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Synaptic long-term potentiation (LTP) is a key mechanism involved in learning and memory, and its alteration is associated with mental
disorders. Shank3 is a major postsynaptic scaffolding protein that orchestrates dendritic spine morphogenesis, and mutations of this
protein lead to mental retardation and autism spectrum disorders. In the present study we investigated the role of a new Shank3-
associated protein in LTP. We identified the Rho-GAP interacting CIP4 homolog 2 (Rich2) as a new Shank3 partner by proteomic screen.
Using single-cell bioluminescence resonance energy transfer microscopy, we found that Rich2-Shank3 interaction is increased in den-
dritic spines of mouse cultured hippocampal neurons during LTP. We further characterized Rich2 as an endosomal recycling protein that
controls AMPA receptor GluAl subunit exocytosis and spine morphology. Knock-down of Rich2 with siRNA, or disruption of the
Rich2-Shank3 complex using an interfering mimetic peptide, inhibited the dendritic spine enlargement and the increase in GluA1 subunit
exocytosis typical of LTP. These results identify Rich2-Shank3 as a new postsynaptic protein complex involved in synaptic plasticity.

Introduction

Dendritic spines are the major sites of excitatory glutamatergic
synaptic contacts on principal neurons of mammalian brain re-
gions. Learning and memory are associated with a long-term
increase in glutamatergic synaptic transmission efficacy, a phe-
nomenon called long-term potentiation (LTP). During LTP,
dendritic spines display an increase in their density, head size
(Tonietal., 1999), and number of functional postsynaptic AMPA
receptors containing GluA1l subunit, thus resulting in stronger
synaptic transmission (Malenka and Nicoll, 1999). The cell-
surface recruitment of AMPA receptors requires their exocytosis
from a reservoir pool of the endosomal-recycling compartment
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located at the base of the spine (Kelly et al., 2011; Kennedy and
Ehlers, 2011).

Dendritic spines display an electron dense structure called
postsynaptic density (PSD), which is composed of multidomain
proteins forming highly ordered molecular complexes (Sheng
and Hoogenraad, 2007). These complexes include scaffolding
proteins linking membrane glutamate receptors to intracellular
signaling proteins and actin cytoskeleton (Kreienkamp, 2008).
The major scaffolding proteins of this complex are the ProSAP/
Shank family. They display different binding domains: an
ankyrin repeat; a proline-rich region; and SH3, PSD95/disc-
large/zona occludens-1 (PDZ), and SAM domains (Naisbitt etal.,
1999; Boeckers et al., 2002). Through these domains, Shank in-
teracts with adaptor proteins and assembles glutamate receptors
at the postsynaptic membrane (Sheng and Hoogenraad, 2007;
Kreienkamp, 2008). Recent work showed that Shank, in combi-
nation with the adaptor protein Homer and the endocytic
vesicle-associated protein dynamin-3, is required for proper lo-
calization of the endocytic zone in close proximity to the PSD (Lu
etal., 2007).

Expression of Shank3 induces formation of de novo functional
dendritic spines in aspiny cerebellar neurons, whereas knock-
down of the protein results in reduced spine density and size in
cultured hippocampal neurons (Roussignol et al., 2005). Muta-
tions/deletions of Shank3 have been associated with the 22q13
deletion mental retardation syndrome and autism, thus designat-
ing Shank3 as a putative biological substrate for these pathologies
(Bonaglia et al., 2006; Durand et al., 2007, 2012). Recent papers
reported that deletion of Shank3 induced loss of LTP and de-
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creased surface expression of the AMPA receptor GluA1 subunit
in mouse (Bozdagi et al., 2010; Peca et al., 2011; Wang et al,,
2011). However, the mechanism of Shank3 action in this phe-
nomenon has not been identified.

In the present study we searched for a Shank3-associated pro-
tein that could mediate dendritic spine changes in relation to
LTP. We identified a new Rho-GAP protein, Rich2, which inter-
acts with the PDZ domain of Shank3. Rich2 was cloned >10 years
ago (Richnau and Aspenstrom, 2001), but its function has re-
mained largely unknown. Only recently, Rich2 has been shown to
tether the CD317 protein in the apical membrane of Caco-2 cells
(Rollason et al., 2009).

Here we found that Rich2 is localized at the endosomal recy-
cling compartment in hippocampal neurons. We also showed
that induction of LTP triggers Rich2-Shank3 complex formation
in dendritic spines and postsynaptic AMPA receptor exocytosis
from the recycling compartment, thus supporting the idea that
the complex is involved in synaptic plasticity.

Materials and Methods

Peptide affinity chromatography, 2D electrophoresis, and protein identifi-
cation. Proteins interacting with the SH3-PDZ domain of rat Shank3
(R** to D”* residues; accession number Q9JLU4) were isolated in glu-
tathione S-transferase (GST) pull-down assays as previously described
(Bécamel et al., 2002). Briefly, solubilized proteins from whole brain of
5- to 6-week-old male Swiss mice (10 mg per assay) were incubated
overnight at 4°C with GST fusion proteins (50 ug). After extensive wash-
out, affinity-purified proteins were eluted in isoelectrofocusing medium
containing urea (7 M), thiourea (2 M), CHAPS (4%), ampholines (pre-
blended, pI 3.5-9.5, 8 mg/ml; GE Healthcare Europe), dithiothreitol (100
mM), and tergitol NP7 (0.2%; Sigma-Aldrich). They were then resolved
onto 2D gels and stained with silver. Gels to be compared were system-
atically processed and stained in parallel. Stained gels were scanned using
a computer-assisted densitometer. Proteins of interest were excised and
digested in-gel using trypsin (Gold; Promega). Digested samples were
dehydrated in a vacuum centrifuge, solubilized in 10 ul of formic acid
(2%) and desalted using C18 ZipTips (elution in 10 ul 0of 0.1% TFA-50%
acetonitrile; Millipore). Analyses were performed using an UltraFlex
MALDI-TOF/TOF mass spectrometer (Bruker-Franzen Analytik), as
previously described (Thouvenot et al., 2008). Identification of proteins
by peptide mass fingerprinting was performed against the Swiss-Prot and
TrEMBL databases using the Mascot software package (version 2.1;
Matrix Science). The following parameters were used for database
interrogation: mass tolerance of 50 ppm; fixed modification, carbam-
idomethylation of cysteines; variable modification, oxidation of methio-
nines; matching peptides with one missed cleavage were accepted only
when they included two consecutive basic residues or when arginine or
lysine residues were followed by one or several acidic residues inside the
peptide amino acid sequence. Mascot scores =63 or 68 were considered
as significant (p < 0.01) for Swiss-Prot or TrEMBL databases interroga-
tion, respectively.

Hippocampal culture and slice preparation. Neuronal hippocampal cul-
tures were prepared from embryos of either sex of E-17 Swiss mice and
grown in Neurobasal medium supplemented with B27 and 10% fetal
bovine serum (FBS). Hippocampal neurons were transfected at 9 d in
vitro (DIV) with lipofectamine 2000 (Invitrogen) according to the man-
ufacturer’s standard protocol. COS-7 cells were plated in DMEM
(Gibco-BRL/Life Technology, Invitrogen) supplemented with 4 mm Glu-
tamax, 100 UI/ml penicillin, 100 pg/ml streptomycin, and 10% FBS.

LTP was induced in 18 DIV hippocampal cultures as previously de-
scribed by Park et al. (2004). Briefly, selective activation of synaptic
NMDA receptors was achieved by incubating neurons for 3 min with
saturating levels (200 uMm) of the co-agonist glycine, in Mg?* -free extra-
cellular medium containing the following (in mm): 150 NaCl, 2 CaCl,, 5
KCI, 10 HEPES, 30 p-glucose, 0.0005 tetrodotoxin (TTX), 0.001 strych-
nine, 0.02 bicuculline methiodide, pH 7.4, osmolarity 330 mOsm. In
some experiments, the NMDA receptor antagonist AP-5 (100 um) was

Raynaud et al. ® Shank3-Rich2 Complex Regulates GluA1 Recycling

added to this medium. Neurons were then continuously tested for at least
30 min after the treatment. We will refer to this chemically induced LTP
as cLTP.

Miniature excitatory postsynaptic currents (mEPSCs) were recorded
in 18 DIV cultured hippocampal neurons, using the whole-cell patch-
clamp configuration via an Axopatch 200B amplifier (Molecular De-
vices). Neurons were perfused with an extracellular recording solution
with the following composition (in mm): 140 NaCl, 2 MgCl,, 2 CaCl,,
3 KCl, 10 HEPES, 10 p-glucose, 0.0003 TTX, 0.05 bicuculline, pH 7.4, and
osmolarity 330 mOsm. The recording pipettes had a resistance of 3-5
MQ when filled with the following medium (in mm): 140 KCl, 10 HEPES,
10 p-glucose, pH 7.2, and osmolarity 300 mOsm. Miniature EPSCs were
recorded at a holding potential of —65 mV, filtered at 1 kHz and digitized
at 3 kHz using the pCLAMP 10 Clampex software (Molecular Devices).
Data were then analyzed using the Clampfit software (Molecular De-
vices). Once >100 events had been collected from a neuron, all the
detected events were re-examined and accepted or rejected on the basis of
visual examination. The average frequency and amplitude of these events
were then measured. Data obtained from the indicated number of cells
were expressed as the mean = SEM and analyzed using the statistical
Student’s ¢ test.

Hippocampal slices (400 wm thickness) were prepared from 4- to
6-week-old male Sprague Dawley rats and kept at room temperature for
at least 1 h in the following Ringer’s solution (in mm): before recording,
125 NaCl; 2.5 KCl; 1.3 MgSO,; 1 NaH,PO,; 26.2 NaHCO,; 2.5 CaCl,,
and 11 p-glucose, continuously bubbled with 95% O, and 5% CO,. The
slices were then transferred in a recording chamber and continuously
perfused with the Ringer’s solution at 32°C. Field EPSPs (fEPSPs) were
evoked by single pulse stimulation (100 ws) of the Schaffer collateral-
commissural afferents, every 30 s, using a bipolar tungsten electrode, and
recorded in the CA1 dendritic region by means of a glass micropipette
filled with Ringer’s solution. Stimulation intensity was adjusted to evoke
a half-maximal response. After establishment of stable amplitude
fEPSPs, LTP was induced by a high-frequency train electrical stimulation
(HFS = 3 trains of 100 pulses at 100 Hz, every 20 s). The initial negative
slope of fEPSPs was measured using the pPCLAMP 10 Clampfit software.
The control value was calculated by averaging the values obtained prior
to the HFS. Values measured before and after the HFS were then ex-
pressed as percentages of this average value. Data obtained from the
indicated number of slices were expressed as mean = SEM and analyzed
using the statistical Student’s ¢ test.

Antibodies, DNA constructs, siRNA, and TAT peptides. A rabbit poly-
clonal anti-Rich2 antibody was generated by targeting the specific Rich2
sequence: SPDMDPADRRQPEQC. Briefly, cysteine was linked to hemo-
cyanin by SulfoLink according to the manufacturer’s protocol (Thermo-
Fisher Scientific) and the complex injected into rabbits using a previously
described protocol (Benyamin et al., 1986). The antibody was purified by
affinity chromatography using the related peptide coupled to
activated-CH Sepharose (GE Healthcare Europe) and characterized as
follows. We verified in transfected HEK293 cells that Rich2-GFP fluores-
cence colocalized with anti-Rich2 immunofluorescence staining. In ad-
dition, Western blotting was performed from HEK293 cells transfected
with either pCMV-Flag-Rich2 or pCMV-Flag plasmid. The anti-Rich2
antibody revealed a single band at the apparent molecular weight of
Rich2 (100 kDa; see Fig. 2A).

We used a rabbit anti-Shank3 antibody generated as previously de-
scribed (Proepper et al., 2007) and a rabbit polyclonal anti-Shank3
(Santa Cruz Biotechnology, Tebu-Bio) in immunoprecipitation and im-
munofluorescence experiments, respectively. Rabbit polyclonal anti-
GFP and mouse monoclonal anti-cmyc clone 9E10 antibodies were
purchased from Invitrogen and Abcam, respectively. Rabbit polyclonal
anti-GluA1-Cter (ref. AB1504) and a mouse monoclonal anti-GluAl-
Nter (ref. MAB2263) were purchased from Millipore. For immunofluo-
rescence staining, cells were fixed by 20 min exposure to 4%
paraformaldehyde (PFA) in PBS and then washed three times with PBS.
In some experiments, cell permeabilization was achieved using PBS sup-
plemented with 2% bovine serum albumin (BSA) and 0.1% Triton
X-100. Cells were then incubated for 1 h at room temperature with the
appropriate primary antibodies. Mouse or rabbit secondary antibodies



Raynaud et al. ® Shank3-Rich2 Complex Regulates GluA1 Recycling

coupled to Alexa Fluor 488 (Molecular Probes, Invitrogen) or cyanine 3
(Jackson ImmunoResearch) were added for 1 h at room temperature.
Cells were observed under an Axio Imager Z1 Zeiss microscope equipped
with ApoTome and appropriate epifluorescence and filters (GFP: 475 =
40 nm and 530 % 50 nm; cyanine 3: 545 £ 25 nm and 605 * 70 nm, for
excitation and emission, respectively).

The pEGFP-Shank3, pRK5-cmyc-Shank3, myc-Shank3-APDZ,
Rab11-GFP, and Rab11a-S25N plasmids have been described previously
(Savina et al., 2002; Roussignol et al., 2005; Tsuriel et al., 2006). The
GFP-GluAl plasmid was obtained from C. Bécamel (Centre National de
la Recherche Scientifique (CNRS), Unité Mixte de Recherche (UMR)-
5203, Institut de Génomique Fonctionnelle, Montpellier, France), and
SEP-GluA1l and SEP-GluA2 from D. Choquet (CNRS, UMR-5297, Insti-
tut interdisciplinaire de Neurosciences, Bordeaux, France). Rich2 con-
structs (Rich2-ABAR and Rich2-R291A) were generated from an
IMAGE clone of mouse Rich2 (clone 6825221; RZPD German Resource
Center for Genome Research, Berlin, Germany). The wild-type and mu-
tant Rich2 cDNAs were cloned in the pCMV-flag2B vector (Stratagene,
Agilent Technologies). All mutants were generated by PCR and verified
by sequencing. Rich2-Venus used in bioluminescence resonance energy
transfer (BRET) experiments was constructed as follows: Venus was in-
serted in the C terminus of Rich2 between the amino acid sequences
765-STEHPM-770 and 771-VDLDG-775. We verified that the Venus
insertion did not modify endosomal localization of the tagged Rich2
protein and its interaction with Shank3 (data not shown). Rluc8-Shank3
was generated by exchange of GFP with Rluc8 on the pEGFP-Shank3
construct.

We generated a specific Rich2 si-RNA (si-Rich2) using the following
duplex sequence: 5'-GGUGGCAGCAGACUUCCAA-3" purchased
from Invitrogen. A control siRNA with no significant similarity to
mouse, rat, or human gene sequences was also purchased from Invitro-
gen (ref. AM 4635). This siRNA has been tested by Invitrogen in cell-
based screens and proven to have no significant effect on cell
proliferation, viability, and morphology. For rescue experiments, we
generated an siRNA-resistant Rich2 cDNA mutant (Rich2-mt) with four
silent mutations: 5'-gAtggcaAcaAacttcTaa-3" in pCMV-flag2B-Rich2
plasmid. We first verified the efficacy of the si-Rich2 in COS-7 cells
cotransfected with pCMV-Flag-Rich2. The si-Rich2 decreased Rich2
protein expression by >50% (Fig. 2C). Moreover, lysates of 12 DIV
hippocampal neurons, transfected with si-Rich2 at 9 DIV, exhibited 54 =
6.5% decrease in endogenous Rich2 protein expression (Fig. 2D).

The following TAT peptides were purchased from MilleGen:
TAT-STAV = YGRKKRRQRRRSPGESMSTAV and TAT-AAA =
YGRKKRRQRRRSPGESMSAAA.

Hippocampal cultures were pre-incubated for 15 min and then ex-
posed for the entire duration of the experiment to either one of the TAT
peptides (100 nm). Hippocampal slices were pre-incubated in the Ringer’s
solution containing 250 nm of TAT peptides for 1 h, at room tempera-
ture. Slices were then used for electrophysiological recording while con-
tinuously perfused with Ringer’s solution in the absence of TAT peptide.
With a fluorescent version of the peptides, we verified that following the
pretreatment, TAT peptides were retained for >1 h in continuously per-
fused hippocampal slices.

Transferrin-rhodamine pulse-chase experiments. Transferrin-rhodamine
endocytosis and recycling assays were performed as previously described
(Park et al., 2006). For the pulse sequence, cultured 12 DIV hippocampal
neurons or COS-7 cells were incubated for 30 min at 37°C in a medium
containing 20 pg/ml of transferrin-rhodamine (Molecular Probes, Invitro-
gen). After this period of transferrin-rhodamine uptake, cells were washed
twice in PBS and transferrin-rhodamine chased for different periods of time
by adding media supplemented with 2 mg/ml of unlabeled transferrin. At the
end of the pulse-chase sequence, cells were immediately fixed in ice-cold 4%
PFA in PBS, and intracellular remaining rhodamine fluorescence intensity
determined with the Safire IT fluorometer.

AMPA receptor endocytosis and recycling assays. GFP-GluAl surface
expression (R1s) was measured using an anti-GFP antibody in nonper-
meabilized neurons and expressed as follows: surface GFP immunostain-
ing intensity/total GFP fluorescence intensity. Surface expression of
endogenous GluAl was measured in neurons transfected with GFP as
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follows. Surface GluA1 subunits were stained in nonpermeabilized neu-
rons using a specific anti-GluA1-Nter antibody (see above). A mask of
the portion of analyzed dendrite was created, based on GFP fluorescence,
and GluA1 immunostaining intensity was then measured within the lim-
its of the mask. Values were then normalized to total GluAl immuno-
staining obtained with a specific anti-GluA1-C-ter antibody after cell
permeabilization.

Endocytosis and recycling assays were performed as previously de-
scribed (Park et al., 2004), with minor modifications. Briefly, for the
GFP-GluAl subunit endocytosis assay, living neurons were pretreated
for 30 min with 100 pg/ml leupeptin and then labeled with rabbit anti-
GFP antibody for 20 min at 10°C. Internalization of the labeled GFP-
GluAl subunits was then allowed for 30 min by switching temperature to
37°C. After fixation, the remaining surface-labeled GFP-GluA1 subunits
were exposed to nonfluorescent anti-rabbit secondary antibody (Sigma-
Aldrich) for 12 h at 4°C, to saturate cell-surface anti-GFP antibodies.
Cells were then permeabilized and incubated with Cy3-conjugated sec-
ondary anti-rabbit antibody for 1 h at room temperature to label inter-
nalized GFP-GluAl subunits labeled with rabbit anti-GFP antibody.
GFP-GluAl endocytosis was calculated according to the following for-
mula: (Ie/It)/R1s, where Ie = intensity of Cy3 immunostaining, [t = total
GFP fluorescence intensity, and Rls = GFP-GluAl surface expression
calculated as described above.

For AMPA receptor recycling assay, leupeptin-treated living neurons
were incubated with rabbit anti-GFP antibody for 20 min at 10°C to label
surface GFP-GluA1 subunits. Neurons were then incubated for 30 min at
37°C to allow the subunit internalization. The remaining surface GFP-
GluAl proteins were saturated for 30 min at 10°C with unlabeled anti-
rabbit secondary antibody. Neurons were then incubated for an
additional 30 min at 37°C to allow recycling of internalized GFP-GluA1
subunits to the plasma membrane. After fixation, GFP-GluAl proteins
reinserted into the plasma membrane were saturated for 12 h at 4°C with
nonfluorescent anti-rabbit secondary antibody. Neurons were then per-
meabilized and incubated with Cy3-conjugated secondary anti-rabbit
antibody for 1 h at room temperature. The GFP-GluA1l recycling was
calculated according to the following formula: 100 — [(Ir/It X 100)]/
(Ie/It), where Ir = intensity of Cy3-immunostaining after recycling,
It = total GFP fluorescence intensity, and Ie = intensity of Cy3-
immunostaining after endocytosis measured as described above.

All measurements were performed on a given portion of dendrite, after
subtraction of background noise fluorescence taken outside the studied
neuron.

Colocalization and morphometric analysis of dendritic spines. Images
were acquired using the Axio Imager software (Zeiss) driving a Cool-
SNAP CCD camera (Photometrics, Roper Scientific). Morphometric
and colocalization analyses were performed in different fields from at
least three different cultures using the Image]J software (National Insti-
tutes of Health, Bethesda, MD). Spines were defined as dendritic protru-
sions with a neck and a head. Examples are given in Figure 4D. Dendrites
were randomly selected, and spines manually counted over 50 wm length
of dendrite. Data were then expressed as density of spines per 10 wm
length of dendrite. The same spines were used to measure the area of their
head. Each spine was manually traced and the surface calculated using the
Image] software. All experiments were conducted in a double-blind
manner and repeated at least in three different cultures analyzing n >10
dendrites for each condition. Morphometric experiments were per-
formed on fixed cells and live neurons in elapsed time. For colocalization
analysis, immunofluorescent images were merged, sorted, and colocal-
ized pixels counted using the Image] software.

Fluorescence recovery after photobleaching measurements. The N termi-
nus of GluA1 and GluA2 subunits was tagged with the pH-sensitive GFP
variant super ecliptic pHluorin (SEP-GluA1, SEP-GluA2; Miesenbock et
al. 1998). This tagging allows us to distinguish between surface receptors
that show green fluorescence to intracellular receptors that display no
fluorescence. Thus, it allows monitoring receptor exocytosis during
cLTP. Neurons were cotransfected with either SEP-GluA1l or SEP-GluA2
and different Rich2 constructs. Twenty-four hours post-transfection,
they were then placed in an open chamber at 37°C, and imaged on an
inverted Zeiss LSM780 laser-scanning confocal microscope equipped
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with appropriated lasers with the definite focus
module of Zeiss. The sequence of actions was as
follows: (1) first image acquisition, (2) photo-
bleaching, (3) second image acquisition, (4)
cLTP induction, and (5) image acquisition ev-
ery 4 min for 30 min after photobleaching to
measure fluorescence recovery. To avoid any
interference of fluorescence from lateral un-
bleached areas during fluorescence recovery af-
ter photobleaching (FRAP) measurement, a 30
pm portion of dendrite was photobleached
and a 15 wm region at the center of the
bleached area was then analyzed. Photobleach-
ing was performed using a 10 s light flash, with
a wavelength of 488 nm with 100% power (25
mW). SEP-GluAl or SEP-GIuA2 exocytosis
was calculated by measuring FRAP at different
times. Values were then expressed as percent-
age of FRAP relative to the fluorescence (fluo)
measured before photobleaching (#,), accord-
ing to the following equation: % FRAP =
fluo(#)/fluo(t,) X 100, where ¢t = time.

<«

protein (arrowheads). B, Schematic view of the Rich2 protein
structure. It displays an N-terminal BAR domain, a Rho-GAP
domain, and a C-terminal PDZ ligand motif (STAV). Numbers
indicate the starting and ending amino acids of the respective
domains. ¢, Coimmunoprecipitation experiment performed in
brain lysate prepared from E18.5 mice, with and without anti-
Rich2 antibody (IP and Clanes, respectively). Inmunoprecipi-
tated proteins (Co-IP) and input were subjected to Western
blot analysis. Anti-Shank3 (top) and anti-Rich2 (bottom) anti-
bodies revealed specific bands. D, Immunoprecipitation ex-
periments of wild-type and mutant versions of flag-Rich2 and
myc-Shank3 performed in transfected C0S-7 cells, using an
anti-myc antibody. Lane 1: flag-Rich2 + GFP; lane 2: flag
Rich2 + myc-Shank3; lane 3: flag-Rich2 + myc-Shank3
APDZ; and lane 4: flag-Rich2AAA + myc-Shank3. Anti-myc
and anti-flag antibodies were used for Western blot analysis.
Note the absence of immunoprecipitation of flag-Rich2 with
the myc-Shank-APDZ mutant, and flag-Rich2-AAA mutant
with myc-Shank3. E, Rich2 localization in different tissues
from P9rats. Note that Rich2 was exclusively detected in brain.
These data are representative of three independent experi-
ments. F, Electron microscopy image obtained from a P1 new-
born rat using an anti-Rich2 antibody. Dark arrows and
arrowheads indicate Rich2-immunopositive postsynaptic and
presynaptic sites, respectively. White arrows and arrowheads
indicate Rich2-immunonegative postsynapticand presynaptic
sites, respectively. A, axon; D, dendrite; Mi, mitochondria.
Scale bar, 50 nm. Note the presence of Rich2 at presynaptic
and postsynaptic sites. Similar results were obtained from P22
rat. Data are each representative of three independent exper-
iments. G, A representative 18 DIV hippocampal neuron
treated with phalloidin-FITC and anti-Rich2 antibody to visu-
alize F-actin and endogenous Rich2, respectively. Note the ac-
cumulation of Rich2 in dendritic spines (arrowheads). Scale
bars: top, 5 um; bottom, 1 wm. H-I, BRET images and
quantification obtained from 15 DIV hippocampal neurons
transfected with Rluc8-Shank3 and Rich2-Venus. Scale
bars: left upper, 5 wm; left bottom, 1 m respectively).
Note that highest intensity BRET signals were located in
spines (arrowheads), thus suggesting a preferential inter-
action between the two proteins in spines. The bar graph
(1) represents the mean (== SEM) net BRET signal intensity
in shafts and spines obtained from seven neurons (*p <
0.01).
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Characterization of the anti-Rich2 antibody and siRNA against Rich2. A, Western blot obtained from HEK293T cells transfected with flag-Rich2 or flag expression plasmids, using a

home-made anti-Rich2 antibody, and subjected to SDS-PAGE on 4—12% gels. B, HEK293T cells were transfected with GFP-Rich2 and stained with the anti-Rich2 antibody. The top shows GFP
fluorescence, the middle shows Rich2 immunolabeling, and the bottom shows merged images. Scale bar, 10 .em. Note the absence of immunolabeling in nontransfected cells (arrowheads). These
images are representative of three independent experiments. €, D, Western blots (top) were obtained from C0S-7 cells (€) cotransfected with GFP and flag-Rich2 + either control siRNA (si-control)
or siRNA against Rich2 (si-Rich2), and revealed with anti-flag (Rich2-flag lane) and anti-GFP (GFP lane) antibodies. D, Hippocampal neurons were transfected at 9 DIV with either control siRNA
(si-control) or si-Rich2. Western blots were performed at 12 DIV and revealed using anti-Rich2 (Rich2 lane) and anti-actin (actin lane) antibodies. The bar graphs (bottom) represent the mean
(== SEM, n = 3) immunostaining intensity of Western blots obtained with siRNA control and si-Rich2. Please note the decrease in flag-tagged (€) and endogenous (D) Rich2 obtained with si-Rich2

as compared with control siRNA.

Electron microscopy. Brains from male Sprague Dawley rats were dis-
sected and fixed by immersion with PBS containing 4% PFA and 0.5%
glutaraldehyde for 24 h at 4°C. Coronal sections (100 wm) were cut with
a vibroslicer. After careful rinsing with PBS, sections were successively
incubated: (1) for 48 h at 4°C with the rabbit anti-Rich2 antibody (1:100
dilution) or without antibody (control), (2) for 12 h at 4°C with a
peroxidase-linked Fab fragment of goat anti-rabbit IgG (Biosys, 1:1000
dilution), and finally (3) with 0.1% 3,3’-diaminobenzidine diluted in
0.05 M Tris buffer, pH 7.3, in the presence of 0.2% H,O,. Primary and
secondary antibodies were diluted in PBS containing 1% BSA and 0.1%
saponin. Immunostained sections were rinsed in 0.1 M cacodylate buffer,
pH 7.3, postfixed in 1% OsO, in the same buffer, dehydrated in graded
concentrations of ethanol and embedded in Spurr Kit resin (Sigma-
Aldrich). Punches of 1 mm diameter were cut into ultrathin sections
from the hippocampus and cerebellum, and observed with an electron
microscope.

BRET measurements. BRET measurements in cell population have
been previously described (Pfleger and Eidne, 2006). HEK293 cells coex-
pressing Rluc8 (Rluc8-Shank3, GluAl-Rluc8), Venus (Rich2-Venus,
GluA1-Venus), and yellow fluorescent protein (YFP) (YFP-SAP97) con-
structs were monitored using a spectrophotometric plate reader (MITHRAS
LB 940; Berthold Technologies). Rluc8 catalyzes oxidation of coelentera-
zine H (CoelH), thus leading to light emission and BRET with Venus or
YEP. For titration experiment, the BRET signal was plotted as a function
of total fluorescence over total luminescence signal. The ratio was used as
an index of the concentration of YFP or Venus over Rluc8-tagged pro-

teins. Coexpression of a constant level of Rluc8-tagged proteins with
increasing concentrations of Venus-tagged proteins gives rise to a hyper-
bolical increase in BRET signal, only if the two proteins specifically in-
teract. Saturation of the BRET signal is reached when all donor molecules
are linked to the acceptor compounds, thus validating the specificity of
the interaction. Conversely, a nonsaturating signal is obtained from ran-
dom collisions between tagged proteins, thus indicating nonspecific pro-
tein—protein interactions.

Single-cell BRET imaging has been previously described (Coulon et al.,
2008). Images were obtained at room temperature on a motorized Axio-
vert 200 Zeiss microscope equipped with a Plan-Apochromat 63X/1.40
Oil M27 objective). Transfected cells were first identified using a mercury
light source and appropriate filters to excite YFP (excitation HQ480/40
#44001, emission HQ525/50 #42017, Chroma). The light source was
then switched off until the end of the experiment. CoelH (20 um) was
applied 5 min before image acquisition. Images were collected at 480 and
535 nm wavelengths using emission filters (D480/60nm, #61274,
Chroma and HQ535/50nm, #63944, Chroma) with a cascade 512B cam-
era (Photometrics) for 40 s sequential acquisitions performed at 5 MHZ,
gain: 3950, binning: 1. Pixel-by-pixel ratios were calculated of each image
by dividing the absolute pixel fluorescence intensities obtained at 535 nm
over 480 nm using MetaMorph software (Molecular Devices). These
ratios were translated into a continuous 256 pseudocolor look-up table
for visualization. To determine the average intensity and subcellular lo-
calization of BRET signals, we calculated the mean intensity and SD of
the 535/480 pixel ratios within given square cell regions, using Image]
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software. BRET background unspecific signal (noise) was measured from
hippocampal neurons transfected with Rluc8-Shank3 and YFP. A mean
value of 0.510 = 0.016 (n = 3) was obtained and subtracted from mea-
surements (net BRET). However, for better clarity, the BRET back-
ground was not subtracted in the BRET images of the following figures.

Statistical analysis. Values were expressed as mean = SEM of at least
three independent experiments. In bar graphs, they were compared with
control using Student’s ¢ test except when specified in the legend. FRAP
and BRET curves were compared with control using two-way ANOVA
test. Values of p < 0.05 were considered as significantly different.

Results

Rich2 is a new brain Rho-GAP protein partner of Shank3

To identify new partners of Shank3, we performed pull-down
experiments using a GST fusion protein that includes the SH3
and PDZ domains of Shank3, followed by 2D gel and mass spec-
trometry analyses (Fig. 1A). We found a new protein, Rich2,
whose structure displays a C-terminal PDZ ligand motif (amino
acids STAV), one N-BAR and one Rho-GAP domains (Fig. 1B).
This protein belongs to the same family as Rich1/Nadrin and the
Abl-binding protein 3BP-1 (Richnau and Aspenstrom, 2001;
Tcherkezian and Lamarche-Vane, 2007).

To confirm the interaction between Rich2 and Shank3 in vivo,
we performed coimmunoprecipitation experiments from em-
bryonic (E18.5) mouse brain extracts, using a specific homemade
anti-Rich2 antibody (Fig. 2 A, B; Materials and Methods for anti-
body characterization). We found that Shank3 coimmunopre-
cipitated with Rich2 (Fig. 1C). In the total extracts, several bands
were detected with our Shank3-antibody. Such bands have pre-
viously been shown to correspond to several isoforms of Shank3
(Proepper et al., 2007). These results confirmed the formation of
a Rich2-Shank3 complex in mouse brain.

The PDZ ligand motif of Rich2 could be responsible for its
interaction with Shank3. To confirm this hypothesis in cellulo, we
generated a Shank3 mutant deleted of its PDZ domain (myc-
Shank3-APDZ) and a Rich2 mutant in which the PDZ ligand
motif (STAV) was replaced by three alanine residues (Rich2-
AAA). We then cotransfected these tagged mutants, respectively,
with flag-Rich2 and myc-Shank3 in COS-7 cells. Rich2 coimmu-
noprecipitated with Shank3 in cells expressing the wild-type pro-

<«

(Figure legend continued.)  (arrowheads) Scale bars: upper, 5 pem, bottom, 1 m. B, Pulse-chase
experiments of transferrin-rhodamine performed in 11 DIV hippocampal neurons transfected with
control siRNA or Rich2 siRNA (si-Rich2; *p << 0.05,n = 3 experiments). €, Pulse-chase experiments of
transferrin-rhodamine performed in the absence (control) and presence of Rich2 or the indicated
Rich2 mutants, in COS-7 cells. Each value of the plot represents the mean (= SEM; *p << 0.05,n = 3)
percentage of intracellular transferrin-rhodamine fluorescence measured at different times after the
pulse (see Materials and Methods). Note the increase and blockade of transferrin-rhodamine recycling
(disappearance of intracellular fluorescence) in the presence of Rich2 and Rich2 mutants, respectively.
D, lllustration of the protocol used in the following live-cell antibody feeding experiments (E~H).
Hippocampal neurons were transfected at 14 DIV with GFP-GIuAT alone (control) or in combination
with Rich2, Rich2-ABAR, or Rich2-R291A. Live-cell antibody feeding experiments were then per-
formed at 15 DIV. Surface, internalized, and recycled GFP-GluAT were labeled as illustrated in D and
quantitative fluorescence microscopy was monitored as described (see Materials and Methods). E,
Left, Total (intracellular + surface) GFP-GIuAT fluorescence. Middle and right illustrate internalized
intracellular GFP-GluATimmunostaining after 30 min endocytosis, and after 30 min recycling, respec-
tively. Note that a decrease in internalized intracellular GFP-GluAT immunostaining intensity corre-
sponds to an increase in GFP-GIuA1 recycling. Scale bar, 1 um. F, The bar graph represents the mean
(== SEM) recycled GFP-GIuAT after 30 min, in the absence (control) and presence of the indicated
Rich2 expression plasmids. G, The bar graph in represents the mean (% SEM) surface GFP-GIuA1
subunit immunostaining normalized to total GFP fluorescence performed in nonpermeabilized neu-
rons. H, The bar graph represents the mean (== SEM) internalized GFP-GluA1 after 30 min normalized
to GFP-GluAT surface immunostaining (control, n = 15, Rich2, n = 29; Rich2-ABAR, n = 13;Rich2-
R291A, n = 20 neurons obtained from 3 independent experiments; *p << 0.05).
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teins, but not the Rich2-AAA or Shank3-APDZ mutants (Fig.
1D). This result indicated that the PDZ domain of Shank3 and the
C terminus of Rich?2 are required for the formation of the Rich2-
Shank3 complex.

We studied the localization of Rich2 in rat tissues. At postnatal
day 9 (P9), Western blot analyses revealed the presence of Rich2
in rat brain, but not in peripheral tissues such as skeletal muscles,
heart, liver, lung, and kidney (Fig. 1E). Electron microscopy anal-
yses at P1 (Fig. 1F) and P22 (data not shown) revealed a strong
immunolabeling of the protein at both the presynaptic and post-
synaptic sites in most CA1 hippocampal synapses (Fig. 1F).

In cultured hippocampal neurons, from 11 to 21 DIV, Rich2
displayed a ubiquitous distribution in both the somatodendritic
and axonal compartments (data not shown). This was consistent
with the histochemical electron microscopy results (Fig. 1F). In
18 DIV hippocampal neurons, staining of F-actin with FITC
phalloidin showed accumulation of Rich2 at the head of dendritic
spines, and to a lesser extent in dendritic shafts (Fig. 1G). Endog-
enous Rich2 extensively colocalized with Shank3-GFP and par-
tially with the presynaptic protein Bassoon (data not shown),
suggesting a localization of the protein in both dendritic spines
and axon terminals. Here we chose to focus on Rich2 in dendritic
spines.

BRET is a very sensitive method to study protein—protein in-
teraction in living cells (for review, seePfleger and Eidne, 2006).
In this assay, the efficacy of the energy transfer depends on the
close proximity (<10 nm) and orientation of the donor and ac-
ceptor entities. The average radius of proteins being 5 nm, the
occurrence of resonance energy transfer is taken as a strong indi-
cation that the protein attached to the energy donor is in imme-
diate proximity or even in direct contact with the protein
attached to the acceptor. We recently adapted the BRET technol-
ogy to microscopic observation (see Materials and Methods) to
monitor subcellular localization of protein—protein interactions
in single living cells (Coulon et al., 2008). Here we used single-cell
BRET imaging to investigate the subcellular localization of Rich2
and Shank3 interaction in living cultured hippocampal neurons.
To this end we fused the energy acceptor protein Venus to an
intramolecular domain of Rich2 and the energy donor Renilla
luciferase (Rluc8) to the N terminus of Shank3 (see Materials and
Methods). Then we established the optimal concentration ratio
of Rich2 and Shank3 to be used for BRET measurements in
HEK293 cell population, and finally performed single-cell BRET
imaging in 15 DIV hippocampal neurons. We found higher net
BRET signal intensity in dendritic spines than shaft, thus suggest-
ing a preferential Rich2—Shank3 interaction in spines as com-
pared with the shaft of the dendrite (Fig. 1 H,I).

Rich2 is involved in endosomal recycling and controls the
recycling of the GluA1 subunit of AMPA receptors to the cell
surface

Knowing that N-BAR domains are often associated with mem-
brane curvature (Richnau et al., 2004), namely in endocytotic
vesicles (Fiitterer and Machesky, 2007), we speculated that Rich2
could be involved in endocytotic/recycling processes. The GT-
Pase Rab11 controls the vesicular transport from recycling endo-
somes to the plasma membrane (Sénnichsen et al., 2000; Zerial
and McBride, 2001). Therefore this protein was taken as a specific
marker of the endosomal-recycling compartment.

In 11 DIV hippocampal neurons, transfected Rich2 colocal-
ized with Rab11-GFP- (Fig. 3A), which suggested that Rich2 is
involved in endocytosis/recycling processes. To test this hypoth-
esis we used classical rhodamine-labeled transferrin (transferrin-
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Figure 4. Involvement of Rich2 in cLTP-associated spine modifications. A, Example traces of mEPSCs recorded in 18 DIV cultured hippocampal neurons, before (control) and 45 min after cLTP
induction, in the same neuron (upper and middle traces, respectively). Similar experiments were performed in a different neuron treated with the NMDA receptor antagonist AP-5 during the cLTP
stimulation protocol (lower trace). B, (, mEPSCs mean (== SEM) amplitude (B) and frequency (€) obtained in the conditions of A (n = 5 for each condition, *p << 0.01). D-G, Hippocampal neurons
were transfected at 15—17 DIV with GFP alone or in combination with Rich2 or the indicated Rich2 mutants, or si-Rich2 alone or with Rich2-mt, and analyzed 24 h later. D, lllustrates GFP
fluorescence in dendrites of live neurons at time t = 0 min, t = 20 min, and t = 40 min after the cLTP induction. The bottom is a magnification of the framed area of the top and illustrates spine
morphology and density changes after cLTP induction. Arrows and arrowheads point to spine morphological change and new spine/protrusion after cLTP induction, respectively. (Figure legend continues.)
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rhodamine) pulse-chase experiments, with a specific Rich2
siRNA (si-Rich2; Fig. 2C,D; si-Rich2 characterization) in neu-
rons. Si-Rich2 decreased transferrin-rhodamine recycling (Fig.
3B). We further studied the role of Rich2 in endosomal recycling
in COS-7 cells. Recombinant Rich2, but not Rich2-ABAR and
Rich2-R291A (which lacks the Rho-GAP activity; Rollason et al.,
2009) mutants, increased transferrin-rhodamine recycling (Fig.
3C). These results suggested that Rich2 regulates endosomal re-
cycling and that both its N-BAR and Rho-GAP domains are
involved.

We then examined whether Rich2 controlled the recycling of
AMPA receptors to the cell surface (Fig. 3D—H). Live-cell anti-
body feeding experiments (see Materials and Methods; Fig. 3D)
were performed in 15 DIV hippocampal neurons, 1 d after they
were cotransfected with the AMPA receptor GluAl subunit
tagged with GFP on its N-terminal extracellular domain (GFP-
GluAl), and Rich2, Rich2-R291A, or Rich2-ABAR. Rich2 in-
creased GFP-GluAl cell-surface recycling as compared with the
control condition. The Rich2-R291A mutant had an opposite
effect (reduced recycling), while the Rich2-ABAR mutant did not
significantly alter GFP-GluA1 recycling (Fig. 3E, F). The Rich2-
induced enhancement of GFP-GluAl cell-surface recycling was
accompanied by an increase in the AMPA receptor subunit accu-
mulation at the cell surface in steady-state condition (Fig. 3G).
On the other hand, none of the Rich2, Rich2-R291A, and Rich2-
ABAR constructs significantly modify GluA1l endocytosis (Fig.
3E,H). These results indicated that Rich2 could promote exocy-
tosis of GluAl AMPA receptors from recycling endosomes in
hippocampal neurons through its Rho-GAP domain.

Rich2 is required for LTP expression
Increased surface expression of AMPA receptor GluAl subunits
is a key phenomenon for LTP expression (Park et al., 2004). Our
data suggested that Rich2 controls GluA1 cell-surface recycling,
thus leading us to investigate the role of Rich2 in LTP. Chemical
LTP was induced in 18 DIV hippocampal neurons (see Materials
and Methods; Lu et al., 2001) and analyses were performed 45
min after the chemical stimulation. First, we verified that such a
protocol effectively potentiated synaptic transmission. The
chemical stimulation increased the amplitude and frequency of
mEPSCs. Co-application of the NMDA antagonist AP-5 abol-
ished these effects (Fig. 4A—C), thus confirming the efficacy of
cLTP induction via an NMDA receptor-mediated mechanism.
Second, as previously published (Park et al., 2004, 2006), we
found that the cLTP was characterized by an increase in spine
density and in the size of the spine head (Fig. 4D-G), as well as by
an increase in the number of surface GluA1 subunits (Fig. 5A, B).
Transfection of Rich2 significantly increased, whereas si-Rich2
significantly reduced or abolished these effects on density of
spines (Fig. 4D,E) and cell-surface GluAl expression (Fig.
5A, B). Overexpression of the si-RNA-resistant Rich2-mt in si-
Rich2-treated neurons rescued the effects of cLTP (Figs. 4E, 5B).
Spine size analysis showed that overexpression of Rich2 in-
creased the average size of spine head (Fig. 4F, compare open
diamonds with open circles). In these neurons, cLTP induction
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(Figure legend continued.) ~ Scale bar, 1 wm. E, G, Bar graphs represent mean (== SEM)
percentage variations in spine density (E) and size of spine head (G) measured 30 min after cLTP
induction. F, Each dot plot represents the size of spine head obtained before (control) and 30
min after the cLTP induction, in the absence and presence of Rich2. The straight line is the mean
of the corresponding population of values (control, n = 5; Rich2, n = 4; Rich2-ABAR, n = 4;
Rich2-R291A, n = 6; si-Rich2, n = 4 and si-Rich2 + Rich2-mt, n = 4 neurons; *p << 0.01).
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gave rise to a population of spines with larger head than in non-
transfected neurons (Fig. 4F, compare crosses with filled
squares). Si-Rich2 abolished this effect, which was rescued by the
si-RNA-resistant Rich2-mt (Fig. 4G). Together these data
showed that Rich2 potentiated spine enlargement and increased
surface GluA1 expression during cLTP.

As the Rich2 BAR domain was involved in Rich2 localization
in the endosomal recycling compartments (see above), we exam-
ined the implication of this domain in cLTP. Deletion of the BAR
domain (Rich2-ABAR) abolished the effect of Rich2 on spine
density, spine size, and GluA1 surface expression during cLTP
(Figs. 4D, E,G, 5A, B). Similarly, we tested the role of the Rich2
Rho-GAP domain in cLTP. The Rich2-R291A mutant abolished
the increase in spine density and size of spine head, and signifi-
cantly reduced the increase in surface GluA1l expression associ-
ated to cLTP. Similar experiments were performed on
endogenous GluAl subunits. As expected, cLTP induction trig-
gered an increase in the surface expression of endogenous GluAl.
Wild-type Rich2 significantly enhanced the increase in GluAl
surface expression during cLTP. On the other hand, the Rich2-
R291A mutant abolished this effect (Fig. 5C,D). Altogether these
results showed that Rich2 controls cLTP via its Rho-GAP and
BAR domains.

We then examined the effect of Rich2 on GluAl exocytosis
during cLTP using the SEP-GluAl construct in FRAP experi-
ments. Chemical LTP was induced immediately after photo-
bleaching, and fluorescence recovery of SEP-GluAl was then
measured every 4 min (Fig. 6 A, B). The amplitude of SEP-GluA1
fluorescence recovery obtained 30 min after stimulation was sig-
nificantly increased as compared with control (without chemical
stimulation: basal recovery; Fig. 6C). To determine whether exo-
cytosis of SEP-GluA1 after the cLTP induction was due to endo-
somal recycling, hippocampal neurons were transfected with a
dominant-negative mutant of Rabl1l (Rabl1a-S25N) that has
been shown to block exocytosis from recycling endosomes
(Brown et al., 2007). The Rab11a-S25N mutant significantly de-
creased the fluorescence recovery of SEP-GluAl, which con-
firmed that exocytosis of the AMPA receptor subunit resulted
from endosomal recycling, rather than cell-surface targeting of
newly synthesized subunits (Fig. 6C).

We then measured the effects of Rich2 on the increase in
SEP-GluAl exocytosis due to cLTP induction. Cotransfection of
Rich2 significantly increased the rate of SEP-GluA1 fluorescence
recovery after cLTP induction. On the other hand, the Rich2-
R291A mutant was significantly less effective (Fig. 6 B,D).

To determine whether the effect of Rich2 was specific to the
GluAl subunit, we performed similar experiments on the SEP-
GluA2 subunit. Contrary to SEP-GluAl, neither Rich2 nor
Rich2-R291A modified the effect of the cLTP induction on SEP-
GluA2 fluorescence recovery (Fig. 6 E, F). Altogether these results
showed that Rich2 controls the increase in GluA1, but not GluA2
exocytosis in cLTP.

The Shank3-Rich2 complex controls GluA1 exocytosis

and LTP

We first examine whether Shank3 PDZ domain was involved in
the control of cell-surface recycling of GluA1 AMPA receptor
subunit, in hippocampal neurons. Shank3, but not the Shank3-
APDZ mutant that does not interact with Rich2, increased GluA1
subunit plasma membrane localization and recycling (Fig. 7A—
C). Neither Shank3 nor Shank3-APDZ modified GluA1 subunit
endocytosis (Fig. 7A, D). We then analyzed whether the Shank3
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PDZ interaction-mediated effects involved interaction with
Rich2.

The Rich2-AAA mutant, which does not interact with Shank3,
was weakly tolerated by hippocampal neurons. Indeed the cumu-
lative effect of Rich2-AAA overexpression and long-term treat-
ments that were required for recycling experiments were
deleterious for the neurons. Thus, we were only able to examine
the effect of Rich2-AAA on GluA1 surface expression, which can
be measured more rapidly than endocytosis and recycling. Rich2-
AAA did not modify GluA1 levels as compared with Rich2 wild-
type (control = 0.4 = 0.1, n = 21; Rich2 wild-type = 0.89 £ 0.15,
n = 19; Rich2-AAA = 0.54 = 0.10, n = 17).

The effect of Shank3—Rich2 interaction on cLTP was then
examined. Thirty minutes after cLTP induction, a similar in-
crease in cell-surface localization of GluA1 was observed in non-
transfected and Shank3-transfected neurons. However, no
significant increase in GluAl cell-surface localization was ob-
served in Shank3-APDZ transfected neurons (Fig. 7E, F). These
data suggested that Shank3 PDZ interaction controlled the en-
hancement in exocytosis of GluA1 subunit during cLTP.

In cLTP experiments, the Rich2-AAA mutant, which does not
interact with Shank3, inhibited the enlargement of spine head
(control = 79.0 =+ 2.0% increase, n = 28 vs Rich2-AAA = 20.3% =+
2.6% decrease, n = 30), and increase in spine density (control =
38.6 = 4.9% increase, n = 28 vs Rich2-AAA = 1.1 = 4.3% decrease,
n = 30). These results suggested that a Rich2 PDZ interaction is
involved in cLTP.

We directly measured Rich2-Shank3 interaction in hip-
pocampal neurons using single-cell BRET microscopy during
cLTP. Following cLTP induction, Shank3-Rluc8/Rich2-Venus
BRET signals increased in spines, but not in dendritic shafts (Fig.
8 A,B). In contrast, in the absence of induction of cLTP, Shank3-
Rluc8/Rich2-Venus BRET signals remained constant in dendrites
over time (data not shown).

We then disrupted the Rich2-Shank3 complex using a mi-
metic peptide encompassing the last 10 C-terminal amino acids
of Rich2, which includes the PDZ ligand motif STAV. The pep-
tide was conjugated to the cell-membrane transduction domain
of the HIV-1 TAT protein (TAT-STAV), which allowed the fu-
sion peptide to cross cell membrane. A similar peptide bearing
the amino acid SAAA motif instead of the STAV PDZ ligand
motif was used as a control (TAT-AAA). In HEK293 cell popula-

<«

A, Total GFP-GluA1 fluorescence and cell-surface GFP-GluAT immunostaining in dendrites of
fixed neurons, before (t = 0) and 30 min after cLTP induction. Surface immunostaining inten-
sity is represented using pseudocolors (same scale bar applies to A and (). B, Shows the mean
(== SEM) percentage change in cell-surface GluAT immunostaining intensity normalized to
total GFP fluorescence, measured 30 min after cLTP induction in neurons transfected with the
indicated Rich2 expression plasmids (control, n = 29; Rich2, n = 18; Rich2-ABAR, n = 19;
Rich2-R291A, n = 18; si-Rich2, n = 27; si-Rich2 + Rich2-mt, n = 15 neurons from 3 inde-
pendent experiments; *p << 0.01). Scale bar, T m. Please note that si-Rich2 abolished the
increase in surface GFP-GIuA1 induced by the cLTP induction, and this effect was rescued by
Rich2-mt overexpression (si-Rich2 + Rich2-mt). €, D, Hippocampal neurons were transfected
with GFP alone (control) or in combination with either Rich2 or Rich2-R291A mutant and sub-
jected or not (control) to cLTP induction. GFP fluorescence (left), total GluA1 immunostaining
revealed with an antibody directed against the C terminus of GluA1 after neuron permeabiliza-
tion (middle) and surface GluA1 immunostaining revealed with an antibody directed against
the N terminus of GluA1in nonpermeabilized neurons (right). The yellow lines in the middle and
right represent the limits of GFP fluorescence. D, The bar graph was obtained from experiments
illustrated in Cand represents the mean (== SEM) percentage of surface increase in endogenous
GluAT immunostaining normalized to total GluAT immunostaining, 30 min after the cLTP in-
duction (control, n = 26; Rich2, n = 24; Rich2-R291A, n = 16 neurons, *p << 0.01). Scale bar,

1 m.
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Figure 6. Involvement of Rich2 on cLTP-associated AMPA receptor exocytosis. A, lllustration of the protocol used in the following FRAP experiments (B—F). Hippocampal neurons were
transfected at 15 DIV with SEP-GIuA1 or SEP-GluA2 and subjected to FRAP measurement at 16 — 18 DIV. They were photobleached and then chemically stimulated to induce cLTP. Images were taken
every 4 min as indicated in the figure (arrows), to measure SEP-GIuA1 or SEP-GIuA2 subunit exocytosis. B, Sample images taken at the indicated times. SEP-GluA1 fluorescence represented in
pseudocolor obtained in the absence (control) and presence of Rich2 (n = 12) or Rich2-R291A mutant (n = 10), before (t = —5 min) and every 4 min after photobleaching. (, Time course of
SEP-GluAT FRAP obtained in the absence (basal) and after induction of cLTP in non-cotransfected neurons (cLTP) and in neurons expressing Rab11a-S25N (cLTP + Rab11a-525N) (n = 4). The
SEP-GIuAT recovery was significantly increased by cLTP versus basal (p << 0.001, two-way ANOVA, Fisher's LSD test) and decreased by overexpression of Rab11a-S25N versus cLTP (p < 0.001,
two-way ANOVA, Fisher's LSD test). D, Time course of SEP-GluA1 FRAP obtained in the absence (control) and presence of transfected Rich2 (n = 12) and Rich2-R291A mutant (n = 10) afterinduction
of cLTP. The SEP-GluA1 recovery was significantly increased by Rich2 versus control (p << 0.05, two-way ANOVA, Fisher’s LSD test) and decreased by overexpression of Rich2-R291A versus control
(p<<0.001, two-way ANOVA, Fisher's LSD test). E, F, Same legend as in Band €, but for SEP-GluA2 (Rich2, n = 6) and Rich2-R291A mutant (n = 8) after induction of cLTP. The SEP-GIuA2 recoveries
of Rich2 or Rich2-R291A versus control were not significantly different (two-way ANOVA, Fisher's LSD test). Scale bars: B, E, 1 um.

tions, TAT-STAV (Fig. 8C), but not TAT-AAA (data not shown) GluA1l-Shank3 or Shank3-GKAP BRET signals (Fig. 8E,F).
decreased Rich2-Shank3 binding. We performed a number of = SAP-97 is a PDZ domain protein that binds GluAl subunit
controls to confirm the specificity of action of the peptide, as  (Leonard et al., 1998). The TAT-STAV peptide did not alter
follows. GluA1 and GKAP are two other proteins that canbindto ~ GluA1-SAP97 BRET signals (Fig. 8G). These results suggested
the PDZ domain of Shank3 (Naisbitt et al., 1999; Uchino et al., ~ that TAT-STAV competes with Rich2 for binding to the PDZ
2006). The TAT-STAV peptide did not significantly affect the =~ domain of Shank3 in a specific manner.
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Figure 7.  The PDZ domain of Shank3 is required for GluA1 recycling and surface exocytosis during cLTP. Hippocampal neurons were transfected with GFP-GIuA1 (control), Shank3, or Shank3-
APDZ mutant and used for live-cell antibody feeding experiments in basal (4-D) and cLTP conditions (E, F). A-D, Same legend as in Figure 3, E-H, but with transfected Shank3 and Shank3-APDZ
mutant (B, Shank3, n = 22; Shank3-APDZ, n = 20 neurons; C, Shank3, n = 30; Shank3-APDZ, n = 29 neurons; D, Shank3, n = 12; Shank3-APDZ, n = 21 neurons; 3 independent experiments
for each condition; *p << 0.01). Scale bar, 1 um. E, F, Same legend as in Figure 54, but with transfected Shank3 (n = 16 neurons from 3 independent experiments) and Shank3-APDZ mutant (n =
15 neurons from 3 independent experiments; *p << 0.01. Scale bar, 1 m.
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Figure 8.  Specificity of the TAT-STAV peptide and its effects on Shank3—Rich2 complex in cLTP. A, B, Eighteen days in vitro hippocampal neurons were transfected with Rluc8-Shank3 and
Rich2-Venus expression plasmids for single-cell BRET imaging. A, A portion of dendrite imaged at 480 and 535 nm before (t = 0) and 4, 8, 12, and 16 min after cLTP induction. Pseudocolor images
show the 535/480 ratios corresponding to BRET signal. Scale bar, 1 .um. B, The bar graph represents mean (= SEM; n = 9) net BRET signal values after background subtraction in dendritic shaft and
spines obtained att = 0 and t = 16 min following cLTP induction. Values were compared betweent = 0 and t = 16, in shafts and spines (NS, nonsignificantly different; *p < 0.01). ¢, HEK293 cells
were cotransfected with a constant concentration of Rluc8-Shank3 and increasing concentrations of Rich2-Venus expression plasmids to measure BRET signals between the two constructs as a
function of the Rich2-Venus acceptor expression level, in the presence of inactive TAT-AAA (CT) or active TAT-STAV peptides. Individual readings obtained from three independent experiments were
pooled in the same graph. Each plot was fitted using a nonlinear regression equation, thus assuming a single binding site (GraphPadPrism). The Net BRET curve was significantly different by
overexpression of TAT-STAV versus control (p << 0.001, two-way ANOVA, Fisher's LSD test). D, BRET signals were measured in hippocampal neurons transfected with Rluc8-Shank3 and Rich2-Venus
expression plasmids, before and during application of either TAT-AAA (control) or TAT-STAV peptides. Each value of the bar graph is the mean (== SEM) of BRET signal ratio obtained before and 20
min after application of the TAT peptide, in dendritic spines (for each condition n = 5 neurons, *p << 0.001). E-G, Same legend as in C, but in HEK cells cotransfected with Rluc8-Shank3 and
increasing concentrations of GluA1-Venus (E) or GKAP-Venus (F). HEK cells were cotransfected with GluA1-Rluc8 and increasing concentration of YFP-SAP97 (G). The HEK cells were then treated with
TAT-AAA (CT) or TAT-STAV peptides for 20 min before BRET signal acquisition. The Net BRET curves were not significantly different by overexpression of TAT-STAV versus control in E-G (two-way
ANOVA, Fisher's LSD test), indicating an absence of effect of the TAT-STAV peptide on the tested protein-protein interactions.

Following these control experiments, we tested the effect of  role of Rich2-Shank3 interaction in cLTP-associated spine
the competitive TAT-STAV peptide on Shank3-Rich2 BRET sig-  changes. Neurons treated with the TAT-STAV, but not TAT-
nals in 18 DIV hippocampal neurons. A 20 min treatment of the ~ AAA peptide, did not exhibit the increase in spine density and size
neurons with the TAT-STAV peptide inhibited the Shank3-Rich2  that is normally induced with cLTP in nontransfected neurons
BRET signals in dendritic spines (Fig. 8D). We then explored the  (Fig. 9A-C). These results suggested that the endogenous Rich2-
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Figure 9.  Effects of the TAT-STAV peptide on spine morphology, GFP-GIuA1 exocytosis, cell-surface expression, and endocytosis. A-C, Morphological analyses of dendritic spines taken from
GFP-transfected neurons before (t = 0) and 30 min after cLTP induction, in the presence of inactive (TAT-AAA) and active (TAT-STAV) TAT peptides. TAT peptides (100 nw) were (Figure legend continues.)
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Figure 10.  TAT-STAV peptide blocks the HFS-induced LTP in hippocampal slices. fEPSPs were evoked by Schaffer-collateral geSted thfit the Rich2—Shank3 complex is
afferent stimulation and recorded in the CA1 dendritic region of mouse hippocampal slices. LTP was induced by HFS (see Materials involved in LTP.

and Methods; arrowheads) and expressed as a percentage of the mean slope of fEPSP calculated before HFS. A, B, These were Discussion

obtained from slices treated with either the control TAT-AAAA (n = 6) or active TAT-STAV peptide (n = 8, both at 1 um),
respectively. Dotted lines represent the baseline for LTP experiments. C, The bar graph represents the mean (= SEM, *p << 0.01)
percentage increase in fEPSP slope measured 40 min after HFS, in hippocampal slices treated with TAT-AAA (n = 6) and TAT-STAV

peptides (n = 8).

Shank3 complex is involved in spine morphological changes as-
sociated to cLTP.

We then tested the effect of the TAT-STAV peptide on GluA1l
membrane trafficking. The TAT-STAV, but not TAT-AAA pep-
tide, significantly inhibited the recycling of GFP-GluAl (Fig.
9D, E) and fluorescence recovery of SEP-GluAl (Fig. 9F), with-
out significantly affecting surface expression and endocytosis of
GFP-GluAl (Fig. 9G,L,J). The TAT-STAV peptide blocked the
effects of Rich2 overexpression on GluAl recycling (Fig. 9H).
Finally, the TAT-STAV, but not TAT-AAA peptide, blocked the
enhancement of GluA1 cell-surface expression that is associated
with cLTP (Fig. 9K,L), and the potentiating effect of Rich2 on
this phenomenon (Fig. 9M). These results showed that disrup-
tion of the Rich2—Shank3 interaction interfered with the recy-
cling of GluA1 subunit during cLTP.

<«

(Figure legend continued.)  applied 15 min before the chemical stimulation and throughout
the experiment. A, Images of dendritic segments. Scale bar, 1 wm. B, C, Bar graphs represent
the mean (== SEM) percentage change in spine density and size of spine head measured 30 min
after cLTP induction, in the absence (control) and presence of TAT-AAA (n = 14) or TAT-STAV
(n = 10). In these and other parts, values of bar graphs were compared with control, except
when specified by horizontal bars (*p << 0.01). D-F, Live-cell antibody feeding assays were
performed in hippocampal neurons cotransfected with GFP-GluAT and Rich2, and subjected or
not to 15 min treatment with inactive (TAT-AAA) or active (TAT-STAV) TAT peptides. D, Images
of total GFP-GluA1 fluorescence (left) and remaining intracellular GFP-GluAT immunostaining
(right) after receptor construct recycling. E, Represents the mean fluorescence (= SEM) of
recycled GFP-GIuA1, in the absence (control) or presence of TAT-AAA (n = 11 neurons) or
TAT-STAV (n = 14 neurons) peptide (*p << 0.01). F, Represents SEP-GluAT exocytosis mea-
sured in the absence (control) and presence of TAT-STAV peptide (n = 11). The SEP-GluA1
recovery was significantly decreased by overexpression of TAT-STAV versus control (p << 0.005,
two-way ANOVA, Fisher's LSD test). G-J, Hippocampal neurons transfected with GFP-GIuA1
were subjected to live-cell antibody feeding assays in the presence of TAT-AAA or TAT-STAV
peptides. G, Total and intracellular (endo) GFP-GIuAT subunit fluorescence after receptor endo-
cytosis, obtained in a dendrite, in the presence of the TAT peptides. The bar graphs represent the
recycled (H, TAT-AAA, n = 11; TAT-STAV, n = 14;Rich2 + TAT-STAV, n = 9), surface over total
(I, TAT-AAA, n = 16; TAT-STAV, n = 14), and endocytosed (J, TAT-AAA, n = 7, TAT-STAV,n =
12) GFP-GIuA1 mean fluorescence (== SEM, *p << 0.01 for each part). K—M, Cell-surface expres-
sion of GFP-GluAT after cLTP induction in hippocampal neurons transfected or not with Rich2. K,
Total GFP-GIuAT fluorescence and cell-surface GFP-GIuA1 immunostaining in dendritic seg-
ments, obtained before (£;) and 30 min (t;,) after cLTP induction, in the presence of inactive
(TAT-AAA) and active (TAT-STAV) TAT peptides. Surface GFP-GluA1immunostaining intensity is
shown in pseudocolor scale. L, M, Bar graphs represent the mean (= SEM) percentage change
in cell-surface GFP-GluAT immunostaining intensity measured 30 min after cLTP induction in
the absence (control) or presence of TAT-AAA (n = 16), TAT-STAV (n = 13), Rich2 (n = 15),
and Rich2 + TAT-STAV (n = 15 neurons, *p << 0.01). Scale bar, T um.

In the present study, we have identified
the protein Rich2 as a new PDZ ligand
partner of Shank3. Rich2 is a previously
uncharacterized protein that displays
both N-BAR and Rho-GAP domains. We
show that Rich2 interacts with Shank3 in dendritic spines of cul-
tured hippocampal neurons. It is localized in the endosomal-
recycling compartment and regulates GluAl but not GluA2
AMPA receptor subunit exocytosis through recycling pathways.

We found that the N-BAR domain of Rich2 controls its local-
ization in Rab1l1-positive/recycling endosomes and its involve-
ment in the Rich2-dependent regulation of the recycling
processes. It is worth noting that the N-BAR domain of Rich1/
Nadrin, a paralog of Rich2, allows the membrane anchoring of
the protein (Blood and Voth, 2006) and/or recognition/forma-
tion of membrane curvatures (Blood and Voth, 2006; Hirling,
2009). Furthermore, Richl is located in early endosomes and its
depletion by RNA interference mimics the effects of Rab13 mu-
tants, suggesting that this Rho-GAP may be involved in mem-
brane transport (Macara and Spang, 2006; Wells et al., 2006).
Here we showed that this is also the case for Rich2. Its overexpres-
sion promoted transferrin recycling in COS-7 cells and neurons,
whereas its depletion by siRNA or mutation of its Rho-GAP do-
main inhibited transferrin, as well as basal and stimulated GluA1
recycling. The similarity between Rich2 loss of function and the
phenotypes described for the dominant-negative Rab11a-S25N
mutant is also striking (Park et al., 2004, 2006). As Rich2, Rab11
participates in stimulated endosomal recycling and dendritic
spine modifications during cLTP. This suggested that Rich2
could control spine morphology and density by regulating one or
several steps involved in the formation and shaping of the spine
through recycling pathways.

The Homer protein has been shown to be a morphogenic
effector of Shank (Sala et al., 2001). Homer is a multimeric adap-
tor protein that cross-links metabotropic glutamate receptors
mGluR1a/mGluR5 and Shank at the synapse via a proline rich
binding domain called EVH1 (Tu et al., 1999). Shank can also
functionally link the PSD to actin-based spine plasticity through
its interaction with cortactin (Ehlers, 1999) and more directly via
SPAR (Pak et al., 2001), a GAP for the Rap family of small
GTPases. In addition to these proteins, the Rho-GAP oligo-
phreninl can bind Homer and as such can form a complex with
Shank. Interestingly, oligophreninl is also important for den-
dritic spine morphogenesis (Govek et al., 2004; Khelfaoui et al.,
2007). This protein has been shown to interact with endophilin,
an N-BAR-containing protein that is involved in recognition
and/or formation of membrane curvature. This complex inhibits
synaptic vesicle endocytosis (Govek et al., 2004; Khelfaoui et al.,
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2007). Oligophreninl is also able to regulate postsynaptic AMPA
receptor internalization (Khelfaoui et al., 2009) and exocytosis
(Nadif Kasri et al., 2009), thus affecting synaptic plasticity
(Nakano-Kobayashi et al., 2009). Therefore it appears that differ-
ent Rho-GAPs can regulate one or more steps of the endocytosis/
exocytosis cycle during synaptic plasticity. Our results show that
Rich2 is a new Shank interacting Rho-GAP that contributes to
LTP and AMPA receptor membrane exocytosis through endo-
somal recycling-dependent mechanisms.

To date, only few data are available on the function of Shank3
in AMPA receptor trafficking and LTP. Disruption of the
dynamin3-Homer-Shank complex uncouples the PSD from the
endocytic zone and in turn leads to a loss of functional synaptic
AMPA receptors (Lu et al,, 2007). In the present study, we
showed that depletion of Rich2 by siRNA or mutation of its Rho-
GAP domain blocked dendritic spine morphological changes and
AMPA receptor GluAl subunit trafficking during cLTP. More-
over we found that disruption of Rich2—Shank3 interaction, us-
ing a Shank3 mutant lacking of its PDZ domain, or a competitive
TAT-STAV peptide mimicking the C terminus of Rich2, blocked
LTP and AMPA receptor GluA1 subunit exocytosis. These results
point out a new function of the Shank3—Rich2 complex in the
control of synaptic plasticity.

Our experiments in hippocampal slices treated with the TAT-
STAV peptide further demonstrated that the Shank3-Rich2
complex was involved in LTP. This result was consistent with
data obtained in heterozygous Shank3 knock-out mice that
showed alterations in the maintenance of LTP, associated with a
loss of GluA1 AMPA receptors at the cell surface (Bozdagi et al.,
2010). Previous studies have shown that synaptic activity could
trigger both exocytosis and endocytosis of AMPA receptors in
spines, which occurred in exocytic and endocytic zones, respec-
tively, close to the PSD (Kennedy and Ehlers, 2011). Shank pro-
teins could be the functional link between endocytic zone and
PSD (Lu et al., 2007), since Shank is a PSD protein that binds to
Homer, and Homer binds the endocytic protein dynamin3 (Tu et
al., 1999). Here we found that Rich2 interacted with Shank3 and
controlled exocytosis of the GluAl AMPA receptor subunit
through endosomal-recycling pathway. Other studies have
shown that Shank3 could directly bind to the PDZ ligand motif of
GluAl (Uchino et al., 2006) and this interaction controlled
GluA1 exocytosis (Passafaro et al., 2001). Shank3-GluA1 binding
could occur during this exocytosis process. Moreover, it has been
shown that Shank3 could form a complex with dynamin2 (Oka-
moto et al.,, 2001), a protein that is involved in endosomal recy-
cling vesicle formation and exocytosis (Durieux et al., 2010). The
physiological roles of these endocytosis/recycling exchanges at
the synapse are important for the maintenance of synaptic excit-
ability and synaptic plasticity (Ehlers, 2002). In the present study
we showed that Shank3 could interact with Rich2 and this would
result in the exocytosis of GluAl and expression of LTP. We
therefore tentatively suggest that binding of Rich2 to Shank3
could control basal AMPA receptor exocytosis/recycling and
fine-tuning of neurotransmission efficacy during synaptic
plasticity.
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