
Considerable effort has been devoted to understanding 
the mechanisms by which neurons and glia communicate 
with each other, as well as with innervated tissue, such as 
muscles. Such studies have revealed, in great molecular 
detail, processes such as transcellular signalling through 
chemical and electrical synapses, the plasticity-inducing 
influence of specific patterns of electrical activity, and 
mechanisms of anterograde signalling and retrograde 
signalling through neurotrophins and growth factors, 
and their effects on synaptic strength. In recent years, 
signal transmission through extracellular vesicles (EVs) 
has emerged as a new aspect of transcellular signalling, 
and our growing appreciation of this process is likely to 
have a considerable influence on our understanding of 
how glia, neurons and innervated targets communicate.

EVs carry cargo that was previously not thought to 
readily cross the plasma membrane barrier; such cargo 
includes membrane proteins, cytosolic proteins and 
genetic material such as mRNAs and non-coding RNAs, 
such as microRNAs (mi RNAs). Thus, the observation 
that EVs can function in the intercellular transport of 
these molecules within the nervous system opens an 
entirely new perspective on cellular communication in 
the brain. Here, we summarize the evidence for the exist-
ence and relevance of EVs in neuron–neuron, neuron–
glial cell and neuron–muscle communication, as well as 
major emerging themes in the involvement of EVs in 
neurological disease.

Biology of EVs
The study of EVs is still in its infancy and much inves-
tigation needs to be conducted to understand EV bio-
genesis, composition and function, and we refer readers 

to an excellent and extensive review that discusses these 
aspects1. Nevertheless, as a foundation to our Review, in 
which we describe our current knowledge of the roles of 
EVs in the nervous system, we provide a brief definition 
of the types and known features of EVs below.

EVs are vesicles that are liberated from cells into the 
extracellular space and can be subdivided into micro-
vesicles (100 nm to 1 μm in diameter) and exosomes 
(30–100 nm in diameter), depending on their subcellu-
lar origin: the plasma membrane or multivesicular bod-
ies (MVBs)1 (FIG. 1a). Apoptotic cells also shed vesicles 
(0.8–5.0 μm in diameter) into the extracellular space; 
these vesicles are called apoptotic bodies and share some 
characteristics with microvesicles2. However, apoptotic 
bodies probably do not have a role in transcellular 
communication in the nervous system, as, following 
their release, they are rapidly engulfed by phagocytic 
cells (FIG. 1b).

The mechanisms of EV formation and release into 
the extracellular space rely on the endosomal sorting 
complex required for transport (ESCRT)3 (BOX 1) or 
lipid-dependent processes4 (BOX 2), among other factors.

Microvesicles. Microvesicles are formed through out-
ward budding and vesicle shedding at the plasma mem-
brane (FIG. 1a). They typically form at plasma membrane 
microdomains called lipid rafts, which are ordered 
membrane entities that are enriched in cholesterol and 
glycosphingolipids5. Microglia-derived microvesicles 
are enriched in phosphatidylserine and phophatidylin-
ositol in the external membrane leaflet, a feature that 
is shared with apoptotic bodies but that distinguishes 
microvesicles from exosomes.
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Abstract | Functional neural competence and integrity require interactive exchanges among 

sensory and motor neurons, interneurons and glial cells. Recent studies have attributed some 

of the tasks needed for these exchanges to extracellular vesicles (such as exosomes and 
microvesicles), which are most prominently involved in shuttling reciprocal signals between 

myelinating glia and neurons, thus promoting neuronal survival, the immune response mediated 

by microglia, and synapse assembly and plasticity. Such vesicles have also been identified as 

important factors in the spread of neurodegenerative disorders and brain cancer. These 

extracellular vesicle functions add a previously unrecognized level of complexity to transcellular 

interactions within the nervous system.
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Exosomes. Exosomes, also referred to as intraluminal 
vesicles (ILVs) when they are inside cells, are thought to 
be derived from the endomembrane system and contain 
ceramide, a lipid produced from sphingosine6 (FIGS 1,2). 
This composition favours lipid raft organization at the 
exosomal membrane, similar to that in microvesicles. 
Exosomes are formed by the inward budding of the 
limit ing membrane of an endomembrane compartment, 
which then gives rise to an MVB containing exosomes 
or ILVs in its lumen6. MVBs can be subdivided into two 
types, which we refer to as secretory MVBs (sMVBs) and 
degradative MVBs (dMVBs) in this Review.

In sMVBs, exosomes are thought to be derived from 
endocytic vesicles that fuse with the limiting membrane 
of the endomembrane compartment and then undergo 
inward budding from this compartment. There is also 
evidence to indicate that proteins produced in the Golgi 
are routed to MVBs7–9, although this evidence remains 
limited. The limiting membrane of sMVBs can fuse with 
the plasma membrane, releasing the exosomal content 
into the extracellular space. In dMVBs, exosomes are 
thought to be formed by the fusion of endosomal vesi-
cles with an endosomal compartment that subsequently 
fuses with a lysosome, leading to degradation.

To date, no protein markers have been identified 
that can discriminate between sMVBs and dMVBs, 
or indeed between exosomes and microvesicles10. 

Tetraspanins (CD63 and CD81) or the ESCRT proteins 
(BOX 1) ALG2-interacting protein X (ALIX; also known 
as PDCD6IP) and tumour susceptibility gene 101 pro-
tein (TSG101) are frequently used to identify exosomes; 
however, microvesicles also contain tetraspanins11. 
Moreover, there are examples of ESCRT-independent 
MVB formation4, and ESCRT-III takes part both in 
exosome and microvesicle formation3.

Cargoes. Cytosolic and membrane proteins, as well 
as RNA and lipids, can traverse across cells in EVs. 
However, it has been difficult to make generalizations 
about EV types based on their reported cargoes because 
of the heterogeneity of the methods used to purify EVs in 
proteomics studies1,12. Such heterogeneity in purification 
methods is likely to influence the type (or types) of EV 
populations selected for analysis. It has also been reported 
that EVs might contain mitochondrial DNA13, riboso-
mal RNA14 and genomic DNA15. However, it remains 
unclear whether these findings might have reflected 
contamination by dying cells, particularly as large ves-
icle size ranges were selected for analysis in these stud-
ies and therefore might have included apoptotic bodies 
(for example, see REFS 2,13). How an EV cargo becomes 
selected and whether the cargo has a function in the 
recipient cell is of great interest, but our knowledge of 
these matters is currently limited. There are now at least 

Figure 1 | Extracellular vesicle formation and release. a | Multivesicular bodies (MVBs), the cellular source of exosomes, 
can form via the endocytic or the secretory pathway. In this process, vesicles that originate by endocytosis at the plasma 

membrane or that are generated by the Golgi complex fuse with the limiting membrane of an endosomal compartment 

and bud inwardly into the lumen of the endosome (the movement of membrane constituents from the plasma membrane 
or Golgi complex to the exosome membranes is depicted by a blue line boundary). Although degradative MVBs (dMVBs) 
subsequently fuse with the lysosome, leading to MVB content degradation, secretory MVBs (sMVBs) fuse with the plasma 
membrane, releasing exosomes into the extracellular space. In contrast to exosomes, microvesicles form by the outward 

budding of the plasma membrane, which releases microvesicles after the bud pinches off from the cell surface. b | A cell 

undergoing apoptosis sheds apoptotic bodies, which bud off from the plasma membrane.
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two public repositories where published information 
about EV cargoes is curated: Vesiclepedia (previously 
Exocarta) and EVpedia (see Further information).

A cautionary note. Most studies documenting EV 
function in the mammalian nervous system were per-
formed in cell cultures, raising the significant challenge 
of corroborating the findings in vivo. Compounding this 
challenge are the experimental problems associated with 
the use of heterogeneous EV populations as a result of 
isolating these EVs from mixtures of different cell types. 
That is, each cell type probably releases a different EV 
population and target cells potentially respond to a 
restricted set of EVs carrying specific cargo1. In addi-
tion, published studies have used dissimilar criteria for 
designating EVs as microvesicles or exosomes; such cri-
teria include the presence of specific markers and the 
size and shape of EVs, which are not necessarily spe-
cific, as alluded to above (see also REFS 10,16). Thus, it 
is not always possible to determine whether outcomes 
from different studies are comparable. Finally, much of 
the data that provide insight into the function of EVs 
in the intact brain originated from experiments involv-
ing the injection of concentrated EV preparations that 
were purified from the medium of cultured cells, and it is 
unclear whether the concentrations of EVs used in these 
experiments are in the same range as EV concentrations 
to which cells are exposed in intact organisms.

Although all of the above issues need to be consid-
ered when interpreting the findings of studies conducted 
so far on the neural function of EVs in mammals17, EVs 
are present in cerebrospinal fluid and blood in healthy 
mammalian organisms18–20, suggesting that they are part 
of normal physiological processes. Furthermore, con-
vincing evidence for a functional role of EVs in the nerv-
ous system in vivo has been gained in invertebrate model 

systems, which exhibit developmental and physiologi-
cal mechanisms that are highly conserved in nervous 
systems across various phyla.

EVs in the mammalian brain
EV function in neurons. Cultured neurons from embry-
onic and mature mammalian neural tissue release 
exosome-like EVs after stimulation with depolarization 
or alternative means to induce excitation, such as the 
application of Ca2+ ionophores, GABA receptor block-
ers, AMPA or NMDA21,22. These EVs, collected from 
culture media, are of typical exosomal size and shape, 
and contain EV markers such as ALIX and flotillin 2, as 
well as AMPA-type glutamate receptor subunits and the 
neuronal cell adhesion molecule L1. Corroboration of 
their MVB derivation has been obtained by pulse-chase 
experiments using a carboxy-terminal fragment of teta-
nus toxin heavy chain, which binds to the neuronal sur-
face and is then internalized and accumulates in MVB 
ILVs. In such experiments, neuron stimulation resulted 
in the release of exosome-like EVs that contained tetanus 
toxin21. Although neuroblastoma cell-derived exosomes 
are reported to be predominantly taken up by glia, 
exosomes derived from stimulated dissociated cortical 
neurons were taken up by other neurons23.

It has been conjectured that the release of neurotrans-
mitter receptors via exosomes may reflect a lysosome- 
independent mechanism for disposing of such receptors 
for protein quality control or to regulate excitability22. 
A  similar hypothesis has been proposed for other 
exosome cargoes, such as mi RNAs24. Differentiated 
neuro blast cultures release a large number of mi RNAs, 
which are initially localized to neurites upon cell depolar-
ization and can then be recovered from the medium in 
RNA nuclease-resistant exosomes24. Exosomal release of 
a miRNA species is often associated with a decrease in the 

Box 1 | The endosomal sorting complex required for transport

The endosomal sorting complex required for transport (ESCRT) is involved in transporting cargo to the lysosome for 
degradation. In this process, a multivesicular body (MVB) is formed by the inward budding of an endosomal limiting 
membrane, giving rise to intraluminal vesicles (ILVs; FIG. 1a). The ESCRT is crucial for selecting and recruiting cargoes for 
ILVs and for forming and pinching off the inwardly budding vesicles that become ILVs. However, a plethora of functions 
seem to require ESCRT function, particularly ESCRT-III function, from the exit of a virus from the cell to nuclear envelope 
sealing during cytokinesis.

The ESCRT comprises more than 30 proteins, which are organized into five discrete complexes with distinct functions. 
In Metazoa, ESCRT-0 is composed of hepatocyte growth factor-regulated tyrosine kinase substrate (HRS) and signal 
transducing adaptor molecule (STAM). ESCRT-0 binds and clusters ubiquitylated proteins that are destined for 
degradation. Moreover, it binds to phosphatidylinositol 3-phosphate at the endosomal surface, thus recruiting 
ubiquitin-tagged proteins to the endosome. ESCRT-0 also recruits ESCRT-I to the endosome.

ESCRT-I is a heterotetramer composed of tumour susceptibility gene 101 (TSG101), vacuolar protein sorting-associated 
protein 28 (VPS28), VPS37 and ubiquitin-associated protein 1 (UBAP1). It clusters ubiquitylated proteins, establishing 
a link between ESCRT‑0 and ESCRT‑II, recognizes and remodels membranes during scission, and recruits ESCRT‑III.

ESCRT-II is a heterotetrameric complex consisting of SNF8 (also known as EAP30), VPS25 (also known as EAP20) and 
VPS36 (also known as EAP45). After binding ESCRT-0 and ESCRT-I, ubiquitylated proteins bind to ESCRT-II, which 
establishes a bridge with ESCRT-III.

ESCRT-III is composed of charged multivesicular body proteins (CHMP2–CHMP7) and IST1. Unlike ESCRT-0, ESCRT-I 
and ESCRT-II, which are stable complexes, ESCRT-III is a transient complex. It assembles into a long filamentous polymer 
that coils around the neck of the inwardly budding vesicles, just before membrane scission, and pinches off the neck. 
It also forms a plug that prevents the escape of vesicle cargo before scission. VPS4 is an AAA ATPase that disassembles 
polymerized ESCRT-III. Before VPS4 performs its function, ALG 2 interacting protein X (ALIX; also known as PDCD6IP) 
recruits deubiquitinases to the ESCRT-III complex to remove ubiquitin from cargo proteins.
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intracellular level of that miRNA, raising the possibility 
that exosome release is a means to adjust silencing levels; 
for example, during synaptic plasticity24. 

Exosome release also serves to influence the physio-
logical state of the recipient cell. Exosomes that are 
isolated from the medium of mouse primary cortical 
neuron cultures contain miR-124a, and these exosomes 
are internalized by astrocytes. This process results in 
the upregulation of excitatory amino acid transporter 2 
(EAAT2; also known as GLT1), an important medi-
ator of glutamate uptake in the brain25. These stud-
ies provide examples of transcellular communication 
through exosomes.

Oligodendrocyte communication via EVs. Oligo-
dendrocytes, which are the glial cells that are responsi-
ble for myelinating axons in the brain, contain MVBs 
at periaxonal sites and release exosomes containing 
proteolipid protein (PLP), myelin proteins and proteins 
associated with protection against oxidative stress26–28. 
These MVBs appear to fuse with the plasma membrane 

and release exosomes upon glutamate release from neu-
rons27. This process was elegantly demonstrated using a 
cell contact-free transwell device (Boyden chamber), in 
which mouse primary cortical neurons and oligodendro-
cytes could be cultured in different chambers separated 
by a filter membrane with 1-μm pores, thus preventing 
cell contact but allowing the exchange of metabolites and 
particles by diffusion. Potassium-induced depolarization 
of the neurons or stimulation of glutamatergic activity by 
treating the neurons with the GABAA receptor antagonist 
bicuculline enhanced the release of exosomes from the 
oligodendrocytes. Exosome release from oligodendro-
cytes was dependent on Ca2+ influx into the oligo-
dendrocytes through NMDA-type and, to a lesser extent, 
AMPA-type glutamate receptors27. Accordingly, oligoden-
drocytes derived from an NMDA receptor NR1 subunit 
conditional knockout mouse were unable to increase 
exosome release upon neuronal depolarization27. Studies 
using the oligodendrocyte precursor cell line Oli-neu29 
or mouse primary oligodendrocyte cultures27 have also 
shown that the release of exosomes by these cells is inhib-
ited by reducing RAB35 activity29, potentially also impli-
cating this small G protein in the regulation of exosome 
release by oligodendrocytes.

Oligodendrocyte exosomes can be taken up by neu-
rons and microglia27. The retrieval of oligodendrocyte- 
derived exosomes by neurons was validated in the 
transwell co-culture system described above. Oligo-
dendrocytes were labelled with a lipophilic dye that is 
released in association with exosomes, and the uptake 
of fluorescent particles by the cultured cortical neurons 
was observed. The neurons were also able to take up the 
labelled exosomes, which, as expected, contained PLP, 
from a purified exosomal fraction derived from the 
oligo dendrocyte culture medium. To determine whether 
a functional exosomal cargo was retrieved by neurons, 
oligodendrocyte cultures were transduced with a con-
struct containing CRE recombinase under the control 
of an oligodendrocyte-specific promoter. These oligo-
dendrocytes were then co-cultured in the transwell sys-
tem with mouse primary cortical neurons that had been 
previously transfected with a CRE activity reporter. The 
CRE reporter was activated in neurons, and this activa-
tion was prevented by inhibition of exosome secretion, 
through the application of a sphingomyelinase inhibitor 
or Rab35 knockdown27. The results of these experiments 
suggest that CRE is transferred from oligodendrocytes to 
neurons, probably through exosomes, and that this exo-
somal cargo is active in the receiving neuron. Moreover, 
when an exosome preparation isolated from the culture 
medium of CRE recombinase-transduced cultured 
mouse oligodendrocytes was injected into the cerebel-
lum and hippocampus of mice carrying a CRE reporter, 
the exosomes activated the reporter in neurons in these 
brain regions27. This result provides solid evidence that 
exosomes are capable of transferring enzymatic activities 
to recipient cells. Exosome release by oligodendrocytes, 
and their internalization by neurons in the transwell 
set up described above, were associated with enhanced 
neuronal viability under conditions of cell stress (oxygen 
and glucose deprivation)28. Moreover, the application 
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Box 2 | Lipid-dependent mechanisms of extracellular vesicle formation

Evidence for an endosomal sorting complex required for transport (ESCRT)-
independent model of multivesicular body (MVB) formation has been presented, and 
this mechanism might be used for the formation of secretory MVBs (sMVBs). However, 
this model still requires thorough experimental investigation. The lipid composition of 
exosomes and microvesicles has been related to their ability to form or to pinch off 
from the plasma membrane. Sphingomyelin and its metabolic products, particularly 
ceramide and sphingosine 1-phosphate (see the figure), have a major role in exosome 
biogenesis and microvesicle shedding, two topologically similar membrane‑budding 
events (inward budding occurs away from the cytosol). Pharmacological inhibition 
of neutral sphingomyelinase, which catalyses the synthesis of ceramide from 
sphingomyelin, inhibits exosome release from oligodendrocytes. By contrast, the 
synthesis of ceramide by acidic sphingomyelinase promotes microvesicle shedding 
by microglial cells.

Ceramide promotes membrane bending owing to its cone-like structure, and its 
downstream product, sphingosine 1-phosphate, regulates the constitutive production 
of exosomes by sMVBs and microvesicle shedding from microglial cells. Several 
sphingosine 1-phosphate target receptors have been identified and subgrouped into 
distinct G protein-coupled receptor families. Ceramide can also give rise to 
sphingomyelin, which is catalysed by sphingomyelin synthetase (see the figure). 
Blocking sphingomyelin synthetase leads to a rise in ceramide levels and consequently 
enhanced exosome secretion. Thus, sphingosine metabolism appears to be a common 
theme in extracellular vesicle production. Phospholipase D1 and phospholipase D2, 
which metabolize phosphatidylcholine into choline and phosphatidic acid, are also 
implicated in both microvesicle and exosome budding by eliciting changes in membrane 
curvature through interactions of their charged head groups with the membrane. 
Whether the ESCRT complex could link membrane budding to lipid composition is 
unknown, but it has been hypothesized that membrane asymmetries in 
phosphatidylcholine and phosphatidylinositol could lead to the binding of ESCRT-III 
to the membrane, thus facilitating vesicle budding.
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of oligodendrocyte exosomes to neurons induced 
changes in neuronal physiology, such as an increase in 
firing rate28.

Oligodendrocytes also secrete exosomes that inhibit 
oligodendrocyte differentiation and myelin formation30. 
This autoinhibition is partially blocked by incubating 
glial cells with conditioned neuronal medium, suggest-
ing that this autoinhibitory mechanism serves to control 
premature myelin biogenesis in the absence of neurons30.

Oli-neu cells release exosomes containing PLP that 
can be recovered from the culture medium. When this 
exosome fraction, labelled with a lipophilic dye, was 
applied to primary cultures of mouse cortical neurons, 
microglia, astrocytes or oligodendrocytes, these exosomes 
were taken up by microglia but not by the other cell types31. 
The internalized exosomes colocalized with a lysosomal 
or late endosomal marker. This colocalization was also 
observed in resident microglial cells when the exosome 
fraction was injected into the spinal cord of transgenic 

mice expressing enhanced green fluorescent protein 
(GFP) in microglia31. The levels of PLP in lysates derived 
from the primary microglial cultures decreased over time, 
suggesting that microglia degrade exosome-derived PLP. 
Inhibition of factors and processes involved in micropino-
cytosis inhibited exosome uptake; this result suggests that 
the uptake of exosomes by microglia occurs through this 
mode of endocytosis31. The uptake of oligodendrocyte- 
derived exosomes by primary cultures of microglia does 
not activate the immune functions of microglia, as there 
was no increase in the secretion of several cytokines and 
chemokines by the microglia in response to inflamma-
tory stimuli after the internalization of exosomes31. Thus, 
this microglial cell population seems to take part in the 
clearance of oligodendrocyte exosomal cargo.

Schwann cell EVs during development and regeneration. 
Schwann cells myelinate axons in the peripheral nerv-
ous system, and these cells de-differentiate and support 

Figure 2 | Release of Evi-containing exosomes at the Drosophila melanogaster neuromuscular junction. a | At the 

Drosophila melanogaster neuromuscular junction, exosomes are released by motor neuron terminals (synaptic boutons) 
and are received by muscles. In the synaptic boutons (see inset box), multivesicular bodies (MVBs) fuse with the plasma 
membrane at extrasynaptic sites, away from active zones, and release exosomes containing Evi and Wingless (Wg). 
Exosomes travel through extracellular canals formed by the subsynaptic reticulum (SSR), a folded structure that is formed 
at the junctional region of the muscle cell, and eventually interact with DFrizzled-2 (DFz2) receptors, localized deep in the 
SSR. b | Cross-section of a synaptic bouton showing an MVB at the ultrastructural level. An active zone and its apposed 
postsynaptic density, as well as the folded muscle SSR, are indicated. c | Electron micrograph of a synaptic bouton showing 

an MVB docked at the presynaptic bouton membrane, away from sites of neurotransmitter release. d | High-magnification 

view of a presynaptic bouton region and the postsynaptic SSR in an animal that expressed Evi-GFP (green fluorescent 
protein) exclusively in neurons, immunolabelled with gold granules. Note the presence of a gold-labelled Evi exosome 

that is outside the bouton and within an SSR canal. A nearby postsynaptic density is also shown. Part b is modified with 

permission from REF. 49, Elsevier. Parts c and d are modified with permission from REF. 48, © 2016 The American Society for 
Biochemistry and Molecular Biology.
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Protein processing
Protein processing may 
involve protein folding, 
covalent modifications 
(for example, phosphorylation 
and acetylation) and/or 
cleavage of the protein 
product into a smaller 
biologically active protein.

nerve regeneration in response to nerve injury. Cultured  
de-differentiated Schwann cells release exosome-like EVs 
that contain the neurotrophin receptor p75NTR (REF. 32). 
These exosomes are internalized by axons, as shown in 
cell culture experiments in which exosomal preparations 
were applied to dorsal root ganglion neurons. Treatment 
of dorsal root ganglion explants with Schwann cell 
exosomes, but not with fibroblast-derived exosomes, aug-
mented the axon regeneration rate, providing evidence 
that exosomes have cell-specific actions. Schwann cell-de-
rived exosomes also effectively decreased RHOA activity 
in growth cones, causing axon elongation inhibition and 
promoting growth cone collapse32. Injection of Schwann 
cell-derived exosomes also resulted in their internaliza-
tion by axons in vivo and in enhanced axon regeneration 
after sciatic nerve crush32. In addition, brain-derived 
neurotrophic factor-mediated stimulation of p75NTR in 
cultured sympathetic neurons or nerve growth factor- 
mediated stimulation of p75NTR in PC12 cells promoted 
the internalization and accumulation of this receptor in 
RAB11-positive endosomes and MVBs33. Upon neu-
ronal depolarization, these MVBs fuse with the plasma 
membrane, releasing p75NTR-containing exosomes.

Microglia-derived EVs in inflammation and synap-
tic talk. Microglia, which are macrophages engaged 
in defence against infection and in tissue repair in the 
brain, shed microvesicle-like EVs upon ATP activation 
of P2X7 receptors at their surface34. These microvesicles 
contain the cytokine interleukin-1β (IL-1β) proprotein, 
its protein processing enzyme caspase 1 and P2X7 recep-
tors. When microvesicles come into contact with high 
levels of extracellular ATP, which is released from astro-
cytes or injured tissue, microvesicle P2X7 receptors are 
activated, causing the caspase 1-mediated cleavage of 
IL-1β proprotein and the release of mature IL-1β from 
these vesicles34. Thus, the release of immature IL-1β in 
P2X7-containing microvesicles serves as a mechanism to 
survey the brain and cerebrospinal fluid for tissue dam-
age. Upon encountering sites of injury, often propagated 
by astrocytes, these microvesicles convert immature 
IL-1β into a biologically active molecule that is a key 
initiator of the acute inflammatory response.

There is also evidence to suggest that microglia- 
derived microvesicles can regulate neuronal excitabil-
ity. The application of microvesicles derived from the 
N9 microglia cell line or rat primary microglial cells to 
rat hippocampal neuron cultures, or the injection of 
such microvesicles directly into the visual cortex of rats, 
resulted in an increase in the probability of synaptic vesicle 
release by presynaptic terminals35. This enhancement was 
accompanied by a rapid stimulation of neuronal ceramide 
and sphingosine production and was blocked by phar-
macological or genetic inhibition of sphingosine synthesis 
in neurons35,36 (BOX 2). These findings are consistent with 
previous evidence showing that sphingosine metabolism 
regulates synaptic vesicle exocytosis by facilitating SNARE 
(soluble-N-ethylmaleimide sensitive factor attachment 
protein receptor) complex assemby37. However, the 
active component in microvesicles that causes increased 
synaptic vesicle release in neurons is not yet known.

Microglia-derived microvesicles have also been 
reported to enclose endocanabinoids38, known lipid 
regulators of synapse development and homeo-
stasis. These microvesicles carry the endocannabinoid 
N-arachidonoylethanolamine on their surface, which is 
able to stimulate cannabinoid receptor type 1 (CB1) in tar-
get GABA neurons, suppressing spontaneous inhibitory 
transmission. This effect appears to be the result of stim-
ulating CB1, as application of a selective CB1 antagonist 
prevents the suppression of spontaneous inhibitory trans-
mission38. However, this action of microvesicles seems to 
be independent from the ability of such EVs to increase 
excitatory transmission35,38, as blocking CB1 did not pre-
vent the increase in glutamatergic transmission elicited 
by microvesicles. Thus, microglia-derived microvesicles 
appear to regulate the excitation–inhibition balance.

Microglia also release exosomes that resemble those 
released by B lymphocytes and dendritic cells under 
basal conditions39, consistent with their role in the 
immune system. Microglia-derived exosomes contain 
MHC (major histocompatibility complex) class II recep-
tors, chaperones, tetraspanins and membrane receptors, 
in addition to CD13 (REF. 39), an aminopeptidase that 
is responsible for the degradation of encephalin, the 
opioid receptor-binding neuropeptide. In addition, 
microglia-derived exosomes are released in response to 
WNT3A, which is internalized and in turn stimulates 
the release of WNT3A-containing exosomes by micro-
glial cells40 (WNTs are signalling molecules implicated 
both in development and in several neurodegenerative 
conditions, including Alzheimer disease (AD)41). The 
exosomes also contain monocarboxylate transporter 1 
(MCT1), which transports lactate. Indeed, by loading 
lactate into exosomes, these EVs function as an auxiliary 
source of energy for neurons during synaptic activity39.

Exosome release by microglia can also be influ-
enced by neurotransmitters; microglia contain sero-
tonin (5-HT) receptors, which can be blocked by 5-HT2 
and 5-HT4 receptor antagonists42. Stimulation of 5-HT 
receptors results in the release of exosomes containing 
insulin-degrading enzyme, an enzyme that can degrade 
amyloid-β, a neurotoxic peptide linked to AD (see 
below). This result might explain the observation that 
high levels of 5-HT are associated with a reduction in 
amyloid-β levels in mouse models of this disease43.

Astrocyte EVs. Astrocytes are involved in controlling ionic 
balance, constitute the brain–blood barrier (BBB), pro-
vide trophic support for neurons and participate in repair 
after injury. Similar to microglia, astrocytes release IL-1β 
in exosomes and microvesicles in response to ATP bind-
ing to P2X7 receptors44. This process depends on the rapid 
activation of acid sphingomyelinase (a-SMase) (BOX 2) and 
results in the movement of this enzyme to the outer leaflet 
of the plasma membrane. Indeed, ATP-induced micro-
vesicle shedding and IL-1β release are markedly reduced 
by inhibition of a-SMase, and completely blocked in glial 
cultures derived from a-SMase knockout mice44.

Astrocyte-enriched cultures also release syn-
apsin 1 into the medium45. Although synapsin 1 has 
been classically associated with synaptic vesicles, it 
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is an oligomannose-binding protein that interacts 
with neural cell adhesion molecule 1 (NCAM1) in an 
oligomannose-dependent manner, thus promoting 
neurite outgrowth45.

Taken together, the findings described above indicate 
that both neurons and glia release EVs, and that these 
EVs are engaged in the modulation of neuronal electrical 
activity, repair and protection from cellular stress.

EVs in the invertebrate nervous system 
Cells in the nervous systems of Caenorhabditis elegans 
and Drosophila melanogaster also release EVs. The ease 
of genetic manipulation, the availability of tools that 
enable effective regulation of gene and transgene expres-
sion and the relative simplicity of the nervous systems in 
these organisms have facilitated the study of EV function 
in cellular communication in vivo.

EVs at the fly larval neuromuscular junction. The 
D. melanogaster larval neuromuscular junction (NMJ) 
has served as a powerful model to dissect genetic mech-
anisms of synaptic assembly, development and plasticity. 
In this system, the role of EVs in a physiological process 
has been demonstrated through a combination of studies 
in the whole organism and cell culture studies that were 
subsequently validated in vivo46–48. An attribute of the lar-
val body wall muscle preparation is the dynamic nature of 
the NMJ, which continuously expands in line with muscle 
cell growth. Thus, this preparation is particularly useful 
for studying the genetic mechanisms of synaptic growth.

Studies of the release and transport of Wingless (Wg), 
the fly orthologue of mouse WNT1, which is secreted by 
neurons and glia49,50, and mediates coordinated pre- and 
postsynaptic expansion during growth, have suggested 
possible functions for exosomes in vivo at the larval NMJ. 
The Wg receptor DFrizzled-2 (DFz2) is localized both 
in motor neuron terminals and in postsynaptic muscle 
sites that are apposed to these terminals49. In particular, 
DFz2 is concentrated at extrasynaptic regions in the con-
voluted folding of the muscle junctional region, the sub-
synaptic reticulum (SSR) (FIG. 2a). Owing to hydrophobic 
post-translational modifications, Wg does not readily 
diffuse in the extracellular space. Instead, Wg is released 
in association with exosomes through its binding to the 
multipass transmembrane protein Evi (also known as 
Wntless)47, which is present in MVBs48,51. Through this 
shuttling mechanism, Wg can reach DFz2 receptors 
localized at distant regions within the SSR. Consistent 
with this idea, WNT proteins have also been found to be 
released in association with exosomes by human cells and 
during D. melanogaster development52.

MVBs are localized at presynaptic boutons of the 
NMJ48 (FIG. 2b) and they are also observed to dock at 
the bouton surface membrane at extrasynaptic bouton 
areas (FIG. 2c). Evidence for transfer of Evi–Wg from syn-
aptic boutons to muscles in vivo was obtained by selec-
tively expressing Evi–GFP in motor neurons, which led 
to the appearance of Evi in the SSR in muscle tissue47,48 
(FIG. 2d). Similarly, downregulating Evi in neurons led to 
a decrease in endogenous Evi levels in muscles, suggest-
ing that a postsynaptic Evi protein pool is derived from 

Evi release by presynaptic boutons. The decrease in Evi 
levels suppressed Wg release and resulted in stunted 
NMJs, which exhibited fewer numbers of synaptic bou-
tons than NMJs from wild-type controls and contained 
undifferentiated boutons47.

Similar to the larval NMJ, cultured insect Schneider 2 
(S2) cells can secrete endogenous or epitope-tagged Evi-
containing EVs that are internalized by naive S2 cells. 
Proteomics analysis of these EVs suggest that they har-
bour endosomal markers that are typically associated 
with exosomes48.To understand the molecular mech-
anisms by which Evi exosomes are released into the 
extracellular space, the following strategy was utilized48. 
First, the above S2 cell culture assay was used as a pri-
mary screen to search for genes that, when downregu-
lated, prevented the release of Evi-containing exosomes. 
Second, the identified genes from the primary screen 
were then downregulated in motor neurons in vivo to 
validate the model that the genes required for exosome 
release in S2 cells are also required for motor neuron 
exosome release in vivo at the NMJ.

Downregulating Rab11 or syntaxin 1A (Syx1A) 
inhibited exosome release, which was validated in vivo by 
RNAi-mediated silencing of Rab11 or Syx1A, or expres-
sion of a dominant-negative variant of Rab11 in neurons. 
Further evidence for the requirement of Syx1A in Evi-
containing exosome release was obtained by expressing a 
hyperactive Syx1A mutant variant in the motor neurons of 
larvae, which enhanced Evi release48. Rab11 is present in 
recycling endosomes, but its localization has been linked 
to MVBs and exosome release in haematopoietic cells53,54. 
Syx1A is also part of the SNARE fusion machinery that 
is required for exocytosis of synaptic vesicles, indicating 
that MVB fusion with the plasma membrane might share 
some of the components required for neurotransmitter 
release. Rab11 might serve to tether MVBs at extrasynap-
tic regions, whereas Rab3a might direct synaptic vesicles 
to active zones, the sites of neurotransmitter release.

Another significant aspect of Evi–Wg neuronal 
release via exosomes is their activity dependency. Evi-
containing exosome secretion is inhibited by lowering 
extracellular Ca2+ levels and it is enhanced by a spaced 
stimulation paradigm (repeated bouts of excitation 
separ ated by a period of rest)55. Thus, electrical activ-
ity is one of the regulatory mechanisms controlling the 
release of neuronal EVs that could link an EV mechanism 
of transcellular communication in the nervous system to 
neuronal function.

An important retrograde signal at the D. melano-
gaster embryonic NMJ is the release of the vesicle pro-
tein synaptotagmin 4 (Syt4) from muscles to stimulate 
synaptic plasticity in presynaptic terminals56. High-
frequency stimulation of motor neurons results in a 
marked increase in the frequency of spontaneous syn-
aptic release events in a postsynaptic Ca2+-, endocytosis- 
and Syt4-dependent manner56. Similarly, at the larval 
NMJ, the rapid formation of new presynaptic boutons 
can be induced by spaced patterns of activity in a man-
ner that depends on postsynaptic activity and postsyn-
aptic Syt4 (REF. 46). Notably, postsynaptic Syt4 is derived 
from its exosomal release by motor neurons and its 
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internalization by muscle46. These studies suggest that, 
at the NMJ, presynaptic boutons are capable of releas-
ing exosomes that are taken up by muscle cells, and that 
these exosomes have a physiological function in synaptic 
plasticity in the recipient muscle cell in vivo.

Although WNTs have emerged as prominent fac-
tors in the regulation of synaptic development and 
plasticity in the vertebrate brain57, functioning both as 
anterograde and retrograde regulators, their release 
via exosomes in the mammalian brain has been less 
explored. Nevertheless, as discussed above, WNT3A 
can be internalized and secreted via exosomes by mam-
malian microglia40, and EV-mediated release of WNTs 
has been reported both during vertebrate development 
and cancer progression58. Peripheral glia at the D. mel-
anogaster NMJ, similar to motor neurons, release Wg, 
and glia-derived Wg has a physiological role, which is 
partially distinct from the function of motor neuron- 
derived Wg50. Although the release of Wg by motor neu-
rons or glia regulates synaptic growth and differentiation 
of the NMJ, glia-derived Wg also regulates the localiza-
tion of glutamate receptors at postsynaptic sites of the 
NMJ. There are additional common properties between 
fly and mammalian exosomes, such as their protein 
content (determined by proteomics studies of exosomes 
released by cultured S2 cells)48, the requirement of Rab11 
for exosome release48 and the activity-dependent release 
of exosomes by neurons55. Thus, it is highly likely that 
communication of WNTs and other signals via EVs will 
be conserved in nervous systems throughout phyla, as is 
the case in most fundamental biological processes. 

EVs in C. elegans sensory neurons. C. elegans type B 
male-specific ciliated sensory neurons expose their 
cilia to the environment through a cuticular pore59. 
These cilia shed microvesicle-like EVs containing 
the polycystin receptors, location of vulva defec-
tive 1 (LOV-1) and pyruvate dehydrogenase kinase 2 
(PDK-2). Microvesicle release depends on intraflagellar 
transport protein 88 (IFT-88) and a kinesin-3, KLP-66 
(REF. 59). When microvesicles isolated from the rear-
ing medium of C. elegans were added to the rearing 
medium of naive animals, increased locomotor reversal 
frequency and tail chasing behaviour, a strategy used 
during mating, were observed59. This result suggests 
that microvesicles are involved in inter-organism 
communication59. A forward genetic screen to identify 
genes required for the ciliary localization of PKD-2 
(REF. 60) led to the identification of CIL-7, a myris-
tolated protein that regulates microvesicle biogenesis. 
Mutations in cil-7 were associated with mating defects 
and a block on PKD-2 release60.

Collectively, the above studies in invertebrate sys-
tems provide compelling evidence that EVs function in 
communication in vivo, providing proof of principle that 
these vesicles have physiological roles.

EVs in disease
In recent years, EVs have emerged as important partic-
ipants in the spreading of misfolded proteins in neuro-
degenerative diseases, in tumorigenic activity in brain 

cancer and in neuroinflammation. Below, we provide a 
brief summary of some of the emerging themes connect-
ing EVs to neurological disorders61,62, the mechanisms by 
which EVs participate in neuroprotection and the excit-
ing new approaches for the potential use of EVs to deliver 
therapeutic agents.

EVs as prion carriers. The idea that neurodegeneration- 
causing agents may have a common mode of spreading 
in the brain, even before cell death, has become attrac-
tive. Supporting evidence has been provided in several 
disorders, although such evidence is still being debated in 
other diseases63. A common trait in many of the mutated 
genes that cause neurodegenerative diseases is that they 
lead to the misfolding and aggregation of their encoded 
proteins63. This misfolding and aggregation spreads from 
one or more focal points in the brain to contiguous neuro-
anatomical regions. The spreading of the affected protein 
is thought to be similar to the spread of prions, which are 
misfolded proteins that can induce the misfolded state in 
pre-existing normally folded proteins, and that can spread 
from cell to cell64. Polymerization of the misfolded pro-
tein results in the formation of stable protein aggregates. 
These aggregates are usually fibrillar structures (referred 
to as amyloid) and contain the misfolded protein in a 
β-sheet conformation; amyloid may subsequently cause 
tissue damage and cell death. Prion-like properties, such 
as those observed for prion protein (PrP) in Creutzfeldt–
Jakob disease65, have been suggested for other proteins 
involved neurodegenerative disorders. Such proteins 
include amyloid-β and tau in AD66,67; α-synuclein in 
Parkinson disease68; and TAR DNA-binding protein 43 
(TDP43), copper zinc superoxide dismutase 1 (SOD1) 
and other proteins in amyotrophic lateral sclerosis and 
frontotemporal lobal degeneration69. A role for EVs 
in this spreading capacity is beginning to emerge70, as 
these prion-like proteins are known to be packaged and 
released in exosome-like EVs. However, the interpreta-
tion of the available data is still challenging owing to sub-
stantial experimental issues, as only a minute quantity of 
prion-like protein is sufficient to seed protein unfolding 
and whether EV preparations were devoid of contami-
nating prion-like protein aggregates that were not con-
tained within EVs is unclear (for example, see REF. 71). In 
addition, it is currently uncertain which protein species 
(folded, unfolded or aggregated) are packaged into EVs. 
Below, we provide some examples of the potential role of 
EVs in the propagation of unfolding.

In vitro experiments have provided evidence that 
mutant SOD1 induces misfolding of human wild-type 
SOD1, and that misfolded human wild-type SOD1 propa-
gates misfolding across cultured HEK, neuroblastoma, 
mesenchymal and human neuron-like cells, even in the 
absence of mutant SOD1 (REFS 69,71). This propagation 
has been proposed to be mediated both via exosome- 
dependent and exosome-independent (aggregates 
released by dying cells and taken up via micropinocytosis) 
mechanisms. The evidence for EV-dependent spreading 
of mutant SOD1 or misfolded human wild-type SOD1 
has been obtained in NSC-34 motor neuron-like cultures, 
utilizing reagents such as antibodies to specifically detect 
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Reactive microglia
In the injured or disease brain, 
glia can become reactive by 
proliferating and upregulating 
a number of cytoskeletal 
components, leading to the 
formation of glial scars, 
which replace the damaged 
brain cells.

Transforming proteins
Proteins that cause a cell to be 
transformed into a neoplastic 
cell, which undergoes 
uncontrolled cell division.

the misfolded but not the properly folded protein. These 
cells were able to release either mutant SOD1 or misfolded 
human wild-type SOD1 in exosome-like EVs, and these 
EVs were able to spread misfolding of human wild-type 
SOD1 through multiple cell passages71. Nevertheless, mis-
folded human wild-type SOD1 aggregates not contained 
within EVs, albeit at minimal levels, were also found in the 
EV fraction that was added to the cultures71. Therefore, it 
is plausible that the spread of misfolding might be caused 
via non-EV-dependent mechanisms.

α-synuclein has also been proposed to be secreted 
in exosomes in a Ca2+-dependent manner by SH-SY5Y 
neuron-like cells, spreading toxicity to the culture72. 
However, in these experiments, there are also questions 
about the specific fraction (or fractions) of α-synuclein 
(that is, α-synuclein within EVs, or as a soluble contami-
nant of the EV fraction, or as a contaminant in the form 
of small or large aggregates within the EV fraction) that 
conveys toxicity to the cells73.

Studies of the involvement of EVs in AD are particu-
larly intriguing, although their involvement in disease 
remains unresolved. Amyloid-β is produced during 
cleavage of the β-amyloid precursor protein (APP) by the 
consecutive actions of the β- and γ-secretases. β-secretase- 
mediated cleavage of APP occurs in early endosomes and 
amyloid-β is directed to MVBs. Fusion of MVBs with 
the plasma membrane liberates amyloid-β-containing 
exosomes; the majority of amyloid-β is found in the 
medium in a soluble, non-EV-enclosed fraction74, and 
soluble rather than fibrillar amyloid-β is the most toxic 
to neurons and glia75. In addition to amyloid-β, several 
C-terminal APP fragments and full-length APP, but not 
amino-terminal APP fragments, have been found in 
exosomes from cultured neuroblastoma N2a cells76.

Because amyloid plaques contain exosomal markers, 
such as ALIX, it has been suggested that exosomes might 
participate in the pathogenesis of AD74. However, this con-
cept and the potential role of exosomes in spreading and 
inducing amyloid-β aggregation in a prion-like manner 
have not been convincingly established77. For example, it 
has been reported that exosomes derived from a neuro-
blastoma cell line or from cultured mouse primary cortical 
neurons induce the aggregation of soluble amyloid-β and 
bind to these amyloid-β aggregates78. When the exosomes 
that were bound to fibrillar amyloid-β were then added to 
primary microglia cultures, they were taken up by micro-
glia and degraded. This process resulted in a decrease in 
toxic soluble amyloid-β in the medium, suggesting that 
exosomes might represent a protective pathway for the 
removal of excess soluble amyloid-β78 (see REF. 77 for a 
review). Other studies have shown that reactive microglia 
release microvesicles that bind and promote amyloid-β 
pathogenesis by increasing its solubility75, raising the pos-
sibility that exosomes and microvesicles might have antag-
onistic functions. Nevertheless, another study examining 
the mechanisms of tau propagation in the brain provided 
evidence that spreading of tau is accomplished through 
the release of exosomes by microglia, and that blocking 
exosome synthesis prevents such spreading79. Thus, the 
interplay of EV types, their cellular derivation and their 
role in the context of AD pathology remain unclear.

EVs in brain tumours. Cancer cells show enhanced EV 
release, and released EVs often contain an altered cargo 
composition compared with their normal counterparts80. 
This modified cargo can include increased amounts of 
cargo normally present in EVs derived from wild-type cells 
and transforming proteins and RNA, including tumour sup-
pressors, epidermal growth factor variant III (EGFRvIII), 
histones and mi RNAs, normally not present in EVs 
derived from wild-type cells. The uptake of EVs that have 
been released by cancer cells can result in the transfer of 
oncogenic activity61. A prominent example is the case of 
glioblastomas, which are the most common and aggressive 
forms of primary brain cancers. Glioblastomas are com-
posed of a heterogeneous population of cells, including a 
hierarchy of stem cells that may contribute to the initiation 
and propagation of tumours through clonal expansions. It 
has been postulated that the diversification of cell types and 
their phenotypes (for example, proliferation rate, survival 
rate and motility rate) might be guided by the uptake of 
EVs containing diverse cargoes61. For instance, EGFRvIII 
is an oncogenic receptor tyrosine kinase that usually accu-
mulates in plasma membrane lipid rafts. Cell culture stud-
ies have shown that EGFRvIII is released into the culture 
medium in flotillin 1-containing microvesicles80. Uptake 
of these EVs by naive cells leads to the incorporation of 
the oncogenic receptor into the plasma membrane and 
activation of transforming signalling pathways, such as 
the ERK1–ERK2 and AKT pathways80,81. Furthermore, 
when EGFRvIII-containing glioma cells are injected into 
immunodeficient mice, these cells form subcutaneous 
tumours, which release EGFRvIII-containing EVs into the 
bloodstream and neighbouring cells. Thus, EVs are likely 
to contribute to the propagation of oncogenes.

Notably, glioblastoma cells also release EVs contain-
ing the tumour suppressor miR-1 (REF. 82). Among other 
targets, miR-1 silences annexin A2 mRNA, whose pro-
tein product is a major pro-oncogenic protein released in 
EVs, thus ameliorating the pro-oncogenic effect of glio-
blastoma EVs82. In addition to glioblastomas, brain meta-
stasis is also a major mortality factor in breast cancer83. 
Central to this brain metastasis is the breach of the BBB. 
This breach is promoted by the delivery of miR-181c via 
cancer cell-derived EVs, as shown with EVs derived from 
D3H2LN cells, which are human mammary tumour cells 
with a high tumorigenic and metastatic capacity. miR-181c 
promotes the destruction of the BBB by downregulating 
its target mRNA, PDPK1 (3-phosphoinositide-dependent 
protein kinase 1), whose protein product is required for 
actin organization and thus for proper tight junction 
function in establishing the BBB83.

EVs as carriers of neuroinflammatory signals. EVs 
derived from both microglia and astrocytes have an active 
role in neuroinflammation, in part by spreading pro- 
inflammatory signals; for example, during multiple scle-
rosis (MS), a demyelinating disease84,85. Such microvesicles 
contain pro-inflammatory cytokine IL-1β, interferon-γ, 
tumour necrosis factor (TNF), caspase 1 and the P2X7 
receptor, among others. They also contain metallo-
proteinases, which, together with TNF and IL-1β, can 
disrupt the BBB by promoting the degradation of the 
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extracellular matrix and tight and adherens junctions, 
enhance nitric oxide expression, and enable brain infil-
tration by leukocytes and T cells86,87. Astrocytes that form 
part of the BBB become highly activated in response to 
neuronal injury. Akin to microglia, they release EVs con-
taining IL-1β, which exacerbates tissue deterioration, thus 
promoting DNA damage and apoptosis88.

Oligodendrocytes activate microglia in patients 
with MS, and microglia propagate the inflammatory 
response89. Consistent with the role of microglia-derived 
microvesicles in propagating inflammatory responses, 
patients with acute MS have increased numbers of 
microvesicles in blood and cerebrospinal fluid. In addi-
tion, the injection of microglia-derived microvesicles into 
the brains of mice with subclinical experimental auto-
immune encephalomyelitis (a model of MS) led to the 
recruitment of inflammatory cells to the injection site85,90. 
Microglia-derived microvesicles also affect sphingosine 
metabolism (BOX 2) in responsive cells. Indeed, a-SMase 
knockout mice, in which the production of microvesicles 
is impaired, are significantly protected from experimental 
autoimmune encephalomyelitis, and cultured astrocytes 
or microglia from mice with pharmacological or genetic 
ablation of a-SMase have a diminished release of IL-1β 
upon P2X7 receptor stimulation44,85.

Toll-like receptors (TLRs), a family of receptors that 
initiate inflammatory responses, are also present in the 
nervous system, including in neurons, oligodendrocytes, 
astrocytes and microglia91. In the CNS, TLRs are acti-
vated by signals that are released from injured or stressed 
cells, such as pro-inflammatory factors and heat shock 
proteins (HSPs), leading to nuclear factor-κB activa-
tion and changes in gene expression that lead to tissue 
damage. Notably, TLRs have also been associated with 
the pathology of amyotrophic lateral sclerosis, AD and 
Parkinson disease92. It has been suggested that the release 
of EVs bearing altered miRNA content in these diseases, 
particularly those belonging to a class of mediators of 
inflammation, results in the activation of TLRs, setting 
in motion an inflammatory cascade91.

EV function in neuroprotection. Although EVs might 
contribute significantly to the spreading of certain neuro-
logical conditions, they also have neuroprotective actions. 
They serve as delivery vehicles for factors involved in 
repair after stress, disease and injury, and they can become 
a sink for the removal of unwanted or toxic material. In 
the context of prion-like proteins, protein aggregates 
that are resistant to the cell’s degradation machinery are 
released to the medium in EVs. Although this process 
may serve to spread disease (possibly similar to an infec-
tive mechanism), it might also function in mitigating 
the toxic effects of protein aggregates within the cell by 
disposing of this material93. A case in point, as discussed 
earlier, regards the ability of exosome-like EVs to trap94 
and to promote amyloid-β removal by microglia78. In this 
regard, although microglia are involved in propagating 
inflammation, they are also engaged in neuroprotection95.

There is also evidence to suggest that EVs participate 
in protection from oxidative stress26. Oligodendrocyte-
derived EVs contain many enzymes involved in 

protecting against oxidative stress, such as SOD1, cat-
alase and peroxiredoxin26,28. Consequently, neurons 
taking up these exosome-like EVs have increased oxida-
tive stress tolerance and exhibit improved survival upon 
nutrient deprivation27,28. In in vitro models of cerebral 
ischaemia, in which neurons are deprived of glucose 
and oxygen, oligodendrocyte-derived EVs ameliorate 
neuronal apoptosis and necrosis, and neurons exhibit 
increased metabolic activity28. In addition to providing 
antioxidative enzymes, the increased metabolic activity 
of neurons is partly the consequence of differential gene 
expression and activation of survival-promoting ERK1–
ERK2 and AKT transduction cascades, among others, 
after exosome uptake27,28.

EVs also contain HSPs, such as HSP70. Although 
HSPs were originally thought to operate exclusively 
within the cells that synthesize them, it is now evident 
that HSPs are also released in EVs and taken up by cells. 
It has been suggested that released HSPs, in addition 
to their role as chaperones, serve as warning signals to 
prevent the propagation of cellular stress96. The trans-
fer of HSP70 from glia to axons was first discovered in 
the giant axon of squid in response to thermal shock97. 
Subsequently, the release of HSPs has been documented 
for a variety of cells and tissues. For example, astrocytes 
subjected to hyperthermia or exposed to prion-like 
proteins increase the release of HSP70 via EVs98.

Exosome-like EVs also appear to bear age-related 
properties. Young mice carry EVs enriched in miR-219 
(REF. 99), an miRNA that promotes the differentia-
tion of myelinating oligodendrocytes100,101. Treatment 
of demyelin ated rat hippocampal slices with EVs 
derived from the serum of young animals improved 
remyelination and enhanced myelination in aged rats99.

It has also been suggested that synapsin 1, which 
as described in previous sections is an oligomannose- 
containing protein released in EVs by astrocyte- 
enriched cultures, might have neuroprotective func-
tions under conditions of oxidative stress, ischaemia and 
high depolarization levels45. Collectively, these examples 
demonstrate the vast potential of the content of EVs in 
the functional recovery after spinal injuries, stroke or MS.

EVs as shuttles for therapeutic intervention. Several fea-
tures place EVs, and in particular exosomes, as poten-
tially powerful shuttles for the delivery of therapeutic 
agents to the brain102. EVs also constitute important and 
non-invasive biomarkers for the diagnosis and the pro-
gression of disease, as they are found in all bodily fluids1. 
Exosomes are thought to cross the BBB103. They are stable, 
have low immunogenicity, can be loaded with therapeutic 
silencing RNAs, mi RNAs and drugs12,104, and might have 
endogenous mechanisms that target them to specific cell 
types. Exosomes from adult stem cells are particularly 
promising in providing a strategy for delivering thera-
peutic agents into the brain via EVs. For example, mesen-
chymal stromal cells (MSCs), self-renewing multipotent 
progenitors that can be isolated from a variety of tissues 
for cell culture, produce substantial amounts of exosome-
like EVs with different characteristics, particularly when 
stimulated with different factors105,106. Endogenous MSCs 
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derived from rat brain regions subjected to middle cere-
bral artery occlusion represent a case in point. These 
MSCs secrete exosomes containing miR-133b, and these 
exosomes can increase plasticity and neurite remodel-
ling in the ischaemic boundary107. Other examples are 
EVs derived from human adipose tissue MSCs, which 
carry the amyloid-β-degrading enzyme neprilysin and 
are capable of decreasing both secreted and intracellular 
amyloid-β in cell culture, providing a potential avenue 
to treat AD108. In addition, exosomes from interferon- 
γ-stimulated dendritic cells can increase myelination and 
tolerance to oxidative stress109. These exosomes contain 
miR-219, which promotes oligodendrocyte differentia-
tion and myelination100,101. Macrophage exosomes loaded 
with the antioxidant catalase have also been used to 
treat mouse models of Parkinson disease via intranasal 
application, and this treatment provided considerable 
neuro protection110. In addition, self-derived dendritic 
cell exosomes (exosomes derived from dendritic cells 
of one individual that are modified and used to treat 
that individual) may be an approach to treat AD. When 
such exosomes were loaded with exogenous small- 
interfering RNAs directed against BACE1 (which encodes 
β-secretase 1 and is a therapeutic target for AD) and were 
injected into wild-type mice, an effective downregulation 
of BACE1 was observed (REF. 104).

However, despite the many promising features of EVs, 
there are still many hurdles to overcome before their use 
as therapeutic interventions can be realized. First, we are 
still in the very early stages of understanding EV biology. 
Deciphering the mechanisms that trigger EV release, 
promote EV uptake, provide cell target specificity and 
determine cargo selectivity is critical to the development 
of EVs as therapeutic agents in a clinical setting. Second, 
given that evidence suggests that exosomes also have the 
potential to spread nefarious factors, such as prion-like 
proteins110 and pathological inflammation84,85, as dis-
cussed above, as well as viruses111, many safety concerns 
for their use in the clinic remain. Although the idea of 
generating artificial EVs is attractive, a more thorough 
understanding of EV biology will be paramount to their 
construction and use as a Trojan horse to combat disease.

Conclusions and perspectives
Taken together, the studies briefly discussed in this 
Review make a promising case that EVs are used by ani-
mals with nervous systems as intercellular communi-
cation devices, both in health and during disease. 
Although much needs to be done to truly understand the 
biological context and the physiological range in which 
EVs are utilized, the available examples of EV function 
in vivo in invertebrate systems makes it likely that this 
will be an expanding field. In the same way that pioneer-
ing studies in invertebrate genetic model organisms 
have paved the way for our understanding of conserved 
mechanisms (such as pattern formation, cell death and 
RNA-mediated gene silencing), the contribution of 
invertebrate model organisms to fully grasping the sig-
nificance of EVs in the nervous system is likely to be 
forthcoming. 

In addition to providing novel mechanisms of inter-
cellular communication in the healthy organism, the 
study of EVs during disease is also providing important 
clues to measure the progression of neurodegenerative 
diseases and cancer. This knowledge is cultivating a 
fertile ground for the design of clinical interventions to 
alleviate disease.

However, many outstanding questions relating to EV 
biology remain. For example, it is unclear whether sMVBs 
are produced in the neurons or glia, how EV cargo is 
selected and how many EV populations are derived from 
the same cell. Moreover, it is unclear what the molecular 
mechanisms that define MVB fusion sites in the plasma 
membrane are, and what the constituents of regulated or 
constitutive MVB plasma membrane fusion are. It will 
also be crucial to know whether there are signatures that 
target EVs to disparate targets, how recipient cells dis-
criminate among EVs, what the mechanisms of exosome 
and microvesicle uptake by recipient cells are, and, indeed, 
how EV cargoes are unloaded and utilized by such cells. 
Other questions to be answered include how EVs cross 
the BBB in healthy organisms and how EVs escape the 
immune response. Finally, whether EVs function in 
a synapse-specific manner during plasticity and what 
plasticity signals they carry remain to be answered.
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