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ORIGINAL ARTICLE

A critical role for VEGF and VEGFR2 in NMDA receptor
synaptic function and fear-related behavior

P De Rossi'*3, E Harde*>%, JP Dupuis”?, L Martin'%3, N Chounlamountri"*3, M Bardin'*3, C Watrin'*3, C Benetollo'??,
K Pernet-Gallay'®'", HJ Luhmann'?, J Honnorat'*'3, G Malleret'*', L Groc’®, A Acker-Palmer**%, PA Salin™*'* and C Meissirel'*3

Vascular endothelial growth factor (VEGF) is known to be required for the action of antidepressant therapies but its impact on brain
synaptic function is poorly characterized. Using a combination of electrophysiological, single-molecule imaging and conditional
transgenic approaches, we identified the molecular basis of the VEGF effect on synaptic transmission and plasticity. VEGF increases
the postsynaptic responses mediated by the N-methyl-p-aspartate type of glutamate receptors (GIuNRs) in hippocampal neurons.
This is concurrent with the formation of new synapses and with the synaptic recruitment of GIUNR expressing the GIuUN2B subunit
(GIuNR-2B). VEGF induces a rapid redistribution of GIuUNR-2B at synaptic sites by increasing the surface dynamics of these receptors
within the membrane. Consistently, silencing the expression of the VEGF receptor 2 (VEGFR2) in neural cells impairs hippocampal-
dependent synaptic plasticity and consolidation of emotional memory. These findings demonstrated the direct implication of VEGF
signaling in neurons via VEGFR2 in proper synaptic function. They highlight the potential of VEGF as a key regulator of GIuNR

synaptic function and suggest a role for VEGF in new therapeutic approaches targeting GIuNR in depression.
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INTRODUCTION

Increasing evidence indicate that the vascular endothelial growth
factor (VEGF) and its receptor VEGFR2 mediate key neurobiological
processes involved in antidepressant treatment response.'? These
treatments, from conventional antidepressants to electroconvul-
sive therapies, trigger a rapid and robust increase in VEGF levels in
the hippocampus in animal models.>* Reciprocally, VEGF over-
expression obtained in vivo by intracerebral administration, gene
transfer or in conditional transgenic animal models, induces a
VEGFR2-mediated increase in adult neurogenesis,”” improves
hippocampal-dependent cognition®® and influences mood-
related behavior with clear antidepressant effects.” Moreover,
previous evidence documented that VEGFR2 is required for the
beneficial impact of antidepressant treatments on anxiety-like
behavior and anhedonia>* In contrast, endogenous VEGF
depletion via small hairpin RNA silencing or inducible expression
of a VEGF trap leads to altered hippocampal neurogenesis in
response to enriched environment®'® or to selective deficits in
memory.? Licht et al® further demonstrated that short induction
or blockade of VEGF significantly impacts on associative learning
performances prior to the integration of new neurons in the
hippocampal network. VEGF is able to induce rapid changes in
synaptic plasticity in the dentate gyrus that could account for the
gain or deficit in memory performances® Yet, the underlying
mechanisms responsible for the VEGF effect on hippocampal

synaptic plasticity remain to be demonstrated and might shed
new light on synaptic alterations linked to depression.

In the hippocampus, the NMDA type of glutamate receptor
(GIuNR) is a ionotropic receptor permeable for Ca®* that form di
and tri-heteromeric assemblies including the obligatory GIuN1
subunit associated to GIUN2A and/or GIuN2B subunits."' Extensive
studies have focused on the contribution of GIUNR in synaptic
transmission and plasticity with a specific interest for the network
between CA3 and CA1 pyramidal cells in the hippocampus.'*"?
These exquisitely defined synaptic processes raise the possibility
to uncover new actors that may have critical roles in regulating
the efficacy of glutamatergic synaptic transmission. The regulation
of synaptic strength has recently emerged as a key process
implicated in the pathophysiology of depression.'* Hence, the
expression of synaptic function-related genes was reduced in
prefrontal cortex of major depressive disorders subjects in link
with synaptic loss."> Furthermore, GIuNR-mediated synaptic
transmission was decreased in a juvenile rat model of stress-
related disorders, in association with prefrontal cortex
dysfunction.'® Thus, given the influence of VEGF on synaptic
plasticity and antidepressant response, it is of interest to explore
the interaction between VEGF and GluNR-mediated synaptic
function. Recently, we documented a new cross-talk between
VEGFR2 and GIuNR that mediates the guidance of cerebellar
granule neurons prior to synapse formation.'”'® In these neurons,
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VEGF triggers phosphorylation of GIuN2B expressing GIuNR
(GIUNR-2B) via VEGFR2, and amplify their function.'”® However,
whether a VEGFR2-GIuNR interaction is involved in the
VEGF-dependent increase in synaptic transmission and plasticity
described in hippocampal neurons, has not been explored so
far®'® Therefore, we hypothesized that VEGF could modulate
GluNR-mediated synaptic function and plasticity in hippocampal
pyramidal cells through VEGFR2. One intriguing possibility is that
such a VEGF/VEGFR2-dependent mechanism might be relevant for
understanding the action of new antidepressant therapies
modulating GIuNR function.?®

In the present study, we identified molecular mechanisms
implicated in the VEGF effect on hippocampal excitatory synaptic
function, plasticity and related emotional learning processes. We
first demonstrated that VEGF is able to potentiate GIuNR
postsynaptic responses in hippocampal pyramidal cells, via the
contribution of GIuNR-2B and VEGFR2. Furthermore, we showed
that co-application of VEGF and NMDA to cultured hippocampal
neurons induces a coordinated remodeling of GIuNR-2B and
a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA)
receptor content at postsynaptic sites together with calcium-
calmodulin-activated kinase (CaMKIl) and protein kinase C (PKC)
activation. Finally, we uncovered that VEGFR2 is required in
hippocampal neurons to enable hippocampal long-term potentia-
tion (LTP), a cellular model of memory, and consolidation of
contextual fear memory.

MATERIALS AND METHODS
Animals

For experiments, wild-type P14-P15 C57BI6J mice were used as well as two
lines of transgenic mice (at P14-P15 and/or 2 months) including Nestin-
cre?' VEGFR2 conditional knockout and CaMKIl-cre?? VEGFR2 conditional
knockout with related heterozygotes and control littermates. All animal
experiments were conducted in accordance with the French and German
institutional guidelines and ethical committees.

Culture and treatments

Primary hippocampal cell cultures were prepared from embryonic day 17
C57BI6 mice. Low-density or high-density cultures were used after 15 days
in vitro and left in supplemented Neurobasal medium or treated with
NMDA (50 pwm), VEGF (50 ng ml~") or NMDA+VEGF for 15 min prior to
further processing.

Immunocytochemistry

Surface receptor expression was assayed in 15 days in vitro hippocampal
cell cultures fixed in non-permeabilizing conditions and immunostained
with antibodies recognizing the extracellular domain of corresponding
proteins. After a permeabilization step, synapses were immunostained for
the presynaptic synapsin-1 and/or the postsynaptic PSD95. Hippocampal
pyramidal cells were subsequently imaged with Apotome microscopy
(Zeiss, Jena, Germany), regions of interest were centered on apical
dendrites and receptor cluster density quantified in collapsed Z-stacks.

Electrophysiology
Whole-cell patch-clamp recordings were performed in voltage-clamp
mode on acute coronal hippocampal slices from non-transgenic and
transgenic P14-15 pups including VEGFR2 conditional knockout and
heterozygotes. Hippocampal cells were recorded in CA1 and CA3 regions
and evoked GluNRs-mediated responses were isolated using gamma-
aminobutyric acid type A receptor antagonist picrotoxin and AMPA-kainate
receptor antagonists NBQX or CNQX in the perfusion solution. VEGF was
applied locally by pressure (Picosprizer Il) close to the apical dendrite of the
recorded pyramidal cell (inset Figure 1b). GIuNRs-mediated responses were
blocked using D-2-amino-5-phosphonovalerate, MK801 and antagonists
selective for GIUN2B or GIuN2A subunits, respectively, Ifenprodil or
NVP-AAMO77.

Fields recordings were performed in P30-50 acute hippocampal slices
from two lines of transgenic VEGFR2 conditional mice, heterozygotes and
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control littermates to determine synaptic strength (input/output (I/O)
curves, paired-pulse facilitation and long-term potentiation (LTP)) at the
Schaffer collateral-CA1 synapses.

For VEGFR2 inhibition, hippocampal slices were treated with PTK787
(PTK), which inhibits specifically the tyrosine kinase activity of the receptor.

Single-molecule dot tracking

Quantum dots 655 coupled to goat anti-rabbit F(ab'), (Invitrogen, Carlsbad,
CA, USA) were incubated on hippocampal neurons previously exposed to
anti-GIuN2B rabbit antibodies. Quantum dots tracking was analyzed with
Metamorph software and the instantaneous diffusion coefficient calculated
for each trajectory. Synaptic, perisynaptic and extrasynaptic locations for
receptor/particle complex were defined with respect to MitoTracker Green
labeling.

PSD fraction isolation

Postsynaptic density fractions (PSDs) were prepared as previously
described® from treated 15 days in vitro hippocampal cell cultures. In
brief, cells were harvested and processed for successive centrifugation
steps in specific cold buffers to separate PSD from the non-PSD. PSD and
non-PSD proteins were separated on sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis gels 4-12%, transferred on nitrocellulose
membranes and immunoblotted with antibodies recognizing PSD95,
synaptophysin, the GIUNR subunits GIuN2B and GIuN2A, VEGFR2 and the
GluA1 subunit of AMPA receptors. Immunoblotting of the active and total
forms of CaMKIl and PKCy were also performed.

Quantification of VEGF by enzyme-linked immunosorbent assay
LTP was induced chemically (chemLTP) on acute hippocampal coronal
slices from adult VEGFR2 conditional knockout and heterozygote mice, by
incubating slices in tetraethylammonium chloride-containing artificial
cerebrospinal fluid for 10 min. Immediately after LTP induction, VEGF
levels were assessed by enzyme-linked immunosorbent assay and
compared with VEGF levels in untreated conditions.

Behavior

For fear-conditioning tasks, 2-month-old-male mice including transgenic
and control littermates were used. On training day, mice were placed in
conditioning chamber for 2min prior to the tone-electric footshock
pairing. After 24 h, mice were tested in the training context and again 1 h
later in a new context, following an exposure to the tone.

Statistics

Data are expressed as mean + s.e.m. Distributions were tested for normality
and variance equality between groups was assessed using the Levene's
test. Statistical analysis were performed using as stated paired Student’s
t-tests, unpaired two-tailed t-tests as well as one-way analysis of variance
or two-way analysis of variance. The non-parametric Kruskal-Wallis with
post hoc tests was used when data were not normally distributed.

RESULTS

VEGF increases GIuNR-mediated synaptic transmission in
hippocampal neurons via VEGFR2 and postsynaptic GIuNR-2B

Our goal was to determine whether VEGF might regulate
glutamatergic synaptic transmission in the hippocampus. We
first investigated by immunohistochemistry with validated
antibodies®'”'82* the spatial distribution of VEGF and its receptor
VEGFR2 in P15 hippocampi. Both VEGF and VEGFR2 were
expressed in the pyramidal cell layer and proximal apical dendrites
in the CA1 and CA3 regions of the hippocampus (Supplementary
Figure S1a-e), indicating that hippocampal pyramidal cells have
the capacity to respond to endogenous VEGF.

Based on this expression pattern, we decided to study the VEGF
effect on GIuNR-mediated synaptic transmission in hippocampal
slices from P15 animals. GIUNR excitatory postsynaptic currents
(EPSCs) were recorded in whole-cell patch-clamp configuration
in the presence of specific gammaaminobutyric acid type A and
AMPA receptor antagonists, and we compared evoked synaptic
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Figure 1. VEGF-dependent increase in GIluNR-mediated synaptic transmission requires VEGFR2 and GIuNR-2B. (a) Representative whole-cell
patch-clamp recording of a CA1 pyramidal cell showing VEGF effect on GIuNR-mediated Excitatory Postsynaptic Currents (EPSCs) at Schaffer
collateral-CA1 synapses. EPSCs are illustrated in baseline condition in presence of gammaaminobutyric acid type A and AMPA receptor
antagonists (1), after VEGF application (2) and APV (50 pm) (3) treatment. Note their long-term enhancement after VEGF application and their
blockade with APV. (b) Local VEGF application showing a threefold increase in GIuNR-mediated responses in CA1 (n=38). Inset showing VEGF
topical application, local electrical stimulation of Schaffer collaterals-CA1 synapses and patch-clamp recording of a CA1 pyramidal cell. (c)
Magnitude of PPF is characterized by PPF and inverse of the squared coefficient of variation ratios and did not change after VEGF application
at Schaffer collaterals-CA1 synapses. (d and e) Representative whole-cell patch-clamp recordings showing VEGF impact on GIluNR-mediated
EPSCs in VEGFR2 conditional knockout mice (Nes-Cre VEGFR2'®") d and heterozygotes (VEGFR2'°¥ ") e. Ifen, (ifenprodyl, 6 um) the NMDAR
antagonist selective for GIUN2B. (f) VEGFR2 silencing in Nes-Cre VEGFR2'®’~ mice prevents the VEGF-dependent increase in GIuNR-mediated
synaptic transmission (100% of baseline and 123.3 +24% after VEGF, n=6, P not significant, paired Student's t-test) that is reported in
VEGFR2'®Y~ (100% of baseline and 151.6 + 19.3% after VEGF, n= 14, ***P < 0.001, paired Student's t-test). (g) Representative recording of
synaptic responses at SC-CA1 synapses using the selective VEGFR2 inhibitor PTK787 (PTK, 30 um). (h) PTK inhibited the VEGF induced
enhancement of GIuNR-mediated synaptic responses (100% of baseline and 118.6 + 8.2% after VEGF, n =6, P not significant) that is reported in
control condition (100% of baseline and 282.7 + 55.5% after VEGF, n=7; **P < 0.01, paired Student's t-test; PTK versus controls: **P < 0.01).
(i) Contribution of GIuN2 subunits to normalized GIuNR-mediated EPSCs was characterized with selective GIuUN2B and GIuN2A antagonists
(Ifenprodyl (6 pm) and NVP-AAM-077 (50 nm), respectively). GIuUN2A blockade failed to prevent the VEGF-dependent increase in GIuNR-
mediated synaptic responses (100% of baseline and 182.1 +17.3% after VEGF, n=10, ***P < 0.001, paired Student's t-test) in contrast to
GIuN2B inhibition (100% baseline and 118.5+12.1% after VEGF, n=10, P not significant, paired Student's t-test). Notably, the difference
between the effects of GIUN2B and GIuN2A antagonists on VEGF-driven increase is significant (*P < 0.05). Scale bars, 50 pA, 200 ms. 1/CV?,
inverse of the squared coefficient of variation. APV, D-2-amino-5-phosphonovalerate. *P < 0.05.
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responses before and after local VEGF application in CA1 or CA3.
VEGF triggered a robust and long-term increase in GIuUNR EPSC
amplitude in pyramidal cells from both CA1 (Figure 1a) and CA3
(results not shown), which was selectively blocked by the GIuNR
antagonist D-2-amino-5-phosphonovalerate (APV) (Figure 1a). In
CA1 pyramidal cells, VEGF increased the GIuNR-mediated EPSCs
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probability or alternatively to a postsynaptic event, we compared
the paired-pulse facilitation (PPF) obtained in baseline condition
and after VEGF application. Two stimuli were applied at short
intervals to induce a presynaptic facilitation of glutamate release
and the PPF and the inverse of the squared coefficient of variation
ratios were calculated. Changes in both ratios generally reflect an

within 5-10 min by almost threefold (Figure 1b). To determine
whether this VEGF-dependent increase in GIuNR synaptic
responses is due to an increase in presynaptic glutamate release

alteration in release probability but VEGF did not trigger any
modification (Figure 1c), indicating a postsynaptic involvement of
VEGF in the GIuNR-mediated synaptic transmission.
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Figure 2. VEGF and NMDA-driven synapse formation and synaptic recruitment of GIuNR-2B. (a) Representative dendritic staining in clusters for
synapsin (magenta), PSD95 (red) and co-localization (white) in treated hippocampal neurons (scale bar, 5 um). (b) Summary graphs showing
the cluster density for PSD95, Synapsin and PSD95/Synapsin co-localization in control, VEGF, NMDA and NMDA+VEGF conditions with values
normalized to control. Data were analyzed using a one-way ANOVA and when appropriate a Bonferroni post hoc test. Combined NMDA and
VEGF application causes an increase in PSD95 and Synapsin cluster density compared with control condition (for PSD95 100 + 3.9% in control
versus 131.3+11.3% with NMDA+VEGF, n=25-23, *P < 0.05; for synapsin 100+9% in control versus 141.4+10.5% with NMDA+VEGF,
n=27-18, *P < 0.05). Full synapses defined by co-localized PSD95 and Synapsin clusters showed an increase in density with the same
treatment (100 + 10.5% in control versus 144.8 + 12.9% with NMDA+VEGF, n=11-10, *P < 0.05). (c) Graph showing normalized values for
GIuN2B, VEGFR2 as well as GluN2B/synapsin, GIuN2B/PSD95, VEGFR2/synapsin and VEGFR2/PSD95 cluster densities in all conditions. Data
were analyzed using a one-way ANOVA and when appropriate, a Bonferroni post hoc test. Treatments did not affect the density of surface
GIuN2B and VEGFR2 clusters but their density increased significantly at synapses following NMDA and VEGF co-application as compared with
control condition (for GIuN2B/synapsin, with NMDA+VEGF 167.4 + 13.3% versus control 100 + 16.3%, n=8-16, **P < 0.01; for GIuN2B/PSD95,
with NMDA+VEGF 158.2 +17.7% versus control 100 + 7.4%, n=12-15, *P < 0.05; for VEGFR2/synapsin, with NMDA+VEGF 190.9 + 8.1% versus
control 100 + 20%, n =8-16, **P < 0.01; for VEGFR2/PSD95, with NMDA+VEGF 164.8 + 24.7% versus control 100 + 13.4%, n=10-15, *P < 0.05).
Data in b and c are derived from three independent experiments. (d) Representative western blot of isolated postsynaptic (PSD) and non-PSD
fractions from hippocampal neurons treated with control, VEGF, NMDA or NMDA+VEGF. PSD and non-PSD fractions were immunoblotted for
PSD95, synaptophysin, GIuN2B, GIuN2A and VEGFR2. (e) Semi-quantitative analyses showing an increase in PSD95 and GIuN2B content in PSD
fractions following NMDA+VEGF treatment. All values were normalized to control. n=10 independent experiments for PSD95, n=5 for
GIuN2B and n=12 for GIuN2A. Data were analyzed using a Kruskal-Wallis and when appropriate a post hoc test. Significant differences
between conditions are indicated by (*) for P < 0.05.
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Next, we explored whether VEGFR2 mediates the
VEGF-dependent effect on the postsynaptic response of pyramidal
cells, using slices from genetically engineered mice. We used
conditional mice expressing the Cre recombinase under the nestin
promoter®' that triggers a selective VEGFR2 deletion in neural cells
(Supplementary Figure Sle and g). Whole-cell patch-clamp
recordings were performed in CA1 pyramidal cells from VEGFR2
conditional knockout and heterozygote mice. Heterozygote slices
display increased GIUNR synaptic responses when VEGF was
applied (Figure 1e and f), whereas VEGF failed to induce any
significant change in GIuNR EPSCs in VEGFR2 conditional knockout
slices (Figure 1d and f). Thus, complete silencing of VEGFR2 in
neural cells blocked the VEGF-dependent amplification of GIUNR
postsynaptic responses in CA1 pyramidal cells. We further
assessed whether pharmacological blockade of VEGFR2 would
support our genetic findings. Application of PTK787, a blocker that
specifically inhibits the tyrosine kinase activity of VEGFR2,
neutralized the amplifying effect of VEGF (Figure 1g and h).
Overall, these electrophysiological findings provide strong
evidence that VEGF effect on GIuNR-mediated synaptic responses
acts through VEGFR2.

To gain insight into the GIUNR subunit involved in this VEGF
induced effect, we examined GIuNR postsynaptic responses in
hippocampal slices treated with GIUN2B or GIuN2A selective
antagonists (ifenprodyl and NVP-AAMO077,%> respectively). With
ifenprodyl treatment, VEGF failed to induce a significant increase in
GIuNR EPSCs, whereas NVP-AAMO077 had no significant effect and
did not prevent the VEGF-dependent increase in synaptic responses
(Figure 1i). Thus, our data indicate that GIUN2B expressing GIuNR
(GIuNR-2B) mediate the VEGF-dependent increase in evoked
postsynaptic responses in hippocampal neurons.

VEGF and GIuNR receptor co-activation promotes synapse
formation and accumulation of GIUNR-2B at synapses
Postsynaptic mechanisms underlying the VEGF-dependent
increase in GIuNR synaptic transmission may involve an increase
in GIUNR-2B synaptic expression and/or a change in receptor
function. To test whether VEGF is able to recruit GIUNR-2B to
synaptic sites, we stimulated the total pool of GIUNR and/or
VEGFR2 in cultured hippocampal neurons with bath applications
of NMDA and/or VEGF."”?® These short treatments did not cause
major toxic effects with NMDA and failed to increase cell viability
with VEGF, as assessed using Live/dead assay and western
blotting (Supplementary Figure S2). Only high doses of NMDA

downregulated activation of the pro-survival extracellular signal-
regulated kinase 1/2 and activated the pro-death molecule
caspase-3 (Supplementary Figure S2f).

To determine the impact of VEGF on synaptic expression of
VEGFR2 and GIuNR-2B in hippocampal neurons, we quantified the
cluster density of cell surface receptors in apical dendrites of non-
permeabilized fixed pyramidal cells. Synaptic sites were identified
with the commonly used presynaptic vesicle marker synapsin-1
and/or the postsynaptic density marker PSD95 (Figure 2a). Quanti-
tative analysis of synaptic sites, identified as PSD95 or synapsin-1
clusters, and full synapses (PSD95 and synapsin-1 co-clusters)
indicated that their density was only increased with combined
NMDA and VEGF treatment compared with control (Figure 2a and b).
To investigate whether this increase in synaptic site density was
associated with morphological changes of dendritic spines and
synapses, we respectively used confocal and electron microscopy on
treated hippocampal neurons. The quantitative confocal imaging of
enhanced green fluorescent protein-expressing neurons showed that
NMDA and VEGF combined stimulation selectively promoted the
formation of new dendritic spines (Supplementary Figure S3a-c). This
emergence of new dendritic protrusions resulted in part from the
appearance of de novo spines, as revealed by time-lapse imaging
(Supplementary Figure S3d). In addition, dynamic changes in spine
morphology were also detected with an increase in spine head size
induced by NMDA and VEGF treatment (Supplementary Figure S3d).
Electron microscopic analyses further documented a significant
increase in PSD length under VEGF and combined NMDA and VEGF
treatments, in link with an occurrence of perforated synapses
(Supplementary Figure S4a-e). However, only the combined NMDA
and VEGF condition triggered a major PSD remodeling with a
concurrent enhancement of PSD length and thickness (Supple-
mentary Figure S4e). Thus, our data demonstrated that new
synaptic sites are induced after brief NMDA and VEGF exposure
through dendritic spine formation and PSD remodeling.

None of the applied treatments did affect the global expression
of surface GIUNR-2B (identified by immunostaining of their GIuN2B
subunit) or VEGFR2 in dendrites (Figure 2c and Supplementary
Figure S5). In contrast, their synaptic location characterized by the
density of GIuN2B/synapsin or GIuN2B/PSD95 co-clusters and
VEGFR2/synapsin or VEGFR2/PSD95 co-clusters was significantly
enhanced with NMDA and VEGF co-application compared with
control condition (Figure 2c and Supplementary Figure S5).
Together, our findings demonstrate that the co-activation of
NMDA and VEGF receptors in hippocampal pyramidal neurons

>

Figure 3. Increase in GIUNR-2B surface diffusion and synaptic accumulation induced by VEGF and NMDA. (a) Cumulative distributions of the
instantaneous diffusion coefficients of synaptic GIUNR-2B before (Control, black) and after buffer, VEGF, NMDA or VEGF+NMDA ( gray
administration. The first point of each distribution corresponds to the fraction of immobile receptors (diffusion coefficient < 0.005 pm~s
Kolmogorov-Smirnov test on cumulative distributions: control versus buffer, P not significant; control versus VEGF, P < 0.0001; control versus
NMDA, P < 0.0001; control versus VEGF+NMDA, P < 0.0001. (b) Representative trajectories (500 frames, 20-Hz acquisition rate) of surface
GIuNR-2B (scale bar, 1 um) after Buffer, VEGF, NMDA or VEGF+NMDA administration. Gray, synaptic area (syn.). (c) Normalized instantaneous
diffusion coefficients of synaptic GIUNR-2B (mean + s.e.m.) before (Control, white bars) and after Buffer, VEGF, NMDA or VEGF+NMDA (gray bars)
administration (example 6-10 min after treatment: control 100 + 3.9%, n =919 trajectories, versus buffer 101.9 + 4.7%, n =618, P non-significant;
control 100+ 3.8%, n=742, versus VEGF 89.1 +5.3%, n=355, *P <0.05 control 100+4.5%, n=529, versus NMDA 72.0+3.8%, n=542,
***¥P < 0.0001; control 100 +4.5%, n=712, versus VEGF+NMDA 126.5 + 6.3%, n =460, ***P < 0.0001). (d) Representative surface distributions of
single GIuNR-2B in the synaptic area (gray, syn.) during a standard acquisition (500 frames, 20-Hz acquisition rate) after Buffer, VEGF, NMDA or
VEGF+NMDA administration. Each blue dot represents the detection of a single receptor during a frame (scale bar, 400 nm). (e) Normalized
GIuNR-2B synaptic dwell time (mean =+ s.e.m.) before (control, white bars) and after Buffer, VEGF, NMDA or VEGF+NMDA (gray bars) administration
(example 11-15 min after treatment: control 100 +2.6% versus buffer 103 + 5%, P non-significant; control 100 +2.6% versus VEGF 98.3 + 5.4%,
P non-significant; control 100+2.6% versus NMDA 102.9+5.9%, P non-significant; control 100+ 2.6% versus VEGF+NMDA 115.1 +7.7%,
*P < 0.05). (f) Normalized synaptic fraction of detected GIUNR-2B (mean + s.e.m.) before (control, white bars) and after Buffer, VEGF, NMDA or
VEGF+NMDA (gray bars) administration. No change in GIuNR-2B synaptic content was observed after 11-15 min administration of buffer, VEGF or
NMDA alone (control 100 +4.3%, n= 10 neuronal fields versus VEGF 96.1 +8.2%, n=38, P not significant; control 100+ 8%, n=9 versus NMDA
107.8 +£5.1%, n=9, P not significant). However, GIuNR-2B synaptic fraction was increased following 11-15 min of VEGF+NMDA compared with
control (control 100 +6.2%, n=9 versus VEGF+NMDA 126.3 +8.2%, n=9, *P < 0.05). Comparison between groups for instantaneous diffusion
coefficients, normalized synaptic dwell time and synaptic fraction were analyzed using a Kruskal-Wallis and post hoc Dunn’s test.
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triggers synaptogenesis and promotes the synaptic targeting of
GIuNR-2B and VEGFR2.

To confirm this synaptic targeting process, we isolated the
postsynaptic density fractions (PSDs) from treated hippocampal
neurons and analyzed the expression of the GIuN2 subunits
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GIuN2B and GIuN2A, and of VEGFR2 and PSD95 by immunoblot-
ting. The resulting enrichment of PSD95 in PSDs and of the
presynaptic protein synaptophysin in non-PSD fractions validated
the purification protocol (Figure 2d). Our biochemical findings
revealed that combined NMDA and VEGF treatment is able to
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Figure 4. VEGF and NMDA administration induced signaling pathways and AMPAR synaptic delivery in hippocampal neurons.
(@) Immunoblots of total and phosphorylated forms of CaMKIl and PKCy in PSDs upon treatments. PSD and non-PSD fractions were
purified from hippocampal cultures exposed to control, VEGF, NMDA and NMDA+VEGF. (b) Analysis of protein expression levels normalized to
control showing the increase in total and active CaMKIl (pT286-CaMKIl) induced by NMDA and NMDA+VEGF treatments compared with
control, which reflects the translocation of these two forms of CaMKIl to PSD. Note that the phosphorylated to total PKCy ratio was also
significantly increased in PSDs upon exposition to NMDA+VEGF compared with control. Respectively n=9 independent experiments for
CaMKIl and n=7 for PKCy; significant differences between conditions were determined using a Kruskal-Wallis with a post hoc test and are
indicated by (*) for P < 0.05; (**) for P < 0.01. (c) Representative dendritic immunostaining in clusters for GIuA1 (green), PSD95 (red) and
synapsin (magenta), as well as for GluA1/synapsin and GluA1/PSD95 co-localization (white) (scale bar, 5 pm). (d) Graphs showing the density of
GIuAT1 clusters, respectively, at the dendritic surface and at synaptic sites defined by PSD95 or synapsin labeling. Values were normalized to
control and analyzed using a one-way ANOVA and when appropriate a Bonferroni post hoc test. Following NMDA and VEGF treatment, surface
GluA1 clusters increased in density compared with control and VEGF alone (with NMDA+VEGF 130 + 13.8% versus control 100 + 6.1%, n=10-
11, **P < 0.01; versus VEGF 90.2 +6.2%, n=10-15, **P < 0.01) and accumulated at synapses compared with the other conditions (for PSD95
labeled synapses: with NMDA+VEGF 148.9 + 14.6% versus control 100 +7.4%, n=10-11, **P < 0.01; versus VEGF 99+9.7%, n=10-15,

**P < 0.01; versus NMDA 105.5 + 7.3%, n=10-15, *P < 0.05). Data shown are derived from three independent experiments.

increase the expression level of PSD95 and GIuN2B in PSDs
compared with control (Figure 2d and e). In contrast, we observed
an opposite trend toward a decrease in the level of GIUN2A
expressed in PSDs with the same treatment (Figure 2d and e).
These data further provide the first evidence that VEGFR2 is
located at the PSDs in hippocampal neurons (Figure 2d), and
therefore supports the contribution of this vascular receptor in the
regulation of synaptic transmission through postsynaptic mechan-
isms. Thus, we confirmed the postsynaptic enrichment in
GIuNR-2B when NMDA and VEGF receptors are co-activated, in
agreement with the VEGF-dependent increase in evoked post-
synaptic responses in hippocampal slices.

Postsynaptic accumulation of GIuUNR-2B results from an increase in
surface diffusion

Growing evidence indicate that the regulation of synaptic content
in receptors depends on their surface-trafficking properties.?’”
Thus, we wused the single nanoparticle-tracking approach
(quantum dots)?® to further investigate whether application of
NMDA, VEGF or NMDA in combination with VEGF impacted the
surface diffusion and distribution of GIuNR-2B receptors in
cultured hippocampal neurons. Buffer additions did not affect
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the diffusion of GIUNR-2B, whereas exposure to NMDA or VEGF
alone slowed down the surface mobility of synaptic receptors
(Figure 3a-c). However, none of these treatments affected the
synaptic content in GIuNR-2B (Figure 3d and f). In contrast,
combining NMDA and VEGF induced a significant increase in the
diffusion of GIUNR-2B (Figure 3a—c). This change likely relied on an
upregulation of GIUNR-2B diffusion properties rather than on an
increase in the fraction of mobile receptors (diffusion coefficient
>0.005um?s™"; control, 87.1% of mobile GIuUNR-2B; VEGF
+NMDA, 89.6% of mobile GIuNR-2B), as attested by the cumulative
distributions of diffusion coefficients (Figure 3a). Moreover, this
increased surface diffusion of GIuNR-2B, associated with an
increase in synaptic dwell time (Figure 3e), resulted in the
accumulation of receptors at synapses (Figure 3d and f). Thus, by
promoting an increase in surface diffusion of GIUNR-2B, the co-
activation of NMDA and VEGF receptors triggers GIuNR-2B
redistribution and accumulation at synapses.

VEGF and NMDA-driven signaling pathways

To characterize the molecular mechanisms underlying the
synaptic targeting of GIUNR-2B, we investigated downstream
signaling pathways activated at the PSD by the co-application of



NMDA and VEGF. Given the key role of CaMKIl in the postsynaptic
expression and surface dynamics of GIuUNR-2B,°" we analyzed
the expression and activation of the kinase in PSDs purified from
treated hippocampal cultures. Our biochemical data confirmed
that GIuNR activation is instrumental for the autophosphorylation
of CaMKIl and its translocation to PSD (Figure 4a and b), as
previously shown.>> Combined NMDA and VEGF treatment did not
show any further increase in the CaMKIl phosphorylation levels
and the presence of CaMKIl at the PSD (Figure 4a and b).

Protein kinase C (PKC) also has a critical role in the regulation of
GIuNR trafficking by triggering their rapid insertion into the
plasma membrane in hippocampal neurons and Xenopus oocytes-
expressing recombinant GluNRs.>*3* Therefore, we isolated PSD
fractions derived from treated hippocampal cultures and immu-
noblotted them for the total PKCy levels and its phosphorylated
(T514) form, required for PKCy maturation and rate-limiting for its
activation.>® Analysis of the phosphorylated to native PKCy ratio
revealed a significant increase following the combined NMDA and
VEGF stimulation compared with control conditions, indicating an
accumulation of catalytically competent PKCy at the PSDs (Figure
4a and b). Thus, the acute co-activation of NMDA and VEGF
receptors induces a concomitant increase in autonomously active
CaMKIl and PKCy at PSD, which is tightly associated with the
enrichment of GIuNR-2B at synaptic sites.

Synaptic incorporation of AMPA receptors upon co-activation of
VEGF and GIuNR receptors

Activation of PKC and CaMKIl signaling pathways is known to
independently increase recruitment of GluA1-expressing AMPA
receptors (GIuUAT-AMPAR) to synapses.>’>° Given the activation of
CaMKIl and PKC upon NMDA and VEGF stimulation, we further
explored whether this stimulation protocol was also able to
promote an enrichment of AMPA receptors at synaptic sites. Thus,
we performed a GIuA1 surface immunostaining in combination
with a selective labeling of synaptic sites in hippocampal neurons.
We showed an increase in density of surface GIuA1 clusters
following the NMDA and VEGF treatment compared with the
control condition and the stimulation with VEGF alone (Figure 4c
and d). These data strongly suggest an insertion of new GluA1-
AMPAR into the plasma membrane and a stabilization of the
surface receptors already present. To determine whether this
increased pool of surface GIuA1-AMPAR was targeted to synapses,
we quantified the co-localization of PSD95 or synapsin-1 with
GIuA1 clusters. Our results revealed an increased amount of
surface GIuA1 at synaptic sites upon co-activation of NMDA and
VEGF receptors compared with the other conditions (Figure 4d).
Altogether, our findings demonstrate that molecular mechanisms
known to be involved in LTP, such as PKC and CaMKII activation
and AMPAR synaptic insertion,®>*° are triggered by VEGF when
GIuNR are activated.

VEGFR2 conditional knockout mice show impaired hippocampal
LTP and fear memory consolidation

The involvement of VEGF in mechanisms underlying LTP raised
the possibility that neuronal VEGFR2 may regulate the magnitude
of LTP in the hippocampus. A prerequisite for a modulatory
action of VEGFR2 during LTP is the availability of VEGF in the
neuronal microenvironment. To evaluate this availability, we
analyzed endogenous VEGF secretion in acute hippocampal slices
from P30-50 old mice with a conditional deletion of VEGFR2 in
neural cells, or heterozygous for the VEGFR2 allele, following
chemically induced LTP with tetraethylammonium chloride
(chemLTP). Levels of VEGF released in the slice microenvironment,
which represent the functional fraction, were compared between
untreated and tetraethylammonium chloride-treated slices with
enzyme-linked immunosorbent assay measurements. Our findings
demonstrate an increase in endogenous VEGF release in response
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to chemLTP stimulation in both genotypes (Figure 5a). Thus,
critical levels of VEGF might be required in the process of LTP.

Next, to explore the role of VEGFR2, we assessed LTP induced by
theta burst stimulation of Schaffer collaterals/commissural affer-
ents in CA1 (SC-CA1 synapses) from knockout, heterozygotes and
littermates control hippocampal slices. Although LTP was induced
under theta burst stimulation in all groups (Figure 5b), the mean
fEPSP slope was significantly reduced as soon as 5 min after theta
burst stimulation and remained altered 55-60 min after theta
burst stimulation in VEGFR2ko mice compared with heterozygotes
and control mice (Figure 5b-d). LTP impairments in knockout mice
were not due to an alteration in basal synaptic transmission or
presynaptic release probability, as we observed no significant
differences among the groups in the input output curve (I/O
curve) (Figure 5e) and in measurements of PPF (Figure 5f).
Consistent with these findings, similar defective LTP was also
observed when the tyrosine kinase activity of VEGFR2 was
pharmacologically inhibited using PTK787 in control hippocampal
slices (Figure 5g-i).

To further assess the relevance of VEGFR2 in LTP induction, we
examined the impact of a VEGFR2 deletion specifically in
postmitotic neurons of the forebrain using the aCaMKII-Cre
transgene to generate conditional VEGFR2ko mice. We first
investigated the VEGFR2 immunolabeling pattern in these
CaMKII-Cre-floxed mice and validated the loss of neuronal VEGFR2
in the hippocampus (Supplementary Figure S1f). Next, our
electrophysiological data confirmed that deletion of VEGFR2 in
hippocampal neurons triggers a deficit in SC-CA1 LTP without
affecting basal synaptic transmission (Supplementary Figure S6).
Overall, our findings demonstrated a requirement for VEGFR2
expression in hippocampal neurons to induce normal LTP.

Finally, we examined whether this alteration in hippocampal
LTP impacted on hippocampal-dependent emotional memory by
studying contextual fear learning. We wused a cued fear-
conditioning procedure, which allows assessment of both
contextual fear learning relying on hippocampus and amygdala
functions and cued fear learning, which is only amygdala-
dependent. Because amygdala is critically involved in emotion
and anxiety in both tests, we first confirmed the neuronal expression
of VEGFR2 in this structure in control mice (Supplementary Figure
7a and b). During conditioning, all groups of mice showed a
robust increase in freezing time in response to a tone-electrical
shock pairing, compared with the period prior to the pairing, and
no differences were detected between genotypes (Figure 5j).
When tested 24 h later in the same context without tone-electrical
shock pairing, VEGFR2ko mice were impaired on this task compared
with control and heterozygote mice and spent significantly less
time freezing (Figure 5k). In the cued test assessed in a new
context with the auditory cue alone, the freezing behavior was
increased during the tone for all groups of mice, but VEGFR2ko
mice showed again a large reduction in freezing time compared
with control and heterozygote mice (Figure 5I). Importantly, the
decrease in freezing behavior of VEGFR2ko mice during contextual
and cued tests demonstrated that the formation of contextual and
cued fear memory is impaired in these mice. Thus, both the
amygdala and hippocampal functions might be affected in mice
by the loss of VEGFR2 in neural cells.

DISCUSSION

This study demonstrates for the first time that VEGFR2 is required
for hippocampal synaptic plasticity and related fear memory and
uncovers underlying mechanisms linked to the impact of VEGF on
GluNR-mediated synaptic transmission. Based on a combination of
single-molecule imaging, biochemical, electrophysiological and
behavioral approaches, we have analyzed the synaptic basis
of the VEGF action on hippocampal neurons and its contribution
to synaptic plasticity and fear memory. Our analysis first shows
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that the expression pattern of both VEGF and its receptor VEGFR2 postsynaptic contribution of GIUNR-2B. Further evidence indicates
is complementary in the CA1 and CA3 regions of the hippocampus, that VEGF triggers the formation of synapses and promotes the
consistent with a role for VEGF/VEGFR2 in hippocampal networks. surface dynamics and synaptic accumulation of GIUNR-2B when
Second, we report a rapid increase in GIuNR-mediated currents NMDA receptors are activated. This enrichment in synaptic
induced by VEGF in hippocampal neurons that requires the GIuNR-2B occurs concurrently with an increase in CaMKIl and
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PKC activation in PSDs. Finally, using conditional invalidation mice
models, we have uncovered the requirement for VEGFR2 in
hippocampal LTP and consolidation of fear memory.

In a recent study, we documented a VEGF/GIUNR link in
cerebellar neuronal guidance before synapse formation occurs.'®
The interaction between VEGFR2 and GIuNR raised questions
about a putative regulatory function that VEGFR2 could have on
GIuNR dependent neurotransmission. Previous studies have
reported that VEGF can regulate the activity of ion channels in
endothelial and heterologous cells*'*? as well as in hippocampal
neurons.**** VEGF has been shown to either suppress or increase
evoked excitatory synaptic transmission in the hippocampus in
different contexts.'>***® Hippocampal synaptic responses to VEGF
obtained in adult rodent hippocampal slices differed depending
on the concentration and kinetic of the VEGF delivery. Short-term
exposure to low doses of VEGF induced a potentiation of synaptic
responses,'® whereas high doses of VEGF applied for a longer
period of time resulted in a depression of synaptic transmis-
sion.*>*® These studies raised intriguing questions about indirect
effects of VEGF on neurons involving endothelial or glial cells,
which may explain why VEGF can induce opposite changes in
synaptic responses. To minimize indirect effects, we investigated
the impact of a brief topical application of VEGF on GIuNR-
mediated synaptic transmission in hippocampal pyramidal cells.
VEGF triggered a rapid increase in postsynaptic GIUNR currents
that requires VEGFR2 expression in hippocampal pyramidal cells,
as evidenced by the effect of VEGFR2 pharmacological inhibition
and by our results in the neural-specific VEGFR2 conditional
knockout. Indirect effects via astrocytes are unlikely because these
cells express prominently VEGFR1.*” However, we cannot exclude
a contribution of the VEGFR2 co-receptors Neuropilin-1 and
Neuropilin-2 that have been previously documented to be
expressed in hippocampal dendrites and synapses.*®*>° Consis-
tently, we found that VEGFR2 is localized primarily on the proximal
apical dendrite of hippocampal pyramidal cells, at the

«
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postsynaptic densities of excitatory synapses, together with
GIuNR-2B and the PSD95 scaffolding protein. Notably, the
contribution of GIUNR-2B to synaptic responses of CA1 pyramidal
cells has been shown to be higher for Schaffer collaterals inputs
onto proximal dendrites than for the perforant path on distal
dendrites.”’

Overall our findings demonstrate that the convergence
between VEGF signal and glutamatergic inputs has a key role at
hippocampal excitatory synapses in enhancing transmission
mediated by GIuNR.

The synaptic changes described in this study require a
VEGF-dependent increase in targeting of GIUNR at synapses.
Increasing evidence indicate that synaptic composition of GIuNR
changes during postnatal development in many brain regions
with a progressive decrease in the GIuN2B/GIuN2A subunit
ratio."">>3 In 15 days in vitro cultured hippocampal neurons, only
21% of GIuNR-2B are located at synapses with a shorter residency
time compared with GIUNR-2A.>2 Thus, GIuNR-2A could be good
candidates for mediating the VEGF-dependent effect on synaptic
responses; however, our electrophysiological work demonstrates
that in fact GIuNR-2B are the major contributor to the postsynaptic
effects. We further investigated the underlying mechanism and
documented a VEGF and NMDA-driven enrichment in synaptic
GIuNR-2B and PSD95, combined with the formation of new synaptic
sites in hippocampal pyramidal cells.

Our findings are consistent with previous reports suggesting a
causal link between synaptic GIuNR-2B and synapse formation and
plasticity during development.>**> These studies used genetic
manipulations designed to overexpress GIuN2A, or replace
GIuN2B into GIuN2A, and pointed to the key role of GIuNR-2B in
hippocampal synaptogenesis and synaptic plasticity, as well as in
expression of normal social behavior.>*’ This raises the question
of how VEGF might trigger such a mobilization of GIUNR-2B
at synapses. GIuNR-2B insertion at synapses is known to be
constitutive and independent of glutamatergic synaptic activity,*®

Figure 5.

Hippocampal LTP as well as contextual and cued fear memory are impaired in VEGFR2 conditional knockout mice and upon VEGFR2

inhibition. The three genotypes include control mice or VEGFR2'®/'°%, heterozygotes or VEGFR2'® ~ and conditional VEGFR2 knockout mice or
Nes-cre VEGFR2'~. (a) VEGF levels, assessed by Elisa, increased upon chemical LTP induction (tetraethylammonium chloride-artificial
cerebrospinal fluid) compared with untreated condition (artificial cerebrospinal fluid) in both heterozygote and knockout adult hippocampal
slices (pg VEGF per mg protein from 9.4+ 0.4 to 10.7 + 0.7 in VEGFR2'®/~ slices, n=7, paired two-tailed t-test, *P < 0.05; from 10.3 + 0.8 to
11.7 +0.7 in Nes-cre VEGFR2'®~ slices, n =8, paired two-tailed t-test, *P < 0.05). (b) Representative fEPSP traces showing potentiation for the
three indicated genotypes (upper trace: averaged first 5 min of baseline, lower trace: averaged last 5 min, stimulus artifacts were removed).
Theta burst stimulation (TBS) of Schaffer collaterals was used to induce LTP and fEPSP responses were recorded in stratum radiatum of CA1
region. (Nes-cre VEGFR2'Y~ n=11 mice (25 slices), VEGFR2'®’~ n=17 mice (36 slices), VEGFR2'®/'* n=8 mice (15 slices). (c) Shortly (5-
10 min) after LTP induction with the TBS protocol the fEPSP was significantly reduced in Nestin-cre VEGFR2'®~ knockout mice compared with
heterozygotes and controls (169 + 9% in Nes-cre VEGFR2'~ versus 201 + 10% in VEGFR2'™’~ and 203 + 14% in VEGFR2'”'°*, unpaired two-
tailed t-test, *P < 0.05). (d) An even more pronounced reduction in LTP was observed at 55-60 min after TBS (132 + 6% in Nes-cre VEGFR2'¥/~
versus 169 + 8% in VEGFR2'®’~ and 174 +9% in VEGFR2'"/'°%, unpaired two-tailed t-test, **P < 0.01, ***P < 0.001). (e) Input-output curves
showing fEPSP slopes at different stimulation intensities (fiber volley amplitude). The three groups of mice showed no significant differences.
(f) VEGFR2 knockout slices showed normal paired-pulse facilitation at various interstimulus intervals (50, 100, 200 and 400 ms). No significant
differences were obtained among the three genotypes. (g-i) VEGFR2 inhibition in hippocampal LTP. (g) Representative fEPSP traces showing
potentiation for wild-type slices untreated and treated with 30 um PTK787 (upper trace: averaged first 5 min of baseline, lower trace: averaged
last 5 min, stimulus artifacts were removed). (h) LTP was induced by TBS stimulation of Schaffer collaterals and fEPSP responses were recorded
in stratum radiatum of CA1 region. Hippocampal slices were perfused with 30 um of the VEGFR2 inhibitor PTK787 (PTK) from 10 min before
until 10 min after LTP induction (control n=7 mice (11 slices), PTK n =4 mice (7 slices)). (i) LTP magnitude was significantly reduced 55-60 min
after TBS in slices treated with PTK (161 + 10% in control slices vs 130+ 7% in PTK treated slices, unpaired two-tailed t-test, *P < 0.05). (j-I)
Fear-conditioning experiment. Animals were placed in a context and presented with an electrical shock (arrow) paired once with an auditory
cue (Tone); data were analyzed using a two-way ANOVA (genotype, time) with n=12 per genotype. (j) Cumulative freezing time counted
during the 3-min conditioning period. There were no significant differences between genotype (F(2,33)=1.27; P not significant) and all
genotypes showed a progressive increase in freezing after the Tone-shock pairing. (k) Cumulative freezing time plotted over time during the
3 min of the context recognition test. There was a significant effect of genotype (F(2,33) = 3.30; *P < 0.05) and Nes-cre VEGFR2'®~ knockout
mice showed reduced freezing time compared with heterozygotes and controls (*P < 0.05, Bonferroni post hoc test). () Cumulative freezing
time during cued testing. There was a significant effect of genotype (F(2,33) =9,59; ***P < 0.001) and only controls and heterozygotes showed
a major increase in freezing time during the tone presentation as compared with prior to the tone. Nes-cre VEGFR2'®~ knockout mice
exhibited strongly reduced level of freezing compared with heterozygotes and controls (***P < 0.001, Bonferroni post hoc test). ACSF, artificial
cerebrospinal fluid; TEA, tetraethylammonium chloride.
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but their synaptic trafficking can be promoted through
PKC-dependent signaling mechanisms.>* We demonstrated that
PKC is involved in the action of VEGF when GIuNR are activated,
which is consistent with the well-known impact of this kinase on
GIUNR trafficking and synaptic responses.3>3*

The synaptic pool of GIuNR is also regulated by the lateral
diffusion of these receptors within the membrane between
synaptic and extrasynaptic sites.’>*° The ability of GIUNR to
rapidly move between these compartments is linked to
their subunit composition, because GIUN2B containing GIuNR
are the most mobile,? and their lateral diffusion can be in-
creased by synaptic plasticity in young hippocampal neurons.®'
The activity-driven diffusion of surface GIuUNR results in an
enrichment of GIUNR-2A at synapses, whereas GIuNR-2B are
displaced away from the synapse."® Reciprocally, our study
demonstrates that VEGF, when combined to NMDA, induces
an increase in surface dynamics of GIuNR-2B, which leads to
their enrichment at synapses. Importantly, this VEGF-dependent
mobilization of GIuNR-2B at synapses may increase calcium
concentration in spines, allowing the modulation of synaptic
plasticity.

A major form of synapse strengthening known as LTP critically
depends on GluNR-mediated activation in the CA1 region of the
hippocampus.®’? LTP triggers a persistent activation of CaMKIl
via the formation of CaMKII-GIUN2B complexes, which promotes
the delivery of new functional GluA1-expressing AMPA receptors
to synapses.***537%> (Consistently, our data reveal that the
increased translocation of active CaMKIl to PSD and the post-
synaptic enrichment in GIuNR-2B upon NMDA and VEGF
treatment is associated with membrane insertion and synaptic
targeting of GluA1-expressing AMPA receptors. Thus, these results
suggest that VEGF signaling might be necessary for LTP in CAT.
Although VEGF levels have previously been shown to alter adult
hippocampal LTP,2'? direct effect of VEGF via its receptor VEGFR2
expressed in neurons has never been established. The findings
reported here demonstrate that genetic ablation of VEGFR2 in
neural cells or in neurons, as well as its pharmacological inhibition,
impaired adult LTP in CA1 but not basal synaptic transmission or
presynaptic short-term plasticity. This impairment in LTP induction
could result from the unbalanced subunit composition of GIUNR at
synapses,*®™®° with a decreased content in GIUNR-2B due to
VEGFR2 deficiency. Our findings extended previous work®® by
showing an increase in endogenous VEGF levels upon LTP
induction and highlighted the requirement for neuronal VEGFR2
in adult hippocampal LTP, independently of the VEGF impact on
neurogenesis and angiogenesis. They further suggest the
contribution of VEGFR2 to hippocampal form of learning and
memory. Because a causal link between hippocampus-dependent
contextual fear memory and a hallmark of LTP has been reported
previously,”® we used a fear-conditioning paradigm to assess the
behavioral relevance of VEGFR2. We now demonstrate that
targeted deletion of VEGFR2 compromises the formation of fear
memory by combining impairment of hippocampus-dependent
contextual fear memory with deficits in amygdala-dependent
memory. Contribution of VEGF in emotional memory has
previously been documented by showing that upregulated and
downregulated VEGF levels in the hippocampus improved and
impaired performances, respectively, in the passive avoidance task
and in contextual fear memory.®® In contrast to our study, these
reports used overexpressed soluble VEGFR1® or dominant-
negative mutant VEGFR2,° which produce a VEGF trap and does
not give a clear insight into the requirement for VEGFR2 in these
cognitive processes. Thus, together with these previous reports,
our findings strongly indicate that VEGF and VEGFR2, by acting on
different limbic networks, have a key role in the regulation of
emotional memory.

Increasing evidence indicate that contextual fear learning
requires a network interconnecting the hippocampus, the
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amygdala and the medial prefrontal cortex,”'””® whose dysfunc-

tion is linked among other disorders to post-traumatic stress
disorder and depression.”*’® In these brain areas, increase in LTP
has been shown to result from antidepressant treatments and
may be instrumental in the antidepressant response.”””® Thus,
VEGFR2 dysfunction in these neural networks involved in
emotional behavior may attenuate antidepressant response or
alternatively promote depression.

In summary, our findings provide new insight into the impact of
VEGF on glutamatergic synaptic function and plasticity and further
delineate a molecular basis underlying its direct action through
VEGFR2 on emotion-related behavior.
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