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NMDA Receptor Surface Trafficking and Synaptic Subunit
Composition Are Developmentally Regulated by the
Extracellular Matrix Protein Reelin

Laurent Groc,> Daniel Choquet,> F. Anne Stephenson,’ Daniéle Verrier,' Olivier J. Manzoni,' and Pascale Chavis'
Inserm, Unité 862, Equipe Physiopathologie de la Plasticité Synaptique, 33077 Bordeaux Cedex, France, 2Physiologie Cellulaire de la Synapse, Centre
National de la Recherche Scientifique, Unité Mixte de Recherche 5091, 33077 Bordeaux, France, and *School of Pharmacy, University of London, London
WCIN 1AX, United Kingdom

During postnatal development, changes in the subunit composition of glutamate receptors of the NMDA subtype (NMDARs) are key to
the refinement of excitatory synapses. Hypotheses for maturation of synaptic NMDARs include regulation of their expression levels,
membrane targeting, and surface movements. In addition, several members of extracellular matrix (ECM) proteins such as Reelin are
involved in synaptic plasticity. However, it is not known whether and how ECM proteins regulate synaptic NMDAR maturation. To probe
the participation of NMDARS to synaptic currents and NMDARs surface dynamics, we used electrophysiological recordings and single-
particle tracking in cultured hippocampal neurons. Our results show that, during maturation, Reelin orchestrates the regulation of
subunit composition of synaptic NMDARs and controls the surface mobility of NR2B subunits. During postnatal maturation, we
observed a marked decrease of NR1/NR2B receptor participation to NMDAR-mediated synaptic currents concomitant with the
accumulation of Reelin at active synapses. Blockade of the function of Reelin prevented the maturation-dependent reduction in
NR1/NR2B-mediated synaptic currents. The reduction of NR1/NR2B receptors was not inhibited by blocking synaptic activity but
required B1-containing integrin receptors. Single-particle tracking showed that inhibition of Reelin decreased the surface mobil-
ity of native NR2B-containing NMDARs, whereas their synaptic dwell time increased. Conversely, recombinant Reelin dramati-
cally reduced NR2B-mediated synaptic currents and the time spent by NR2B subunits within synapses. Our data reveal anew mode
of control of synaptic NMDAR assembly at postnatal hippocampal synapses and an unprecedented role of ECM proteins in

regulating glutamate receptor surface diffusion.
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Introduction

During postnatal development of the CNS, the dynamic matura-
tion of synaptic contacts participates in the refinement of imma-
ture neuronal networks. Often associated with adult synaptic
plasticity, the maturation of glutamatergic synapses involves re-
cruitment or stabilization of ionotropic glutamate receptors
(Garner et al.,, 2002; Groc et al., 2006a). The NMDA receptors
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(NMDARs) are heteromeric ligand-gated ion channels com-
posed of NR1 subunits in combination with NR2 (NR2A-NR2D)
or NR3 subunits. The expression pattern of the different NR2
subunits is regionally and developmentally regulated. At most
excitatory  synapses, NR2B-containing NMDARs (2B—
NMDARs) are abundant at early stages and gradually replaced or
supplemented by NR2A-containing NMDARs (2A-NMDARs)
(Monyer etal., 1994; Sheng et al., 1994; Shi et al., 1997; Kew et al.,
1998; Li et al., 1998; Stocca and Vicini, 1998; Tovar and West-
brook, 1999; Thomas et al., 2006). Importantly, the functional
properties of NMDARs depend on their subunit composition,
and such subunit heterogeneity of synaptic NMDARSs is thought
to play a crucial role in synaptic maturation and plasticity pro-
cesses (van Zundert et al., 2004; Perez-Otano and Ehlers, 2005).
In addition to changes in insertion and recycling of NMDARs
subunits (Roche et al., 2001; Wenthold et al., 2003; Lavezzari et
al., 2004), lateral mobility of glutamate receptors has emerged as
a process to modulate not only the number of synaptic receptors
(Borgdorft and Choquet, 2002; Tovar and Westbrook, 2002;
Ashby et al., 2004; Groc et al., 2004; Adesnik et al., 2005) but also
the subunit composition of NMDARs (Groc et al., 2006b). In
hippocampal neurons, NMDARs exchange rapidly between the
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extrasynaptic and synaptic membranes (Tovar and Westbrook,
2002), and developmental changes in surface trafficking of differ-
ent NR2 subunits correlate with changes in synaptic NMDAR
composition (Groc et al., 2006b). However, the molecular pro-
cesses that govern surface trafficking of NMDAR subunits during
synaptic maturation remain unknown.

Several members of the extracellular matrix (ECM) proteins
and cell adhesion molecules have been proposed to orchestrate
the subunit composition of NMDARs and therefore their synap-
tic functions (Dityatev and Schachner, 2003). As we reported
previously, cell adhesion molecules of the integrin family coordi-
nate the maturation of the presynaptic and postsynaptic com-
partments in the hippocampus (Chavis and Westbrook, 2001).
The ECM protein Reelin, known for its importance in the devel-
opment of laminar structures (D’Arcangelo and Curran, 1998),
has been proposed to also participate in postnatal and adult neu-
ronal functions (Tissir and Goffinet, 2003). Reelin is a large se-
creted glycoprotein that acts as a signaling molecule by binding to
different classes of receptors (D’Arcangelo et al., 1999; Dulabon
etal., 2000). Exogenous application of recombinant Reelin (rRln)
has been reported to modulate glutamatergic synaptic plasticity
in the hippocampus (Beffert et al., 2005; Qiu et al., 2006). Despite
numerous studies aimed at elucidating the role of Reelin in the
normal postnatal brain, the physiological role of endogenously
secreted Reelin at glutamatergic hippocampal synapses remains
poorly understood. In the present study, we found that Reelin
controlled in a bidirectional manner the changes in the subunit
composition of functional synaptic NMDARs during matura-
tion. This effect involved receptors of the integrin family. Using
single-nanoparticle tracking, we observed that the Reelin-
dependent maturation of synaptic NMDARs was paralleled by
changes of the surface mobility of NR2B-containing NMDARs,
showing for the first time that lateral mobility of ionotropic glu-
tamate receptors is regulated by ECM proteins.

Materials and Methods

Cell culture and reagents. Cell cultures were performed as described pre-
viously (Sinagra et al., 2005). Chronic treatments with rRIn and the mock
control 2.50-5.55 nM [produced as described previously (Sinagra et al.,
2005)] were performed at 7 d in vitro (div). Chronic treatments with the
following reagents were performed at 9.5 div: CR-50 antibody at 30—-100
pg/ml, normal mouse IgG at 30—-100 pg/ml (Jackson ImmunoResearch
via Interchim, Montlucon, France) receptor-associated protein fused
with glutathione S-transferase (GST-RAP) at 10-50 wg/ml, GST at
10-50 pg/ml, hamster anti-rat 81 monoclonal antibody at 50—100
pg/ml (BD Biosciences PharMingen, Le Pont de Claix, France), nonim-
mune hamster IgM at 50-100 wg/ml (BD Biosciences PharMingen),
tetrodotoxin (TTX) (1 um; Alomone Labs, Jerusalem, Israel), and Reelin
antisense (RInAS) and control mismatched (RInM) at 10 um (Eurogen-
tec, Seraing, Belgium). The sequences of the Reelin phosphorothioate
antisense and the corresponding mismatched oligonucleotide were as
described previously [RInAS, 5'-GCAATGTGCAGGGAAATG-3'; and
RInM, 5'-ACCTTGTGACCCATCTCT3’ (Sinagra et al., 2005)]. Acute
treatments with rRIn or mock were performed at 7 or 8 div for 1 to 20 min
duration.

Animals. All experiments were conducted in strict compliance with
European directives and French laws on animal experimentation (autho-
rization number 3307016).

Data. Each set of experiments was performed on three to five different
cultures. All data are presented as mean * SEM or median * 25-75%
interquartile range (IQR).

Electrophysiology. Neurons were continuously perfused with Mg?™-
free extracellular solution containing the following (in mm): 160 NaCl,
2.4 KCl, 10 HEPES, 10 glucose, 0.02 glycine, and 1.5 CaCl,, pH 7.3
(osmolarity, 325 mOsm/liter). Patch pipettes (2—4.5 M{)) were filled
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with the following (in mm): 149 Cs-methanesulfonate, 1 EGTA, 10
HEPES, 4 MgCl,, 10 glucose, and 2 Na,ATP, pH 7.3 (osmolarity, 305—
310 mOsm/liter). Data were acquired using an Axopatch 200 B and
Clampex 8 (Molecular Devices via, DIPSI, Chatillon, France) acquisition
software. Currents were filtered at 2 kHz and digitized at 5 kHz. Minia-
ture EPSCs (mEPSCs) were recorded at —70 mV. Miniature NMDA—
EPSCs were isolated in the presence of TTX (0.3 um), bicuculline (10 pm;
Tocris Biosciences via Fisher Bioblock, Illkirch, France), and CNQX (10
uM; Tocris Biosciences), then were recorded in the presence of 3 um
ifenprodil (Sigma, St. Quentin Fallavier, France), and finally were
blocked with pD-APV (25 uMm; Tocris Bioscience) at the end of each exper-
iment. Dual-component mEPSCs were collected in the absence of CNQX
before and during ifenprodil application (3 um).

mEPSC amplitude and interinterval time were analyzed with Axo-
graph 4.0 (Molecular Devices via DIPSI) using a double-exponential
template: f(t) = exp(—t/rise) + exp(—t/decay), where rise is 3 ms and
decay is 10 ms for NMDA-mEPSCs, and rise is 0.5 ms and decay is 3 ms
for AMPA-mEPSCs. The limit of detection was >5 pA. Statistics were
assessed using ANOVA, followed, if significant ( p < 0.05), by Tukey’s
multiple comparison test (Kyplot 2.0 813). Kolmogorov—Smirnov (KS)
tests were used for comparing the cumulative distributions of interevent
intervals (Kyplot 2.0 B13). The decay times of NMDA-mEPSCs were
fitted using one and two exponentials (Axograph 4.0; Molecular De-
vices), and the sum of squared errors for single-exponential fits was 2.3
times better than for a two-exponential fit.

Quantum dot tracking. Single particles [quantum dots (QDs)] were
detected and tracked as described previously (Groc et al., 2006b). Briefly,
QD 655 goat F(ab’)2 anti-rabbit IgG (0.1 um; Ozyme, St. Quentin Falla-
vier, France) were incubated for 30 min with the polyclonal antibodies
against NR2A or NR2B (1 ug). Synapses were labeled with Green Mito-
tracker (1 min, 1 nm at room temperature; Invitrogen, Carlsbad, CA).
Then, neurons were incubated for 10 min at 37°C in culture medium
with precoated QDs (final dilution 0.1 nm).

QD-labeled NR2 subunits were followed exclusively on randomly se-
lected neuritic regions. Somata were not included for analysis. Signals
were detected using a CCD camera (Cascade; Princeton Instruments,
Trenton, NJ). Images of Mitotracker-labeled synapses were acquired
with the filter set HQ500/20X for excitation (Chroma Technology,
Brattleboro, VT) and HQ560/80M for emission (Chroma Technology).
QDs were detected by using a xenon lamp (excitation filter 560RDF55
and emission filter 655WB20; Omega, Guyancourt, France), and images
were obtained with an integration time of 50 ms, with up to 1200 con-
secutive frames. Recording sessions were acquired within 30 min after
primary antibody incubation to minimize receptor endocytosis.

QD recording sessions were processed with the MetaMorph software
(Universal Imaging, Downingtown, PA). The instantaneous diffusion
coefficient, D, was calculated for each trajectory, from linear fits of the
first four points of the mean square displacement (MSD) versus time
function using MSD(t) = <r?> (t) = 4Dt. Synaptic dwell time was
calculated for exchanging receptors and defined as the mean time spent
within the synaptic area. The two-dimensional trajectories of single mol-
ecules in the plane of focus were constructed by correlation analysis
between consecutive images using a Vogel algorithm. Statistical signifi-
cance was assessed with Mann—-Whitney U tests (diffusion coefficient
comparison) and Student’s ¢ test (dwell-time comparison).

Immunoblotting. Western blotting of Reelin and processing of dishes
were performed as described previously (Sinagra et al., 2005). Samples of
50 ug of homogenate proteins run through the same 6% SDS-PAGE were
subjected at the same time to protein quantification with the BCA pro-
tein assay kit (Pierce, Rockford, IL; Fisher Bioblock). Secreted Reelin
measured in cultured cell media and intracellular Reelin isolated from
scraped neurons were collected from the same dishes. Chronic treat-
ments with TTX and processing of culture dishes were performed after a
double-blind protocol to avoid any bias.

Immunoblots chemiluminescence was acquired with ChemiGenius 2
(SynGene via Ozyme), and band densities were quantified with Gene-
Tools (SynGene via Ozyme). For each gel, the density measurements
were added over the three bands obtained for the three isoforms and
normalized to total Reelin in untreated conditions.
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Figure 1.  Reelin controls the subunit composition of synaptic NMDAR during maturation. 4, Left, Overlaid pseudocolor image
of Reelin labeling (red) and the corresponding differential interference contrast image in a 12 div culture showing a marked
punctuate labeling on neurites. Right panels show higher-magnification views of neurites labeled with anti-Reelin and anti-Sytl
antibodies of the area boxed at the left. B, Synaptic enrichment of Reelin during maturation. Percentage == SEM of Reelin-positive
puncta colocalized with Syt limmunoreactivity (n = 3 cultures; F, ) = 27.7;**p << 0.01). C, Representative 15 s recordings of
NMDA-mEPSCs with CNQX (top) or CNQX plus ifenprodil in a untreated neuron (middle) or rRIn-treated neuron (bottom; calibra-
tion: 50 pA, 255). Insets, Averaged and scaled NMDA—mEPSCs before (black) and after ifenprodil application (gray) taken from the
illustrated cells. The decay phases were best fitted with a monoexponential (solid traces; calibration, 50 ms) (see Materials and
Methods). D, Effect of ifenprodil on NMDA-mEPSC charge transfer and frequency in untreated conditions (open black) and after
rRIn treatment (gray) or the mock control (open gray). Values obtained with CNQX were expressed as a percentage of the mean
(NQX value. Black bars represent the percentage average = SEM obtained in untreated neurons in CNQX (i.e., control). The effect
of ifenprodil is expressed as percentage of C(NQX = SEM obtained in each condition. ANOVA revealed significant differences
between the various conditions for charge transfer (F ; 55, = 27.4) and frequency (F; 3 = 44.9). ***p < 0.001. The number of
neurons recorded in each conditionis indicated. E, Representative 15 s recordings of NMDA—mEPSCs in the presence of CNQX (top)
or C(NQX and ifenprodil in either untreated neuron (middle) or neuron treated with CR-50 (bottom; calibration: 50 pA, 2 s). Inset,
Same legend as C. F, Same legend as D but instead neurons were chronically treated with CR-50 (gray) or a control IgG (open gray).
ANOVA revealed significant differences between untreated, (R-50, and mock conditions for charge transfer (F 5 35, = 28.9) and
frequency (Fs 35 = 21.3).***p < 0.001.

Immunostainings. Reelin immunostaining and live uptake of anti-Sytl
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Results

Reelin is sufficient to induce the
maturation of synaptic NMDARs

In hippocampal neurons in vitro, Reelin
immunoreactivity probed with the well
characterized G10 antibody (Sinagra et al.,
2005; Ramos-Moreno et al., 2006) dis-
played a neuritic punctuated pattern sug-
gestive of synaptic labeling (Fig. 1A). Ac-
tive synapses were tagged in living neurons
using the dynamic uptake of an antibody
targeted against the luminal epitope of the
vesicular protein synaptotagmin I (Syt I)
(Chavis et al., 1998). Colabeling Reelin
and active synapses revealed that, between
8 and 9—12 div, a time critical for matura-
tional processes, Reelin accumulates at de-
veloping synapses (Fig. 1A, B).

These results prompted us to examine
whether Reelin governed NMDAR sub-
unit composition during glutamatergic
synaptic maturation. Thus, to evaluate the
developmental profile of synaptic NR1/
NR2B during maturation of hippocampal
neurons in vitro, the effect of the noncom-
petitive NR2B-selective antagonist ifen-
prodil (Williams, 1993) was measured on
NMDA-mEPSCs. We used the highest
concentration of ifenprodil (3 um) that
does not affect 2A-NMDARs (Williams,
1993; Tovar and Westbrook, 1999). At 8
div, ifenprodil decreased NMDA-mEPSC
charge transfer to 44.9 * 4.4% of the con-
trol value (Fig. 1C,D). The deactivation ki-
netics of NMDA-mEPSCs were markedly
faster in the presence of ifenprodil (Table
1; Fig. 1C, inset), consistent with the
blockade of NR1/NR2B receptors (Kirson
and Yaari, 1996; Flint et al., 1997; Kew et
al., 1998; Tovar and Westbrook, 1999). If-
enprodil also reduced NMDA-mEPSC
frequency (29.8 * 5.7% of control value)
(Fig. 1D) and caused a significant shift in
the distribution of NMDA-mEPSCs inter-
event intervals (p < 1.107'°, KS test)
(supplemental Fig. 1A, available at www.
jneurosci.org as supplemental material).
Because neither the frequency nor the am-
plitude of AMPA glutamate receptor
(AMPAR)-mediated miniature events
were modified by ifenprodil (Fig. 2A, B),
we concluded that ifenprodil acted on

antibodies (Calbiochem via VWR International, West Chester, PA) were
performed as described previously (Chavis et al., 1998). Surface NR2A and
NR2B subunits were stained by incubating live neurons with 10 ug of
affinity-purified polyclonal antibodies against the N-terminal domain of
NR2A or NR2B (Groc et al., 2006b). The surface fluorescence was quantified
as described previously (Groc et al., 2006b) using the average intensity and
pixel area on the dendritic field. Somata were excluded from analysis. On
randomly selected dendritic segments, clusters were isolated by applying a
constant threshold on images, and their integrated intensity was measured.
All analysis was performed with MetaMorph software (Universal Imaging).
Statistical significance was assessed with Student’s # test.

postsynaptic NR1/NR2B receptors. To mimic the extracellular
environment observed at later maturational stages, i.e., increased
extracellular Reelin content (Sinagra et al., 2005), we comple-
mented immature hippocampal neurons with rRln at 7 div (see
Materials and Methods). The 24 h treatment with rRln totally
suppressed all the effects of ifenprodil. The NMDA-mEPSCs
charge transfer and frequency in the presence of ifenprodil rep-
resented 84.6 + 4.9 and 91.8 = 4.6% of CNQX conditions, re-
spectively (Fig. 1D), values significantly different from untreated
and mock-treated conditions. In contrast to untreated or mock-
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Table 1. Deactivation kinetics of NMDA-mEPSCs at different ages of in vitro maturation and after various chronic treatments

Treat-

Age (div) ment Tengy (MS) TeNQX — ifenprodil (MS) p n

8 95.2+ 15 250+78 71078 13
10-12 359 41 396+ 52 0.08 10
8 Rin 302 £59 321163 0.15 1
8 Mock 93.0 + 172 252+ 66 3107 6
10-12 (R-50 84.0 =175 314+ 1.8 410™* 10
10-12 lgG 33746 36.1£5.6 0.32 9
10-12 Anti-B1 96.1 £ 14.1 273 =85 4104 7
10-12 IgM 30.1£53 33447 0.25 8

Within each condition, the average decay time constants were estimated (see Materials and Methods) before (7¢yqy) and during (Teygy + irenproait) ifenprodil application. Statistical differences were assessed before and after ifenprodil

application with Student’s ¢ test.
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Figure 2.  Recombinant Reelin and CR-50 do not affect AMPA—mEPSC amplitude or fre-

quency. A, AMPA-mEPSC mean amplitude at 8 div before ifenprodil application and with ifen-
prodil, in untreated neurons (black and open black; n = 7 neurons, 4 cultures), in rRIn-treated
neurons (gray and open gray; n = 11 neurons, 3 cultures), and in mock-treated neurons
(hatched white and black; n = 6 neurons, 3 cultures). ANOVA did not reveal significant differ-
ences between various groups ( p = 0.09). B, Frequencies of AMPA—mEPSCs before (black) and
in the presence of ifenprodil (open black) in 8 div untreated neurons, in rRIn-treated (gray), or
mock-treated (hatched white) neurons were not significantly different (p = 0.3, ANOVA).
Values in the presence of ifenprodil are expressed as the percentage = SEM of the mean control
value obtained before ifenprodil application. ¢, Same legend as A in 1012 div neurons un-
treated (n = 10 neurons, 5 cultures), treated with CR-50 (gray and open gray; n = 7 neurons,
3 cultures), or the control IgG (hatched white and black; n = 7 neurons, 3 cultures). ANOVA did
not reveal significant differences between various groups ( p = 0.12). D, AMPA—mEPSC fre-
quencies in 1012 div neurons were not significantly different between untreated before ifen-
prodil (black), untreated with ifenprodil (open black; n = 10 neurons, 5 cultures), CR-50 (gray;
n = 7 neurons, 3 cultures), and IgG (hatched white; n = 7 neurons, 3 cultures; p = 0.67,
ANOVA).

treated neurons of the same age, the interevent intervals distribu-
tion of NMDA-mEPSCs were not altered in the presence of ifen-
prodil (p = 0.52, KS test) (supplemental Fig. 1C, available at
www.jneurosci.org as supplemental material). The rRIn treat-
ment did not change the frequency of the total NMDA-mEPSC
population (before ifenprodil application) compared with un-
treated and mock conditions [p = 0.99 ANOVA and compare
distributions in supplemental Fig. 1 A, C (available at www.jneu-

rosci.org as supplemental material), p = 0.42, KS test]. Theloss of
the ifenprodil sensitivity in rRln-treated neurons was also ob-
served on the deactivation kinetics. The average decay times were
not significantly changed by ifenprodil (Table 1, Fig. 1C) and
were significantly shorter before ifenprodil application compared
with untreated conditions (p = 2.9.10 >, ¢ test). These results
suggest that Reelin controls the maturation of synaptic
NMDARs.

The function of Reelin is necessary for normal maturation of
synaptic NMDARSs in vitro

In 10-12 div neurons, ifenprodil had no effects on NMDA—
mEPSC charge transfer and frequency (99.4 = 9.8 and 89.5 *
5.8% of control, respectively; p > 0.05) (Fig. 1 E,F) or interevent
intervals distribution ( p = 0.49, KS test) (supplemental Fig. 1 B,
available at www.jneurosci.org as supplemental material). The
maturational loss of ifenprodil sensitivity was accompanied by a
speeding of the NMDA-mEPSC decay (Table 1; Fig. 1E, inset)
compared with 8 div untreated conditions ( p = 0.0002, t test).
Neither the amplitude nor the frequency of AMPA-mEPSCs was
changed by ifenprodil (Fig. 2C,D). Thus, hippocampal mature
synapses are devoid of functional highly ifenprodil-sensitive
NRI1/NR2B receptors and display NMDA-mEPSCs with faster
kinetics, in agreement with a change in the subunit composition
of NMDARs to NR1/NR2A and/or NR1/NR2A/NR2B (Sheng et
al., 1994; Kirson and Yaari, 1996; Flint et al., 1997; Li et al., 1998;
Tovar and Westbrook, 1999; Thomas et al., 2006).

Strikingly, values obtained after treatment with rRIn were not
statistically different from that of 10—12 div untreated neurons,
showing that addition of rRln accelerated synaptic maturation.
Having shown that increasing Reelin levels accelerated synaptic
maturation of NMDARs, we next tested whether the function of
Reelin was necessary for the maturational process that governs
NMDAR subunit composition at synapses. We chronically
treated 10—12 div neurons (see Materials and Methods) with the
CR-50 antibody that has function-interfering activity of Reelin
both in vivo and in vitro (Ogawa et al., 1995; Miyata et al., 1997;
Nakajima et al., 1997). In 10—12 div neurons treated with CR-50,
ifenprodil drastically reduced the charge transfer and the fre-
quency of NMDA-mEPSCs to 39.1 = 4.9 and 31.2 = 4.9% of
control values, respectively (Fig. 1E,F), as well as the interevent
interval distribution (p < 1.10 ~'°, KS test) (supplemental Fig.
1D, available at www.jneurosci.org as supplemental material).
The control IgG had no effect (Fig. 1 F, Table 1). The deactivation
kinetics were faster after ifenprodil application in CR-50-treated
neurons (Table 1, Fig. 1E) and slower before ifenprodil applica-
tion compared with untreated 10—12 div ( p = 3.10 >, ttest). The
interevent intervals distribution of the total NMDA-mEPSCs
population, which combines both ifenprodil- sensitive and
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The change in the subunit composition of synaptic NMDAR is independent of in vitro activity but involves 31-class
integrins. A, NMDA-mEPSC charge transfer and frequency in 1012 div neurons chronically treated with TTX. Values are ex-
pressed as in Figure 10. B, AMPA-mEPSC amplitude and frequency in 1012 div neurons chronically treated with TTX (n = 10
neurons, 4 cultures). €, Western blot analysis of Reelin present in the culture medium (secreted) or in cell lysates from untreated
and TTX-treated 10 div hippocampal cultures. Right, Densitometry measurements of secreted or intracellular Reelin in TTX-treated
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CR-50 did not affect AMPA-mEPSCs
compared with age-matched mock- and
IgG-treated conditions showing that Ree-
lin specifically controlled NMDARs (Fig.
2).

Together, the results show that neutral-
izing the function of Reelin prevented the
loss of functional synaptic NR1/NR2B re-
ceptors normally observed during this
maturational period and that Reelin con-
trols the presence of NRI/NR2B in the
synaptic compartment.

o

(% of control) &

AMPA-mEPSCs frequency

o

Reelin levels and the subunit
composition of synaptic NMDARs are
not controlled by activity in vitro
Because neuronal activity regulates differ-
ent aspects of NMDAR functions (Perez-
Otano and Ehlers, 2005), we investigated
whether changes in the subunit composi-
tion of synaptic NMDARs were also con-
trolled by neuronal activity. Chronic arrest
of neuronal activity with TTX did not
modify either the ifenprodil sensitivity of
10-12 div. NMDA-mEPSCs (Fig. 3A)
(p =0.61 and p = 0.08, ANOVA) or the
frequency and amplitude of AMPA-mEP-
0.45 and p = 0.51,
) ANOVA). The fact that Reelin was found
localized in secretory vesicles and axons in

- . I vivo (Derer et al., 2001; Martinez-Cerdeno

) — et al., 2003; Ramos-Moreno et al., 2006) as

well as at active synapses in vitro (Fig.
1A,B) prompted us to examine whether
Reelin levels were controlled by neuronal
" activity. Chronic treatment with TTX did
* not affect the levels of secreted or intracel-
lular Reelin in 10 div cultures (Fig. 3C).
These results indicate that neuronal activ-
ity in vitro does not control the proportion
of functional synaptic 2B-NMDAR nor
Reelin secretion in 10-12 div cultures.

+ o+
+ o+
+ -
- +

TR R R A
o o+ 4

dishes (gray) are expressed as the percentage == SEM of 10 div untreated (open bar; n = 4 cultures). Values obtained in untreated

cultures were expressed as a percentage of the mean untreated value. Right, A full-length Reelin (400 kDa) and the fragments
produced by cleavage (320, 180 kDa) are disclosed by the G10 antibody. D, Schematic representation of the different inhibitors
used to target the receptors of Reelin. E, Chronic treatment of 1012 div neurons with the anti-31 function-blocking antibody
(black) induced significant changes in the ifenprodil sensitivity of NMDA-mEPSC charge transfer (F; ,,) = 26.17) and frequency
= 20.3) compared with treatments with the control IgM (open black), GST-RAP (gray), or GST (open gray); ***p << 0.001.

(F (3,26)

-insensitive NMDA responses, was not altered after chronic treat-
ment with CR-50 (compare black circles in supplemental Fig.
1B, D, available at www.jneurosci.org as supplemental material)
(p = 0.19, KS test), suggesting that the recovery of the ifenprodil
sensitivity after chronic treatment resulted from the presence of
postsynaptic NR1/NR2B NMDARs. Blocking Reelin biosynthesis
with antisense oligonucleotides [RInAS (Sinagra et al., 2005)]
mimicked the effect of CR-50 (frequency and charge transfer in
the presence of ifenprodil were 28.5 = 5.4 and 37.2 * 1.8% of
control respectively; n = 8 neurons, 3 cultures) compared with
age-matched neurons treated with the mismatched oligonucleo-
tide (frequency and charge transfer in the presence of ifenprodil
were 86.9 = 3.5 and 106.4 = 7.8% of control, respectively; n = 6
neurons, 3 cultures). Finally, chronic treatment with rRln or

Role of Reelin receptors in the subunit
composition change of

synaptic NMDARs

Secreted Reelin binds apolipoprotein E re-
ceptors 2 (ApoER?2), the very-low-density
lipoprotein receptor (VLDLR)
(D’Arcangelo et al., 1999), and the a31 of the integrin family
(Dulabon et al.,, 2000) (Fig. 3D). Cultures were chronically
treated with RAP fused with GST. RAP is a molecular chaperone
for the low-density lipoprotein receptor family, and it is widely
used as a functional lipoprotein receptor antagonist (Herz et al.,
1991) that prevents the binding of Reelin to ApoER2 and VLDLR,
thus disrupting the physiological functions of Reelin (Hiesberger
et al., 1999; Niu et al., 2004; Sinagra et al., 2005; Qiu et al., 2006)
(Fig. 3D). Neither chronic treatment with GST-RAP nor the con-
trol GST restored the ifenprodil sensitivity in 10—12 div neurons
(Fig. 3E), ruling out the involvement of the ApoER2/VLDLR
receptors. On the same cells, we verified the efficacy of GST-RAP
on whole-cell NMDA-evoked currents, a treatment we showed
previously to efficiently block the somatic effects of Reelin (Sin-
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agra et al., 2005). To test the involvement
of a3B1, we blocked Bl-class integrins
with a function-blocking antibody against
the B1 subunit of the integrins. Chronic
treatment with this antibody mimicked
the effect of impairing Reelin functions
(Fig. 3E, Table 1). NMDA-mEPSC charge
transfer and frequency in the presence of
ifenprodil represented 34.0 * 2.3 and
39.8 = 5.7% of control in anti-B1-treated
neurons and 102.6 = 8.9 and 90.5 * 3.3%
in IgM-treated neurons, respectively.
None of these treatments affected the fre-
quency or the amplitude of AMPA-mEP-
SCs (data not shown), showing specificity
for NMDARs. Altogether, these results
suggest that the nonclassical Reelin recep-
tor a31 is involved in the subunit com-
position changes of synaptic NMDARSs.

Reelin regulates surface distribution of
native NR2B but not NR2A subunits

We next explored the molecular mecha-
nisms mobilized by Reelin to control the
synaptic content of 2B-NMDARSs. Previ-
ous experiments were not consistent with
changes in the synthesis levels of NR2B as
the principal mode for Reelin to regulate
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Figure4. Reelin controls NR2B surface clusterintensity but not total surface density. A, B, Representative images of the surface

NR2B staining and the corresponding differential interference contrast field in 8 div cultures (A) treated either with the control
mock (left) or rRIn (right) and in 10 div cultures (B) treated either with the control IgG (left) or CR-50 (right). €, The NR2B surface
expression was not modified by rRin or CR-50 treatments. Data are expressed as mean intensity/area units (a.u.) == SEM. D, E,
Cumulative distributions of the intensities of neuritic NR2B clusters in 8 div neurons (D) treated either with the control mock (black
line) or rRIn (gray line) and in 1012 div neurons (E) chronically treated with the control IgG (black) or CR-50 (gray). F, The
average = SEM intensity of NR2B clusters was significantly decreased by chronic rRIn treatment (gray; n = 181) compared with
mock control (open gray; n = 166;***p << 0.001), whereas chronic treatment with CR-50 (black; n = 587) significantly increased

the presence of 2B-NMDAR (Sinagra et
al., 2005). Knowing that changes in gluta-
mate receptor recycling correlate with
modifications in surface receptor content (Ashby et al., 2004), we
investigated whether Reelin controlled the overall content of sur-
face 2B-NMDAR using antibodies directed against specific extra-
cellular epitopes of the NR2A and NR2B subunits (Groc et al.,
2006b). Surface immunostainings of NR2A and NR2B subunits
in control conditions were qualitatively different as described
previously (Groc et al., 2006b). NR2B showed both diffuse and
punctate staining (Fig. 4A, B), whereas NR2A displayed a stron-
ger punctate staining (supplemental Fig. 2, available at www.j-
neurosci.org as supplemental material). We observed that NR2B
surface expression did not significantly vary during maturation
(Fig. 4A,B), whereas, in agreement with our previous report
(Groc et al., 2006b), a significant increase in the surface expres-
sion of native NR2A was observed between 8 and 10—12 div ( p =
0.045) (supplemental Fig. 2C, available at www.jneurosci.org as
supplemental material). Importantly, NR2B surface expression
was not significantly affected by addition of rRIn or blockade of
Reelin function with CR-50 (Fig. 4C). Similarly, NR2A surface
expression was not significantly affected by rRln or CR-50 (sup-
plemental Fig. 2, available at www.jneurosci.org as supplemental
material). These results indicate that changes in the total content
of surface 2B-NMDAR or 2A-NMDAR could not account for
the control of synaptic NMDAR composition by Reelin.

We next examined whether rRIn or CR-50 induced changes in
the surface distribution of 2B-NMDARs. We measured the inte-
grated intensities of surface 2B-NMDAR clusters (Fig. 4) (sup-
plemental Fig. 3, available at www.jneurosci.org as supplemental
material) and found that chronic treatment with rRln signifi-
cantly decreased the fluorescence intensity of 2B-NMDAR clus-
tersin 8 div neurons (Fig. 4 D, F). On the contrary, chronic block-
ade of the function of Reelin in 10-12 div neurons increased the
fluorescence intensity of 2B-NMDAR clusters (Fig. 4E,F). None

the mean NR2B clusters intensity compared with control IgG (open black; n = 524; **p < 0.01).

of these treatments affected the cluster area (data not shown).
Interestingly, chronic treatment with CR-50 did not affect the
fluorescence intensity of 2A-NMDAR clusters (control, 3.4 = 0.3
arbitrary units, n = 143 clusters; CR-50, 3.5 = 0.3 arbitrary units,
n = 159; p = 0.72). These results indicate that the Reelin-
dependent control of synaptic NMDAR subunit composition is
paralleled by changes in the surface distribution of 2B-NMDAR:s.

Reelin controls the surface diffusion of native NR2B subunits

NMDARSs diffuse within the plasma membrane of neurons and
exchange rapidly between the extrasynaptic and synaptic com-
partments (Tovar and Westbrook, 2002; Groc et al., 2004,
2006b). Thus, we tested the challenging hypothesis that Reelin
controls NMDAR surface distribution by affecting their surface
mobility. We used the single-nanoparticle approach to track sin-
gle QD coupled to antibodies directed against the extracellular
epitope of NR2B (QD-NR2B) (Fig. 5) (supplemental Fig. 4,
available at www.jneurosci.org as supplemental material). In
control conditions, QD-NR2B displayed a heterogeneous behav-
ior, including highly mobile and immobile trajectories. The dwell
time of QD-NR2B in synaptic compartments decreased during
maturation [1.1 = 0.2 s in 8 div neurons, n = 132;0.24 = 0.02 s
in 10 div neurons, n = 206; p = 0.00028 (Groc et al., 2006b)]. As
illustrated by the QD-NR2B summed trajectories, chronic treat-
ment with rRln strongly increased the explored area compared
with age-matched mock conditions in 8 div neurons (Fig. 5A).
When examined within synapses (see Materials and Methods),
the surface mobility of 2B-NMDARs was significantly increased
in rRIn-treated neurons when compared with age-matched con-
trols (Fig. 5C, left). This effect could be explained by variations in
the diffusion of mobile receptors and/or the percentage of immo-
bile ones. The diffusion of the mobile receptors was not signifi-
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Figure 5.  Reelin controls the surface mobility and synaptic residency time of 2B—NMDARs

during maturation. 4, Representative summed trajectories of QDs coupled to NR2B subunits
(red) at the surface of hippocampal neurons (differential interference contrast image) at 8 div
either in control condition (mock; left) or after a chronic treatment with rRIn (right). In control
conditions, QD—NR2B display both diffusive (extended line) and immobile (dot-like) trajecto-
ries. Insets show examples of raw trajectories over 500 —1000 frames in synaptic (black lines)
and extrasynaptic compartments (gray lines; scale bars, 500 nm). B, Same legend as 4, but
examples of summed and raw trajectories were obtained in 10 div neurons either in control
conditions (IgG) or after a chronic treatment with (R-50. C, Left, Bar graph showing the synaptic
instantaneous diffusion coefficients obtained at 8 div after treatment with rRIn (1495%; n =
58; gray) and at 1012 div after treatment with (R-50 (2%; n = 68; black). Values are ex-
pressed as the percentage change from age-matched median control value. Middle, Percentage
of totalimmobile QD—NR2B obtained at 8 div either in control conditions (56.5 = 3.6%;n = 6,
open gray) or after treatment with rRIn (33.1 = 6.4%; n = 6; gray) and at 1012 divin control
conditions (51.6 == 11.0%; n = 5; open black) or after treatment with CR-50 (91.3 = 4.1%;
n =5, black). Single particles were considered immobile when the instantaneous diffusion
coefficient was below 0.0075 wm?/s. Right, Mean = SEM of the synaptic residency time of
exchanging QD—-NR2B expressed as the percentage of age-matched control values. Note the
significant decrease after treatment with rRIn (34.9 == 8.0%; n = 58) and increase after CR-50
antibody treatment (175 == 15%; n = 68). **p = 0.01; ***p < 0.001.

cantly different between control and rRln groups (control me-
dian of 0.14 pwm?/s; IQR of 0.07-0.25 um?/s, n = 25; rRIn
median of 0.15 um*/s, IQR of 0.1-0.26 pwm?*/s, n = 26; p = 0.47),
whereas rRIn treatment decreased the percentage of immobile
receptors (Fig. 5C, middle) (p = 0.006). These results indicate
that rRln treatment increased the surface mobility of synaptic
2B-NMDARs by acting on receptor immobilization. We next
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examined the synaptic stability of these receptors by measuring
the individual dwell time of receptors that exchange between the
synaptic and extrasynaptic domains. In rRIn-treated neurons, the
2B-NMDARs were on average present twofold less time within
synapses compared with QD-NR2B in mock control conditions
(Fig. 5C, right). However, the exchange frequency between the
extrasynaptic and synaptic membrane remained unchanged
(control, 0.92 = 0.11 Hz, n = 39; rRIn, 1.11 = 0.13 Hz, n = 42;
p = 0.49). These data ruled out the possibility that the rRin-
induced decrease in synaptic retention of 2B-NMDARSs resulted
from a limited access of receptors to the postsynaptic membrane.
Consistent with the observed decrease in ifenprodil sensitivity of
NMDA-mEPSCs after chronic treatment with rRln (Fig. 1A),
synaptic 2B-NMDARs are more diffusive and thus retained less
within synapses when chronically exposed to rRln.

At synapses from 10—12 div neurons, endogenous Reelin de-
creased the number of functional NR1/NR2B receptors (Fig. 1).
Strikingly, we found that CR-50 treatment significantly reduced
both the surface explored (Fig. 5B) and the mobility (Fig. 5C) of
synaptic 2B-NMDARs. This effect was concomitant with an in-
crease in the percentage of immobile receptors (Fig. 5C, middle)
(p = 0.01). Importantly, the time spent by the 2B-NMDARs in
the synaptic compartment was significantly enhanced after
CR-50 treatment (Fig. 5C, right). The increase in the synaptic
dwell time was not accompanied by variation in the exchange
frequency between extrasynaptic and synaptic membranes (con-
trol, 1.55 = 0.12 Hz, n = 44; CR-50, 1.61 = 0.31 Hz,n = 24;p =
0.41). These results indicate that blockade of Reelin function with
CR-50 increased the retention of diffusing surface NR2B within
synapses. Interestingly, blockade of the biosynthesis of Reelin
with RInAS mimicked the effect of CR-50 on the NR2B surface
mobility. Indeed, in 10—12 div neurons, the surface mobility of
synaptic 2B-NMDARs was significantly reduced by chronic
treatment with the RInAS (control median of 7.10 ~? um?/s, IQR
of 4.107*-3.10 7% um?/s, n = 416; RInAS median of 4.10 >
wm?/s, IQR of 8.10 ®-1.10 % um?/s, n = 177; p = 0.0019). In
addition, the synaptic dwell time was significantly increased
(control, 0.2 £ 0.02's, n = 162; RInAS, 0.9 = 0.24 s, n = 66; p =
6.10 ). Thus, inhibition of Reelin function had opposite effects
on the surface diffusion of native synaptic 2B-NMDARs com-
pared with addition of rRln, that is a reduction of surface mobility
and an increase of the time spent in the synaptic compartment.

Altogether, these data showed that the Reelin-dependent
changes in the subunit composition of synaptic NMDARs were
paralleled by profound effects on the surface mobility and resi-
dency time of synaptic 2B-NMDARs.

Role of B1-class integrins in the surface diffusion of native
NR2B subunits

We examined whether chronic blockade of the function of the
Reelin receptors of the B1-class integrins mimicked the effect of
neutralizing the function of Reelin. Chronic treatment with the
function-blocking antibody against the B1 subunit integrins de-
creased the surface diffusion of synaptic 2B-NMDARs in 10—12
div neurons (median of 12.10 > um?/s, IQR of 7.10 ~*-2.10 2
wm?/s, n = 53) compared with age-matched IgM-treated neu-
rons (median of 30.10 > um?/s, IQR 0f 3.10 ~>-0.11 um?/s, n =
87; p = 0.02). Thus, the recovery of functional synaptic 2B—N-
MDARs in neurons treated with the anti-B1 integrin function-
blocking antibody was paralleled by a decrease in 2B-NMDAR
surface mobility. In contrast to what was observed after neutral-
izing the function of Reelin, the dwell time of synaptic 2B-N-
MDARs was not affected by chronic blockade of the function of
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Figure 6.  Acute treatment with recombinant Reelin does not affect 2B—NMDAR surface

mobility. A, Representative raw trajectories over 500 —1000 frames of QD—NR2B in synaptic
(black lines) and extrasynaptic (gray lines; scale bar, 500 nm) compartments at the surface of
neurons after 15 min incubation with either the mock control (left) or rRin (right). B, Vertical
scatter plot distributions of the instantaneous diffusion coefficients of membrane 2B—NMDARs
inacute mock (control; n = 156; black circles) and acute rRIn (n = 216; open black) conditions.
Each diffusion coefficient value is represented by a dot. The gray bar in each group represents
the median value. (, Synaptic residency time of exchanging QD—NR2B after acute incubation
with either rRin (open black) or mock (black) expressed as the percentage of control value ( p >
0.05).

Bl-class integrins (control IgM, 2.5 £ 0.36 s; anti-fB1, 2.1 *
0.28 s; p > 0.05). However, the percentage of 2B-NMDARs ex-
changing between synaptic and extrasynaptic membranes was
significantly decreased (control IgM, 39 = 5%; anti-B1, 21 * 3%;
p < 0.05). Altogether, these results indicate that the treatment
with the anti-B1 antibody decreased the surface mobility of 2B—
NMDARSs by acting on the number of receptors exchanging be-
tween the extrasynaptic and synaptic compartments. Thus,
chronic blockade of the function of the B1-class integrins mim-
icked the effect of neutralizing the function of Reelin on 2B—
NMDARSs synaptic surface trafficking but likely involved differ-
ent mechanisms for the synaptic retention of 2B-NMDARSs.

Reelin-induced changes in 2B-NMDAR surface mobility
requires long-term treatment

To determine whether a chronic exposure (24 h) to rRln was
necessary to induce changes in 2B-NMDAR surface trafficking,
we measured the surface mobility of 2B-NMDARs during acute
application (1-20 min) of an equivalent concentration of rRln
(2.50-5.55 nM). As shown by the trajectories in Figure 6 A, we
found that acute rRIn exposure did not change the surface diffu-
sion of 2B-NMDARs. Quantitatively, there were no significant
changes in the surface mobility (control median of2.10 > um?/s,
IQR of 1.10 ~*-2.10 % wm?/s, n = 156; acute rRIn median of
4.10 2 um?/s, IQR 0f 2.10 "*-4.10 7% um?/s, n = 216; p = 0.47)
or in the synaptic dwell time (control, 0.34 * 0.06 s, n = 136;
acute rRln, 0.57 * 0.13 s, n = 81; p = 0.09) of QD-NR2B (Fig.
6B,C). Thus, a chronic exposure to rRln is required to modify
surface 2B-NMDAR trafficking, consistent with the time course
of changes in NMDAR subunit composition (Fig. 1) and Reelin
expression during postnatal development (Sinagra et al., 2005).

Differential effect of Reelin on the surface mobility of native
2B-NMDARs and 2A-NMDARs

The electrophysiological results above clearly indicate that Reelin
did not affect synaptic AMPAR currents but the question remains
for NMDARs containing other subunits, such as NR2A. We
tested whether the effects of Reelin were specific for 2B—
NMDARs. Recent results showed that 2A-NMDARs and 2B—
NMDARs are not exclusively segregated into synaptic or extra-
synaptic compartments in cultured hippocampal neurons (Groc
etal., 2006b; Thomas et al., 2006); thus, we compared the surface
diffusion of synaptic and extrasynaptic 2B-NMDARs and 2A—
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Figure 7.  Schematic model of Reelin-dependent control of synaptic NMDAR maturation.
Synaptic maturation between 8 and 10—12 div involves a loss of highly ifenprodil-sensitive
NMDARs and an accumulation of Reelin at active synapses (dark gray). Addition of rRIn to early
synapses accelerated maturational processes, i.e., the loss of synaptic NR1/NR2B receptors. This
was accompanied by changes in dwell time and diffusion coefficient of 2B—NMDARs. Blocking
Reelin function at later stages (i.e., 10—12 div) had opposite effects, resulting in the recovery of
synaptic NR1/NR2B receptors and a simultaneous decrease of their synaptic dwell time and an
increase of their diffusion coefficient.

NMDARSs after chronic treatments with rRIn or RInAS. Addition
of rRIn induced in 8 div neurons a massive 15-fold increase of the
synaptic 2B-NMDAR surface mobility (Fig. 5C) as well as a
smaller but significant 1.7-fold increase in the membrane diffu-
sion of synaptic 2A-NMDARSs ( p = 0.021; control, n = 29; rRln,
n = 23). As illustrated by the reconstructed 2B—QD trajectories
(Fig. 5A), the same treatment significantly increased the surface
mobility of extrasynaptic 2B-NMDARs (control median of
6.10 7> wm?/s,IQR of 0-7.10 ~2 wm?/s, n = 261; rRIn median of
8.10 7% wm?/s, IQR of 1.5.10 >-24.10 % um?/s, n = 237; p =
0.0001). In contrast, rRIn had no significant effect on the surface
mobility of extrasynaptic 2A-NMDARs in 8 div neurons (control
median of 2.10 > um?/s, IQR 0f 2.10 ~*-13.10 % um?/s, n = 58;
rRIn median of 2.10 7 um?/s, IQR of 1.10 *-26.10 % um?/s,
n = 45; p = 0.36). In 10 div neurons chronically treated with
RInAS, the surface mobility of extrasynaptic 2B-NMDARs was
significantly decreased (control median of 7.10 ~> um?*/s, IQR of
7.107*-3.10 7> wm?/s, n = 424; RInAS median of 3.10 ~* um?/s,
IQR of 7.10 "°-1.10 " wm?/s, n = 358; p = 0.0001) (see also
2B-QD trajectories in Fig. 5B). However, chronic treatment with
RInAS had no significant effect on the surface mobility of extra-
synaptic 2A-NMDARs (control median of 1.10 ~* pm /s, IQR of
5.10 7%-4.10 7 um?/s, n = 78; RInAS median of 2.10 ~* um?/s,
IQR of 1.10 7>-3.10 > um?/s, n = 42; p = 0.32). These results
show that Reelin controls the surface mobility of 2B-NMDARSs
but not of 2A-NMDARSs in the extrasynaptic compartment.

Discussion

Synaptic maturation is a dynamic process that continues long
after synaptogenesis and enables synapses to stabilize their pre-
synaptic and postsynaptic properties. In the present study, we
provide evidences for a key role of the ECM protein Reelin in the
control of synaptic NMDAR subunit composition during post-
natal maturation of glutamatergic central synapses (Fig. 7). We
have shown that blockade of the function of Reelin prevented the
maturation-dependent reduction in 2B-NMDAR-mediated syn-
aptic currents, whereas addition of recombinant Reelin during
early stages of maturation dramatically accelerated the loss of
NR1/NR2B receptor participation to NMDA-mediated synaptic
currents. When we examined the cellular mechanisms involved
in this process, we revealed that Reelin bidirectionally regulates
the surface diffusion and synaptic residency time of 2B—
NMDARs. Thus, we propose a developmental model in which
changes in the Reelin concentration at the synapse regulate syn-
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aptic NMDAR signaling and surface trafficking during matura-
tion in vitro (Fig. 7).

At most newly formed glutamatergic synapses, NMDARs con-
sist primarily of NR1/NR2B subunits, whereas NR2A are incor-
porated later in more mature synapses (van Zundert et al., 2004).
Numerous studies revealed that the change in NMDAR subunit
composition is critical for synaptic maturation, plasticity, and
neuronal network refinement in different brain areas (Bear, 2003;
Collingridge et al., 2004). NMDARs of the NR1/NR2B subtype
can be distinguished from other subtypes of NMDARs based on
their high sensitivity toward ifenprodil (Williams, 1993; Hatton
and Paoletti, 2005). In the present report, we used ifenprodil at
selective concentrations to block NR1/NR2B receptors (Kew et
al., 1998; Tovar and Westbrook, 1999) to examine the participa-
tion of these receptors in NMDAR-mediated synaptic currents.
The proportion of NMDA-mEPSCs blocked by ifenprodil was
reduced during maturation, indicating a decrease in the contri-
bution of NR1/NR2B receptors to synaptic responses. It should
be noted that, in 10—12 div neurons, NMDA-mEPSCs were in-
sensitive to low concentrations of ifenprodil, showing that 10—12
div synapses are devoid of NR1/NR2B diheteromers. Thus, Ree-
lin levels regulate the presence of highly ifenprodil-sensitive NR1/
NR2B NMDARs at the synapse.

We reported previously that the recovery of functional synap-
tic NR1/NR2B NMDARSs after blockade of Reelin function was
paralleled by a return of NR2B at synaptotagmin I-labeled syn-
apses (Chavis, 2005), consistent with a redistribution of synaptic
NR2B subunits. Here, we confirmed this result and showed that
Reelin controls the surface distribution of 2B-NMDARSs on neu-
rites. Changes in Reelin levels affected specifically 2B-NMDAR
surface trafficking in the extrasynaptic membrane, whereas
changes in both 2A-NMDARs and 2B-NMDARs were observed
in the synaptic membrane. In contrast to what was observed on
synaptic 2B-NMDAR diffusion, Reelin only slightly affected the
surface mobility of synaptic 2A-NMDARSs. It is not clear whether
the changes in synaptic 2A-NMDAR mobility reflect effects on
synaptic NR1/NR2A diheteromers and/or on NR1/NR2B/NR2A
triheteromers (Sheng et al., 1994; Tovar and Westbrook, 1999;
Groc et al., 2006b; Thomas et al., 2006). However, the absence of
an optical approach to specifically track triheteromers NR1/
NR2B/NR2A (Groc et al., 2006b) and the lack of a specific NR2A
subunit antagonist (Neyton and Paoletti, 2006) prevents the res-
olution of this issue.

The ECM protein regulates normal migration and positioning
of neurons during embryonic development of laminated struc-
tures (Tissir and Goffinet, 2003). Despite the critical role of Ree-
lin in embryonic brain development, the functional significance
of the continued presence of Reelin in the normal postnatal brain
remains unknown. Recent studies have shown the involvement
of Reelin in hippocampal long-term potentiation, associative
memory formation, dendritic growth, and modulation of
glutamate-induced NMDAR activity, indicating the importance
of Reelin in postnatal brain functions (Dityatev et al., 2006).
Here, we provide evidence that Reelin is present at synaptic sites
in dissociated cultures, consistent with immunohistochemical
studies that have localized Reelin at dendritic spines (Pappas et
al., 2001), associated with integrin receptors (Rodriguez et al.,
2000) or intra-axonally (Derer et al., 2001; Martinez-Cerdeno et
al., 2003; Ramos-Moreno et al., 2006). Most postnatal effects of
Reelin reported so far are mediated by lipoprotein receptors (Niu
etal., 2004; Beffert et al., 2005; Sinagra et al., 2005; Qiu et al., 2006;
Qiu and Weeber, 2007). We reported previously that Reelin con-
trols the somatic maturation of NMDARs through ApoER2/
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VLDLR (Sinagra et al., 2005). Interestingly, we report here that
chronic blockade of ligand binding to all low-density lipoprotein
receptor family members did not mimic the effect of blocking
Reelin function. This finding not only eliminates the involvement
of Reelin-lipoprotein receptor-mediated signaling but, more
generally, it rules out the involvement of lipoprotein receptors in
the maturation-dependent switch in synaptic NR2 subunits. Cell
adhesion molecules of the B1-class integrins, namely a331, have
also been recognized as receptors for Reelin (Dulabon et al., 2000;
Schmid et al., 2005). We found that maturation-dependent loss
of synaptic NR1/NR2B receptors was blocked by chronic inhibi-
tion of B1-class integrins. Consistent with these data, the integrin
subunit 81 has been localized by electron microscopy to den-
dritic spines in hippocampal neurons (Schuster et al., 2001).
Moreover, pharmacological and genetic studies have implicated
Bl-class integrins in the regulation of synaptic functions and
plasticity (Chun et al., 2001; Kramar et al., 2002; Chan et al., 2006;
Huang et al., 2006). Thus, these data and our previous work
(Sinagra et al., 2005) show that Reelin governs maturation of
NMDAR:s in both somatic and synaptic compartments but in-
volves different families of receptors.

Tonotropic glutamate receptors can traffic through different
pathways in and from the synapses using both endocytotic/exo-
cytotic and lateral diffusion processes (Groc and Choquet, 2006).
Although NMDAR cycling is a key process to regulate the num-
ber of surface receptors (Wenthold et al., 2003), we did not ob-
serve Reelin-mediated changes in the surface expression of 2A—
NMDARs and 2B-NMDARs. These results do not favor a
regulation of synaptic 2B-NMDAR content by Reelin through
cycling-dependent process. We showed previously that NMDAR
surface mobility depends on their subunit composition because
the surface mobility of 2A-NMDARs is smaller than that of 2B—
NMDARs (Groc et al., 2006b). We proposed a new developmen-
tal model in which synaptic NMDARs subtypes are regulated by
changes in surface trafficking during hippocampal maturation in
vitro (Groc et al., 2006b). The present results not only strengthen
but extent this model because Reelin-dependent changes in the
NR2 subunit composition of synaptic NMDARs were paralleled
by changes in 2B-NMDAR surface trafficking and synaptic sta-
bility. By which mechanism could Reelin regulate the synaptic
residency time of 2B-NMDARs? Although this question remains
fully open, a potential mechanism could involve changes in the
levels and/or relocalization of scaffolding proteins, such as
synapse-associated protein 102 and the postsynaptic density 95
(Sans et al., 2000).

During development, experience and neuronal activity affect
the maturation of synaptic NMDARSs, leading to the proposal
that neuronal activity controls NMDAR subunit composition
and the developmental NR2 subunit switch (Carmignoto and
Vicini, 1992; Heynen et al., 2000; Hoffmann et al., 2000; Philpot
etal., 2001), as well as the amplitude of AMPA-mEPSCs (Turri-
giano et al., 1998). Here, we observed that the loss in ifenprodil
sensitivity of 10—12 div neurons was not perturbed by chronic
blockade of neuronal activity. Notably, we reported previously
that, between 9 and 15 div, the changes in surface mobility of
2B-NMDARs were independent of global neuronal activity
(Groc et al., 2006b). Finally, the mechanisms underlying the re-
lease of Reelin are independent of neural activity (Fig. 3), but
rather they involve a constitutive pathway (Lacor et al., 2000).
Thus, our results are consistent with a model in which Reelin is
released in a neuronal activity-independent manner, and it is
concentrated in maturing synapses in which it controls synaptic
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NMDAR subunit composition by acting on surface trafficking of
2B-NMDARs (Fig. 7).

In conclusion, the results presented here reveal not only a
central role of Reelin at postnatal excitatory synapses but also a
new mode of control of synaptic NMDAR assembly and a new
role of ECM proteins in regulating glutamate receptor surface
diffusion. We propose that Reelin participates in the physiologi-
cal maturation and plasticity properties of glutamate synapses.
Thus, defects in the function of Reelin could participate in the
development of abnormal glutamatergic transmission, which is
thought to play a predominant role in neuropsychiatric disorders
such as schizophrenia (Mohn et al., 1999; Tsai and Coyle, 2002;
Fatemi, 2005).
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