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SUMMARY

Extracellular vesicles (EVs) are important mediators of intercellular communica-
tion. Interest in the role of central nervous system (CNS)-derived EVs has been
increasing; however, some skepticism of their importance has persisted because
many aspects of their biology remain elusive. This ambiguity is largely due to
technical barriers that hamper our ability to achieve a comprehensive under-
standing of their molecular components and mechanisms responsible for their
transmission and uptake. However, accumulating evidence supports the notion
that EVs play important roles in basic physiological processes within the CNS dur-
ing neurodevelopment and synaptic plasticity. Interestingly, EVs also act to
spread toxic polypeptides in neurodegenerative diseases. Developing a more
profound understanding of the role that EVs play in the CNS could lead to the
identification of biomarkers and potential vehicles for drug delivery. Here we
highlight our current understanding of CNS EVs and summarize our current un-
derstanding of their complex role in the CNS.

The existence of extracellular vesicles (EVs) has become increasingly appreciated; however, their biological

importance has been called into question. Historically, EVs have been defined as membrane-bound parti-

cles for shuttling cellular waste from many different cell types into the extracellular space (Harding et al.,

1983; Pan et al., 1985; Trams et al., 1981). Interest in central nervous system (CNS) EVs, primarily released

from neurons, have recently boomed, with a particular emphasis on the possibility that they enable inter-

cellular communication and propagate pathological phenotypes, revealing a functional dichotomy (Vella

et al., 2016; Zhang and Yang, 2018).

Neuron-to-neuron communication in the CNS has long been considered to be primarily mediated by neu-

rotransmitters and electrical signals. Recent studies have revealed that EVs are also involved in modulating

synaptic communication and neurodevelopment, thus greatly impacting the way we view intercellular CNS

communication (Budnik et al., 2016). A more thorough understanding of EVs, however, has demonstrated

that they play complex roles in the CNS, by propagating and exacerbating pathophysiology. Importantly,

our ability to decipher the distinct roles of EVs has been limited by several significant technical barriers

including their low abundance and broad size distribution. To overcome these challenges, new methods

and instruments have been developed and are starting to facilitate our ability to investigate and charac-

terize CNS EVs. In this review, we evaluate the existing literature on CNS EVs in light of our own findings

while highlighting their inherent dichotomy.

EV BIOGENESIS AND UPTAKE

EVs are classified primarily based on their size (40–1,000 nm in diameter) and the mechanism by which they are

released from cells. There are two major EV classes: exosomes and ectosomes (also called microvesicles). Exo-

somes are nanosized vesicles (40–160 nm in diameter), whereas ectosomes are larger andmore diverse (50 nm–

1 mm in diameter) (Trams et al., 1981). Exosomes are derived from the endocytic pathway and the Golgi appa-

ratus (Banizs et al., 2018; Nagano et al., 2019). Ectosomes, on the other hand, are formedby direct host cell liber-

ation of the plasma membrane via outward budding and pinching (Heijnen et al., 1999). For exosome biogen-

esis, vesicles generated through endocytosis of the plasmamembrane or Golgi apparatus fuse with endosomes

and undergo inward budding. This endomembrane compartment then gives rise to multivesicular bodies

(MVBs) containing intraluminal vesicles (ILVs), the intracellular precursor of exosomes (Rind et al., 2005; Roizin

et al., 1967; von Bartheld et al., 1996). ILVs sequester cargo, including proteins, lipids, mRNAs, and microRNA

(miRNA), from the inward budding of early endosomal membranes (Trajkovic et al., 2008). Generally, MVBs
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Box 1. Similarities between EV Release and Viral Budding

Emerging evidence suggests that the molecular machinery required for EV release and enveloped virus budding

share many important characteristics. Viruses including herpes simplex virus 1, Ebola virus, rabies virus, and human

immunodeficiency virus (HIV) have evolved the capacity to hijack host cell ESCRT machinery, which plays a key role in

EV biogenesis to promote budding (Ahmed et al., 2019; Votteler and Sundquist, 2013). One particular protein that is

important for the ESCRT pathway linking viral budding and EV release is Alix (also known as Pdcd6ip). Alix, which is

frequently found in low abundance in EVs, is important for membrane scission, contributing to EV release, as well as

virus budding (Baietti et al., 2012; Fujii et al., 2007; Hurley and Hanson, 2010).

Retroviruses, such as HIV, use protein capsids as protective barriers for genetic material to ensure robust infection

and spreading. Viruses form protein capsids as protective structures to efficiently transport their genomes from cell to

cell during infection. This process is mediated through the viral Group-specific antigen (Gag) polyproteins. During

retroviral replication, Gags multimerize into capsid structures and sequentially bind and package viral RNA. These

viral particles proceed to exit the cell by budding from the plasma membrane using ESCRT and then are capable of

infecting other cells, replicating and repeating the cycle.

Similarly, the mammalian activity-regulated cytoskeleton-associated protein (Arc), which is expressed by neurons,

has recently been reported to function in a manner similar to viral capsids (Campillos et al., 2006; Erlendsson et al.,

2020). Arc proteins share significant homology with the retroviral Gag domain normally found in retroviruses and

vestigial retrotransposon elements within the genome. However, the exact function of these analogous Gag-like

structural elements of Arc protein remains unclear. Arc was found to self-assemble into oligomers, form capsid like

structures, and be released from neurons in EVs (Ashley et al., 2018; Pastuzyn et al., 2018). Notably, Arc was found to

encapsulate RNA and facilitate transfer to recipient cells, evocative of retroviral-like behavior. Additional evidence

suggests that at the Drosophila NMJ EVs containing dArc1 also forms capsid-like structures and interacts with RNA,

similarly to retroviral and retrotransposon behaviors. In addition, removing the gypsy retrotransposon-like sequence

fragment in the 30 UTR was sufficient to block intercellular transfer. Taken together, these findings reveal overlapping

mechanisms between viral budding and EV formation.
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are thought to fuse either with lysosomes to facilitate catabolism, mediated by hydrolases, or with the plasma

membrane to release exosomes (Johnstoneet al., 1987; Karimet al., 2018). Inmammalian neurons,MVBs localize

predominantly to the somatodendritic compartment but have also occasionally been observed in axons (Rind

et al., 2005; Roizin et al., 1967; von Bartheld et al., 1996). However, MVBs are found at presynaptic sites within

nerve terminals in the Drosophila neuromuscular junction (NMJ) (Ashley et al., 2018; Franch-Marro et al.,

2008; van den Heuvel et al., 1989). However, it is important to note that whereas these results provide snapshots

of MVB localization patterns in neurons, EV biology is dynamic and these studies are limited by the existing

technologies.

The endosomal sorting complex required for transport (ESCRT) system plays an important role in exosome

biogenesis and may also be involved with releasing ectosomes. ESCRT comprises more than 30 proteins that

form four different complexes (ESCRT-0, ESCRT-1, ESCRT-2, ESCRT-3), along with auxiliary proteins including

Vps4, Vta1, and Alix (Schmidt and Teis, 2012). ESCRT functions in a sequential, stepwise manner, where

ESCRT-0 and ESCRT-1 recruit transmembrane cargos to MVB microdomains and ESCRT-2 and ESCRT-3 play

key roles in the scission of ILVs from the donor membrane (Raiborg and Stenmark, 2009; van Niel et al., 2018).

Some aspects ofMVB transport and exosomebiogenesis also require the productionof thewaxy lipid ceramide,

through hydrolysis of neutral type II sphingomyelins (nSMase2) (Trajkovic et al., 2008). The existence of ESCRT-

independent pathways for the formation of exosomes is also supported by previous studies. For example, inhib-

itors of all four ESCRT complexes fail to suppress the generation of CD63-containing ILVs inMVBs (Stuffers et al.,

2009). Furthermore syndecan-1, syntenin-1, and Rab proteins also contribute, to exosome biogenesis, presum-

ably in an ESCRT-independent manner (Baietti et al., 2012; Ostrowski et al., 2010). Numerous studies in the field

of virology indicate that the ESCRT system plays a critical role in viral budding (Box 1), revealing overlapping

mechanisms between EVs and retroviral budding mechanisms. However, nearly all of our knowledge of EV

biogenesis originates from studies using cell lines as opposed to investigating EVs in the brain. Taken together,

EVs are heterogeneous in their methods of biogenesis, and although many of the general principles have been

elucidated, there is still much to learn about these processes within the CNS.

Cellular uptake of EVs is an essential step in the transmission of vesicle cargo to recipient cells. Although

not yet well established, several potential mechanisms for cellular uptake of EVs have been proposed

(Montecalvo et al., 2012; Valadi et al., 2007). One possible mechanism is through the direct binding of
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proteins on the EV surface, such as CD11a, CD9, and CD81, to intercellular adhesion proteins expressed on

the cells’ plasma membrane (Morelli et al., 2004). Through these initial protein-protein interactions, EVs

dock to cells and initiate the process of cargo transfer. Another proposedmechanism involves endocytosis,

which can be clathrin dependent or caveolin mediated (Barres et al., 2010; Feng et al., 2010; Nanbo et al.,

2013; Svensson et al., 2013).

Apart from receptor- and endocytosis-mediated EV uptake, other mechanisms including phagocytosis

(Feng et al., 2010; Fomina et al., 2003; Prada et al., 2016), micropinocytosis (Fitzner et al., 2011), or direct

membrane fusion (Jahn et al., 2003; Montecalvo et al., 2012; Parolini et al., 2009; Prada et al., 2018) have

been proposed. For an in-depth description of EV uptake mechanisms, we direct readers to several previ-

ous reviews on this topic (Mulcahy et al., 2014; van Niel et al., 2018). It is important to note that these studies

are limited by the currently available methods for characterizing EVs and visualizing single vesicle events

(Box 2). Similar to EV biogenesis, studies investigating the mechanisms of EV uptake by recipient cells

have thus far been predominantly performed on heterologous cell types; yet these mechanisms appear

to extrapolate to at least some CNS cell types, but further studies are needed to confirm this hypothesis.
EVS IN NEUROGENESIS, SYNAPTOGENESIS, AND SYNAPTIC PLASTICITY

Neuronal communication in the CNS is primarily achieved through chemical neurotransmitters and electri-

cal signals (Valenzuela et al., 2011). However, emerging evidence suggests that EVs may also play a key role

in CNS intercellular communication between neurons and between neurons and glia (Figure 1). Impor-

tantly, EVs contain select proteins, RNAs, and lipids that perform important functions. Corroborating these

observations, several recent studies have unexpectedly found that EVs participate in CNS biological pro-

cesses such as synaptic plasticity, spine pruning, neuron-glia communication, development, and regener-

ative processes (Budnik et al., 2016).

EVs participate in several dynamicCNSprocesses and began garnering interest in neural development when 50-

to 600-nm EV-like particles were initially detected in the lumen of developing embryonic mouse brain neural

tubes (Marzesco et al., 2005). These vesicles are present in the ventricular fluid at both the onset and early phases

of neurogenesis and carry the stem cell marker prominin-1 (i.e., CD133), suggesting that EVs can originate from

CNS cells beyond merely fully differentiated neurons during development. Furthermore, EVs enriched with the

membrane attack complex are released from oligodendrocytes during the recovery phase of injury (Scolding

et al., 1989). Additional studies have found that a higher amount of myeloid microvesicles are released frommi-

croglia derived from patients with multiple sclerosis compared with healthy controls (Verderio et al., 2012).

Although these studies reported the presence of EV-like particle in the CNS, it was unclear if these particles

played a functional role. To this end, cerebrospinal fluid (CSF) fromboth human andmouse embryoswere found

to possess nanovesicles containing miRNA and protein components of the insulin-like growth factor (IGF)

pathway. Interestingly, when these EVs were applied to cultured embryonic neural stem cells, activation of

the IGF-mammalian target of rapamycin complex 1 pathway was observed leading to increased proliferation,

suggesting that these nanovesicles are functional (Feliciano et al., 2014). These results have gained traction

and have led researchers to the consensus that EVsmay serve a greater role in the CNS than originally believed.

Taken together, several independent lines of investigation have found that EVs are involved with the develop-

ment and signaling between different cell types in the CNS.

Several recent studies have found that EVs contribute to neurogenesis. EVs isolated from human induced

pluripotent stem cells (hiPSC) increase neurogenesis through enhanced cell proliferation and differentia-

tion of human neuronal cultures (Sharma et al., 2019). In their in vivo experiments they found that purified

EVs injected into the lateral ventricle of mouse neonates increase hippocampal neurogenesis. In addition,

using hiPSC models of the neurodevelopmental disorder Rett syndrome, it was found that the patient-

derived cells produced abnormal EVs lacking several vital proteins for neurogenesis. Furthermore, treating

Rett syndrome hiPSC neurons with EVs derived from an isogenic control successfully rescued neurodeve-

lopmental deficits by increasing cell proliferation, synaptogenesis, synchronized firing, and neurogenesis

compared with EVs derived from patient hiPSC neurons (Sharma et al., 2019). These results provide evi-

dence for the important role that EVs have in neurogenesis.

Recent findings from invertebrate models also support the notion that EVs contribute to synaptogenesis,

implying that using EVs in neurodevelopment appears to be a widely used mechanism among both verte-

brate and invertebrate model organisms. For example, in Drosophila larvae, EVs have been shown to be
iScience 23, 101456, September 25, 2020 3



Box 2. Methodologies for EV Isolation and Analysis

Efficient isolation of highly pure EVs represents a major barrier in the investigation and characterization of their cargos

and functions. To overcome this barrier, many EV isolation methods have been developed, such as ultracentrifuga-

tion, ultrafiltration, size exclusion chromatography (SEC), proprietary polymer-based precipitants, density gradient-

based separation, and immunoaffinity capture. Every EV isolation method has strengths and weaknesses.

Ultracentrifugation remains by far the most commonly used method to isolate EVs (Gardiner et al., 2016). This method

typically involves the removal of larger vesicles by a series of slow spins, followed by 110,0003 g centrifugation to sediment

EVs. However, this method isolates a heterogeneous population of EVs and lipoproteins. In an attempt to further purify

exosomes, samples are subjected to sucrose or iodixanol step gradients to separate materials based on their density. In

these methods, samples are centrifuged at high speeds (200,0003 g) for lengthy periods of time so that contaminating

proteins are sifted through the gradient, leaving EVs resolved at an equilibrium buoyancy in the gradient (Livshits et al.,

2015). Although powerful, there are several downsides to its approach, including its lengthy workflow and the requirement

of an ultracentrifuge. In addition, isolation byultracentrifugation subjects EVs to strong forces that can cause them to rupture

and lose their cargos. Furthermore, thesemethodsdonot robustly removeabundant and contaminating lipoproteins.Other

isolation methods such as immunoaffinity-based techniques and commercially available exosomes isolation kits are also

commonly used; however, these methods have been proved to be inferior in reproducibility.

Recently, IZONhas produced a convenient SEC system called qEV that utilizes gravity flow columns specific for the isolation

of EVs. IZONqEV uses a matrix consisting of porous resin particles that accurately capture EVs ranging from 35–1,000 nm in

a few highly enriched fractions. This instrument can isolate vesicles with about 99% purity, in a procedure requiring only 15–

30 min (https://izon.com/exosomes-isolation/). This method is advantageous as it is both quick and produces intact and

highly bioactive EVs. Downsides of the IZON system include the yield tending to be lower than that of other methods thus

requiring a pre-concentrating step and this instrument being unable to isolate specific EVs with different protein compo-

nents (i.e., CD81 versus CD9 EVs). Finally, as IZON profiles vesicles based solely on their size, the isolated vesicles may not

be exclusively EVs, as other vesicles such as endosomes are similar in size.

Recently, NanoView has developed a unique and powerful instrument to immunocapture EVs and subsequently charac-

terize them with a single analysis platform. NanoView works by passing fluid containing EVs across functional microarray

chips containing antibodies specific to EV tetraspanin proteins such as CD63 and CD81 (https://www.nanoviewbio.com/).

This technology is advantageous for the analysis of individual EVs and the detection of their cargo proteins. However, the

EVs captured by this method are unrecoverable thus unavailable for downstream analysis.

Traditional downstream analysis following isolation typically utilizes size/morphology and immunoblotting for EV

protein markers (e.g., CD81, CD9, CD63, Tsg101, Alix, flotilin). Subsequently, visualization of EVs requires high-

resolution microscopy as traditional light microscopy does not suffice. To this end, electron microscopy (EM) is a

commonly used technique to visualize isolated EVs. Various EM techniques have been effectively used and include

transmission EM, scanning EM, and negative-staining EM. However, these methods typically only facilitate

morphological measures (i.e., size) as immuno-EM requires high-affinity antibodies and epitopes that are physically

accessible (Gardiner et al., 2016).

To quantify the concentration of EVs in a given sample, nanoparticle tracking analysis (NTA) is commonly used. NTA

utilizes Brownian motion and light scattering to provide both size distribution and concentration of particles in so-

lution (Filipe et al., 2010).

Although commonly used, NTA has some limitations in its ability to accurately and reliably characterize EVs. First,

NTAmeasures any particle in a given solution; it does not selectively measure EVs, and NTA can be hindered by false-

positive measurements from water marks and air bubbles.

The ability to analyze cell-specific populations of EVs is technically daunting, and new technologies are needed to

accurately define these subpopulations. Interestingly, Ji et al., recently utilized a high-density microchamber and a

spatially resolved antibody barcode substrate to achieve multiplexed profiling of EVs secreted from a single cell at a

resolution of 1,000 per cells at a time (Ji et al., 2019). However, more advancements will be needed for the efficient

isolation of EVs from a diverse set of samples.

Traditional molecular analysis of EV cargo proteins has been performed with western blotting. Although a commonly

used technique, many other instruments provide more powerful and complete analysis of EV molecular cargo.

NanoView, as mentioned previously, provides an immunocapture technology allowing the analysis of colocalizing

proteins in EVs with potentially larger number of proteins of interest. To obtain a more systematic analysis of EV cargo

proteins or RNAs high-throughput analytical strategies are required. RNA-sequencing (RNA-seq) provides global

analysis of EV RNA profiles, and tandemmass spectrometry-based proteomics provides the means to rapidly identify

and measure global EV protein content. It is important to note that currently both RNA-seq and proteomics are only

capable of characterizing pools of EVs and provide composite measures.
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Figure 1. EV-Based Intercellular Communication at Synapses and in the CNS

(A) EVs facilitate neuronal communication through their association with important signaling proteins in both vertebrate

(left) and invertebrate (right) models. At mammalian CNS synapses EVs containing EphB2 or Arc participate in retrograde

synaptic communication and can modulate synaptic transmission. EVs containing EphB2 contribute to growth cone

collapse and neuronal axon repulsion, whereas Arc EVs can transfer Arc mRNA. At fly NMJs, EVs containing Wnt, dArc, or

Syt 4 are released from neurons and are taken up by the muscle. Wnt released in EVs from axon terminals plays a critical

role in synapse development and plasticity through EVs. The role of dArc and Syt4 transferred in EVs is a topic of ongoing

research.

(B) EVs function in mediating communication between multiple CNS cell types. Microglia-derived EVs contain miRNAs

and enzymes. Astrocyte-derived EVs contain multiple proteins and miRNAs that contribute to neuroprotection and

neurite outgrowth. Oligodendrocyte-derived EVs inhibit myelin formation, whereas neuronal EVs can block this process.
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involved in the Wnt signaling pathway, which is necessary for the proper formation of NMJs (Korkut et al.,

2009, 2013). These EVs are released from glutamatergic neurons at NMJs; contain evenness disrupted,

Wntless, Sprinter (Evi/Wis/Srt) proteins; and are mediated through dGRIP. Wnt- and Evi-containing EVs

can also induce Wnt signaling in recipient cells of human origin (Gross et al., 2012). Intriguingly, synapto-

tagmins, a family of critical membrane trafficking and fusion proteins, that are yet to be linked to EV pro-

cesses in mammalian cells, have been implicated in regulation of EVs at theDrosophilaNMJs. In particular,

evidence suggests that synaptotagmin 4 (Syt4) in neurons is essential for Syt4 to accumulate in both the
iScience 23, 101456, September 25, 2020 5
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neuron and muscle (Korkut et al., 2013). This finding is even more exciting as Syt4 contributes to synaptic

plasticity, synapse strengthening, and learning andmemory (Dean et al., 2009; Ferguson et al., 2001). These

lines of evidence in concert with the findings of Sharma et al. have led to a large interest in EVs as a potential

mode and regulator of CNS development.

EVs carrying important cargo have been previously shown to be released by neurons during synaptic

communication. For example, depolarization of primary rodent cortical neurons by KCl, or treatment

with the calcium ionophore ionomycin to induce Ca2+ influx, induces a robust release of EVs (Lachenal

et al., 2011). In addition, bath application of the excitatory neurotransmitter glutamate increases EV release

and antagonizing AMPA and NMDA receptors blocked this process (Goldie et al., 2014). These findings

suggest that various stimuli can trigger EV release from neurons, further confirming their heterogeneity.

Considering this point, future studies should investigate and decipher the possibility that different stimuli

may play a key role in modifying EV cargo selection. Recent studies have revealed that EVs derived from

mammalian neurons contain Arc mRNA and protein, further supporting the role of EVs in synaptic commu-

nication. Arc is an activity-regulated immediate-early gene and a key governor of synaptic plasticity in pro-

cesses such as long-term potentiation and long-term depression. TheDrosophilaArc1 (dArc1), which forms

capsid-like structures and readily binds dArc1 mRNA, has been shown to transfer from motor neurons to

muscles via EVs at NMJs (Ashley et al., 2018). In addition, the mammalian Arc protein self-assembles

into capsid-like oligomers that encapsulate Arc mRNA and are released from rodent neurons via EVs

(Box 1). These EVs are transferred to recipient cells where Arc mRNA undergoes activity-dependent trans-

lation (Pastuzyn et al., 2018). Taken together with the previous results linking EVs and Wnt signaling, EVs

appear to be important for synaptic signaling in both vertebrate and invertebrates. These findings suggest

that EVs contribute to communication between neurons and at NMJs.

Glia-derived EVs can further influence neurodevelopment. For example, astrocyte-derived EVs transfer

synapsin 1 (Syn1) to neurons and contribute to neurodevelopment by promoting neurite outgrowth and

survival (Wang et al., 2011). Thus EVs released from multiple cell types seem to play key roles in neurode-

velopmental events (e.g., Arc and Wnt proteins associated with neuronal EVs and synapsin-1 with astro-

cytes). Furthermore, at least some EV characteristics seem to depend on the cellular origin. Confirming

the highly dynamic nature of EVs, at later development stages, EVs have been found to negatively regulate

myelination, as oligodendrocyte-derived EVs robustly downregulate myelin membrane formation, a

reversible process that also requires inhibitory signals from neurons (Bakhti et al., 2011). Furthermore, in

glia, EVs have been shown to be released in response to glutamate, as well as multiple inflammatory fac-

tors, such as adenosine triphosphate (ATP), interleukins (IL), and tumor necrosis factor (Datta Chaudhuri

et al., 2020; Fruhbeis et al., 2013; Yang et al., 2018). These findings further suggest that EVs mediate inter-

cellular communication between multiple CNS cell types in response to a variety of stimuli.

Several recent studies have sought to investigate the possibility that CNS EVs represent underappreciated

mediators of cell type-specific intercellular communication. For example, one study discovered that neu-

rons secrete exosomes containing discrete miRNAs using a cell-specific exosome reporter mouse model.

Specifically, these exosomes contained miR124-3p that is internalized by astrocytes and drives the eleva-

tion of glutamate transporter 1 protein (Men et al., 2019). Interestingly, other miRNAs (i.e., miR-274) in mi-

croglia-derived EVs help coordinate the growth of synaptic boutons and tracheal branches in recipient neu-

rons (Tsai et al., 2019). Further support for the possibility that EVs are key facilitators of intercellular

communication in the CNS between different cell types comes from in vitro and in vivo experiments. Inter-

estingly, when exposed to EVs purified from microglia cells, cultured neurons or neurons in mouse brains

show elevated frequency of miniature excitatory postsynaptic currents. Furthermore, the mechanism un-

derlying this process appears to require elevated levels of neuronal ceramide and sphingosine serotonin

release (Antonucci et al., 2012). Additional evidence supporting the importance of glial-derived EVs from

oligodendrocytes and Schwann cells has been described at length in previous reviews (Budnik et al., 2016).

EVs also contribute to axon guidance and synaptic pruning in the developing CNS-based independent re-

sults from several laboratories. Several important axon guidance factors have been found in EVs. EVs

released from the glioblastoma U-251MG cell line and cultured neurons contain Eph receptor tyrosine ki-

nases and ephrin ligands, which are important for synaptic plasticity and neuronal development (Gong

et al., 2016). More so, treating cells with ephrin-Eph-containing EVs induces ephrinB1 tyrosine phosphor-

ylation and neuronal growth cone collapse causing neuronal axon repulsion. Recently, a fragment of
6 iScience 23, 101456, September 25, 2020
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Nogo-A and its receptor NgR1, which play key roles in neurite outgrowth and branching, were found on

exosomal membranes. Furthermore, these exosomes inhibited axonal regeneration of mechanically

injured cortical neurons from mice (Sekine et al., 2020). EV-based communication between PC12 and

MCG6microglial cells can trigger rapid phagocytosis of degenerating neurites (Bahrini et al., 2015). Finally,

primary human astrocytes stimulated with IL-1b release EVs that reduce neuronal outgrowth, branching,

and firing (You et al., 2020). Taken together, these results show that diverse intercellular EV communication

contributes to neurite dynamics in the CNS.

NEURODEGENERATION

The initial discovery that EVs harbor the Prion protein (PrPsc) catalyzed the hypotheses that EVs carry and

spreadmisfolded proteins in the CNS (Fevrier et al., 2004). This is important as themechanisms responsible

for the spreading of pathology across the brain in neurodegenerative diseases such as Alzheimer disease

(AD) and Parkinson disease (PD) remain largely unknown. Multiple neurodegenerative diseases including

prion disease follow a predictable pattern of pathological spreading in the brain (Goedert, 2015), and

numerous laboratories have reported that EVs transfer pathology to neighboring cells. However, this field

is in its infancy and little is known about how EVs physically spread pathology in the human brain (Figure 2).

It is currently unclear if these aberrantly misfolded proteins are bona fide EV cargos, or if they are loaded

into EVs as a nonspecific last-ditch ‘‘junk removal’’ effort causing unintended spreading of pathology. Both

mechanisms seem feasible as the concept that cells extrudemisfolded proteins that are poor substrates for

intracellular degradation by the ubiquitin/proteasome system (UPS) or autophagy-lysosome pathways

(ALP) is intuitive. Moreover, the disposal of unwanted proteins by EVs as a mechanism to cope with the

buildup of toxic proteins may be particularly important in long-lived postmitotic neurons, because they

cannot be diluted through cell division. Consistently, exosomes isolated from culturedmurine CNS and pe-

ripheral neuronal cell lines (i.e., CAD5 and N2A, respectively) contain PrPsc (Fevrier et al., 2004). A connec-

tion between EVs and autophagy, a key protein degradation pathway for clearing misfolded proteins in

multiple neurodegenerative diseases, has been observed (Abdulrahman et al., 2018; Nah et al., 2015).

Interestingly, stimulating autophagy with rapamycin has been shown to inhibit exosome-mediated release

of PrPsc, whereas inhibiting autophagy stimulated the release of exosomes containing PrPsc (Abdulrahman

et al., 2018). These lines of evidence suggest that EVs may spread pathology due to the failed or overrun

protein degradation pathways, thus exacerbating neurodegeneration.

In addition, EVs had been associated with AD, PD, amyotrophic lateral sclerosis (ALS), Huntington disease,

and acute brain trauma such as traumatic brain injury and stroke (Budnik et al., 2016; Chen and Chopp,

2018; Ebrahimkhani et al., 2017; Pearce et al., 2015; Xiong et al., 2017). One common aspect shared be-

tween these diseases is the presence of neuroinflammation and oxidative stress. Features of EV cargo

include multiple pro- and anti-inflammatory molecules that may modulate the CNS inflammatory burden

(Gupta and Pulliam, 2014). In addition, EVs have also been associated with oxidative stress (Eldh et al.,

2010). Taken together, EVs likely play diverse roles in neuronal protection, maintenance, and repair.

Although these studies will only be mentioned briefly here, we point readers to several other reviews on

this topic (Budnik et al., 2016; Holm et al., 2018).

ALZHEIMER DISEASE

AD is a progressive neurodegenerative condition that represents the most common form of dementia. AD

is pathologically characterized by the presence of senile amyloid-beta (Ab) plaques and neurofibrillary tan-

gles containing hyperphosphorylated tau. AD pathophysiology is complex and depends on the interplay

between protein trafficking, folding, and degradation pathways. In addition to these pathological drivers,

neuroinflammation is also emerging as an important contributor to the progression of AD (Masters et al.,

2015). In this section we provide a comprehensive review of EVs and their relationship to AD pathology.

Neurotoxic Ab42 peptides are generated from amyloidogenic proteolytic cleavage of the amyloid-precur-

sor protein (App), a type-1 transmembrane glycoprotein, by b- and g-secretases (Chen et al., 2017). In vitro

experiments have shown that full-length App is internalized from the cell surface by clathrin-mediated

endocytosis (Nordstedt et al., 1993). Cleavage of App by b-secretase likely occurs in the early endosome;

consequently Ab is directed to MVBs and is released with EVs (Lah and Levey, 2000; Rajendran et al., 2006;

Vassar et al., 1999). The overlapping similarities in App processing and Ab synthesis with EV biogenesis (see

sections earlier) presents the idea that these molecules may be present in EV cargo. Verifying this intuitive

claim, both full-length App and App fragments appear to be constituents of EV cargo (Perez-Gonzalez
iScience 23, 101456, September 25, 2020 7



Figure 2. Potential Roles of EVs in Neurodegeneration

(A) In AD, exosomes containing Ab and tau may promote protein aggregation and spreading of pathology to neighboring cells or blood vessels.

(B) In ALS, exosomes contain and propagate both SOD1 and TDP-43.

(C) Seminal findings in the CNS revealed the presence PrPsc in EVs that can prorogate prion pathology through blood vessels. These findings represent the

pioneering connection between EVs and neurodegeneration.

(D) In PD, EVs containing a-synuclein have been linked to defective ALP and increased extracellular a-synuclein.

(E) Multiple lines of evidence suggest that EVs may also play a role in regulating or spreading inflammation in the CNS, which is a key aspect of many

neurodegenerative diseases.
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et al., 2012). Consistently, pathogenic Ab42 also localizes to MVBs in mouse, rat, and human neurons in vitro

(Takahashi et al., 2002). Taken together these findings show that EVs are associated with App processing

and Ab release, which suggests they play an underappreciated role in amyloid pathology.

In addition to Ab being associated with EVs, EVs have been linked to extracellular plaques, as the EV

makers Alix and flotllin-1 have been found to be associated with Ab plaques (Rajendran et al., 2006).

Furthermore, EVs purified from postmortem AD brain are enriched with oligomeric Ab peptides (Sardar Si-

nha et al., 2018). As is the case in neurodevelopment, multiple cell types release EVs that are involved in Ab
8 iScience 23, 101456, September 25, 2020
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pathology and each serves diverse functions in AD pathogenesis. For example, astrocyte-derived EVs

exposed to Ab induce amyloid formation in vivo and sequentially hamper Ab uptake by microglia and as-

trocytes (Dinkins et al., 2014). In addition, microglia secrete EVs containing Ab that are toxic to cultured

neurons (Joshi et al., 2014). This contributes to the growing body of evidence showing that EVs may spread

amyloid pathology. Similar results have been obtained from multiple AD models and in actual human sub-

jects with AD. Consistently, EVs isolated from a variety of AD models and human tissue are enriched with

Ab42 compared with Ab40 (Eitan et al., 2016). These EVs are toxic because when applied to cultured neu-

rons, they triggered apoptosis and mitochondrial dysfunction. Furthermore, administration of the cer-

amide synthesis GW4869 inhibitor to 5XFAD mice, or crossing 5XFAD with nSMase2 �/� mice, reduced

the Ab plaque load (Dinkins et al., 2014, 2016). These results suggest that EVs contribute to the Ab burden

and therefore could represent a potential target for therapeutics.

Clearance of toxic polypeptides represents an early line of cellular defense for mitigating pathology in mul-

tiple neurodegenerative diseases including AD (Malik et al., 2019; Wolfe et al., 2013). Consistently, phar-

macological and genetic inhibition of lysosomal activity leads to increased levels of Ab42 in EVs (Eitan

et al., 2016). However, further research is needed to expand on these initial findings to determine the rela-

tionship between impaired Ab42 degradation and its secretion through EVs. Interestingly, extracellular Ab

levels are elevated by synaptic activity and decreased synaptic transmission dramatically reduces Ab levels

in brain interstitial fluid (ISF) (Cirrito et al., 2005). This process has been shown to require endocytosis

because inhibition of this process led to a rapid 70% decrease of Ab in ISF. As cleavage and processing

of pathogenic Ab occurs via the endocytic pathway, and neuronal activity increases Ab in an endocy-

tosis-dependent manner (Cirrito et al., 2008), activity-dependent release of EVs could be one mechanism

responsible for spreading Ab pathology.

Although there is abundant evidence showing that EVs exacerbate Ab pathology, other evidence suggests

that EVs help to reduce Ab levels. Ab-degrading enzymes such as neprilysin (NEP) and insulin-degrading

enzymes (IDE) are major regulators of Ab peptide levels in the brain. EVs from N2a neuroblastoma and mi-

croglia BV-2 cells have been shown to promote degradation of Ab through EV-associated IDEs (Bulloj et al.,

2010; Tamboli et al., 2010). More specifically, EVs from human adipose tissue-derived mesenchymal stem

cells (ADSCs) contain enzymatically active NEP that can potentially degrade Ab (Katsuda et al., 2013). Simi-

larly, intracerebral injection of ADSC-derived EVs reduced Ab plaque burden in APP/PS1 AD model mice

(Elia et al., 2019). Neuron-derived EVs have been shown to facilitate Ab uptake and degradation by micro-

glia by promoting conformational changes of Ab nontoxic fibrils (Yuyama et al., 2012). These results point to

EVs playing a two-sided role in amyloid pathology; on one side, by propagating and spreading Ab pep-

tides, whereas on the other side by mitigating amyloid load in the brain by promoting clearance of Ab.

These results provide an interesting framework for the apparently complex role of EVs in AD pathology

and highlight the dynamic and contrasting nature of EVs.

Neurofibrillary tangles composed of hyperphosphorylated tau correlate with the progression of AD pathology

(Serrano-Pozo et al., 2011). Tau pathology is thought to occur downstream or in parallel with Ab effects, occurs

before the onset of AD cognitive deficits, and spreads throughout the brain in a predictablemanner. Given EVs’

role in the spreading of neurodegenerative disease pathology, the hypothesis that EVs facilitate tau spreading

has been put forth. Evidence frommultiple laboratories supports this possibility as EVs derived from the human

AD extracts and cultured neurons carry misfolded tau as cargo (Saman et al., 2012; Wang et al., 2017). Further

studies suggest that microglia-derived EVs specifically propagate tau pathology, as cultured microglia phago-

cytose tauproteins and release tau-containingEVswhen stimulatedwith lipopolysaccharides, ATP, or KCl. These

findings further the notion that multiple stimuli trigger EV release. Future studies should investigate the possi-

bility that these stimuli regulate EV cargo selection and function. Additional evidence for the role of microglia in

tau pathology comes from their findings that inhibiting ceramide production with GW4869, knocking down

Smase2 expression with small interfering RNAs (siRNAs), or depleting the microglia pool all reduce tau pathol-

ogy (Asai et al., 2015; Wang et al., 2017). Consistent with these findings, EVs containing P301L mutant tau accel-

erate pathological tau phosphorylation and oligomer formation but interestingly do not seed mature NFTs in

ALZ17 mice (Baker et al., 2016). It is important to note, however, that several tau phosphoepitopes (AT8,

AT100, and AT180), which are critical for AD pathology, were undetected and the level of tau in EVs was signif-

icantly higher in transgenic mice with pronounced tau pathology (Polanco et al., 2016). It will be important to

determine if EVs containing Ab or tau exacerbate pathology independently or in concert because both appear

to be released in response to increased synaptic activity (Ittner and Götz, 2011).
iScience 23, 101456, September 25, 2020 9



ll
OPEN ACCESS

iScience
Review
PARKINSON DISEASE

PD is a neurodegenerative disease pathologically characterized by selective loss of dopaminergic neurons

and accumulation of the misfolded presynaptic protein a-synuclein in Lewy bodies (Poewe et al., 2017;

Spinelli et al., 2014). Pathological Lewy body aggregates propagate in a caudorostral direction, suggesting

an organized spreading mechanism (Goedert, 2015). As with AD, it has been hypothesized that EVs may

contribute to PD pathophysiology by transporting toxic proteins such as a-synuclein across the brain. In

fact, EVs derived from human PD plasma or CSF have been shown to contain oligomerized a-synuclein

(Shi et al., 2014; Stuendl et al., 2016). However, an important caveat to these findings is that the amount

of a-synuclein within EVs is minimal compared with the overall level extracellularly. Nonetheless, EVs can

transfer oligomerized a-synuclein between cells (Danzer et al., 2012), and these EVs are released in a

Ca2+-dependent manner and cellular uptake induces cell death (Emmanouilidou et al., 2010).

Similar to AD, UPS and ALP protein degradation pathways are hampered in PDmodel systems and patients

(Bellomo et al., 2020), and dysfunctional protein degradation pathways can drive EV release. In a similar

way, inhibition of the ALP or reducing lysosomal function results in diminished intercellular a-synuclein ag-

gregates, but elevated extracellular a-synuclein levels (Minakaki et al., 2018; Poehler et al., 2014). These

data suggest that targeting defective protein degradation pathways may offer a promising therapeutic

strategy to mitigate pathological spreading in both AD and PD by EVs. Altogether these studies show

that release of EVs containing a-synuclein can be exacerbated by impaired protein degradation pathways.
AMYOTROPHIC LATERAL SCLEROSIS

ALS is the most common neurodegenerative disease of motor neurons. The genetic alterations underlying

ALS include mutations of transactive response DNA-binding protein 43 KD (TDP-43) and Cu/Zn superoxide

dismutase 1 (SOD1) among a growing panel of additional genes. Mutations to these genes correlate with

motor neuron degeneration and additional ALS symptoms (Hardiman et al., 2017). TDP-43 has been iden-

tified as a component of EVs in ALS and frontotemporal dementia (FTD) cell models (Nonaka et al., 2013).

Furthermore, TDP-43 is located in both the EV lumen and with the outer membrane. As EVs are preferen-

tially internalized by cells, EVs with TDP-43 exacerbate toxicity compared with purified TDP-43 protein

(Feiler et al., 2015), and EVs fromCSF of patients with ALS and FTD contain TDP-43 and canmediate protein

aggregation (Ding et al., 2015). On the other hand, some evidence suggests that EVs play a protective role

by clearing TDP-43 in EVs from neurons but not astrocytes (Iguchi et al., 2016). Blocking EV biogenesis by

inhibiting ceramide synthesis or knocking down Rab27a with siRNAs in Neuro2a cells exacerbates TDP-43

aggregation, suggesting that EVs may help mitigate toxicity (Iguchi et al., 2016). The precise role of EVs in

TDP-43 pathology is unclear, but the evidence suggests a highly complex process. The breadth of evidence

on the relationship between SOD1 and EVs is not nearly as deep as for TDP-43, but studies suggest that EVs

may contribute to worsened SOD1 prognosis. For example, wild-type andmutant SOD1 are present in EVs,

and misfolded mutant SOD1 can be transferred between motor neuron-like mouse NSC-4 cells (Gomes

et al., 2007). In support that EVs spread SOD1 pathology, astrocytes over-expressing mutant SOD1 secrete

EVs containing mutant SOD1 that are toxic to wild-type motor neurons (Basso et al., 2013). Furthermore,

conditioned media from HEK293 cells expressing human and mutant SOD1 or mouse primary spinal

cord cells expressing human and wild-type SOD1 could induce SOD1 misfolding across several rounds

of cell division (Grad et al., 2014). However, although these results are interesting, further studies investi-

gating SOD1 and its relationship between EVs is necessary. Collectively these findings support a role for

EVs in ALS, which are reminiscent of their contributions in PD and AD.
EVS AS LIQUID BIOMARKERS AND DRUG DELIVERING VEHICLES FOR CNS DISEASES

As a result of EVs having been shown to contain Ab, a-synuclein, TDP-43, and SOD1, using EVs as bio-

markers of neurodegenerative diseases may represent an important noninvasive and promising strategy

for identifying at-risk individuals and tracking disease progression (Ding et al., 2015; Lin et al., 2015; Saman

et al., 2012; Sardar Sinha et al., 2018; Shi et al., 2014; Stuendl et al., 2016). A wide range of biological fluids

including blood, CSF, and urine, have been used as source material to isolate EVs, and these convenient

avenues for EV isolation could provide key early indicators of disease progression or successful therapeutic

interventions.

EVs could also be used as potential vehicles for the targeted delivery of drugs combatting variousCNS aliments.

The blood-brain barrier (BBB) is composed of several different cell types acting as a selective barrier to protect
10 iScience 23, 101456, September 25, 2020
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the brain, and many peptides, proteins, and small molecules are impermeable (Zlokovic, 2008). Consequently,

the BBB significantly hampers our ability to efficiently deliver drugs to the brain (Pardridge, 2005). EVs, however,

are able to cross the BBB, thus representing a promising candidate for cell type-specific drug delivery in theCNS

(Zhenget al., 2019). Themechanismbywhich EVs pass the BBB seems todependonEV surface ligands, and their

receptors expressed endothelial cell plasma membranes. For example, naive macrophage-derived exosomes

can pass the BBB using lymphocyte function-associated antigen 1 or intercellular adhesion molecule 1 with car-

bohydrate-binding C-type lectin receptors on brain endothelial cells (Yuan et al., 2017). Importantly, other pro-

teins on EV surfaces are involved and additional BBB entrymechanisms exist that have been covered extensively

in other reviews (Zheng et al., 2019). Adding to the possibility to utilize EVs as potential drug delivery vehicles,

EVs also offer the advantageof being synthesized andpotentially loadedby the cellularmachinery in vitro. This is

a clear advantage compared with liposomes or polymeric nanoparticles prepared in test tubes, as EVsmay have

higher biocompatibility and longer circulation times with low immunogenicity and toxicity (Zheng et al., 2019).

Several recent studies attempted to use EVs as a therapeutic strategy to mitigate pathology in mouse

models of neurodegenerative disease. In one study, exosomes isolated from dendritic cells were packaged

with BACE1 siRNAs and subsequently reduced BACE1 gene expression (Alvarez-Erviti et al., 2011). In an

additional study exosomes isolated from blood were loaded with dopamine and could target the striatum

and substantia nigra elevating the overall dopamine levels (Qu et al., 2018). To date, the most compelling

evidence that EVs can be used to modulate neurodegeneration comes from several studies on PD and

include delivery of EVs containing antioxidants, neurotrophic factors, and a-synuclein siRNAs (Cooper

et al., 2014; Haney et al., 2015; Zhao et al., 2014).

Recently, the exciting possibility that EVs can be used to deliver therapeutic cargo to the CNS in a cell-type

specific manner has been explored. Cell type-specific directed therapeutics represents a promising strat-

egy for many reasons including the ability to specifically target degenerating neurons (e.g., mid-brain

dopaminergic neurons in PD) or promoting a specific desired innate cellular response (e.g., microglia

phagocytosis of toxic proteins). Several lines of evidence suggest that different CNS cell types exhibit

discrete signaling via EVs. For example, EVs released from cultured neurons preferentially bind to neurons

but do not bind to the surface of microglia and astrocytes (Chivet et al., 2014). Another study found that

neuroblastoma N2a cells selectively loaded mutant APP into a subset of EVs lacking CD63 that preferen-

tially bind to neuronal dendrites (Laulagnier et al., 2018). In addition, some cells specifically release EVs that

contain the major histocompatibility class II proteins, which preferentially bind to microglia (Fitzner et al.,

2011).

Although these studies show great potential for using EVs in targeted delivery of drugs to specific cell

types, several major technical barriers remain. Among the barriers, it is currently unknown which cells

are most appropriate to use to synthesize EVs and how to effectively load them with drugs. Our knowledge

of the underlying mechanism is still in its infancy; however, these results are exciting and support the pos-

sibility that someday EVs may facilitate drug delivery to discrete CNS cells.
CONCLUSION

The presented evidence highlights our current understanding of EVs in the CNS during healthy and neuro-

degenerative conditions, and emphasizes the complexity of EV biology. Although our understanding of

these elusive nanovesicles is still in its infancy, we expect that future studies, facilitated by emerging tech-

nological advancements will continue to accelerate our ability to determine the precise role of these CNS

EVs. Ultimately it will be exciting to see if EVs can be used as effective biomarkers or drug delivery vehicles

for neurodegenerative diseases.
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