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Abstract

Background: Stress precipitates mood disorders, characterized by a range of symptoms present in different combinations,
suggesting the existence of disease subtypes. Using an animal model, we previously described that repetitive stress via
restraint or immobilization induced depressive-like behaviors in rats that were differentially reverted by a serotonin- or
noradrenaline-based antidepressant drug, indicating that different neurobiological mechanisms may be involved. The
forebrain astrocyte protein aldolase C, contained in small extracellular vesicles, was identified as a potential biomarker in
the cerebrospinal fluid; however, its specific origin remains unknown. Here, we propose to investigate whether serum small
extracellular vesicles contain a stress-specific protein cargo and whether serum aldolase C has a brain origin.

Methods: We isolated and characterized serum small extracellular vesicles from rats exposed to restraint, immobilization,
or no stress, and their proteomes were identified by mass spectrometry. Data available via ProteomeXchange with identifier
PXD009085 were validated, in part, by western blot. In utero electroporation was performed to study the direct transfer of
recombinant aldolase C-GFP from brain cells to blood small extracellular vesicles.

Results: A differential proteome was identified among the experimental groups, including aldolase C, astrocytic glial fibrillary
acidic protein, synaptophysin, and reelin. Additionally, we observed that, when expressed in the brain, aldolase C tagged with
green fluorescent protein could be recovered in serum small extracellular vesicles.

Conclusion: The protein cargo of serum small extracellular vesicles constitutes a valuable source of biomarkers of stress-
induced diseases, including those characterized by depressive-like behaviors. Brain-to-periphery signaling mediated by a
differential molecular cargo of small extracellular vesicles is a novel and challenging mechanism by which the brain might
communicate health and disease states to the rest of the body.
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Significance Statement

central nervous system diseases.

We previously reported that different stress types are able to induce depressive-like behaviors in rats, which are selectively
sensitive to pharmacological treatments. Here, investigated whether such difference among stress types and pharmacological
sensitivity are associated with possible protein biomarkers in the peripheral blood, present in small extracellular vesicles (SEVs).
After stress by movement restriction (restraint in cages or immobilization in bags), a stress-specific proteome was detected in
serum sEVs. Moreover, a recombinant protein expressed selectively in brain cells was detected in blood sEVs. Our results show
that brain-derived sEVs may constitute a pathway of brain-to-periphery communication and a relevant source of biomarkers for

Introduction

Chronic stress precipitates depressive states in humans and
induces depressive-like behaviors in animal models of mood
disorders. However, mood disorders in patients comprise hetero-
geneous subgroups with different underlying pathophysiologi-
cal mechanisms (Krishnan and Nestler, 2010) (Akil et al., 2018).
Currently, it is clear that different biological networks and signal-
ing systems contribute to the expression of depressive-like behav-
iors, an issue that highlights the complexity of recapitulating the
disease or even more, of disease subgroups, in animal models
(Darcet et al., 2016). We established an animal model of stress
using rats exposed to repetitive stress by movement restriction
either by restraint in small cages or immobilization in plastic bags
(Ampuero et al., 2015). In these animal models, depressive-like
behaviors were selectively reverted by antidepressant drugs act-
ing on either serotonin- or noradrenaline-mediated neurotrans-
mission (i.e., fluoxetine and reboxetine, respectively), suggesting
neurobiological differences among both stress paradigms. In
addition, these experimental groups differed in their body weight
gain and sucrose preference after 10 days of stress. Moreover, the
glycolytic enzyme aldolase C that is expressed in CNS astrocytes,
as well as in Purkinje neurons in the cerebellum, was detected
in small extracellular vesicles (SEVs) isolated from cerebrospinal
fluid (CSF) at high levels after restraint but not after immobili-
zation, indicating that stress by movement restriction applied
with 2 different procedures generates differential physiological
or molecular responses. Several types of extracellular vesicles
(EVs), secreted by cells, are involved in cell-to-cell communica-
tion (Sandoval et al., 2013; Colombo et al., 2014; Pegtel et al., 2014).
They comprise vesicles directly released from the plasma mem-
brane and vesicles termed exosomes, which are generated in the
endocytic pathway and are released from multi-vesicular bodies.
Exosomes are defined by their small size (<150 nm) and their par-
ticular biogenesis pathway, but when they are isolated by ultra-
centrifugation a mixed population of EVs is obtained, which are
now better termed “small EVs” (Kowal et al., 2016). The identifi-
cation of their molecular content, including proteins, has gained
an increasing amount of interest as disease biomarkers (Shao
et al,, 2012). Considering that translational relevant biomarkers
should be obtained from a more accessible sample than the CSF,
we performed proteomic analysis of serum-derived sEVs of rats
exposed to stress by restraint or immobilization. Moreover, serum
sEVs contained aldolase C tagged with green fluorescent protein
(C-GFP), used as a reporter protein in forebrain cells including
astrocytes, revealed that brain-derived proteins can be found in
blood sEVs.

Methods
Animals

Male Sprague-Dawley rats between 2.5 and 3 months of age
were used for the stress protocols. To transfer aldolase C-GFP

via in utero electroporation, pregnant rats were used. The prog-
eny grew until young adulthood, and their blood was obtained.
The experimental procedures were supervised and approved
by the Universidad de los Andes Bioethical Committee, and
the National Institute of Health’s Guide for the Care and Use of
Laboratory Animals was followed. Rats were maintained with ad
libitum access to food and water under a 12-h-light/-dark cycle
at22°C +1°C.

Experimental Design

The stress procedures used were described previously and
applied as in Figure 1A (Ampuero et al., 2015). During a 7-day
habituation period, 4 to 5 male rats were housed in home cages.
Then the rats were exposed to stress due to movement restric-
tion for 2 h/d (9 to 11 am) over 10 consecutive days, and they
spent the rest of the day in their home cages. Both no stress
as well as stress groups were water and food deprived during
these 2 hours. The no stress rats were handled at least twice
for 5 minutes during this time and were subjected to depriva-
tion to control for direct effects of deprivation and handling.
Movement restriction was attained either by restraint in wire
mesh cages or by immobilization in plastic bags. On day 11,
that is, 24 hours after the beginning of the last stress session,
the blood was collected and serum obtained by centrifuga-
tion at 4000 x g for 10 minutes and kept refrigerated until fur-
ther centrifugation for EVs isolation. The complete behavioral
characterization on day 11 is published in Ampuero 2015. Rats
of the present experimental groups were weighted on day 1
(before initiation of the stress session) and on day 11 to cal-
culate body weight gain. The sucrose preference test was also
performed. For this, during the habituation period and previ-
ous to the initiation of the stress protocol, rats chose between
drinking 1% sucrose or tap water during 3 consecutive days.
After the last stress procedure, rats were water deprived for 12
hours (i.e., on day 10) and sucrose intake was measured for 1
hour on day 11 (Supplementary Figure 1).

In Utero Electroporation

Electroporation was performed from embryonic stage E18.5 to
19.5, thus preferentially targeting astrocytes (Ampuero et al,,
2015). To anesthetize pregnant rats, xylazine (5 mg/kg) and ket-
amine (50 mg/kg) were administered via i.p. injection. Uterine
horns were exposed and plasmid mixtures (2.7 pg of each plas-
mid mixed with 0.5 pL of Fast Green [1 mg/mL, Sigma-Aldrich)])
were injected into the left lateral ventricle using pulled glass
capillaries (P97, Sutter Instruments) connected to a pressure Pico
pump (PV830, World Precision Instruments). The plasmids were
PPBGFAP-PBase (approximately 2 pg/pL), that is, driven by the
glial fibrillary acid protein (GFAP) promoter combined with: (1)
PBCAG-AldoC-GFP (approximately 2 pg/pL), that is, driven by the
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Figure 1. Characterization of small extracellular vesicles (sEVs). (a) Experimental design: rats were habituated in their home cages for 7 days. Then, stress by restraint or
immobilization or no stress was applied for 10 days. (b) Images of sEVs obtained by electron microscopy. Bar scale = 100 nm. (c) sEV size and concentration detected by
the nanoparticle tracking analysis in 4 to 6 independent samples per animal group. (d) Western blots and (e) the corresponding densitometric quantification of changes
in the content of the indicated proteins in the experimental conditions: no stress (NS), restraint (R), or immobilization (I). Equal amounts of proteins were loaded per
lane (including astrocyte homogenates, AH). The data represent mean+SEM. n=10 for CD-63, n=8 and 5 for flotillin after restraint and immobilization, respectively;
n=7 for TSG-101. #P<.05 in the Mann-Whitney test (used to compare pairs of data, i.e., restraint vs immobilization). *P<.05, **P<.01 in a Wilcoxon-signed rank test (to

compare with a hypothetical value of 0 (no change).

strong ubiquitous promoter cytomegalovirus early enhancer/
chicken beta actin; or (2) pBCAG-GFP (approximately 2 pg/uL)
(used as control). The pPBGFAP-PBase and pBCAG-GFP plas-
mids were kindly donated by Joseph LoTurco and were allowed
through the piggyBac transposon system, a stable transgene
expression in astrocyte progenitors (LoTurco et al., 2009; Chen
and LoTurco, 2012). For electroporation, a 60- to 70-V electric
pulse was delivered across a pair of oval electrodes (1x0.5 cm)
with the positive pole placed on the lateral surface of the left
cerebral hemisphere. Finally, the electroporated fetuses were
born and grew until young adulthood (2.5-3 months) for collec-
tion of brain samples for immunofluorescence and for blood col-
lection (Figure 4A).

Immunohistofluorescence

Electroporated rats of 250 g were anesthetized with ketamine
(50 mg/kg) and xylazine (5 mg/kg) and were perfused intra-car-
dially with 0.9% saline followed by 4% paraformaldehyde. Then
the brains were removed, cryopreserved, and cut in 30-um fro-
zen coronal sections using a Microm HM 525 cryostat (Thermo
Fisher Scientific). Serial sections from electroporated and none-
lectroporated rats were incubated with blocking solution (phos-
phate buffered saline [PBS] pH=7.4, 0.25% w/v Triton X-100, 5%
w/v horse serum [#16050130, Gibco-Invitrogen, San Diego, CA],
5% w/v bovine serum albumin [BSA]) for 1 hour at room tem-
perature. Then they were incubated overnight at 4°C with the



corresponding primary antibodies (anti-GFAP and anti-GFP)
diluted to 1:1000 with PBS pH 7.4, 0.25% w/v Triton X-100, 1% w/v
horse serum, and 1% w/v BSA. Then the sections were incubated
for 1 hour at room temperature with diluted (1:1000) secondary
antibody coupled to fluorescent probes (Alexa anti goat 488 or
Alexa anti mouse 555). Omission of the primary antibody dur-
ing incubation was used as control. Slides were cover slipped
by using Vectashield mounting medium (Dako, Agilent) and
inspected under an epifluorescence microscope (Nikon, ECLIPSE
TE2000U) or a confocal microscope (Leica SP8) to study co-locali-
zation by using the multidimensional acquisition software.

Isolation of sEvs

Approximately 6 mL of blood was obtained per rat to follow the
procedure of Thery et al., 2006. Serum was centrifuged at 2000 x g
for 30 minutes to discard cells and at 12000 x g for 45 minutes
to discard microvesicles. The resulting supernatant was centri-
fuged at 110000x g for 70 minutes to collect the sEV-enriched
fraction. sEVs were washed once in PBS and centrifuged as
before to resuspend the final pellet in PBS and store it at —80°C.

Western Blots

A BCA protein assay kit (Pierce) was used to measure protein
concentrations. Polyacrylamide gradient gel electrophoresis
(4%-20%) in denaturing conditions (sodium dodecyl sulfate pol-
yacrylamide gel electrophoresis [SDS-PAGE]) was used to sepa-
rate 20 pg of protein per lane and to transfer them thereafter to
nitrocellulose membranes. As a positive control for the exosomal
proteins, astrocyte primary culture homogenates, suspended in
RIPA buffer [(0.1% SDS, 0.5% NP40, 10 mM Tris-Cl pH 7.5, 1 mm
EDTA, 150 mM NacCl, 0.5% deoxycolate plus protease inhibitor
cocktail (Complete, Sigma-Aldrich)], was used. Astrocyte pri-
mary cultures were routinely obtained in our laboratory on day
P1 (Sandoval et al., 2013). Exosomal proteins, suspended in PBS,
were used. Antibodies used in western blots are listed below.

Immunoprecipitation

The procedure was performed at 4°C. sEV proteins (250 pg) were
solubilized in RIPA buffer for 2 hours. The primary antibodies
(goat aldolase C from Santa Cruz or mouse small ubiquitin-like
modifier (SUMO) 1 from Cell Signaling) or the corresponding
control immunoglobulin IgG were added to the supernatants
and incubated overnight to finally add 100 pL of washed and
blocked protein G Sepharose beads for 1 hour. The supernatant
was discarded after centrifugation at 500 g, and the beads were
washed 5 times with solubilization buffer. Finally, the beads
were incubated with electrophoresis loading buffer for western-
blot analyses.

Isolation of EAAT2-Positive SEVs

SEVs (250 pg per tube) were diluted in 1 mL of iso-osmotic buffer
(0.32 M sucrose, 50 mM HEPES, pH 7.4) and incubated overnight
at 4°C with anti-EAAT2 antibody directed against an epitope lo-
cated at the second extracellular loop of the rat Excitatory Amino
Acid Transporter 2 (tube A). As negative control, normal rabbit
serum was used. In parallel, 100 pL of Dynabeads M-280 Sheep
anti-rabbit IgG (Life Technologies, Darmstadt, Germany) was pel-
leted using a magnet for 5 minutes. The supernatant was dis-
carded and the magnetic beads were washed 2 times with 1 mL of
iso-osmotic buffer, using a magnet for 5 minutes and discarding

Goémez-Molina etal. | 235

the supernatant each time. After the last wash step, 1 mL of iso-
osmotic buffer plus 1% BSA was added and the beads were incu-
bated overnight at 4°C (tube B). Then beads (tube B) were washed
twice and the contents of both tubes (A and B) were mixed and in-
cubated for 1 hour at 4°C. The magnetic beads were pelleted as be-
fore and the supernatant discarded, followed by 5 washings with
1 mL of iso-osmotic buffer. For western-blot analysis, the material
attached to the beads was resuspended in 60 pL of loading buffer
and boiled for 5 minutes.

Transmission Electron Microscopy

The sEV-enriched pellet was fixed with 2% paraformaldehyde,
placed on Formvar-carbon-coated grids, and observed using
electron microscopy (Thery et al., 2006). The mean sizes were
obtained from n>50 vesicles from at least 2 independent sEV
preparations per experimental group.

Nanoparticle Tracking Analysis

The size distribution and concentration of the sEVs were
analyzed with the NanoSight LM-10 equipment (Malvern
Instruments) and using a green laser. sEVs were diluted 1:100
with PBS. Three videos, each 60 seconds long, were recorded per
sample using a detection threshold of 10 (NTA 3.1Software) for
comparison.

High-Resolution Proteomic Analysis

SEV proteins were separated using polyacrylamide gradient gel
electrophoresis. Each lane was divided into 8 sections to per-
form in-gel digestion according to Kolodziej et al., 2016.

Liquid chromatography followed by tandem-mass spec-
trometry (MS/MS) of the sample fractions was performed on a
hybrid dual-pressure linear ion trap/orbitrap mass spectrom-
eter (LTQ Orbitrap Velos Pro, Thermo Scientific) equipped with
an EASY-nLC Ultra HPLC (Thermo Scientific). Peptide samples
were dissolved in 10 pL of 2% acetonitrile/0.1% trifluoric acid and
fractionated on a 75-pm i.d., 25-cm PepMap C18-column, packed
with 2 pm of resin (Dionex, Germany). Separation was achieved
by applying a gradient of 2% to 35% acetonitrile in 0.1% formic
acid over 150 minutes at a flow rate of 300 nL/min.

The LTQ Orbitrap Velos Pro MS was exclusively used for CID-
fragmentation when acquiring MS/MS spectra, which consisted
of an orbitrap full mass spectrometry (MS) scan followed by up
to 15 LTQ MS/MS experiments (TOP15) on the most abundant
ions detected in the full MS scan. The essential MS settings were
as follows: full MS (resolution, 60,000; mass to charge ratio range,
400-2000); MS/MS (Linear Trap; minimum signal threshold, 500;
isolation width, 2 Da; dynamic exclusion time setting, 30 sec-
onds; and singly charged ions were excluded from the selection).
Normalized collision energy was set to 35%, and activation time
was set to 10 milliseconds.

Raw data processing and protein identification were per-
formed by ProteomeDiscoverer 1.4 (Thermo Scientific) and a
combined database search used the Sequest and Mascot algo-
rithms. The false discovery rate was calculated by the Percolator
2.04 algorithm and was set to<1%. An Ingenuity Pathway
Analysis was used for network analysis of functional interac-
tions of proteins.

The MS proteomics data obtained in this study have been
deposited to the ProteomeXchange Consortium via the PRIDE
partner repository with the dataset identifier PXD009085
(Vizcaino et al., 2016). The ProteomeXchange dataset has been
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made public via the PRIDE database, with the following details:
ProteomeXchange title: rat serum exosomes after restriction
stress, ProteomeXchange accession: PXD009085, PubMed ID: Not
applicable, Publication DOI: Not applicable, Project Webpage:
http://www.ebi.ac.uk/pride/archive/projects/PXD009085, FTP
Download: ftp://ftp.pride.ebi.ac.uk/pride/data/archive/2018/12/
PXD009085.

Materials and Antibodies

Reagents were acquired in Sigma-Aldrich (Santiago, Chile) unless
otherwise specified. Primary antibodies were used at dilutions of
1:1000 against MAP2 (MAB378, Merck Millipore); TSG101 (Ab83,
Abcam); Flotillin-1 (610821, BD Transduction Laboratories); CD63
(sc-15363, Santa Cruz Biotechnology); GM130 (Ab1299, Abcam);
GFAP (Mab C 2032-28B, US Biological); GFP (Ab6673, Abcam); GFP
(MAB3580, Merck Millipore); EAAT2 (AGCO022, Alomone, Israel);
SUMO 1 (Ab32058, Abcam); SUMO 2/3 (Ab109005, Abcam), and
aldolase C (sc12065, Santa Cruz Biotechnology). In addition, Dr
Richard Hawkes (University of Calgary, Alberta, Canada) kindly
provided a monoclonal antibody against aldolase C, which
in western blots recognizes a polypeptide antigen of 36 kD
tested across species, including mammals (Sillitoe et al., 2005).
Secondary antibodies Alexa Fluor 488 Donkey Anti-Goat IgG (#
A11055) and Alexa FluorR 555 Donkey Anti-Mouse IgG (# A28180)
coupled to fluorescent probes were purchased from Invitrogen
(Thermo Fisher Scientific).

Statistical Analysis

The data are presented as the mean+SEM. Semiquantitative
analysis of western blots was evaluated by comparing the rela-
tive optic densities of bands (fold change of stress over no stress)
after restraint and immobilization using the Mann-Whitney test.
In turn, the significant differences in each dataset, with a hypo-
thetical value of 1 (no change), were assessed with a Wilcoxon-
signed rank test. Statistical significance was set at P<.05 (*, *) or
P<.01 (™, *).

Results

To identify peripheral markers in sEVs, rats were exposed to no
stress or to stress by restraint or by immobilization for 10 days
(Figure 1A). The stress protocol induced similar depressive-like
behaviors that were reverted by either fluoxetine (after restraint)
or reboxetine (after immobilization) (Ampuero et al., 2015). In
addition, different body weight gain and sucrose preferences
were observed among experimental groups (Supplementary
Figure la-b). To investigate whether these differences could
be reflected in blood biomarkers, serum sEVs were isolated by
ultracentrifugation, and the 100000x g pellet was used in the
present study. The obtained material was characterized by size,
concentration, and the presence of proteins known to be exo-
some markers (Figure 1). Using transmission electron micros-
copy, morphological characteristics of EVs were observed (Figure
1B). The mean diameters of the vesicles obtained from animals
exposed to no stress, restraint, or immobilization were 58.3+2.9,
53.7+2.7,and 49.7 +2.3 nm, respectively (n>50 vesicles obtained
from at least 2 independent EV preparations per experimental
group) (not shown). As expected, when the size distribution was
assessed by nanoparticle tracking analysis (NTA), larger mean
sizes were obtained after fitting Gaussian distributions to the
data (139.7+37.9, 140.7+35.9, and 140+35.3 nm, respectively)
(Figure 1C). In these NTA profiles, major peaks of abundant

vesicles were observed at 125 (no stress), 135 (restraint), and 115
(immobilization) nm (n=4-6 independent EV preparations per
experimental group). The larger sizes observed with the NTA are
consistent with the literature and the fact that several factors
contribute to size shifts, for example, NTA detects the diameter
of vesicles in solution based on their Brownian motion, while
clusters of particles, most likely cross-linked by proteins such
as tetherin, contribute to the measures (Sokolova et al., 2011,
Edgar et al., 2016). Thus, it can be concluded that the sizes of the
isolated vesicles are compatible with sEVs, such as exosomes,
and that these are highly comparable between the experimental
conditions investigated.

We finally performed a biochemical characterization of
these sEVs. Equal amounts of total protein per lane were used
for the western blots to detect the presence of proteins that are
considered markers of exosomes (Figure 1E). Surprisingly, we
observed quantitative variations in the selected marker proteins
among the experimental groups (Figure 1E). In this way, while
the abundance of tetraspanin CD-63 decreased after stress by
restraint, it did not change after immobilization. After reprobing
the same blots, the amount of flotillin was found to be higher
in the sEVs after restraint than after immobilization, while the
abundance of a member of the endosomal sorting complexes
required for transport, TSG-101, increased after restraint but
demonstrated no statistically significant changes after immo-
bilization. These results suggested that the used vesicle fraction
was heterogeneous with regard to the cell types that gener-
ate them in each case and/or that the molecular mechanisms
involved in their biogenesis and cargo selection vary among
experimental conditions. In this vein, the variability of putative
sEV markers has been recently discussed (Kowal et al., 2016). To
decipher brain-derived proteins that might vary significantly
in serum sEVs of repetitively stressed rats, high-resolution
MS-based proteomic analysis was performed.

Proteome of EVs After Stress

We postulated that the EVs proteome might serve as a sys-
temic biomarker of stress or of different stress protocols asso-
ciated with depressive-like behaviors. In total, 929 proteins
were detected across the 3 experimental conditions (Figure
2). Interestingly, 128 proteins were detected exclusively under
no stress, while 187 and 181 were selectively detected after
restraint or immobilization, respectively. Database-assisted
accession of the potential tissue where the proteins originate
from, detected in the respective proteomes, revealed that after
stress by restraint, the proteins expressed in the brain increased
from <25% to >35% (Figure 2B). Since proteins that are expressed
in astrocytes can be detected in the CSF (Sandoval et al., 2013),
we overlaid a Venn diagram with the proteome data from the
astrocyte-derived EVs. This Venn analysis revealed that a pro-
portion of the proteins present in serum sEVs is also present in
sEVs isolated from the conditioned medium of astrocytic cul-
tures (Figure 2C).

To further analyze the proteomic data, we focused on pro-
teins that were unique in only one of the experimental condi-
tions and performed an Ingenuity Pathway Analysis in which
we imposed an upper limit of 35 proteins per pathway. Here,
we showed only the main pathways given by the analysis,
that is, the networks containing the highest number of pro-
teins detected per condition (Figure 3A-C). In the case of no
stress, the pathway points to cellular protection and to intra-
cellular trafficking/exosome biogenesis and secretion. Notably,
this pathway contains as many as 25 identified proteins (gray
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Figure 2. Proteomic analysis of extracellular vesicles (EVs) show that after restraint, proteins that are expressed in the brain are increased. (a) Venn analysis of the
identified proteins in the experimental conditions. (b) Venn analysis of the identified proteins including the proteome of astrocyte small extracellular vesicles (SEVs). (c)
The percentage of expression of the identified proteins in different body organs is shown (obtained with DAVID Bioinformatics Resources 6.8 [NIAID, NIH]).

symbols). In contrast, in the case of restraint, proteins more
abundantly related to one cellular pathway indicate cellular
stress (22 proteins), including proteins of the 26 S proteasome
and others that are known EV components, such as heat shock
proteins. The presence of CIQTNF5 and hexokinase 1 suggest
mitochondrial dysfunction is a phenomenon associated with
psychiatric disorders (Park et al., 2009; Regenold et al., 2012;
Glombik et al., 2017), a point that will be further addressed in
the discussion. In turn, in the case of immobilization, the main
pathway also pointed to cellular stress pathways (27 identi-
fied proteins), including components of the 20 S proteasome
and proinflammatory pathways converging on the transcrip-
tion factor NF-kB, which is in turn a known mediator of stress-
induced inflammation and depressive behavior (Koo et al., 2010;
Caviedes et al., 2017). Interestingly, the glucocorticoid binding
protein SERPIN6A, involved in the delivery of glucocorticoids to
sites of inflammation, was also detected. In addition, networks
and the proteomic content of each experimental condition
were compared with the proteins of astrocyte EVs (Figure 4A-D).
Interestingly, the functional interpretation of these networks
suggested that they are involved in disease processes, such as
in neurological and psychological disorders (after restraint) and
in neurological disorders and inflammatory responses (after
immobilization).

On the other hand, common proteins found in restraint and
immobilization and their absence in sEVs of nonstressed ani-
mals are possibly related to the expression of stress-related,
depressive-like behaviors. Only 49 proteins were present in this
category, which are related to transmembrane transport, syn-
aptic transmission and plasticity, and regulation of the intra-
cellular redox status. Moreover, several of them participate
in cellular stress responses (e.g., apolipoprotein B, caspase-5,

ceruloplasmin, Myc target 1) and might serve as general stress
indicators.

To further verify the presence of astrocytic proteins in serum
sEVs, we investigated one of the previously described candidate
proteins, aldolase C, by using western-blot analysis (Figure 5). As
shown in Figure 5A-B, a notable increase in the level of this pro-
tein was observed after restraint, while the opposite occurred
after immobilization. In line with this, a typical astrocytic fore-
brain protein, GFAP, was also present in the sEVs and revealed
similar changes. Other protein levels were not altered among the
experimental conditions, such as f-tubulin, actin, and caveolin
1 (Supplementary Figure 2a), while 2 brain proteins that were
found in the proteome, reelin and synaptophysin, decreased
or changed differentially under each stress condition, respec-
tively. Thus, while some proteins showed selective enrichment
after restraint, others changed in the same direction under both
stress conditions and a different subset did not change.

Surprisingly, aldolase C and synaptophysin were found
to have higher molecular weights than expected (Figure 5A).
To explain this discrepancy, we hypothesized that part of the
SsEV protein cargo undergoes posttranslational modifications
that are responsible for decreased electrophoretic mobility.
We focused on aldolase C, and to confirm the identity of this
protein, we used 4 different antibodies generated against dif-
ferent antigenic zones of the protein (Figure 5C) in addition to
a monoclonal antibody kindly provided by Dr. Richard Hawkes.
All of them detected a protein with a molecular weight that was
increased by approximately 20 kDa, confirming that a modified
protein is present in sEVs (Figure 5D). In silico analysis revealed
that aldolase C contains SUMO-interacting motifs as well as
canonical sequences and lysine residues that are predicted to
undergo SUMOylation (shown in the upper panel of Figure SE).


http://academic.oup.com/ijnp/article-lookup/doi/10.1093/ijnp/pyy098#supplementary-data
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Figure 3. Network analysis of proteins identified exclusively in one of the experimental conditions (no stress, restraint, or immobilization). Dotted lines indicate indir-
ect interactions; solid lines represent direct interactions between proteins. (a) Network analysis of the proteins identified uniquely in the small extracellular vesicles
(SsEVs) of the no stress group indicated the convergence of survival pathways/cell protection and intracellular trafficking. ABCB8, ATP-binding cassette, subfamily B
(MDR/TAP), member 8; aconitase, aconitate hydratase; actin, G-actin; Akt, AKT1/2/3; AP1B1, adaptor protein complex AP-1, § 1 subunit; ARF1, ADP-ribosylation factor 1;
CLTA, clathrin, light chain A; DBNL, drebrin-like protein; DNM3, dynamin 3; dynamin, dynamin GTPase; FYB, FYN binding protein; NUCB2, nucleobindin 2; PARK?, par-
kinson protein 7; PBXIP1, pre-B-cell leukemia transcription factor interacting protein 1; RPS20, ribosomal protein S20; SCAMP1, secretory carrier membrane protein 1;
SKAP2, src kinase associated phosphoprotein 2; SLC2A4, solute carrier family 2 (facilitated glucose transporter), member 4; SMPD3, sphingomyelin phosphodiesterase
3; SNAP23, synaptosomal-associated protein 23; STX4, syntaxin 4; STXBP2, syntaxin binding protein 2; Tpm1, tropomyosin la; Tpm?2, tropomyosin 23; Tpm3, tropomy-
osin 3; VAMP7, vesicle-associated membrane protein 7; ZYX, zyxin. (b) Network analysis of proteins identified uniquely in the sEVs after restraint indicated proteins



Moreover, SUMOylation acts as a sorting factor for targeting pro-
teins to sEVs (Kunadt et al., 2015). To test whether aldolase C in
sEVs was SUMOylated, we first performed western-blot analyses
to detect SUMO 1 and SUMO 2/3 in sEVs (Figure 5F). Interestingly,
a SUMO 2/3 band coincided with aldolase C, while SUMO 1 pre-
sented bands of lower molecular weight as well as a minor band
at the molecular weight detected by the aldolase C antibodies.
We therefore immunoprecipitated aldolase C and SUMO 1 from
sEVs. We found that the aldolase C and SUMO immunoprecipi-
tates were positive for SUMO (upper western blot of Figure 5G)
and for aldolase C (lower western blot), strongly suggesting that
the protein detected by the aldolase C antibodies contained this
posttranslational modification. We finally examined whether
blood sEVs carry recombinant aldolase C-GFP when the protein
is exclusively expressed in the brain.

Aldolase C in the Serum sEVs Is Derived From the
Forebrain

To determine whether aldolase C in serum EVs originates from
brain astrocytes, we transferred aldolase C-GFP or GFP to astro-
cyte progenitors at embryonic days 18 to 19, positioning the
positive electrode on a frontal position. The electroporated rats
grew for 2.5 to 3 months (Figure 6A). Blood was collected, and the
brains were prepared for immunofluorescence against GFP and
GFAP as a marker of astrocytes. Under the experimental condi-
tions used, aldolase C-GFP-positive and GFAP-positive cells were
mainly detected in proximity to the lateral ventricles and in the
hippocampus (Figure 6B-C). In addition, transduced astrocytes
were detected in the cerebral cortex (Supplementary Figure
2b), and astrocytic processes surrounding the blood vessels,
which were compatible with astrocytic end feet, were observed
(data not shown). The nonelectroporated hemisphere did not
stain for GFP, and the subcortical nuclei were also negative for
electroporated cells. The cerebral cortex contained a lower co-
localization of GFAP and GFP (Supplementary Figure 1b, mid-
dle), while in a few cases, single GFP-stained cells resembling
neurons were observed (Supplementary Figure Slb, top). We
did not go further into this observation and cannot differenti-
ate whether the detected cell was an electroporated neuron or
whether it was a neuron that had taken up massive amounts of
aldolase C. To assess whether aldolase C-GFP, when expressed
in brain cells, could be detected in serum sEVs, we performed
western blots of these sEVs. We found that the recombinant pro-
tein aldolase C-GFP was detected using an aldolase C antibody
(left) or the GFP antibody (right) (Figure 6D), revealing bands
of approximately 70 kDa both with the GFP antibody, whereas
with the anti-aldolase antibody, both the recombinant as well
as the endogenous proteins were detected. Note that astrocyte
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homogenates contain 2 protein bands corresponding mainly
to the expected molecular weight form of aldolase C (approxi-
mately 36 kDa), while the higher molecular weight form (possi-
bly SUMOylated) was also weakly detectable in this homogenate.
Interestingly, SEVs contained only the endogenous high-molec-
ular-weight form of aldolase C-GFP. As a control, animals were
electroporated with GFP (Figure 6E), and similarly, serum EVs
were obtained. In the left blot, the expected aldolase C forms
were detected, whereas GFP could not be detected in the sEV
fractions, suggesting that aldolase C is actively targeted to sEVs
and that the contribution of GFP to this process is negligible.

Using a different experimental strategy to enrich astro-
cyte-derived EVs, we immune-isolated sEVs carrying the glial
glutamate transporter EAAT2 (Figure 6F). The precipitate (i.e.,
EAAT2-positive vesicles) contained aldolase C, and the protein
was highly enriched with respect to the input, in which aldolase
C could be detected only after overexposure of the membrane
(right lanes). Note that aldolase C was weakly detected in the
control IgG. This is a common phenomenon attributed to the
presence of sumo-interacting motifs in IgGs. Thus, we assured
that the control IgG was added at similar or even higher amounts
than the anti-aldolase antibody (last row). Taken together, our
results showed that aldolase C, expressed in astrocytes, can be
collected in serum sEVs and could therefore constitute a poten-
tial stress biomarker.

Discussion

In this work, we showed that blood sEVs contain proteins that
are expressed in brain cells, revealing a direct communication
between brain glial cells and the rest of the body. In addition,
we demonstrated a different content of SEV proteins in 2 animal
stress models showing depressive-like behaviors that responded
selectively to antidepressant treatments (Ampuero et al., 2015).
Thus, this work has notable projections in the field of biomarker
research in humans, intended to distinguish among psychiat-
ric diseases or subtypes of mood disorders but also on common
biomarkers of depressive-like behaviors. On the other hand, the
presence of brain-derived sEVs in the blood suggested that they
might target some peripheral organs/tissues with some prefer-
ence, participating in this way in brain-to-periphery signaling.
While the increased presence of aldolase C in EAAT2-affinity
isolated EVs supports the notion that astrocyte EVs are contrib-
uting to the differential proteome, it remains unknown to what
extent other brain cells participate as peripheral EVs donors.
In this way, neurons and microglia might be additional cel-
lular sources, as suggested by the presence of synaptophysin,
reelin, or calcium and calmodulin-dependent kinase II (mainly
expressed in neurons), just to name a few. Similarly, many other

related to cellular stress responses. 26 s Proteasome, Proteasome; BAHCC1, BAH domain and coiled-coil containing 1; CIQTNFS, C1q and tumor necrosis factor related
protein 5; CEP250, centrosomal protein 2; CHD8, chromodomain helicase DNA binding protein 8; CLIC1, chloride intracellular channel 1; ERK, p42/44 MAPK; HECTD1,
HECT domain-containing E3 ubiquitin protein ligase 1; Histone h3, Histone H3B; HK1, hexokinase 1; Hsp90, Heat shock protein 90 kDa; HSPA2, heat shock 70 kDa protein
2; HSPAS, Heat Shock 70kD Protein 8; IDH1, isocitrate dehydrogenase 1; KHSRP, KH-type splicing regulatory protein; MAP1B, microtubule-associated protein 1B; MAPT,
microtubule-associated protein tau; MTMR1, Myotubularin Related Protein 1; NCL, nucleolin; NOA1, nitric oxide associated 1; POLR1A, polymerase (RNA) I polypeptide
A; Rnr, 475 Pre-rRNA, Ribosomal; RPS23, ribosomal protein S23; SPAG9, sperm associated antigen 9; SYPL2, synaptophysin-like 2; TNRC6A, trinucleotide repeat contain-
ing 6A; TUFM, Tu translation elongation factor. (c) Network analysis of the proteins identified uniquely in the sEVs after immobilization paradigm indicated protein
components related to cancer and hematological and immunological diseases. 20 S proteasome, 20 S Core Complex; ABCC1, ATP-binding cassette, subfamily C (CFTR/
MRP); CCT3:, chaperonin-containing TCP1, subunit 3 (gamma); CLIP2, CAP-GLY domain-containing linker protein 2; elastase, serine elastase; 0C100360846/Psmb6,
proteasome subunit § 6; MYH14, myosin, heavy chain 14; MYH7, beta cardiac myosin heavy chain; MYHS8, myosin, heavy chain 8; NFkB (complex), transcription factor
nuclear factor k b; PGRMC1, progesterone receptor membrane component 1; PRKCB, protein kinase C 3 Il; PSMA3, proteasome subunit a 3; PSMAS, proteasome subunit
a 5; PSMAS6, proteasome subunit a 6; PSMB1, proteasome subunit § 1; PSMB3, proteasome subunit 3 3; PSMB4, proteasome subunit § 3; PSMB5, poteasome subunit f3 5;
PSMB7, proteasome subunit § 7; PSME1, Proteasome activator pa28 o subunit; SERPINAG, Corticosteroid-binding globulin, serine (or cysteine) peptidase inhibitor; SER-
PINBI10, serine (or cysteine) peptidase inhibitor, clade B; SERPINBE, serine (or cysteine) peptidase inhibitor, clade B, member 6; TUBB2A, tubulin, § 2A; TUBB4B, tubulin,

 4B; TUBBS, tubulin, 6.


http://academic.oup.com/ijnp/article-lookup/doi/10.1093/ijnp/pyy098#supplementary-data
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eine) peptidase inhibitor, clade A; SERPINA3, serine (or cysteine) peptidase inhibitor, clade A, member 3 M; SERPINC1, serine (or cysteine) peptidase inhibitor, clade C,
member 1; TTR, Transthyretin isomer 1. (b) Network analysis of the proteins obtained from serum sEVs after restraint also present in astrocytic sEVs indicating the
protein components related to metabolic disease, neurological disease, and psychological disorders. A2 M, alpha-2-macroglobulin; AHSG, alpha-2-HS-GLYCOPROTEIN;
Akt, AKT1/2/3; ALB, Albumin 1; APOA1, apolipoprotein A-I; APOE, Apolipoprotein E; CLU, clusterin; CP, ceruloplasmin; CPN1, carboxypeptidase N; FGA, Fibrinogen A «;
Hbal/Hba2, hemoglobin, o 1, hemoglobin, a 2; HBB, Beta-globin; HDL, high-density lipoprotein; HPX, hemopexin; ITIH1, inter-alpha trypsin inhibitor, heavy chain 1;
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8 protein; PLG, plasminogen; RAB7A, member RAS oncogene family, RAB7A; SERPINA1, serine (or cysteine) peptidase inhibitor, clade A; SERPINCI, serine (or cysteine)
peptidase inhibitor, clade C, member 1; TTR, Transthyretin isomer 1. (c) Network analysis of the proteins obtained from the serum sEVs after immobilization paradigm




tissues and cell types outside the CNS release EVs: for example,
cells of the immune system are a prominent source of blood EVs
in health and disease (Ventimiglia and Alonso, 2016). Here, we
show that the impact of stress on the brain is reflected by a dif-
ferential proteome of sEVs that can originate in brain cells.

The biological actions of brain-derived sEVs in peripheral
organs have, until now, been unexplored in areas such as comor-
bidity among stress-induced disorders. Brain-to-periphery
communication mediated by sEVs has been documented in
animal models of inflammation: in such a way, endothelial cell-
derived EVs transfer tight junction proteins to peripheral blood
leukocytes in experimental autoimmune encephalomyelitis
(Paul et al., 2016) and mediate the inflammatory hepatic acute-
phase response that is triggered following focal inflammation
of the brain parenchyma (Couch et al., 2017). Circulating EVs
also increase after traumatic brain injury and, when obtained
in vitro under proinflammatory conditions (from macrophages
or endothelial cell lines), they regulate the inflammatory
response both in the periphery and CNS (Hazelton et al., 2018).
A distant negative effect in the lungs, the bystander effect, was
proposed to be mediated by astrocyte-derived EVs after focal
ionizing radiation of the brain (Cai et al., 2017b). In the latter
case, although the route of communication remains unknown,
EVs isolated from cultured astrocytes could recapitulate the
bystander effect. Moreover, after a focal brain inflammation in
the striatum, astrocyte-derived EVs regulate the distant acute
liver response and trigger the transmigration of leukocytes into
the brain parenchyma (Dickens et al.,, 2017). Taken together,
these studies support the notion that brain-derived EVs can
reach peripheral blood and organs, and we have added in vivo
evidence that specific stress conditions modify the molecular
cargo of sEVs.

The search for biological markers of subtypes of mood dis-
orders, their severity, and differential drug responsiveness has
attracted increasing levels of interest (Lv et al., 2016). Proposed
biomarkers include neuroimaging biomarkers, such as those for
functional magnetic resonance imaging (Lener and Iosifescu,
2015; Drysdale et al., 2017), genomic markers (Licinio et al.,
2009; Lin et al., 2014) or levels of molecules in the blood, such as
proteins (i.e., cytokines, neurotrophins, and/or their receptors),
mRNAs, or miRNAs (Cattaneo et al., 2016; Maffioletti et al., 2016;
Siwek et al., 2017). In our study, several proteins detected in sEVs
after both restraint and immobilization have already been pro-
posed as markers of depressive disorders or of their symptoms,
such as thioredoxin, a redox protein that protects against oxida-
tive stress (Aydin et al., 2018), or the voltage-dependent anion
selective ion channels that regulate mitochondrial cytochrome
c release (Glombik et al., 2015). A large proportion of the differ-
ential proteome identified here participates in the regulation
of mitochondrial function and oxidative stress, supporting the
implication of energy metabolism changes (especially oxidative
phosphorylation and glycolysis) in stress-associated disorders
(Corena-McLeod et al., 2013; Detka et al., 2015). Thus, the pro-
teome of blood sEVs reflects in part molecular neurobiological
processes activated by repetitive stress (Krishnan and Nestler,
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2010; Carboni, 2015). Interestingly, the rapid-acting antidepres-
sant effect of ketamine is mediated by the regulation of mito-
chondrial function in the hippocampus (Weckmann et al., 2017).
Similarly, fluoxetine (but not imipramine) upregulates proteins,
for example, Aldolase A and Park7, involved in mitochondrial
biogenesis and oxidative defense in the hippocampus (Glombik
et al,, 2017), and these protective molecules were not detected
after stress in EVs. Other mitochondrial antioxidant proteins,
such as Superoxide Dismutase and Cytochrome c oxidase subu-
nits, were found in no stress or in no stress and immobiliza-
tion, respectively, suggesting differences in the redox balance
in the brain cells originating EVs among stress subtypes. In
accordance, paroxetine, a selective serotonin reuptake inhibitor,
restored Superoxide Dismutase 2 (and voltage-dependent anion
selective ion channel) levels along with reverting depressive
behavior in mice (Whittle et al., 2011). Finally, increased GFAP
expression probaby reveals glial activation, which has been rec-
ognized as a putative marker of suicidal behavior (Torres-Platas
etal., 2016).

The mass spectrometric approach carried out in this work
identifies the proteome of serum sEVs in a qualitative manner.
Nevertheless, even if the identification of a protein is reliable
and proven by false discovery rate calculations (set to <1%), the
condition-dependent comparison of low abundant proteins
in sEVs might result in a blurred line between detection and
missed identification. Surprisingly, the selective Venn analysis
of the very highly abundant proteins of each experimental con-
dition (identified by more than 10 different tryptic peptides)
revealed a similar outcome to comparing all of the identifi-
cations: while only 20 (18%) remained unique to the control
condition (no stress), 59 (37%) were unique to the immobilized
group, and 49 (50%) were unique to the restraint group. This
supported the assumption that the described differences in
EVs protein content reflect a biological phenomenon rather
than a proteomic analytical artifact. When we assigned the
proteins to gene ontology terms and compared them to ran-
dom protein lists matched in size as described in Kahne et al.,
2016, the most prominent upregulation was found for the term
“C: extracellular exosome,” supporting the sufficient quality of
used sEV preparations.

With the present experimental strategy that was used to
transfer aldolase C-GFP to forebrain astrocytes, using the GFAP
promoter in the helper plasmid, we cannot rule out that a pro-
portion of the recombinant protein in serum sEVs was derived
from other cell types in addition to astrocytes. Consistent with
low neuronal precursor proliferation at the age of electroporation
(i.e., impeding the integration of the plasmid into the genome
and, thus, its stable expression), we observed very few neurons
when examining the brain slices. In contrast, ependymal cells
still proliferate at E18-E19, and our observations were consistent
with the transfer of aldolase C-GFP to cells lining the ventricular
walls (Bruni, 1998). However, until now there is no evidence in
the literature that ependymal cells are altered in psychiatric dis-
eases or that they could secrete sEVs with differential molecular
cargo (Comte et al., 2012).

also present in astrocytic sEVs. Network related to neurological and metabolic diseases. A2 M, alpha-2-macroglobulin; AFM, serum albumin, a-Alb; Akt, AKT1/2/3; ALB,
albumin 1; APOA1, apolipoprotein A-I; CLU, clusterin; CP, ceruloplasmin; FGA, alpha-fibrinogen; Hba1l/Hba2, hemoglobin, a 1, hemoglobin, « 2; HBB, Beta-globin; HDL,
high-density lipoprotein; hemoglobin, hemoglobin; HP, haptoglobin; HPX, hemopexin; ITIH1, inter-alpha trypsin inhibitor, heavy chain 1; ITIH3, inter-alpha trypsin
inhibitor, heavy chain 3; ITIH4, inter-alpha trypsin inhibitor, heavy chain 4; SERPINAL, serine (or cysteine) peptidase inhibitor, clade A, member 1; SERPINC1, serine
(or cysteine) peptidase inhibitor, clade C; SERPINF1, serine (or cysteine) peptidase inhibitor, clade F, member 1; TTR, transthyretin isomer 1. (d) Network related to in-
flammatory response. ACTB, actin f3; Actin, G-actin; ANXA1, annexin Al; ANXA4, annexin A4; ANXAS, annexin A5; B2 M, beta-2-MICROGLOBULIN; CFL1, cofilin 1; CKB,
Creatine kinase b chain; Cofilin; EMILIN1, elastin microfibril interfacer 1; ERK1/2, p42/44 MAPK; Erm; F Actin, Filamentous actin; GSN, Gelsolin; MSN, moesin; MYADM,
myeloid-associated differentiation marker; PFN1, profilin 1; PPIA, peptidylprolyl isomerase A; PPIB, peptidylprolyl isomerase B; PRDXS5, Peroxiredoxin 5; RAB7A, member

RAS oncogene family, RAB7A; WDR1, WD repeat domain 1.
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Figure 5. Proteins expressed in astrocytes (aldolase C and glial fibrillary acid protein [GFAP]) are differentially present in small extracellular vesicles (sEVs) obtained
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roteins and (b) corresponding densitometric quantification. (c) Representation of

the antigenic peptides that were used for generation of the Santa Cruz antibodies (A and C), while B indicates the antigenic peptide that was used for the generation
of the Abcam antibody. Finally, a monoclonal antibody generated against a crude homogenate of cerebellum and electrosensory lateral line lobe from a weakly elec-
tric fish was used (gift from Dr. Richard Hawkes, University of Calgary). (d) Western blots of aldolase C using antibodies of the different sources and directed against
different antigenic peptides in the protein. (e) Possible small ubiquitin-like modifier (SUMO)ylating residues of aldolase C are indicated. (f) Western blots of SEVs using
anti-SUMO antibodies. (g) Western blots of immunoprecipitated aldolase C (left) and SUMO (right) using SUMO antibody (upper) or aldolase C antibody (lower). The IgG
lane indicates the respective control conditions. AH, astrocyte homogenates; I, stress by immobilization; NS, no stress; R, stress by restraint. N=5-7; #P<.05; ##P<.0 in
Mann-Whitney tests (to compare pairs of data, i.e., restraint vs immobilization); *P<.05 in a Wilcoxon-signed rank test (to compare fold changes with a hypothetical

value of 1 (no change).

It has already been proposed that proteins expressed in
the brain constitute peripheral biomarkers of CNS diseases
(Mustapic et al., 2017; Goetzl et al., 2018). Here, we provided
direct evidence that blood EVs contain a recombinant protein

that is exclusively expressed in brain cells, including astrocytes.
With the electroporation strategy that was used, we mainly tar-
geted astrocytes in the hippocampus and cells lining the lateral
ventricles. The derived EVs could cross the blood-brain barrier
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left lateral ventricle on embryonic day 18.5. The orientation of the electrodes used to apply the voltage pulse is shown. (b) Immunohistofluorescent detection of glial
fibrillary acid protein (GFAP) and GFP in coronal brain slices indicated that cells positive for both proteins were detected in the borders of the lateral ventricles (LV, indi-
cated by arrows), and (c) in the hilus of the dentate gyrus (DG). Gr, granule cells. (d) Aldolase C (left) or GFP (right) was detected in astrocyte homogenates (AH) electropo-
rated with aldolase C-GFP or in sEVs isolated from the serum of these animals. Note that in the sEVs, the modified form of aldolase C was detected (~ 55 kDa), as well
as the recombinant protein (~ 70 kDa), which was also visible with the GFP antibody. (e) Aldolase C (left) or GFP (right) was detected in the astrocyte homogenates (AH)
that were electroporated with GFP or in extracellular vesicles (sEVs) isolated from the serum of these animals. Note that in sEVs, the modified form of aldolase C was
detected (~ 55 kDa), while in these animals, no GFP could be detected in the EVs. Observations were conducted in n=5 independent animal groups (n=4 rats per group
for blood collection). (f) EVs bearing the glial glutamate transporter EAAT? in their membrane are enriched in aldolase C. EVs were immunoisolated in nondenaturating
conditions with an antibody directed against an extracellular epitope of EAAT2. The input lane was loaded with 8% of the EVs used for the precipitation procedure (i.e.,
20 pg). Note that EAAT2 can only be detected in the input after overexposure of the same blot (right lanes), revealing a huge enrichment of EAAT2-bearing vesicles in
the isolated material that in turn also contains higher aldolase C levels compared with the input EVs.

(BBB) by transcytosis, especially when considering the detected
endfeet-like structures of electroporated astrocytes (Chen et al.,
2016). In addition, the permeability of the BBB was altered after
stress paradigms such as social defeat stress (Menard et al., 2017).
Moreover, astrocyte-derived EVs were detected in the periph-
eral circulation under inflammatory conditions (Dickens et al.,
2017; Willis et al., 2017). It still needs to be clarified whether the

increased detection of astrocytic proteins in sEVs after restraint
is a consequence of proinflammatory alterations in the BBB or a
consequence of the increased sEVs release under certain stress
conditions (Santha et al., 2015).

The shift in the molecular weight of aldolase C was com-
patible with its SUMOylation: SUMO peptides of 10 kDa pro-
duce band shifts of approximately 20 kDa because their
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attachment creates a branch point in the protein chain ex-
plaining an additional retardation in-gel migration. Aldolase
C contains a high number of lysine residues that could accept
SUMO peptides as well as SUMO interacting motifs (Xue et al.,
2006). Note that the detection of endogenously SUMOylated
proteins has remained challenging because of the reversible
and regulated nature of the process. Moreover, most of the
SUMO substrates are not able to be detected by MS because
after trypsinization, long peptides remain undigested. Thus,
the fact that we did not identify aldolase C in our sEVs sam-
ples by MS but rather by western blot was also highly indica-
tive of its presence in a SUMOylated form (Cai et al., 2017a). It
is possible that synaptophysin, which was also detected with
a higher molecular weight in blood EVs, belongs to the pre-
synaptic protein pool that is regulated by SUMO (Girach et al.,
2013; Matsuzaki et al., 2015). Overall, SUMOylation constitutes
a novel form of protein cargo selection in EVs and may ex-
plain their higher apparent molecular weights (Villarroya-
Beltri et al., 2014; Kunadt et al., 2015).

Taken together, our data provide evidence for a specific pat-
tern of brain-derived protein cargo in serum sEVs after stress
that might impact future studies aimed at understanding the
pathogenesis and comorbidity of stress-related disorders.
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