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SUMMARY
The vascular endothelial growth factor (VEGF) pathway regulates key processes in synapse function, which
are disrupted in early stages of Alzheimer’s disease (AD) by toxic-soluble amyloid-beta oligomers (Abo).
Here, we show that VEGF accumulates in and around Ab plaques in postmortem brains of patients with
AD and in APP/PS1mice, an ADmouse model. We uncover specific binding domains involved in direct inter-
action between Abo and VEGF and reveal that this interaction jeopardizes VEGFR2 activation in neurons.
Notably, we demonstrate that VEGF gain of function rescues basal synaptic transmission, long-term poten-
tiation (LTP), and dendritic spine alterations, and blocks long-term depression (LTD) facilitation triggered by
Abo. We further decipher underlying mechanisms and find that VEGF inhibits the caspase-3-calcineurin
pathway responsible for postsynaptic glutamate receptor loss due to Abo. These findings provide evidence
for alterations of the VEGF pathway in AD models and suggest that restoring VEGF action on neurons may
rescue synaptic dysfunction in AD.
INTRODUCTION

Alzheimer disease (AD) is the most common form of dementia

among elderly people, and its prevalence increases dramatically

with age (Winblad et al., 2016). AD causes a progressive decline

in cognitive functions, and memory is one of the earliest func-

tions affected (Dubois et al., 2014). The pathological hallmarks

of the disease are extracellular insoluble deposits of amyloid-

beta (Ab), which form amyloid plaques, together with intracellular

neurofibrillary tangles of hyperphosphorylated tau protein in the

neurons (Braak and Braak, 1991; Serrano-Pozo et al., 2011). In

the early stages of AD, the best neural correlate of cognitive im-

pairments is the hyperactivation and shrinkage of the hippocam-

pal region, associated with the thinning of the posterior cortical

regions (Nestor et al., 2004; Putcha et al., 2011). Importantly,

brain levels of soluble Ab were shown to correlate much better

than insoluble plaques with the severity of cognitive symptoms

in AD, linked with synapse loss (Lue et al., 1999; McLean et al.,

1999). Along those lines, compelling evidence has demonstrated

that soluble oligomers of Ab (Abo) derived from patients with AD,

from mouse or cellular models of the disease, or from synthetic
This is an open access article under the CC BY-N
preparations, have greater toxicity on neurons and synapses

than insoluble Ab forms (Lambert et al., 1998; Walsh et al.,

2002; Lesné et al., 2006). AbOs are now considered to be the

main trigger of the disease (Haass and Selkoe, 2007; Viola and

Klein 2015).

Mounting evidence has demonstrated that Abo bind to a sub-

set of neurons and, more specifically, target excitatory synapses

on dendritic spines (Lacor et al., 2004, 2007). Furthermore, the

tracking of membrane-bound Abo in living neurons has revealed

their ability to diffuse laterally, which results in their concentration

in immobile clusters prominently at synapses (Renner et al.,

2010). Recently, the combination of high-resolution three-

dimensional (3D) imaging and biochemical fractionation ap-

proaches demonstrated the accumulation of Abo at postsyn-

aptic sites in postmortem human AD brains (Koffie et al., 2012).

Furthermore, the use of array tomography has established that

Abo are not only present in dendritic spines but also inside pre-

synaptic terminals (Pickett et al., 2016). This selective synaptic

targeting of Abo has generated growing interest in identifying

cell-surface proteins, as candidate Abo receptors, which can

mediate their toxic effect on synapses (Smith and Strittmatter,
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2017; Jarosz-Griffiths et al., 2016). The synaptic effect of Abo has

been extensively studied in the hippocampus, in vivo and in vitro,

using synthetic preparations or oligomeric preparations derived

from human Ab-overexpressing cells or from postmortem hu-

man AD brains. It consistently causes an impairment in glutama-

tergic transmission through presynaptic and postsynaptic

mechanisms (Ting et al., 2007), including a decrease in release

probability at synaptic terminals (He et al., 2019) and dysfunction

of postsynaptic glutamate receptors. Importantly, Abo induce a

robust inhibition of long-term potentiation (LTP) (Lambert et al.,

1998; Walsh et al., 2002; Shankar et al., 2008) and facilitate

long-term depression (LTD). Synaptic strength during LTP

largely depends on AMPA receptor (AMPAR) trafficking and

recruitment to synaptic sites (Ehlers, 2000; Esteban et al.,

2003). High brain level of Ab in transgenic models of the disease

was shown to trigger the internalization and synaptic removal of

AMPAR, leading to synaptic depression (Almeida et al., 2005;

Hsieh et al., 2006; Alfonso et al., 2014). Underlying mechanisms

have been investigated and involve the upregulation of AMPAR

ubiquitination and their dephosphorylation at serine 845 residue

(S845) on the carboxy terminal of GluA1 subunit (Hsieh et al.,

2006; Rodrigues et al., 2016). Furthermore, the phosphorylation

state of GluA1 on S845 was shown to be critical for LTD and

potentially involved in LTP (Lee et al., 2010a). Thus, Ab-induced

changes in these molecular processes are thought to result in

synaptic plasticity impairments and in cognition deficits associ-

ated with AD.

The canonical angiogenic factor VEGF was shown to regulate

several neurobiological processes in the adult brain, with a key

role in promoting hippocampal synaptic plasticity and memory

consolidation in mice (Cao et al., 2004; Kim et al., 2008; Licht

et al., 2011; De Rossi et al., 2016). VEGF overexpression ob-

tained by intracerebral administration, gene transfer, or in condi-

tional transgenic mice improves associative memory perfor-

mances (Cao et al., 2004; Licht et al., 2011), and short

exposure to overexpressed VEGF is sufficient to affect cognitive

function, independent of its effect on neurogenesis and angio-

genesis (Licht et al., 2011). Recent studies with genetically engi-

neered mouse models have further demonstrated that the VEGF

receptor VEGFR2 is expressed in hippocampal neurons in vivo

(De Rossi et al., 2016; Harde et al., 2019; Luck et al., 2019) and

is required for hippocampal-dependent forms of LTP and

consolidation of memory (De Rossi et al., 2016). In addition, we

have reported that sustained activity in the hippocampus is

able to trigger a rapid increase in endogenous VEGF release,

which strongly suggests that activity-dependent secretion of

VEGF is involved in synaptic plasticity (De Rossi et al., 2016).

Thus, the VEGF-VEGFR2 pathway, aside from its well-known ef-

fect on brain blood vessels, has a powerful and direct impact on

synapse structure and function.

Importantly, higher levels of VEGF in cerebrospinal fluid (CSF)

have been associated, during human aging, with increased hip-

pocampal volume and improved cognitive performances over

time (Hohman et al., 2015). Furthermore, in the presence of

enhanced ADbiomarkers in CSF, elevated VEGF levels are asso-

ciated with less cognitive decline (Hohman et al., 2015), high-

lighting a potential neuroprotective role for VEGF in AD. Indeed,

in transgenic mouse models of the disease, VEGF triggers func-
2 Cell Reports 35, 109121, May 11, 2021
tional rescue in hippocampus-dependent learning and memory

through a decrease in Ab-mediated endothelial-cell alterations

and changes in brain vascularization (Garcia et al., 2014; Religa

et al., 2013; Herrán et al., 2013). However, it remains to be

demonstrated whether VEGF can exert a direct protective action

on synapses challenged by Abo through its receptors expressed

on neurons.

Based on the current knowledge of VEGF involvement in syn-

apse strengthening and memory consolidation, we proposed

that VEGF is ideally poised to rescue synaptic alterations and

related cognitive deficits initiated by toxic Abo. We hypothesized

that increasing VEGF levels in the hippocampus would attenuate

synaptic dysfunction triggered by Abo through direct action of

VEGF on synapses. We therefore analyzed VEGF expression

patterns in postmortem human AD brains and in a transgenic

mouse model of the disease to determine to what extent the

VEGF pathway is affected in the disease. In addition, we devel-

oped a mechanistic approach by combining electrophysiolog-

ical, 3D cell imaging, subcellular fractionation, and protein-pro-

tein interaction techniques to investigate the effect of VEGF on

the synaptic signature of Abo-mediated toxicity in AD.

RESULTS

Accumulation of VEGF in amyloid plaques
Abnormal levels of VEGF have been associated with Ab deposi-

tion in Alzheimer’s disease (Thomas et al., 2015), and our goal

was to decipher the spatial relationship between endogenous

VEGF and insoluble Ab plaques in the postmortem frontal cortex

from AD cases and control patients (Table S1). As expected, am-

yloid plaques containing insoluble Ab were identified only in the

cortex of AD patients, and high VEGF immunoreactivity was de-

tected in the blood vessels from both AD and control patients

(Figure 1A). Double-labeled immunostaining showed that VEGF

and Ab were expressed in partially overlapping patterns

centered on insoluble Ab+ plaques, with reduced VEGF expres-

sion at a distance from the plaques. To study the relationship be-

tween VEGF and Abo in the microenvironment of Ab plaques, we

used antibodies recognizing VEGF and fibrillar Abo, respectively

(Figure 1B). VEGF was found to be associated with OC+ Ab spe-

cies, which display a conformation-dependent epitope (Kayed

et al., 2007; Chiang et al., 2018) in the immediate vicinity of hu-

man brain deposits (Figure 1B). This finding is consistent with a

co-localization between VEGF and fibrillar Abo. In addition,

high VEGF immunoreactivity was detected in ramified cells

located in the peri-plaque area (Figure 1A). To identify reactive

astrocytes and activated microglial cells, we immunolabeled

AD brain sections for VEGF and GFAP or CD68 (Figures 1C–

1E). We observed GFAP+ astrocytes and CD68+ microglia in

the peri-plaque area of Thioflavin-S-stained dense-core pla-

ques, with some GFAP+ astrocytes expressing VEGF (Figures

1C and 1E).

We further assessed whether co-localization of VEGF and Ab

could be replicated in the APP/PS1-21 mouse model of AD

during the early stages of Ab deposition. Plaque load was

characterized by Thioflavin S staining in brain sections from

4-month-old APP/PS1 mice. Assessment of amyloid burden

(Figure S1A) confirmed previous findings (Radde et al., 2006),



Figure 1. Association of VEGF expression with Ab

plaques

(A) Immunostainings in postmortem brain sections from AD

and control patients showing VEGF expression (red) in

relation to Ab deposits (green). Note the VEGF staining

centered on the Ab plaques indicated by arrows, with

VEGF+ cells in their vicinity (merge).

(B) Representative images showing Ab deposits double

labeled for VEGF (red) and fibrillar Abo (OC, green, arrows).

(C) Example of a dense-core Ab plaque labeled with Thio-

flavin-S (ThioF, arrow) with reactive astrocytes positive for

both VEGF and GFAP in the peri-plaque area (asterisks).

(D) Relationship between Thioflavin-S+ plaques (ThioF,

arrows), activated microglial cells positive for CD68 (ar-

rowheads), and VEGF immunostaining showing activated

microglial cells concentrated around dense-core plaques

but negative for VEGF.

(E) Left, merged image of the three stains shown in (C) with

VEGF (red), Thioflavin-S (green), and GFAP (gray), showing

reactive astrocytes expressing VEGF. Right, merged image

of the three stains illustrated in (D) showing no colocalization

between VEGF and CD68, indicating that reactive microglial

cells do not express VEGF.

Scale bars, 50 mm.
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Figure 2. Selective binding of Ab oligomers

to VEGF and identification of the binding

sites, with ELISA and peptide arrays used

to analyze Ab binding to VEGF

(A) Dose-dependent binding of biotinylated forms

of Ab42 oligomers (Abo) or Ab40 monomers (Abms)

to VEGF165 and VEGF121 isoforms, analyzed by

ELISA. Each value represents the means ± SEM

between three independent experiments. ***p <

0.001.

(B) Abo ± biotinylated VEGF165 was immunopre-

cipitated with an anti-Ab or control antibody fol-

lowed by immunoblotting for VEGF (left) or Ab

(right, short exposure [bottom]); representative

immunoblots showing that VEGF coimmunopre-

cipitates with Abo. VEGF165 and Abo are used as

positive controls, and Ab monomers (1-mer), tri-

mers (3-mer), and hexamers (6-mer) are indicated

by arrowheads.

(C) Human and murine DNA exon sequences

coding for VEGF, with Sign seq: signal sequence;

R1 and R2: VEGFR1 and VEGFR2 binding sites;

HBD 1 and 2: heparin binding domains 1 and 2;

NRP: neuropilin binding site. Italic numbers refer

to the position of the peptide spotted on the

peptide array.

(D) Representative peptide arrays showing Ab in-

teracting sites in the VEGF protein sequence with

biotinylated Abo or Abm, and vehicle (control).

n = 4 independent experiments.

(E) Heatmap illustrating the three main binding

domains between Abo and VEGF (asterisks) with

values normalized to the maximum binding and

illustrated by a blue-to-red color code from low to

high levels of binding. h: human; m: murine. H1 to

H4 and M1 to M4 represent the four experiments.
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with 0.53% ± 0.28% (n = 3, means ± SEM) of the neocortical

area occupied by fibrillar Ab plaques (Ulrich et al., 2014). Further-

more, analysis of VEGF immunostaining revealed that 20.79% ±

5.28% of these amyloid plaques were positive for VEGF (n = 3;

Figure S1B), a proportion which increased to 39.39% ± 2.90%

in 8-month-old APP/PS1 mice (n = 3; Figure S1C). These results

suggested that Ab-VEGF interaction is present in insoluble Ab

deposits from the early stages of Ab deposition and that this

trapping increases with Ab burden.

Ab oligomers directly interact with matrix-binding and
diffusible VEGF isoforms
To determine to what extent VEGF also associates with the sol-

uble pool of Ab, we prepared synthetic Ab42 oligomers (Abo) and

Ab40 monomers (Abm) and investigated their binding abilities to

soluble VEGF isoforms, VEGF121 and VEGF165. We first validated

Abo preparations using standard biochemical analyses and

characterized their structure with transmission electron micro-

scopy (Figures S2A and S2B). Next, an ELISA assay revealed

that Abm failed to bind to immobilized VEGF121 or VEGF165. In

contrast, Abo were able to bind to both isoforms, demonstrating

direct interactions with VEGF121 or VEGF165. However, Abo bind-

ing was significantly less with VEGF121 (Figure 2A), indicating

that VEGF165 has additional binding sites for Abo. Abo interaction
4 Cell Reports 35, 109121, May 11, 2021
with VEGF165 was further confirmed with co-immunoprecipita-

tion experiments (Figure 2B). Finally, the binding ability of the

long VEGF189 isoform, which displays an additional heparin-

binding domain compared with VEGF165 (Ferrara et al., 2003)

was assessed. Our findings indicated that heparin-binding iso-

forms display the most potent binding to Abo, with VEGF165
showing an intermediate binding ability between the less-diffus-

ible VEGF189 and the freely diffusible, non-heparin-binding

VEGF121 (compare Figures 2A and S2C)

To further characterize which domains of the VEGF isoforms

bind to Abo, we designed peptide arrays that encompassed

the entire protein sequence of human and murine VEGF (Fig-

ure 2C). Peptide arrays were incubated with biotinylated Abm,

Abo, or vehicle, and positive binding sites were visualized as

dark, labeled spots. Our data showed that Abo induced strong

labeling of specific spots distributed over the human and murine

protein sequences (Figure 2D). In contrast, almost no labeling

was obtained with Abm, except for one weak spot. A heatmap

revealed that there were three main sites of human and murine

VEGF-bound Abo, namely the N-terminal part, the VEGFR2-

binding site, and heparin binding domain 1 (HBD 1) with a slight

involvement of HBD 2 (Figure 2E). These data are consistent with

our ELISA findings showing that VEGF189 expressing HBD 1 and

HBD 2 has additional binding sites for Abo compared with
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Figure 3. Ab oligomers disrupt VEGFR2

activation, with receptor activation as-

sessed by western blotting and expressed

as the ratio between phosphorylated

VEGFR2 (Y1175) and total receptor expres-

sion

(A) Representative immunoblotting for pVEGFR2,

total VEGFR2, and actin in VEGFR2-expressing

HEK cells treated with Ab42 monomers (Abm) or

Ab42 oligomers (Abo) at 1 mM for 5min, in presence

or absence of 50 ng $ mL�1 VEGF.

(B) VEGF-induced VEGFR2 activation when

associated with Abm (Kruskal-Wallis, p = 0.00013;

post hoc p < 0.01, n = 7–7) and with Abo (post hoc

p < 0.05, n = 7–7), but Abo tended to reduce that

activation.

(C) Representative immunoblotting for pVEGFR2,

total VEGFR2, and actin in hippocampal neurons

treated with a control peptide (Ctrl) or Abo at 1 mM

for 1 h ± 50 ng $ mL�1 VEGF.

(D) Abo reduced VEGFR2 activation in neurons

(Kruskal-Wallis, p = 0.0013; post hoc p < 0.05,

n = 7–7) but VEGF rescued it (post hoc p < 0.01,

n = 7–7). *p < 0.05, **p < 0.01, ***p < 0.001.

(E) Representative western blot of hippocampal

PSD and non-PSD fractions from 8-month-old

APP/PS1 and WT mice immunoblotted for syn-

aptophysin, PSD95, and VEGFR2. VEGFR2-ex-

pressing HEK cell lysate was used as a positive

control.
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VEGF165 expressing only HBD 2 and with VEGF121, which lacked

both HBD 1 and HBD 2.

VEGF counteracts Abo-induced impairment in VEGFR2
activation
To investigate whether Abo impede VEGFR2 signaling mediated

by VEGF, we examined receptor activation in HEK cells engi-

neered to overexpress VEGFR2, and acutely treated with Abm

or Abo, ± VEGF. Western blotting analyses showed that basal

VEGFR2 activation was not affected by treatments. In contrast,

VEGF induced VEGFR2 activation in all conditions, as revealed

by the increased phosphorylation of VEGFR2 Y1175 (Figures 3A

and 3B). However, acute Abo treatment tended to decrease

the VEGF-dependent VEGFR2 activation (Figures 3A and 3B),

suggesting that Abo may inhibit VEGF binding to VEGFR2. To

assess whether the Abo-VEGF interaction impairs VEGFR2 acti-

vation in physiological conditions, we used cultured hippocam-

pal neurons exposed for 1 h to Abo or control peptides, ±
VEGF. ELISA quantification showed that

endogenous VEGF is released in the cul-

ture medium (638 ± 0.02 pg VEGF per

mL; n = 6) and can stimulate VEGFR2 ex-

pressed on hippocampal neurons (De

Rossi et al., 2016). With Abo treatment

VEGFR2 phosphorylation was signifi-

cantly reduced compared with the con-

trol condition, indicating that receptor

activation by endogenous VEGF was

impaired (Figures 3C and 3D). To deter-
mine whether increasing VEGF levels might reverse that deficit

in VEGFR2 activation, we stimulated hippocampal neurons

with a combined Abo and VEGF treatment. Immunoblotting an-

alyses revealed that the combined treatments normalized

VEGFR2 activation to control levels and prevented the Abo-

induced decrease (Figures 3C and 3D). Taken together, these

data demonstrated that Abo reduced VEGFR2 phosphorylation

only in the presence of its ligand, but exogenous application of

VEGF counteracted that reduction in VEGFR2 activation. Thus,

these findings suggested that Abo-VEGF binding interactions

might have an important role in regulating VEGFR2 activation

in a pathological context.

To further determine the relevance of neuronal VEGFR2 in the

APP/PS1 mouse model of AD, we performed brain-tissue frac-

tionation to isolate the synaptic compartment from the hippo-

campus of APP/PS1 and wild-type (WT) mice. Then, in these

two groups, we compared VEGFR2 expression in postsynaptic

density (PSD) and non-PSD-enriched fractions derived from
Cell Reports 35, 109121, May 11, 2021 5
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Figure 4. VEGF counteracts AMPAR loss and phosphatase/protease activation at synapses and rescues AMPAR phosphorylation

(A–D) PSD and non-PSD fractions were isolated from hippocampal neuronal cultures treated for 1 h with control peptides (Ctrl) or Abo at 1 mM ± 50 ng $ mL�1

VEGF, and analyzed for receptor and signaling protein content. (A) Representative western blot immunoblotted for PSD95, synaptophysin (SYP), GluN2A,

(legend continued on next page)

6 Cell Reports 35, 109121, May 11, 2021

Article
ll

OPEN ACCESS



Article
ll

OPEN ACCESS
hippocampal synaptosomes. These fractions were validated by

the predominant expression of the postsynaptic density marker

PSD95 and the presynaptic marker synaptophysin, respectively

(Figure 3E). Our data showed that VEGFR2 expression level was

similar in the hippocampus from 8-month-old WT and APP/PS1

mice and was predominant in PSD fractions (Figure 3E). They

validated VEGFR2 expression at the excitatory synaptic level in

the hippocampus of APP/PS1 mice at advanced stages of Ab

deposition. They further demonstrated that the VEGF/VEGFR2

pathway is compromised in hippocampal neurons by high level

of toxic, soluble Ab forms.

Next, we assessed whether VEGF triggers a decrease in Abo

synaptic targeting. We analyzed Ab cell surface staining on hip-

pocampal neurons treated for 30 min with biotinylated Abm

(used as a control) or Abo, ± VEGF. Synapses were identified

with the presynaptic marker Bassoon and the postsynaptic

marker PSD95, and the biotinylated Abwas identified with strep-

tavidin. Ab-cell-surface staining dramatically increased with Abo

compared with Abm treatments (Figure S3A), confirming that

Abo selectively bound to the hippocampal neuron surface.

Furthermore, quantification of colocalized Bassoon and PSD95

synaptic clusters with Ab staining indicated that exogenous

VEGF does not prevent Abo synaptic targeting (Figure S3B).

Thus, VEGF is able to counteract Abo-dependent inhibition of

neuronal VEGFR2 activation without impeding Abo synaptic

targeting.

VEGF rescues the synaptic content in glutamate
receptors challenged by Abo
VEGFR2 signaling in neurons is directly implicated in glutamate

receptor content at synapses by triggering synaptic incorpora-

tion of AMPA and NMDA receptors (De Rossi et al., 2016). In

addition, evidence indicates that synaptic glutamate receptors

are internalized in response to soluble Abo (Hsieh et al., 2006).

Thus, we examined whether Abo-induced loss of glutamate re-

ceptors at synapses can be counteracted by VEGFR2 signaling

in response to VEGF. Subcellular fractionation (De Rossi et al.,

2016; El Gaamouch et al., 2012) was used to determine gluta-

mate receptor content at synapses in hippocampal cultures

treated with Abo or control peptides, ± VEGF. We validated the

PSD purification protocol with the expression of PSD95 and syn-

aptophysin in PSD and non-PSD fractions, respectively (Fig-

ure 4A). Immunoblotting showed that the expression levels of

GluN2A and GluN2B NMDA receptor subunits were similar in

all conditions in PSD fractions (Figures 4A and 4B). In contrast,

the content in GluA1 AMPAR subunits was significantly reduced
GluN2B, and GluA1 subunits. (B) GluA1 and GluN2A expression levels normalized

0.0022; post hoc p < 0.01, n = 10–10) but rescued by VEGF (post hoc p < 0.01, n =

CaMKIIa, calcineurin A (Cal A), and caspase-3 (Casp-3). (D) Abo increased caspa

p < 0.05, n = 7–7; Cal A, Kruskal-Wallis, p = 0.0014; post hoc p < 0.01, n = 7–7), b

0.05, n = 7–7).

(E) AMPAR phosphorylation and total expression levels were analyzed in extrac

blotting shown for phosphorylated GluA1 (S845 and S831), total GluA1, and acti

(F) Ratio between phosphorylated GluA1 at S845 or S831 and total GluA1 expre

ANOVA, p < 0.0001; post hoc p < 0.0001, n = 10–10) but prevented by VEGF (po

(G) Representative immunoblot of S845 phosphorylation in 21-DIV hippocampal

(H) S845 phosphorylation was reduced by Abo (Kruskal-Wallis, p = 0.0069; post h

significant, *p < 0.05, **p < 0.01, ***p < 0.001.
after Abo treatment compared with that of the control (Figures 4A

and 4B), in agreement with previous reports (Almeida et al., 2005;

Hsieh et al., 2006). Importantly, co-administration of Abo and

VEGF prevented that decrease in postsynaptic AMPAR (Figures

4A and 4B), demonstrating that VEGF prevents Abo-dependent

removal of GluA1 from postsynaptic sites.

VEGF effect involves a downregulation of the caspase-
3-calcineurin pathway
To investigate the molecular mechanisms underlying GluA1

redistribution at synapses, we examined the signaling pathways

activated by Abo and/or VEGF. The activation of the caspase-3-

calcineurin pathway has been involved in the regulation of

GluA1-receptor internalization at synapses (Hsieh et al., 2006)

and, in synaptic impairment in a mouse model of AD, via the se-

lective removal of GluA1 from postsynaptic sites (D’Amelio et al.,

2011). Thus, given the key role of this pathway, we analyzed its

expression and activation in PSDs purified from treated hippo-

campal cultures. Caspase-3 and calcineurin A activation was as-

sessed with the expression ratio between their cleaved active

form (cl) and their inactive pro-form (pro) or their full-length

form (fl), using dedicated antibodies. Abo application resulted

in a significant increase in caspase-3 and calcineurin activation

in PSDs compared with the control condition (Figures 4C and

4D), consistent with the reported increase in caspase-3 activity

in synaptosome derived from transgenic AD mice (D’Amelio

et al., 2011). In contrast, combined Abo and VEGF treatment

counteracted Abo-induced activation and normalized both cas-

pase-3 and calcineurin A activation ratios (Figures 4C and 4D). In

addition, we monitored CaMKII activation, which promotes

GluA1-receptor anchorage at synapses (Opazo et al., 2010), as

well as Src family kinase activity for their major roles in NMDA-re-

ceptor regulation (Salter and Kalia, 2004). None of the applied

treatments had an effect on Fyn or CaMKII activation compared

with the control condition (Figures 4C and 4D). Thus, collectively,

these findings underscore that VEGF limits the activation of the

caspase-3-calcineurin pathway at postsynaptic sites in neurons

challenged by Abo.

VEGF restores GluA1 phosphorylation and cell surface
expression impeded by Abo
Mobilizing new AMPARs to synapses in response to synaptic ac-

tivity critically depends on their phosphorylation status (Lee et al.,

2000a). Moreover, their dephosphorylation triggered by calci-

neurin results in their removal from postsynaptic sites and

internalization (Miñano-Molina et al., 2011). Therefore, we
to the control, showing GluA1 expression reduced by Abo (Kruskal-Wallis, p =

10-10). (C) Representative immunoblotting for activated and total form of Fyn,

se-3 and calcineurin A activation (Casp-3: Kruskal-Wallis, p = 0.0008; post hoc

ut VEGF prevented it (Casp-3, post hoc p < 0.001, n = 7-7; Cal A, post hoc p <

ts from treated hippocampal neuronal cultures with representative immuno-

n.

ssion showing a reduction in S845 phosphorylation because of Abo (one-way

st hoc p < 0.0001, n = 10–10).

cultures with complex networks.

oc p < 0.01, n = 8–8) but rescued by VEGF (post hoc p < 0.05, n = 8-8). ns: not
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Figure 5. VEGF increased synaptic transmission in b-amyloid treated slices and in slices from APP/PS1 mice

(A) Averaged input-output (I/O) curves obtained in control (black), VEGF (gray), Abo (red, 500 nM), and AbO+VEGF (green) groups linking fiber volley amplitude to

the synaptic response slope. A linear regressionwas computed on averaged I/O curves of five experiments in each of the control-, VEGF-, AbO-, and AbO+VEGF-

treated group. FV: fiber volley; fEPSP: field excitatory postsynaptic potential.

(B) Averaged I/O curve slopes showing no significant modulation by VEGF in control or Abo-treated slices (p > 0.05, unpaired t test).

(C) VEGF did not modify fEPSP in control slices (ns, paired t test, n = 5 mice). Left, typical time course before (1) and after (2) VEGF with fEPSP mediated by

AMPAR (3) NBQX, 5 mM. VEGF did not change paired-pulse facilitation ratio (PPF) in control slices (superimposed 1 and 2).

(D) fEPSPs were decreased by Abo and partially restored by VEGF (middle, p = 0.027, paired t test, n = 7) with no change in PPF (right).

(E) I/O curve in 8-month-old APP/PS1 and WT mice showing averaged I/O curve slopes in WT-, WT+VEGF-, AAP/PS1-, and AAP/PS1+VEGF-treated groups.

(legend continued on next page)
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immunoblotted total hippocampal lysates after Abo or control

treatments, ± VEGF, to examine GluA1 phosphorylation at major

sites known to regulate receptor trafficking: S831 and S845 (Es-

teban et al., 2003; Roche et al., 1996; Malinow 2003). Abo treat-

ments caused a significant reduction in the level of phosphory-

lated GluA1 S845 compared with the control condition (Figures

4E and 4F), as previously reported (Miñano-Molina et al., 2011).

However, when VEGF was associated with Abo, it significantly

enhanced levels of S845 phosphorylation compared with that

of Abo alone (Figures 4E and 4F). Importantly, these effects

were specific for S845 phosphorylation as the different treat-

ments failed to induce a change in S831 phosphorylation of

GluA1 (Figures 4E and 4F). To extend those results, we used hip-

pocampal neuronsat 21days in vitro (DIV)with complexnetworks

and applied Abo at 500 nM for 12 h to trigger a deficit in S845

GluA1 phosphorylation, as previously reported (Jin and Selkoe,

2015).We found that Abo significantly reduced S845 phosphory-

lation level by 33.8% compared with the control condition (Fig-

ures 4G and 4H), whereas VEGF and Abo co-application pre-

served it (Figures 4G and 4H). In addition, adult hippocampal

slices treated with Abo showed a significant reduction in GluA1

phosphorylation after chemical LTPcomparedwith slices treated

with VEGF, indicating that Abo and VEGF exert opposite effects

on GluA1 phosphorylation (Figure S4A).

Furthermore, because S845 phosphorylation directly contrib-

utes to GluA1 trafficking to the cell surface (Esteban et al., 2003),

we selectively labeled the surface pool of GluA1 in hippocampal

cultures exposed to Abo and/or VEGF treatments (Figure S4B).

Quantitative imaging showed that Abo reduced the average

size of GluA1 clusters compared with that of the control condi-

tion (Figure S4C), recapitulating the loss of surface GluA1 re-

ported by others (Zhao et al., 2010). Conversely, we showed

that combined Abo and VEGF treatment prevented Abo-induced

reduction in cluster size and restored them to control values (Fig-

ure S4C). Altogether, our current data indicate that GluA1 traf-

ficking and related phosphorylation processes are controlled in

the opposite way, depending on whether Abo are associated

with VEGF or not.

VEGF rescues Abo-induced impairment in synaptic
transmission and plasticity
The pool of phosphorylated GluA1 S845-containing AMPAR is

found at significant levels in PSD fractions of the adult mouse

forebrain under basal condition of activity and reaches 14.2%

of GluA1-expressing receptors in total membrane fractions (Di-

ering et al., 2016). Given that those GluA1 S845 receptors are

preferentially inserted and/or stabilized at the neuronal cell sur-

face and are primed for synaptic targeting (Oh et al., 2006), it rai-

ses the question of the effect of Abo and VEGF on basal synaptic

transmission. Thus, we investigated the effect of VEGF on basal

synaptic transmission in the adult hippocampus confronted by

acute or chronic Abo toxicity. Synaptic transmission was

analyzed at the Schaffer collateral to CA1 synapse in acute hip-
(F) VEGF induced a significant increase in averaged I/O curve slopes in APP/P

n = 7).

(G and H) VEGF increased fEPSP in WT slices (p = 0.028, paired t test, n = 7), with

with no change in PPF (right) (H). Inset: averaged traces before (1) and after (2) V
pocampal slices from WT mice treated with Abo and/or VEGF

(Figure 5A). VEGF did not modulate the input/output (I/O) curves

in control slices (Figure 5B). However, the I/O curve tended to in-

crease in the Abo + VEGF condition compared with that of Abo

alone, but without reaching statistical significance (Figure 5B).

These results led us to examine Abo effect on synaptic transmis-

sion before and after VEGF application. VEGF did not change the

basal synaptic transmission in control condition (Figure 5C). In

contrast, evoked responses displayed a biphasic pattern upon

Abo administration, with an initial and transient increase in field

excitatory postsynaptic potential (fEPSP) slope, followed by a

sustained decrease, which was partially but significantly

reversed by VEGF (Figure 5D). Furthermore, no change in

paired-pulse facilitation (PPF) was observed upon VEGF and

Abo treatment (Figure 5D), suggesting that the VEGF-induced

synaptic increase was mediated by postsynaptic mechanisms.

Thus, the ability of VEGF to partially restore the deficit in synaptic

transmission induced by Abo over time may involve a postsyn-

aptic mechanism, in agreement with its effect on AMPAR

phosphorylation.

To further highlight the in vivo relevance of VEGF in basal syn-

aptic transmission rescue, we used 8-month-old WT and APP/

PS1 mouse model of AD, when deficits in synaptic function

have first been reported (Gengler et al., 2010). We found that

basal synaptic transmission was reduced by 52.3% in the

APP/PS1 transgenic mice (Figures 5E and 5F), and this reduction

was counteracted by VEGF application (Figures 5E and 5F).

Time-course analyses further revealed that the mean fEPSP

slope was significantly increased shortly after VEGF application

in APP/PS1 and in WT slices (Figures 5G and 5H). This VEGF-

dependent increase in mean fEPSP slopes was not associated

with a change in PPF (Figures 5G and 5H).

Overall, our data demonstrated the importance of VEGF in

restoring the strength of basal synaptic transmission when hip-

pocampal synapses are challenged by toxic Abo, either during

acute exposure or chronically in the APP/PS1 model of AD.

Accumulating evidence indicates that GluA1 trafficking and

phosphorylation processes also have a critical role in synaptic

plasticity (Citri and Malenka, 2008). In addition, invalidation of

VEGFR2 in neurons or trapping of endogenously released

VEGF was reported to be detrimental to LTP in the hippocampus

(De Rossi et al., 2016; Licht et al., 2011). Thus, we assessed the

biological activity of Abo and/or VEGF on long-term synaptic

plasticity in acute hippocampal slices from adult mice after theta

burst stimulation (TBS) of Schaeffer collaterals. TBS failed to

induce a robust LTP in Abo-treated hippocampal slices, in line

with previous work (Walsh et al., 2002). In those slices, the fEPSP

slope was reduced as soon as 5 min after TBS and remained

impaired at 1 h after stimulation comparedwith that of the control

slices (Figures 6A and 6B). Importantly, when VEGF was associ-

ated with Abo, TBS induced a sustained increase in the fEPSP

slope, characteristic of LTP, which significantly differed from

the responses obtained in Abo-treated slices (Figures 6A and
S1 slices (p = 0.009, unpaired t test, n = 7) but not in WT slices (p > 0.05,

no change in PPF (right) (G), as in APP/PS1 slices (p = 0.007, paired t test, n = 6)

EGF; 1+2, scaled paired-pulse responses. Scale: 1 mV, 50 ms.
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Figure 6. VEGF rescues both LTP impairment and LTD facilitation induced by Abo in the CA1 region

(A) Time course of LTP experiments in control (black, n = 8 mice), Abo (red, 500 nM Abo, n = 10), VEGF (gray, n = 6), and Abo+VEGF (green, n = 9) groups.

(B) Means ± SEM of LTP amplitude (at 55–60 min) for the four groups. fEPSP slope was reduced by Abo (Kruskal-Wallis, p = 0.01; post hoc p < 0.01, n = 10–8

mice), but rescued by VEGF (post hoc p < 0.05, n = 9–10), with no differences compared with the control (ns, n = 9–8). No further effect was observed with VEGF

alone compared with that of the control (ns, n = 6–8).

(C and D) Time course of subthreshold LTD experiments in control (black), Abo (red, 500 nM), VEGF (gray), and Abo+VEGF (green) groups. Subthreshold low-

frequency stimulation (LFS, 1 Hz, 300 pulses) triggered LTD in Abo-treated slices but not in the control condition (55–60 min after LFS, p = 0.048, paired t test, n =

5). In contrast, VEGF with Abo prevented LTD induction (ns, paired t test, n = 6). VEGF alone induced a small potentiation after LFS (p = 0.01, paired t test, n = 5).

*p < 0.05, **p < 0.01.
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6B). With combined treatment, LTP reached the same level 1 h

after TBS, as in the control condition (Figures 6A and 6B). More-

over, addition of VEGF alone did not further enhance TBS-

induced LTP compared with the control condition (Figures 6A

and 6B). Thus, we reasoned that if VEGF underlies the same
10 Cell Reports 35, 109121, May 11, 2021
potentiation mechanism as the one occurring during LTP,

VEGF should have no further potentiating effect than the one ob-

tained in the control condition. In contrast, in Abo-treated slices,

the resulting block of LTP would allow VEGF to strongly poten-

tiate fEPSP responses and, therefore, to rescue LTP.
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Next, we examined the VEGF impact on Abo-induced LTD

facilitation in adult hippocampal slices, which is known to involve

both NMDAR-dependent and NMDAR-independent forms of

LTD (Shankar et al., 2008; Li et al., 2009). Importantly, Abo

have been shown to induce LTD when metabotropic glutamate

receptors are activated by a low-frequency subthreshold stimu-

lation (LFS; 300 pulses at 1 Hz) (Shankar et al., 2008; Li et al.,

2009). As expected, this LFS protocol triggered hippocampal

LTD in Abo-treated slices, but not in the control condition, with

a clear decrease in fEPSP responses compared with baseline

up to 1 h after LFS (Figures 6C and 6D). In contrast, VEGF co-

application with Abo prevented LTD induction (Figures 6C and

6D), highlighting VEGF blockade of Abo-induced synaptic

depression.
VEGF prevents the spine morphology alterations and
loss triggered by Abo
Increasing evidence has demonstrated that changes in synaptic

strength involve activity-dependent structural plasticity,

including remodeling of dendritic spine morphology as well as

formation or removal of spines (Matsuzaki et al., 2004). Notably,

synaptic dysfunction and related alteration in dendritic spine

morphology and number are among the best-characterized

deleterious actions of Abo (Sheng et al., 2012; Dorostkar et al.,

2015). Thus, given the protective role of VEGF that we observed

in Abo-induced synaptic alterations, we investigated dendritic

spine remodeling in response to treatments in hippocampal neu-

rons expressing enhanced green fluorescent protein (eGFP). We

carried out a 3D quantitative analysis of dendritic spines in pyra-

midal neurons treated for 24 h with Abo or with a control peptide,

± VEGF (Figure 7A). We showed that Abo triggers a significant

loss of dendritic spines compared with that of the control cul-

tures (Figures 7A and 7B), confirming previous reports (Shankar

et al., 2007). Next, we investigated whether Abo affected the

morphological classification of spines and observed a leftward

shift in the spine head distribution toward narrower diameters,

whereas spine length was not changed (Figure 7C). Mushroom

as well as thin spines were selectively targeted by Abo with a re-

sulting decrease in density (Figure 7D). Conversely, the co-appli-

cation of Abo and VEGF significantly increased total spine den-

sity and reversed spine loss triggered by Abo alone (Figures 7A

and 7B). This rescue effect of VEGF resulted in a morphological

recovery of the dendritic spine pool, which was reflected by the

rightward shift in the spine head distribution compared with the

Abo condition (Figure 7C). Furthermore, we demonstrated that

VEGF selectively protected mushroom spines from the delete-

rious action of Abo, by preventing their decrease in density (Fig-

ure 7D). Collectively, these findings strongly indicated that the

VEGF effect on neurons prevents Abo-associated structural de-

fects in dendritic spines.
DISCUSSION

In the present study, we uncovered a crosstalk between Abo and

VEGF acting directly on synapses and provided evidence for a

key role for VEGF in maintaining synaptic structure and function

in AD pathology.
In patients with AD, CSF levels of VEGF significantly decrease

with the severity of cognitive impairment in large cohorts,

mimicking Ab changes (Leung et al., 2015). That link between

VEGF and Ab hallmarks raises the possibility that VEGF interacts

with Ab deposits in AD brains. Such an interaction would lead to

a decrease in VEGF availability in the parenchyma surrounding

Ab plaques, with potential alterations linked to VEGF blockade

(Licht et al., 2011; Zhang et al., 2016). In the present study, immu-

nostaining showed that Ab+ plaques were strongly labeled for

VEGF in the frontal cortex of human AD brains. In contrast,

VEGF expression was restricted to blood vessels in age-

matched controls. This pattern of VEGF accumulation in Ab pla-

ques was partly reproduced in young APP/PS1 transgenic mice.

These findings demonstrate that VEGF is associated with insol-

uble fibrillary Ab forms in both human and transgenic brain de-

posits, supporting previous evidence (Yang et al., 2004; Ryu

et al., 2009; Thomas et al., 2015). They also suggest that VEGF

is linked to the reported halo of Ab oligomers surrounding pla-

ques (Koffie et al., 2009). Heparan sulfate proteoglycans

(HSPG), known to interact with both insoluble and soluble Ab

(Verbeek et al., 1999; Liu et al., 2016) and with heparin-binding

VEGF isoforms (Houck et al., 1992), could provide a molecular

anchor trapping those proteins in the extracellular matrix.

Previous work has demonstrated that immobilized Ab physi-

cally interacts through direct binding with the heparin-binding

VEGF165 isoform, leaving the diffusible VEGF121 unbound

(Yang et al., 2004, 2005). These VEGF isoforms differ in their

binding affinity for HSPG in the extracellular matrix, which affects

their diffusion properties (Ferrara et al., 2003). It has not been

documented yet whether those VEGF isoforms preferentially

interact with soluble Abo, known to be the main Ab pathogenic

species (Serrano-Pozo et al., 2011), or with Abm. Our biochem-

ical analyses provided strong evidence for a selective binding of

Abo to VEGF165 and to a lesser extent to VEGF121, in contrast to

Abm. In addition, three major binding domains have been identi-

fied between Abo and VEGF using a peptide-array-based strat-

egy, including the VEGFR2 binding site, common to all VEGF iso-

forms, and the amino-terminal part of the heparin-binding

domain. Notably, these two domains are critically required for

VEGF signaling. Indeed, VEGFR2 on the one hand and the inter-

action between HSPG and heparin-binding VEGF isoforms on

the other hand can promote the formation of an active signaling

complex (Selleck, 2006). Moreover, a blocking peptide targeting

the amino-terminal part of the heparin binding domain has been

reported to prevent VEGF165 from binding the cell surface and its

receptors, leading to an inhibition of its function (Lee et al.,

2010b; Jia et al., 2001). Thus, the direct Abo-VEGF interaction

shown in the present study further suggests a strong inhibition

of VEGF-VEGFR2 signaling due to Abo. In line with those data,

we documented that Abo block VEGFR2 activation in a VEGF-

dependent manner in VEGFR2-expressing HEK cells and in hip-

pocampal neurons.

Several synaptic proteins have been shown to interact with

Abo and to serve as putative Abo receptors (Smith and Strittmat-

ter 2017), some of which being immobilized by the oligomers

(Renner et al., 2010). Abo ability to promote aberrant protein

interaction and/or sequestration at the synapse partly underlies

early synaptic deficits in AD models (Smith and Strittmatter,
Cell Reports 35, 109121, May 11, 2021 11
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Figure 7. VEGF prevents Abo-induced morphological alterations and loss of dendritic spines

Hippocampal neurons were transfected with eGFP on DIV 11 and treated at DIV 16–17 with control peptide (Ctrl) or Abo (500 nM), ± 50 ng $mL�1 VEGF for 1 day.

(A) Representative images of dendritic segments from treated pyramidal neurons with 3D models shown in right panels. Scale bar, 2.5 mm.

(B) Quantitative analysis showing total spine density values from n = 7–9 coverslips per condition. Spine loss triggered by Abo (one-way ANOVA, p < 0.0001; post

hoc p < 0.001, n = 9–8) was reversed by VEGF (post hoc p < 0.01, n = 7–9).

(C) Spine head width and spine length distribution per class.

(D) Morphological classification in stubby, mushroom, thin spines, and filopodia with values indicating mean spine number per micrometer. Data were analyzed

for statistical significance using a one-way ANOVA and Tukey’s post hoc test or a Kruskal Wallis and Dunn’s post hoc test when ANOVA assumptions were not

met (stubby, Kruskal-Wallis, p = 0.029; mushroom, Kruskal-Wallis, p = 0.0003; thin, one-way ANOVA, p = 0.0152; filopodia, one-way ANOVA, p > 0.05). Abo

induced a loss of mushroom spines (post hoc p < 0.01, n = 9–8) counteracted by VEGF (post hoc p < 0.01, n = 7–9). *p < 0.05, **p < 0.01, ***p < 0.001.
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2017). Along those lines, our present findings indicate that Abo

act as a VEGF-interacting protein that negatively regulates

VEGF function in hippocampal neurons. Furthermore, we

demonstrate that VEGF supplementation rescues impaired

VEGFR2 activation due to Abo and compensates for Abo-

induced synaptic alterations. Thus, aberrant Abo-VEGF interac-

tions are likely to occur at synapses and to compromise VEGFR2

activation. Indeed, previous evidence documented that Abo
12 Cell Reports 35, 109121, May 11, 2021
target synapses (Lacor et al., 2004, 2007; Koffie et al., 2009)

and that synaptic activity promotes the release of Ab and

VEGF, respectively (Cirrito et al., 2005; Kim et al., 2008; De Rossi

et al., 2016). Moreover, VEGFR2 has been shown to be ex-

pressed at hippocampal synapses, in vitro (De Rossi et al.,

2016), as well as in vivo (present study). Thus, even synapses

distant from Ab plaques in which VEGF is trapped may display

alterations of the VEGF/VEGFR2 pathway.
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In a recent study (De Rossi et al., 2016), we revealed that VEGF

regulates the trafficking of surface glutamate receptors and pro-

motes the formation of new synaptic sites. These two VEGF-

dependent processes contribute to increase the pool of synap-

ses expressing functional glutamate receptors, in sharp contrast

with the reported effect of Abo on neurons. Indeed, Abo derived

from synthetic or natural sources have been shown to trigger

removal of surface NMDA and AMPA receptors over time, linked

to the loss of synaptic sites (Snyder et al., 2005; Almeida et al.,

2005). We hypothesized that the opposite actions of VEGFmight

rescue the decrease in synaptic glutamate receptor content

induced by Abo. Because Abo produce a biphasic effect on

NMDA and AMPA receptor content at synapses, with an early

transient increase and a later decline (Um et al., 2012, Snyder

et al., 2005; Frandemiche et al., 2014; Almeida et al., 2005), we

selected a treatment duration exceeding that of the transient

phase. Consistently, we found that increasing VEGF levels mark-

edly reduced the loss of GluA1-expressing AMPAR at synapses,

induced by Abo. Because AMPAR internalization depends on

caspase-3 and calcineurin activation (Beattie et al., 2000; Li

et al., 2010), which are causally linked (Mukerjee et al., 2000)

and exacerbated in Ab-mediated pathology (D’Amelio et al.,

2011), we investigated the effect of VEGF on those signaling

pathways. Our biochemical findings provided strong evidence

that VEGF blocks the concomitant increase in caspase-3 and

calcineurin activation triggered by Abo, in line with the mainte-

nance of AMPAR synaptic content. In addition, we demonstrated

that VEGF counteracts the Abo-induced dephosphorylation of

serine 845 (S845) in GluA1, which results from calcineurin activa-

tion (Miñano-Molina et al., 2011). Notably, the reversible S845

phosphorylation has a critical role in regulating AMPAR mem-

brane insertion and function at synapses (Ehlers, 2000). Consis-

tently, our results revealed that VEGF contributes to maintain the

cell surface expression of AMPAR expressing GluA1 in the hip-

pocampal neurons challenged by Abo. Taken together, our find-

ings indicate that VEGF uses the same signaling hub that Abo do,

which links extracellular signals to the control of AMPAR synap-

tic content, but with opposite effects.

Thus, VEGFmay serve as a priming signal that promotes inser-

tion of new GluA1-containing AMPAR into neuronal membrane

and trafficking to synaptic sites. When synaptic transmission

mediated by AMPAR is depressed by toxic Abo, we have

demonstrated that VEGF partially restores synaptic strength

through a postsynaptic mechanism, supporting basal synaptic

transmission in this pathological context. Notably, our work high-

lighted the importance of VEGF for ongoing synaptic function in

the APP/PS1 mouse model of AD characterized by an age-

dependent increase in Ab burden. A clear deficit in basal synap-

tic transmission involving postsynaptic AMPAR was observed in

the CA1 region of the hippocampus in 8-month-old APP/PS1

mice, contrary to a previous report (Gengler et al., 2010). Impor-

tantly, this deficit was partially reversed by VEGF through a post-

synaptic action, illustrating the ability of VEGF to counteract the

internalization of AMPAR triggered by toxic Abo, in an in-vivo-like

environment. Interestingly, VEGF also increased basal synaptic

transmission in 8-month-old WT mice, likely reflecting compen-

sation for a previously described age-related decrease in synap-

tic effectiveness (Barnes et al., 2000).
Overall, these findings suggest that VEGFmay have an impor-

tant role in stabilizing active synapses confronted with toxic Ab

signals or characterized by an age-related downregulation of

synaptic transmission, raising the question of its effect in the syn-

aptic plasticity processes.

Mechanisms underlying LTP have been shown to interact with

LTD mechanisms to regulate synaptic function (Bear and Mal-

enka, 1994). Indeed, the balance between phosphorylation and

dephosphorylation of postsynaptic AMPAR is instrumental in

the control of these two forms of synaptic plasticity (Lee et al.,

2000, 2003). Phosphorylation of S845 may support LTP and is

required for LTD (Lee et al., 2010a), with its dephosphorylation

state being linked to a decrease in synaptic efficacy (Lee et al.,

1998). Along that line, our results in hippocampal cultures,

showing that Abo stimulate the protein phosphatase calcineurin

and trigger S845 dephosphorylation, suggest that Abo alone can

prime naive synapses for a decrease in synaptic efficacy. We

further showed that Abo trigger a robust inhibition of LTP in the

CA1 region of the hippocampus, confirming previous findings

(Lambert et al., 1998; Walsh et al., 2002; Shankar et al., 2008).

In addition, we demonstrated that VEGF rescues LTP inhibition

triggered by Abo. Moreover, because VEGF alone fails to further

increase the magnitude of LTP, we propose that its effect de-

pends on the prior state of synapses. Therefore, in agreement

with a previous study (Lee et al., 2000), we hypothesized that

the S845 phosphorylation promoted by VEGF allows the poten-

tiation of synapses that have previously been primed for depres-

sion by Abo. We observed such a priming for depression in hip-

pocampal slices preincubated with Abo and exposed to

subthreshold LFS. However, when LFS was associated with

VEGF, it resulted in a rapid compensatory synaptic process

that prevented synaptic depression, in support of our hypothe-

sis. Taken together, our findings suggest that VEGF promotes

the potentiation of recently depressed synapses in the adult

brain with Ab-mediated pathology.

Long-term changes in synaptic plasticity are supported by

morphological and structural remodeling of dendritic spines

(Matsuzaki et al., 2004; Tada and Sheng 2006). In transgenic

models of AD, structural alterations and loss of dendritic spines

have been shown to mimic the situation observed in brain sec-

tions from patients with AD (Knafo et al., 2009; Mi et al., 2017).

Those structural alterations can be reliably reproduced in hippo-

campal cultures or slices exposed to Abo (Shankar et al., 2007;

Lacor et al., 2007). Previous studies have implicated VEGF in

protecting against long-term Ab-mediated neurotoxicity in

cultured neurons (Herrán et al., 2013), but its direct effect on den-

dritic spine loss has not previously been documented. Here, we

reveal that VEGF partially rescues the changes in spine

morphology induced by Abo, sparing the mushroom spines,

which are considered stable-memory spines with high synaptic

efficacy (Bourne and Harris, 2007; Kasai et al., 2010). Notably,

this effect of VEGF results in the maintenance of dendritic spine

density in hippocampal neurons challenged by Abo. Thus, the

fact that VEGF counteracts mushroom spine loss and further

maintains dendritic spine density highlights its functional rele-

vance in AD pathology.

In conclusion, our findings demonstrate that VEGF can rescue

early functional and structural synaptic alterations triggered by
Cell Reports 35, 109121, May 11, 2021 13
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pathogenic Abo. They further suggest a model in which Abo-

VEGF binding impedes VEGF neuronal functions, whereas resto-

ration of VEGF availability may prevent synaptic dysfunction

caused by Abo.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse Anti b-Amyloid 1-16 monoclonal antibody

Dilution 1:500

BioLegend Cat# 8003002;

RRID: AB_2564654

Mouse Anti b-Amyloid 1-16 monoclonal antibody

4 mg for IP

BioLegend Cat# 8003002;

RRID: AB_2564654

Rabbit Anti biotin polyclonal antibody

Dilution 1:10,000

Abcam Cat# Ab53494;

RRID: AB_867860

Mouse Anti HA monoclonal antibody

4 mg for IP

Sigma-Aldrich Cat# H3663;

RRID: AB_262051

Rabbit Anti GluR1 monoclonal antibody

Dilution 1:500

Millipore Cat# 04-855;

RRID: AB_1977216

Rabbit Anti phospho GluR1, (Ser845) polyclonal

antibody Dilution 1:500

Millipore Cat# Ab5849;

RRID: AB_92079

Rabbit Anti phospho GluR1, (Ser831) monoclonal

antibody Dilution 1:500

Millipore Cat# 04-823;

RRID: AB_1977218

Mouse Anti NR1 monoclonal antibody

Dilution 1:500

Millipore Cat# 05-432;

RRID: AB_390129

Mouse Anti CaMKII monoclonal antibody

Dilution 1:10,000

Abcam Cat# Ab22609;

RRID: AB_447192

Rabbit Anti phospho CaMKII a (Thr286) polyclonal

antibody

Dilution 1:500

Abcam Cat# Ab5683;

RRID: AB_305050

Rabbit Anti Fyn polyclonal antibody

Dilution 1:1000

Cell Signaling Technology Cat# 4023;

RRID: AB_10698604

Rabbit Anti phospho Src Family (Tyr416) polyclonal

antibody Dilution 1:1000

Cell Signaling Technology Cat# 2101;

RRID: AB_331697

Rabbit Anti Calcineurin A polyclonal antibody

Dilution 1:1000

Abcam Cat# Ab3673;

RRID: AB_303991

Rabbit Anti Caspase 3 polyclonal antibody

Dilution 1:1000

Cell Signaling Technology Cat# 9662;

RRID: AB_331439

Rabbit Anti Cleaved Caspase 3 polyclonal antibody

Dilution 1:500

Cell Signaling Technology Cat# 9661;

RRID: AB_2341188

Rabbit Anti PSD95 monoclonal antibody

Dilution 1:1000

Cell Signaling Technology Cat# 3450;

RRID: AB_2292883

Mouse Anti Synaptophysin monoclonal antibody

Dilution 1:10,000

Millipore Cat# MAB368;

RRID: AB_94947

Mouse Anti b-Actin monoclonal antibody

Dilution 1:40,000

Sigma-Aldrich Cat# A1978;

RRID: AB_476692

Rabbit Anti VEGF Receptor 2 monoclonal antibody

Dilution 1:500-1000

Cell Signaling Technology Cat# 2479;

RRID: AB_2212507

Rabbit Anti VEGF Receptor 2 phospho (Tyr1175)

monoclonal antibody Dilution 1:250

Cell Signaling Technology Cat# 2478;

RRID: AB_ 331377

Goat Anti Rabbit HRP polyclonal antibody

Dilution 1:10,000

Jackson

Immunoresearch

Cat# 111-036-003; RRID: AB_2337942

Goat Anti mouse HRP polyclonal antibody

Dilution 1:10,000

Jackson

Immunoresearch

Cat# 115-036-003; RRID: AB_2338518

Rabbit Anti rat GluR1 polyclonal antibody

Dilution 1:60

Millipore Cat# PC246;

RRID: AB_564636

(Continued on next page)
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Rabbit Anti eGFP polyclonal antibody

Dilution 1:1000

Millipore Cat# Ab3080;

RRID: AB_91337

Rabbit Anti Alexa fluor 488 polyclonal antibody

Dilution 1:1000

Molecular Probes Cat# A-11094;

RRID: AB_221544

Mouse Anti b-Amyloid 17-24 monoclonal antibody

Dilution 1:500

BioLegend Cat# 800710;

RRID: AB_2565326

Rabbit Anti VEGF polyclonal antibody

Dilution 1:200

Santa Cruz Cat# sc-152;

RRID: AB_2212984

Rabbit Anti OC polyclonal antibody

Dilution 1:500

Millipore Cat# Ab2286;

RRID: AB_1977024

Mouse Anti GFAP monoclonal antibody

Dilution 1:500

Sigma Aldrich Cat# G3893;

RRID: AB_477010

Mouse Anti CD68 monoclonal antibody

Dilution 1:100

Bio-Rad Cat# MCA1957;

RRID: AB_322219

Goat Anti Mouse Alexa fluor 488 polyclonal antibody

Dilution 1:1000

Molecular Probes Cat# A11029;

RRID: AB_138404

Goat Anti Rabbit Alexa fluor 555 polyclonal antibody

Dilution 1:1000 – 1:100 (saturating concentration)

Molecular Probes Cat# A21429;

RRID: AB_2535850

Goat Anti Mouse Alexa fluor 647 polyclonal antibody

Dilution 1:1000

Molecular Probes Cat# A21236;

RRID: AB_2535805

Biological samples

Postmortem human brain tissue samples

See Table S1 for more information

Hospices Civils Lyon Centre de

Pathologie Neuropathologie Est

Cardiobiotec and Neurobiotec bank

Chemicals, peptides, and recombinant proteins

Amyloid b-Protein (1-42) Bachem Cat# H-1368

Biotinyl-Amyloid b-Protein (1-40) Bachem Cat# H-5914

Biotinyl-Amyloid b-Protein (1-42) Bachem Cat# H-5642

Amyloid b-Protein (1-42) (scrambled) Bachem Cat# H-7406

Recombinant Human VEGF 165 R&D Systems Cat# 293-VE

Recombinant Human VEGF 121 R&D Systems Cat# 4644-VS

Recombinant Human VEGF 165A protein -Biotin Abcam Cat# ab168684

Critical commercial assays

Human VEGF DuoSet ELISA R&D Systems Cat# DY293B

Dynabeads TM Protein G Immunoprecipitation Kit ThermoFisher scientific Cat# 10007D

DynaMTM-2 Magnet ThermoFisher scientific Cat# 12321D

Experimental models: Cell lines

HEK293 cells (human embryonic kidney cells ATCC Cat# CRL-1573;

RRID:CVCL_0045

Experimental models: Organisms/strains

APP/PS1-21 Transgenic mice Radde et al., 2006 N/A

C57BL/6JRj Janvier Labs Cat# SC-C57J-F

Recombinant DNA

Plasmid: pFlk1 (VEGFR2) Meissirel et al., 2011 N/A

Plasmid: pEGFP-C1 Clontech N/A

Software and algorithms

Fiji – ImageJ McMaster Biophotonics Facility Version 1.51r

Huygens Scientific Volume Imaging Version 16.05

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Icy Bioimage Analysis

Spot Detector plugin

Colocalization studio plugin

France Bioimaging Version 2.0.0.0

Imaris

Spine classification MATLab Plugin (see Method

details)

Bitplane Version 7.6.5

Prism GraphPad Version 7.00

R software R Foundation for Statistical

Computing

R version 4.0.3

Origin Lab Origin Lab Corp. OriginPro version 2020

Other

Neurobasal Medium ThermoFisher Scientific Cat# 21103049

B27 Supplement ThermoFisher Scientific Cat# 17504044

DMEM high glucose, pyruvate ThermoFisher Scientific Cat# 41966029

Streptavidin-HRP R&D Systems Cat# DY998

cOmplete protease inhibitor cocktail Roche Cat# 04693159001

12% CriterionTM TGX Stain-Free Protein gel Bio-Rad Cat# 5678044

4–12% Criterion XT Bis-Tris Protein Gel Bio-Rad Cat# 3450124

SuperSigna West Pico PLUS Chemiluminescent

Substrate

ThermoFisher Scientific Cat# 34577

Picrotoxin Sigma-Aldrich Cat# P1675

NBQX Tocris Cat# 1044

Tetraethylammonium chloride Sigma-Aldrich Cat# T2265

Sodium orthovanadate Biolabs Cat# P0758S

Phosphatase inhibitor cocktail Merck Millipore Cat# 524629

OptiMEM ThermoFisher Scientific Cat# 31985070

Lipofectamine LTX Reagent with PLUS Reagent ThermoFisher Scientific Cat# 15338100

Pierce Universal Nuclease for Cell Lysis ThermoFisher Scientific Cat# 88701

D-PBS no calcium no magnesium ThermoFisher Scientific Cat# 14190250

Thioflavin-S Sigma Aldrich Cat# T1892

Sudan Black B Sigma-Aldrich Cat# 199664

DAPI Roche Cat# 10236276001

FluorSaveTM reagent Merck Millipore Cat# 345789

Alexa fluor 546 Phalloı̈din ThermoFisher Scientific Cat# A22283

Cellulose-bound peptide arrays - Celluspots Proteomic Solutions N/A

Extracellular amplifier WPI Cat# SYS-DAM80
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Claire

Meissirel (claire.meissirel@inserm.fr).

Materials availability
This study did not generate new unique reagents. All key resources are listed in Key resources table. Further information and requests

for resources and reagents should be directed to the lead contact.

Data and code availability
This study did not generate and/or analyze datasets or code. All data are included in this published article and supplementary

information.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Human brain sample
Postmortem tissue samples were obtained from the F2 region of the premotor cortex of 4 clinically and pathologically diagnosed

Alzheimer’s disease patients and 4 control cases. The median age of these patients was 55-year-old, 7 were females and 1 was

male (Table S1). After pathological review, each postmortem specimenwas assigned a Braak score based on neuronal neurofibrillary

tangle pathology (Braak and Braak, 1991) and a Thal score based on amyloid deposits (Thal et al., 2002). Cases with long post-mor-

tem intervals were excluded due to potential protein degradation with increasing post-mortem intervals. Frozen brain tissues were

acquired from Hospices Civils de Lyon, Centre de Pathologie et Neuropathologie Est, Cardiobiotec and Neurobiotec bank (Lyon,

France) in compliance with French ethical rules.

Animals
Embryonic day 17-18 (E17-18) C57BL/6JRj wild-type male and female mice were used for primary hippocampal cell cultures,

biochemical purification experiments and immunostainings. In addition, brain section immunostainings, tissue fractionation and

electrophysiological experiments were performed on 4 and 8-month-old wild-type and transgenic heterozygous male APP/PS1-

21 mice generated on a C57BL/6 background and expressing a transgene combining human APP with the Swedish mutation

(APPKM670/671NL) and mutated L166P human presenilin 1 (PS1) under the Thy1 promoter (Radde et al., 2006). Genotyping was per-

formed to reveal the presence or absence of APP and PS1 transgenes. For electrophysiological field potential recordings C57BL/

6JRj wild-type (P40-P70) female mice were also used. The study was conducted in accordance with the European Community

Council directive 2010/63/EU on the protection of animals used for experimental and scientific purposes. Animal care and treatment

procedures were performed according to the guidelines approved by the French Ethical Committee of the Lyon 1 University

(DR2013-47).

Mouse primary neuronal culture
Primary hippocampal neuron cultures were prepared from E17-18 C57BL/6JRj mice. Briefly, hippocampi were removed, cut into

pieces, digested in trypsin (0.5% w/v) and DNase (0.01% w/v) and triturated in Neurobasal medium supplemented with L-glutamine

(2 mM), 2% B27, 1% penicillin-streptomycin (10000 U/mL) and D-Glucose (0.65 mg/mL). Hippocampal neurons were then plated

onto poly-L-lysine coated coverslips or dishes at either low (19 3 103 cells/cm2) or high density (50 3 103 cells/cm2), depending

on experiments (Table S2). Neurons were subsequently cultured in supplemented Neurobasal medium at 37�C under 5% CO2,

one-half of the media changed twice a week.

Cell line culture
HEK293 cells (human embryonic kidney cells) were routinely cultured in 6cmPetri disheswith 5mL of DMEMsupplemented with 10%

SVF and 100U/ml Penicillin/streptomycin.

METHOD DETAILS

Ab preparation and oligomerization
Synthetic Ab1-42, Ab1-40, their biotinylated forms and scrambled peptides were obtained as lyophilized samples fromBachem (Ab1-42,

b-Ab1-40, b-Ab1-42, scrambled Ab1-42). Briefly, peptides were solubilized in 1,1,1,3,3,3-hexafluoro-2-propanol to prevent oligomeri-

zation, then evaporated overnight under a chemical fume hood, and stored as a dried peptide film at �80�C until use, as previously

described (Stine et al., 2003). Ab oligomers were prepared extemporaneously by first dissolving the peptide film in 2 mM dimethyl

sulfoxide with an additional dilution step to 100 mM in ice-cold medium depending on experiments (Neurobasal, PBS or ACSF).

Diluted peptides were subsequently incubated 24h at 4�C to form oligomers (Abo), whereasmonomers (Abm)were directly used after

the dilution step. For treatments, solutions of 100 mMAbo, Abmor scrambled peptides were diluted in fresh appropriate medium to a

final concentration of 500 nM for electrophysiological and morphological experiments or to 500 nM or 1 mM for biochemical and

immunohistochemical experiments. Abo concentrations are corresponding to monomer equivalent concentrations, as previously re-

ported (Laurén et al., 2009).

ELISA assays
Human VEGFDuoSet ELISA assayswere purchased fromR&DSystems to analyze binding between recombinant human VEGF 121 or

VEGF 165 and synthetic biotinylated Ab1-42 oligomers or Ab1-40 monomers. Binding was determined using an indirect ELISA in which

VEGF was used as the capture antigen and biotinylated Ab for the detection. Briefly, 96 well plates were coated with 500 ng.mL-1

of VEGF165 or VEGF121 in PBS. After a washing step in PBS 0.05% Tween 20, plates were blocked with 3% BSA in PBS for 1h at

RT. Ab samples were added in triplicate from 0.1 mg.mL-1 to 50 mg.mL-1 (21 nM to 10.5 mM for Ab1-42, 22 nM to 11 mM for Ab1-40)

and incubated for 2h at RT, washed with PBS 0.05% Tween 20 and subsequently incubated with HRP-conjugated streptavidin

(1/40) for 20 min at RT. After washing, substrate solution containing 3,30,5,50-Tetramethylbenzidine (TMB) and H2O2 was added to

the wells and reaction was stopped by H2SO4. Absorbance was successively measured at 450 and 540 nmwith a TECANmicroplate
Cell Reports 35, 109121, May 11, 2021 e4
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reader and optical density values at 540 nmwere subtracted from the ones at 450 nm to correct for optical imperfections of the plate.

Unspecific Ab binding was determined using non-coated wells.

Immunoprecipitation and immunoblotting
For immunoprecipitation, 450 ng of Ab1-42 oligomer preparation were subjected to an additional overnight incubation at RT. These

samples corresponding to 500 nMequivalent monomer concentration were incubated for 1h at RT in presence or absence of 1,25 nM

biotinylated VEGF165 with a cOmplete protease inhibitor cocktail. Subsequently, they were incubated 2h at 4�Cwith a mouse anti-Ab

(4 mg, 6E10) or control antibody (4 mg, mouse anti-HA). Immunoprecipitates were then incubated with protein G-conjugatedmagnetic

beads for 2h at 4�C and selectively isolated using a magnet. After extensive washing of the magnetic beads in buffer, immunopre-

cipitates were eluted at RT using ammonium hydroxide 150mM pH, 10.5 and eluates were diluted in sample buffer without DTT prior

to immunoblotting analysis. Samples were separated on 12% SDS/PAGE gels, transferred on nitrocellulose membranes and immu-

noblotted with the antibody of interest: mouse anti-Ab (6E10) or rabbit anti-biotin.

Electron microscopy
Prior to imaging, 5 mL of Ab1-42 oligomeric preparation at 15 mM were deposited onto Formvar-coated mesh copper grids. After a

2 min incubation step at RT, grids were rinsed with sterile dH20. Samples were subsequently stained using 2% uranyl acetate for

1 minute in the dark to increase contrast and were allowed to air dry for 2 minutes. Finally, they were visualized with a Philips

EM208 Transmission Electron Microscope operating at 120 kV, initially imaged at low magnification (20,000X), and thereafter at

120,000X using a Gatan Orius 600 digital camera.

Peptide arrays
Cellulose-bound peptide arrays encompassing the whole human (UniProtKB #P15692) and mouse (UniProtKB #Q00731) VEGF se-

quences, minus signal sequences, were synthesized by Proteomic Solutions. Overlapping 15-mer peptides were shifted by 6 aa for

both human andmurine sequences and two copies of the same array were spotted on the slide for quality control and reproducibility.

Arrayswere blocked for 2 h in Tris buffered saline, 1%Tween 20, 5%BSA to prevent unspecific binding, and subsequently probed for

15 h at 4�Cwith biotinylated Ab1-42 oligomers (10 mg.mL-1 – 2.11 mM), biotinylated Ab1-40 monomers (10 mg.mL-1 – 2.19 mM), or vehicle

used as a control. Synthetic Ab1-40 monomers were used as controls instead of Ab1-42 due to aggregation properties of Ab1-42 over

time. After washing in TBS 1% Tween 20, arrays were incubated with HRP-conjugated Streptavidin for 2h at RT. Peptide interaction

was detected using SuperSigna West Pico PLUS Chemiluminescent Substrate according to the manufacturer’s instructions. Non-

specific Ab binding was determined using control peptides. Spots were quantified using ImageJ software and OD values measured

with control incubation assigned as background. For each experiment, OD values reflecting binding to the duplicated spots were

used to calculate the mean value for each spot.

Electrophysiology
Local field potential recordings (LFP) were performed on acute coronal hippocampal slices from wild-type C57BL/6JRj female mice

(P40-70) and 8-month-old wild-type and transgenic heterozygous male APP/PS1-21 mice to measure baseline synaptic response,

long-term potentiation (LTP) and long-term depression (LTD) of Schaffer collaterals to CA1 pyramidal cell synapses (SC-CA1 synap-

ses), (Table S2). Hippocampal slices (400 mm thick) were cut using a vibratome (Leica VT1000S and VT1200S) and incubated at room

temperature in artificial cerebrospinal fluid (ACSF) containing (in mM): 124 NaCl, 10 glucose, 1.25 NaH2PO4, 2.5 KCl, 26 NaHCO3,

1.3 MgCl2, and 2.5 CaCl2, bubbled with 95% O2 and 5% CO2, pH 7.4) for 1 h prior to recording. Field extracellular excitatory post-

synaptic potentials (fEPSPs) were recorded in stratum radiatum of CA1 region in presence of gamma-aminobutyric acid (GABA)-A

receptor antagonist picrotoxin (100 mM). Electrical stimulation was realized with a bipolar tungsten electrode placed in stratum radi-

atum and fEPSPs were measured using borosilicate glass microelectrodes (~1-3 MU) filled with NaCl (1 M), or ACSF. The tip of the

recording electrode was located close to the slice surface. LFP were amplified and low-pass filtered at 3 kHz using a differential

amplifier. Data acquisition and analyses were carried out using a National Instrument interface coupled with Elphy software (G.

Sadoc, UNIC-CNRS, Gif-sur-Yvette, France). LFP were sampled at 10 kHz. We computed fEPSPs initial slope to quantify synaptic

responses. After baseline recordings of synaptic activity evoked at 0.2 Hz for at least 10 minutes, slices were treated with Abo

(500 nM) or vehicle for 40 min before LTP or LTD induction. To minimize indirect effects, local VEGF applications (500 ng.mL-1)

were subsequently performed using a Picospritzer II (Pulse 0.1 Hz; 50ms duration) and a glass pipette (10 mm aperture) located in

the vicinity of the recording electrode slightly above the slice surface, 15-20 min before inducing LTP and LTD (De Rossi et al.,

2016). Input/output (I/O) curves were assessed by progressively raising the stimulation intensity from 20 to 400 mA. The AMPA-R

antagonist 2,3-Dioxo-6-nitro-1,2,3,4-tetrahydrobenzo[f]quinoxaline-7-sulfonamide disodium salt (NBQX, 5mM) was applied at the

end of several experiments, after long-term application of Abo and/or VEGF to assess the fiber volley amplitude. In all experiments,

NBQX totally blocked fEPSP but not the fiber volleys (Figure 5C). For assessing basal synaptic transmission, paired-pulse facilitation

(PPF) was obtained by applying two electrical stimulations separated by 50ms. PPF was then analyzed by calculating the ratio of the

slope of the second response to the slope of the first. A change in PPF is indicative of a (presynaptic) modulation of the probability of

glutamate release at the SC-CA1 synapse. LTP was induced by a theta burst stimulation (TBS), which consisted of 10 trains sepa-

rated by 30 s, each train composed of 6 bursts at 5 Hz and each burst providing 4 pulses at 100Hz. Subthreshold low-frequency
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stimulus (LFS) consisted of a stimulation of 300 pulses at 1 Hz and was done in the absence of picrotoxin in ACSF (Shankar et al.,

2008; Li et al., 2009). Before LTP and LTD induction, precautions were taken to ensure that approximately the same amplitude of

fEPSPs was obtained in baseline for the different experiments to achieve the same level of cooperativity in each group. After LTP

induction, fEPSPs were recorded for at least 60 min.

Acute hippocampal slice preparation for biochemical experiments
Acute coronal slices (150 mm thick) were prepared from wild-type C57BL/6JRj female mice (P40-70) with a vibratome and incubated

at room temperature in oxygenated (95% O2 / 5% CO2) ACSF (in mM): 124 NaCl, 10 glucose, 1.25 NaH2PO4, 2.5 KCl, 26 NaHCO3,

1.3 MgCl2, and 2.5 CaCl2, pH 7.4, after hippocampus isolation. Next, hippocampal slices were pretreated for 40 minutes in oxygen-

ated ACSF with 500 nM Abo ± VEGF prior to cLTP induction with 25 mM tetraethylammonium chloride (TEA) for 10 minutes. After

cLTP induction, slices were maintained in initial treatments for 60 minutes and collected in cold lysis buffer (mM): 50 Tris-HCL,

150 NaCl, 1 EDTA, 1% NP-40, 0.5% deoxycholate, 0.1% SDS, supplemented with a cOmplete protease inhibitor cocktail, 2mM So-

dium orthovanadate, and a phosphatase inhibitor cocktail at pH 7.4. Subsequently, hippocampal tissue was homogenized, potter-

ized and centrifuged at 1000 g for 10 min at 4�C and supernatants were kept at �20�C until use.

CULTURES AND TREATMENTS

HEK cell transfection and treatment
Cell transfection was performed at 50% confluency in DMEM supplemented with 10% SVF. A transfection medium was prepared

with 237mL of OptiMEM, 3.8mL of plasmid encoding for mouse VEGFR2 (Meissirel et al., 2011) and 9mL of Plus reagent, incubated

for 5min, and supplemented with 232 mL OptiMEM and 18mL of LTX (Lipofectamine). This transfection preparation was then added

to the cells in each Petri dishes and incubated for 24h at 37�c and 5% CO2. VEGFR2 expressing HEK cells obtained by transfection

were deprived in SVF 12h before Ab and/or VEGF treatments to limit VEGF supply present in SVF. Cells were treated for 5 min with

Abm (1mM), used as a control or Abo (1mM), with or without VEGF165 (50 ng.mL-1). After treatments, HEK cells were washed and incu-

bated in 600mL of lysis buffer (Tris HCL 25mM, EDTA 5mM, DOC 0.5mM, NP 40 1%, SDS 0.1%, NaCl 150mM), supplemented with

cOmplete protease inhibitor cocktail 2%, Benzonase 0.02%, Orthovanadate 2%, and phosphatase inhibitors 2% for 10 min at 4�C.
Cell lysates were then centrifuged at 10,000 g for 10min at 4�C to remove cellular debris, and stored at �20�C until use.

Hippocampal neuron treatment
For biochemical assessment of receptor activation, post-synaptic enrichments and immunocytochemistry, hippocampal neuron cul-

tures were used after 14-15 days in vitro (DIV) and treated for 1h with 1 mM synthetic Ab142 oligomers (Abo) or their control peptides,

with or without 50 ng/mL of VEGF165. Ab synaptic targeting was assessed by immunocytochemistry and cultures were treated for

only 30 minutes with 500 nM synthetic Abo or Abmonomers (Abm), supplemented or not with 50 ng/mL of VEGF165. In some exper-

iments designed to study GluA1 expressing receptor activation, neuron cultures were used after 21 DIV and treated for 12h with Abo

± VEGF165. Finally, for morphological analysis, cultures were treated at 17-18 DIV with 500 nM Abo or their control peptides, with or

without 50 ng/mL VEGF165, for 24 h.

POSTSYNAPTIC DENSITY ENRICHMENT AND IMMUNOBLOTTING

PSD enrichment
Postsynaptic density (PSD) fractions were prepared from control and treated 14-15 DIV hippocampal cell cultures, 1 hour after treat-

ments, or from hippocampal samples from 4 and 8-month-old APP/PS1 andWTmice. Hippocampal neurons were rinsed twice with

cold D-PBS, harvested in cold buffer containing 0.32 M sucrose and 10 mM HEPES, cOmplete protease inhibitor cocktail, 2mM So-

dium orthovanadate, complemented with a phosphatase inhibitor cocktail at pH 7.4, and centrifuged twice at 800 g for 10 min to

remove nuclei and large debris. A supernatant fraction of 10 mL per sample was collected for total lysate immunoblotting. Crude

membrane fractions were obtained after a 12,000 g centrifugation step for 20 min, resulting pellets were resuspended in EDTA buffer

to chelate calcium (4 mM HEPES, 1 mM EDTA, pH 7.4) and subsequently centrifuged twice at 12,000 g for 20 min to pellet synap-

tosomal fraction. Pellets were then incubated in a low-triton buffer for 1 hour (20 mM HEPES, 100 mM NaCl, 0.5% Triton X-100, pH

7.2) and centrifuged at 12,000 g. The supernatants contained the non-postsynaptic density fraction (non-PSD). The resulting pellets

were further extracted with a high-detergent buffer during 1 hour (20 mM HEPES, 0.15 mM NaCl, 1% Triton X-100, 1% deoxycholic

acid, 1% SDS, pH 7.5) and centrifuged 15 minutes at 10,000 g to obtain the postsynaptic density fraction (PSD) in the supernatants.

Total lysate samples were lysed in 50 mM Tris-HCL, 150 mM NaCl, 1 mM EDTA, 1% NP-40, 0.5% deoxycholate, 0.1% SDS, pH 7.5

and all samples were kept at �20�C until use.

Immunoblotting
PSD and non-PSD fractions (5-10 mg of proteins) were subjected to immunoblotting analysis using 3%–8% or 4%–12% gradient

SDS-PAGE gels for glutamate receptor or signaling protein analysis, respectively. Total lysates (7.5-10 mg of proteins) were also

separated on 4%–12% SDS-PAGE gels. Gels were transferred on nitrocellulose membranes and immunoblotted with dedicated
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antibodies after a 45minutes blocking step in Tris-buffered saline, 0.1%Tween, 5%milk or BSA, pH 7.6. Membranes were incubated

overnight at 4�C with antibodies diluted in Tris-buffered saline, 0.1% Tween, pH 7.6, with 2% milk or 2% BSA for total or phosphor-

ylated protein detection, respectively. Appropriate horseradish peroxidase (HRP)-conjugated secondary antibodies were applied for

2h at room temperature. Proteins were visualized with an ECL detection system and band intensities quantified using a densitometric

analysis with ImageJ software.

IMMUNOHISTOCHEMISTRY AND HIPPOCAMPAL NEURON IMMUNOSTAINING

Immunohistochemistry
HeterozygousAPP/PS1-21 andwild-typemalemicewere killed by decapitation after deep isoflurane gas anesthesia and brains were

rapidly dissected and fresh frozen. Postmortem human brain samples through F2 prefrontal cortex were obtained from histologically

confirmed AD cases and age-matched controls (Table S1). Frozen serial sections were cut with a Cryostat at 10 and 7 mm thick for

mouse and human brains respectively, and were further processed for immunostaining. Briefly, sections were fixed in 4% PFA with

4% sucrose for 10 minutes and rinsed twice in PBS. In addition, three in 50th serial mouse brain sections were stained with 0.05%

Thioflavin-S in 50% ethanol for 8 min to label dense-core plaques, washed twice in 80% ethanol for 5 min, and rinsed 3 times in PBS.

Subsequently, sections were permeabilized in 0.3% Triton X-100 in PBS with 1% BSA and stained overnight at 4�C with antibodies

directed against VEGF, b-amyloid, OC fibrillar Ab oligomers, GFAP or CD68 expressing activated microglia. Next, they were incu-

bated for 2 hours at room temperature with appropriate fluorescently conjugated secondary antibodies: Alexa Fluor 488 for Ab, Alexa

Fluor 555 for VEGF and Alexa Fluor 647 for GFAP or CD68 detection. For VEGF and OC double-immunostaining on human brain sec-

tions, sequential immunoreactions were carried out to be able to use primary antibodies raised in the same host species. After over-

night incubation with the VEGF antibody, sections were incubated the next day for 2 hours in a saturating concentration of Alexa 555

goat anti-rabbit secondary antibody to bind all sites of the VEGF antibody. OC immunostaining was completed on the third day. Con-

trols were performed without any or with each of the primary antibodies. Before DAPI counterstaining, human sections were pro-

cessed for an additional autofluorescence quenching step in 0.1% Sudan Black B in 70% ethanol for 10 minutes to decrease lipo-

fuscin fluorescence. Finally, sections were counterstained with DAPI prior to mounting them with FluorSave reagent.

Hippocampal neuron immunostaining
Hippocampal neuron cultures were grown on poly-L-lysine-coated glass coverslips for 14-15 DIV to analyze surface receptor expres-

sion, or 17-18 DIV for morphological analysis. Culture were fixed with 4% paraformaldehyde, 4% sucrose in 0.1 M phosphate buffer

at RT prior to immunostaining under non-permeabilizing (cell surfaceGluA1 immunostaining) or permeabilizing (GFP immunostaining)

conditions. After a blocking step in non-permeabilizing (PBS, 1% BSA) or permeabilizing (PBS, 0.3% Triton X-100, 1% BSA) buffer,

antibodies recognizing the extracellular domain of GluA1 or GFP were used overnight at 4�C in appropriate blocking solution. After

rinses, cells were incubated with appropriate Alexa conjugated secondary antibody combined or not with Alexa fluor 546 phalloidin

for 2 hours at RT. Cultures were subsequently counterstained with DAPI and mounted in FluorSave reagent.

Hippocampal neuron transfection for 3D confocal imaging
11 DIV hippocampal neurons were transfected with a pEGFP-C1 plasmid coding for enhanced green fluorescent protein (eGFP)

under a CMV promoter (GenBank Accession #: U55763), using Lipofectamine LTX. Briefly, cells were treated with a mix including

LTX, DNA and Plus reagent in OptiMEM. Transfection medium was removed after 5h and replaced with fresh Neurobasal medium

supplemented with L-glutamine (2 mM), 2% B27, without antibiotics, for 24h. Next, half of the medium was changed for fresh sup-

plemented Neurobasal medium with antibiotics. Hippocampal neurons were treated at 6 days post-transfection for 24h with Abo or

control peptide, supplemented or not with VEGF.

IMAGE ACQUISITION AND ANALYSIS

Imaging of brain section and cell surface immunostainings
Images were obtained using a Zeiss Imager Z1 equipped with Apotome technology for human brain section and hippocampal cell

surface immunostainings, and with a slide scanner Axio Scan.Z1 for immunostaining of transgenic mice brain sections. For each im-

age acquisition system identical acquisition parameters were used between treated conditions, and images were further analyzed

with ImageJ software. To assess GluA1 surface expression, regions of interest (ROIs) were centered on the dendrite of hippocampal

neurons in which F-actin cytoskeleton was labeled using Alexa fluor 555 phalloidin, and the density as well as the size of GluA1 clus-

ters was quantified in each ROI in collapsed Z stacks. GluA1 surface clusters were defined as fluorescence signal being fivefold

above background fluorescence and ranging from 0.25 to 0.60 mm in diameter. Data were expressed as density of GluA1 positive

clusters per surface area or as size of GluA1 positive clusters, and by density of Thioflavin-S positive plaques, with or without

VEGF expression.
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Confocal imaging of dendritic spines
For 3D dendritic spines analysis, hippocampal pyramidal cells expressing eGFP were selected based on their morphology and

imaged using a confocal Leica TCS-SP5 Xmicroscope equipped with a white light laser, a 63x objective and an additional zoom fac-

tor (3x). 3D confocal z stack images were analyzed using Imaris Software. Image acquisition and subsequent analyses were per-

formed by an investigator blind to cell culture treatments.

3D dendritic spine modeling
Z stack images were subsequently deconvolved using Huygens software, and spine density and morphology were analyzed with

Imaris software. Briefly, fragments of secondary and tertiary apical dendrites were selected and modeled with filament tracer with

a total of 198 dendritic fragments measuring 27 mm in average that have been analyzed for 66 hippocampal pyramidal cells. After

automatic image thresholding, quantification and classification of spines were performed with Spine Classification MATLab plugin.

Five algorithms were used to classify spines according to Imaris measured parameters: Stubby spines: length(spine) < 0.7 and

2*min_width(spine) > max_width(head); Mushroom spines: max_width(head) > min_width(spine)*2 and length(neck) < max_width

(head)*2; Thin spines: max_width(head) > min_width(spine)*1.5 and length(neck) > max_width(head)*2; Filopodia: 1.3*mean_width

(neck) > = mean_width(head) and length(spine) > 2; Others: true. All spines which remained unclassified (around 10%), due to their

ambiguous shape, were classified as ‘‘Others’’ and integrated to the total spine density analysis.

Confocal imaging of synaptic targeting
For analysis of Ab synaptic targeting, images were obtained using a TCS-SP5X confocal microscope equipped with a 63x objective

and an additional zoom factor (3x) under identical acquisition parameters. Images were subsequently deconvolved using Huygens

Professional software and analyzed with Icy software. Image thresholding was applied for each channel to remove noise and Spot

Detector plugin was used to detect significant signal. Detected spots or clusters were defined as region of interest (ROI) and subse-

quently launched with Colocalization studio plugin to assess the percentage of colocalized clusters. Data were expressed as density

of PSD95, Bassoon or Ab positive clusters per 100 mm2 surface area and by percentage of colocalized clusters.

QUANTIFICATION AND STATISTICAL ANALYSIS

All data were expressed asmean ± SEM, unless stated otherwise. Normality and variance homogeneity were assessed with descrip-

tive statistics and appropriate tests using R andOriginLab softwares. Sample size (n) was determined based on previous studies from

the literature and pilot experiments; n refers to wells per condition in biochemical experiments, coverslips per condition in dendritic

spine and cluster cell surface analyses, and mice per condition or per genotype for electrophysiological experiments. For protein

activation, PSD, cluster density and dendritic spine analyses, protein expression level as well as cluster and spine density were

compared for statistical significance between groups using a one-way ANOVA followed by a Tukey’s post hoc test or a KruskalWallis

and a Dunn’s post hoc test when the assumptions of ANOVA were not met (R software). For ELISA assay, significant differences

between curves were assessed comparing fits of nonlinear regression models for saturation binding curves using a F test (Prism,

GraphPad). For electrophysiological recordings, statistical analysis of differences in fEPSP slopes between treatments was per-

formed using a Kruskal Wallis followed by a Dunn’s post hoc test, and a two-tailed paired t test to compare treatment effects

with baseline. Statistical measure such as the mean ± SEM, sample size (n) and significance levels p < 0.05, p < 0.01, p < 0.001

are provided in Table S3.
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Case ID Age Sexe Postmortem 
Delay Neuropathological diagnosis 

Control 1 

Control 2 

Control 3 

Control 4 

AD 5 

AD 6 

AD 7 

AD 8 

36 

52 

58 

50 

48 

71 

82 

72 

M 

F 

F 

F 

F 

F 

F 

F 

6 h 5 min 

33 h 5 min 

18 h 15 min 

26 h 30 min 

15 h 15 min 

24 h 50 min 

10 h 50 min 

56 h  

Lesions of the third ventricle 

Lesions of the third ventricle 

Cerebellar lesions 

Cerebellar lesions 

AD   (Thal 5 – Braak V-VI) 

AD   (Thal 5 – Braak V-VI) 

AD   (Thal 5 – Braak V-VI) 

AD   (Thal 5 – Braak V-VI) 

 
 
 

 
Table S1. Related to Figure 1 

 



 Figure 

panels 

1 A 1C, 
S1A 

S4 B 7 B, D 8 C S3 B  

Independent 
experiments 4 2 2 3 3 2  

Human brain 
samples 4       

Mouse brain 
sample per 

group 
 3 

     

Cell culture 
seeding 
density 

  18.75 103 

cells/cm2 
50 103 

cells/cm2 
50 103 

cells/cm2 
18.75 103 

cells/cm2 

 

Wells per 
condition 

   Ctrl : 8 
Abo : 9 

Ctrl+V : 7 
Abo+V : 7 

 Abm : 6 
Abo : 6 

Abm+V : 5 
Abo+V : 4 

 

Coverslips 
per 

condition 

  Ctrl : 7 
Abo : 9 

Ctrl+V : 8 
Abo+V : 10 

Ctrl : 8 
Abo : 9 

Ctrl+V : 7 
Abo+V : 7 

   

 Figure 
panels 2 A 2 B, D 3 B 3 B, D 4 B 4 D 4 F 

Independent 
experiments 3 2 - 4 7 7 

GluA1 : 10 
GluN2A : 9 

 

CaMKII : 5 
Fyn : 8 

Cal A : 7 
Casp 3 : 4 

GluA1 S845 : 10 
GluA1 S831 : 9 

Cell culture 
density   50 103 

cells/cm2 
50-70 103 

cells/cm2 
70 103 

cells/cm2 
70 103 

cells/cm2 
70 103 

cells/cm2 
Slide per 
condition  4      

Wells / 
dishes 

per condition 
9  7 7-14 

GluA1 : 10 
GluN2A : 9 

 

CaMKII : 10 
Fyn : 16 

Cal A : 14 
Casp 3 : 14 

GluA1 S845 : 10 
GluA1 S831 : 9 

 
 

 Figure  panels 5 A, B 5 C, D 5 E, F 5 G, H 6 A – D 
 

Independent experiments 
Ctrl : 5 

VEGF : 5 
Abo : 5 

Abo+V : 5 

Ctrl : 5 
VEGF : 5 
Abo : 7 

Abo+V : 7 

WT : 7 
VEGF : 7 
APP/PS1 : 7 

VEGF : 7 

WT : 7 
VEGF : 7 
APP/PS1 : 6 

VEGF : 6 

Ctrl : 8 - 5 
VEGF : 6 - 5 
Abo : 10 - 5 

Abo+V : 9 - 6 
 

Mice per experiment 
per genotype 

Ctrl : 5 
VEGF : 5 
Abo : 5 

Abo+V : 5 

Ctrl : 5 
VEGF : 5 
Abo : 7 

Abo+V : 7 

WT : 7 
VEGF : 7 
APP/PS1 : 7 

VEGF : 7 

WT : 7 
VEGF : 7 
APP/PS1 : 6 

VEGF : 6 

Ctrl : 8 - 5 
VEGF : 6 - 5 
Abo : 10 - 5 

Abo+V : 9 - 6 

 
Hippocampal slices 

per condition 
per genotype 

Ctrl : 9 
VEGF : 7 
Abo : 8 

Abo+V : 6 

Ctrl : 10 
VEGF : 10 
Abo : 10 

Abo+V : 10 

WT : 15 
VEGF : 8 

APP/PS1 : 15 
VEGF : 10 

WT : 14 
VEGF : 14 
APP/PS1 : 14 

VEGF: 14 

Ctrl : 8 - 5 
VEGF : 7 - 5 
Abo : 12 - 5 

Abo+V : 10 - 6 
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Expression / phosphorylation of receptors and signaling proteins in HEK cells, neurons or PSDs 

 Abm Abm+VEGF Abm vs 
Abm+VEGF 

Abo Abo+VEGF Abo vs 
Abo+VEGF 

VEGFR2 phosphorylation in HEK cells (%) 100.00 ± 20.62 275.90 ± 22.80 p<0.01    
n=7-7 

80.13 ± 9.08 161.70 ± 11.77 p<0.05            
n=7-7 

 Ctrl Abo Ctrl vs Abo  Abo Abo+VEGF Abo vs 
Abo+VEGF 

VEGFR2 phosphorylation in neurons (%) 100.00 ± 6.85 36.99 ± 4.69 p<0.05    
n=7-7 

36.99 ± 4.69 98.66 ± 6.32 p<0.01            
n=7-7 

GluA1 expression in PSD (%) 100.00 ± 6.92 55.5 ± 9.17 p<0.01  
n=10-10 

55.50 ± 9.17 110.00 ± 12.60 p<0.01          
n=10-10 

Caspase-3 activation in PSD (%) 100.00 ± 6.35 205.60 ± 9.66 p<0.05    
n=7-7 

205.60 ± 9.66 76.70 ± 14.38 p<0.001          
n=7-7 

Calcineurin activation in PSD (%) 100.00 ± 9.83 191.60 ± 15.28 p<0.01    
n=7-7 

191.60 ± 15.28 112.60 ± 7.71 p<0.05            
n=7-7 

GluA1 S845 phosphorylation in 15 DIV 
neurons (%) 

100.00 ± 4.85 65.90 ± 4.56 p<0.0001 
n=10-10 

65.90 ± 4.56 98.75 ± 3.74 p<0.0001      
n=10-10 

GluA1 S845 phosphorylation in 21 DIV 
neurons (%) 

100.00 ± 6.02 66.17 ± 8.41 p<0.01    
n=8-8 

66.17 ± 8.41 91.91 ± 5.26 p<0.05             
n=8-8 

Basal synaptic transmission 

 Control VEGF Ctrl vs 
VEGF 

Abo Abo+VEGF Abo vs 
Abo+VEGF 

Slope of I/O curve 1.37 ± 0.21 1.31 ± 0.24 n.s.         
n=5-5 

0.74 ± 0.20 1.12 ± 0.18 n.s.                 
n=5-5 



  VEGF VEGF vs  
Ctrl baseline 

 Abo+VEGF Abo+VEGF vs 
Abo baseline 

mean fEPSP (%) versus baseline  96.1 ± 10 n.s.          
n=5 

 126 ± 10 p<0.05              
n=7    

 WT WT+VEGF WT vs    
WT+VEGF 

APP/PS1 APP/PS1+VEGF APP/PS1 vs 
APP/PS1+VEGF 

Slope of I/O curve 1.23 ± 0.18 1.21 ± 0.17 n.s.          
n=7 

0.64 ± 0.11 1.19 ± 0.14 p<0.01             
n=6             

   VEGF vs  
WT baseline 

 APP/PS1+VEGF VEGF vs 
APP/PS1 baseline 

mean fEPSP (%) versus baseline  118.41 ± 6.4 p<0.05          
n=7 

 136.16 ± 8.2 p<0.01             
n=6             

LTP amplitude 

 Ctrl Abo Ctrl vs Abo Abo Abo+VEGF Abo vs 
Abo+VEGF 

mean fEPSP (%) 278.46 ± 26.38 146.85 ± 17.11 p<0.01           
n=8-10             

146.85 ± 17.11 307.11 ± 75.01 p<0.05           
n=10-9             

LTD amplitude 

  Abo Abo vs  
Abo baseline 

 Abo+VEGF Abo+VEGF vs 
Abo+VEGF 

baseline 

mean fEPSP (%) versus baseline  73.25 ± 8.53 p<0.05          
n=5 

 104.9 ± 21.8 n.s.                  
n=6         



Spine density 

 Ctrl Abo Ctrl vs Abo  Abo Abo+VEGF Abo vs 
Abo+VEGF 

Total spines per µm  1.71 ± 0.07 1.15 ± 0.07 p<0.001          
n=8-9 

1.15 ± 0.07 1.60 ± 0.08 p<0.01            
n=9-7 

Mushroom spines per µm 0.35 ± 0.03 0.12 ± 0.02 p<0.01          
n=8-9 

0.12 ± 0.02 0.35 ± 0.03 p<0.01            
n=9-7 
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Table S1. Related to Figure 1. Histopathological information on brain samples used for 

immunohistopathological analysis in Figure 1A. 

Table S2. Related to STAR Methods. The sample size (n) and the number of independent 

experiments used in the Figures of the paper are reported. In addition, the density of 

hippocampal cell cultures and the number of acute hippocampal slices used in the experiments 

are described.  

Table S3. Related to Figures 3, 4, 5, 6 and 7. Normalized expression or phosphorylation status 

of receptors and signaling proteins derived from cultured HEK cells and hippocampal neurons 

in treated conditions. Data are presented as means ± SEM and refer to Figure 3 and 4 for 

statistical comparisons. Basal synaptic transmission and long-term synaptic potentiation or 

depression amplitudes in treated hippocampal slices derived from WT or APP/PS1 mice. Data 

are presented as slopes of I/O curves or normalized fEPSP slopes (means ± SEM) and refer to 

Figure 5 and 6 for statistical comparisons. Total spine density and density of mushroom spines 

in treated conditions. Data are expressed as means ± SEM and refer to Figure 7 for statistical 

comparisons.   

Figure S1. Related to Figure 1. Accumulation of VEGF in amyloid plaques increased with 

Aβ burden in APP/PS1 mice. A) Brain Aβ plaque burden in APP/PS1 transgenic mice. 

Representative brain section from 4-month-old transgenic mice showing Thioflavin-S positive 

extracellular amyloid deposits in the cerebral cortex. B) Higher-magnification of individual 

plaques delineated in white (A) showing a Thioflavin-S positive plaque (middle) 

immunoreactive for VEGF (left) with the colocalization in the merge (right). White arrows 

point to Aβ-positive plaques detected by Thioflavin-S. Scale bar, 50 µm. C) Numerous 

Thioflavin-S positive plaques covering the entire neocortex in 8-month-old male APP/PS1 

transgenic mice. Note the aggravated plaque burden in 8-month-old mice compared to the one 

found at 4 months of age with larger dense-core amyloid deposits. D) High magnification of 

representative plaques taken from (C) showing VEGF expression (left) in Thioflavin-S positive 

plaques (middle), with the colocalization in the merge (right). Scale bar C, 180 µm; D, 100 µm. 

Figure S2. Related to Figure 2. Characterization of Abo preparations and their 

interactions with heparin-binding VEGF isoforms. A) Oligomeric preparations of synthetic 

Ab42 were subjected to SDS-PAGE electrophoresis and immunoblotted using the anti-Ab 6E10 



antibody. Representative immunoblotting showing dominant bands corresponding to 

monomeric (1-mer), trimeric (3-mer) and tetrameric (4-mer) Ab forms, together with smear 

bands from 30 to 80kDa reflecting large Abo. B) Representative transmission electron 

micrograph of negatively stained synthetic Abo sample exhibiting typical rounded structured 

oligomers. Scale bar, 100 nm. C) ELISA assay showing a dose-dependent binding of 

biotinylated forms of Aβ42 oligomers (Aβo) to the heparin-binding VEGF isoforms VEGF165 

and VEGF189. The HRP-TMB reaction-based colorimetric method was used to detect binding. 

Each value represents the mean ± SEM between independent experiments, n=3-4 for VEGF165 

and VEGF189, respectively; ***<0.001. 

Figure S3. Related to Figure 3. VEGF does not influence Aβo synaptic targeting. A) 

Representative confocal images of immunostainings for PSD95 (green), Bassoon (red) and Ab 

(white or magenta) performed on DIV 12 hippocampal neurons treated with Abm (used as a 

control, upper panels) or Abo (lower panels). Co-localization of presynaptic Bassoon and 

postsynaptic PSD95 clusters delineating full synapses is shown on left, Ab cell surface staining 

in the middle and the merge on right. Note the selective Abo binding to hippocampal neuron 

cell surface. B) Quantitative analysis of synapses containing Ab positive clusters in all 

conditions: Abm (n=6 coverslips), Abm+VEGF (n=5), Abo (n=6), Abo+VEGF (n=4). 

Statistical significance was assessed using Kruskal-Wallis and Dunn’s post-hoc test, (Kruskal-

Wallis p=0,0015, from 2 independent experiments. *< 0.05, **<0.01. 

 

Figure S4. Related to Figure 4. Aβo-induced alterations in AMPA-R phosphorylation and 

surface expression, with opposite effects of VEGF. A) GluA1 phosphorylation status in acute 

adult hippocampal slices after pretreatment with or without 500 nM Aβo±VEGF for 40 minutes 

and induction of chemical LTP (cLTP) by 25 mM TEA for 10 minutes. Semi-quantitative 

analyses obtained by Western Blotting showing the level of GluA1 S845 phosphorylation in 

total hippocampal lysates derived from treated slices 60 minutes after cLTP. All values were 

normalized to control and expressed as mean ± SEM. Statistical significance was assessed using 

a one-way ANOVA with a post-hoc Tukey’s test (one-way ANOVA p=0.015, n=15 

independent experiments). *< 0.05. B, C) Hippocampal neuronal cultures treated for 1 hour 

with control peptides (Ctrl) or Aβ oligomers (Aβo) at 1 µM, with or without 50 ng.mL-1 VEGF, 

were processed for surface GluA1 immunostaining and F-actin labeling. B) Upper panels 

illustrating a representative dendritic staining for GluA1 (green) and F-actin (red) in all 



conditions. Binary images in the lower panels are depicting labelled GluA1 surface clusters 

with a fluorescence signal fivefold above background fluorescence and a size ranging from 0.25 

to 0.60 µm in diameter. Scale bar, 2.5 µm. C) Quantitative analysis indicates mean values of 

GluA1 cluster size with data normalized to control and analyzed for statistical significance 

using a Kruskal-Wallis and Dunn’s post-hoc test (Kruskal-Wallis p=0.0035, n=7-10). Abo 

induced a reduction in GluA1 cluster size (75.99±3.64% with Abo vs 100.00±3.98 % in Ctrl, 

post-hoc p<0.05, n=9-7) counteracted by VEGF (113.10±12.02% with Abo+VEGF vs 

75.99±3.64 % with Abo, post-hoc p<0.05, n=10-9). *< 0.05, **<0.01. 
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