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Medin aggregation causes cerebrovascular dysfunction in aging wildtype mice
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Abstract

Medin is the most common amyloid found in humans, reported to occur in blood vessels of the
upper body in virtually everybody over 50 years of age. However, it remains unknown whether
deposition of Medin plays a causal role in age-related vascular dysfunction. We now report
that aggregates of Medin also develop in the aorta and brain vasculature of wildtype mice in
an age-dependent manner. Strikingly, genetic deficiency of the Medin precursor protein, MFG-
E8, eliminates not only vascular aggregates but also prevents age-associated decline of
cerebrovascular function in mice. Given the prevalence of Medin aggregates in the general
population and its role in vascular dysfunction with aging, targeting Medin may become a novel

approach to sustain healthy aging.

Significance statement

Vascular dysfunction, as it develops either during normal aging or vascular disease, remains
a major medical problem. The amyloid Medin, which is derived from its precursor protein MFG-
E8 (through unknown mechanisms), forms insoluble aggregates in the vasculature of virtually
anybody over 50 years of age, and it has been hypothesized that Medin aggregation could
contribute to age-associated vascular decline; however, mechanistic analyses have so far
been lacking. Our data now demonstrate that reminiscent of humans, mice also develop Medin
deposits in an age-dependent manner. Importantly, mice that genetically lack Medin show
reduced vascular dysfunction in the aged brain. Therefore, the prevention of Medin
accumulation should be investigated as a novel therapeutic approach to preserve vascular

health in the aging population.



Introduction

Amyloids comprise about 35 identified proteins, which under physiological conditions can
convert to insoluble aggregates that are often associated with pathological alterations in the
amyloid-containing tissue (1). The most common human amyloid described so far is Medin
(also known as AMed), which has been found in ~97% of Caucasians above 50 years of age
(2), with Medin deposition found predominantly in the thoracic aorta and other arteries of the
upper body (3). Medin has been described as a 50 amino acid long internal fragment of the
protein Milk fat globule EGF-like factor-8 (MFG-E8) (4), which itself is best known for its role in
the phagocytosis of apoptotic cells but is also required for neovascularization, explaining its
localization in blood vessels (5). Under which conditions and how Medin is cleaved from MFG-
E8 remains unknown, but its exceedingly high prevalence in the aging population begs the
question whether Medin — similar to other amyloids — is associated with tissue dysfunction (6).
Of note, previous research suggests that age-associated structural and functional alterations
of the arteries contribute to cardiovascular diseases (7) and a role of Medin in promoting age-
related vascular dysfunction has been hypothesized based on analyses of human autopsy and
post-mortem aorta samples (8—10). Most recently, evidence of increased Medin levels in
patients with vascular dementia compared to cognitively unimpaired individuals was also
reported (11). However, mechanistic studies and therefore conclusive evidence for a
detrimental role of Medin deposition are so far lacking. This is largely because studies on
human tissue lack appropriate controls (due to the presence of Medin deposits in virtually all
aged human samples) and could therefore only be correlative in nature, and because no
animal model for Medin deposition has so far been described that would enable mechanistic
analyses.

Therefore, we analyzed here whether Medin deposition also occurs in the vasculature
of aging mice. Indeed, we find extracellular Medin aggregates in C57BL/6J mice, with
deposition developing in an age-dependent manner. Notably, Medin aggregates are absent in
genetically engineered mice that lack the Medin-containing C2 domain of its precursor protein
MFG-E8. Moreover, in these Medin-deficient mice, age-associated vascular dysfunction in
cerebral arteries is virtually eliminated. Thus, our data provide the first direct evidence for a

pathological role of this highly prevalent human amyloid.



Results

MFG-E8/Medin aggregates form in the mouse aorta with age

In humans, Medin aggregates are detectable in blood vessels of the upper body in virtually
everyone above the age of 50 (2). While two prior studies in rats and monkeys have reported
an increase of aortic levels of the Medin precursor protein MFG-E8 with age (12, 13), it has so
far not been investigated whether Medin aggregates are found in other species than humans.
Of note, murine and human Medin show 78% amino acid sequence homology (Needleman-
Wunsch Global Alignment, BLAST) with the most aggregation-prone region showing high
conservation (Fig. 1A) (14, 15). This indicates that mice may be a suitable model to study
Medin pathophysiology, although the aggregation propensity of murine Medin may be more
limited than its human form (based on TANGO analysis; Fig. 1A).

To assess whether Medin is deposited in the mouse aorta, we collected aorta samples
from mice at the age of 2-4, 12 and 20 months. First, we tested whether levels of MFG-E8
increase with age (using a commercial ELISA). Indeed, aorta homogenates showed a
significant increase in MFG-E8 protein levels in one-year-old compared to 2-4 months old mice
and increased even further in 20-month-old animals (Fig. 1B). Interestingly, at the same time
that levels of MFG-ES8 increased in the aorta, they decreased in the serum, demonstrating that
these changes were not due to blood contamination in the tissue. Immunostaining with a
polyclonal antibody against murine MFG-E8, which we found to have high affinity for the C2
and lower affinity for the C1 domain (S/ Appendix, Fig. S1A and Fig. 1A) confirmed that aortic
MFG-E8 staining increases with age (Fig. 1C). Interestingly, MFG-E8 staining revealed
irregularly shaped lumps along elastic fibers, reminiscent of findings in human tissue where
Medin is found in “nodules and thin streaks” in the aortic media or “irregular clumps” in the
intima, and is closely associated with elastic fibers (2). We also confirmed these previous
results in human tissue using a new monoclonal anti-human Medin antibody (1H4) (Fig. 1E).
While prior studies could not demonstrate that antibodies were specifically detecting Medin,
we here ascertained staining specificity by analyzing tissue from mice that lack the Medin-
containing C2 domain of MFG-E8 (Mfge8 C2 KO) (Fig. 1A). In these functional knockout mice,
the C2 domain is replaced with a B-galactosidase reporter gene fused to a transmembrane
domain. While this does not prevent gene expression, it effectively traps the truncated
Mfge8/B-galactosidase fusion gene inside the cell, leading to a complete absence of secreted
MFG-E8 in Mfge8 C2 KO animals (as previously confirmed in the aorta and for different cell
types; [5, 16, 17] and cp. S/ Appendix, Fig. S4 for brain tissue). In line with the high affinity of
the polyclonal anti-MFG-E8 antibody for the C2 domain (S/ Appendix, Fig. S1A), staining was
absent in the aorta of Mfge8 C2 KO mice (Fig. 1C) and accordingly, no signal was found in the
ELISA for MFG-E8 (Fig. 1B).



To determine whether the observed staining patterns in wildtype mice were indeed due
to extracellular aggregates, we next performed immuno-electron microscopy (EM) of aortas
from young adult and aged wildtype mice as well as aged Mfge8 C2 KO mice. As expected
from our immunohistochemical analyses, only aged wildtype animals demonstrated
immunolabelling, which was found localized on extracellular aggregates (Fig. 1D). While these
aggregates appeared amorphous (rather than fibrillar) under EM, these findings demonstrate
that MFG-E8 (or its fragments) forms extra-cellular aggregates in an age-specific manner in
the mouse aorta.

In humans, aortic Medin deposits can be stained with amyloid-binding dyes such as
Methoxy-X04, which we also confirmed here (Fig. 1E; see SI Appendix, Table S1 for sample
information). In apparent contrast, aggregates in the mouse aorta failed to stain with Methoxy-
X04 or Congo Red (SI Appendix, Fig. S2). However, in our hands, not all Medin-positive
aggregates (stained with anti-human Medin antibody 1H4) in human tissue were stained by
amyloid-binding dyes (Fig. 1E; n=3 patients, S/ Appendix, Table S1 and Fig. S2). Thus, similar
to our observations in mice, some Medin deposits in human tissue do not display the
characteristic B-sheet structure of other amyloids, possibly representing an earlier aggregation

stage.

Aortic deposits in mice show biochemical characteristics of protein aggregates
Given the amorphous appearance of aortic aggregates in aged mice by EM, we wanted to
determine whether these deposits shared biochemical features of other aggregated proteins,
i.e. protease resistance and insolubility in aqueous media. Therefore, we used a previously
published amyloid purification protocol (18) to determine if the aged aorta would contain
aggregated proteins. We first tested this protocol using brains of either aged APP23 or APP
Dutch transgenic animals. APP23 mice are a model of Alzheimer’s disease pathology with
widespread parenchymal and vascular amyloid-B deposition (19) while aged APP Dutch
animals show amyloid-B deposition restricted to cerebral blood vessels (20). In brief,
homogenates were lysed and subjected to iodixanol gradient centrifugation. Samples were
then digested with benzonase and proteinase-K (PK) and were subsequently ultracentrifuged
to recover the remaining protease-resistant, insoluble material (Fig. 2A). As expected, this
procedure yielded enriched monomeric and oligomeric amyloid-f species from the brains of
both aged APP23 and APP Dutch animals (S/ Appendix, Fig. S1B).

Next, we analyzed fresh-frozen aorta samples from human patients, which showed
Medin staining by immunohistochemistry (cp. Fig. 1E). In human aorta samples, Western
Blotting of the different fractions obtained from the amyloid purification protocol using the
monoclonal anti-human Medin antibody (1H4) revealed protein bands corresponding to full-

length MFG-E8 but also bands indicating mono- and possibly oligomeric Medin species



(approx. 4, 8 and 12 kDa). After benzonase (P2) and proteinase K (P3) digestion, full-length
MFG-E8 and other proteins were degraded, while the protease-resistant material showed
distinct bands with molecular weights corresponding to monomeric and oligomeric Medin
species as well as a higher molecular weight smear, possibly reflecting higher order
aggregates (Fig. 2B).

Analyzing mouse samples next, Western Blotting demonstrated full-length MFG-ES8 in
the total aorta homogenate (TH) of both young and aged wildtype mice (Fig. 2C; samples are
pools of 16 mouse aortas), with significantly stronger signals in the aorta homogenate of aged
mice, reflecting our ELISA measurements (Fig. 1B). In contrast, the purification protocol only
enriched a protease-resistant MFG-E8-positive fragment from the aorta of aged wildtype mice,
while neither young wildtype nor aged Mfge8 C2 KO aortas yielded MFG-E8 species in the
final aggregate-containing fractions (Fig. 2C). Notably, the protease-resistant MFG-E8
fragment in the aged mouse aorta showed a molecular weight of approx. 5 kDa, corresponding
to the reported size of Medin (4). These results demonstrate that MFG-E8 fragments, which
similar to other protein aggregates are protease-resistant as well as insoluble in aqueous
buffers and show a molecular weight that corresponds to the reported size of Medin,

accumulate in the aging mouse aorta.

Identification of a Medin-like fragment in the aging mouse aorta
To ascertain that the ~5 kDa band observed by Western Blotting was indeed a Medin-
containing peptide, we used a shotgun mass spectrometry approach (Fig. 2D). Briefly, aorta
homogenates were pre-fractionated by protein gel electrophoresis and only proteins smaller
than ~17 kDa were excised to exclude full-length MFG-ES8. First, we verified that we could
detect Medin peptides in aggregated material by analyzing recombinant human Medin that had
been aggregated in vitro. Indeed, following gel electrophoresis and excision of a monomeric
as well as an oligomeric band, almost the entire Medin sequence (with the exception of short
N- and C-terminal peptides) could be detected by mass spectrometry (S/ Appendix, Fig. S3).
Next, we compared murine aorta samples (again without further purification
procedures) from young and aged wildtype and aged Mfge8 C2 KO mice. Here, low molecular
weight peptides of MFG-E8 (217 kDa) were detectable only in aged wildtype aortas. Strikingly,
the majority of these peptides could be assigned to the C2 domain and were enriched in the
sequence corresponding to the originally reported human Medin (Fig. 2D), also consistent with
our epitope mapping of the anti-murine MFG-E8 antibody (Fig. 1A and S/ Appendix, Fig. S1A).
Thus, our mass spectrometry results demonstrate that — similar to observations in human
patients — Medin-containing fragments are accumulating in the aging mouse aorta, further
corroborating our analyses using immunohistochemistry and biochemical purification

approaches.



MFG-E8 and Medin in the aging brain

In humans, Medin deposition has not only been observed in the thoracic aorta but also other
larger arteries of the upper body, including basilar and temporal arteries (11, 21, 22) and most
recently also arterioles in the brain parenchyma (11). To confirm Medin deposition in cerebral
blood vessels, we stained brain sections of aged patients without any major brain diseases
(male and female, 80-86 years old; see S/ Appendix, Table S2 for details) with the anti-human
Medin antibody, 1H4. Strikingly, Medin deposits could be seen within and outside the smooth
muscle cell layer in leptomeningeal vessels, larger parenchymal vessels and even smaller
capillaries, where they also showed aggregate-like morphology (Fig. 3A). Of note, these
deposits did not show immunoreactivity for amyloid-3 nor were they positive for the amyloid-
binding dye Methoxy-X04 (Fig. 3A, bottom), in contrast to our findings in the human aorta,
where both Methoxy-X04—positive and —negative aggregates were found (Fig. 1E).

Next, we analyzed brain tissue from mice to determine whether cerebral blood vessels
would display age-related Medin deposition. Indeed, immunohistochemical staining showed
MFG-E8-positive blood vessels in the mouse brain, with more intense and aggregate-like
staining being observed in aged animals (Fig. 3B). However, these deposits were again not
stained by the classical amyloid-binding dyes Methoxy-X04 and Congo Red (S/ Appendix, Fig.
S2). Nevertheless, an age-related increase in cerebral MFG-E8 protein levels could be
observed in wildtype mice by ELISA (Fig. 3C), reflecting our findings in the aorta (Fig. 1).
Moreover, semi-automated quantification of smooth muscle actin and MFG-E8 staining in
serial brain sections revealed no difference in total vascular coverage but showed an increase
of cerebrovascular MFG-E8 staining with age (Figs. 3D/E). Notably, in brain sections from
aged Mfge8 C2 KO animals, we could detect intracellular MFG-E8-positive puncta both in
parenchymal as well as vascular cells, reflecting expression and intracellular retention of the
truncated Mfge8/B-galactosidase fusion protein (SI Appendix, Fig. S4A). Accordingly, in brain
homogenates from aged Mfge8 C2 KO animals, the fusion protein appeared as a distinct band
~200 kDa (in line with previous reports [17]), while the band of full-length MFG-E8 observed in
wildtype animals was completely absent (SI Appendix, Fig. S4B). Thus, our results indicate
that in wildtype mice the aorta as well as cerebral blood vessels show age-associated

deposition of MFG-E8 (fragments) that are likely to contain Medin.

Lack of MFG-E8 rescues age-associated vascular dysfunction

We wondered whether Medin deposition could contribute to the decline in vascular function,
which occurs with age both in mice and humans (23-25). Because age-related changes in
regional cerebral blood flow are not detectable by PET/MRI measurements in wildtype animals

(26), we assessed cerebral vascular function by 2-photon in vivo imaging, which has been



shown to detect age-associated cerebrovascular alterations in mice (27). Here, we analyzed
the function of cerebral arterioles in living animals, focusing on the middle cerebral artery
(MCA) territory in the sensorimotor cortex, where we also observed Medin deposits in aging
mice (Fig. 3F). We triggered increases in blood flow to the hindlimb region by evoking neuronal
activity using mechanical hindlimb stimulation (Fig. 3G), a mechanism called functional
hyperemia (28, 29). Indeed, in response to hindlimb stimulation, adult animals (6.4+1.1 months
old) showed a rapid dilation of arteries followed by a slower constriction; this response was
indistinguishable between adult wildtype and Mfge8 C2 KO animals (Fig. 3G). Importantly, in
aged wildtype animals (22.1+ 2.4 months old) dilation of the imaged arteries was significantly
slower than in adult animals, in line with increased vascular arterial stiffness in aging animals
and humans (30, 31). In contrast, both dilation and constriction were significantly improved in
aged Mfge8 C2 KO compared to wildtype animals (Fig. 3G). Thus, our data demonstrate that
the lack of Medin improves vascular function in aging animals.

It has been suggested that vascular amyloid may lead to blood vessel dysfunction
through toxic effects on smooth muscle cells (22, 32). However, in contrast to previous reports
(32), we did not observe overt loss of smooth muscle cells in cerebrovascular regions with
Medin deposits (Fig. 3A). Moreover, neither global endothelial cell volume (based on CD31
staining) nor astrocytic endfeet coverage of cerebral blood vessels (based on Aquaporin-4
staining), which is crucial for appropriate neurovascular coupling (24, 29), were affected by
aging or in wildtype versus Mfge8 C2 KO animals (S/ Appendix, Fig. S5). While we cannot
exclude that the lack of MFG-E8 affected other compartments of the brain, our data strongly
suggest that accumulation of Medin (or larger MFG-E8 fragments) in amyloid-like deposits
contributes to age-related vascular dysfunction in wildtype mice, possibly through affecting

vascular elasticity (33).

Discussion

Our data presented here indicate that the most common human amyloid, Medin (or Medin-
containing fragments of MFG-E8), also shows age-associated aggregation in wildtype mice
and demonstrate a pathogenic role of its accumulation in driving age-associated vascular
dysfunction. Strikingly, Medin deposits form in aging mice despite their relatively limited
lifespan, reflecting the previous finding that Medin deposits can be found in the vast majority
of people over 50 years of age (2). However, in mice, Medin aggregates do not stain with
classical amyloid dyes (Congo Red, Methoxy-X04) and appear amorphous by electron
microscopy, possibly reflecting their lower (predicted) aggregation propensity (Fig.1A) or
indicating an early stage of fibril formation and/or maturation. Interestingly, it has been reported
that in human aortic tissue the amount of Medin in its amyloid state is significantly lower in

patients with aortic aneurysm or dissection, while non-fibrillar Medin deposits are significantly



higher in the diseased aorta (10) and correlate with reduced aortic elasticity (9). Thus, non-
fibrillar forms of Medin could in fact be more pathogenic and notably, we find that Medin
deposits in the human brain vasculature do not stain with amyloid dyes. It has been reported
that amyloids can exist as structurally distinct “strains” (with different affinity for common
amyloid dyes), which propagate through prion-like mechanisms, i.e. through templated
misfolding of the native peptide (e.g. [34, 35]). Thus, it is conceivable that different strains of
Medin form in the mouse and human vasculature and become (locally) amplified, providing a
possible explanation for the differences in amyloid dye affinity observed in our analyses.
Further relating to the role of amyloids in vascular dysfunction, it has been shown that soluble
amyloid-B monomers and oligomers significantly impair vascular function in Alzheimer’s
disease (e.g. [36—38]), and it will therefore be important to determine which specific types of
Medin aggregates are responsible for inducing vascular dysfunction in the aging brain.

Even though Medin is the most common human amyloid described so far, little is known
about its contribution to disease. Correlative analyses of human tissue suggest that MFG-E8
and Medin may contribute to vasculitis and thoracic aneurysms and dissection (9, 10) as well
as vascular dementia (11). Mechanistically, it has been hypothesized that Medin amyloid leads
to cell toxicity through promoting inflammatory and oxidative stress, thereby altering the arterial
wall structure and predisposing arteries to age-related vascular dysfunction and disease (39—
42). However, these studies were unable to determine whether Medin aggregates were cause
or consequence of pathological vascular changes. Our observation that Medin deposition
occurs in murine blood vessels with age and is absent in Mfge8 C2 KO animals allowed us to
examine in living mice whether this process contributes to vascular dysfunction. Our results
now provide the first direct evidence that Medin aggregation within (cerebral) blood vessels
may be causal for vascular dysfunction. Whether this occurs independently or is interlinked
with previously reported mechanisms of age-related cerebrovascular dysfunction (including
increases in reactive oxygen species [25]) requires further investigation. Nevertheless, our
findings indicate that vascular function can be improved by preventing Medin aggregation.
Given the high prevalence of cardiovascular, cerebrovascular, and neurodegenerative
diseases in the aging population (43, 44), preservation of vascular function remains a major
challenge in medical research (45-47). Targeting Medin aggregation should therefore be
investigated as a novel therapeutic option to promote healthy aging of the vasculature. Notably,
the NMR structure of the Medin-containing C2 domain of human MFG-E8 has been resolved
(PDB 2L9L; [48]); this may allow for rational drug design to prevent Medin aggregation through
kinetic stabilization of its native structure, as exemplified for example by recent approaches to
prevent transthyretin amyloidosis (49).

Finally, a potential interaction between Medin and amyloids in the brain is also of

interest, because amyloidosis is prevalent in many neurodegenerative diseases. Previous



experiments showed that Medin can act as a heterologous seed for the aggregation of serum
amyloid A (50), but whether it interacts with other extracellular amyloids and in particular
amyloid-B, which deposits both in the parenchyma as well as in blood vessels of the brain,
remains unknown. Despite their structural similarities, amyloids do not necessarily co-
aggregate and can even show cross-inhibitory effects (51, 52). Therefore, understanding if and
how Medin may contribute to age-related amyloidosis in the brain will be investigated in future

studies.
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Materials and Methods

Human tissue
Ascending aortic tissue samples were obtained from patients undergoing elective aneurysmal
repair at Liverpool Heart and Chest Hospital (S/ Appendix, Table S1). This study was ethically
approved by Liverpool Bio-Innovation Hub (project approval reference 15-06 and 18-07). One
case (patient 2) was obtained from informed consent post-mortem collection through the Leeds
GIFT scheme. Ethical approval for this patient was conferred by NRES Committee East of
England-Cambridge South (approval reference 11/EE/0528). Human brain tissue
(Supplementary Table S2) was obtained from the Queen Square Brain Bank for Neurological
Disorders (UCL Institute of Neurology, London, UK; approval protocol No: EXTMTA5/16).
This study was also approved by the ethical committee of the Medical Faculty,
University of Tubingen, Germany (Protocol No: 354/2016B0O2). Informed consent was

obtained from all participants.

Mice

Male and female C57BL/6J and C57BL/6J-Mfge8 Gt*ST227B¥9 mice (5) (generously provided by
Dr. Clotilde Théry, INSERM U932, Institute Curie, France), were bred in-house under specific
pathogen-free conditions. All experiments were performed in accordance with German
veterinary office regulations (Baden-Wurttemberg and Hessen) and were approved by the local
authorities for animal experimentation (Regierungsprasidium) of Tlbingen, Germany
(Approval numbers: N03/14, N02/15, NO7/16, §4MIT v. 05.03.2018, §4MIT v. 18.08.2016) and
Frankfurt, Germany (protocol number: FR-1001).

Tissue collection and analyses
For brain and aorta preparation, mice were deeply anesthetized and transcardially perfused
with phosphate-buffered saline (PBS) and processed for biochemical analyses and

immunostaining as described in S/ Appendix, Materials and Methods.

2-photon imaging of vascular function
Cranial window surgeries were carried out as previously described in detail (53-55), using
hindlimb stimulation to elicit functional hyperemia in the middle cerebral artery territory of the

sensorimotor cortex, as described in detail in SI Appendix, Materials and Methods.

Statistics
Statistical analysis was performed using Prism 6 and JMP software (version 14.2.0) as
indicated in the Figure legends and as described in detail in S/ Appendix, Materials and

Methods. All data shown are means + S.E.M.
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Figure 1: MFG-E8-positive aggregates accumulate in the mouse aorta with age.

A, Left, Schematic structure of human and murine MFG-E8 showing the major protein domains and
highlighting protein regions recognized by the two antibodies used throughout this study (green). The
structure of the truncated Mfge8 gene in the C2 domain knockout mice is shown at the bottom, indicating
the introduction of a B-galactosidase reporter gene fused to a transmembrane domain (TM), which
effectively traps the gene product inside the cell. Right, Amino acid sequence comparison of the reported
human Medin sequence with the homologous murine sequence; top: TANGO prediction of aggregation-
prone peptides within the Medin sequence, with high conservation but lower aggregation propensity in
the mouse. B, Protein levels in wildtype mouse aorta and serum in young adult (2-4 months old;
Naorta=3/3, Nserum=5/3 female/male), adult (12-month-old, Naota=3/4, Nserum=3/5 female/male) and aged
(20-month-old, Naorta=3/5, Nsenm=3/5 female/male) animals and Mfge8 C2 knockout tissue (n = 1/1
female/male). Data shown are means + S.E.M., with one-way ANOVA for aorta: F(2,18)=29.97,
P<0.0001; serum: F(2,21)=6.85, P=0.005; */**/*** indicate P<0.05/0.01/0.001 for posthoc Tukey test. C,
Representative immunohistochemical staining for MFG-E8 (black) and cell nuclei (red) of 5 um sections
of the mouse aorta in wildtype and Mfge8 C2 KO animals. D, Immuno-electron microscopy for MFG-E8
of aged wildtype mouse aorta (n=2 female mice; 24-month-old); no aggregates were found in young
adult (n=2 male; 3-month-old) or aged Mfge8 C2 KO (n=1/1 male/female; 21-23 months old) animals.
E, Staining of human aorta sections (5 ym) with anti-human Medin antibody (clone 1H4) or an isotype-
control antibody (bottom row) and the amyloid-binding dye Methoxy-X04. Scale bars are 25 ym in C,
2500 nm (low magnification image) and 500 nm (high magnification image) in D and 25 ym in E. ‘n.d.’,

not detectable.
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Figure 2: Aortic deposits in mice show biochemical characteristics of protein aggregates and
are enriched in Medin-containing fragments of MFG-ES.

A, Graphical summary of the purification procedure for the enrichment of protein aggregates from tissue
homogenates. B, Analysis of human aorta homogenates (total homogenate: TH; lysed homogenate:
LH) reveals enrichment of Medin-positive bands, corresponding to monomeric (~4 kDa) and oligomeric
(~8/12 kDa) species. C, In mouse aorta samples (pools of 16 aortas were used as input), full-length
MFG-EB8 is degraded and a ~5 kDa fragment is enriched only from aged wildtype but not young wildtype
or aged Mfge8 C2 KO aortas. D, Mass spectrometry (MS) analysis of total aorta homogenate of young
adult wildtype (2-month-old; n=1/1 female/male) and aged (20-month-old) Mfge8 C2 KO (n=2 females)
and wildtype (n= 1/2 female/male) mice. Following pre-fractionation and in-gel digestions, gel sections
containing small proteins (<17 kDa) were excised and subjected to MS analysis. No MFG-E8 peptides
were found in samples from young wildtype or aged Mfge8 C2 KO animals while aged wildtype aortas
contained <17 kDa fragments of MFG-E8, which were most consistently found in the C2 domain (color-
code indicates detection in different number of samples; yellow/orange/red = 1/2/3 out of 3 samples).
The reported human Medin sequence is highlighted with a blue frame.
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Figure 3: MFG-E8/Medin deposition causes age-associated cerebrovascular dysfunction.

A, In brain sections of healthy human patients (n=3 patients analyzed) extensive vascular staining of
aggregate-like structures is seen with a monoclonal anti-human Medin antibody (1H4). Aggregates are
largely localized in the tunica media and the parenchymal side of the vessels. Bottom, Medin-positive
deposits do not stain with the amyloid-dye Methoxy-X04 and are negative for amyloid-B. Scale bar: 50
um. B, In aged (20-month-old) but not young (2-month-old) mice, aggregate-like structures are also
present in the brain vasculature, where they are found mostly in the tunica media and the luminal side
of blood vessels. Scale bar: 25 pm. C, Quantification of total MFG-E8 protein levels with age in the
wildtype mouse brain (n=3/3 females/males per group, significant Kruskal-Wallis test: KW statistic=5.93,
P=0.047, followed by Dunn’s posthoc comparison, * P<0.05). D, Quantification of the overall vascular
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density (area of smooth muscle actin, SMA, staining) and vascular MFG-E8 staining (% MFG-E8
staining within SMA-positive area) in brain sections with age in wildtype mice (n=3/3 females/males per
group). Data shown are means * S.E.M. E, Regression analysis for the impact of age on
cerebrovascular accumulation of MFG-E8/Medin (effect leverage plot, where a least squares line [red]
and confidence bands [shaded red] are fitted). Analysis for the mean vascular MFG-E8 staining per
animal (/eft) and per brain section (right). F, Representative confocal z-stack of an artery from the middle
cerebral artery territory in the somatosensory cortex (horizontal brain section; Scale bar: 25 pum).
G, Schematic illustration of in vivo analysis of vascular function in the brain of living mice using 2-photon
imaging of functional hyperemia. H, left, Representative traces and right, quantification of the change in
diameter of individual arterioles in adult wildtype (n=4; 5/6/6/6-month-old male) or Mfge8 C2 KO (n=3;
6/6/8-month-old male) and aged wildtype (n=4; 21/22/22/22-month-old male) or Mfge8 C2 KO (n=3;
19/22/27-month-old male) animals, with t12 reflecting the speed of vessel dilation, and the area under
the curve reflecting the speed of constriction (1-3 arterioles per animal). Arterial dilation and constriction
are significantly improved in aged Mfge8 C2 KO compared to aged wildtype animals. Two-way ANOVA,
tiz2:  significant main  effects of age*genotype/genotype/age: F(1,25)=7.763/9.369/16.15,
P=0.01/0.0052/0.0005; Area under the curve: significant main effect of genotype, F(1,28)=8.62,
P=0.0066; */**/*** P<0.05/0.01/0.001 for posthoc Bonferroni comparisons. Data shown are means +
S.E.M. (data points are measurements from individual blood vessels).
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