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Nogo-A is secreted in extracellular
vesicles, occurs in blood and can
influence vascular permeability
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Abstract

Nogo-A is a transmembrane protein with multiple functions in the central nervous system (CNS), including restriction

of neurite growth and synaptic plasticity. Thus far, Nogo-A has been predominantly considered a cell contact-dependent

ligand signaling via cell surface receptors. Here, we show that Nogo-A can be secreted by cultured cells of neuronal and

glial origin in association with extracellular vesicles (EVs). Neuron- and oligodendrocyte-derived Nogo-A containing EVs

inhibited fibroblast spreading, and this effect was partially reversed by Nogo-A receptor S1PR2 blockage. EVs purified

from HEK cells only inhibited fibroblast spreading upon Nogo-A over-expression. Nogo-A-containing EVs were found in

vivo in the blood of healthy mice and rats, as well as in human plasma. Blood Nogo-A concentrations were elevated after

acute stroke lesions in mice and rats. Nogo-A active peptides decreased barrier integrity in an in vitro blood-brain barrier

model. Stroked mice showed increased dye permeability in peripheral organs when tested 2weeks after injury. In the

Miles assay, an in vivo test to assess leakage of the skin vasculature, a Nogo-A active peptide increased dye permeability.

These findings suggest that blood borne, possibly EV-associated Nogo-A could exert long-range regulatory actions on

vascular permeability.
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Introduction

Nogo-A is a membrane protein enriched in oligoden-

drocytes, CNS myelin and subtypes of neurons that

exerts repulsive and inhibitory effects on growing neu-

rites and vascular tip cells during development, and is
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an important restricting factor for structural and syn-
aptic plasticity and axonal as well as vascular regener-
ation after CNS injuries.1–4 With two long
hydrophobic sequences at its C-terminus, Nogo-A
was primarily seen as a contact-dependent ligand inter-
acting with membrane-bound receptor complexes,
whereby two different sequences of the ligand Nogo-
A interact with two different binding partners and their
associated components.5–7 The Nogo-66 region binds
receptors called NgR1 and PirB with the co-receptor com-
ponents p75 or Troy and LINGO-1 or AMIGO-3.1,8 The
more N-terminal Nogo-A-D20 region binds to either a
complex of the G-protein coupled receptor S1PR2 with
the tetraspanin TSPAN3 and/or the recently identified
Nogo-A-D20 interaction partners heparan sulfate proteo-
glycans (HSPGs) syndecan-3/4.9–11 Signalling via both
Nogo-66 and Nogo-A-D20 leads to Rho-A activation
and actin cytoskeleton modification; Nogo-A-D20 has
been suggested to also affect gene expression.2,9,12

However, it remains unknown whether Nogo-A
always acts as a full-length ligand, or whether the
hydrophilic, approximately 1000 aa long N-terminus
is proteolytically processed to release an active frag-
ment as a soluble ligand with further biological func-
tions. Although proteolytic processing of N-terminal
Nogo-A has been described previously, this observa-
tion was linked to Nogo-A inactivation rather than to
active fragment release.13 Hence, the available evi-
dence is consistent with the concept that full-length
Nogo-A acts as a membrane-bound, cell contact-
dependent ligand via engaging Nogo receptors on
adjacent cells. Only recently, first evidence arose that
Nogo-A proteolytic fragments can be released via
extracellular vehicles (EVs) to act as a diffusible inhib-
itor of neurite outgrowth.14

EVs are nano-to-micrometer sized cell-derived
vesicles carrying various nucleic acids, soluble proteins
and transmembrane proteins.15 In recent years, EVs
have emerged as important multi-modal signalling
vehicles also in the CNS (patho-)biology. Neuronal
activity leads to an increase in EV secretion by both
neuronal and glial cells, and these EVs can influence
neuronal excitability.16–19 Oligodendroglial EVs have
been shown play neuro-protective roles under condi-
tions of ischemia,20 and Schwann cell EVs can increase
regrowth of neurites after injury in the peripheral ner-
vous system (PNS).21 EVs may also be involved in car-
rying morphogens across synapses and potentially to
distant sites, as Wnt-carrying EVs are secreted by var-
ious cell types and have been shown to be functionally
relevant for the coordinated growth of muscle and syn-
apse at Drosophila neuromuscular junctions
(NMJ).22,23

Here, we report that full-length and bioactive Nogo-
A is sorted into EVs and can cause spreading inhibition

of fibroblasts via S1PR2 signaling in vitro. EVs con-
taining Nogo-A were recovered from blood of healthy
rodents and humans; blood Nogo-A levels were elevat-
ed in stroked mice and rats, demonstrating that EVs
containing Nogo-A are present under physiological
conditions and react to pathological conditions. The
active Nogo-A fragment D20 increased brain endothe-
lial cell permeability in an in vitro blood-brain barrier
(BBB) model. Injections of this peptide also increased
vascular permeability in the Miles assay, an in vivo
assay for skin vessel permeability. Mice with cortical
strokes, which had high levels of blood Nogo-A,
showed higher vessel permeability in several of their
organs.

Materials & methods

Antibodies and reagents

For western blotting, the following primary antibodies
were used at the indicated concentrations: 0.2lg/ml
mouse anti-Alix clone 3A9 (Cell Signaling
Technology, 21715), 0.25-0.5 lg/ml mouse anti-Alix
clone 49 (BD Biosciences, 611620), 0.25-0.5 lg/ml
mouse anti-flotillin1 clone 18 (BD Biosciences,
610820), 0.06 lg/ml human anti-CD63 clone REA563
(Miltenyi Biotech, 130108892), 0.5lg/ml mouse anti-
CD9 clone H19a (Biolegend, 312102), 1 lg/ml rabbit
anti-Ago2 (Abcam, ab32381), 0.12 lg/ml rabbit anti-
GM130 EP892Y (Abcam, ab52649), 1 lg/ml rabbit
anti-Calnexin (Abcam, ab22595), 3.9lg/ml mouse
anti-flag M2 (Sigma, F3165), 0.2 lg/ml mouse anti-
GAPDH clone 6C5 (Abcam, ab8245), 1:10000-
1:20000 rabbit anti-Nogo serum Rb1 (produced in
house,24,25 0.75 lg/ml mouse anti-Nogo-A 11C7 (pro-
duced in house.24 Secondary HRP-coupled antibodies
were all purchased from Thermo Fisher Scientific and
used at a concentration of 0.05-0.1 lg/ml. For TEM
with immunogold labeling, the following primary anti-
bodies were used at the indicated concentrations: 1:40
anti-Nogo-A Rb172A serum (produced in house,24,25

1:40 control rabbit pre-immunisation serum (produced
in house,24 10 mg/ml human anti-CD63 clone REA563
(Miltenyi Biotech, 130108892), 156 mg/ml mouse anti-
flag M2 (Sigma, F3165). Secondary antibodies or pro-
tein A conjugated to 10 nm gold particles were
obtained from British BioCell and used at a dilution
of 1:25. For immunocytochemistry, the following pri-
mary antibodies were used at the indicated concentra-
tions: 1 mg/ml mouse anti-b3-tubulin (Promega,
G712A), 2mg/ml mouse anti-RhoA-GTP (New East
Biosciences, 26904). As secondary antibodies, 1mg/ml
anti-mouse Cy3-coupled antibodies (Invitrogen,
A10521) were used. 1:200 Phalloidin Alexa Fluor 488
(Invitrogen, A12379) was used to stain the
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cytoskeleton, and 50 nM DAPI (Invitrogen, D3571)

was used as nuclear counterstain. For spreading

assays, JTE-013 was purchased from Tocris and used

at a final concentration of 10 mM. The ROCK inhibitor

Y-27632 was purchased from Sigma and used at a final

concentration of 1-10mM.

Plasmids & cloning

Cloning of Flash-Flag double tagged constructs of

Nogo-A was performed using the general method orig-

inally described by.26 Briefly, the sequences of Nogo-A

flanking the desired tag insertion site both N-terminally

and C-terminally were amplified out of the full-length

mouse Nogo-A sequence through polymerase chain

reaction (PCR) with the primers listed in Suppl.

Table 2 using the KAPA HiFi HotStart PCR Kit

(Roche). The vector AbVec-hIgG1 (FJ475055) was

digested with the restriction enzymes HindIII (New

England Biosciences, R0104S) and EcoRI (New
England Biosciences, R0101S) to remove the IgG

sequence and linearize the vector. The digested vector

and the Nogo-A PCR products (insert) were then ligat-

ed with the Gibson AssemblyVR Master Mix (New

England Biosciences) according to the manufacturer’s

instructions. Briefly, the molar vector to insert ratios

were chosen depending on the size of the insert (total of

0.02-0.5 pmol DNA), mixed in a final volume of 10 ml
of water, added to 10 ml of Gibson assembly master

mix, and incubated for 15minutes at 50 �C.
Immediately after the ligation, the assembled product

was transformed into TOP10 chemically competent E.

coli through heat shock (42 �C for 30 sec). Transformed
bacteria were plated on Agar in the presence of 100 mg/
ml ampicillin (Sigma Aldrich) for 16 h, followed by

colony picking, liquid culture, and purification of the

DNA constructs through QIAprep Spin Miniprep Kit

(Qiagen) according to the manufacturer’s instructions.

Proper insertion of the tag (50-TGT TGT CCA GGC

TGT TGT GGA AGC GAC TAC AAA GAC GAT

GAC GAC AAG-30) was confirmed through

sequencing.

Cell culture

Neuro-2a (N2a), HEK-293T, N1E-115, and Swiss 3T3

cells were obtained from ATCC and maintained at

37 �C in a humidified atmosphere with 5% CO2, in

Dulbecco’s Modified Eagle Medium (DMEM) supple-

mented with 10% fetal bovine serum (FBS). The oligo-

dendrocyte precursor cell line Oli-neu was a kind gift

from Dr. Jacqueline Trotter (University of Mainz,

Germany). Oli-neu cells were maintained in a humified

atmosphere at 37 �C and 8% CO2, in SATO medium

supplemented with 1% horse serum, 10 ng/ml PDGF

(Peprotech) and 10 ng/ml FGF (Peprotech). For EV
isolation, cells were plated sub-confluent (60-70%) in
15 cm dishes (TPP) in full growth medium for 16 h. The

cells were then washed twice in phosphate buffered
saline (PBS) in quick succession, and once in EV har-
vesting medium for 15min under normal culture con-
ditions, followed by incubation in 15ml EV harvesting
medium for 24 h or 48 h. For N2a and HEK-293T,
serum-free OptiMemTM (Invitrogen) was used as EV
harvesting medium. For Oli-neu, serum-free SATO

supplemented with FGF and PDGF was used as the
EV harvesting medium.

EV isolation through ultracentrifugation

The EV harvesting medium, i.e. conditioned culture

medium (CCM), was subjected to differential centrifu-
gation as described previously,27 with minor modifica-
tions. Briefly, the CCM was pre-cleared through
sequential centrifugation at 300 g for 5min, 2000 g for
20min, and 10 000 g for 30min. The pre-cleared CCM
was then subjected to ultracentrifugation at 100 000 g

for 70min in an SW28 rotor (Beckmann). Where
stated, the supernatant was collected and concentrated
100-fold in Amicon Ultra centrifugal ultrafiltration
devices with 10 kDa cut-off (Millipore), according to
the manufacturer’s instructions. The pellets from the
100 000 g ultracentrifugation, containing the EVs,
were re-suspended in 500 ml PBS and pooled in a final

volume of 13ml PBS. For morphology analysis
through TEM, the EVs were fixed at this stage with a
final w/v of 0.4% paraformaldehyde (PFA). The EVs
were then subjected to a second round of ultracentri-
fugation at 100 000 g for 70min in a TH-641 rotor
(Sorvall). The supernatant was discarded, and the

final pellet was re-suspended in 50–150ll PBS (for
TEM and functional assays) or RIPA buffer (for west-
ern blotting). All centrifugation steps were performed
at 4 �C. The ultracentrifugation-based EV isolation
protocol was used for all functional assays (Figures 3
and 4). This protocol was optimized for functionality
and morphological integrity of EVs, ensuring that the

EVs used in the functional assays were of the highest
quality.

EV isolation through density gradient and
ultracentrifugation for extended characterization

Discontinuous iodixanol density gradients were pre-
pared as described previously28 with some minor mod-
ifications. Briefly, a working solution (WS) of
iodixanol was prepared by mixing 60% iodixanol

(OptiPrepTM, Axis Shield) with a working buffer
(WB) (0.25M sucrose, 6mM EDTA, 60mM Tris-
HCl, pH 7.4). Appropriate amounts of WS were then
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mixed with a homogenization medium (0.25M sucrose,

1mM EDTA, 10mM Tris-HCL, pH 7.4) to obtain

solutions containing 5%, 10%, 20%, and 40% iodix-

anol. The gradient was then prepared in a 4.9ml poly-

allomere ultracentrifugation tube (Beckmann) by

layering 1.2ml of each of the 5%–40% iodixanol sol-

utions, starting with the 40% solution at the bottom of

the tube. The EV containing sample, prepared through

pre-clearing as described above and concentrated

50–100� in Amicon Ultra devices with 10 kDa cut-off

(Millipore), was then layered on top of the 5% fraction.

The gradients were centrifuged at 100 000 g for 18 h at

4 �C in an SW40.1Ti rotor (Beckmann), and 10 frac-

tions of 500 ll were collected from the top. The frac-

tions were diluted 1:10 in PBS, and concentrated to

50 ll in Amicon Ultra devices with 30 kDa cut-off

(Millipore). Samples were stored at �80�C until further

processing. The density gradient ultracentrifugation

protocol was used to isolate EVs for extended protein

characterization (Figures 1 and 2). This protocol

was optimized to separate the different fractions of

EVs during isolation, allowing for a more detailed

understanding of the protein composition of each

fraction.

Figure 1. Validation of EV isolation. EVs were isolated from pre-cleared cell culture supernatants through two rounds of ultra-
centrifugation at 100 000 g for 70min and re-suspended in PBS for analysis. (a) Representative Western blots for EV marker proteins
(Alix, CD63, Flotillin-2), and proteins used as negative controls (Calnexin, GM130, Ago2). Similar results were observed in >3
independent experiments. b and b’ Representative TEM images showing the morphology of the isolated EVs. (b’) is cropped and
magnified from the region in (b) indicated by the dotted line. (c) and (d) Representative TEM images of EVs with immuno-gold labelling
for CD63. Red Arrows indicate positive labeling. Scale bars¼ 100nm in all TEM images. (e) Size distribution of immune-gold (CD63þ)
labelled EVs from TEM analysis from n¼ 3 independent EV isolations. (f) Representative size distribution of the isolated EVs from
NTA. Red dotted line represents the standard deviation from 3 independent measurements. – CL¼ ultracentrifugation supernatant;
P100¼ pellet of 100 000 g centrifugation.
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Animals

All animal experiments were approved by the Cantonal
Veterinary Department of Zurich. Experiments were
conformed to the guidelines of the Swiss Animal
Protection Law, Veterinary Office, Canton of Zurich
(Act of Animal Protection December 16, 2005, and
Animal Protection Ordinance April 23, 2008, animal
welfare assurance number ZH231/2018). Data were
reported according to the and ARRIVE guidelines.
Adult female wildtype mice (10–14weeks) of the
C57BL/6 strain (19–25 g) were used. Mice were
housed in standard Type II/III cages at least in pairs
in a temperature and humidity-controlled room with a
constant 12/12h light/dark cycle (light on from 6:00 a.m.
until 6:00 p.m.).

Photothrombotic stroke

Animals were deeply anesthetized with 5% isoflurane
(Attane, Provet AG) in a transparent induction cham-
ber. Stroke surgery was performed under 1.5–2% iso-
flurane. A photothrombotic stroke to unilaterally
lesion the sensorimotor cortex was induced on the
right hemisphere, as previously described.3,29–31

Briefly, animals were fixed in a stereotactic frame
(David Kopf Instruments) and the skull was exposed
through a midline skin incision. A cold light source
(Olympus KL 1500LCS, 150W, 3000K) was posi-
tioned over the right forebrain cortex at anterior/pos-
terior: �1.5mm to þ1.5mm and medial/lateral 0mm
to þ2mm relative to Bregma. Rose Bengal (10mg/ml,

in 0.9% NaCl, Sigma) was injected intraperitoneally
5minutes prior to illumination. Subsequently, the
exposed area was illuminated through the intact skull.
After 10.5minutes of illumination, light exposure was
stopped. For postoperative care, all animals received
analgesics (Novalgin, Sanofi) for at least 3 days after
surgery.

Human samples

20ml of venous blood was drawn from healthy subjects
(Blood Donation Center Zurich, Zurich, Switzerland)
using EDTA tubes and centrifuged at 2000xrcf at 4 �C
for 15minutes before fully anonymized plasma samples
were stored at �80�C. Healthy study participants were
recruited within the framework of the SPUM-ACS
study, as reported32 and all participants gave informed
consent prior to their enrolment. This study was con-
ducted according to the declaration of Helsinki and
was approved by the institutional review board
(Cantonal Ethics Committee Zurich, Switzerland; ref-
erence number: EK-1688/2019-01809).

Graphs and statistical tests

All graphs and statistical analyses were computed in
GraphPad Prism version 7.03. Unpaired student’s
t-tests were used to compare two groups, and a one-
way ANOVA with Bonferroni multiple comparisons
test was used to compare multiple groups.

Please find more details to methods in the
Supplementary material.

Figure 2. Nogo-A is present in extracellular vesicles (EVs). (a) Representative western blots of EVs from N2a and Oli-Neu cells,
pelleted through ultracentrifugation. Detection of Nogo-A/-B was performed with the Rb172A serum. (b) Density gradient
fractionation of the supernatant of N2a cells. F1¼ top fraction, F10¼ bottom fraction (not shown). Note the overlap in fractions
positive for Nogo-A and Flotillin-1 (F4-F7). (c) Quantification of the total yield of EVs per 106 secreting cells, measured as mg of EV
protein. Statistical test performed was an unpaired student’s t-test, n¼ 3, p¼ 0.013.
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Results

Nogo-A is associated with extracellular vesicles
secreted in vitro

First, we isolated EVs from culture supernatants of
N2a neuroblastoma cells known to contain Nogo-A
through ultracentrifugation as described previously.27

The resultant EV preparation was characterized
according to the recommendations of the international
Society of extracellular vesicles (ISEV).33 Through
Western blotting, we confirmed the enrichment of the
EV-associated marker proteins Alix, CD63 and
Flotillin-2 in the EV pellet (Figure 1(a)). The absence
of significant under-representation of the Golgi-
associated protein GM130 and the endoplasmic reticu-
lum (ER)-associated protein Calnexin indicated
that the EV preparation was not contaminated by
either intracellular proteins or apoptotic bodies
(Figure 1(a)). A very low level of contamination from
soluble proteins co-pelleting with the EVs was detected
using Ago-2 as a surrogate marker, as previously
described28 (Figure 1(a)). Particles with a morphology
characteristic for extracellular vesicles, a visible mem-
brane bilayer, and positive labelling for CD63 were
observed through transmission electron microscopy
(TEM) (Figure 1(b) to (d)). The size of the CD63þ

vesicles ranged from 40-160nm in diameter, corre-
sponding to the size range expected for endosome-
derived exosomes (Figure 1(e)). Through nanoparticle
tracking (NTA), we confirmed that the population of
particles as a whole had a hydrodynamic diameter with
a peak at 100 nm (Figure 1(f)), in line with character-
istics of EVs34–36 and showed high consistency between
the different EV isolations.

We then applied this isolation method to the detec-
tion of Nogo-A in EV pellets from N2a cells and the
oligodendrocyte precursor cell line Oli-neu. Through
Western blotting with an antibody against Nogo-
A/-B (Rb172A),24 we identified both Nogo-A and -B
in EV pellets from the cell lines (Figure 2(a)). These
data suggested that Nogo-A could be secreted in asso-
ciation with EVs, or it could be co-pelleting with the
EVs in an unspecific manner. To determine whether
Nogo-A was specifically associated with the EV frac-
tion, we carried out density gradient fractionation of
cell culture supernatants. Nogo-A was present in
fractions positive for Alix, CD63 and Flotillin-1, and
absent from other fractions (Figure 2(b)). Interestingly,
Nogo-Aþ fractions overlapped perfectly with Flotillin-
1þ fractions, while Alixþ and CD63þ fractions were
only partially overlapping with the Nogo-Aþ/Flotillin-
1þ fraction. This result led us to conclude that Nogo-A
may be specifically associated with a Flotillin-1þ sub-
population of EVs. Next, we assessed whether

over-expression of Nogo-A in HEK cells, a cell line
that does not normally express Nogo-A37 (Suppl. Fig.
1), would lead to its secretion in EVs. We observed a 8-
fold upregulation in the total amount of EVs secreted
by Nogo-Aþ cells relative to GFPþ cells (Figure 2(c)).
Taken together, these results suggest that Nogo-A
over-expression in HEK cells may lead to an increased
secretion of a specific subtype of EV negative for Alix,
and positive for Flotillin-1 and GAPDH.

Nogo-A is associated with the EV membrane with the
N-terminus facing out

For EV-associated Nogo-A to be functional as a signal-
ing ligand, the N-terminal Nogo-A-D20 and/or the
Nogo-66 region would be expected to face the extracel-
lular space, as has been shown for plasma membrane-
associated Nogo-A.24,25,38 To investigate this, we carried
out TEM imaging of EVs with immunogold labelling for
the N-terminus of Nogo-A. We found that the Nogo-A
antibodies labelled the membrane of 8% of the EVs on
average, while a control IgG did not label any EVs
(Suppl. Fig. 2A–C, E). The relative labelling index
(RLI) of 1.9 and Chi square (v2) value of 94.8 indicated
that the gold labels were preferentially associated with
the EV membrane (p< 0.001, Suppl. Table 1). The
number of gold dots per EV appeared to be increased
upon transgenic over-expression of Nogo-A (Suppl. Fig.
2D). For purposes of comparison, we also quantified the
labelling for the EV surface marker CD63 and found
that 23% of the EVs secreted by N2A neuroblastoma
cells were labelled (Suppl. Fig. 2F) and the RLI was 4.6
(p< 0.001, Suppl. Table 1) indicating highly specific
labelling. Taken together, these results indicate
that both CD63 and the N-terminus of Nogo-A
could be identified on the surface of EVs. The size
range of Nogo-Aþ EVs was comparable to the size
range of CD63þ EVs, 80–100 nm (Suppl. Fig. 2F),
consistent with the possibility of MVB-related bio-
genesis. The smaller proportion of Nogo-Aþ vs
CD63þ EVs is in line with the existence of different
EV subpopulation.

Having found that the N-terminus of Nogo-A was
on the extracellular face of the EV membrane on at
least some of the Nogo-Aþ EVs, we asked whether
this is always the case, and whether the C-terminus is
also on the outer surface. To this end, we generated
flash-flag double tagged constructs of Nogo-A with
the tag placed either near the C-terminus (Figure 3
(a)) or on the hydrophilic N-terminus, after the func-
tionally important Nogo-A-D20 region (Figure 3(b)).
Having validated the expression and proper trafficking
of the constructs (Suppl. Fig. 3), we performed TEM
imaging with immunogold labelling for the flag tag on
EVs of HEK cells over-expressing the tagged Nogo-A.
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We found that 24� 7.7% (mean�SD) of EVs were
labelled when the tag was placed at the N-terminus,
while 1.4� 1.2% (mean�SD) were labelled when the
tag was placed at the C-terminus (Figure 3(c) and
(d)). The difference in labelling was significant
(p¼ 0.0072), indicating that the N-terminus, but not

the C-terminus, was accessible for EV surface labelling.

This finding suggested an N-terminus outside/
C-terminus inside topology for EV-associated Nogo-A.

We sought to confirm the suggested topology of EV-
associated Nogo-A through treatment of permeabilized

and non-permeabilized tagged EVs with proteinase K.

Figure 3. The C-terminus of Nogo-A is on the luminal side of extracellular vesicles (EVs), and the proteolytically sensitive
N-terminus faces the extracellular space. (a) Map of the C-terminally flash-flag tagged construct of Nogo-A with the tag insertion site
indicated in green arrow heads. (b) Map of the N-terminally flash-flag tagged Nogo-A construct. (c) Transmission electron microscopy
(TEM) micrographs of EVs collected from HEK cells transfected with N-terminally (top) or C-terminally (bottom) tagged Nogo-A
constructs. Scale bars¼ 100 nm. Red Arrows indicate positive labeling. (d) Quantification of the percentage of labelled EVs for N- and
C-terminally tagged Nogo-A constructs. The statistical test performed was an unpaired student’s t-test, p¼ 0.0072. n¼ 3 independent
EV isolations and (e) Western blots of from cells and EVs over-expressing either the N- or the C-terminally flag-tagged construct. Red
labels F1–F4 indicate cleaved fragments of Nogo-A present in cell lysates and EVs. Green label F4 indicates a C-terminal cleaved
fragment only found in EVs. For the limited proteolysis of EV samples, the EVs were treated with Proteinase K with or without
permeabilization in 0.05% Triton X-100.
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Through western blotting, we found that the band cor-
responding to full-length Nogo-A disappeared
completely or almost completely upon proteinase K
treatment of non-permeabilized EVs, indicating that
all of the N-terminus was on the extracellular face
(Figure 3(e)). Interestingly, we noted the presence of
cleaved fragments at 120 kDa, 75 kDa and 60 kDa in
untreated control EV samples (Figure 3(e)). A cleaved
fragment of 30 kDa, corresponding to the molecular
weight of the C-terminus and the transmembrane
domain, was only present in C-terminally tagged sam-
ples. This finding indicated that the EV-bound Nogo-A
was proteolytically processed at the N-terminus, and
that a portion of the EV-bound Nogo-A consisted
of only the transmembrane domain and the short
C-terminus. The C-terminus was partially protected
from proteinase K treatment in non-permeabilized
samples (fragments in W-blot, Figure 3(e)) but was
completely absent in permeabilized samples treated
with proteinase K (Figure 3(e)). Taken together with
the results from the TEM imaging, we conclude that
the C-terminus is primarily on the luminal side of the
EV membrane, but it is unclear if an alternate topology
may exist to place the C-terminus on the extracellular
face of the EV.

While we were able to confirm that all of the N-ter-
minus of Nogo-A was on the extracellular face of the
EV, the observed proteolytic processing suggested that
the percentage of Nogo-Aþ EVs in the total popula-
tion was probably underestimated. Interestingly, we
also observed cleaved fragments down to the 60 kDa
fragment in whole lysates of HEK cells overexpressing
the tagged N-terminal construct, suggesting that some
of the proteolytic processing occurs already within the
cell (Figure 3(e)). The C-terminal 30 kDa fragment was
exclusively found on the EVs, suggesting that the final
cleavage occurs in an EV-associated manner (Figure
3(e)). These findings have been repeatedly validated
with a similar outcome (Suppl. Fig 4). These results
lead us to suggest that Nogo-A may be proteolytically
processed along the biogenetic pathway of EV release,
with final processing occurring on the EV surface.

EV-associated Nogo-A is active as a ligand

We hypothesized that at least the portion of EVs with
the N-terminus of Nogo-A intact could act as function-
al ligands to inhibit cell spreading and neurite out-
growth in a cell-to-cell contact-independent manner.
Since we were specifically interested in the activity of
the Nogo-A-D20 region, we used a fibroblast spreading
assay, which excludes any effect of Nogo-66.24 In initial
experiments we used spinal cord extract (SCE), known
for its high levels of Nogo-A,39 as a positive control.
We found that wild type (WT) N2a neuroblastoma cell

derived EVs were highly inhibitory for fibroblast
spreading when applied in solution at either 20 mg/ml
or 100 mg/ml (Figure 4(a) and (b)). Strikingly, 20 mg/ml
EVs was as inhibitory as 80 mg/ml SCE, and there was
no further increase in spreading inhibition when EVs
were applied at the higher concentration of 100 mg/ml
(Figure 4(b)). EV-depleted supernatants of ultracentri-
fugation carried only extremely low inhibitory activity
at very high concentrations when either coated or in
solution (Figure 4(c) and (d)), suggesting that the inhib-
itory activity is not associated with possible soluble
fragments of Nogo-A. Importantly, eGFP containing
EVs did not show any inhibitory effects (Suppl. Fig. 5).
Taken together, these results suggested that EV-
associated Nogo-A may be active as a signaling
ligand, and that the inhibitory activity was specifically
associated with the EV fraction.

We then tested a range of EV concentrations in the
fibroblast spreading assay to find the IC50, i.e. the
concentration at which the spreading was reduced by
50% over the range of possible values from unspread to
fully spread cells. Through non-linear regression anal-
ysis, we found that the IC50 shifted depending on the
EV preparation (Figure 4(d)). The lowest IC50 range
was 2.7–7.7 mg/ml, and the highest IC50 range was
13.6–21.1mg/ml. Since both the Hill slope and the
IC50 were significantly different for each EV prepara-
tion (p< 0.0001), the fitting of an average curve to
model all the data was not appropriate. To compare
these values directly to the SCE, we applied the SCE in
solution onto fibroblasts, and found that the IC50 of
one SCE preparation was in the range of 16.09–
23.2 mg/ml (Figure 4(e)).

Nogo-Aþ EVs signal via S1PR2

To unravel the signaling pathways underlying the
observed spreading inhibition upon treatment with
Nogo-Aþ EVs, we asked whether the Nogo-A-D20
receptor S1PR2 might be involved. To this end, we
pre-treated fibroblasts with the S1PR2 antagonist
JTE-013 or vehicle dimethyl sulfoxide (DMSO) and
assessed the spreading inhibition in the presence of
Nogo-Aþ EVs from either WT N2a or WT Oli-neu
cells, applied at the estimated IC50. Similar to the
results described above, we observed spreading inhibi-
tion upon treatment with N2a and Oli-neu EVs in the
presence of vehicle (DMSO) (Figure 5(a) and (b)). With
the IC50 concentration of EVs resulting in 60–70%
spreading inhibition for N2a EVs and Oli-neu EVs
we observed a partial recovery of spreading inhibition
of both N2a and Oli-neu EVs upon treatment with
JTE-013 (Figure 5(b) and (c)) . When analysed as per-
cent change in cell surface area with JTE over DMSO,
the recovery was statistically significant (p¼ 0.0301)
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for N2a EVs (Figure 5(c)). We therefore conclude that

the spreading inhibition is at least partially mediated

by S1PR2.

Nogo-A associated EVs are present in physiological

blood samples

As shown above, Nogo-Aþ vesicles are secreted into

culture supernatants of several cell lines, including

CNS-derived cells. We then investigated whether

Nogo-Aþ EVs can be found in body fluids in vivo, in

particular blood. Blood serum and plasma were

collected from healthy, adult C57Bl6 mice, Long–
Evans rats, and human blood donors. To be able to
detect also very low levels of Nogo-Aþ EVs, a highly
sensitive capture ELISA was developed: a monoclonal
mouse anti-Nogo-A antibody was used to capture
Nogo-A on the ELISA plate, and a polyclonal anti-
Nogo antibody was added for detection. The limit of
detection (LOD) and limit of quantification (LOQ) for
Nogo-A was determined using a standard curve of
recombinant Nogo-A D20 fragment. We were able to
reach a total Nogo-A sensitivity of 147 pM (limit of
detection (LOD), OD450¼ 0.005), or respectively

Figure 4. EV-associated Nogo-A is active as an inhibitor of fibroblast spreading. Fibroblasts were plated in the presence of N2a EVs
or proteins from the supernatant of ultracentrifugation (SN100) for 1 h at 37 �C, and cell spreading was quantified thereafter as
cytoplasmic area. PBS or spinal cord extract (‘myelin’) were used as negative and positive controls respectively. (a) Images of
fibroblasts treated PBS, myelin or N2a cell-derived EVs. Green¼phalloidin (cytoskeleton), Blue¼DAPI (nuclei). (b) Quantification of
cell spreading in the presence of myelin or N2a EVs from n¼ 3 independent experiments. (c) Quantification of cell spreading in the
presence of SN100, either coated or in solution as indicated). (d) Dose-response curve of fibroblast spreading in the presence of
N2a-derived EVs. Each curve represents one independent EV isolation, 3 replicate wells at each concentration and (e) the values
determined from one myelin preparation, 3 replicate wells at each concentration. Scale bar¼ 20mm.
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Figure 5. Nogo-Aþ EV-induced spreading inhibition is partially recovered by S1PR2 blockade. Fibroblasts were pre-treated with
10mM JTE-013 or vehicle (DMSO) and plated at 37 �C for 1 h in the presence of EVs or control (PBS). (a) Images of fibroblast
spreading with vehicle or JTE-013 treatment. Green¼phalloidin (cytoskeleton), blue¼DAPI (nuclei). (b) Quantification of the
inhibition achieved with EVs, and the recovery with JTE-013 treatment, normalized to the control (PBS) condition and (c) Analysis
of the percent change in cytoplasmic area upon JTE treatment relative to the DMSO control. The statistical test performed was a
one-way ANOVA with a Bonferroni multiple comparisons test. Scale bar¼ 20.mm.
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490 pM (limit of quantification (LOQ), OD450¼ 0.083,
Figure 6(a)). The analysis of the blood-derived samples
revealed the presence of Nogo-A in the blood of all
mice, rats, and humans. The Nogo-A concentrations
in the serum of healthy mice and rats were comparable
(mouse¼ 0.76 nM, rat¼ 0.52 nM), whereas we
observed 10–15 fold increased Nogo-A concentrations
in human plasma samples (human¼ 8.65 nM,
Figure 6(b)). To assess if the serum Nogo-A was asso-
ciated with EVs, we modified the ELISA by capturing
Nogo-A with an anti-Nogo-A antibody and detecting
the EVs with anti-CD63 antibodies. We detected
CD63-associated Nogo-A in mouse and human blood
samples (mice¼ 0.25 nM, human¼ 0.95 nM) although
at seemingly lower concentrations than Nogo-A alone
(Figure 6(c)), a result which might also be influenced by
the unknown relative antibody affinities used in the
ELISA.

These results show that Nogo-Aþ EVs are present in
vivo and secreted into blood, implying the potential to
act at a long range.

Blood levels of Nogo-A peptides are elevated in
rodent models of ischemic stroke

Since high levels of Nogo-A and one of its receptors
S1PR2 are present in the adult brain and are known to
be elevated following cerebral ischemia,3,40 we hypoth-
esized that Nogo-A may be released into the
blood circulation following brain injury at higher
concentrations.

We induced a large photothrombotic stroke (3.1�
1.2 mm3) in the right sensorimotor cortex of C57Bl6
mice and collected blood from the tail vein at preoper-
ative baseline, and 7 and 15 days after stroke (Figure 6
(d), (e) and (g)). Histological sections of stroked brains
showed a typical local inflammatory response (Iba1þ),
glial scar formation (GFAPþ) and vascular disruption
(CD31) in the ipsilesional hemisphere, which were
absent in the intact, contralesional site (Figure 6(f)).
A significant increase of Nogo-A immunoreactivity in
the serum was observed after cerebral ischemia at 7 dpi
(þ51%; 1.17� 0.42 nM) and 14 dpi (þ54%, 1.18�
0.37 nM) compared to healthy mice (0.76� 0.07 nM)
(Figure 6(g)). The continuous presence of Nogo-A in
the blood serum was independently confirmed in an
equivalent rat model of stroke (Suppl. Fig. 6).

Secreted Nogo-A is associated with increased
vascular permeability

Since the sphingosine 1-phosphate receptor S1PR2,
which can also act as a Nogo-A receptor and signal
transducer,9 is highly expressed on the vascular endo-
thelium and has been previously shown to regulate per-
meability and inflammation of the vasculature,41,42 we
hypothesized that long-range Nogo-A signaling may

influence vascular functions in the CNS and beyond.
To test this hypothesis, we first used an in vitro blood-
brain barrier model consisting of primary mouse brain
vascular endothelial cells co-cultured with primary
astrocytes in a cell culture insert.43 These assays, and
even more so the in vivo studies shown below, required
amounts of active Nogo-A far beyond of what could be
obtained in the form of purified Nogo-Aþ EVs from
cell cultures. For this reason and also for the sake of
specificity, we used the well characterized active Nogo-
A peptide Nogo-A D20.9 Nogo-A D20 was added at
1 mM and 10 mM concentrations from the luminal (vas-
cular endothelium) or abluminal (astrocyte) side and
compared to VEGF, a potent enhancer of vascular per-
meability. Concentrations were chosen according to
previous in vitro assays.9,24

Nogo-A peptide acting from the luminal surface of
cultured brain endothelial cells induced a 10-20% con-
centration dependent decrease in the impedance of the
monolayer, an indicator of barrier tightness drop
(Figure 7(b)). Interestingly, although Nogo-A and
VEGF decreased the impendence to a similar extent,
the effect of Nogo-A occurred earlier (4-16 h) than that
of VEGF (14-25 h). No changes in the trans-endothelial
electrical resistance (TEER) of cultured brain endothe-
lial cells in the BBB co-culture model could be detected
6 h following treatment with Nogo-A D20 peptide
(Figure 7(c), control 65.13� 6.05Ohm� cm2; Nogo-A
abluminal treatment: 63.60� 12.22Ohm� cm2; Nogo-
A luminal treatment: 60.25� 6.64Ohm� cm2; VEGF
treatment: 15.68� 4.50Ohm� cm2). Importantly, the
observed tightness in the control group was above the
critical threshold for an in vitro barrier model showing
proper tight junction integrity and low permeability.44

We further investigated the barrier integrity changes on
the BBB co-culture model using two fluorescent
markers, sodium fluorescein (SF) and Evans blue
labeled albumin (EBA). We found increased permeabil-
ity of cultured brain endothelial cells for both fluores-
cent markers (SF: þ76%; EBA: þ105%) following
the administration of Nogo-A D20 compared to the
control, in agreement with the impedance data
(Figure 7(d)). However, the effect was lower than
that of VEGF (SF: þ190%, EBAþ 440%) and concen-
tration dependent, since we did not observe a change in
dye permeability following Nogo-A D20 administration
at the lower 1 mM concentration (Figure 7(d)).

Next, we asked if Nogo-A or its active fragment
Nogo-A D20 may also increase the permeability in
the peripheral vasculature. Therefore, stroked and con-
trol mice were systemically injected with Evans’s blue
(EB) to label circulating albumin 30min. before perfu-
sion and sacrifice. Peripheral organs were removed
including (heart, kidney, liver, lung, muscle, and skin)
and leaked EB signal was measured. We identified
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increased EB signals in the heart (þ21%), kidney

(þ19%), liver (109%) and skin (þ128%) of stroked

mice compared to the intact controls (Figure 7(e)).

To assess if the increased permeability effects could

be due to Nogo-A, we used the Miles assay, an in

vivo method to assess permeability of the skin vascula-

ture. EB dye was systemically injected followed by mul-

tiple intradermal injections of Nogo-A D20, VEGF, or

a vehicle control into opposing flanks of the same

mouse. Thirty min. after EB injection, we detected

increased permeability in skin treated with Nogo-A

peptide (þ32%) or VEGF (þ66%) compared to the

control injections (Figure 7(f)).

Discussion

In the present study we show that full-length Nogo-A

can be secreted on the surface of exosome-like EVs of

approximately 100 nm in diameter by cultured neurons

and oligodendrocytes, i.e. by the in vivo-Nogo-A

Figure 6. Nogo-A in serum of adult mouse, rat, human and in mice after focal cerebral stroke. (a) Assay development: Binding of
Nogo-A antibody to Nogo-A D20, limit of detection and quantification. (b) Capture ELISA for Nogo-A; results for blood-derived
samples of mice, rats, and humans. (c) Detection of CD63-associated with Nogo-Aþ EVs by capture ELISA, results for blood serum in
mice and plasma in humans. (d) Scheme of experimental design of stroke study in mice. (e) Representative micrograph of stroked
brain visualized with Nissl staining, scale bar: 500mm. Quantitative measure of stroke volume in mm3. (f) Representative immuno-
fluorescence images of contralesional, intact (upper row) and ipsilesional, stroked (lower row) cortex with astrocytes (GFAP),
microglia (Iba1) and vasculature (CD31) at 15 days post injury (dpi). Scale bar 100mm and (g) Quantitative assessment of Nogo-A in
mouse serum at baseline (intact), at 7 dpi and 15 dpi. The statistical test performed was a one-way ANOVA with a Bonferroni multiple
comparisons.
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producing cell types. The N-terminus of Nogo-A was

found to be facing the extracellular space, and it was

active as a ligand inhibiting fibroblast spreading.

Partial recovery of Nogo-Aþ EV-mediated spreading

inhibition was achieved through S1PR2 blockade, indi-

cating that EV-associated Nogo-A signals, at least in

part, through this receptor. The possibility of in vivo

relevance of Nogo-A positive EVs was raised by our

Figure 7. Nogo-A regulates vascular permeability in CNS and non-CNS vasculature. (a) Schematic representation of the in vitro
BBB model. (b) Real-time impendence measurement at 10’000 Hz after luminal administration of cell culture medium (Ctrl), VEGF
(100 ng/ml) or Nogo-A D20 (1 mM, 10mM) measuring ion flow between cells. (c) Transendothelial electrical resistance measurement
(TEER) at 12.5Hz after luminal (endothelial side) and abluminal (astrocyte side) administration of cell culture medium (Ctrl), VEGF
(100 ng/ml) or Nogo-A D20 (1 mM, 10mM) measuring paracellular ion permeability after 6 h. (d) Permeability measurement for
fluorescent marker molecules sodium fluorescein (SF) and Evans blue labeled albumin (EBA) after luminal and abluminal VEGF or
Nogo-A D20 treatment. (e) Vascular permeability for systemic Evans Blue (EB) in intact vs. stroke mice. Quantitative assessment of EB
signal in peripheral organs incl. heart, kidney, liver, lung, muscle, and skin and (f) Intradermal injection of VEGF or Nogo-A D20 induces
local permeability changes (Miles assay). The statistical test performed were t-tests to compare two groups (in e), and a one-way
ANOVA with Bonferroni multiple comparisons test to compare multiple groups (in c,d,f).
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detection of EVs in blood of healthy rodents and
humans. Interestingly, blood Nogo-A levels were ele-
vated after cerebral stroke in rodents; an increased vas-
cular permeability across different peripheral organs
was also observed in these stroked mice. Exposure of
in vitro BBB tissue to active Nogo-A peptide increased
BBB permeability. In vivo, skin vessel permeability was
also increased by Nogo-A. The present results show the
occurrence of soluble, EV-bound Nogo-A in body
fluids and point to a possible role of soluble Nogo-A
in the regulation of vascular permeability.

In the oligodendrocytes and neurons, Nogo-A is
found in low but functionally relevant amounts at the
plasma and myelin membrane, and in a higher abun-
dance at the ER membrane.24,25,38 At the cell surface,
the N-terminus of Nogo-A faces the extracellular
space.24,25,45 Herein, we found that the N-terminus of
Nogo-A was present on the outer surface of the EVs.
This finding is consistent with a plasma membrane or
multivesicular body/endosome-related biogenesis of the
Nogo-Aþ EVs. Density gradient fractionation sug-
gested that Nogo-A is present in a Flotillin-1þ subpop-
ulation of EVs. The Flotillins are lipid raft-associated
scaffolding proteins,46 which have previously been
shown to be associated with ESCRT-independent and
ceramide-dependent trafficking of proteolipid protein
(PLP) into exosomes in oligodendrocytes.47 The slight-
ly higher buoyancy of Flotillin-1þ EVs compared to
EVs containing ESCRT components has also been
noted by others.48 Taken together with our findings
of low levels of the ESCRT-associated protein Alix in
EVs from Nogo-A over-expressing HEK cells, we sug-
gest that Nogo-A may be sorted into EVs in an
ESCRT-independent and perhaps lipid raft-dependent
manner. Whether the Flotillinþ and Nogo-Aþ EVs
represent a distinct functional subpopulation of EVs
remains to be further investigated. This possibility is
supported by the finding of a discrete buoyancy of
this population in the density gradient as discussed
above. It has recently been shown that N2a cells secrete
discrete subpopulations of EVs, which have different
effects on the gene expression of target cells.49

Interestingly, EphA2 appeared to be enriched in the
high density (low buoyancy) subpopulation in this
study. Moreover, the developmentally important
lipid-modified morphogen sonic hedgehog (SHH) was
recently described to be sorted into two different pop-
ulations of EVs with distinct signaling properties.50

Intriguingly, only SHHþ EVs which contained also
integrins and were part of the Flotillinþ subpopulation
could activate endogenous target genes of SHH. These
findings support the concept that distinct subpopula-
tions of EVs may play defined roles in signaling.
Whether this is the case for Nogo-A EVs as well
remains to be determined. As Flotillin-1 was recently

found in multiple subpopulations of EVs,51 it does not
serve as a unique marker of a distinct subpopulation,
and therefore further investigation is required to define
the possible Nogo-A enriched subpopulation(s).

We also found that Nogo-A was proteolytically
processed at multiple sites. The most prominent
cleaved fragments were a 60 kDa fragment, which
was present in both cell lysates and EVs, and a
30 kDa fragment, which was only present in EVs.
Sekine et al. also found an EV-associated 24 kD
C-terminal Nogo-A fragment produced by BACE-1
activity in culture supernatant of Nogo-A transfected
HEK cells and at increased levels in extracts of spinal
cord injured CNS tissue.14 This fragment contains the
active Nogo-66 sequence and inhibits neurite out-
growth in vitro and in vivo.14 Unlike the findings by
Sekine et al., our data suggests that the majority of
EV-associated Nogo-A contains full length Nogo-A
with a N-terminus outside/C-terminus inside topology.
We showed that the EV-associated N-terminus of
Nogo-A was active in inhibiting fibroblast spreading,
much more than the cleavage products in the supernatant.
This finding supports the concept that the N-terminus of
Nogo-A is most active on the surface of membranes, per-
haps in oligomerized form as noted by others.24,52 This
follows along the same lines as has been shown for eph-
rins, which cluster at membranes and are proteolytically
processed in multiple ways, but are weak agonists of
their respective binding partners in the soluble, un-
clustered form.53–56 However, orientation and proteolyt-
ic process of Nogo-A for long-range signaling may be
context-dependent and vary across cell types and exper-
imental conditions.14

As expected, the EV-bound Nogo-A appeared to
signal, at least in part, through the Nogo-A receptor
S1PR2, as has been shown for purified substrate-bound
Nogo-A D20 fragment.9 For the purified Nogo-A D20,
the recovery of spreading inhibition by S1PR2 block-
ade was also partial, and full recovery could only be
achieved with concomitant blockade of HSPGs.9,11

Based on the topology of EV-bound Nogo-A
described herein, we would expect the Nogo-66 region
to be on the extracellular face of the EV membrane as
well. Indeed, EVs containing an active, C-terminal
24kD Nogo-A fragments including the Nogo-66
sequence have been shown to inhibit neurite outgrowth
in vitro and in vivo.14 Growth cone collapse of dorsal
root ganglion (DRGs) neurites was recently observed
in response to EphB2þ EVs,56 and increased neurite
outgrowth on CNS inhibitory substrates upon treatment
with fibroblast-derived EVs was recently reported.57

Therefore, EV-bound ligands have the capability to
affect neurite outgrowth. However, a complication
of these assays is that it is extremely difficult to
observe the neuronal response to a single factor, since
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EV preparations contain multiple factors, including
miRNAs, which can influence gene expression through
multiple pathways within the long incubation times
required for outgrowth assays.

The presence of Nogo-Aþ EVs in blood could sug-
gest that they play a signaling role in vivo in the vessel
system, e.g., via the vascular endothelium associated
receptor S1PR2. Previous work showed a role of
Nogo-A/S1PR2 in CNS vascular development, matu-
ration, and remodeling after injury.3,4,29 Endothelial
S1PR2 has also been described as a key regulator of
vascular permeability and inflammation.41 Indeed, the
present results show that mice with large cortical
strokes showed increased vascular permeability in var-
ious organs 2weeks after the stroke when compared to
intact, naı̈ve mice as determined by Evans blue tissue
concentrations 30min. after i.v. injection. The underly-
ing mechanism is not entirely clear. There is evidence
that a systemic release of pro-inflammatory mediators
including cytokines (such as IL-1b, IL-6, TNF-a, and
IFN-c) and chemokines (CXCL-1, CXCL2) occurs fol-
lowing experimental stroke.58–60 These pro-
inflammatory mediators can affect peripheral vascular
endothelium and influence its permeability.61,62 For
instance, damage to the intestine-blood barrier63 has
been described following experimental stroke, as well
as changes in the lung vascular permeability.64 To our
knowledge there is no systematic study looking at
peripheral vascular permeability after cerebral stroke.

Cultured primary mouse brain endothelial cells
responded to the active, S1PR2 binding Nogo-A frag-
ment D20 with decreased electrical resistance and
increased dye permeability, similar to the known perme-
ability enhancer VEGF.65 Skin permeability in mice was
also enhanced by Nogo-A D20. These results suggest that
blood borne Nogo-A including Nogo-A-containing EVs
might exert a regulatory effect on central and peripheral
blood vessels. Our in vitro data suggests that Nogo-A EVs
may signal via the receptor S1PR2, which is expressed on
the peripheral vascular endothelium and an important
regulator of vascular permeability.41 Future studies
could extend these findings by exploring changes in
peripheral vascular permeability after stroke in Nogo-
A and S1PR2 deficient mice.

The source of the blood-borne Nogo-Aþ EVs is cur-
rently unknown. Although Nogo-A associated with
EVs has been detected in healthy humans as well as
mice and rats, the exact ratio of Nogo-A present in
EVs over total Nogo-A or Nogo fragments in rodent
stroke models has not been determined due to limited
sample volume. However, it is conceivable that blood
borne Nogo-A exist in several forms including EVs as
well as fragments.

A CNS origin of blood Nogo-A EVs in mice after
large cortical strokes as shown here seems plausible.

Neutralization of Nogo-A by antibodies after cortical

strokes in mice was shown to enhance vascular repair in
the stroke penumbra.3,29,31 In stroked rats, intrathecal
Nogo-A antibodies enhanced neuritic sprouting, circuit

plasticity and functional recovery.66,67 Roles of Nogo-A
or its inactivation in the periphery of the body have not

been investigated so far. The potential function of
Nogo-Aþ EVs in the intact vessel system and body

therefore remains an intriguing unanswered question.
Long-range effects of soluble, blood or tissue fluid car-

ried Nogo-A have not been described so far. The present
indications for a regulatory action on blood vessel per-
meability open new avenues to deepen mechanistic

insights into the (patho-)physiological role of Nogo-A
during health and disease.
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