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The release of small extracellular vesicles (sEVs) has recently been reported, but knowledge of their function in neuron devel-
opment remains limited. Using LC-MS/MS, we found that sEVs released from developing cortical neurons in vitro obtained
from mice of both sexes were enriched in cytoplasm, exosome, and protein-binding and DNA/RNA-binding pathways. The
latter included HDAC2, which was of particular interest, because HDAC2 regulates spine development, and populations of
neurons expressing different levels of HDAC2 co-exist in vivo during the period of spine growth. Here, we found that
HDAC2 levels decrease in neurons as they acquire synapses and that sEVs from HDAC2-rich neurons regulate HDAC2 signal-
ing in HDAC2-low neurons possibly through HDAC2 transfer. This regulation led to a transcriptional decrease in HDAC2
synaptic targets and the density of excitatory synapses. These data suggest that sEVs provide inductive cell-cell signaling that
coordinates the development of dendritic spines via the activation of HDAC2-dependent transcriptional programs.
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Significance Statement

A role of small extracellular vesicles (sEVs; also called exosomes) in neuronal development is of particular interest, because
sEVs could provide a major signaling modality between developing neurons when synapses are not fully functional or imma-
ture. However, knowledge of sEVs on neuron, and more precisely spine development, is limited. We provide several lines of
evidence that sEVs released from developing cortical neurons regulate the development of dendritic spines via the regulation
of HDAC2 signaling. This paracrine communication is temporally restricted during development because of the age-depend-
ent decrease in sEV release as neurons mature and acquire spines.

Introduction
Every cell in the body, including neurons, releases nanosized ma-
terial that has the potential to impact surrounding cells. The
released nanomaterial that has drawn the most attention is small
extracellular vesicles (sEVs), especially exosomes, that form
when intraluminal vesicles in multivesicular bodies (MVBs) are
released into the extracellular milieu on MVB fusion with the
plasma membrane (Valadi et al., 2007; Lee et al., 2012; Lawson et

al., 2017). sEVs carry a cargo rich in proteins and RNAs and
have emerged as a powerful mechanism of intercellular commu-
nication in all cell types (Valadi et al., 2007; Lee et al., 2012;
Zappulli et al., 2016; Jeppesen et al., 2019). With respect to neu-
ronal cells, sEVs have been shown to be released and transferred
between cortical neurons (Fauré et al., 2006; Lachenal et al.,
2011; Laulagnier et al., 2017). There is also accumulating evi-
dence that sEVs have several roles during brain development
(for review, see Budnik et al., 2016; Zappulli et al., 2016), includ-
ing contributing to retrograde signaling at the neuromuscular junc-
tion (Korkut et al., 2009, 2013) and in cultured mouse and human
neurons (Lee et al., 2018; Sharma et al., 2019). A role of sEVs in
neuronal development, including the growth of dendritic spines, is
of particular interest because sEVs could provide a major signaling
modality between developing neurons when synapses are not fully
functional or immature. However, knowledge of sEVs on neuron,
and more precisely spine development, is limited.

To identify a potential role of sEVs in neuron development,
we performed a protein screen using sEVs isolated from the me-
dium of cultured developing cortical neurons. We identified the
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presence of the epigenetic regulator HDAC2, which was of par-
ticular interest because of its negative regulation of spine matura-
tion (Akhtar et al., 2009; Guan et al., 2009). In addition, although
HDAC2 is ubiquitously expressed in neurons, its levels are devel-
opment dependent (Jones et al., 2009). In particular, in the neo-
cortex, HDAC2 levels decrease as neurons mature, leading to the
coexistence of neuronal populations with different HDAC2 levels
(Jones et al., 2009; Gräff et al., 2012). This led us to examine
whether sEVs could affect the development of dendritic spines
via regulation of HDAC2 signaling. We performed a series of
experiments in vitro that confirms the decrease in HDAC2
expression as neurons mature, the presence of HDAC2 in sEVs,
and a role for sEVs in regulating the levels of HDAC2-dependent
synaptic players and dendritic spine development.

Materials and Methods
Animals
Research protocols were approved by the Yale University Institutional
Animal Care and Use Committee. All experiments were performed on
CD-1 (Charles River) mice of either sex.

Neuronal culture
Cerebral cortices from embryonic day (E)15 mice were isolated after
removing meninges and placed in ice-cold Hibernate E (Invitrogen,
#A12476-01) supplemented with B27 (Invitrogen, #17504-044). The corti-
ces were then incubated in prewarmed and activated papain digestion so-
lution (Worthington, #LK003150). After a 15-min digestion, neurons
were dissociated and plated in MEM medium (Invitrogen, #11095-080)
supplemented with 5% fetal bovine serum (FBS; Invitrogen, #16000) and
0.6% glucose (Sigma, # G8769). Plating medium was replaced with neuro-
basal medium (Invitrogen, #21103-049) supplemented with B27 and
GlutaMax-1 (Invitrogen, #35050-061) after neurons have attached. The
medium was changed every 3d.

Western blotting
sEVs were lysed in reducing sample buffer [0.25 M Tris–HCl (pH 6.8), 40%
glycerol, 8% SDS, 5% 2-mercaptoethanol, and 0.04% bromophenol blue] or
non-reducing sample buffer (without 2-mercaptoethanol, for CD9 and
CD63) and then boiled for 5min. Primary neurons were homogenized in
radioimmunoprecipitation assay buffer, 1� Halt Protease and phosphatase
inhibitor cocktail (Thermo Fisher Scientific), 5 mM EDTA, and 20 units/ml
DNase I (Roche). All lysates were run on Tris-glycine gradient gels (Bio-
Rad; #456-1084). Proteins were transferred to polyvinylidene difluoride and
blocked in 5% milk and incubated with primary antibodies in 0.25% bovine
serum albumin (BSA; concentrations of primary antibody are listed in
Table 1). Horseradish peroxidase-conjugated anti-rabbit or anti-mouse
were used as secondary antibodies. All density measurements were per-
formed by using NIH ImageJ software.

Isolation of sEVs and quantification
We used sequential centrifugation procedures and filtration.
Conditioned medium was first centrifuged at 300 � g for 10 min at
4°C to remove detached cells, followed by a 0.22-mm filtration, an
ultracentrifugation at 120,000 � g for 70 min at 4°C using a fixed-
angle bucket rotor (Beckman), and a washing step in PBS to elimi-
nate contaminating proteins. Pellets were re-suspended in 50-ml
PBS by syringing through a sterile 27-gauge needle to prevent
clumping together. The isolated sEV fraction was immediately
characterized or stored at �80°C for later use (no more than
one week). The quantification of sEVs was performed using
EXOCET Exosome Quantitation kit by following the product man-
ual (System Biosciences).

Fixation, immunofluorescence
Cultured neurons were fixed in prewarmed 4% paraformaldehyde
(37°C) for 10min, followed by treatment in PBS containing 0.1% Triton
X-100 for 10min. Culture neurons were then incubated in blocking

solution (5% BSA in PBS) for 1 h at room temperature. Following the
blocking step, primary antibodies were added to PBS supplemented with
1% BSA for overnight treatment at 4°C. Neurons were then washed
using PBS and incubated in secondary antibodies at room temperature
for 1 h, which was followed by PBS washing. Coverslips were mounted
onto standard microscope slides using ProLong Gold antifade reagent
(Invitrogen). Analysis of staining for cell count and cross-sectional area
was performed using NIH ImageJ software.

Spine analyses
Spine analysis was performed blindly using the automated spine identi-
fier in NeuronStudio (Rodriguez et al., 2008) on confocal Z-stack images
(0.2-mm steps) acquired with a 60� oil Olympus Uplan SAPO (N.A.
1.35) objective. Spine density and shape, including thin, stubby, and
mushroom, were analyzed on 100-mm-long dendritic segments on a sec-
ondary dendrite per neuron. Thin spines have a thin, long neck and a
small bulbous head, whereas mushroom spines have a larger head.
Stubby spines are devoid of a neck and are prominent during postnatal
development (Rochefort and Konnerth, 2012). A mushroom type is
defined as a spine with a head to neck ratio .1.1 and a head diameter
.0.35mm.

Nucleofection of primary neurons and plasmids
Mouse Neuron Nucleofector kit (Lonza, #VPG-1001) was used for
nucleofection as previously described (Zhang et al., 2014). Briefly,
following microdissection of the cortices and neuron dissociation,
4–6� 106 cells were spun down and re-suspended in nucleofection solu-
tion with 3- to 5-mg plasmids. DNA was transfected by nucleofector pro-
gram 0–005. Neurons were then plated in MEM medium supplemented
with 5% FBS and 0.6% glucose and maintained in neurobasal medium
supplemented with B27 and GlutaMax-1.

Plasmids included: pSico-Hdac2 with the sequence GACCGTCT
CATTCCATAAA and pSico from Addgene #11578, pCMV-
HDAC2-N-3xHA from GeneCopoeia EX-Mm02993-M06, CMV,
N-terminal 3XHA, pCAG-GFP from Addgene #11150, and pCAG-
tdTomato (Pathania et al., 2012).

Table 1. List of antibodies

Antibodies Company Catalog number Dilution

Primary antibodies
Acetyl-histone H2B Cell Signaling Technology 12799 1:5000
Acetyl-histone H3 Cell Signaling Technology 8173 1:5000
Alix Cell Signaling Technology 2171 1:3000
Calnexin Cell Signaling Technology 2679 1:3000

Santa Cruz Biotechnology sc-11397 1:1000
Calreticulin Cell Signaling Technology 12238 1:3000
CD9 Santa Cruz Biotechnology sc-9148 1:1000
CD63 Novus NBP2-36567 1:1000

Santa Cruz Biotechnology sc-15363 1:1000
FLT1 Cell Signaling Technology 3253 1:3000
GAPDH Santa Cruz Biotechnology sc-25778 1:5000
GFP Cell Signaling Technology 2956 1:5000
GM130 Cell Signaling Technology 12480 1:3000
Histone H2B Cell Signaling Technology 12364 1:5000
Histone H3 Cell Signaling Technology 4499 1:5000
HA-Tag Cell Signaling Technology 3724 and 2367 1:5000 (both)
HDAC2 Cell Signaling Technology 5113 1:5000
Homer1 Cell Signaling Technology 8231 1:5000
PSD-95 Cell Signaling Technology 3450 1:5000
SHANK Cell Signaling Technology 12218 1:5000

Santa Cruz Biotechnology sc-23543 1:1000
TuJ1 Cell Signaling Technology 5568 1:1000 (IF)

Secondary antibody
Anti-rabbit Cell Signaling Technology 7074 1:5000
Anti-mouse Cell Signaling Technology 7076 1:5000
488 anti-chicken ThermoFisher A-11039 1:1000 (IF)
633 anti-rabbit ThermoFisher A-21070 1:1000 (IF)
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sEV and drug treatment in vitro
We used a 6:1 ratio (i.e., cell culture density being sixfold higher for
extracellular nanovesicle collection than for the density of recipient neu-
rons) or a 3:1 ratio. Both treatment conditions gave similar results. The
following drugs were purchased from Cayman Chemical, Trichostatin A
(TSA; #89730) and SAHA (#10009929).

Electron microscopy
Electron microscopy (without additional staining) was performed by the
imaging core facility in the Department of Physiology at Yale. Purified
vesicles were resuspended in 4% wt/vol paraformaldehyde in phosphate
buffered solution (pH 7.4) and embedded for 20min at room tempera-
ture in a formvar-carbon-coated grid. The embedded vesicles were
washed in PBS, fixed in 1% gluteraldehyde for 5min, and stained with
saturated aqueous uranyl oxalate. Samples were subsequently embedded
in 0.4% wt/vol uranyl acetate and 1.8% wt/vol methylcellulose on ice for
10min. Samples were dried at room temperature before visualization
with a Carl Zeiss 910 electron microscope (Carl Zeiss Microscopy).

Sucrose gradient
Isolated extracellular nanovesicles were analyzed by sucrose gradient
centrifugation as extracellular nanovesicles float at densities ranging
from 1.15 to 1.19 g/ml on sucrose gradients. Vesicles from the endoplas-
mic reticulum float at 1.18–1.25 g/ml and those from the Golgi float at
1.05–1.12 g/ml. Most protein aggregates float at 1.22 g/ml (Quillin and
Matthews, 2000; Théry et al., 2006). The sucrose gradient centrifugation
was performed according to a published protocol (Crewe et al., 2018).
Following nanovesicle isolation as detailed above, isolated extracellular
nanovesicles were resuspended in sucrose (1 ml at 90% sucrose) at a final
concentration of 82% and transferred to 13.2-ml tubes. The sucrose gra-
dient was overlaid on top of the extracellular nanovesicle preparation by
successively adding a specific 10–82% sucrose solution starting with the
highest and finishing with the lowest sucrose concentration (1.002–1.34
g/ml calculated density). Following 16 h of centrifugation at 100,000� g,
six fractions (F) were collected from top to bottom that were composed
of two layers each: 10–16% (F1), 22–28% (F2), 34–40% (F3), 46–52%
(F4), 58–64% (F5), and 70–82% (F6). Each fraction was resuspended in
PBS and centrifuged at 120,000 � g for 70 min. Western blottings were
performed for all the pellets from all six fractions.

Proteinase K protection assay
Proteinase K protection assay was done as previously described (Wang
et al., 2017). The isolated extracellular nanovesicles were resuspended in
PBS and finally incubated in 1% saponin (Sigma-Aldrich, #47036),
1.67mg/ml proteinase K (Thermo Fisher Scientific, #AM2546), or
1.67mg/ml proteinase K together with 1% saponin for 1 h at 37°C. The
samples were followed byWestern blot analysis.

Proteomic acquisition and analysis
Sample preparation
Proteins were extracted from the isolated fraction containing extracellu-
lar nanovesicles using a chloroform:MeOH:water procedure (Wessel
and Flügge, 1984). Precipitated proteins were dissolved in 20-ml 8 M

urea, 400 mM NH4HCO3 before reduction using 2ml of dithiothreitol
(DTT) and incubated at 37°C for 20min. Cysteines were then alkylated
by the addition of 2ml of iodoacetamide and incubated in the dark at
room temperature for 30min. The urea concentration was decreased to
a final concentration of 2 M urea, 100 mM NH4HCO3 with the addition
of 36ml of water; 20ml of 0.1mg/ml Lys-C (Promega, sequencing grade)
was added and the sample was digested at 37°C for 6 h, then 4ml of
0.1mg/ml trypsin (Promega, sequencing grade) was added and the sam-
ples were digested at 37°C for 16 h. Samples were stored at �20°C until
just before LC-MS/MS analysis. Into each sample to be injected, a 1� of
Pierce’s peptide retention time (RT) calibration mixture containing 15
known heavy stable isotopes labeled peptides was added, making a final
concentration 1/400th of the 0.5 pmol/ml stock solution.

LC-MS/MS on the LTQ orbitrap
The LTQ Orbitrap Elite is equipped with a Waters nanoAcquity UPLC
system and uses a Waters Symmetry C18 180mm � 20 mm trap column
and a 1.7mm, 75mm � 250 mm nanoAcquity UPLC column (35°C) for
peptide separation. Peptide separation was performed with a linear gra-
dient over 160min. UPLC run time was at a flow rate of 300 nl/min.
Trapping was conducted for 3min at 5ml/min in 99% buffer A (0.1% FA
in water) and 1% buffer B [0.075% FA in acetonitrile (ACN)] before elut-
ing with linear gradients that will reach 30% B at 140min, 40% B at
155min, and 85% B at 160min. Two blanks (first 100% ACN, second
buffer A) will follow each injection to ensure against sample carry over.
MS was acquired in the Orbitrap using one microscan and a maximum
inject time of 900ms followed by 15 data-dependent MS/MS acquisi-
tions in the ion trap (with precursor ions threshold of .1000); the total
cycle time for both MS and MS/MS acquisition was 2.4 s. Peaks were tar-
geted for MS/MS fragmentation by collision-induced dissociation (CID)
were first isolated with a 2-Da window followed by normalized collision
energy of 35%. Dynamic exclusion was activated where former target
ions were excluded for 30 s.

Data analyses
Feature extraction, chromatographic/spectral alignment, data filtering,
and statistical analysis were performed using Nonlinear Dynamics
Progenesis QI software (v. 2.0; www.nonlinear.com). First, the raw data
files were imported into the program. A sample run was chosen as a ref-
erence (usually at or near the middle of all runs in a set), and all other
runs were automatically aligned to that run to minimize RT variability
between runs. No adjustments are necessary in the m/z dimension
because of the high mass accuracy of the spectrometer (typically
,3ppm). All runs were selected for detection with an automatic detec-
tion limit. On the order of 11,000–28,000 features were detected for each
sample set. Features within RT ranges of 0–16 and 102–120min were fil-
tered out, as were features with charge �18. A normalization factor was
then calculated for each run to account for differences in sample load
between injections. The experimental design was setup to group multiple
injections from each run. The algorithm then calculates and tabulates
raw and normalized abundances, max fold change, and ANOVA p val-
ues for each feature in the data set. The features were tagged in sets based
on characteristics such as the number of MS/MS. 1, and p, 0.05. The
MS and MS/MS collected for the experiment were filtered to exclude
spectra with rank .10 or isotope .3 to ensure that the highest quality
MS/MS spectral data are used for peptide assignments and subsequent
protein ID. The remaining MS/MS were exported to an .mgf (Mascot
generic file) for database searching. An .xml file of the Mascot search
result was created, then imported into the Progenesis QI software, where
search hits (peptides ID) are assigned to corresponding features, and
protein quantitation was then calculated by the Progenesis QI software.

Database searching
The .mgf files created by the Progenesis QI were searched in-house using
the Mascot algorithm (Hirosawa et al., 1993; version 2.2.0) for un-inter-
preted MS/MS spectra. The data were searched against the SWISSPROT
mouse protein database (2015). Search parameters are as follows: type of
search: MS/MS Ion Search; Enzyme: Trypsin/Lys-C; Variable modifica-
tions: Carbamidomethyl (Cys), Oxidation (Met), Acetyl (Lys), Phospho
(ST), and Phospho (Y); Mass values: Monoisotopic; Protein mass:
Unrestricted; Peptide mass tolerance: 6 10ppm; Fragment mass toler-
ance: 6 0.5Da; Charge: 17; Max missed cleavages: 3; Decoy: Yes;
Instrument type: ESI-TRAP. Using the Mascot database search algo-
rithm, proteins were considered identified when Mascot lists it as signifi-
cant and more than two unique peptides match the same protein. The
Mascot significance score (similar to the “confident scores” column in
the progenesis QI protein features spreadsheet) match is based on a
MOWSE score and relies on multiple matches to more than one peptide
from the same protein. The Mascot search results were exported to an .
xml file using a false discovery rate of 1% or less for the protein ID. The
emPAI (exponentially modified protein abundance index; Ishihama et
al., 2005) was used to estimate the protein level within the LC-MS/MS
data and are provided in (Extended Data Fig. 2-1).
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To perform gene enrichment analysis, the Database for Annotation,
Visualization and Integrated Discovery (DAVID) v6.8 (https://david.
ncifcrf.gov/) was used (Huang da et al., 2009a,b). Three types of Gene
Ontology (GO) term (molecular function, biological process, and cellu-
lar component) pathways were used for annotations. After analysis, the
overrepresentation analysis p values and counts for each GO term path-
way were obtained. The top 15 GO term pathways with the most signifi-
cant p values were selected for the subsequently analysis.

Statistical analyses (except for the proteomic analysis)
Data were plotted in Prism 7 (GraphPad Software). Statistical signifi-
cance was determined using unpaired two-tailed Student’s t test and
one-way ANOVA with Tukey’s post hoc test with p, 0.05 for signifi-
cance for all experiments. Data are presented as mean6 SEM including
the data points in some of the plots. Each experiment was reproduced at
least three times, e.g., three mice or three sets of culture. The Student’s t
tests were all two-sided and unpaired. The sample size calculation was
performed using power analysis with G*Power 3 (Faul et al., 2007). For
each set of experiments, the sample size was estimated for an effect size
of 30–70% using SD calculated from the control population and a power

at 0.9 (b = 0.1) and an a of 0.05. Normality tests were performed using
the D’Agostino–Pearson omnibus test.

Results
Developing cortical neurons release sEVs enriched in protein
and DNA/RNA binding molecules
To identify molecules in sEVs that are known to regulate neuron
development, we performed a protein screen using sEVs isolated
from the culture medium of developing cortical neurons. sEVs were
first isolated from the medium of neurons cultured for 3d in vitro
(DIV), which is before spine development. Spine formation starts
around DIV9 and ends around DIV21 in our glia-free culture sys-
tem. The culture medium was collected and subjected to filtration
and sequential centrifugations to isolate sEVs (Zhang et al., 2018;
Jeppesen et al., 2019). The isolated vesicles contained classical sEVs
(or exosomes) based on their mean diameter (91nm, range: 60–
105nm; Fig. 1A) that is smaller than the diameter of shedding
microvesicles and apoptotic bodies (Couzin, 2005; Valadi et al.,

Figure 1. Developing cortical neurons release sEVs. A, Histogram of size distribution of nanovesicles determined by nanoparticle tracking analysis (NanoSight). Inset, Electron micrographs of
purified nanovesicles. Scale bars: 125 nm. B, Immunoblots for sEV markers (left blots) and cytoplasmic organelles and apoptotic body markers (right). C, Immunoblots of Alix, FLT1, and CD63 in
sEVs from the medium of DIV3 and DIV15 neurons and total protein from neurons at each time point. D, Quantification of Alix in DIV3 and DIV15 sEV divided by the total protein in neurons at
each respective time point and normalized to DIV3. E, AChE enzymatic activity in DIV3 and DIV15 sEV normalized to DIV3. sEVs were collected from the medium of cultured neurons of similar
density. Unpaired two-tail t test; ***p, 0.001, **p, 0.01.

3802 • J. Neurosci., April 28, 2021 • 41(17):3799–3807 Zhang et al. · Extracellular Nanovesicles Regulate Spine Growth

https://david.ncifcrf.gov/
https://david.ncifcrf.gov/


2007; Théry et al., 2009; Lee et al., 2012; Dujardin et al., 2014; Janas
et al., 2016; Jeppesen et al., 2019), their cup-like morphology
assessed by electron microscopy (Fig. 1A, inset), the presence of
markers of MVB-generated sEVs, including flotillin 1 (FLT1),
CD63, and Alix, and the absence of endoplasmic reticulum proteins
(Fig. 1B; El-Andaloussi et al., 2012; Jeppesen et al., 2019). Using a
similar procedure, we isolated sEVs from more mature neurons at
DIV15 during spine development. Remarkably, there was a decrease
in the quantity of sEVs released by DIV15 compared with DIV3
neurons based on an observable decrease in Alix, CD63, and FLT1
levels and total proteins in sEVs (Fig. 1C). Quantification of Alix
levels suggested a 56% decrease in sEVs released by DIV15 com-
pared with DIV3 cortical neurons assuming that there were no
changes in the level of Alix per sEV (Fig. 1D). We also assessed the
quantity of sEVs released by DIV15 and DIV3 neurons (at similar
density) using a commercially-available colorimetric assay that
measures the enzymatic activity of acetylcholinesterase (AChE)
known to be present in sEVs. We found a 57% decrease in AChE
activity in DIV15 versus DIV3 sEVs (Fig. 1E). These data suggest a
decrease in the quantity of sEV released from cultured cortical neu-
rons as they mature.

We then examined the content of sEVs from DIV3–DIV6
cortical neurons using LC-MS/MS analyses. We identified 660
proteins by at least one significant peptide (Extended Data Fig.
2-1). We found a combination of molecules reported to be
markers of sEV while the marker of classical microvesicles,
Annexin A1, was absent (Jeppesen et al., 2019). The markers of
sEVs included: membrane proteins such as CD63, CD81, CD9,
FLT1, EGFR, Integrin b 1, and proteins associated with the bio-
genesis of sEVs such as Alix, synthenin-1, TSG101, VPS28,
VPS37B (Fig. 2A). Isolated sEVs also contained proteins involved
in the trafficking of synaptic vesicles (Takamori et al., 2006;
Burré and Volknandt, 2007). Pathway analysis revealed that out
of the top 15 most significant pathways, protein and DNA/RNA
binding molecules were the most represented in addition to cyto-
plasm and exosome pathways (Fig. 2B; Extended Data Fig. 2-2).

HDAC2 is present in sEVs released from cortical neurons
and its levels decrease as neurons mature
Among the DNA/RNA binding molecules, we identified the epi-
genetic regulator HDAC2, which is known to suppress dendritic

Figure 2. sEVs released by cortical neurons are enriched in protein and DNA/RNA binding molecules. A, Diagram illustrating some of the molecules known to be enriched in sEVs (e.g., CD63,
CD9, FLT1). B, Pathway analysis. FDR, false discovery rate, from DIV3–DIV6 neurons. Scale bars: 100 nm (inset).
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spine development through transcriptional regu-
lation of synaptic molecules (Akhtar et al., 2009;
Guan et al., 2009). We thus performed a series of
experiments to validate that HDAC2 was indeed
released in sEVs collected from the medium of
DIV3 cortical neurons. We first isolated sEVs
and treated them for 2 h with proteinase K
alone to degrade any extracellular proteins or
proteinase K with saponin to degrade vesicles
(Fig. 3A). Proteinase K treatment of isolated
sEVs decreased, but did not abolish, the level of
both Alix and HDAC2 detected by immunoblot-
ting. The decrease in Alix and HDAC2 following
a proteinase K treatment suggests the possibility
of sEV degradation or the presence of free Alix
or HDAC2 in the medium that would be
digested by proteinase K. Nevertheless, both sig-
nals were eliminated with the addition of sapo-
nin (Fig. 3A). To validate that proteinase K was
efficient at digesting proteins and that saponin
itself did not degrade sEVs and their content, we
examined whether HDAC2 persisted when sEV
were treated with saponin only (for 30min).
HDAC2 was indeed detected following sEV
treatment with saponin only and was almost
eliminated following treatment with saponin
plus proteinase K (30min; data not shown).
Together, these data suggest the presence of
HDAC2 in sEVs. We next performed a sucrose
gradient centrifugation that further separates
sEVs (low density) from non-vesicular particles
and debris (high density). The isolated fraction
was resuspended into a 12 layer-sucrose gradient
(10–82%). After centrifugation, two layers were
collected at a time leading to six fractions used
for HDAC2 and CD63 immunoblotting (Fig. 3B;
Kowal et al., 2016). HDAC2 signal was found in
the sEV fraction (F3, also expressing CD63).

An intriguing characteristic of HDAC2 is its
developmentally regulated expression during
cortical development, in particular, a decrease
during spine development (Jones et al., 2009;
Gräff et al., 2012). Consistent with this, we found
that as neurons mature, HDAC2 levels decreased
(DIV3 compared with DIV15; Fig. 3C). We also
found that the level of HDAC2 in the sEV frac-
tion significantly decreased (by 75%) as neurons
mature (Fig. 3D). This decrease in HDAC2 in
the sEV fraction could result from a decrease in
sEV cargo packaging or a decrease in the quan-
tity of released sEVs, or a combination of both.
To then determine whether HDAC2 could be
transferred between neurons or whether sEV
treatment alters HDAC2 expression in recipient
cells, we expressed an HA-tagged HDAC2 in cul-
tured neurons (Fig. 3E). sEVs were isolated from
the medium of transfected cultured neurons and applied to non-
transfected neurons. Cortical neurons treated with sEVs from
HA-tagged HDAC2-expressing neurons were positive for HA
and displayed increased nuclear HDAC2 relative to controls
(Fig. 3E). These data suggest that HA-tagged HDAC2 was trans-
ferred. To assess endogenous HDAC2 expression in recipient
cells, we replaced the medium of DIV15 neurons with medium

containing sEVs isolated from DIV3 or DIV15 neurons (used as
control) considering the low level of HDAC2 in DIV15 com-
pared with DIV3 neurons (Fig. 3F). The level of HDAC2 was
assessed 1 d postmedium replacement. We found a significant
increase in nuclear HDAC2 following treatment with sEVs from
DIV3 versus DIV15 neurons (Fig. 3G). These data suggest that
sEVs released from immature neurons increase HDAC2 expres-
sion in more mature neurons. This effect could result from either

Figure 3. HDAC2 is present in sEV released from cortical neurons and its levels decrease as neurons mature. A,
top, Diagram illustrating the effect of Proteinase K (ProK) and saponin (Sapo) on sEVs. Bottom, Western blots of Alix
and HDAC2 in the sEV fraction following treatment with PBS or ProK, or 2 hours treatment with ProK or ProK 1
Sapo. B, Diagram of the sucrose gradient and western blots of CD63 and HDAC2 recovered following a sucrose gradi-
ent of sEVs isolated from DIV 3 neurons. C, Western blots and quantification for HDAC2 in cortical neurons at differ-
ent DIV. D, Western blots for HDAC2 in sEV released from DIV 3 and DIV 15 from neurons and quantification of the data.
The lysate was the same as the one used in Figure 1 and thus data normalization was done using total neuron protein as in
Figure 1C. E, Diagram of the experimental paradigm (left) and western blots for HDAC2 and HA-tag in neurons treated with
sEVs from neurons nucleofected with either GFP or HA-tagged HDAC2 (right). F, Diagram of the experimental paradigm. G,
Immunoblots for HDAC2 and GAPDH in the nuclear fraction of DIV 15 neurons treated with sEVs from DIV 3 or 15 neurons
and quantification of the blots. N=3 sets of cultures for all experiments. Plots are mean6 SEM. Unpaired 2-tail t-test (D
and G) and one-way ANOVA followed by Tukey post-hoc (C). ****p, 0.0001, **p, 0.01, *p, 0.05; ns, not significant.
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HDAC2 transfer or the transfer of molecules in sEV that alter
HDAC2 expression in recipient neurons.

sEV treatment alters the levels of HDAC2 synaptic targets
and spine development
Considering the increase in HDAC2 expression in the recipient
neurons following sEV treatment, we examined whether sEVs
from the medium of DIV3 neurons would alter the expression of
HDAC2-synaptic targets and spine development in DIV15 neu-
rons. As described above, the medium of DIV15 neurons was
replaced with medium containing sEVs isolated from DIV3 neu-
rons (Fig. 4A). As control, the medium of DIV15 neurons was
replaced with medium containing sEVs isolated from DIV15
neurons. At DIV18, Western blottings and spine properties were
analyzed. Treatment of DIV15 neurons with medium containing
sEVs from DIV3 neurons decreased the expression of the
HDAC2-targets, Egr1, Shank, and PSD-95 (Fig. 4B,C; Gräff et al.,
2012). This treatment also decreased the density of spines,
including mushroom spines, in DIV15–DIV18 neurons com-
pared with the control condition (Fig. 4D,E). These data indicate

that sEVs released from developing cortical neu-
rons transfer molecules that regulate HDAC2
signaling and inhibit spine development.

sEVs control spine development via
regulation of HDAC2 signaling
To assess whether increased HDAC2 expression
in recipient neurons was involved in spine regula-
tion following sEV treatment, we asked whether
the effect of sEVs on spine development could be
prevented by decreasing HDAC2 levels in the do-
nor neurons and their released sEVs. Hdac2 and
control shRNA were expressed using nucleofec-
tion at the time of plating. Expressing an shRNA
against Hdac2 in cortical neurons led to a signifi-
cant decrease in HDAC2 levels in the transfected
neurons and in their released sEVs without affect-
ing the quantity of released sEVs as assessed by
Alix immunoblotting (Fig. 5A,B). Decreasing
HDAC2 levels in DIV5 neurons significantly alle-
viated the decrease in spine density in DIV15–
DIV18 neurons caused by sEV treatment from
DIV5 neurons (DIV5 instead of DIV3 was used
to allow efficient HDAC2 decrease in sEVs; Fig.
5C–E). Decreasing HDAC2 levels in neurons
could potentially alter the content of sEVs and
contribute to a rescue of spine properties inde-
pendent of HDAC2 signaling. To rule out this
possibility, we pretreated receiving neurons with
HDAC blockers, TSA (250 nM) or SAHA (5 mM),
which were confirmed to decrease acetyl-H3 and
acetyl-H2B levels (quantification not shown for
acetyl-H2B; Fig. 5F,G). Neurons were treated for
3 d before harvest. These blockers also signifi-
cantly increased spine density in DIV18 neurons
(Fig. 5H) as expected since HDAC2 is known to
suppress dendritic spine development (Akhtar et
al., 2009; Guan et al., 2009). Pretreatment of
receiving neurons with TSA or SAHA prevented
the decrease in spine density induced by treat-
ment with sEVs from DIV3 neurons (Fig. 5I–K).
These data suggest that sEVs contribute to the
control of spine development through regulation

of HDAC2 signaling in recipient neurons. This may result from
direct transfer of HDAC2, but alternatives possibilities are dis-
cussed below.

Discussion
Here, we identified sEVs as signaling elements controlling
dendritic spine development by regulating HDAC2 signal-
ing in recipient neurons. To gain insight into a potential
function of sEVs on developing cortical neurons, we per-
formed a proteomic analysis that identified .600 proteins
in sEVs. Many of these proteins are markers or have been
previously reported in sEVs. We also identified proteins
involved in synaptic vesicle release and recycling (e.g.,
SNARE complexes) that may participate in MVB signaling.
We found that sEVs were enriched in DNA and RNA bind-
ing proteins, including HDAC2. HDAC2 is a well-known
epigenetic regulator of the transcription of many genes,
including genes encoding synaptic proteins, and it also con-
trols dendritic spine development and the establishment of

Figure 4. sEV treatment alters the levels of HDAC2 synaptic targets and spine development. A, Diagram of the
experimental paradigm. B, Western blottings for HDAC2-targeted synaptic proteins in the cytoplasmic fraction of
neurons receiving medium replacement with sEVs from DIV3 or DIV15 neurons. C, Quantification of the blots shown
in B (N= 3 sets of cultures). D, Confocal images of spines of DIV18 neurons that received medium replacement at
DIV15 with medium containing sEVs from either DIV15 or DIV3 neurons. E, Bar graphs of spine density following
treatment with sEVs from DIV3 (orange) or DIV15 (gray) neurons (N= 22–24 neurons per condition, three sets of
DIV15 culture per condition). Inset, Images of the three different types of spine analyzed: stubby, thin, and mushroom.
Unpaired two-tail t test for all plots (mean6 SEM); *p, 0.05, **p, 0.01, ***p, 0.001, ****p, 0.0001; ns, not
significant.
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synapses (Akhtar et al., 2009; Guan et al.,
2009). We thus focused on HDAC2 and
validated its presence in sEVs as shown with
the proteinase K treatment and the sucrose
gradient. Recently, the presence of non-vesic-
ular nanoparticles co-isolated with sEVs has
been identified (Jeppesen et al., 2019). It has
been proposed that a vesicular compartment,
called amphisome, is generated by the fusion
of MBV and autophagosomes, and co-
releases sEVs and non-vesicular nanopar-
ticles into the extracellular space on fusion
with the plasma membrane (Papandreou and
Tavernarakis, 2017; Palmulli and van Niel,
2018; Jeppesen et al., 2019). Considering the
presence of HDAC2 in the non-vesicular
fraction (F6) and the identification of non-
vesicular nanoparticle markers using LC-MS/
MS (e.g., histones, ribosomal protein S3, and
fibronectin), it is possible that HDAC2 is in
both sEVs and non-vesicular nanoparticles.
However, this would need to be further
investigated. We next examined whether en-
dogenous HDAC2 could be transferred from
newly plated cortical neurons, which are rich
in HDAC2, to cortical neurons that are
developing spines and express low levels of
HDAC2. The levels of HDAC2 indeed
decreased as cortical neurons mature in vitro,
which recapitulates in vivo data (Jones et al.,
2009; Gräff et al., 2012). Using immunoblot-
ting, we detected increased HDAC2 expres-
sion in more mature neurons treated with
sEVs isolated from newly plated neurons.
This increase could result from either
HDAC2 transfer via sEVs, but sEV cargo
could also induce a change in the recipient
neurons leading to HDAC2 increase without
HDAC2 transfer. We did not further investi-
gate this issue but rather asked whether the
increase in HDAC2 expression was accom-
panied with a change in the expression of
HDAC2 synaptic targets. We found that sEV
treatment led to a decrease in the expression
of synaptic proteins known to be regulated
by HDAC2. Consistent with these data, treat-
ment with sEVs from developing neurons
decreased the density of spines in more
mature cortical neurons. This effect resulted
from an increase in HDAC2 signaling in the
recipient neurons since it was prevented by
expressing an shRNA against Hdac2 in donor
neurons and by pretreating recipient neurons
with a blocker of HDAC2. These data clearly
show that sEVs provide a signal that in-
creases HDAC2 signaling in recipient neurons that regulate
spine development. Additional data showing a decrease in
Alix and HDAC2 expression, AChE activity, and total protein
in the DIV15 versus the DIV3 sEV fraction suggest that the
quantity of released sEV decreases as neurons mature. It is
also possible that the content of Alix, HDAC2, and AChE in
sEV decreases over time. Either way, these data suggest that

sEVs provide a strong signal during development that may
decline as neurons mature. Collectively, these data show that
sEVs provide a signal that regulates synaptogenesis between
cortical neurons at different stages of development. Con-
sidering that HDAC2 is ubiquitously expressed in neurons,
albeit with different levels during development, we expect that
this sEV-based communication modality exerts significant
influence on other neuronal networks.

Figure 5. sEVs affect spine development via the regulation of HDAC2 signaling in recipient cells. A,
HDAC2 and GAPDH Western blottings in the cytoplasm and nuclear fraction of DIV5 neurons, and HDAC2
and ALIX Western blottings in sEVs released from neurons containing control or Hdac2 shRNA. B,
Quantification of the blots in A. C, Diagram of the experimental paradigm. D, E, Images of spines (D) and
spine density (E) in DIV18 neurons posttreatment with sEVs from DIV15 neurons, or DIV5 neurons with or
without Hdac2 shRNA. F, Western blottings for acetyl-H3 and acetyl-H2B, targets of HDAC2, examined in
cortical neurons treated with different concentrations of TSA and SAHA. G, Quantification of the acetyl-H3/
total H3 Western blotting signals shown in F. H, Spine density per micrometer in DIV18 neurons treated
with TSA and SAHA for 3 d. I, Diagram of the experimental paradigm. J, K, Images of spines (J) and spine
density (K) in DIV18 neurons pretreated with vehicle or HDAC2 blockers before sEV treatment. N = 20–24
neurons/condition, N = 3 culture sets for all experiments. Unpaired two-tail t test (B) and one-way ANOVA
followed by Tukey’s post hoc test (E, J). Plots are mean 6 SEM; ****p, 0.0001, ***p, 0.001,
**p, 0.01, *p, 0.05; ns, not significant. Scale bar: 5 mm.
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