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The charged multivesicular body proteins (Chmpl-7) are an evolutionarily conserved family of cytosolic proteins that transiently
assembles into helical polymers that change the curvature of cellular membrane domains. Mutations in human CHMP2B cause fronto-
temporal dementia, suggesting that this protein may normally control some neuron-specific process. Here, we examined the function,
localization, and interactions of neuronal Chmp2b. The protein was highly expressed in mouse brain and could be readily detected in
neuronal dendrites and spines. Depletion of endogenous Chmp2b reduced dendritic branching of cultured hippocampal neurons, de-
creased excitatory synapse density in vitro and in vivo, and abolished activity-induced spine enlargement and synaptic potentiation. To
understand the synaptic effects of Chmp2b, we determined its ultrastructural distribution by quantitative immuno-electron microscopy
and its biochemical interactions by coimmunoprecipitation and mass spectrometry. In the hippocampus in situ, a subset of neuronal
Chmp2b was shown to concentrate beneath the perisynaptic membrane of dendritic spines. In synaptoneurosome lysates, Chmp2b was
stably bound to a large complex containing other members of the Chmp family, as well as postsynaptic scaffolds. The supramolecular
Chmp assembly detected here corresponds to a stable form of the endosomal sorting complex required for transport-IIT (ESCRT-III), a
ubiquitous cytoplasmic protein complex known to play a central role in remodeling of lipid membranes. We conclude that Chmp2b-
containing ESCRT-III complexes are also present at dendritic spines, where they regulate synaptic plasticity. We propose that synaptic
ESCRT-III filaments may function as a novel element of the submembrane cytoskeleton of spines.
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cellular membrane remodeling during inward vesiculation of
multivesicular endosomes, mitotic cell abscission, and viral bud-
ding (for review, see Henne et al., 2013; McCullough et al., 2013).
The core subunits of ESCRT-III are a family of evolutionarily
conserved proteins, called charged multivesicular body proteins

Introduction
The endosomal sorting complex required for transport-III
(ESCRT-III) is a ubiquitous protein complex that is crucial to
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(Chmp1-7). Dominant mutations in subunit CHMP2B cause
frontotemporal dementia (FTD; Skibinski et al., 2005; Isaacs et
al., 2011), raising the question whether some neuron-specific
process is controlled by this protein. Chmp2b and other ESCRT-
III subunits exist in the cytosol in a monomeric, autoinhibited
state. After release of intramolecular inhibition, individual sub-
units polymerize into circular or helical filaments (20-200 nm
wide, subject to subunit species) that adhere to lipid membranes
and change their curvature (Shim et al., 2007; Hanson et al., 2008;
Lata et al., 2008; Bajorek et al., 2009; Henne et al., 2012; Buchk-
ovich et al., 2013).
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Table 1. Plasmids used in this study
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Plasmid name Cloning technique Cloning sites Feature Tags Source
pIRES2-EGFP Starting vector (lontech
pIRES2-EGFP-CHMP2B WT In-Fusion (Clontech) Xhol, Xhol RNAi res. (-terminal FLAG This study
pBI-CMV3 Starting vector Clontech
pBI-CMV3-CHMP2B WT In-Fusion (Clontech) BamHI, Hindlll RNAi res. This study
pBI-CMV3-CHMP2B R19/22/26A In-Fusion (Clontech) BamHl, Hindlll RNAi res. This study
pBI-CMV3-CHMP2B L4D/F5D In-Fusion (Clontech) BamHl, Hindlll RNAi res. This study
pBI-CMV3-CHMP2B L207D/L210D In-Fusion (Clontech) BamHl, Hindlll RNAi res. This study
pSuper-mCherry Starting vector Belly etal., 2010
pSuper-mCherry shRNA vs CHMP2B Standard ligation Hindlll, Bglll Belly etal., 2010
pSuper-mCherry shRNA vs GFP Standard ligation Hindlll, Bglll This study
pCDNA3.1-CHMP2B WT Topo (Invitrogen) C-terminal HA This study
pCDNA3.1-CHMP2B R19/22/26A Topo (Invitrogen) C-terminal HA This study

pCDNA3.1-CHMP4B Topo (Invitrogen)

(-terminal FLAG Bodon etal., 2011

The cloning technique used to construct each plasmid and, if applicable, the associated kit supplier are indicated. RNAi res. Indicates the encoded mRNA is resistant to RNAi by the Chmp2b shRNA.

We have previously shown that Chmp2b preferentially po-
lymerizes under the plasma membrane and, when overexpressed,
organizes into helices that deform patches of the cell surface into
long protrusions (Bodon et al., 2011). Holomeric ESCRT-III
consists of heteropolymeric Chmp filaments assembled at sites of
endosomal or plasma membrane deformation, after recruitment by
the upstream-acting complexes ESCRT-I and -II and/or by the
Chmp4b-binding protein Alix. ESCRT-III assemblies at membranes
are thought to be transient, being dissociated after interaction with
the depolymerizing ATPase Vps4. This depolymerization step is
coupled to scission of membrane necks modeled by ESCRT-III fila-
ments (Henne et al., 2013).

FTD-associated CHMP2B mutants are deregulated and form
aberrant polymeric structures in transfected cells (Skibinski et al.,
2005). Strong expression of such a CHMP2B mutant in cultured
cortical neurons is rapidly lethal (Lee et al., 2007), and transgenic
mice expressing the same mutant throughout their brain display
progressive neurodegenerative changes (Ghazi-Noori et al.,
2012). These effects have been linked to defects in autophagic and
endosomal degradation pathways (Filimonenko et al., 2007; Lee
etal.,, 2007; Urwin et al., 2010). However, these phenotypes arise
from a toxic gain rather than loss of function in the mutant allele.
Indeed, degeneration was not seen in knock-out mice severely
(though not completely) deficient for Chmp2b (Ghazi-Noori et
al., 2012). Furthermore, Chmp2b depletion did not affect sur-
vival of cultured neurons (Lee et al., 2007; Belly et al., 2010) but
significantly impaired the morphological maturation of dendritic
spines (Belly et al., 2010). This, together with the fact that synap-
togenesis correlates with Chmp2b gene transcription in some
neuronal populations (Xu et al., 2012), led us to hypothesize that
normal Chmp2b and ESCRT-III may function at synapses.

Here, we show that Chmp2b is required for maintaining the
complexity of dendritic trees as well as the stability, efficacy, and
plasticity of excitatory synapses. We also show that the protein
preferentially localizes beneath the plasma membrane of dendritic
spines and is bound to stable ESCRT-III complexes associated with
the postsynaptic cytoskeleton, suggesting that ESCRT-III polymers
cooperate with postsynaptic scaffolds and actin filaments to shape
dendritic spines.

Materials and Methods

Plasmids. See Table 1 for details of all constructs. The pSuper-mCherry
vector was described by Belly et al. (2010) and expresses the inserted
shRNA together with mCherry. The Chmp2b-specific shtRNA (Lee et al.,
2007; Belly et al., 2010) and the GFP-specific ShRNA [previously shown
by Alvarez et al. (2006) to have no effect on neuronal morphology or
electrical properties] have been described and were inserted into

pSuper-mCherry. cDNAs encoding wild-type (WT) or mutant ver-
sions of the RNAi-resistant Chmp2b (Belly et al., 2010) were cloned in
the pBI-CMV3 vector (Clontech), yielding pBI-CMV3-Chmp2b ™7,
pBI-CMV3-Chmp2b %2264 and  pBI-CMV3-Chmp2b™*P/F*P_ In
these vectors, Chmp2b is coexpressed with fluorescent protein ZsGreen
from a bidirectional promoter. cDNA encoding wild-type, RNAi-
resistant Chmp2b (carrying a single C-terminal Flag tag; Bodon et al.,
2011) was inserted upstream of the IRES sequence of the pIRES2-EGFP
vector (Clontech), yielding pIRES2-EGFP-Chmp2b (used in Fig. 6B). In
this vector, Chmp2b is coexpressed with EGFP from a bicistronic tran-
script. All constructs were verified by sequencing (Beckman Coulter).

Antibodies. See Table 2 for details of antibodies and dilutions.

Animals. Animals were handled and killed in conformity with Euro-
pean law and internal regulations of INSERM. Pregnant Oncins France
souche A (OFA; a substrain of Sprague Dawley) rats (Charles River) were
used for primary neuron cultures, and 2-month-old OFA rats of both
sexes were used for biochemical analysis of brain tissue. The rats were
deeply anesthetized by isoflurane inhalation before decapitation, quickly
followed by cesarean section or brain dissection. Three-month-old male
C57BL/6 mice and 1.3-month-old female Chmp2b KO mice (here called
KD mice since knock-out is incomplete; Ghazi-Noori et al., 2012) or
female WT littermates (on C57BL/6 background) were used for immu-
nohistochemistry and electron microscopy (EM) studies. Mice were
anesthetized by intraperitoneal injection of 0.1 ml of sodium pentobar-
bital (5.6% w/v; CEVA Santé Animale) and intracardially perfused with
phosphate-buffered 0.9% NaCl (PBS), followed by 0.1 M phosphate-
buffered 4% formaldehyde, pH 7.4, supplemented with 0.05% glutaral-
dehyde (Sigma). The brains were carefully removed and postfixed for 4 h
in the same fixative, and 60-um-thick coronal brain sections were cut
with a Vibratome (VT 1000 S; Leica).

Cell culture and transfection. Primary cultures of hippocampal neurons
were prepared as described previously (Belly et al., 2010). Briefly, hip-
pocampi were dissected from E18 rat embryos, treated with trypsin, and
disrupted by seven to eight cycles of aspiration and ejection through a
micropipette tip. Dissociated hippocampal cells were seeded at a density
of 1.5 X 10*/cm?in 35 mm dishes on coverslips precoated for 4 h with 50
ug/ml poly-p-lysine (Sigma), in neuronal culture medium (Neurobasal
medium containing B27 supplement, penicillin/streptomycin, and 0.5
mu L-glutamine; Invitrogen) supplemented with 10% heat-inactivated
horse serum (Invitrogen). Fourteen-mililimeter-wide round coverslips
were used for immunostaining, and 30-mm-wide coverslips were used
for live imaging. Neurons were maintained in water-saturated 95%
air/5% CO, at 37°C. The seeding medium was replaced after 20 h with
serum-free neuronal culture medium.

Neurons were transfected using a calcium phosphate method opti-
mized for highly mature neuronal cultures (Goetze et al., 2004; Jiang and
Chen, 2006). For cotransfection experiments, for each dish, 1 ug of
pSuper-mCherry-based plasmid was mixed with 2 ug of pBI-CMV3-
based or pIRES2-EGFP-based plasmid. Five microliters of 250 mm CaCl,
were added to 45 ul of water containing 3 ug of DNA, mixed, and
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Table 2. Antibodies used in this study
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Dilutions
Antibody Species Company (reference) IF W8 IHC/EM
Anti-Chmp2b Rabbit polyclonal Abcam (ab33174) 500 10,000 1000
Anti-Chmp2b Mouse monoclonal Covalab 100 2000
Anti-Chmp4b Rabbit polyclonal Abcam (ab105767) 500 2000
Anti-Chmp4b Mouse monoclonal Covalab 100 1000
Anti-Alix Rabbit polyclonal Covalab (ab0204) 6000
Anti-PSD95 Mouse monoclonal NeuroMab (73-028) 200 4000
Anti-GluN1 Mouse monoclonal Synaptic Systems (114011) 200 4000
Anti-Synaptophysin Mouse monoclonal Merck Millipore (MAB5258) 10,000
Anti-HA Mouse monoclonal Cell Signaling (2367) 200 5000
Anti-HA Rabbit polyclonal Sigma-Aldrich (H6908) 5000
Anti-Flag Mouse monoclonal Sigma-Aldrich (F3165) 1000 10,000
Anti-Flag Rabbit polyclonal Sigma-Aldrich (F7425) 1000 5000
Anti-Actin Mouse monoclonal Millipore (MAB1501R) 20,000
Anti-Tubulin Mouse monoclonal Gift from A. Andrieux’s laboratory 20,000
Anti-Pan MAGUK Mouse monoclonal NeuroMab (75-029) 4000
Anti-GluN2B Mouse monoclonal NeuroMab (75-097) 4000
Anti-Glu2 Mouse monoclonal Millipore (MABN71) 5000
Anti-Shanklll Rabbit polyclonal Santa Cruz Biotechnology (30193) 1000
Anti-Homer Mouse monoclonal Santa Cruz Biotechnology (17842) 2000
Anti-Mouse HRP Goat polyclonal Jackson ImmunoResearch (115-035-166) 20,000
Anti-Rabbit HRP Goat polyclonal Jackson ImmunoResearch (115-035-044) 20,000
Anti-Mouse Alexa Fluor 488 Goat polyclonal Invitrogen (A-11029) 1500
Anti-Mouse Alexa Fluor 594 Goat polyclonal Invitrogen (A-11032) 1500
Anti-Mouse Cy5 Goat polyclonal Jackson ImmunoResearch (115-175-146) 1000
Anti-Rabbit Alexa Fluor 488 Goat polyclonal Invitrogen (A-11034) 1500
Anti-Rabbit Alexa Fluor 594 Goat polyclonal Invitrogen (A-11037) 1500
Anti-Rabbit Cy5 Goat polyclonal Jackson ImmunoResearch (111-175-144) 1000
The antibody dilutions we used are indicated for each application. IF, Inmunofluorescence; WB, Western ir blotting; IHC, i histochemistry.

immediately added dropwise to 50 ul of 2X N, N-Bis (2-hydroxyethyl)-
2-aminoethanesulfonic acid (BES)-buffered saline solution, pH 7.1. The
mixture was gently stirred by tapping the tube and bubbling air once, left
to incubate for 10 min, and added to coverslips in 1 ml of transfection
medium [Eagle’s MEM (Invitrogen) including 2.2% NaHCO; and sup-
plemented with B27,0.05 mm glutamine, and 20 mm glucose]. After 1 hin
the incubator, the coverslips were transferred to dishes containing 2 ml of
transfection medium (without B27) preincubated for 30 min in 10%
CO,. The dishes were quickly returned to 5% CO, and left for 5-10 min
before returning the coverslips to their original (conditioned) neuronal
culture medium. For immunofluorescence of exogenously expressed
proteins, neurons were fixed 1620 h after transfection. For RNAi exper-
iments, fixation or live imaging took place 72 h after transfection.

HEK-293T and HeLa cells were grown in DMEM (Invitrogen) supple-
mented with 10% FBS and 2 mm L-glutamine (Sigma). Cells were trans-
fected after 24 h of culture using jetPEI (Polyplus) for HeLa cells and
calcium phosphate for HEK cells. Cells were fixed or lysed 36 h after
transfection.

Immunohistochemistry. Brain sections were incubated in 10% goat
preimmune serum (GPi) diluted in 50 mm Tris buffer, pH 7.4, containing
0.9% NaCl [Tris-buffered saline (TBS)], with 0.2% Triton X-100, for 1 h.
Sections were then incubated overnight at 4°C in a primary antibody at a
final protein concentration of 1-2 ug/ml, which had been diluted in TBS
containing 1% GPi. After several washes in TBS, the sections were further
incubated for 2 h in biotinylated goat anti-rabbit IgG (Sigma Immuno
Chemicals) diluted 1:100 in TBS containing 1% GPi. They were then
transferred into avidin—biotin—peroxidase complex (ABC kit; Vector
Laboratories) diluted 1:100 for 2 h at room temperature. Bound peroxi-
dase enzyme activity was revealed using DAB (0.05% in TB, pH 7.4) as
the chromogen and 0.01% H,0, as the substrate. Finally, sections were
air-dried and coverslipped.

Immunofluorescent staining. Cultured neurons were fixed for 20 min at
room temperature in phosphate-buffered 4% paraformaldehyde supple-
mented with 4% sucrose. After three washes in PBS containing 0.1%
glycine, cells were permeabilized in PBS containing 0.25% Triton X-100
for 10 min at 4°C and rinsed with PBS. Coverslips were blocked for 1 hin
PBS containing 5% GPi and incubated for 1-2 h at room temperature in

a humidified chamber with primary antibodies diluted in a blocking
solution. After washing in PBS, cells were incubated for 1 h with second-
ary antibodies conjugated to Alexa Fluor 488, Alexa Fluor 594, or Cya-
nine 5 (Cy5), diluted in the blocking solution. Coverslips were rinsed and
mounted in Mowiol.

Golgi staining. The dendritic spines of hippocampal neurons in situ
were visualized by the Golgi impregnation technique. For this, we used
the FD Rapid GolgiStain kit (FDNeuroTechnologies). Hippocampal tis-
sue blocks (2.5-3 mm) were immersed in equal volumes of solutions A
and B for 7 d and impregnated with solution C for 48 h at 4°C. Then, the
brains were cut with a vibratome into 150-um-thick sections embedded
in agarose, washed twice in double-distilled water, and incubated for 10
min in a mixture of one part of solution D, one part of solution E, and two
parts of double-distilled water. Sections were washed twice, dehydrated
with increasing ethanol, and mounted with epoxy resin (Fluka) between
two coverslips. The slides were analyzed by investigators without knowl-
edge of genotype. In each of three animals per genotype, nine secondary
or tertiary pyramidal neuron dendrites were randomly selected in the
CALl stratum radiatum. Selection criteria were (1) dendrites displayed
complete Golgi impregnation, (2) the cell type was clearly identifiable,
and (3) the minimum length of the dendrites was 50 wm from the soma.
Stacks of bright-field images with 0.3 wm spacing were acquired with a
Zeiss Axioskop 50 microscope with 63X oil objective (NA 1.4; Plan-
Aprochromat) coupled to a CCD camera (CoolSnap ES; Roper Scien-
tific) operated by Metaview software (Molecular Devices). Images were
analyzed with Image]. The number of spines of each basic type per unit
dendritic length was measured.

Fluorescence microscopy. Light microscopy images were acquired with
a Zeiss LSM 710 inverted confocal microscope, using a 63X Plan-
Apochromat oil-immersion objective (NA 1.4; Zeiss) or (for Sholl anal-
ysis) a 40X oil objective (NA 1.3; Zeiss). The instrument was controlled
by Zen software and includes acousto-optical filters for attenuating laser
power, scanning mirrors with adjustable speed, and resolution of emitted
light by a diffraction grating and beam guides for setting spectral collec-
tion windows. Laser lines at 488, 561, and 633 nm were used for exciting
fluorescence of EGFP, ZsGreen, or Alexa Fluor 488; mCherry or Texas
Red; and Cyanine 5, respectively. For multicolor imaging, collection win-
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dows were adjusted based on emission spectra to minimize cross-channel
contamination. Pinhole size was usually set to generate 0.9-um-thick
optical slices (=1 Airy unit) at all wavelengths. For fixed samples, laser
power was adjusted to 0.5-1.25 mW in all channels, and the signal was
averaged over four scans and digitized on an 8 bit grayscale. In the exper-
iments shown in Figure 2, B and C, Z-stacks were acquired with 0.09 X
0.09 X 0.2 um* voxel size and processed by a blind deconvolution algo-
rithm (AutoQuant; Media Cybernetics) to improve resolution and re-
move shot noise. The processed images were slightly contrasted with
Image] for clarity.

To evaluate the probability of random overlap between Chmp2b and
postsynaptic densitity-95 (PSD-95) clusters, a dendritic region was se-
lected in a way to exclude as much as possible empty pixels. Pearson’s
correlation coefficient (r) between Chmp2b and PSD-95 intensity values
was calculated for the actual image, and the probability of obtaining the
observed coefficient was calculated based on 1000 randomized images
similar to the one shown using the Image] plug-in JACOP (Bolte and
Cordelieres, 2006).

For Sholl analysis, images (1024 X 1024 pixels; 350 X 350 wm; four
optical sections in z) were taken from neurons coexpressing ZsGreen and
mCherry, within the same fluorescence range for all neurons (40 neurons
per transfection condition, three independent cultures). Sholl analysis
was performed on maximum intensity projections of mCherry fluores-
cence using the Sholl Analysis plugin of Image].

For postsynaptic spine counting in cultured neurons, transfected neu-
rons were stained by immunofluorescence with anti-PSD-95 antibody
and Cy5-conjugated secondary antibody. Triply labeled neurons
(mCherry-ZsGreen-Cy5) were imaged in all three channels as above. For
each neuron, 10-20 optical sections were acquired (voxel size, 0.1 X
0.1 X 0.2 wm?). Images were analyzed with Image]. Postsynaptic spines
were manually identified in successive sections as spine-like dendritic
protrusions (visualized by mCherry fluorescence) carrying PSD-95 clus-
ters. Spines were counted along ~540 * 220 um (mean * SD) dendritic
length per neuron. Similar results were obtained with two independent
cultures, allowing us to pool the data. Dual immunostaining of mCherry-
transfected neurons with anti-PSD-95 and anti-synapsin antibodies ver-
ified that in neurons at this stage, virtually all PSD-95 clusters located on
spines were colocalized with the presynaptic marker synapsin. Images of
neurons used to study RNAI effects were acquired and analyzed by inves-
tigators blind to the transfected constructs.

Electron microscopy. Free-floating brain sections were incubated in
10% GPi diluted in TBS for 1 h at room temperature to block nonspecific
staining. Sections were then incubated overnight at 4°C in TBS contain-
ing 1% GPi and a primary antibody at a final protein concentration of
1-2 pg/ml. The sections were then labeled either by immunogold or by
immunoperoxidase. For immunoperoxidase labeling, we followed the
immunohistochemistry procedure, as described above (starting from the
secondary antibody step). For immunogold labeling, sections were incu-
bated for 3 h with goat anti-rabbit IgG coupled to 1.4 nm gold beads
(Nanoprobes) diluted 1:300 in TBS containing 1% GPi. After several
washes in PBS, the sections were postfixed in 1% glutaraldehyde diluted
in the same buffer for 10 min. They were washed in double-distilled
water, followed by silver enhancement of the gold particles with a HQ
Silver kit (Nanoprobes).

The peroxidase-reacted sections and the gold-silver-labeled sections
were processed for EM. This included treatment with osmium tetroxide
(1% in 0.1 M PB), block staining with uranyl acetate, dehydration
through a graded series of ethanol solutions, and flat embedding on glass
slides in Durcupan (Fluka) resin. Regions of interest were cut at 70 nm on
an ultramicrotome (Reichert Ultracut E; Leica) and collected on one-slot
copper grids. Staining was performed on drops of 1% aqueous uranyl
acetate, followed by Reynolds’s lead citrate. EM images were acquired in
a JEOL-1200 electron microscope with a digital camera (Veleta, SIS;
Olympus) and analyzed with Image]. Measurements of gold particle
counts along the radial and tangential coordinates of the spine cytoplasm
were acquired and normalized as described by Ricz and Weinberg
(2008). Briefly, normalized radial position, ry (the fraction of the dis-
tance from the center to the plasma membrane), was computed accord-
ing to the following equation:

Chassefeyre, Martinez-Hernandez et al. @ ESCRT-III Function at Synapses

T

N o+

where r, is the radial distance from the membrane to the particle and r, is
the radial distance of the particle from the geometric center of the spine.
To correct the radial distribution for distance-dependent increase in bin
area, particle densities along the radial coordinate were divided by nor-
malized radial distance, thus giving increased weight to particle density
close to the spine center. Three-dimensional reconstruction of spine
heads from serial section digital images was done using Reconstruct
software (John C. Fiala, Department of Biology, Boston University,
MA). For comparisons between wild-type and Chmp2b-deficient
mice, acquisition of microscopy images and morphometric quantifi-
cation were performed without knowledge of genotype.

Purification of synaptoneurosomes and PSD fractionation. Subcellular
fractionation was performed according to Carlin et al. (1980) with minor
modifications. Samples were kept at 4°C during all procedures. In brief,
one rat forebrain was homogenized in 13 ml of ice-cold isotonic lysis
buffer (0.32 m sucrose, 4 mm HEPES, pH 7.4, protease inhibitors [EDTA-
free Complete; Roche Molecular)] using a Teflon-glass homogenizer (15
strokes). The homogenate was centrifuged at 1400 X g for 10 min to
remove nuclei. The postnuclear supernatant (S1) was spun down at 4°C
for 10 min at 13,800 X g, yielding crude synaptosomes (pellet P2) and
crude cytosol (supernatant S2). The P2 fraction was homogenized in lysis
buffer and layered onto discontinuous sucrose density gradients (made
of 3 ml each of 0.85, 1.0, and 1.2 M sucrose layers). The gradients were
centrifuged at 82,500 X g (27,000 rpm in a Beckman SW41 rotor) for 120
min, and the purified synaptoneurosome fraction (SYN) was collected at
the 1.0-1.2 M interface. The synaptoneurosomes were resuspended in 5
vol of lysis buffer and spun down for 20 min at 150,000 X g. The pelleted
synaptoneurosomes were resuspended in Triton buffer [50 mm HEPES,
pH 7.4, 0.5% Triton X-100, protease inhibitors (EDTA-free Complete;
Roche Molecular), 2 mm EDTA], stirred 30 min in the cold room, and
centrifuged at 32,000 X g for 20 min to obtain the PSDI pellet. PSDI was
resuspended in 50 mm HEPES, pH 7.4. One-half of the suspension was
solubilized again by adding 1 vol of 1% Triton X-100 and centrifuged at
200,000 X g for 20 min, yielding pellet PSDII. The other half was solubi-
lized by adding 1 vol of 6% Sarkosyl and centrifuged at 200,000 X g for
1 h, yielding PSDIIL.

Gel filtration of synaptoneurosome extract. Size-exclusion chromatog-
raphy (gel filtration) was used for separation of Chmp2b-containing
molecular assemblies that had been solubilized by mild detergent extrac-
tion from gradient-purified synaptoneurosomes. Chromatography was
performed at 4°C on a 120 ml HiPrep Sephacryl S-300 HR column cou-
pled to an Akta FPLC system (GE Heathcare). The column was equili-
brated, and separation was achieved in 25 mm Tris-HCl, pH 7.4, 150 mm
NaCl, 0.5% Triton X-100, 10 mm NaF, 10 mm B-glycerophosphate and
protease inhibitors (Roche) at a flow rate of 0.5 ml/min. Synaptoneuro-
somes freshly prepared from one brain were resuspended in 3 ml of
deoxycholate (DOC) buffer [10 mm Tris-HCI, pH 9.0, 1% sodium
deoxycholate, 150 mm NaCl, protease inhibitors (Complete; Roche Mo-
lecular), and phosphatase inhibitors (P0044; Sigma-Aldrich)]. The sus-
pension was stirred by rotation at 4°C for 30 min and centrifuged at
100,000 X g for 20 min. The supernatant was filtered (pore size, 0.2 um;
Millipore), and 2.5 ml was loaded on the column. Fractions (2 ml) were
collected, and the elution profile was analyzed by immunoblotting and
by measurement of total protein concentration with BCA protein assay
(Pierce). The profile was calibrated by measuring the elution volume of
protein standards in the same conditions (MWGF1000; Sigma-Aldrich).

Immunoprecipitation. For immunoprecipitation of the brain Chmp2b
complex, 2 mg (total protein) of gradient-purified synaptoneurosomes
were resuspended in 1 ml of DOC buffer and incubated for 30 min at 4°C.
After centrifugation at 100,000 X g for 20 min, the supernatant was
collected and diluted with 3 vol of immunoprecipitation buffer (50 mm
Tris-HCI, pH 7.4, 150 mMm NaCl, and 1% Triton X-100). The synapto-
somal lysate was incubated for 2.5 h at 4°C with 15 ug of antibody that
had been covalently coupled to superparamagnetic protein A beads
(Dynabeads, 10001D; Invitrogen) by cross-linking with dimethyl-
pimelimidate (Sigma) according to Harlow and Lane (1988). After ex-
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Chmp2b expression in the mouse brain. 4, An adult male mouse was dissected, and equal amounts of total protein from each tissue were analyzed by SDS-PAGE and immunoblotting

with the indicated antibodies. The arrowhead indicates the Chmp4b-specific band. c-Tubulin was used as the loading control. B, Mouse brains at increasing developmental ages were analyzed by
immunoblotting with the indicated antibodies. PSD-95 was used as a marker of synaptogenesis. P, Postnatal age (days); 1M, 1 month. C, Equal protein amounts from the indicated regions of an adult
mouse brain were analyzed by immunoblotting as above. D, Frontal (left) or sagittal (right) sections from adult mouse brain were stained by immunoperoxidase with anti-Chmp2b antibody. Cx,
Cortex; cc, corpus callosum; Hpc, hippocampus; Hb, habenula; Ce, central amygdala; OB, olfactory bulb; (B, cerebellum. E, Left, Inmunostained CA1 layer in a frontal section of the hippocampus. Note
the strong staining of pyramidal cell bodies and the weaker but definite immunoreactivity of the neuropil. SO, Stratum oriens; Pyr, stratum pyramidale; SR, stratum radiatum. Right, Higher
magnification of the boxed region. Inmunoreactivity is observed in apical dendrites (arrowheads) and interneurons (arrows). F, Specificity of Chmp2b immunostaining. As a control, we used brain
sections from Chmp2b KO mice (Ghazi-Noori et al., 2012), here called Chmp2b KD because of the presence of residual Chmp2b protein in these mice (Fig. 7G,H). Chmp2b immunoreactivity was
revealed by immunoperoxidase in a frontal section of the brain of a 5-week-old wild-type (Wt) mouse (left) orin an equivalent section of a sibling KD mouse (right). Note that development of DAB
staining was performed identically for the two sections, but for a longer time than in D, which therefore appears lighter than F (Wt).

tensive washing in buffer containing 50 mm Tris-HCI, pH 7.4, 0.25%
sodium deoxycholate, and 0.75% Triton X-100, together with increasing
concentrations of NaCl (150-500 mm), bound proteins were eluted by
boiling in Laemmli buffer, resolved by SDS-PAGE, and blotted onto
PVDF membranes (Millipore). For samples first resolved by gel filtra-
tion, fractions of interest were pooled and immunoprecipitated under
the same conditions.

For immunoprecipitation of tagged proteins, transfected HEK-293T
were washed with PBS and homogenized in isotonic lysis buffer, and the
lysate was centrifuged at 1000 X g for 10 min. The postnuclear super-
natant was centrifuged at 50,000 X g for 1 h, and the pelleted mem-
branes were resuspended in DOC buffer. Immunoprecipitation was
performed with anti-tag antibody immobilized on protein A Dyna-
beads as above.

Immunoblotting. Cells or tissue lysates were resuspended in Laemmli
buffer and resolved by SDS-PAGE in 8—12% polyacrylamide gels. Pro-
teins were electrotransferred onto PVDF membranes. Membranes were
blocked for 30 min in TBS containing 0.1% Tween 20 and 5% dry milk
and incubated for 1 h with primary antibodies diluted in the blocking
solution. After six washes in TBS-Tween, the membranes were further
incubated for 30 min with secondary antibodies coupled to HRP, washed
six more times as before, and incubated with luminescence-generating
HRP substrate, and bound antibodies were revealed by luminography on
film.

Mass spectrometry analysis. A DOC extract from gradient-purified syn-
aptoneurosomes was fractionated by gel filtration, and the high-molecular-
weight (HMW) fractions were pooled and immunoprecipitated with
control or anti-Chmp2b antibody. Two other, independently prepared
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ot

anti-PSD-95 anti-Chmp2b

mCherry

Chmp2b forms clusters in dendrites. A, Cultured mouse cortical neurons were lysed at various stages of maturation, and equal amounts of lysate protein were analyzed by immuno-

blotting with the indicated antibodies. PSD-95 was used as a marker for synaptogenesis. B, Hippocampal neurons were transfected with empty pSuper-mCherry vector, fixed at 21 DIV, and stained
by dualimmunofluorescence with anti-Chmp2b and anti-PSD-95 antibodies. Left, Punctate staining of a dendritic segment in a transfected neuron (single confocal plane). Staining of nontransfected
cellsis also visible. Merge, Overlap (yellow) between Chmp2b and PSD-95 puncta, in dendritic shafts and spines, visualized with mCherry (white contour). The numbered arrowheads indicate spines
with colocalized puncta. Right, Enlarged views of the same spines. Scale bar, 20 um. €, Top, Dendritic segment double stained by anti-Chmp2b and anti-PSD-95. Bottom, Same after randomization
of Chmp2b staining pattern. The correlation coefficient (r) between actual Chmp2b and PSD-95 staining intensities is significantly higher than the mean r value generated by randomized Chmp2b
patterns (p << 0.0001, z test). D, Specificity of Chmp2b immunofluorescence. Hippocampal neurons were transfected with pSuper-mCherry expressing Chmp2b-specific shRNA, stained by
immunofluorescence with anti-Chmp2b, and imaged by confocal microscopy. Left, Representative transfected neuron, visualized by mCherry. Middle, Chmp2b immunostaining of the same field.
Arrowheads indicate the position of the transfected cell dendrites and soma. N, Neighboring, nontransfected neuron. Right, Immunostaining (red hot pseudocolor) is mostly absent from the

transfected neuron (outlined in white), though clearly detectable in the nontransfected cell (N). Scale bar, 10 m.

synaptoneurosome extracts were directly immunoprecipitated with the
same antibodies. The three pairs of immunoprecipitates were digested,
and the resulting peptides were analyzed by liquid chromatography-
tandem mass spectrometry (LC-MS/MS) as described further below. In
each of the three experiments, peptides derived from control and anti-
Chmp2b immunoprecipitates were analyzed in consecutive LC-MS/MS
runs performed on the same day.

For protein digestion, proteins in Laemmli buffer were stacked (2 mm)
on SDS-PAGE gels (4-12% NuPAGE gels; Invitrogen) before being
stained with Coomassie blue R-250 (Bio-Rad). The gel band was manu-
ally excised and cut in pieces before being washed by six successive incu-
bations of 15 min in 25 mM NH,HCO; and in 25 mm NH,HCO,
containing 50% (v/v) acetonitrile. Gel pieces were then dehydrated with
100% acetonitrile and incubated for 45 min at 53°C with 10 mm DTT in
25 mm NH,HCO; and for 35 min in the dark with 55 mm iodoacetamide
in 25 mm NH,HCOj. Alkylation was stopped by adding 10 mm DTT in 25
mM NH,HCO; and mixing for 10 min. Gel pieces were then washed
again by incubation in 25 mm NH,HCO; before dehydration with 100%
acetonitrile. A total of 0.15 pg of modified trypsin (sequencing grade;
Promega) in 25 mm NH,HCO; was added to the dehydrated gel pieces
for an overnight incubation at 37°C. Peptides were then extracted from
gel pieces in three 15 min sequential extraction steps in 30 ul of 50%
acetonitrile; 30 wl of 5% formic acid; and, finally, 30 ul of 100% aceto-
nitrile. The pooled supernatants were then dried under vacuum.

For nano-LC-MS/MS analyses, the dried extracted peptides were re-
suspended in 5% acetonitrile and 0.1% trifluoroacetic acid and analyzed
by on-line nano-LC-MS/MS [Ultimate 3000 (Dionex) and LTQ-
Orbitrap Velos pro (Thermo Fisher Scientific)]. Peptides were sampled

on a 300 wm X 5 mm PepMap C18 precolumn and separated on a 75
pm X 250 mm C18 column (PepMap; Dionex). The nano-LC method
consisted of a 120 min gradient at a flow rate of 300 nl/min, ranging from
5 to 37% acetronitrile in 0.1% formic acid for 114 min before reaching
72% for the last 6 min. MS and MS/MS data were acquired using Xcalibur
(Thermo Fisher Scientific). Spray voltage and heated capillary were, re-
spectively, set at 1.4 kV and 200°C. Survey full-scan MS spectra (m/z =
400-1600) were acquired in the Orbitrap with a resolution of 60,000 after
accumulation of 10 ions (maximum filling time, 500 ms). The 20 most
intense ions from the preview survey scan delivered by the Orbitrap were
fragmented by collision-induced dissociation (collision energy, 35%) in
the LTQ after accumulation of 10* ions (maximum filling time, 100 ms).

For bioinformatic analyses, data were processed automatically using
Mascot Daemon software (version 2.3.2; Matrix Science). Concomitant
searches against the Uniprot database (August 2012 version, Rattus tax-
onomy, 42,469 sequences), the classical contaminants database (67 se-
quences, homemade), and the corresponding reversed databases were
performed using Mascot (version 2.4). ESI-TRAP was chosen as the in-
strument and trypsin/P as the enzyme, and two missed cleavage were
allowed. Precursor and fragment mass error tolerances were set, respec-
tively, at 10 ppm and 0.6 Da. Peptide modifications allowed during the
search were carbamidomethyl (C, fixes) acetyl (N-ter, variable), oxida-
tion (M, variable), and deamidation (NQ, variable). The IRMa software
(version 1.30.4) was used to filter the results: conservation of rank 1
peptides, peptide identification False Discovery Rate << 1% (as calculated
by using the reverse database strategy), and minimum of one specific
peptide per identified protein group. The filtered results were uploaded
into a relational mass spectrometry identification database (MSIdb), and
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Figure3. Chmp2b regulates dendritic morphology in an ESCRT-IIl-dependent manner. 4, Hippocampal neurons were cotransfected at 10 DIV with the indicated mixtures of pSuper-based and
rescue (pBl-based) plasmids. pSuper vectors expressed mCherry together with the indicated shRNA [GFP shRNA (shGFP); Chmp2b shRNA (shChmp2b or sh2b)]. Rescue plasmids expressed ZsGreen,
alone or together with the indicated version of RNAi-resistant Chmp2b (2B*). Images of doubly transfected neurons at 14 DIV were acquired by confocal microscopy. Depicted is the morphology of
representative neuronsin each condition, as visualized by mCherry fluorescence (negative contrast, maximum intensity projections). B, Sholl analysis of dendriticarborization in neurons transfected
as in A. For each plasmid mix, the graph shows mean numbers of dendritic branches as a function of radial distance (n = 40 neurons per condition). Chmp2b knockdown strongly reduced the
distance-dependent increase in branch number (***p = 0.00014 compared with control curve, Kolmogorov—Smirnov test with Bonferroni’s correction). Expression of wild-type Chmp2b* restored
the control phenotype (p = 1). Chmp4b-binding-defective (Chmp2b* *'/22/26A) and membrane-binding-defective (Chmp2b* “**’*) mutants of Chmp2b were unable to fully restore the control
phenotype (**p = 0.004and p = 0.006, respectively). C, Hippocampal neurons were triply cotransfected at 10 DIV with HA-tagged Chmp2b ", Flag-tagged Chmp4b, and mCherry plasmids (1 g
of each plasmid). The cells were fixed 24 h later and stained by dual immunofluorescence with anti-HA and anti-Flag antibodies. Confocal microscopy images (z-projections) of dendritic fluorescence
are shown for a representative neuron. Chmp2b was recruited to Chmp4b puncta, some of which were found at dendritic branch points (arrowheads) or at the (Figure legend continues.)
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a homemade tool (hEIDI; Milbradt et al., 2014) was used for the compi-
lation, grouping, and comparison of the protein groups from the differ-
ent samples. hEIDI provides modules to help exploring validated search
results that have been compiled into a MSIdb. The user creates contexts,
which represent sets of identifications, and runs peptides and proteins
grouping algorithms to cluster peptides identifying a family of proteins in
these contexts. The grouping algorithm will first identify identical pep-
tides based on their mass and sequence. Groups of proteins matching the
same set of peptides are then created as is done in the IRMa toolbox for a
single identification. This is typically useful to consider results at the
sample level instead of the replicate level. To compare several contexts,
hEIDI aligns each protein group from each context to be compared. This
alignment is based on protein and peptide set similarity metrics.

To be considered as specifically associated with the Chmp2b immu-
noprecipitate, the proteins identified by this analysis were filtered ac-
cording to the following inclusion criteria: two or more unique peptides
(specific spectral counts); two or more distinct protein fragments [spec-
tral counts (SC)]; and ratio of SC in specific to control immunoprecipi-
tate (SC 2B/SC control) =5.

Electrophysiological recordings in cultured neurons. Mature [18-21 d in
vitro (DIV)] hippocampal neurons expressing the transfection marker
ZsGreen were used for whole-cell patch-clamp recording at room tem-
perature (20-24°C). The neurons were continuously perfused with an
extracellular solution containing 140 mm NaCl, 2 mm CaCl,, 3 mm KCl,
10 mm HEPES, 10 mm glucose, 0.5 uM tetrodotoxin, 50 um bicuculline
methiodide, and 1 uM strychnine, adjusted to pH 7.4 with NaOH and to
330 mOsm with Na-acetate. To induce LTP, glycine (200 uM in extracel-
lular solution) was perfused for 3 min onto the neurons (Lu et al., 2001).
For the experiments in which NMDA current amplitudes were mea-
sured, NMDA (100 um) was added to this solution and perfused with a
fast-exchange perfusion system. Recording pipettes were pulled from
borosilicate glass and had a resistance of 3-5 (OM when filled with a
solution containing (in mm) 115 CsMeSO;, 20 CsCl, 10 HEPES, 0.6
EGTA, 4 Na,-ATP, 0.4 Na-GTP, 10 Na-phosphocreatine, and 2.5 MgCl,,
adjusted to pH 7.2 with CsOH and to 300 mOsm with Cs-acetate. Cur-
rents were recorded from a holding potential of —60 mV using an Axon
200B amplifier (Molecular Devices). Cell capacitance and series resis-
tance compensation were applied electronically. Signals were filtered at 1
kHz, digitized at 5 kHz, and recorded using the pClamp software. Min-
iature EPSCs (mEPSCs) and NMDA-evoked currents were analyzed us-
ing ClampFit (Molecular Devices).

Live imaging. Image acquisition and analysis were performed blind to
transfected plasmids. For live imaging during chemical LTP, neurons
were transferred to a perfusion chamber (Pocon), washed, and kept in an
extracellular solution (125 mwm NaCl, 2.5 mm KCl, 2 mm CaCl,, 1 mm
MgCl,, 5 mm HEPES, 33 mm glucose, 50 um bicuculline, and 0.5 um TTX,
1 uM strychnine, pH 7.4) at 37°C on a heated stage. Neurons that simul-
taneously expressed GFP and mCherry (within the same fluorescence
range throughout experiments) and had a healthy appearance were iden-
tified by epifluorescence, and dendritic segments were selected so that
30-100 spines could be imaged per neuron while minimizing exposure

<«

(Figure legend continued.)  base of spine-looking protrusions (asterisk). Scale bar, 10 wm. D,
N2A cells were transfected with the indicated combinations of RNAi-inducing plasmids and
rescue plasmids. The cells were lysed and analyzed by immunoblotting with anti-Chmp2b an-
tibody. E, HeLa cells were cotransfected with HA-tagged Chmp2b ™" or Chmp2h R1/22/26A to-
gether with Chmp4b-Flag. Cells were stained by dual immunofluorescence with anti-HA and
anti-Flag antibodies and imaged by confocal microscopy. Insets, High magnification of the
boxed regions. Scale bars, 20 m. Colocalization of Chmp2b and Chmp4b was 80% for
Chmp2b ™" and 12% for Chmp2b ®'¥/2/2A (quantified as the percentage of Chmp2b-HA-
positive pixels overlapping Chmp4b-Flag puncta). F, HEK-293T cells were transfected with Flag-
tagged Chmp4b plasmid, alone or together with HA-tagged Chmp2b ™" or Chmp2b *1%/22/26A,
Anti-HA immunoprecipitates prepared from the transfected cells were analyzed by immuno-
blotting with anti-Flag or anti-HA antibodies. G, HEK-293T cells were transfected with Flag-
tagged Chmp2b ™" or Chmp2b “*/°_ The transfected cells were homogenized, the membrane
(P)and cytosolic (S) fractions were separated by centrifugation, and equivalentamounts of each
fraction were analyzed by immunoblotting with anti-Flag antibody.
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to light. mCherry fluorescence was excited with 75-150 uW nominal
laser power at 561 nm. The pinhole diameter was set to 1 Airy unit.
Z-stacks of 20-30 optical sections (voxel size, 0.11 X 0.11 X 0.2 wm?)
per dendritic segment were acquired at 15 min intervals. Signal per pixel
was averaged over two scans. After acquiring baseline images, an extra-
cellular solution containing 200 uM glycine (warmed to 37°C by in-line
heating) was delivered. Stimulation was stopped after 4 min by perfusing
a warm glycine-free extracellular solution. Only modest bleaching was
observed during the experiment. Cells showing signs of damage (pearling
or blebbing) were discarded.

To measure changes in spine volume, image stacks were subjected
to blind (adaptive) deconvolution with AutoQuant as above. The
deconvolved images (scaled to 8 bit) were used as input for 3D reconstruc-
tion of dendritic morphology by the software package NeuronStudio
(http://www.mssm.edu/cnic/tools.html), which allocates voxels to spines
through a specific algorithm (Rodriguez et al., 2006, 2008). Individual
spines labeled by the software and that were clearly identifiable at both
initial and final time points were manually selected. The volume of the
spines before and after stimulation was estimated by counting spine vox-
els. The fractional increase in spine volume was calculated for each spine
as follows:

AV V-V,
vV

with V; the volume at 5 min before the start of the stimulation and V; the
volume at 45 min after the end of the stimulation. The median values of
AV/V were calculated for each neuron. Differences between cultures did
not significantly contribute to the observed effects (two-way ANOVA,
p = 0.015 for factor plasmid, p = 0.93 for factor culture, p = 0.56 for
interaction). Therefore, the results from seven independent cultures
were pooled.

Statistical analysis. The statistical significance of differences between
sample means or sample distributions was calculated as described in the
figure legends. The normality of samples was systematically checked by
the Shapiro-Wilks test, and nonparametric tests were used where appro-
priate. Statistical tests were performed with R (R Core Team, 2013). Error
bars indicate SEM in all figures.

Results

A pool of Chmp2b localizes in dendritic shafts and spines

To address the physiological function of Chmp2b in neurons, we
first evaluated the relative level of Chmp2b protein in the brain
compared with that in other organs. Mouse tissue extracts were
analyzed by Western immunoblotting with an anti-Chmp2b an-
tibody. The same blots were also probed with an antibody raised
against the core ESCRT-III subunit Chmp4b. For both proteins,
expression was strikingly higher in the brain than in the other
organs, except for testes (Fig. 1A). Analysis of mouse brain at
various stages of development indicated that Chmp2b expression
increased during the first postnatal week (Fig. 1B). Both Chmp2b
and Chmp4b were detected in extracts from various regions of
the adult brain, with the highest Chmp2b levels found in olfac-
tory bulb and cerebral cortex (Fig. 1C).

To define the topographical pattern of Chmp2b protein
expression, we performed immunohistochemistry on mouse
brain sections (Fig. 1D). Chmp2b immunoreactivity was par-
ticularly strong in habenula, olfactory bulb, deep layers of the
neocortex, amygdala, and hippocampus. This pattern gener-
ally coincided with in situ hybridization data from the Allen
Brain Atlas (http://mouse.brain-map.org/gene/show/44784).
In higher-magnification views, immunostaining was evident in
the somatodendritic compartment of numerous neurons (e.g., in
the CA1 region of the hippocampus; Fig. 1E). Specificity of label-
ing was confirmed by showing reduced staining in the brain of
Chmp2b-deficient (KD) mice (Fig. 1F).
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Figure4. Chmp2b isinvolved in the maintenance of excitatory synapses in cultured neurons. A, Hippocampal neurons were transfected at 16 DIV with pSuper-mCherry encoding control (GFP)
shRNA. The neurons were fixed at 18 DIV, stained by dual immunofluorescence with anti-PSD-95 and anti-synapsin | antibodies, and dendrites were imaged by confocal microscopy. Postsynaptic
spines (arrowheads) were identified as dendritic protrusions (top) containing PSD-95 puncta (middle). Nearly all of the spines colocalized with the presynaptic marker Synapsin (bottom). mCherry
fluorescence was used as a mask to facilitate visualization of puncta belonging to the transfected neuron. Scale bar, 15 wm. B, Neurons were transfected at 16 DIV with the same plasmid
combinations as in Figure 3A. Images of dendritic morphology were acquired, and postsynaptic spines were identified as in A and counted. A representative field is shown for each condition. Scale
bar, 5 m. ¢, Mean density of postsynaptic spines along the dendrites of neurons transfected as in B. Compared with the control (GFP) shRNA, the Chmp2b-depleting shRNA induced a large drop
in spine density (***p = 2.4 X 10 ~ ", two-sided Wilcoxon test with Holm correction). Coexpressing wild-type Chmp2b* completely restored density (p = 1vs control, ***p = 6.3 X 10~ vs
Chmp2b shRNA alone). Coexpressing the Chmp4b binding-defective mutant Chmp2b* ®1/22/2A did not rescue spine density atall (***p = 3.8 X 10 ~®vs Chmp2b* """, p = 0.14vs Chmp2b shRNA
alone); neither did the membrane binding-defective mutant Chmp2b* “2/FP (**#p = 2. 9 %< 10 ~7vs Chmp2b """, p = 1vs Chmp2b shRNA alone). Neurons per condition: control, n = 34; Chmp2b
shRNA, n = 33; Chmp2b* "7, n = 30; Chmp2b* ®1¥/2/25A 1y = 16; Chmp2b* “P/F2, n = 14. D~F, Hippocampal neurons were transfected at 18 DIV with the indicated plasmids. Transfected
neurons were identified by fluorescence at 21 DIV, and their miniature EPSCs were measured by patch-clamp recordings in whole-cell configuration. D, Sample traces from neurons transfected as
indicated. E, Histogram of mean mEPSC amplitudes in neurons transfected as indicated (n = 5 cells, >100 minis per cell in each condition). The amplitude of mEPSCs was markedly reduced in
Chmp2b-deficient neurons (**p = 0.005, two-sided t test). F, Histogram of mean mEPSC frequencies in neurons transfected as indicated. Frequencies were lower in Chmp2b-deprived neurons
(*p = 0.012, two-sided t test). G, Neurons transfected as above were stimulated at 21 DIV by bath-applied NMDA (control, n = 6 cells; Chmp2b shRNA, n = 5 cells). The density of NMDA-evoked
currents (calculated as current normalized by capacitance) was strongly decreased in Chmp2b-deprived neurons (*p = 0.031, two-sided  test).
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Chmp2b isinvolved in the maintenance of excitatory synapses in vivo. A, Brain sections from 5-week-old Chmp2b knockdown mice (KD) or sibling controls (Wild type) were stained by

the Golgi impregnation technique. Stained dendritic segments were visualized by bright-field microscopy of the stratum radiatum. Shown are representative images of dendritic shafts and spines
inboth genotypes. B, Spines were classified into thin, stubby, ormushroom types, and their density per unit dendritic length was measured for each type (n = 4 animals, 36 dendrites per genotype).
Left, Histogram showing the mean density of each spine type in KD and WT mice. The total spine density was significantly lower in KD mice than in controls (*p = 0.039, two-sided  test). Right,
Histogram showing the mean proportion of the three spine types. The percentage of mushroom spines was significantly reduced in the KD mice (*p = 0.02). C, Representative electron micrographs
of the CA1 stratum radiatum from Wt and KD siblings. Presynaptic profiles are highlighted in blue, and postsynaptic spines (s) are in brown. D, Quantification of synapse density in the electron
micrographs. WT: n = 3 animals, 851 axo-spinous synapses from 30 micrographs; KD: n = 3 animals, 627 axo-spinous synapses from 30 micrographs. The density of postsynaptic spines per unit

surface was significantly lower in the KD (***p = 0.0008).

Chmp2b was also readily detectable in primary cultures of rat
neurons. Consistent with the developmental profile shown in
Figure 1B, immunoblotting analysis of cultured hippocampal
(Belly et al., 2010) or cortical (Fig. 2A) neurons showed that
endogenous Chmp2b expression steadily increased during neuronal
maturation, reaching a plateau after 9 DIV, thus overlapping the
period of synapse formation. As already observed in non-neuronal
cells, immunofluorescent staining of mature hippocampal neurons
revealed Chmp2b immunoreactivity throughout the entire cyto-
plasm. However, focusing on dendrites, we noted that Chmp2b
staining formed numerous small clusters, many of which were
found at the base, neck, and head of dendritic spines. Within
spine heads, Chmp2b clusters were often juxtaposed to PSDs
labeled with anti-PSD-95 antibody (Fig. 2B). The overlap of
Chmp2b with PSD-95 puncta was significantly more frequent
than expected by random superposition (Fig. 2C). The specificity
of synaptic staining with the anti-Chmp2b antibody was con-
firmed by extinction with a well validated shRNA construct (Belly
etal,, 2010; Fig. 2D).

Chmp2b regulates the stability of dendritic branches

After these observations, we used cultured hippocampal neurons
to examine whether Chmp2b played a role in the maintenance of
dendrites and synapses. For this, neurons were transfected with
the same Chmp2b-depleting shRNA as above. Control transfec-
tions were performed with a GFP-specific ShRNA with no effect
on neurons (Alvarez et al., 2006). The shRNA vectors also ex-
pressed mCherry, allowing visualization of the cellular morphol-

ogy. To assess the effect of Chmp2b depletion on dendrite
branching, neurons were transfected at 10 DIV and imaged at 14
DIV by confocal microscopy. As shown in Figure 3, A and B,
dendritic branching was reduced in Chmp2b-depleted neurons
compared with neurons transfected with control shRNA. Coex-
pression of an RNAi-resistant version of the Chmp2b mRNA
together with the shRNA almost fully rescued dendritic complex-
ity. These data indicate that Chmp2b is required for maintaining
the integrity of dendritic trees.

In non-neuronal settings, Chmp2 proteins are known to in-
teract with Chmp4 for formation of biologically active ESCRT-III
(Morita et al., 2011). Consistent with such an interaction, we
observed that when coexpressed in neurons at 10 DIV, epitope-
tagged Chmp2b and Chmp4b colocalized into puncta distributed
along the dendrites (Fig. 3C). Chmp2b/Chmp4b puncta were
repeatedly found at dendritic branch points or at the base of
dendritic protrusions. We then tested whether the effect of
Chmp2b on dendrite branching depended on its ability to bind to
endogenous Chmp4b. For this, we designed a Chmp2b point
mutant deficient for binding to Chmp4b. Morita et al. (2011)
showed that binding of Chmp4b to the close Chmp2b homolog
Chmp2a depends on three arginine residues in the Chmp2a N
terminus. Based on sequence alignment with Chmp2a, we re-
placed arginine residues 19, 22, and 26 of Chmp2b by alanine. We
demonstrated that, unlike Chmp2b wr, Chmprng/ 221267 failed
to colocalize with Chmp4b in the cell cytoplasm and to coimmu-
noprecipitate with Chmp4b in cell lysates (Fig. 3D-F). Thus,
Chmp2bR!9/2%/264 j5 ynable to interact with Chmp4b.
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Figure 6.

Chmp2b is required for stable increase in spine volume and in synaptic efficacy during chemical LTP. 4, B, Hippocampal neurons were transfected with pSuper-mCherry and rescue

plasmids. Confocal image stacks of dendritic segments (visualized by mCherry fluorescence) were acquired before and after induction of cLTP. 3D models of dendritic morphology were built from the
stacks with NeuronStudio and used to measure changes in spine volume. A, Maximal intensity projection of confocal images (top) and 3D models (bottom) of a representative dendritic segment
before and after cLTP in a neuron transfected with control plasmid. Arrows indicate spines that have expanded. B, The percentage increase in spine volume was measured for each stable spine of a
segment 5 min before and 45 min after cLTP induction, and median increases were calculated per transfected neuron. The box plot shows the distribution of median increases in neurons transfected
asindicated (n = 89 neurons per condition, 50 —100 spines per neuron). vec, Vector expressing GFP alone. The spines of control neurons were significantly expanded after cLTP induction (p =
0.0075, Wilcoxon one-sample test). The increase was abolished by Chmp2b knockdown (*p = 0.011 compared with control, Wilcoxon test with Holm correction) and reinstated by expression of
Chmp2b* (p = 0.336 compared with control), but not by GFP alone (p = 0.041vs control). €, D, Hippocampal neurons were transfected at 18 DIV with the indicated plasmids and cLTP was induced
asin A. mEPSCs were recorded before and after cLTP induction by patch-clamp recording in the whole-cell configuration. €, Sample traces obtained before and after cLTP in neurons transfected as
indicated. D, The histogram shows the relative potentiation of mEPSCs (mean percentage increase per neuron) compared with the mean amplitude before cLTP. The dotted line indicates 100% of
basal amplitude (mean mEPSCamplitude before LTP). LTP was abolished in Chmp2b-deprived neurons (*p = 0.033 compared with control, Holm-corrected t test). Expression of Chmp2b* rescued
LTP (p = 0.046 compared with basal amplitude in the same cells, paired ¢ test; **p = 0.0062 vs nonrescued cells; p = 0.34 vs control cells, two-sided t tests). Control, n = 5 cells; Chmp2b shRNA

plus vector, n = 11 cells; Chmp2b shRNA plus Chmp2b* ", n = 9 cells.

In Chmp2b-depleted neurons, Chmp2b®'#/?22°4 a5 much
less efficient than Chmp2b ™" for restoring dendritic complexity
(Fig. 3B), suggesting that Chmp2b activity in dendrite morpho-
genesis depends on its capacity to bind to Chmp4b. A second
point mutant, Chmp2b™"™P was also tested in dendrite
branching assays (Fig. 3B). The L4D/F5D mutation prevents re-
cruitment of the protein to the plasma membrane (Fig. 3G) and
abolishes the ability of Chmp2b to deform the plasma membrane
when overexpressed (Bodon et al., 2011). We found that
Chmp2b"*P/FP was severely deficient in the dendrite rescue as-
say, suggesting that the contribution of Chmp2b to dendrite
branching correlates with its membrane-deforming potential.
Together, the results show that Chmp2b regulates dendrite mor-
phogenesis in a way correlated with its capacity to bind to
Chmp4b, thereby suggesting a role for ESCRT-III complexes in
this process.

Chmp2b is required for maintenance of synapse density in
vitro and in vivo

We previously showed that Chmp2b depletion impaired the
morphological maturation of dendritic spines in young cultured

neurons (transfected at 10 DIV; Belly et al., 2010). To investigate
the contribution of Chmp2b to the maintenance of mature post-
synaptic spines, neurons were transfected at 16 DIV with control
or Chmp2b-targeting shRNA plasmid, together with control or
Chmp2b rescue vector. Two days later, the neurons were fixed,
and spines were labeled by immunofluorescence with anti-
PSD-95 antibody. Transfected neurons were then imaged by con-
focal microscopy, and postsynaptic spines were counted (Fig.
4A). In neurons transfected with the Chmp2b-depleting con-
struct, the density of postsynaptic spines along the dendrites was
reduced to 53% of that in control neurons (Fig. 4 B, C). Coexpres-
sion of RNAi-resistant Chmp2b " restored spine density to 89%
of the control value. In contrast, replacing Chmp2b ™" with ei-
ther the Chmp2b®!/2#2%4 or the Chmp2b™*?**P mutant re-
sulted in a complete lack of spine restoration. These results
indicate that Chmp2b is necessary for spine maintenance and
suggest that this function requires interaction of Chmp2b with
both Chmp4b and the plasma membrane.

To determine whether the loss of morphologically identified
spines correlated with changes in synaptic transmission, we per-
formed whole-cell patch-clamp recordings of spontaneous mEPSCs
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Figure7. Ultrastructural localization of Chmp2b in dendritic spines. A, Electron micrograph of Chmp2h immunoreactivity in the mouse stratum radiatum, detected by pre-embedding immu-
nogold labeling. D, Dendrites; S, spines; at, axon terminals. B, High-magpnification views of typical dendritic spines. Chmp2b usually appears on the periphery of the PSD or on the neck of the spine,
beneath the plasma membrane. Bottom right, Labeled MVB in a dendritic shaft. C, Quantitative analysis of immunogold labeling in the stratum radiatum. The graph shows mean density of gold
particlesin three neuronal compartments. The ultrastructural localization of 2100 gold particles was analyzed in 30 fields similar to that shown in A. Chmp2b density was significantly higher in spines
than in shafts or axonal boutons (p = 0.0498, n = 3 animals, 3 compartments and 10 fields per animal, Friedman test). D, Distribution of gold particle positions inside dendritic spines (n = 335
particles, 3 animals). Top, Histogram of normalized positions along the spine radius. Inset, Coordinate 0 corresponds to the spine center, and 1.0 corresponds to (Figure legend continues.)
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in cultured hippocampal neurons transfected with control or
shChmp2b constructs (Fig. 4D-F). Transfection was done at 18
DIV, and recordings were performed on mCherry fluorescent
neurons at 21 DIV. In Chmp2b-depleted neurons, the mean am-
plitude of mEPSCs was reduced by 43% and the mean frequency
by 30% (Fig. 4E, F). We also recorded excitatory currents evoked
by direct activation with bath-applied NMDA. Transfection of
the Chmp2b-depleting plasmid resulted in a 63% drop in NMDA
receptor-mediated current density (Fig. 4G). Cell capacitance
was not significantly affected (GFP shRNA, 16.2 = 0.8 pF;
Chmp2b shRNA, 14.0 = 1.0 pF; p = 0.3037, t test). Thus,
Chmp2b knockdown induced a loss of functional NMDA recep-
tors. Together, these data indicate that Chmp2b is required for
maintenance of functional excitatory synapses in cultured hip-
pocampal neurons.

To confirm the specificity of the shRNA effects and to deter-
mine whether these results extended to in vivo conditions, we
investigated the dendritic morphology of neurons stained by
Golgi impregnation in hippocampal CA1 sections from wild-type
and Chmp2b KD mice (Fig. 5A; Ghazi-Noori et al., 2012). We
found that the total density of spines was reduced by 33% in
KD mice compared with age-matched control siblings. This
included a 50% loss in the density of mushroom spines (Fig.
5B). We also evaluated the density of excitatory synapses in
wild-type and KD hippocampus by counting asymmetric syn-
aptic profiles in electron microscopic images of hippocampal
stratum radiatum (Fig. 5C). KD hippocampus displayed a 33%
drop in excitatory synapse density (Fig. 5D). Together, the
data strongly support the conclusion that Chmp2b plays an
important role in formation and maintenance of postsynaptic
spines.

Chmp2b is required for stable spine expansion and synaptic
potentiation during chemical LTP

We then examined whether Chmp2b was required for activity-
induced changes in spine structure and synaptic function. We
first measured the change in spine volume in cultured hippocam-
pal neurons subjected to a chemical LTP (cLTP) protocol, after
transfection with control or Chmp2b-depleting vectors. Hip-
pocampal neurons were transfected at 16—18 DIV and imaged 3 d
later during cLTP induced by brief stimulation of synaptic
NMDA receptors with glycine. The volume of individual spines 5
min before and 45 min after cLTP induction was estimated by 3D
reconstruction and voxel counting (Fig. 6A). As expected (Park et
al., 2006), in control neurons, spine volumes were increased at 45
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(Figure legend continued.)  the plasma membrane. Particles concentrate in the subplas-
malemmal cortex. Bottom, Histogram of normalized particle distances from the PSD. Inset,
Coordinate 0 corresponds to the PSD edge, and 1.0 corresponds to the point equidistant from
both edges of the PSD. Particles concentrate in the proximity of the PSD and become scarcer
further away, with a slight rebound in frequency at the usual position of the neck. E, 3D recon-
struction of a typical spine using immuno-electron micrographs of serial sections. The plasma
membrane is in gray, PSD in green, and particles are marked by dots. Particles appear beneath
the perisynaptic membrane around the PSD and also in the neck. Left, View from above the PSD;
right, lateral view. An animated version of the 3D model appears in Movie 1 (see Notes). F,
Quantitation of immunogold labeling in the stratum radiatum of WT and KD siblings. The
density of gold particles in the three neuronal compartments is much lower in the KD animals
(p<<10~%,n = 3 animals per genotype, Kruskal-Wallis test, density vs genotype). G, Com-
parison of Chmp2b amounts in WT and KD brains. Total brain extract was obtained from three
animals of each genotype and analyzed by SDS-PAGE and Western immunoblotting with anti-
Chmp2b antibody. Actin was used as a loading control. Quantitation of the Chmp2b band in
each lane was obtained by densitometry and normalized to the respective actin control. KD brain
still expressed 30% of the wild-type amount. H, Western blot used for the quantitation in G.
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min by ~15% (median value of the relative increment). In con-
trast, no such increase was seen in Chmp2b-depleted neurons
(Fig. 6B). Coexpression of RNAi-resistant Chmp2b fully restored
the increase in spine volume (Fig. 6B). These data indicated that
Chmp2b was required for stable expansion of spine heads during
cLTP.

We also determined the effect of the cLTP protocol on
mEPSCs in control and Chmp2b-depleted neurons. As expected,
glycine induced a stable increase in the amplitude of mEPSCs in
control neurons, thus demonstrating effective LTP (Fig. 6C,D).
Knockdown of Chmp2b impaired the increase in synaptic cur-
rents, and LTP could be rescued by expression of RNAi-resistant
Chmp2b™" (Fig. 6D). These data indicated that Chmp2b was
required for long-term synaptic plasticity.

CHMP2B is concentrated at the PSD and close to the

spine membrane

Chmp2b might regulate synaptic function by acting within syn-
apses. To investigate this point, we examined the localization of
the protein in neuronal processes in situ at ultrastructural reso-
lution, using the same antibody as above for pre-embedding im-
munogold labeling of the adult mouse hippocampus. EM of the
stratum radiatum revealed Chmp2b immunoreactivity in axons,
dendrites, and spines (Fig. 7A, B). Importantly, immunogold la-
beling was greatly reduced in Chmp2b KD brain, confirming the
specificity of labeling (Fig. 7F—H ). In the dendritic shafts, as ex-
pected based on the known endosomal function of ESCRT-III,
particles sometimes decorated multivesicular bodies (MVBs; Fig.
7B, bottom right). Spines (which are usually devoid of MVB;
Cooney et al., 2002) displayed a density of immunogold particles
that was twofold higher than in dendritic shafts or axonal bou-
tons (Fig. 7C). The particles found in spines showed no obvious
association with internal vesicular compartments.

We quantitated the distribution of Chmp2b within dendritic
spines by measuring the normalized distance of the gold particles
relative to either the center of the spine (radial distance) or the
edge of the PSD (tangential distance), following the method of
Récz and Weinberg (2008). Chmp2b immunoreactivity peaked
at radial positions corresponding to submembrane cortex and at
tangential positions immediately adjacent to the PSD (Fig. 7D).
Correcting the radial distribution for distance-dependent in-
crease in the sampling area did not change the submembrane
location of the density maximum (see Materials and Methods).
Along the tangential coordinate, in addition to the PSD-proximal
peak, a second peak was observed at large tangential distances,
corresponding to a distinct accumulation in the spine neck.
These results were confirmed by reconstructing the three-
dimensional distribution of Chmp2b immunoreactivity within
individual spines (Fig. 7E; Movie 1). Most particles were arrayed
just beneath the spine membrane around the PSD. Particles were
also found next to the limiting membrane of the spine neck. The
concentration of Chmp2b molecules in the perisynaptic domain
is consistent with the possibility that Chmp2b-containing assem-
blies might associate with the exterior fringe of the PSD.

Synaptic Chmp2b is part of a stable synaptic ESCRT-III
complex

We used immunoblotting to analyze the distribution of Chmp2b
and its direct interactor Chmp4b among subcellular fractions
derived from rat forebrain. Soluble protein and membranous
organelles were recovered from cortical lysates, and synaptoneu-
rosomes were isolated from the total membranes by sedimenta-
tion on sucrose gradients. Antibodies against synaptophysin and
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Movie 1. Animated view of a reconstructed spine, showing under various angles the distri-
bution of Chmp2b labeling (black dots) around the PSD (green) and in the neck.

PSD-95 were used as markers of the presynaptic and postsynaptic
compartments, respectively. Chmp2b was more concentrated in
the membranes and in the synaptoneurosomes than in the solu-
ble fraction (Fig. 8A). By comparing the intensity of the Chmp2b
band with recombinant protein standards, we estimated that
Chmp2b represented ~0.03% (w/w) of total synaptosomal pro-
tein (data not shown). The relative level of Chmp2b remained
elevated in the Triton X-100-insoluble material extracted from
synaptoneurosomes (PSDI fraction). Chmp4b was mostly Triton
insoluble and highly enriched in the PSDI fraction. Subsequent
solubilization of PSDI revealed that unlike PSD-95, Chmp2b and
Chmp4b could be solubilized from the PSD fraction using the
more stringent detergent Sarkosyl (Fig. 8B, fraction PSDIII). Sol-
ubilization of Chmp2b from synaptoneurosomes was completely
ineffective with 1% digitonin, only partial with the mild nonionic
detergent dodecylmaltoside, and very efficient with 1% DOC
(Fig. 8C). These data indicated that although Chmp2b and
Chmp4b were associated with Triton-insoluble fractions con-
taining postsynaptic scaffolding proteins, they did not behave as
“core” proteins of the PSD, but rather as peripherally attached
PSD proteins.

To determine the oligomeric state of Chmp2b at synapses,
gradient-purified synaptoneurosomes were lysed in DOC (Husi
and Grant, 2001). The lysates were clarified by high-speed cen-
trifugation, and the solubilized proteins were then analyzed by gel
filtration and immunoblotting of fractions. This revealed that
30% of synaptic Chmp2b was associated with large molecular
assemblies (>1.5 MDa), coeluting with the expected peak of
postsynaptic receptor/scaffold complexes (Fig. 8D). The remain-
ing Chmp2b molecules were eluted in low-molecular-weight
(LMW) fractions (peaking at =50 kDa apparent molecular
weight) corresponding to monomeric Chmp2b, as indicated by
comparison with the purified recombinant protein (Fig. 8E). Im-
portantly, DOC buffer did not affect the apparent size of mono-
meric recombinant Chmp2b (Fig. 8E), demonstrating that
Chmp2b polymerization is not activated by the detergent during
solubilization. The vast majority of synaptic Chmp4b, as well as a
fraction of the Chmp4b-binding protein Alix, coeluted with the
HMW pool of Chmp2b and PSD-95 (Fig. 8D). These data show
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that at synapse Chmp2b, Chmp4b and Alix are part of stable
polymers, possibly representing ESCRT-III complexes associated
with synaptic structures. To investigate this point further, we
performed coimmunoprecipitation experiments. The HMW and
monomeric entities resolved by gel filtration were separately immu-
noprecipitated with anti-Chmp2b, and the immunoprecipitates
were probed with anti-Chmp4b antibody. A large proportion of
the Chmp4b present in the HMW peak coprecipitated along with
Chmp2b (Fig. 8F, lanes 1-3). In contrast, Chmp4b molecules and
Chmp2b present in the LMW fraction were not coprecipitated
(Fig. 8F, lanes 4—6). Thus, in synaptoneurosomes solubilized by
DOC, the polymeric pool of Chmp4b corresponds to molecules
associated with Chmp2b, supporting the conclusion that syn-
apses contain stable ESCRT-III complexes.

To further define the composition of synaptic ESCRT-III,
Chmp2b immunoprecipitates derived from the purified HMW
peak or from total synaptoneurosomal lysates were analyzed by
mass spectrometry. In agreement with the above data, Chmp4b
was detected as one of the most prominent proteins among the
numerous Chmp2b-associated species (Table 3). Alix and the
ESCRT-II subunits ChmplA, Chmp2A, Chmp3, Chmp5, and
Chmp6 were also identified, confirming that synaptic Chmp2b is
part of an ESCRT-III-type complex. On the other hand, pro-
teomic analysis also identified GluN2B, Homer, and Shank pep-
tides among Chmp2b-bound species. The presence of these
postsynaptic proteins was confirmed by immunoblotting (Fig.
8G). In addition to Chmp4b and Alix, Chmp2b immunoprecipi-
tates derived from synaptosomal DOC lysates also contained de-
tectable amounts of NMDA receptors but no GluA2-containing
AMPA receptors. Furthermore, mass spectrometry also revealed
a set of proteins regulating or belonging to the cortical actin
cytoskeleton (Table 4). Together with the intraspine distribution
of Chmp2b immunoreactivity, these biochemical data suggest
that a subset of Chmp2b molecules exist within stable ESCRT-III
polymers attached to the spinoskeleton, around the PSD and in
the spine shell.

Discussion
Our previous work indicated that Chmp2b depletion, as well as
expression of FTD-linked Chmp2b mutants, impaired the mor-
phological maturation of dendritic spines in cultured hippocam-
pal neurons, suggesting that this extremely conserved protein
might play a specific role at synapses (Belly et al., 2010). In the
present study, we confirmed and extended these results. We
found that, compared with other tissues, Chmp2b was highly
expressed in the brain and that its expression was upregulated
during synaptogenesis. In cultured hippocampal neurons, de-
pleting Chmp2b by RNAi decreased the stability of dendritic
branches and the density, efficacy, and plasticity of excitatory
synapses. Chmp2b-deficient mouse hippocampus displayed a
striking reduction in spine and synapse density, supporting the
specificity and in vivo relevance of the RNAi effects. Furthermore,
EM observations showed that the protein preferentially accumu-
lated close to the spine plasma membrane and near the PSD.
Finally, biochemical data demonstrated that the protein was
present inside ESCRT-III polymers physically associated with the
PSD. Thus, Chmp2b-containing ESCRT-III complexes play a
previously unsuspected role in the regulation of long-term synaptic
plasticity. The circular geometry and membrane-scaffolding prop-
erties of ESCRT-III polymers suggest that they may directly contrib-
ute to shaping domains of the spine membrane.

The importance of Chmp2b for synaptic stability was sup-
ported by the concomitant drop in synaptic markers, mEPSC
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Table 3. ESCRT-11I subunits and postsynaptic scaffold proteins detected by mass spectrometry of the synaptic Chmp2b-containing complex

Unique peptides (IP HMW complex)

Spectral counts (IP HMW complex) Spectral counts (IP lysate)

Protein name Accession number Chmp2b IgG Control lgG Chmp2b IgG Control IgG Chmp2b IgG Control IgG
CHMP2B FIM8B7_RAT 2 0 2 0 2 0
CHMP2A B2RZB5_RAT 8 0 8 0 4 0
CHMP4B D4A9Z8_RAT 12 0 12 0 14 0
CHMP6 D3ZDR2_RAT 3 0 3 0 3 0
CHMP5 CHMP5_RAT 3 0 3 0 4 0
CHMP1A D4AE79_RAT 4 0 4 0 4 0
CHMP3 CHMP3_RAT 8 0 8 0 3 0
ALIX PDC6I_RAT 10 0 10 0 2 0
GLUN2B NMDE2_RAT 2 0 2 0 10 0
PSD-95 DLG4_RAT 3 0 3 0 2 7
SHANK1 SHAN1_RAT 5 0 5 0 7 0
HOMER1 HOME1_RAT 6 0 6 0 11 3

Gradient-purified synaptoneurosomes were lysed in DOC buffer and fractionated by gel filtration. The HMW fractions were pooled and immunoprecipitated with anti-Chmp2b or control Ig@. Immunoprecipitates were analyzed by LC-MS/MS.
For each protein, the total number of protein-derived peptides (spectral counts) is shown as a semiquantitative estimate of relative protein abundance. The number of unique peptides was equal to the spectral count for all proteins shown.
Spectral countsarealso given for the same proteins identified in anindependentimmunoprecipitate prepared from total synaptosomal lysate (right column). Note the consistency of Chmp spectral counts between experiments. Proteins were

detected in a total of three immunoprecipitation (IP) experiments.

frequency, and NMDA-evoked current density in mature cul-
tured neurons in which Chmp2b had been depleted. In these
neurons, remaining synapses were less efficient than in control
neurons and less apt to undergo potentiation. We also showed
that Chmp2b is necessary for synapse integrity in vivo, based on
the observed decrease in both Golgi-stained spines and EM syn-
aptic profiles in the stratum radiatum of “leaky KO” mice ex-
pressing 15-30% of the normal Chmp2b amount (Ghazi-Noori
et al., 2012).

Given the established function of Chmp proteins in the trans-
fer of material to the endo-lysosomal apparatus, the neuronal
effects of Chmp2b deficiency might arise from impaired endo-
somal traffic. Endosomes have been shown to play a crucial role
in postsynaptic function and plasticity, e.g., for receptor delivery
and as membrane reservoirs for spine expansion (Park et al.,
2006). Chmp2b might conceivably regulate some aspect of endo-
somal dynamics or function in spines. Consistent with this pos-
sibility, in non-neuronal cells, ESCRT complexes seem to be
involved in trafficking endosomal cargo to multiple cellular lo-
calization, including the plasma membrane and associated cyto-
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Figure8. Chmp2bis part of a stable ESCRT-III-type complex. 4, Rat forebrain homogenates
were fractionated as described in Materials and Methods. Equivalent amounts of each fraction
were analyzed by Western immunoblotting with the indicated antibodies. Both Chmp2b and
Chmp4b were enriched in the PSD fraction. B, PSDI was re-extracted with either 0.5% Triton
X-100 or 3% Sarkosyl to yield insoluble fractions PSDII or PSDII, respectively. Equivalent
amounts of each fraction were analyzed by Western immunoblotting. €, Synaptoneurosomes
were solubilized with the indicated detergents and centrifuged at high speed. The resulting
supernatants and pellets were analyzed by immunoblotting with the indicated antibodies. D,
Gradient-purified synaptoneurosomes were lysed in 1% DOC, insoluble material was removed,
and the extract was fractionated by size-exclusion chromatography on a Sephacryl S-300 col-
umn. Column fractions were analyzed by immunoblotting with the indicated antibodies. Ap-
parent molecular weights (MW) were calibrated with protein markers. A subset of Chmp2b
displayed the same high MW as the PSD-95 complex. E, Monomeric recombinant His-tagged
Chmp2b was incubated with either 1% Triton X-100 or 1% DOC and fractionated by size-
exclusion chromatography on a Sephacryl S-300 column. Fractions were analyzed by immuno-
blotting with an anti-His tag antibody. DOC did not cause detectable aggregation of monomeric
Chmp2b. The elution peaks of synaptic Chmp2b-containing fractions resolved on the same
column are indicated for reference. F, Fractions corresponding to HMW and LMW Chmp2b
populations were separately pooled and immunoprecipitated with anti-Chmp2b antibody or
control IgG. The immunoprecipitates were analyzed by immunoblotting with anti-Chmp2b or
anti-Chmp4b antibody. Chmp4b coprecipitated with Chmp2b in the HMW peak. G, Synap-
toneurosome extracts were prepared as in D and immunoprecipitated with anti-Chmp2b anti-
body or control IgG. The immunoprecipitates were analyzed by immunoblotting with the
indicated antibodies.

skeletal structures (Baldys and Raymond, 2009; Lobert and
Stenmark, 2012).

However, native endosomal ESCRT-III complexes are
thought to be very transient, in contrast with the synaptic com-
plex described here. An alternative hypothesis, which we favor,
rests on the finding that ESCRT-III assemblies made of Alix,
Chmp4, and Chmp2 can locally reshape the plasma membrane,
as during virus egress, cytokinesis, and membrane repair (Henne
etal., 2013; Jimenez et al., 2014). That Chmp2b might have such
a membrane-scaffolding activity in neurons was suggested by the
finding that Chmp2b"*”/*>" was not able to restore dendritic
complexity in Chmp2B-depleted neurons. Since we had previ-
ously characterized this mutant for its inability to bind to and
scaffold the plasma membrane (Bodon et al., 2011), these results
suggested that Chmp2b locally acts as a morphoregulatory pro-
tein. The effect of Chmp2B on dendritic branches also correlated
with its ability to bind its direct ESCRT-III partner Chmp4b, in
agreement with previous findings that Chmp4b was required for
dendritic growth and maintenance in Drosophila and mouse neu-
rons (Sweeney et al., 2006; Lee et al., 2007). However, since Chmp2b
depletion did not cause the rapid lethality induced by Chmp4b
RNAI, the morphogenetic function mediated by Chmp2b appears to
be distinct from other vital ESCRT-III activities. Interestingly, mu-
tation of Chmp2b arginine 22 (one of the three residues required for
binding to Chmp4b) was recently detected in a sporadic case of
amyotrophic lateral sclerosis (van Blitterswijk et al., 2012), suggest-
ing that dysfunction of the Chmp2b—Chmp4b interaction might
have disease relevance.

Gel filtration of synaptosomal lysates showed that at least 30%
of synaptic Chmp2b was bound into a large supramolecular com-
plex that comigrated with postsynaptic scaffolds. Coimmunopre-
cipitation indicated that within this complex, Chmp2b was
associated with the Shank-Homer network and GIuN2B-
containing NMDA receptors but not with the more mobile
GluA2-containing AMPA receptors. In accordance with the
strong concentration of Chmp4b in the PSD fraction, ~70% of
synaptosomal Chmp4b comigrated with the Chmp2b/PSD-95
peak and coprecipitated with Chmp2b. Unbiased analysis by
mass spectrometry confirmed the presence of Chmp4b in the
Chmp2b immunoprecipitates. Using mass spectral counts as a
semiquantitative criterion for abundance, Chmp4b; ESCRT-III
components Chmp2A, Chmp3, Chmp1A, and Chmp5; and the
Chmp4b-binding platform Alix were all strongly represented.
This composition corresponds to that expected for ESCRT-III.
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Table 4. Complete list of proteins detected by mass spectrometry of the synaptic Table 4. Continued
Chmp2b-containing HWW complex
P J d Gt Accession SCIB/SC Chmpablgg  Coro9

Accession SC2B/SC  Chmp2blge — 2= Proteinname number Note Control ~ SC SSC SC - SSC

Proteinname  number Note Control ~ SC SSC - SC - SSC Nduf2 NDUV2_RAT 2Bonly 3 3

Bag6 BAG6_RAT 2Bonly 35 35 Plec PLEC_RAT 2B only 3 3

Gjal CXAT_RAT 2Bonly 29 29 Pura PURA_RAT 2B only 3 3

Get4 F1LXF5_RAT 2Bonly 23 23 Pygb PYGB_RAT 2B only 3 3

Camk2g KCC2G_RAT  PSD 2Bonly 14 4 Syt7 Q99P34_RAT 2B only 3 3

Chmp4b D4A9Z8_RAT ~ ESCRT-ll  2Bonly 12 12 Rab2a RAB2A_RAT 2B only 3 3

Fasn FAS_RAT 2Bonly 11 1 Ran RAN_RAT 2B only 3 3

Ptpn23 FIM951_RAT ~ ESCRT-ll 2Bonly 10 10 Dnm1 DYN1_RAT 8,7 26 26 3 3

Alix PDC6I_RAT ESCRT-l - 2Bonly 10 10 Atp2b1 AT2B1_RAT 8,0 8 3 M

Ubl4a UBL4A_RAT 2Bonly 10 10 Nsf NSF_RAT 8,0 16 6 2 2

Wdr7 WDR7_RAT 2Bonly 10 10 Rab3c RAB3C_RAT 8,0 8 4 (1) (1)

Myo6 D4A5I9_RAT  CSK 2B only 9 9 Atp2b2 AT2B2_RAT 7,0 7 3 M

Hk1 HXK1_RAT 2B only 9 9 Rab14 RAB14_RAT 7,0 7 3. M

Sptbn2 SPTN2_RAT (K 2B only 9 7 Rims1 RIMS1_RAT 7,0 7 7 M

Chmp2a B2RZB5_RAT  ESCRT-ll 2B only 8 8 Syn2 SYN2_RAT 7,0 7 4 M M

Chmp3 CHMP3_RAT  ESCRT-lll  2Bonly 8 8 Add2 ADDB_RAT CSK 50 5 4 (1) ()

Ptkp K6PP_RAT 2B only 8 7 Atp5o0 ATPO_RAT 50 5 5 M M

Ogt OGT1_RAT 2B only 8 8 RGD1307615  D3ZKQ4_RAT 50 5 5. M M

Pfkm Q52KS1_RAT 2B only 8 7 Sptan1 E9PSZ3_RAT  CSK 50 35 3% 7 7

Srcinl SRCN1_RAT 2B only 8 8 Immt IMMT_RAT 50 5 5. M M

Myo1d MYO1D_RAT  CSK 2B only 7 7 Camk2b KCC2B_RAT ~ PSD 50 30 3 6 (1)

Capzb CAPZB_RAT  CSK 2B only 6 6 Aco2 ACON_RAT 2B only 2 2

Myh14 FILNFO_RAT  (SK 2B only 6 2 Maoa AOFA_RAT 2B only 2 2

Ank2 FIMON9_RAT  (SK 2B only 6 6 Ap3m2 AP3M2_RAT 2B only 2 2

Sfxn G3V804_RAT 2B only 6 2 Actr2 ARP2_RAT CSK 2B only 2 2

Homer1 HOME1_RAT  PSD 2B only 6 6 ArpcSl ARPSL_RAT (5K 2B only 2 2

Ppplca PP1A_RAT 2B only 6 2 Atad3 ATAD3_RAT 2B only 2 2

Ppplcc PP1G_RAT 2B only 6 2 Cacnala CACIA_RAT 2B only 2 2

Hspa12a D3ZC55_RAT 2B only 5 5 Cand1 CAND1_RAT 2B only 2 2

Dbn1 DREB_RAT PSD 2B only 5 5 Crym CRYM_RAT 2B only 2 2

Gphn GEPH_RAT 2B only 5 5 Caskin1 CSKIT_RAT 2B only 2 2

Idh2 IDHP_RAT 2B only 5 5 Atp5j2 D3ZAF6_RAT 2B only 2 2

Shank1 SHANT_RAT  PSD 2B only 5 5 Dsg1b D37Q45_RAT 2B only 2 2

Tpil TPIS_RAT 2B only 5 5 Atpévia D4AT33_RAT 2B only 2 2

Sptbn1 G3V6S0_RAT  (SK 35,0 35 33 () (1) Add3 D4A3Q7_RAT  (SK 2B only 2 2

Myh10 F1LQ02_RAT  (SK 24,0 24 9 1) @ Epb41i1 E41L1_RAT CSK 2B only 2 2

Dync1h1 DYHC1_RAT 22,0 22 5 M M Hadha ECHA_RAT 2B only 2 2

Ap3d1 B5DFK6_RAT 12,0 12 22 1) Ank3 FILP19_RAT  CSK 2B only 2 2

Myh9 G3V6P7_RAT  (SK 1,0 n 6 (1) (1) Mrpl48 FILWB8_RAT 2B only 2 2

Cyfip2 D3ZX82_RAT  (SK 2B only 4 4 Chmp2b FIM8B7_RAT  ESCRT-Il 2B only 2 2

ChmpTa DAAE79_RAT  ESCRT-ll 2B only 4 4 Gnb1 GBB1_RAT 2B only 2 2

Glud1 DHE3_RAT 2B only 4 4 Slc2al GTR1_RAT 2B only 2 2

Sucla2 F1LM47_RAT 2B only 4 4 Eif4a2 IF4A2_RAT 2B only 2 2

Epb4113 G3V874_RAT  (SK 2B only 4 4 Kenh1 KCNH1_RAT 2B only 2 2

Kif2a KIF2A_RAT 2B only 4 4 Prkcb KPCB_RAT 2B only 2 2

Pclo PCLO_RAT 2Bonly 4 4 Ldha LDHA_RAT 2B only 2 2

Snf8 SNF8_RAT 2B only 4 4 Mink1 MINK1_RAT 2B only 2 2

Snap25 SNP25_RAT 2B only 4 4 Grin2b NMDE2_RAT  PSD 2B only 2 2

Actn1 ACTN1_RAT  CSK 2B only 3 3 Pdhb ODPB_RAT 2B only 2 2

Agap2 AGAP2_RAT 2B only 3 3 Pde2a PDE2A_RAT 2B only 2 2

Snap91 AP180_RAT 2B only 3 3 Mrps9 Q510K4_RAT 2B only 2 2

Atp5f1 AT5F1_RAT 2B only 3 3 Ndufs7 Q5RINO_RAT 2B only 2 2

L0C681996 BOBN63_RAT 2B only 3 3 Ndufv1 Q5XIH3_RAT 2B only 2 2

Arpc4 B2RZ72_RAT  (CSK 2B only 3 3 Ugar2 QCR2_RAT 2B only 2 2

Ndufa4 B2RZD6_RAT 2B only 3 3 Rab18 RAB18_RAT 2B only 2 2

(apza2 CAZA2_RAT  (SK 2B only 3 3 Rab7a RAB7A_RAT 2B only 2 2

Chmp5 CHMP5_RAT  ESCRT-IIl 2B only 3 3 Rac1 RACT_RAT 2B only 2 2

Rapgef4 D3KR63_RAT 2B only 3 3 Mras RASM_RAT 2B only 2 2

Chmp6 D3ZDR2_RAT  ESCRT-ll 2B only 3 3 Rpl23a RL23A_RAT 2B only 2 2

Dclk1 DCLK1_RAT 2B only 3 3 Rtn1 RTNT_RAT 2B only 2 2

Dig4 DLG4_RAT PSD 2B only 3 3 Sept5 SEPT5_RAT CSK 2B only 2 2

Dynll1 DYL1_RAT 2B only 3 3 Sipaill SITLT_RAT 2B only 2 2

H2alc H2A1C_RAT 2B only 3 3 Ssbp1 SSBP_RAT 2B only 2 2

Prkar2b KAP3_RAT 2B only 3 3 Stx1h STX1B_RAT 2B only 2 2

Prkeg KPCG_RAT 28 only 3 3 Four hundred twenty-eight candidate proteins detected in the sample were filtered as described in Materials and Methods,

Nckap1 NCKP1_RAT CSK 2B only 3 3 yielding a list of 134 proteins, shown by order of decreasing spectral counts. The Note column points out ESCRT-Ill proteins,

Ndufs2 NDUS2_RAT 2B only 3 3 PSDs, and components of the spine actin cytoskeleton (CSK). SC, Spectral counts (cut- off 2); SSC, specific spectral counts

(Table continues) (unique peptides); SC2B/SC Control, ratio of spectral counts between specific and control immunoprecipitation (cut-off 5);

2B only, no peptides in control immunoprecipitation; (1), SSC = 1, insufficient for definite identification.
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The simplest explanation of these data is that Chmp2b, Chmp4b,
and other subunits were all bound together in stable ESCRT-III
polymers attached to postsynaptic scaffolds. The size of scaffolds
would account for the apparent molecular weight of the complex,
which was >1 MDa larger than the 450 kDa measured in yeast
ESCRT-III (Teis et al., 2008). The difference in solubility between
Chmp4b and Chmp2b is consistent with multimerization of
these molecules in filaments with a high Chmp4/Chmp?2 ratio,
similar to that determined in yeast.

In view of the known features of ESCRT-III in yeast and cell
lines, the apparent stability of synaptic ESCRT-III was unex-
pected. The transient nature of ESCRT-III assembly in vivo is
considered one of its cardinal features, as it arises from tight
coupling between subunit polymerization, recruitment of the de-
polymerizing ATPase Vps4, and membrane scission (Lata et al.,
2008; Henne et al., 2013). Detection of wild-type yeast ESCRT-III
polymers required protein cross-linking (Teis et al., 2008), and to
our knowledge, the biochemical recovery of physiologically as-
sembled ESCRT-III from metazoan cells has not been previously
reported. In contrast, in synaptoneurosomes, a large fraction of
Chmp2b and Chmp4b was polymerized at steady state, and the
polymer survived solubilization in deoxycholate. One possible
explanation for this stability is that Vps4 may not have access to
synaptic ESCRT-III because of steric hindrance by synaptic pro-
teins. In line with this possibility, proteomic analysis failed to
detect Vps4 among Chmp2b-associated proteins, even though
Vps4 was present in total synaptosomal lysates.

That a subset of Chmp2b-containing ESCRT-III assembles un-
der the spine membrane is supported by congruent immuno-EM
and biochemical data. First, the preferential localization of
Chmp2b around the PSD and in the neck indicated that Chmp2b
was recruited to the submembrane scaffold of spines. Moreover,
isolation and differential detergent extraction of the PSD fraction
showed that Chmp2b was anchored to but not embedded within
the PSD. Our biochemical data suggest that most of the Chmp2b
molecules lying under the spine membrane are part of ESCRT-III
polymers. Because Chmp?2b exists in axonal boutons as well as in
spines, it is possible that some of the complexes originated in
the presynaptic compartment. However, since Chmp2b was
significantly more concentrated in spines than in boutons, and
given that postsynaptic entities predominate in the PSD-95
peak and among Chmp2b-bound proteins, it is likely that
most of the ESCRT-III identified in synaptoneurosome ex-
tracts was postsynaptic.

We speculate that the intrinsic geometry and rigidity of
ESCRT-III filaments may be responsible for imparting spines
with some aspects of their typical architecture, thus promoting
synaptic stability and plasticity. Chmp4 and Chmp2 polymers
reconstituted in vitro from recombinant subunits or via overex-
pression in transfected cells, consistently form 100- to 300-nm-
wide circular or helical arrays strongly adhering to the plasma
membrane. Together with the ultrastructural distribution of
Chmp2b within dendritic spines, these dimensions are compati-
ble with circular ESCRT-III filaments lining the cytoplasmic side
of the spine plasma membrane in the neck and around the PSD.
The filaments might conceivably help shape the neck or set up
boundaries for PSD growth. Because of the high affinity of the
filaments for lipids, they could also act as diffusion barriers, reg-
ulating exchange of molecules between the PSD and the extrasyn-
aptic membrane or between spine and shaft. Given the numerous
actin-regulating proteins detected by LC-MS in Chmp2b immu-
noprecipitates, ESCRT-III filaments might also provide an an-
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chor for assembly of actin-based structures or a fulcrum for
application of mechanical force by actin.

The Chmp2b ®'*/22/26% and Chmp2b “***>" mutants were de-
fective for both dendrite and spine maintenance, suggesting that
both processes share a requirement for ESCRT-III assembly and
binding to the plasma membrane. In cultured neurons, overex-
pressed ESCRT-IIT assemblies were frequently localized at den-
dritic branch points. Chmp2b-containing ESCRT-III might
control local cytoskeletal rearrangements, or stabilize membrane
curvature at the base of dendritic branches, perhaps by assem-
bling into ~1-um-wide rings, akin to those observed in the in-
tercellular bridge of dividing cells (Guizetti et al. 2011). This
diameter would correspond to that of distal dendrites, known by
EM measurements to be no larger than 0.5-1 wm (Bartlett and
Banker, 1984). More studies are necessary to identify ESCRT-III
structures in neurons and to elucidate the mechanisms whereby
they help maintain dendrites and spines.

Our work showing that CHMP2B resides at synapses and is
involved in synaptic plasticity opens new avenues for under-
standing how Chmp2b deficiency contributes to the cognitive
effects of Chmp2b mutations in FTD patients.
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