
H, Pirttilä T (2009) Cerebrospinal fluid β-amyloid 42 and tau proteins as
biomarkers of Alzheimer-type pathologic changes in the brain. Arch
Neurol. https://doi.org/10.1001/archneurol.2008.596
Seppälä TT, Nerg O, Koivisto AM, Rummukainen J, Puli L, Zetterberg H,
Pyykkö OT, Helisalmi S, Alafuzoff I, Hiltunen M et al (2012) CSF biomark‑
ers for Alzheimer disease correlate with cortical brain biopsy findings.
Neurology. https://doi.org/10.1212/WNL.0b013e3182563bd0
Tarasoff-Conway JM, Carare RO, Osorio RS, Glodzik L, Butler T, Fiere‑
mans E, Axel L, Rusinek H, Nicholson C, Zlokovic BV et al (2015) Clear‑
ance systems in the brain—implications for Alzheimer disease. Nat Rev
Neurol 11:457–470. https://doi.org/10.1038/nrneurol.2015.119
Kuiperij HB, Hondius DC, Kersten I, Versleijen AAM, Rozemuller AJM,
Greenberg SM, Schreuder FHBM, Klijn CJM, Verbeek MM (2020) Apoli‑
poprotein D: a potential biomarker for cerebral amyloid angiopathy.
Neuropathol Appl Neurobiol. https://doi.org/10.1111/nan.12595

Marazuela et al. acta neuropathol commun

(2021) 9:154

73. Davis J, Van Nostrand WE (1996) Enhanced pathologic properties
of Dutch-type mutant amyloid β-protein. Proc Natl Acad Sci U S A.
https://doi.org/10.1073/pnas.93.7.2996
74. Previti, M. Lou; Zhang, W.; Van Nostrand, W.E. Dexamethasone dimin‑
ishes the pro-inflammatory and cytotoxic effects of amlyoid β-protein
in cerebrovascular smooth muscle cells. J. Neuroinflammation 2006,
doi:https://doi.org/10.1186/1742-2094-3-18.

Page 17 of 17

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.

Ready to submit your research ? Choose BMC and benefit from:

• fast, convenient online submission
• thorough peer review by experienced researchers in your field
• rapid publication on acceptance
• support for research data, including large and complex data types
• gold Open Access which fosters wider collaboration and increased citations
• maximum visibility for your research: over 100M website views per year
At BMC, research is always in progress.
Learn more biomedcentral.com/submissions

