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Abstract
Microvascular pathology and ischemic lesions contribute substantially to neuronal dysfunction and loss that lead to
Alzheimer disease (AD). To facilitate recovery, the brain stimulates neovascularization of damaged tissue via sprouting
angiogenesis, a process regulated by endothelial cell (EC) sprouting and the EphB4/ephrinB2 system. Here, we show that in
cultures of brain ECs, EphB4 stimulates the VE-cadherin/Rok-α angiogenic complexes known to mediate sprouting
angiogenesis. Importantly, brain EC cultures expressing PS1 FAD mutants decrease the EphB4-stimulated γ-secretase
cleavage of ephrinB2 and reduce production of the angiogenic peptide ephrinB2/CTF2, the VE-cadherin angiogenic
complexes and EC sprouting and tube formation. These data suggest that FAD mutants may attenuate ischemia-induced
brain angiogenesis. Supporting this hypothesis, ischemia-induced VE-cadherin angiogenic complexes, levels of
neoangiogenesis marker Endoglin, vascular density, and cerebral blood flow recovery, are all decreased in brains of
mouse models expressing PS1 FAD mutants. Ischemia-induced brain neuronal death and cognitive deficits also increase in
these mice. Furthermore, a small peptide comprising the C-terminal sequence of peptide ephrinB2/CTF2 rescues angiogenic
functions of brain ECs expressing PS1 FAD mutants. Together, our data show that PS1 FAD mutations impede the EphB4/
ephrinB2-mediated angiogenic functions of ECs and impair brain neovascularization, neuronal survival and cognitive
recovery following ischemia. Furthermore, our data reveal a novel brain angiogenic mechanism targeted by PS1 FAD
mutants and a potential therapeutic target for ischemia-induced neurodegeneration. Importantly, FAD mutant effects occur in
absence of neuropathological hallmarks of AD, supporting that such hallmarks may form downstream of mutant effects on
neoangiogenesis and neuronal survival.

Introduction

A large amount of evidence links brain vascular dys-
function to the onset of Alzheimer’s disease (AD). A

strong association between cognitive decline and cere-
brovascular abnormalities is supported by data that AD
brains exhibit vascular pathology [1, 2] with changes in
the microvasculature preceding neurodegenerative chan-
ges and cognitive decline [3–5]. Vascular damage of the
brain induces ischemia, which causes further tissue
damage (infarction) and it has been suggested that clinical
expression of AD is partly determined by the presence of
comorbid conditions such as brain infarcts associated with
ischemia [6–9]. One of the protective mechanisms of the
brain, which acts as a reparative function against ischemic
insults is the neovascularization of affected tissue, a
mechanism regulated by endothelial cells (ECs) [10].
Dysfunction of this EC-based process can lead to
decreased neovascularization and tissue repair activity
following toxic insults thus compromising the integrity
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and plasticity of brain vasculature and, ultimately, the
neuronal health and function.

Angiogenesis, a process that modulates the structure
and function of the vascular system, is controlled by
several growth factors including FGF, VEGF, angio-
poietin, and the ephrinB2 (efnB2)/EphB4 bidirectional
ligand/receptor system [11, 12]. EphB4 receptors bind
specifically to efnB2 ligands at the surface of ECs and
stimulate cell sprouting, a function critical to insult-
induced angiogenesis [13–15]. Sprouting of ECs is regu-
lated by the recruitment of Raf-1 and Rok-α (Rho effec-
tor) kinases to vascular endothelial (VE)-cadherin-
containing adherens junctions (AJ) [16]. The EphB4/
efnB2 system regulates ischemia-induced brain angio-
genesis and its angiogenic functions are regulated by
Presenilin1 (PS1)/γ-secretase in vitro [15, 17, 18]. Spe-
cifically, binding of EphB4 to efnB2 stimulates the PS1/γ-
secretase cleavage of efnB2 producing peptide efnB2/
CTF2 that stimulates formation of Raf-1/Rok-a/VE-cad-
herin angiogenic complexes and sprouting of micro-
vascular ECs [15, 19]. PS1 FAD mutants are responsible
for most cases of familial AD (FAD) and have been
shown to reduce the ε-cleavage of many type I tramns-
membrane proteins including efnB2 [15, 20–23]. Here, we
asked whether such mutants affect the EphB4-regulated
angiogenic functions of ECs and ischemia-induced brain
neovascularization and repair. We found that EphB4-
induced angiogenic functions of brain ECs such as
sprouting, tube formation, and angiogenic complexes are
decreased by PS1 FAD mutants. Furthermore, such
mutants decrease the EphB4-induced γ-secretase cleavage
of efnB2 and production of the angiogenic peptide efnB2/
CTF2. We also show that PS1 FAD mutants decrease the
ischemia-induced brain angiogenic complexes, neo-
vascularization, and cerebral blood flow (CBF) restoration
while increasing neuronal death and cognitive decline of
FAD mouse models. Together, our data indicate that PS1
FAD mutants render the brain vulnerable to toxic insults
by compromising brain vasculature repair mechanisms
and suggest a novel theory by which FAD mutants may
promote neurodegeneration.

Materials and methods

Time line of in vivo experiments

Animals

The PS1 M146V knock in (KI) [24], PS1 I213T KI [25], and
PS1 knockout (KO) [26] mice have been described. We used
3–4-month-old male mice (C57B/6). All animal experiments
were performed in accordance with the Icahn School of

Medicine at Mount Sinai Institutional Animal Care and Use
Committee and with national regulations and policies. For the
control group, age matched WT mice were used for each
experiment. Investigators were not blinded to the mouse
genotype and/or group allocation with the exception of the
experimenters that performed the stereologic analysis and the
measurement of NeuN-positive neurons.

Materials and antibodies

Anti-Collagen IV antibody (AB756P) was from EMD Mil-
lipore (Billerica, MA) and antibodies against GFAP (ab4674),
NeuN (ab134014), and Rok-α (71598) were from Abcam
(Cambridge, MA). Anti-VE cadherin (H-72, sc28644), Rok-α
(D2, sc365275), and ephrinB2 (C18, sc910) antibodies were
from Santa Cruz (Dallas, TX) and antibodies against Rok-α
(PLA0013) and Von Willebrand Factor (VWF, AB7356)
from Sigma. Anti-GAPDH (2118S) and anti-myc (9B11,
2276) antibodies were from Cell Signaling Technologies
(Beverly, MA). Recombinant mouse EphB4-Fc and human
Fc IgG and antibody against endoglin (CD-105; AF1320-SP)
were from R & D Systems (Minneapolis, MN). Anti-Fc
(rabbit anti-human IgG, Fcγ fragment specific, 309-005-008)
was from Jackson immune research. 1,1′-Dioctadecyl-
3,3,3′,3′-tetramethylindocarbocyanine-acetylated low density
lipoprotein from human plasma (Dil-Ac-LDL) was purchased
from Alfa Aesar Co. γ-Secretase inhibitors IX (DAPT) and X
(L685,458) were from Calbiochem (Billerica, MA) and
RO4929097 was from Selleck Chemicals.

Middle cerebral artery occlusion (MCAO)

Experiments were carried out in adult male mice weighing
18–33 g, no formal randomization was performed but all lit-
termates of different genotypes were subjected to MCAO the
same day to have a better distribution of covariates among the
different genotypes. Focal cerebral ischemia was induced
using an occluding silicon-coated intraluminal suture as
described [27–31]. Successful application of MCAO was
determined by Laser Doppler flowmetry. Only mice in which
CBF was dropped to >70% of the baseline (before MCAO)
after the occlusion were used for experiments. An additional
criterion was that the infarcted area volume should be
25–45% of the ipsilateral hemisphere volume as determined
by Diffusion-weighted Imaging (DWI). Lesion size was
confirmed with TTC (2,3,5-triphenyltetrazolium chloride)
staining. Isolated brains are sectioned coronally into five 1
mm slices using a mouse brain matrix (Brain Tree Science).
Slices are immediately stained with TTC (Sigma) for 30min
and fixed with 4% PFA to detect infarct area. At least three
biological replicates (from different animals). Refer to the
figure legend for n corresponding to number of biological
replicates.
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Magnetic resonance imaging (MRI)

After inducing MCAO, brains were imaged using perfusion
MRI (pMRI) to measure CBF at 1, 5, and 15 days post
MCAO and T2 and DTI (Diffusion Tensor Imaging) to
detect brain lesion, edema and anatomical changes. Imaging
was performed at Mount Sinai imaging facility using a 7-
Tesla, 200 mm diameter horizontal bore magnet interfaced
to an SMIS console.

Before imaging, each mouse was anesthetized with
intraperitoneal injection of a mixture of Ketamine (120 mg/
kg) and xylazine (20 mg/kg), and a 1.0 mm diameter intra-
venous catheter was inserted into the tail vein for the con-
trast agent (0.1 mL (0.2 mL/kg) of Gd-DTPA) (Magnevist)).
The tail vein was chosen as an easily accessible large vein
for catheterization, and to ensure a well-defined cerebral
contrast bolus.

During scanning, animals were anesthetized and main-
tained at 15% isofluorane in NO2 (75%) and O2 (23%)
throughout the scan time.

After a localizer, we manually shimmed the brain region
for optimal signal and signal distortion. First a dual echo
T2-weighted scan was obtained to verify the ischemic lesion
using a dual echo spin echo with TR= 2000ms, TE= 13/
65 ms, FOV= 20 mm, matrix slice= 256 × 256, 16 slices,
slice thickness 0.5 mm. These data were used for co-
registration and identification of the location of the
perfusion scans.

Baseline scans were acquired for 20 s after which the full
dose of 0.15mL bolus was injected. Scanning continued for
another 3 min. Perfusion MRI protocol is as follows: T2*
weighted Fast Low-Angle Shot sequence with the following
parameters: TR= 1000ms, TE= 9ms, matrix= 64 × 64,
FOV= 20mm, slice thickness= 0.5 mm, 16 coronal slices.
In addition, diffusion-weighted imaging was obtained using a
Pulse Gradient Spin Echo Sequence with the following
parameters: TR= 4000ms, TE= 22.7 ms, matrix size=
128 × 128, FOV= 16mm, slice thickness 0.6 mm. Images
were acquired every second for 2 min, with injection of the
contrast bolus beginning. After the pMRI data were acquired
a final set of post contrast T1-weighted images were collected
to complete the MRI data acquisition. The total acquisition
time for each mouse, including set up, was 1–1.5 h.

MRI analysis

For pMRI analysis, from the dynamic pMRI data set,
relative cerebral blood volume (rCBV) values were calcu-
lated in regions of interest (ROIs) within lesions using
standard algorithms based on intravascular injection dilu-
tion theory, with baseline subtraction to correct for contrast
leakage [32]. CBV was proportional to the area under the
corrected concentration-time curve, and was expressed

relative to CBV measured in contralateral side of brains. At
least three biological replicates (from different animals).
Refer to the figure legend for n corresponding to number of
biological replicates.

Culture of primary mouse cortical endothelial cells (pCEC)

pCECs from WT, I213T and M146V heterozygous and
homozygous KI mouse brains at embryonic day 15.5
(E15.5) were isolated as previously described [33], and
genotyped for M146V and I213T mutations [34]. Dis-
sociated brain cells were plated onto collagen I coated plates
at a density of ~2 × 104 cells per well in a 12-well plate.
Cells were maintained in endothelial cell medium; MCDB-
131 complete medium (VEC Technologies, NY) supple-
mented with ECGS (354006, Corning, NY) to a final con-
centration of 40 μg/mL and EGF to a final concentration of
0.01 μg/mL (Corning). Purity of the cultures was assessed
with flow cytometry (FACS). ECs were incubated with
fluorescent Dil-Ac-LDL (Alfa Aesar Co), trypsinized and
analyzed by flow cytometry. We saw that 99.55% (SEM=
0.18%, n= 8) of the cells were Dil-Ac-LDL positive. To
verify that cells internalizing Dil-Ac-LDL are endothelial,
we performed ICC using anti-VWF and anti-endoglin (anti-
CD105) antibodies (Supplementary Fig. S1). The above
showed that our cultures contain more than 99% ECs. All
cell cultures were tested for mycoplasma contamination.

Microcarrier bead sprouting assay

In vitro sprouting and quantitation were performed as
described [15] with some modifications. Cells grown in
ECGM were loaded on Cytodex 3 microcarrier (MC) beads
(C3275, Sigma, MO) at 30 cells per bead. Beads had been
recoated with 10 μg/mL Rat Collagen I (354236, Corning,
NY) solution. pCECs were stimulated with 4 μg/mL Fc or
EphB4-Fc. The number of capillary sprouts exceeding in
length the diameter of the MC bead (~175 μm) and con-
taining at least 3 nuclei (as visualized by Hoechst
33258 staining) was determined for 20 MC beads. Cells
were photographed on an Olympus IX70 microscope with
Retiga Exi camera. At least three biological replicates (cell
cultures from different animals). Refer to the figure legend
for n corresponding to number of biological replicates.

Tube formation assay

Formation of capillary-like structures was assessed in a 48-
well plate using growth factor-reduced Matrigel (BD
Biosciences, NJ) as described [35]. pCECs were grown
in ECGM, labeled with 0.3 μM Calcein AM for 30 min at
37 °C, trypsinized and plated (24,000 cells/well) on top
of Matrigel (200 μL/well) in tube formation medium
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(3:1 RPMI:MCDB-131). Cells were stimulated with
2 μg/mL of clustered Fc or EphB4-Fc. The highest number
of tubes was detected at 3.5–4.5 h following EphB4-Fc
stimulation, the 3.5-h time point was used for quantifica-
tions. Microphotographs of Calcein AM (for increased
contrast: excitation: 485 nm, emission: 520 nm) overlapped
with phase contrast (for better visualization of thin seg-
ments, and to identify the middle of the well) were obtained
with an Olympus IX70 microscope with Retiga Exi camera.
Five pictures per well captured most of the well surface and
contained all formed tubes (48-well plate), the pictures were
“stitched” together by Microsoft Image Composite Editor
(Microsoft Research Computational Photography) and the
total number of tubes were counted with ImageJ. At least
three biological replicates (cell cultures from different ani-
mals). Refer to the figure legend for n corresponding to
number of biological replicates.

Protein isolation, immunoprecipitation, and Western
blotting

pCECs from embryo brains were rinsed twice with PBS and
lysed in Triton-X buffer (10 mM Hepes, pH 7.4, 150 mM
NaCl, 2 mM CaCl2, 0.02% (w/v) NaN3, 1% (v/v) Triton X-
100, complete protease inhibitor cocktail (Roche Applied
Science)). Immunoprecipitations (IPs) were carried out
using specific antibodies and antigens were detected on
Western Blot as described [19]. Semi-quantification of
protein detection was done by image analysis with ImageJ.

Solid phase proximity ligation assay (spPLA)

We applied spPLA to detect protein complexes in lysates of
mouse brains with lysis buffer (25 mM Tris-HCl (pH 7.4)
137 mM NaCl, 3 mM KCl, 0.5% IGEPAL CA-630, 1 mM
sodium orthovanadate, 20 mM sodium fluoride, 25 mM
sodium phyrophosphate, 50% glycerol, and proteinase
inhibitor cocktail (Roche). Protein concentration in the
lysate was adjusted to 1 mg/mL. Anti-VE cadherin rabbit
polyclonal antibody (Santa Cruz Biotechnologies, sc28644)
was biotinylated with ChromaLink One-shot antibody
Biotinylation kit (solulink). Antibodies were labeled with
DBCO-PEG4-NHS ester using click chemistry reaction
(uptima); anti-VE cadherin was labeled with oligo DNA
probe A or probe B; anti-Rock2 (Abcam, ab71598) was
labeled with oligo DNA probe B according to the manu-
facturer’s protocol. After incubating biotinylated VE-
cadherin antibody with microparticles, lysates were incu-
bated with these microparticles. Probe A and probe
B-labeled antibodies were diluted to spPLA buffer (1 mM
d-biotin, 1 mg/mL BSA, 0.05% Tween-20, 100 nM goat
IgG, 0.1 mg/mL Salmon sperm DNA and 5 mM EDTA in
PBS). After incubation with lysates, the microparticles were

incubated with diluted probe A and probB-labeled anti-
bodies. After incubation, the region annealed by probe A
and probe B was extended by DNA polymerase and these
products were quantified by real time PCR. Negative con-
trols omit one of the probe-labeled antibodies or include
lysis buffer without the mouse brain extract.

At least three biological replicates (brains from different
animals). Refer to the figure legend for n corresponding to
number of biological replicates.

Transduction with viral constructs and transient
transfection of cells

Transduction of pCECs with pMX viral vector was done as
described previously [36]. Cells were transduced with
murine full length efnB2 triple tagged with myc for detec-
tion purposes or with efnB2/CTF2 also tagged with triple
myc [36]. HEK293 cells (ATCC) overexpressing efnB2-
myc3 were grown in Dulbecco’s modified Eagle’s medium
(DMEM) plus 10% fetal bovine serum (FBS). Cells were
transiently transfected with 1 μg of cDNA using the Lipo-
fectamine 3000 Reagent (Invitrogen) according to manu-
facturer’s protocol. The following constructs were used:
FCbAIGW vector (Addgene), WT-PS1, PS1 M146V, and
PS1 I213T (Genscript) in FCbAIGW vector. Cell cultures
were tested for mycoplasma contamination. At least three
biological replicates (from different cell cultures). Refer to
the figure legend for n corresponding to number of biolo-
gical replicates.

Tissue processing

Adult mice were anesthetized with 150 mg/kg ketamine and
30 mg/kg xylazine 1 and 30 days post MCAO and were
sacrificed by transcardial perfusion with cold 4% paraf-
ormaldehyde in PBS. After perfusion, brains were removed
and post-fixed in 4% paraformaldehyde for 48 h at 4 °C,
transferred to 30% sucrose in PBS, and stored at 4 °C until
sectioning. 50 μm-thick coronal sections were cut using a
Leica VT1000 S Vibratome (Leica, Wetzlar, Germany) and
stored in 0.02% sodium azide in PBS until used.

Immunohistochemisty

Immunohistochemical staining was performed on free-
floating sections. Immunofluorescence staining for Col-
lagen IV was performed on pepsin-digested tissue as
described [37]. The sections were washed with dH2O for
10 min and treated with 1 mg/mL pepsin (Dako, CA) in 3%
acetic acid for 15 min at 37 °C. After washing in dH2O three
times, sections were blocked with PBS/0.1% tritonX-100/
5% goat serum (PBS-TGS) for 2 h and primary antibodies
against Collagen IV and GFAP were applied overnight in
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PBS-TGS at room temperature. Following washing in PBS
for 1 h, staining was detected by incubation with species-
specific AlexaFlour secondary antibody conjugates (1:1000;
Invitrogen, CA) for 3 h in PBS-TFS. Sections were moun-
ted on slides using Vectashield antifade mounting medium
including DAPI (Vector Laboratories, CA).

Stereologic analysis

To measure the total length of vessels a stereologic analysis
was performed as described previously [37, 38]. Briefly,
every 10th section was chosen, beginning with a random
section between 1 and 6 and immunostained for collagen IV
and GFAP as described above. To reduce bias, all analyses
were performed blind to genotype. GFAP was used to
define ROI using a Zeiss Axioplan 2 microscope and Ste-
reoInvestigator software (v11.11.3; MBF Bioscience,
Williston, VT). The ROI in our experiments covered areas
of the striatum and occasionally the cortex. Area of GFAP
immunostaining determined the ROI boundaries and was
outlined with free hand tool of stereoinvestigator. Vascular
area and length was then examined in ROI on collagen IV
immunostaining using the software’s Spaceballs probe
21–24 and a 40× oil Zeiss Plan NEOFLUAR objective with
a 1.3 NA. The dimensions of the random sampling grid
used were set at x= 310 μm, y= 300 μm, and a hemisphere
with a radius of 15 μm was used. A 0.5-μm guard zone was
set at the top and bottom of the tissue to avoid counting in
the compromised cut surface. Sampling grids were sys-
tematically and randomly placed by the stereology software
throughout the ROI. At least three biological replicates
(from different animals). Refer to the figure legend for
n corresponding to number of biological replicates.

Measurement of NeuN-positive neurons

Neurons were stained with anti-NeuN and lesion area was
identified with anti-GFAP staining. The number of NeuN-
immunolabelled neurons in lesion area and contralateral
area were counted in every 10th section using the Stereo-
investigator software. Images were obtained with a Zeiss
Axioplan 2 microscope. Under low magnification, the
boundary of lesion area was identified with GFAP staining
and the boundary contour in lesion area was drawn using
the software-pointing device. The same drawn area was
used in the contralateral lateral area of the section. A
systematic-random generated sampling grid was placed
over the contour area, containing an average number of 162
20 µm × 20 µm square counting frames per animal (200 ×
200 µm with a 2 μm guard zone and a dissector height of
25 µm). Only NeuN stained neurons within the counting
frame and no contact with exclusion lines were counted
using a ×40 objective lens. The total number of neurons per

lesion size was estimated using the optical fractionator. At
least three biological replicates (from different animals).
Refer to the figure legend for n corresponding to number of
biological replicates.

Behavioral tests

The behavioral tests include two locomotion and two
memory tests, performed in the following order before and
after MCAO: Open field test, rotarod test, Y maze sponta-
neous alternation and novel object recognition (NOR). We
first ensured that all MCAO surgery underwent in a similar
fashion among all experimental groups with ischemic def-
icits, neurological deficits and infarct volumes. One type of
behavior test was tested per day and each mouse was tested
once in each test. All tested animals were video-recorded
with a digital camera (Logitec), tracked and analyzed with
Ethovision XT tracking system software (Noldus informa-
tion technology Inc). Habituation was done in the testing
room for 30 min at the beginning of each test day. General
motivation to explore and motor function were measured in
an open field before assessing the functional cognition test
(NOR and Y maze). For open field test, time of movement,
number of entry into the center, and total distance of
movement were measured [39]. After the functional cog-
nition test, rotarod test was used as motor skill learning test.
NOR test was done as described [40, 41]. For Y maze test
mice were placed in one of arm of a Y shaped chamber and
mouse entries in each arm of a Y shaped chamber were
measured during 10 min. The percentage of alternations was
calculated. For neurological scoring, all items on the global
neurological scale are counted 24 h following MCAO with
a point system adapted from a previous study as follows: 1
point for torso flexion to the right in the air; 2 points for
deficit in gripping with a paw; 3 points for circling with the
front paws when suspended from the tail; 4 points for
spontaneous circling on the floor; 5 points for irrespon-
siveness to stimuli. The sum of all points 32 was used as the
score of motor deficit. At least three biological replicates
(from different animals). Refer to the figure legend for
n corresponding to number of biological replicates.

Statistical analysis

Sample sizes to ensure adequate power (80%) were esti-
mated with G*Power [42]. Data are expressed as mean
values ± standard error of means (SEM) except if otherwise
indicated in the figure legend. Statistical significance testing
was performed with GraphPad Software. For group com-
parisons (>2) one-way analysis of variance (ANOVA) was
used. Where decisions for statistical significance need to
take into account multiple pairwise comparisons among
groups, we use single-step multiple comparison methods
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when available (e.g., post hoc pairwise Tukey’s test),
otherwise, we adjust the p values for multiple comparisons
(e.g., Bonferroni adjustment of post hoc pairwise logrank
tests). To test whether there was a proportional increase of
CBF with days post-MCAO, we performed linear regres-
sion and looked for significance with a positive slope. To
test for difference in the kinetics of edema resolution we
performed survival analysis with a logrank test
(Mantel–Cox method). To test treatment response when the
data did not originate from normally distributed values, we
used the Wilcoxon Signed Rank Test against theoretical
median of 100% (no response). All statistical tests are two-
sided unless otherwise specified in the figure legend.
p < 0.05 was considered significant (*p < 0.05, **p < 0.01,
***p < 0.001, ****p < 0.0001).

Results

PS1 FAD mutants inhibit EphB4-stimulated
angiogenic functions and complexes of primary
cortical endothelial cell (pCEC) cultures

We asked whether EphB4 stimulates angiogenic functions
of brain pCECs and whether these functions are affected by
PS1 FAD mutants. Figure 1a–d shows that EphB4, known
to bind cell surface efnB2, stimulates sprouting and tube
formation of pCEC cultures prepared from WT mouse
brains but not of pCEC cultures from mouse brains
expressing PS1 FAD mutant M146V or I213T. It is known
that angiogenic functions such as sprouting of lung and
adrenal microvascular ECs are mediated by factor-
stimulated molecular complexes between VE-cadherin and
Rok-α kinase [16, 19] and we obtained data that EphB4
increases the VE-cadherin/Rok-α complex of pCEC cul-
tures prepared from WT brains (Fig. 1e, lanes 1–2) but not
of pCEC cultures prepared form mouse brains expressing
PS1 FAD mutant M146V or I213T (Fig. 1e, f). Together
our data show that EphB4 stimulates angiogenic functions
of WT brain ECs but not of brain ECs expressing PS1 FAD
mutant M146V or I213T. Furthermore, our data indicate
that PS1 FAD mutants inhibit the EphB4-dependent
angiogenic functions of brain ECs by blocking formation
of the EphB4-stimulated angiogenic complexes and suggest
that PS1 FAD mutants may also affect insult-stimulated
brain angiogenesis in vivo.

The EphB4-stimulated PS1/γ-secretase processing of
efnB2 is inhibited by PS1 FAD mutants M146V and
I213T

It has been reported that protein efnB2 is processed by
PS1-, but not PS2-, containing γ-secretase complexes [43].

To examine whether the γ-secretase function of PS1 is
involved in the EphB4-induced angiogenic functions of
pCECs, we used cell cultures prepared from WT or PS1 KO
mouse brains. We found that treatment of WT pCEC cul-
tures with γ-secretase inhibitors decreases the EphB4-
induced sprouting (Fig. 1g, h). Similarly, pCEC cultures
from brains of PS1 KO mice fail to respond to EphB4 by
stimulating tube formation (Fig. 1i, j). Our data indicate that
the PS1-dependent γ-secretase function is pivotal to the
EphB4-stimulated sprouting and tube formation of pCECs.
Interestingly absence of even one allele of PS1 (PS1 ± cells)
also reduces the EphB4-stimulated tube formation of
pCECs (Fig. 1i, j) showing that both alleles of WT PS1 are
necessary for efficient angiogenic response to EphB4. It has
been shown that the γ-secretase cleavage of efnB2 produces
cytosolic angiogenic peptide efnB2/CTF2 that regulates
angiogenic functions of ECs such as sprouting and tube
formation [19] and that PS1 FAD mutants decrease the γ-
secretase activity-mediated ε-cleavage of γ-secretase sub-
strates including efnB2 [15, 20–23]. We thus asked whether
PS1 FAD mutants decrease the EphB4-stimulated γ-secre-
tase cleavage of efnB2 thus reducing formation of efnB2/
CTF2. We found that although EphB4-Fc stimulates pro-
duction of efnB2/CTF2 in cells expressing WT PS1
(Fig. 2a, b, lanes 1–2), production of efnB2/CTF2 is sig-
nificantly reduced in cells expressing PS1 FAD mutants
M146V or I213T (Fig. 2b, lanes 3–6 and graph below
Fig. 2b), indicating that these mutants reduce the EphB4-
stimulated γ-secretase cleavage of efnB2 and production
of efnB2/CTF2. Together our data indicate that PS1
FAD mutants inhibit angiogenic functions of pCECs
by decreasing production of the angiogenic peptide
efnB2/CTF2.

Peptide NCB-2 potently increases sprouting of PS1
FAD mutant ECs

To further identify the amino acid sequence involved in
the sprouting angiogenic functions of efnB2/CTF2, we
prepared a small peptide (NCB-2) based on the primary
sequence of efnB2/CTF2. This peptide comprises the ten
C-terminal amino acid sequence of efnB2/CTF2 including
the PDZ-binding domain of efnB2, and increases neuronal
chemotaxis via efnB2 reverse signaling [44]. NCB-2 is
fused to the TAT sequence at its N-terminus to facilitate
membrane penetration [45] and is also tagged with 5-
FAM (fluorescein) for detection purposes (GenSript).
NCB-2 penetrates the cell membrane entering into the
cells as detected by fluorescence (Fig. 2c, panels NCB-2).
We found that NCB-2 stimulates sprouting of WT EC
cultures (Fig. 2d and Supplementary Fig. S2a, panels a, b)
indicating that the last ten amino acids of peptide efnB2/
CTF2 are sufficient to induce sprouting. Importantly,
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NCB-2 also stimulates sprouting of ECs expressing PS1
FAD mutant M146V or I213T to a similar extent as it
stimulates sprouting of WT cells (Fig. 2d) showing that

this peptide rescues angiogenic functions of FAD mutant-
expressing brain ECs that have decreased ability to sprout
in response to EphB4 (Fig. 1) suggesting NCB-2 acts
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downstream of EphB4. Furthermore, γ-secretase inhibi-
tors do not affect the NCB-2-stimulated sprouting indi-
cating that NCB-2 acts downstream of the γ-secretase
cleavage activity that produces efnB2/CTF2 (Fig. 2d). For
controls, we used peptide (ΔPDZ) that lacks the four C-
terminal amino acids of the PDZ-binding domain and
peptide ΔTAT which lacks the TAT sequence and there-
fore is not able to penetrate the cell membrane entering
into the cells (Fig. 2c, panels ΔΤΑΤ). These peptides do
not increase sprouting of pCECs (Fig. 2d). Together our
data show that peptide NCB-2 is sufficient to stimulate
sprouting of pCECs independent of γ-secretase activity
and that the peptide’s PDZ-binding domain is necessary
for the sprouting activity of NCB-2. Furthermore, this
peptide rescues the angiogenic functions of pCECs
expressing PS1 FAD mutants. Our data also show that
while γ-secretase mediates cleavage of efnB2 and pro-
duction of efnB2/CTF2, it acts upstream of the functional
sites of efnB2/CTF2 and NCB-2. In support, exogenous
peptide efnB2/CTF2 potently stimulates sprouting of PS1
KO pCECs (Supplementary Fig. S2b, c).

PS1 FAD mutant M146V prolongs ischemia-induced
brain edema

To test whether PS1 FAD mutants affect the ability of the
brain to repair tissue damage, we induced focal ischemia in
mouse brains by transient MCAO [46]. MCAO-induced
brain edema, which predicts the final infarct size [47], was
detected using MRI (DWI imaging). We found that the size
of brain edema was not affected by M146V mutant com-
pared with WT one day following MCAO (Fig. 3a), an
observation confirmed in an independent mouse cohort with
TTC staining (Supplementary Fig. S3a), however the
duration of the edema significantly increased in mutant
mice. It was detected up to 15 days post MCAO in PS1
M146V brains but it was not detected longer than 5 days
following MCAO in WT brains (Fig. 3b). Our data show
that PS1 FAD mutant M146V prolongs the ischemia-
induced edema in brain following MCAO suggesting that
this mutant increases vulnerability of the brain to ischemic
lesions.

Ischemia-induced neovascularization and CBF
restoration are decreased in brains of PS1 FAD mice

To test whether PS1 FAD mutants decrease the ability of
the brain to respond to ischemia by stimulating neo-
vascularization and CBF restoration, WT and M146V
mice were subjected to MCAO, a procedure known to
stimulate angiogenesis [48–52] and thus tissue healing
[48, 49, 53, 54]. Thirty days later, brains were fixed and
sections were stained for collagen IV, a marker of blood
vessels [55] (Fig. 4a–c). The size of lesioned areas was
defined by measuring the MCAO-induced brain scar fol-
lowing GFAP staining and total blood vessel length in the
penumbra area of the lesion (ipsilateral) was estimated
using Stereoinvestigator software and normalized to the
corresponding length of vessels in the contralateral (con-
trol) side. We found no significant difference in the lesion
sizes of WT and FAD mice (Fig. 4d and Supplementary
Fig. S3a). Brains expressing FAD mutants however
showed decreased total blood vessel length compared
with WT controls in the penumbra of lesioned area
(Fig. 4e). This indicates that MCAO-induced angiogen-
esis/neovascularization decreases in the brain of mice
expressing PS1M146V, an outcome believed to impair
brain’s ability to heal after ischemia. There was no sig-
nificant difference in total vascular staining between WT
and mutant animals in the control (contralateral) side of
the brains used to normalize the data showing that the
effect of PS1 mutant in total vessel length appears only
after the applied ischemic stress (Supplementary
Fig. S3b). To test whether pCEC viability under ischemia
is affected by PS1 FAD mutants we subjected cultures of

Fig. 1 PS1 FAD mutants M146V and I213T inhibit the EphB4-Fc-
induced, sprouting, tube formation and angiogenic complexes of
pCECs. PCECs from WT or KI mice expressing mutant PS1, WT/
M146V or WT/I213T (heterozygous) and M146V/M146V or I213T/
I213T (homozygous), were grown on microcarrier beads (a) or placed
in Matrigel (b). Cells were stimulated with (2 μg/mL) Fc or EphB4-Fc
and sprouting (c) or meshes/loops (d) were measured as in [19].
EphB4-Fc increases sprouting and mesh/loop count (tube network
formation), shown as % of Fc, only in WT cells but not in cells
expressing mutants M146V or I213T (heterozygous or homozygous).
Scale bar 400 μm. ns: not significant, *p < 0.05, Wilcoxon Signed
Rank Test against theoretical median of 100 (no response), n= 8A
representative mesh/loop is shown in (b), in WT+ EphB4-Fc panel, in
yellow color. PCECs from WT or mice expressing mutant PS1, WT/
M146V or PS1 WT/I213T were treated with either Fc or EphB4-Fc.
Cells were extracted and IPed with anti-Rok-α antibodies and the
presence of VE-cadherin was detected in the IPs as described [19] (e)
EphB4-Fc increases the Rok-α/VE-cadherin complexes in WT but not
in PS1 M146V or PS1 I213T cells. f Quantification of experiments
shown in (e). EphB4-Fc significantly increases the VE-cadherin/Rok-α
complexes (if no change from Fc the value is ratio of 1) only in
WT cells. **p < 0.01, Wilcoxon signed rank test against theoretical
median of 1, n= 8, 8 and 7 for WT, WT/M146V and WT/I213T
respectively, ns: not significant. PS1/γ-secretase promote EphB4-Fc-
induced angiogenesis of pCECs in vitro. g Representative photo-
micrographs (composite of Hoechst in blue and grayscale phase con-
trast) showing EphB4-Fc-induced sprouting from WT pCEC in the
absence or presence of γ-secretase inhibitor RO4929097. Quantifica-
tion of cell sprouting is shown in (h). i Representative photo-
micrographs (composite of Calcein AM and phase contrast) of EphB4-
Fc-induced capillary-like tube (network) formation of pCEC from WT
(Psen1WT/WT), PS1 hemizygous (Psen1WT/KO) and PS1 knockout
(Psen1 KO/KO) embryonic mouse brains. Clustered Fc is used as con-
trol. Scale bar 400um. Quantification of pCEC tube formation is
shown in (j) and was performed as described in “Methods”; Tukey
boxplot, ns: not significant, *p < 0.05, Wilcoxon Signed Rank Test
against theoretical median of 100 (no response), n= 8.

PS1 FAD mutants decrease ephrinB2-regulated angiogenic functions, ischemia-induced brain. . . 2003



primary cortical ECs from WT and mutant mice to
oxygen-glucose deprivation (OGD), a stress that mimics
components of in vivo ischemia [56]. Viability of pCEC
was determined using the MTT assay [57]. We found that
M146V does not affect OGD-induced death of pCEC
(Fig. 4f) an observation consistent with our hypothesis
that the decreased collagen IV staining observed in
M146V mice after MCAO is not due to increased death of
mutant ECs but rather to impaired angiogenesis. Further
support for this conclusion is provided by the expression
of the neovascularization marker endoglin (CD105)
[58–60] which, following MCAO, increases in WT brains
but not in brains expressing FAD mutants (Fig. 4g, h).
Since CD105 increases in ECs during angiogenic
sprouting [61–64] our data indicate that PS1 FAD mutants
inhibit the insult-induced neovascularization by targeting

angiogenic sprouting of the brain. Together our data
suggest that PS1 FAD mutants impair brain’s vascular
response to ischemia.

CBF is decreased following brain ischemia. Its restora-
tion is a marker of recovery of normal vascular function and
an indirect measure of angiogenesis in the brain [65, 66].
CBF in lesion area, as defined by T2 weighted MRI imaging
(Fig. 4i), was measured and quantified with perfusion MRI
(T7). One day after MCAO, CBF decreases in both WT and
FAD mouse brains to similar levels (Supplementary
Fig. S3c). Fifteen days later CBF is significantly increased
in WT mice, however no significant increase is observed in
mice expressing M146V (Fig. 4j). CBF levels did not sig-
nificantly differ between WT and FAD animals before
ischemic insult or in the control (contralateral) side of the
brain (Supplementary Fig. S3c) suggesting that the effects
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of the PS1 FAD mutants on CBF appear only after the toxic
insult. Combined these results indicate that FAD mutants
impair the ischemia-induced angiogenic activity of the brain
rendering it more vulnerable to insults.

Neuronal death and cognitive decline following
MCAO increase in brains of PS1 FAD mice

Brain ischemia induces neuronal loss. To test whether
ischemia-induced neuronal death is affected by PS1 FAD
mutants, WT and KI mice expressing mutant M146V were
subjected to MCAO. Thirty days later, brains were fixed
and prepared sections stained with NeuN. Neurons were
counted in the penumbra of lesion as defined by GFAP
staining and number of NeuN-positive neurons was esti-
mated using Stereoinvestigator software and normalized to
the corresponding number of NeuN-positive neurons in the

contralateral (control) side. We found fewer NeuN-positive
neurons in the lesion area in brains expressing PS1 M146V
compared with WT (Fig. 4k, l) despite that the remaining
lesion areas determined by GFAP staining, were of com-
parable size in all mice brains (Fig. 4d). Similar data were
obtained in mice expressing PS1 FAD mutant I213T
(Supplementary Fig. S3d). The effect of PS1 M146V on
neuronal death appeared only in the brain area affected by
ischemia (ipsilateral), as there was no significant difference
in the number of neurons in the area not affected by
ischemia (contralateral) of WT and PS1 M146V brains
(Supplementary Fig. S3e).Taken together, our data suggest
that PS1 FAD mutations increase neuronal vulnerability to
MCAO-induced ischemia-reperfusion injury (IR-I).

IR-I induces behavioral deficits in mice [67–69]. These
deficits correlate with neuronal death caused by IR-I
[67, 68, 70]. Since expression of PS1 M146V mutant cor-
relates with decreased NeuN-positive neurons following
MCAO (Fig. 4k, l), we asked whether mutant mice have

Fig. 3 PS1 M146V increases duration of brain edema following
MCAO. MCAO was performed in WT and PS1 FAD mutant (WT/
M146V and M146V/M146V) mice and brain edema was detected with
MRI 1, 5, and 15 days post MCAO and quantified using in-house
software. Edema size was normalized to whole brain size in each
animal. a In T2 images, there were no statistically significant differ-
ences in edema size among WT, WT/M146V, and M146V/M146V
mice 1 day after MCAO. Bars represent mean, error bars represent ±
SE. n= 6, 4, and 6 independent animals for WT, WT/M146V, and
M146V/M146V respectively, n.s: not significant. b Edema in mutant
mouse brains endures significantly longer compared with WT mice.
The figure shows brain edema survival curves for WT and FAD mice
(WT/M146V and M146V/M146V). We first performed survival ana-
lysis of the edema with a logrank test (Mantel–Cox method) for dif-
ferences in the kinetics of edema resolution among WT and mutant
mice which showed a statistically significant difference in survival (of
edema) than what would be expected if all genotypes were to perform
similarly (p < 0.05). We then did a follow-up logrank analysis for all
genotype pairs which showed that the edema in mutant mice resolved
significantly slower when compared with WT mice (Bonferroni-
adjusted p is <0.01 and <0.05 for WT/M146V and M146V/M146V
respectively) whereas there was no significant difference between WT/
M146V and M146V/M146V (Bonferroni-adjusted p is >0.2),
n= 9, 5 and 11 independent animals for WT, WT/M146V, and
M146V/M146V, respectively. Overall, brain edema in WT/M146V
and M146V/M146V mice remained up to 15 days after MCAO while
in WT mice it was not detected anymore.

Fig. 2 PS1 FAD mutants M146V and I213T inhibit the EphB4-Fc-
induced processing of efnB2 by PS1/γ-secretase. a HEK293 cells
overexpressing efnB2 in retroviral pMX vector [36] were transiently
transfected with WT PS1 in FCbAIGW vector and treated with
2 μg/mL EphB4-Fc or Fc in the presence or absence of γ-secretase
inhibitor L685,458 (1 μM) as indicated in the figure. Cells were
extracted in 1% SDS buffer [19] and full length efnB2 (FL-efnB2),
CTF1 and CTF2 fragments of efnB2 (efnB2/CTF1 and efnB2/CTF2)
were detected on WB (arrows) with anti-efnB polyclonal antibody
(C18, Santa Cruz,). EphB4-Fc increases the accumulation of cyto-
plasmic efnB2 fragment (efnB2/CTF2, lane 2, indicated with a star).
EfnB2/CTF2 accumulation is inhibited by γ-secretase inhibitor
L685,458 (lane 4) showing that this is the fragment produced by the
PS1/γ-secretase cleavage of efnB2 [15]. b HEK293 cells over-
expressing efnB2 were transiently transfected with either WT or
mutant PS1 M146V or I213T in FCbAIGW vector. Cells were treated
with EphB4-Fc or Fc as in (a). Cells were extracted and full length
efnB2 and CTF1 and CTF2 fragments were detected on WB as in (a).
Arrows show the fragments. CTF2 amount in each treatment was
normalized to full length efnB2 (quantified by a lower exposure image
within the linear detection range) under the same treatment and
expressed as % of Fc. EphB4-Fc increases the accumulation of efnB2/
CTF2 in WT cells (lane 2, indicated with a star) but not in mutant
M146V- (lane 4) or I213T- (lane 6) expressing cells. Graph: EphB4-Fc
significantly increases the accumulation of efnB2/CTF2 only in
WT cells, *p < 0.02, one-way ANOVA with post hoc Tukey’s, n= 3.
Peptide NCB-2 increases sprouting of PS1 FAD pCECs. c PCECs
were treated with vehicle or control ΔTAT peptide or NCB-2 peptide
all fluorescently labeled with 5-FAM (fluorescein) for detection pur-
poses. Following treatment, pCECs were fixed and observed in an
Olympus IX70 microscope with Retiga Exi camera to detect fluores-
cence. NCB-2 is introduced in the pCECs (third panel, fluorescence
detection in cells) but not the control peptide ΔTAT which cannot
penetrate the cell membrane (second panel, no fluorescence detection
in cells). d PCECs from WT or PS1 M146V or PS1 MI213T mutant
mouse brains were treated with vehicle (NT), NCB-2 or control pep-
tides ΔTAT or ΔPDZ. Cells were allowed to attach on beads and
sprouts were measured as in Fig. 1. NCB-2 increases sprouting in WT
and PS1 FAD pCECs. Presence of γ-secretase inhibitor does not
inhibit the NCB-2-induced sprouting of WT ECs. None of the control
peptides increased sprouting. ***p < 0.001 one-way ANOVA with
post hoc Tukey’s, n= 8.
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poorer post-MCAO cognitive outcomes compared with WT
mice. To this end, we used behavioral assessments in mice
before MCAO and 15 days following MCAO. Neurological
scoring was tested based on previously published neurolo-
gical scales [71, 72]. Recognition memory was tested using
NOR test and the Y maze test was used to evaluate spatial
learning and memory [40, 41, 73–75]. Locomotor function
and motivation were tested using the open field and rotarod
tests as previously described [39, 76]. We found that both
homozygous and heterozygous PS1 M146V mice showed a
higher decrease in post-MCAO performance in NOR and Y
maze tests compared with WT (Fig. 4m, n). These outcomes
are consistent with the decreased numbers of NeuN-positive

neurons in the FAD brains following IR-I (Fig. 4k, l). No
significant difference was observed between WT and mutant
mice in open field and rotarod tests following MCAO
demonstrating that motor coordination, balance or anxiety
were not differentially affected in these mice (Fig. 4o, p).
Similar results were obtained with I213T mutant mice
(Supplementary Fig. S3f, g). In support of the hypothesis
that behavioral deficits in FAD mice are not due to defects in
locomotive capacity, no post-MCAO differences in either
global neurologic function or focal neurological deficits
between PS1 WT and M146V or I213T mice were observed
(Supplementary Fig. S4). The above show that mice
expressing PS1 FAD mutants suffer greater IR-I-induced
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memory deficits compared with WT mice, consistent with
increased brain neuronal loss in the FAD mice.

PS1 M146V inhibits ischemia-induced brain
angiogenic complexes

Since ischemia induces angiogenesis and neovasculariza-
tion, a process known to be mediated by VE-cadherin
angiogenic complexes, we asked whether ischemia also
induces such complexes in the brain and whether this
induction is affected by PS1 FAD mutant M146V. Using
spPLA [77–79] in brain extracts from WT and mutant mice
subjected to MCAO, we found that ischemia increases the
VE-cadherin/Rok-α complexes in WT brains but has little
effect on these complexes in brains heterozygous for FAD
mutant M146V (Fig. 5) indicating that FAD mutants com-
promise the ischemia-induced angiogenic response of the
brain by decreasing the induction of VE-cadherin angio-
genic complexes. Combined with literature data that the
EphB4/efnB2 system is required for brain’s angiogenic
response to ischemia [17, 18], our findings that VE-

cadherin/Rok-α angiogenic complexes are stimulated by
EphB4 in brain ECs (Fig. 1) and by ischemia in the brain
(Fig. 5) support the conclusion that the EphB4/efnB2 sys-
tem mediates brain’s angiogenic response to ischemia by
stimulating these complexes. No difference in these com-
plexes was observed between WT and PS1 FAD mouse
embryo brains in the absence of ischemia (Supplementary
Fig. S5a, b) indicating that the FAD mutants target the
ischemia-induced complex formation. Together, our data
show that PS1 FAD mutants impair formation of ischemia-
induced brain angiogenic complexes suggesting a
mechanism by which these mutants impair brain’s neo-
vascularization in response to ischemia.

Discussion

Here, we present evidence that following ischemic insult,
mouse brains expressing PS1 FAD mutants show decreased
neovascularization compared with WT. We also obtained
evidence that these mutants decrease the ischemia-stimulated

Fig. 4 PS1 M146V decreases MCAO-induced angiogenesis, CBF
restoration and NeuN-positive neurons and increases MCAO-
induced behavioral deficits.WT, M146V heterozygous (WT/M146V),
and M146V homozygous (M146V/M146V) mice were subjected to
transient focal cerebral ischemia for 50mins. Brains were isolated and
sectioned 30 days later. Brain sections of WT (a), M146V heterozygous
(b), or homozygous (c) mice were stained with anti-collagen IV and anti-
GFAP antibodies. Lesion areas were defined by GFAP staining and an
identical area in the contralateral side was used as control for normal-
ization of the values (outlined in (a)–(c) left). Scale bar: 1 mm. Collagen
IV staining of the lesion area (ipsilateral side) is shown in (a)–(c) (right).
Scale bar: 50 μm. d MCAO-induced scar area (ipsilateral side) was
determined by GFAP staining. No significant difference in the size of the
area between WT and M146V mutant mice was observed. One-way
ANOVA with post hoc Tukey’s, n= 4, 5, and 4 for animals for WT,
WT/M146V and M146V/M146V respectively, n.s: not significant.
e Quantification of collagen IV immunostaining in lesion area shows that
staining increases in WT mice 30 days post MCAO but not in PS1
M146V mutants, either heterozygous or homozygous, suggesting that
brain neovascularization does not increase in mutant M146V after
ischemic insult as efficiently as in WT. **p < 0.002, one-way ANOVA
with post hoc Tukey’s, n= 4, n.s: not significant. f WT and M146V
pCECs were subjected to OGD. Cells were incubated under Normoxic
condition (37oC, 5% CO2 and 95% air) in normal medium or Hypoxic
condition (37 oC, 5% CO2, 2% O2, 93% N2) in glucose- and serum-free
medium for 6 h following 12-h incubation in normal conditions. Viability
was determined with MTT. Mutant cells do not die more than WT cells
under OGD. One-way ANOVA, n= 3, n.s: not significant. gWT or PS1
M146V KI mice were subjected to MCAO and CD105 levels were
detected in brain extracts 1, 3, and 30 days later with WB. h CD105
levels increase in WT brains 30 days post MCAO indicating increased
neovascularization but not in M146V mutant mice. Values are
normalized to CD105 levels in WT, 1 day post MCAO.
**p < 0.01, one-way ANOVA with post hoc Tukey’s, n= 4 except for
n= 3 for WT at 30 days post MCAO, n.s: not significant. WT and PS1
WT/M146V (heterozygous) mice were subjected to MCAO for 50min.
Brain perfusion was examined on an MRI imager at 1, 5, 10, and 15 days
after ischemic insult. i Relative cerebral blood volume (rCBV) map of

WT mouse brain using perfusion MRI (pMRI). rCBV map (arrow)
overlaid onto anatomical T2 image of brain. j Quantification shows that
CBF significantly increases at 15 days post MCAO in WT mice but not
in mutant mice (n= 6, 4, 6 for WT, WT/M146V, and M146V/M146V,
respectively). **p < 0.01, linear regression, ns: not significant. Values are
expressed as % of CBF in WT at day 1 post MCAO. Normalization of
CBF in lesion areas was done using the CBF in control (contralateral)
side. k, l NeuN-immunopositive neurons were counted in brain sections
of WT and M146V mutant mice. Number of NeuN-containing neurons
in the MCAO-induced lesion area (as defined by GFAP staining) was
normalized to number of NeuN-immunopositive neurons in an identical
area of the contralateral side of each section (outlined in the NeuN+
GFAP panels on the left). Scale bar for the NeuN+GFAP pictures: 1 mm
and for the GFAP or NeuN pictures: 50 μm. The number of NeuN-
expressing neurons in lesion (ipsilateral) of PS1 M146V brains after
MCAO is significantly lower compared with WT. *p < 0.02 one-way
ANOVA with post hoc Tukey’s, n= 3. m Novel object recognition
(NOR) test: WT, heterozygous (WT/M146V), or homozygous (M146V/
M146V) mice were subjected to NOR test as described in material and
methods. PS1 M146V mice have decreased performance compared with
WT mice following MCAO, *p < 0.03, one-way ANOVA, n= 7 for
WT, n= 8 for WT/M146V, and n= 6 for M146V/M146V. n Y maze
test: Mice were subjected to Y maze test as described in materials and
methods. PS1 M146V mice have decreased performance compared with
WT mice following MCAO, **p < 0.002, one-way ANOVA, n= 7 for
WT, n= 8 for WT/M146V and n= 6 for M146V/M146V. o Open field
test: Mice were subjected to open field test. No significant difference in
motor coordination or in motivation was observed between WT and
mutant mice following MCAO. One-way ANOVA, n= 6 for WT, n= 9
for WT/M146V, and n= 7 for M146V/M146V. n.s: not significant.
p Rotarod test: Mice were subjected to rotarod test. No significant dif-
ference was observed in motor coordination between WT and mutant
mice following MCAO. One-way ANOVA, n= 7 for WT, n= 8 for
WT/M146V, and n= 7 for M146V/M146V n.s: not significant. All
behavioral experiments were performed pre- and post-MCAO. All data
were analyzed and normalized to pre MCAO scores. There were no
differences in baseline behavior scores among groups.
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sprouting angiogenesis marker CD105 suggesting that FAD
mutants decrease neovascularization by targeting sprouting
angiogenesis. This conclusion is further supported by our data
that the FAD mutants decrease angiogenic functions of brain
ECs such as sprouting, tube formation and angiogenic com-
plexes, all known to play pivotal roles in sprouting angio-
genesis and neovascularization [80]. Combined with the
requirement of both WT PS1 alleles for efficient tube for-
mation in vitro (Fig. 1) our data support the hypothesis that
PS1 FAD mutants cause the loss of PS1 functions in
sprouting angiogenesis.

It is known that the EphB4/efnB2 system regulates
sprouting angiogenesis [81–83], and that EphB4 stimulates
the PS1/γ-secretase processing of efnB2 and the product of
this processing promotes sprouting of ECs [19]. Here, we
show that PS1 FAD mutants decrease the EphB4-stimulated
pCEC sprouting, tube formation and VE-cadherin/Rok-α
angiogenic complexes, steps known to regulate angiogenesis.
Furthermore, we found that following IR-I the angiogenic
complexes, neovascularization and CBF increase in WT but
not in FAD mutant mouse brains. Combined with evidence
that IR-I induces brain neovascularization in an EphB4/
efnB2-dependent manner and that neovascularization is
mediated by members of angiogenic complexes [16–18], our
observations indicate that PS1 FAD mutants decrease
ischemia-induced neovascularization by impairing the
EphB4/efnB2-regulated angiogenic complexes of brain ECs.

Our data shows that following IR-I, neovascularization in
brains expressing PS1 FAD mutants decreases and conse-
quently the restoration of blood flow in the injured area is
impaired. Interestingly impairment of vascular function in
mutant brains manifests only after the ischemic insult sug-
gesting that the effects of PS1 FAD mutants on vascular
functions appear only following toxic stress. This is con-
sistent with the fact that patients with FAD mutations

survive until the adult life without demonstrating brain
malfunctions at an earlier age. The problems may arise at a
later age as stresses like IR-I become more frequent. It is
now known that brain ischemic episodes are much more
frequent than originally believed. It has been found that in
addition to major ischemic episodes there are numerous
silent ones, about five times more frequent than major ones
[84], and that about one-third of aged people suffer silent
ischemic episodes [85]. Reduced ability of the brain to
repair damage caused by multiple ischemic insults could
lead to neuronal dysfunction and dementia.

IR-I is frequent in AD patients. Neuropathological post-
mortem examinations of AD brains have shown that about
30% of patients have evidence of post-ischemic injury
[86, 87]. It has been suggested that IR-I in hippocampus
aggravates cognitive impairment by increasing neuronal
death, deposition of Aβ peptide [88, 89], and pathological
phosphorylation of tau protein [90]. Additional work indi-
cates an association between brain IR-I and sporadic AD
[84, 88–95] supporting the hypothesis that IR-I is a sig-
nificant contributor to AD [96–100]. Our findings are
therefore relevant to AD and suggest that PS1 mutants
render the brain vulnerable to toxic insults such as ischemic
stroke, decreasing the brain’s capacity to respond to these
insults by neovascularization and restoration of normal
blood flow in the injured areas. This may be due to
impairment of the molecular mechanism of angiogenesis
regulated by protein complexes between VE-cadherin and
Rok-α. Increased vascular vulnerability of the brain could
then result in increased neuronal death and cognitive decline.
In support of this hypothesis, our data show that following
IR-I, NeuN-positive neurons in the injured area of FAD
mutant-expressing brains are significantly decreased com-
pared with neurons of WT brains. Furthermore, IR-I-induced
cognitive decline is more severe in mice expressing FAD
mutants compared with WT mice. Interestingly, brain edema
and tissue scars formed in the injured areas are of the same
size in both WT and mutant mice, excluding the possibility
that the decreased number of NeuN-positive neurons mea-
sured in the mutant brains is due to a different lesion size.
However, the duration of edema is significantly longer in
FAD mutant brains indicating that blood supply is restricted
significantly longer in the lesioned areas of these brains,
increasing the possibility of neuronal dysfunction and death.

To explore the mechanism by which PS1 FAD mutants
M146V and I213T decrease the EphB4-stimulated angio-
genic functions of ECs, we asked whether these mutants
decrease the EphB4-stimulated proteolytic cleavage of
efnB2 by PS1/γ-secretase. It has been reported by several
investigators that PS1 FAD mutants decrease the PS1/γ-
secretase cleavage of several substrates at the ε site
including N-cadherin, Notch1, EphB2 receptor and efnB2
ligand [15, 20–23, 101], and we show here that these

Fig. 5 PS1 FAD mutants inhibit ischemia-induced angiogenic
complexes in brain. VE-cadherin/Rok-α complexes were measured
with spPLA in brain extracts of WT and PS1 M146V mutant mice,
which had been subjected to MCAO. IR-I significantly increases
complexes at 3, 7 and 15 days post MCAO only in WT and not in PS1
FAD brains. ****p < 0.0001 one-way ANOVA with post hoc Tukey’s,
n= 5, 4, 3, 4, 3 for WT and 4, 6, 6, 3, 5 for WT/M146V mice.
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mutants decrease the EphB4-stimulated production of
angiogenic peptide efnB2/CTF2 suggesting that they reduce
angiogenic functions of brain ECs and neovascularization
by decreasing peptide efnB2/CTF2. Overexpression of
efnB2/CTF2 in pCECs that lack PS1 (PS1 KO) strongly
increases the sprouting of these cells confirming that the
angiogenic function of efnB2/CTF2 is independent of γ-
secretase activity (Supplementary Fig. S2c).

To identify the specific efnB2/CTF2 domain that med-
iates the angiogenic activity of efnB2/CTF2, we constructed
peptide NCB-2 that comprises the ten C-terminal residues
of efnB2/CTF2 including the PDZ-binding motif plus the
adjacent six residues. We found that this peptide stimulates
significantly the sprouting of both WT and PS1 FAD
mutant-expressing ECs suggesting NCB-2 rescues angio-
genic functions of ECs from the FAD mutant-induced
activity reduction. Combined with our data that these
mutants decrease the cellular levels of efnB2/CTF2 while
concomitantly decreasing the angiogenic functions of brain
ECs in response to EphB4, this implies that the limiting
factor for sprouting in PS1 FAD pCECs is the decreased
production of EphB4-stimulated efnB2/CTF2. Interestingly
the NCB-2 peptide-stimulated sprouting of brain ECs was at
similar or higher levels compared with the induction by
efnB2/CTF2 (Supplementary Fig. S2c) suggesting that the
last ten amino acids of efnB2/CTF2 are sufficient to fully
exert its sprouting angiogenic function. In addition, γ-
secretase inhibitors did not inhibit the peptide-associated
angiogenic sprouting of the cells indicating that the peptide
does not require the cleavage of other angiogenic factor
receptors that are γ-secretase substrates, such as Notch1 or
VEGFR [102, 103] in order to increase sprouting.

Our finding that PS1 FAD mutants target efnB2-
mediated angiogenesis is novel and suggests impaired
efnB2 angiogenic functions in FAD. It will be interesting to
test whether the same efnB2-mediated mechanism is
impaired in sporadic AD.

In summary, our data reveal a novel molecular
mechanism by which PS1 FAD mutants decrease the
restorative capacity of brain against toxic insults such as IR-
I, increasing neuronal death and cognitive decline. These
mutants decrease the γ-secretase processing of efnB2 and
production of the angiogenic peptide efnB2/CTF2 thus
inhibiting formation of the angiogenic complexes in
response to EphB4 or to ischemia. This impedes brain’s
angiogenic response rendering it more vulnerable to ische-
mia, increasing neuronal death and cognitive decline. We
found that administration of peptide NCB-2 that derives
from efnB2/CTF2 strongly increases angiogenic sprouting
of brain ECs expressing FAD mutants. These findings
suggest that this peptide is a promising agent that could lead
to pharmaceutical intervention promoting angiogenic func-
tions in the brain and decreasing toxicity-induced neuronal

death and degeneration. Importantly, the effects of PS1
FAD mutants on the ischemia-stimulated angiogenesis
occur in the absence of amyloid plaques and neurofibrillary
tangles [104, 105] indicating that PS1 FAD mutants can
affect brain functions in the absence of neuropathological
hallmarks of AD [106]. Combined with failed clinical trials
targeting AD neuropathological markers, these observations
support the hypothesis that in FAD, neuropathological
hallmarks may form downstream from mutant effects on
brain vasculature and neuronal survival.
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