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Abstract

Extracellular vesicles (EVs) released by neural cells play an essential role in brain homeostasis 

and the crosstalk between neural cells and the periphery. EVs are diverse, nano-sized vesicles, 

which transport proteins, nucleic acids, and lipids between cells over short and long expanses and 

hence are proficient for modulating the target cells. EVs released from neural cells are implicated 

in synaptic plasticity, neuron-glia interface, neuroprotection, neuroregeneration, and the 

dissemination of neuropathological molecules. This review confers the various properties of EVs 

secreted by astrocytes and their potential role in health and disease with a focus on evolving 

concepts. Naïve astrocytes shed EVs containing a host of neuroprotective compounds, which 

include fibroblast growth factor-2, vascular endothelial growth factor, and apolipoprotein-D. 

Stimulated astrocytes secrete EVs with neuroprotective molecules including heat shock proteins, 

synapsin 1, unique microRNAs, and glutamate transporters. Well-characterized astrocyte-derived 

EVs (ADEVs) generated in specific culture conditions and ADEVs that are engineered to carry the 

desired miRNAs or proteins are likely useful for treating brain injury and neurogenerative 

diseases. On the other hand, in conditions such as Alzheimer’s disease (AD), stroke, Parkinson’s 

disease, Amyotrophic lateral sclerosis (ALS), and other neuroinflammatory conditions, EVs 

released by activated astrocytes appear to mediate or exacerbate the pathological processes. The 

examples include ADEVs spreading the dysregulated complement system in AD, mediating 

motoneuron toxicity in ALS, and stimulating peripheral leukocyte migration into the brain in 

inflammatory conditions. Strategies restraining the release of EVs by activated astrocytes or 

modulating the composition of ADEVs are likely beneficial for treating neurodegenerative 
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diseases. Also, periodic analyses of ADEVs in the blood is useful for detecting astrocyte-specific 

biomarkers in different neurological conditions and for monitoring disease progression and 

remission with distinct therapeutic approaches.
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1. Introduction

Astrocytes, one of the glial cell types, play a critical role in maintaining the architecture and 

the function of the central nervous system (CNS). Accumulative research in the past several 

decades has improved our understanding of mechanisms underlying the function of 

astrocytes in physiological and pathological conditions [1, 2]. In sharp contrast to the initial 

description of these cells as passive players, it is now clear that astrocytes occupy a strategic 

position in the CNS because they are involved in multiple processes in health and disease. 

Such involvement can be gleaned from the fact that a single astrocyte can tightly wrap 

around soma, dendrites, axons, and synapses of several neurons [3, 4]. Moreover, tight 

associations between astrocytic processes and pre- and post-synaptic neuronal elements form 

a tripartite synapse [5]. Intricate neuron-astrocyte connections facilitate upholding of 

multiple vital functions by astrocytes, which include the formation and maintenance of 

blood-brain barrier (BBB), neuron-glia communication, recycling of neurotransmitters, 

structural support and nutrients to neurons and other glial cells [6–12].

Moreover, astrocytes potently influence stem cells and stem cell niches [13–18]. The ability 

to perform such diverse functions explains the occurrence of different astrocyte subtypes 

observed in the CNS, which includes astrocytes with long, short, straight, crooked, or 

highly-branched processes. Astrocytes also play a role in immunodefense by their ability to 

switch from a pro-inflammatory phenotype to an anti-inflammatory phenotype and vice 

versa [19–21]. Such dynamic properties facilitate their contribution to the neuroimmune 

state of the CNS, repair, and disease prevention. Furthermore, mounting evidence has 

demonstrated the active participation of astrocytes as information processors in the CNS 

[22]. Astrocytes accomplish these tasks by regulating the release of various molecules which 

comprise neurotrophic factors, peptides, hormones, growth factors and cytokines, and 

through selective uptake of neurotransmitters in the synaptic cleft [23–25]. Astrocytes 

perform these functions through various means, which include exocytosis, diffusion, and 

active and passive transport.

Recent studies have highlighted that one of the significant forms of communication between 

astrocytes and neurons occurs through extracellular vesicles (EVs) [26–30]. The EVs shed 

by astrocytes in normal conditions are believed to have neurotrophic and neuroprotective 

properties whereas EVs released from astrocytes in ischemic, oxidative stress, nutrient-

deprived, or thermal stress conditions have been shown to carry various factors that are 

involved in neuronal survival, guarding neurons against neurotransmitter toxicity, and 
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promoting neurite outgrowth [30–34]. However, in neurodegenerative disease conditions 

such as Alzheimer’s disease (AD), Parkinson’s disease (PD) and Amyotrophic Lateral 

Sclerosis (ALS), astrocyte-derived EVs (ADEVs) have been suggested to have a role in 

spreading neuropathology or exacerbating the extent of neurodegeneration [35, 36]. This 

review article is focused on discussing the properties of ADEVs, their role in maintaining or 

adversely affecting the function of CNS in physiological and pathological conditions, and 

their utility as a source of brain biomarkers in the circulating blood. Furthermore, EVs 

derived from stem cells have shown efficacy for improving brain function in several 

neurodegenerative diseases [37–48]. Likewise, ADEV therapy may also be useful for 

treating neurodegenerative diseases. Therefore, we also discussed the potential use of 

ADEVs as a biologic for improving brain function in disease conditions.

2. Extracellular vesicles

EVs are double membrane-enclosed, nano-sized vesicles exuded into the extracellular space 

by a variety of cells, including astrocytes [49]. There are two major types of EVs, which 

include smaller exosomes (EXs) with a size of 30–150 nm, and relatively larger 

microvesicles (MVs) ranging in size from 100–1000 nm [50]. The EVs either originate from 

the endosomal pathway (EXs) or shed through outward blebbing of the plasma membrane 

(MVs). Inward invaginations of the endosomal membrane lead to the formation of 

intraluminal vesicles (ILVs) within endosomes. Such endosomes then evolve into multi-

vesicular bodies (MVBs) displaying a collection of EXs. Although most MVBs containing 

EXs undergo degradation through fusion with lysosomes, some MVBs secrete EXs into the 

extracellular space through fusion with the plasma membrane. The manner of EV biogenesis 

is believed to be related to their physiologic function and/or to the physio-pathologic status 

of the generating cell [50]. The markers of EVs include tetraspanins CD9, CD63, CD81, the 

endosomal protein tumor susceptibility gene 101 (TSG101), and ALG-2-interacting protein 

X (ALIX). The lipids that are commonly found in EVs include cholesterol, 

phosphatidylserine and phosphatidylinositol, sphingomyelin, and phosphatidylcholine. The 

classification of EVs as either EXs or MVs requires a painstaking characterization of EV 

properties because of the overlap in their size range. It was thought earlier that, to classify 

EVs as EXs, the occurrence of three specific markers out of five well-characterized EV 

markers (CD9, CD63, CD81, TSG101 or ALIX) may be sufficient [51]. Nonetheless, recent 

guidelines from the International Society for Extracellular Vesicles (ISEV) recommend 

employing operational terms unless the release of EXs by cells is captured in the act by live 

imaging approaches because similar EV markers may also be seen in some MVs [52, 53]. 

The operational terms are based on features such as cells of origin (e.g., astrocyte-derived 

EVs or neuron-derived EVs), the size of EVs (small EVs, medium/large EVs) or the 

composition (e.g., CD63+/CD81+-/CD9+- EVs) [53]. Hence, the phrase “EVs” is used for 

all EV or EX studies that are conferred in this review.

The EXs are formed through both endosomal sorting complex required for transport 

(ESCRT)-dependent and ESCRT-independent pathways. The creation of EXs via ESCRT-

dependent pathway comprises several steps, which include enrichment of the endosomal 

membrane with tetraspanins such as CD9 and CD63 [54], recognition and sorting of 

ubiquitinated proteins into specific domains of the endosomal membrane by ESCRT-0 [55], 
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and the formation of ILVs by ESCRT I-III complex [56, 57]. The involvement of ESCRT in 

these processes is supported by the presence of ESCRT proteins TSG101, and CHMP4 

among the cargo proteins of EXs. In ESCRT-independent pathway, ceramide resulting from 

the hydrolysis of sphingomyelin by neutral sphingomyelinase 2 (nSMase2) causes inward 

blebbing in endosomes leading to the formation of ILVs. It has been suggested that the cone-

shaped structure of ceramide causes the endosomal membrane to develop a negative 

curvature, which eventually leads to the formation of ILVs [58, 59]. Tetraspanins (CD81, 

CD63 & CD9) also participate in EX biogenesis and protein loading [60–64]. The MVs are 

formed through outward budding of the plasma membrane and fission. Re-distribution of 

phospholipids and contraction of the actin-myosin machinery are involved in MV biogenesis 

[65]. The presence of TSG101 in MVs also suggested a role for ESCRT proteins in MV 

biogenesis [66, 67].

Although EVs were initially portrayed as waste carriers through which cells dispose-off 

cellular wastes, their role in exchanging materials between cells, signal transduction, 

maintaining cellular homeostasis, and the spread of pathological proteins and miRNAs in 

neurodegenerative disease conditions have received enormous interest [50, 68, 69]. EVs 

enable intercellular communication, which facilitates cells to interchange protein, lipids, and 

nucleic acids (RNAs and DNAs). Following the attachment of EVs to the plasma membrane 

of target cells, EV’s are internalized through endocytosis, macropinocytosis, or phagocytosis 

depending on the type of target cell involved. EVs can also dispense their cargo into the 

cytosol by directly fusing with the target cell’s plasma membrane. In the brain, EVs are 

actively involved in neuroimmune crosstalk, brain cancer progression and propagation of tau 

in AD [70–72]. Besides, neural cell-derived EVs crossing the BBB serve as valuable 

biomarkers of neurodegenerative diseases [73–75].

3. Properties of Astrocyte-derived EVs

The composition and biological properties of EVs derived from astrocytes in physiological 

and pathological conditions are listed in Table 1 and described below.

3.1. Naïve astrocytes shed EVs containing FGF-2 and VEGF

Proia and associates demonstrated that EVs shed by astrocytes, varying in size from 150–

500 nm, carry angiogenic factors, fibroblast growth factor-2 (FGF-2) and vascular 

endothelial growth factor (VEGF) [33]. These EVs were thought to be MVs because of the 

expression of beta-1 integrin by them. The authors confirmed the occurrence of FGF-2 and 

VEGF through immunofluorescence, western blot, and electron microscopic analyses. The 

VEGF was found in two isoforms (22 and 45 kDa) whereas FGF-2 was observed as a series 

of bands ranging in size from 21 to 43 kDa. The presence of these trophic factors in ADEVs 

has implications for brain repair in conditions such as injury or disease.

The growth factor FGF-2 signaling through FGF receptors (FGFRs) can mediate a broad 

spectrum of biological functions, which comprise proliferation, survival, migration, and 

differentiation of a variety of cells including endothelial cells and neural stem cells, and 

axon regeneration (Fig. 1 [A]). Activation of FGFRs by FGF-2 results in recruitment of 

specific molecules that bind to phosphorylated tyrosine at the cytosolic part of the receptor, 
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which triggers many signaling pathways and leads to specific cellular responses. As a result 

of this, FGF-2 plays a significant role in tissue regeneration [76–79]. The main pathway 

mediated by FGF-2 is the mitogen-activated protein (MAP) kinase pathway, which regulates 

various cellular activities such as gene expression, mitosis, differentiation and cell survival 

[80]. The effectors of MAP kinase include c-Jun N-terminal kinase (JNK), extracellular 

signal-regulated kinase (ERK), and p38 mitogen-activated kinase [81]. Indeed, a multitude 

of studies have shown that FGF-2 increases hippocampal neurogenesis [82–84] and is 

neuroprotective in adverse conditions [85–87]. On the other hand, VEGF is well known for 

promoting angiogenesis [88], neurogenesis [89–90], synaptogenesis and synaptic plasticity 

[91] and neuroprotective activity [92–93] in the brain. Thus, EVs containing FGF-2 and 

VEGF shed by astrocytes can support a wide variety of functions in the naïve brain and also 

promote repair following injury or disease. Besides, exogenous administration of ADEVs in 

neurological conditions exhibiting a deficiency of FGF-2 and/or VEGF, such as aging, 

stroke, epilepsy, AD, and PD, is likely to be therapeutic.

3.2. ADEVs carry Apolipoprotein-D

ADEVs contain apolipoprotein-D (Apo-D), which promotes the functional integrity and 

survival of neurons in adverse conditions [94] (Fig. 1 [B]. Apo-D containing ADEVs get 

incorporated into neighboring neurons and protect in conditions such as increased oxidative 

stress. The protective role of Apo-D in ADEVs was apparent from only partial autocrine 

protection against oxidative stress when EVs from Apo-D knock out astrocytes were 

employed [94]. ApoD has beneficial effects on aging and neurodegenerative diseases too 

[95–97]. For example, deficiency of ApoD triggers premature aging of the brain without 

modifying the lifespan [98]. Such changes were apparent from markers of glial reactivity, 

proteostasis, oxidative and inflammatory damage, reduction in neuronal calcium-dependent 

functionality markers and signs of early loss of neurons in the cortex of the Apo-D knockout 

brain. Also, in AD, Apo-D seems to be involved in the regulation of amyloid plaque 

pathology [99]. Moreover, Apo-D is also involved in myelination and remyelination 

processes in multiple sclerosis [100]. Thus, administration of Apo-D containing ADEVs is 

likely therapeutic in conditions such as aging and neurodegenerative diseases.

3.3. Astrocytes shed EVs containing heat shock proteins

Taylor and colleagues suggested that metabolically active astrocytes release the 

cytoprotective heat shock protein 70 (HSP70) into the extracellular space primarily through 

EVs [30]. The study also suggested that the release of HSP70 containing EVs by astrocytes 

is enhanced in stressful conditions, which is mediated in part by the increased activity of 

ERK1/1 and P13K/Akt. The presence of HSP70 in ADEVs has considerable significance 

because HSP70 can mediate protective effects on neurons against physical trauma or toxicity 

[101–105] (Fig. 1 [C]). First, in stressful conditions, HSPs can protect cells through 

stabilization of unfolded or misfolded peptides, which, in turn, can facilitate the repair or re-

synthesis of damaged proteins by cells. Second, HSPs can exert neuroprotective effects 

through inhibition of caspase activation. HSPs are known to interact with pro-apoptotic 

proteins such as Bcl-2, disrupt apoptosome complex, and thereby prevent the activation of 

apoptosis [106–107]. Third, HSPs can mediate immunoregulatory effects through interaction 

and binding with Toll-like receptors TLR2 and TLR4 on antigen-presenting cells, and CD94 
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on natural killer cells [108–112]. Fourth, HSPs can induce microglial activation, production 

of cytokines, and stimulate phagocytosis of debris [101, 102, 113]. Thus, HSPs in ADEVs is 

likely useful for modulating neuroinflammation in injury or disease conditions.

3.4. Astrocytes stimulated with KCl release EVs containing synapsin 1

An investigation by Wang and colleagues suggested that in conditions of neuronal 

hyperactivity or increased oxidative stress, synapsin I is released by astrocytes through EVs 

[34] (Fig. 2 [A]). Synapsin I is a glycoprotein and an oligomannose-binding lectin capable 

of modulating neurite outgrowth in an oligomannose- and neural cell adhesion molecule 

(NCAM)-dependent manner. The authors uncovered the release of synapsin-containing EVs 

when cortical astrocytes were cultured in the presence of 75–80 mM potassium chloride 

(KCl). Such increased concentration of KCl in the CNS are typically seen during the 

propagation of spreading depression (SD) waves, in conditions such as focal ischemia, 

stroke or migraine [114–115]. It has been suggested that SD waves promote the activation of 

microglia and astrocytes, which can mediate neuroprotective functions through secretion of 

neurotrophic factors and make the brain more resistant to subsequent insults [114–116]. 

Indeed, hypoxia or ischemic conditions are associated with increased expression of synapsin 

in different brain regions [117], implying that synapsin is involved in the brain’s response to 

stressful conditions. Synapsin promotes neurite outgrowth, neuronal survival, functional 

maturation of synapses, regulation of neurotransmitter release, neurotransmission and 

synaptic plasticity [118–122]. Thus, the release of ADEVs containing synapsin by astrocytes 

is beneficial for brain repair in injury or neurodegenerative conditions. Also, the 

administration of ADEVs in conditions exhibiting synapse loss and diminished synaptic 

plasticities, such as aging and early stage of the AD, would likely to have a therapeutic 

value.

3.5. PKC activation in astrocytes leads to release of EVs with glutamate transporters

A study by Gosselin and colleagues showed the presence of functional glutamate 

transporters, EAAT-1, and EAAT-2 in the ADEVs [31] (Fig. 2 [B]). The authors 

demonstrated that activation of protein kinase C in cultured rat primary astrocytes through 

phorbol myristate acetate leads to the packaging of EAATs into ADEVs. The EAATs are 

membrane transporters found in both neurons and astrocytes. They are involved in glutamate 

reuptake, which keeps the extracellular glutamate at low concentrations and reduces 

excitotoxicity in the brain. Because of the involvement of EAATs in scavenging the 

extracellular glutamate released at synapses, the release of EAAT-containing EVs by 

astrocytes has considerable significance for maintaining neural homeostasis. Dysfunctional 

glutamate transport can cause neurotoxicity, which is apparent in numerous 

neuropathological conditions, including stroke/ischemia, temporal lobe epilepsy, AD, ALS, 

and Huntington’s disease (HD) [123–125]. Thus, exogenous administration of EAAT-

containing ADEVs into the brain is likely advantageous in neurological conditions that 

exhibit increased glutamate levels in the brain.

3.6. Astrocytes exposed to stress shed EVs carrying prion protein:

Guitart and associates showed that EVs released from cultured rat primary cortical 

astrocytes contain functional prion protein (PrP), which promoted neuroprotection to 
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cerebellar neurons in conditions of oxidative stress, ischemia, hypoxia and hypoglycemia 

[126]. Interestingly, wild-type neurons survived better when co-cultured with stressed wild-

type astrocytes in comparison to PrP-deficient astrocytes exposed to hypoxia (Fig. 2 [C]). 

This observation implied that neuronal defense by astrocytes against oxidative stress 

involved PrP [127–130]. Indeed, additional analysis revealed increased expression of PrP in 

EVs shed from wild-type astrocytes, and the selective uptake of EVs by the cerebellar 

neurons, implying the role of ADEVs in neuroprotection against oxidative stress. Another 

study showed that ADEVs also carry a protein called stress-inducible protein 1 (STI-1) 

[131], which binds to PrPc (a normal cell surface glycoprotein) with high affinity and causes 

the activation of ERK1/2 signaling to promote neuronal differentiation [132–133]. An 

enriched occurrence of PrP in EVs shed by astrocytes in response to stress has significance 

because PrP contributes to several biological processes, which comprise neuritogenesis, 

neuronal homeostasis, cell signaling, cell adhesion, and a protective role against stress. Thus, 

administration of PrP-containing ADEVs into the brain may be useful in conditions 

presented with increased oxidative stress in the brain.

3.7. Astrocytes exposed to IL-1β, TNF-α or IL-10 shed EVs that modulate synapses:

ADEVs carry multiple miRNAs and proteins [27, 134–135] by which astrocytes regulate 

essential functions particularly in synaptic clefts where they are involved in the monitoring 

or altering synaptic function to control the synaptic transmission. Chaudhuri and co-workers 

examined changes in the miRNA and protein composition of ADEVs in inflammatory 

conditions [27, 134]. When astrocytes were treated with two pro-inflammatory cytokines 

IL-1β and TNF-α, enriched expression of several sets of miRNAs were found in ADEVs, in 

comparison to EVs shed by astrocytes treated with ATP (Fig. 2 [D–E]). Two enriched 

miRNAs (miR-125a-5p and miR-16–5p) found in EVs shed by IL-1β or TNF-α stimulated 

astrocytes (ADEV- TNF-α or ADEV-IL-1β) are known to decrease neurotrophic receptor 

tyrosine kinase 3 (NTRK3) and B cell lymphoma-2 (Bcl-2) in neurons, which are involved 

in neuronal survival, differentiation, and neurite outgrowth. At the translational level, 

ADEV-IL-1β contained proteins involved in regulating the movement of immune cells to 

CNS. Exposure of primary hippocampal neurons to EVs released by ATP or IL-10 

stimulated astrocytes (ADEV-ATP or ADEV- IL-10) increased neurite length, the overall 

dendritic complexity, synaptic transmission and neuronal survival [27, 134]. In contrast, 

exposure of hippocampal neurons to ADEV-IL-β or ADEV-TNF-α dose-dependently 

diminished neurite formation and the extent of dendritic complexity. Interestingly, 

hippocampal neurons treated with ADEV-IL-1β following knock-down of 125a-5p and 

miR-16–5p through antisense oligonucleotide inhibitors prevented not only decreases in 

NTRK3 and Bcl-2 proteins but also the adverse effects on neurite growth and dendritic 

complexity.

Thus, in inflammatory conditions, astrocytes modify the miRNA and protein cargo of 

ADEVs which can considerably weaken target neuron activity through modification of the 

translational expression of proteins or directly by proteins that control synaptic stability and 

neuronal excitability [27, 134]. Another study has shown that modulation of miRNA 

composition of ADEVs results in loss of the ability of EVs to support neuronal survival or 

even exacerbation of neurodegeneration [136], implying that individual miRNAs within 
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ADEVs promote neuroprotection through activation of specific signaling pathways. 

Therefore, investigation of the miRNA cargo of EVs shed by astrocytes in different 

microenvironment conditions is necessary to discern the specific effects of astrocytes on 

neurons or brain repair in diverse contexts. Also, culturing of astrocytes in different 

conditions may yield ADEVs with highly variable miRNA signature. Thus, for generating 

ADEVs for therapeutic applications, standardization of culture conditions in which 

astrocytes shed a large number of EVs enriched with beneficial miRNAs would be 

necessary.

4. Role of ADEVs in the pathogenesis of neurological/neurodegenerative 

conditions:

The potential composition and adverse effects of EVs shed from astrocytes in conditions 

such as AD, stroke, PD, ALS, inflammatory brain injury, drug abuse, HIV-, ZIKA-, or 

alcohol-induced brain dysfunction are listed in Table 2 and detailed below.

4.1. ADEVs in Alzheimer’s Disease

There is considerable evidence supporting the involvement of ADEVs as carriers of 

aggregated proteins like amyloid beta oligomers and protofibrils (Aβ) in AD pathogenesis 

[137] (Fig. 3). In the early stages of AD, astrocytes are known to engulf massive amounts of 

Aβ aggregates [2, 138–139]. A study by Sollvander and co-workers showed that astrocytes, 

when co-cultured with neurons and oligodendrocytes, engulfed a more significant proportion 

of fluorescently labeled Aβ42 (Aβ42–555) protofibrils [137]. Interestingly, no labeled Aβ42 

was found in neurons, but oligodendrocytes engulfed a smaller proportion of Aβ42, which 

confirmed the role of astrocytes in engulfing large amounts of Aβ42 protofibrils. As a 

consequence of this, a large amount of Aβ gets accumulated within the astrocytes for 

prolonged periods without undergoing degradation, which induces a severe endosomal/

lysosomal defects in astrocytes. This faulty degradation pathway leads to astrocytes 

releasing the engulfed Aβ42 protofibrils through EVs, which in turn causes severe 

neurotoxicity in neighboring neurons [137]. Additional studies demonstrated that the release 

of ApoE (particularly apoE ɛ4) by Aβ42 protofibrils exposed astrocytes through EVs 

increases by three folds [140]. These findings have implications because, there are three 

apoE isoforms in humans and those carrying apoE ɛ4 isoform display a strong susceptibility 

for developing late-onset AD where apoE ɛ4 has been shown to interact with Aβ42 peptides 

leading to a less effective clearing of Aβ42 peptides [141–143].

Another study demonstrated that shedding of EVs by cultured primary astrocytes increases 

in response to Aβ exposure due to the involvement of the enzyme nSMase2. This finding 

implied an increased release of EVs containing toxic protein aggregates by astrocytes in AD 

and the proposition that the progression of AD could be slowed down through inhibition of 

nSMase2 using a small molecule inhibitor [144]. A recent study by Goetzl and associates 

investigated the role of ADEVs in carrying the components of the complement system 

during inflammation and neurodegeneration in AD [145]. The authors suggested that certain 

inflammatory and neurodegenerative reactions elicit a coordinated response that leads to 

hyperplasia of astrocytes and their conversion into reactive phenotypes, which are now 
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recognized as inflammatory type A1 astrocytes. Such astrocytes display increased 

expression of pro-inflammatory elements that damage both synapses and neurons [146]. The 

precise neurotoxic mediators secreted by A1 astrocytes are yet to be discovered. However, 

several studies imply the presence of higher levels of β-site amyloid precursor protein-

cleaving enzyme 1 (BACE-1), soluble amyloid precursor protein β (sAPPβ) of the Aβ42 

peptide-generating system and inflammatory complement proteins of classical and 

alternative systems such as C1q, C4b, C3d, factor B, factor D, Bb, C3b, and C5b-C9 

terminal complement complex in ADEVs isolated from the plasma of AD patients [145, 

147–148] (Fig. 3). The finding that diminished levels of complement regulatory proteins are 

typically seen in preclinical AD supports the notion that the loss of normal inhibition 

function of the classical and alternative complement pathway drives neuroinflammatory 

cascade in AD and ADEVs seem to have a role in this process [145].

Overall, it appears that, neuroinflammation and neurodegeneration in AD are associated 

with activation and transformation of astrocytes into A1 phenotype through their interactions 

with various forms of Aβ, which leads to shedding of the dysregulated complement system 

through EVs released by astrocytes making ADEVs as a pathogenic factor [149–152]. The 

presence of abnormally high levels of mRNA transcripts of the complement pathway 

observed in several regions of the postmortem AD brains supports this hypothesis [146, 

153].

4.2. ADEVs in Stroke

An investigation by Hira and colleagues suggested the harmful effects of ADEVs in a rat 

model of ischemia, induced through middle cerebral artery occlusion [154]. The adverse 

effects of ADEVs in this prototype were linked to the overexpression of semaphorin 3A 

(SEMA3A), which is an ECM protein implicated in several degenerative conditions [155–

157]. Additional analysis suggested that SEMA3A promoted the activation of astrocytes 

after ischemia, which resulted in the shedding of toxic EVs by activated astrocytes and 

reduced axonal growth (Fig. 4 [A]). Interestingly, enhanced axonal growth occurred when 

ischemic astrocytes were treated with SEMA3A inhibitor SEMA3A-I. Further studies 

suggested the role of prostaglandin D2 synthase (PTGDS) in enhanced axonal outgrowth, as 

enhanced expression of PTGDS was seen in EVs derived from oxygen-glucose deprived 

astrocytes treated with the SEMA3A-I. Thus, ADEVs generated in conditions such as stroke 

can mediate adverse effects and impede spontaneous brain repair, but the modification of 

reactive A1 astrocytes into antiinflammatory phenotypes through drug/biologics therapy 

would likely induce beneficial effects.

4.3. ADEVs in Parkinson’s Disease and Amyotrophic Lateral Sclerosis

Pertaining to Parkinson’s disease (PD), a cell culture study suggested that ADEVs in PD 

likely carry a specific miRNA that plays a crucial role in PD pathogenesis [136]. When an 

astroglial cell line was challenged with LPS, selective enrichment of miR34a occurred in 

EVs shed by astrocytes, which enhanced the sensitivity of dopaminergic neurons to a 

neurotoxin. It appeared that miR-34a carried by ADEVs entered the dopaminergic neurons 

and targeted the anti-apoptotic Bcl-2 protein (Fig. 4 [A]). Indeed, inhibition of the miR-34a 

through siRNA technique postponed dopaminergic neuron death against the stress [136]. 
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However, it remains to be seen whether ADEVs in PD is indeed enriched with miR-34a and 

whether silencing of miR-34a in PD models would prevent/reduce dopaminergic neuron loss 

and promote functional recovery.

Regarding Amyotrophic lateral sclerosis (ALS), an in vitro study suggested a role for 

ADEVs in the progression of this disease [158] (Fig. 4 [A]). In this study, overexpression of 

the mutant SOD1 in primary astrocytes activated unconventional secretory pathways and the 

release of a higher number of EVs containing mutant SOD1. Considerable death of 

motoneurons was observed when the conditioned medium containing EVs from cultures of 

mutant SOD1 overexpressing astrocytes was added to motoneuron cultures. The process 

involved the transfer and aggregation of the mutant SOD1 in motoneurons and the release of 

proinflammatory cytokines and free radicals through microglia-mediated injury [158]. 

Interestingly, motoneuron death did not occur when the conditioned media devoid of EVs 

was added to cultures, implying the role of ADEVs in the progression of ALS. However, a 

few other studies, while confirming the role of astrocytes in ALS progression, did not find a 

role for ADEVs. Instead, the studies suggested the involvement of an alternative secretory 

mechanism behind ALS propagation [159–160].

A recent study by Sproviero and associates suggested the possibility of EVs carrying another 

ALS causative element called transactive response (TAR) DNA binding protein (TDP-43) 

[1] (Fig. 4 [A]). TDP43 is a nuclear protein having many roles, including the regulation of 

transcription and translation [161]. The mutated form of TDP-43 is frequently seen in the 

cytosol as an aggregated form [162] and behaves as a prion-like structure due to its tendency 

to oligomerize and aggregate. Feiler and co-workers demonstrated that the mutant TDP-43 

oligomers get loaded onto EVs and delivered to neuronal soma and synaptic clefts, which 

likely triggers neurodegeneration [163]. Authors speculated the involvement of ADEVs in 

delivering the mutant form of TDP-43 since astrocytic processes wrap around the pre- and 

post-synaptic elements and the synaptic cleft. Another study found an increased 

accumulation of toxic TDP-43 in cell lysates when U251 cells were treated with 

cerebrospinal fluid (CSF) enriched with TDP-43 from ALS-FD patients for 21 days. Authors 

suggested a possible role for EVs in mediating this process [164]. However, definitive 

evidence of the role of EVs is not available, and the cell origin of EVs mediating disease 

progression in ALS is yet to be discovered. Another ALS protein that is suspected to be 

transported via EVs is Fused in Sarcoma (FUS). FUS is an RNA binding protein, and the 

mutant form of FUS is associated with one of the most aggressive, juvenile-onset of ALS 

[161]. A study showed the presence of FUS in EVs from the plasma of ALS patients, but the 

cell origin of EVs was not investigated [1]. A recent addition to the causative element 

underlying the ALS pathology is the aberrant hexanucleotide repeat expansions found in the 

C9orf72 gene. RNA transcripts containing these hexanucleotide repeat form a dipeptide 

repeat proteins (DRPs) through repeat-associated non-ATG translation (RAN-T) and the 

aggregated form of DRPs known to cause neurodegeneration in vitro and in vivo [165]. This 

study showed cell to cell propagation of DRPs via EV-dependent and EV-independent 

pathways but did not provide the cell source of EVs. In this context, performing selective 

enrichment of EVs using antibodies specific to astrocytes and neurons [73] would be useful 

for definitive conclusions on the type of EVs mediating disease progression in ALS.
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Apart from proteins, miRNAs carried by ADEVs are likely also involved in ALS disease 

progression. A study by Varcianna and associates suggested that astrocytes generated from 

fibroblasts of ALS patients are toxic to motoneurons and that toxicity is chiefly transmitted 

through ADEVs [157]. Furthermore, the miRNA profiling of ADEVs revealed a significant 

downregulation of miR-494–3p, which is a miRNA involved in the regulation of SEMA3A. 

SEMA3A is typically upregulated in several neurological disorders including ALS and 

higher levels of SEMA3A in motoneurons caused reduced neurite growth and motoneuron 

death. However, exogenous supply of miR-494–3p reduced SEMA3A concentration and 

rescued motoneurons from death. Thus, reduced miR-494–3p in EVs shed by astrocytes 

likely contributes to ALS pathogenesis [157].

4.4. ADEVs in other neuroinflammatory conditions

ADEVs are likely also involved in the propagation of neuroinflammation in several other 

inflammatory conditions as they can induce transmigration of peripheral leukocytes into the 

brain under pathological conditions (Fig. 4 [B]). By employing a mouse model of 

inflammatory brain injury, Dickens and associates demonstrated that when challenged with 

acute inflammation such as after intracerebral injection of IL-1β, astrocytes release EVs 

with a highly modified cargo [166]. Such modified ADEVs rapidly crossed the blood-brain 

barrier and moved to the liver through peripheral circulation. In the liver, the modified 

ADEVs stimulated the secretion of cytokines that mobilized peripheral immune cells to 

infiltrate the brain. Characterization of the protein and microRNA cargo in modified ADEVs 

recognized peroxisome proliferator-activated receptor α (PPARα) as the principal molecular 

target of ADEVs (Fig. 4 [B]). Indeed, inhibition of PPARα augmented nuclear factor κB 

(NF-κB) activity that initiated increased production of cytokines in the liver. Overall, this 

study confirmed that ADEVs are involved in regulating the bidirectional exchange between 

the brain and immune system and that modifications in the cargo of EVs may regulate 

disease-specific biological responses. Also, the study implied that inhibition of the distant 

interaction between the brain and the liver might considerably enhance functional recovery 

after brain injuries [166].

4.5. ADEVs in opiate abuse

A study examining the role of morphine-induced changes in astrocytes and composition of 

EVs secreted by astrocytes showed upregulation of specific long intergenic noncoding RNAs 

(lincRNAs), namely long intergenic non-coding RNA-cyclooxygenase-2 (lincRNA-Cox2) in 

ADEVs (Fig. 5 [A]) [167]. LincRNAs are regulatory RNA molecules and play a pivotal role 

in regulating many cellular processes [168–169]. When microglia internalized ADEVs from 

morphine-exposed animals, their phagocytic ability was impaired with a significant 

upregulation of lincRNA-Cox2 through the activation of the TLR-7 signaling pathway [167]. 

Interestingly, the intranasal administration of lincRNA-Cox2 siRNA restored microglial 

phagocytic activity in morphine-administered mice [167]. Thus, ADEVs seem to be involved 

in drug abuse induced brain abnormalities and hence are potential targets for drug abuse 

treatment.
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4.6. ADEVs in HIV-associated neurological disorders

Sami and colleagues investigated the role ADEVs in carrying (negative regulatory factor 

(nef), an HIV associated protein that causes oxidative stress to neurons and subsequent HIV-

associated neurological disorders and cognitive impairment [170–172] (Fig. 5 [B]). It has 

been reported that HIV-1 mediated toxicity to neurons involves several other viral proteins 

and induction of a spike in proinflammatory cytokines. One such protein that is believed to 

be responsible for HIV-1 induced neuronal death is the Nef [173]. HIV-infected astrocytes 

secrete nef via ADEVs. Studies have shown that internalization of such ADEVs by neurons 

causes oxidative stress, reduction in neurite and axonal growth, and impaired action 

potential [172]. Similarly, cell to cell movement of HIV-1 trans-activator of transcription 

(Tat), a transactivator for HIV gene transcription and replication likely occurs through EVs 

(Fig. 5 [B]). A study demonstrated that Tat expressing primary astrocytes release HIV-1 Tat 

through EVs and cause neurite shortening and neurodegeneration [174]. In another study, 

astrocytes stimulated by HIV-1 Tat shed EVs enriched with miR-9, which caused increased 

microglial migration [175]. Another study demonstrated reduced expression of platelet-

derived growth factor-B (PDGF-B) and release of miR-29b via EVs when astrocytes were 

exposed to morphine and HIV-1 Tat in vitro [176]. Thus, ADEVs are significantly involved 

in HIV-mediated neurodegeneration and brain dysfunction.

4.7. ADEVs in Zika virus propagation, and alcohol intake-induced neuroinflammation

ADEVs are also known to carry the Zika virus, which causes fatal brain abnormalities in 

human fetal development. Huang and co-workers observed that Zika virus specifically 

infected the primary human astrocytes than neural progenitor cells of fetal origin [177]. The 

infected primary astrocytes released viral particles through EVs, which induced neuronal 

cell death (Fig. 5 [C]). It was also observed that the Zika infection of astrocytes resulted in 

increased production and release EVs. These results imply that ADEVs are also a target for 

treating Zika virus-mediated neurodegeneration. Another study examined the role of ADEVs 

in spreading ethanol-induced neuroinflammation in a cell culture model. Ethanol is known 

to activate glial cells and cause neuroinflammation through Toll-like receptor 4 (TLR-4) by 

triggering the release of neuroinflammatory cytokines via EVs. This study showed that 

ethanol treatment leads to increased shedding of EVs from astrocytes containing pro-

inflammatory proteins and miRNAs, which induce neuroinflammation and neuronal 

dysfunction [178] (Fig. 5 [C]).

5. ADEVs in the blood as a source of brain biomarkers in neurological 

disorders

A biomarker is a molecular attribute that can be quantitatively measured and evaluated to 

gauge normal physiology, pathologic progression, or reaction to a therapeutic intervention 

[179]. Identification of appropriate biomarkers in neurodegenerative disorders is a challenge 

because, in most instances, neurodegenerative disorders are confined to a subset of neural 

cells located in distinct regions of the CNS. From this perspective, molecular 

characterization of EVs shed from neurons and glia found in the CSF, and the blood has 

considerable promise for biomarker identification in neurodegenerative disorders. As the 
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configuration of EVs imitates the physiological or pathological state of cells from which 

they are derived at the time of secretion [180], characterization of EVs derived from neurons 

or glia in the blood would help in identification of consistent biomarkers in 

neurodegenerative disorders. Also, since the cargo of EVs is often protected from protease 

and RNase degradation, molecular characterization of EVs derived from specific brain cells 

(e.g., NDEVs, ADEVs) facilitate the identification of robust biomarkers of neurological 

disorders [73, 181]. The enrichment of specific markers in EVs would also facilitate the 

detection of biomarkers that are typically expressed at relatively low levels in body fluids. 

Thus, biomarkers of neurological or neurodegenerative disorders could be tracked 

consistently via analyses of EVs shed from neurons and glia in the CSF or the circulating 

blood in different stages of the disease or following therapeutic interventions [182]. The 

following section describes the usefulness of analyses of ADEVs isolated from the blood of 

patients with different neurodegenerative conditions.

Goetzl and colleagues have identified several specific proteins in ADEVs derived from 

plasma of patients with AD and frontotemporal dementia (FTD) [147]. They demonstrated 

that ADEVs contained 20-fold higher levels of multiple disease-related proteins than 

NDEVs. These include β-site amyloid precursor protein-cleaving enzyme 1 (BACE-1), γ-

secretase, soluble Aβ-42, soluble APP-α and APP-β, glial cell-line derived neurotrophic 

factor (GDNF) and phosphorylated tau. In comparison to ADEVs from controls, ADEVs 

from both AD and FTD patients displayed higher levels of BACE-1 and soluble APP-β. 

ADEVs from AD patients, besides, exhibited a reduced concentration of GDNF [147]. 

Another study by the same research group showed high complement levels in ADEVs 

derived from the plasma of AD patients. Notably, ADEVs contained higher levels of C1q, 

C4b of the classical complement pathway, C3d, factor B, factor D, fragment Bb of the 

alternative complement pathway, and C3b, and C5b-C9 terminal complement complex of 

both pathways [145]. A recent study compared the protein composition of ADEVs from 

patients with mild cognitive impairment (MCI) converting to dementia within three years 

(MCIC) and patients with MCI remaining stable over three years (MCIS). The study 

demonstrated that ADEVs in the circulating blood contained higher levels of C1q, C4b, 

factor D, fragment Bb, C5b, C3b, and C5b-C9 in patients with MCIC than those with MCIS. 

The study also revealed that ADEVs in patients with MCIC displayed lower concentrations 

of multiple inhibitory complement proteins than those with MCIS [148]. Thus, studies on 

ADEV cargo proteins are useful for understanding mechanisms contributing to dementia in 

MCI and AD. It is likely that the complement proteins in ADEVs damage neurons and 

facilitate the progression of dementia in these conditions.

Another study, using an animal model of Gulf War Illness (GWI), demonstrated that 

biomarkers of neuroinflammation and complement activation in the brain could be tracked 

reliably via analyses of NDEVs and ADEVs in the circulating blood [73]. The authors 

showed that elevated levels of multiple proinflammatory and complement proteins related to 

neuroinflammation found in the cerebral cortex of GWI rats could also be seen in NDEVs 

(e.g., HMGB1, TNF-α, and IL-1β) and ADEVs (e.g., C3 and TccC5b-9) isolated from the 

blood of GWI rats [73]. Overall, the above studies particularly underscore that 

characterization of ADEVs in the blood is a highly useful strategy for discerning the extent 

of complement activation in the brain in different neurological and neurodegenerative 
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conditions as well as for monitoring changes with different treatment approaches. In 

addition to the analysis of proteins, ADEVs from the blood may also be investigated for the 

type of miRNAs they carry, as the miRNA composition of EVs is known to undergo 

modifications in neurodegenerative disease conditions. Such analysis may uncover distinct 

miRNAs as biomarkers of specific neurodegenerative conditions. For example, significant 

downregulation of miR-494–3p found in EVs secreted by astrocytes derived from fibroblasts 

of ALS patients [157] might also be seen in ADEVs in the blood of ALS patients.

6. Future perspectives

6.1. Promise of ADEVs as biologics for treating brain injury or disease

ADEVs released in physiological conditions likely modulate the immediate 

microenvironment as they carry a cargo of neurotrophic compounds. The compounds 

identified hitherto include FGF-2, VEGF, Apo-D, and HSP [30, 33, 82, 94]. These proteins 

carried by ADEVs are capable of activating MAPK signaling pathway, stimulating the 

proliferation, survival, migration, and differentiation of neural stem cells and endothelial 

cells, regulating the extent of neurogenesis and angiogenesis, as well as contributing to 

synaptic plasticity and cognitive function [80–82, 84, 88, 91]. Besides, astrocytes, in 

conditions of increased oxidative stress, neuronal hyperactivity or activation of PKC shed 

EVs loaded with several beneficial proteins. These include synapsin 1 [34], and glutamate 

transporters [31]. These molecules are involved in neuroprotection, neurite outgrowth, 

synapse formation, synaptic plasticity, regulation of neurotransmitter release, and glutamate 

reuptake. On the other hand, EVs shed by astrocytes in chronic inflammatory conditions can 

contain adverse miRNAs such as miR-125a-5p and miR-16–5p123, which can promote 

synaptic loss, inhibit neuroregeneration as well as promote neurodegeneration. Thus, it 

appears that ADEVs shed from cultured naïve astrocytes or astrocytes exposed to mild to 

moderate oxidative stress or subjected to PKC activation are likely suitable as biologics to 

treat brain injury or neurodegenerative diseases.

Administration of EVs shed by naïve or mildly stimulated astrocytes into the brain through 

intravenous or intranasal routes in conditions such as aging, the early stages of the AD, ALS, 

and PD, traumatic brain injury, stroke, and epilepsy would likely to have significant 

therapeutic benefits. Direct grafting of ADEVs to brain regions afflicted with age-related 

changes, injury or disease may not be required as intranasally administered EVs quickly 

target multiple regions of the brain including those afflicted with acute inflammation [183–

184]. In such conditions, ADEVs may restrain neurodegeneration and synapse loss, promote 

neurogenesis, neosynaptogenesis and angiogenesis, improve synaptic plasticity, and reduce 

neuronal hyperexcitability. Nonetheless, the biological activity and therapeutic properties of 

ADEVs generated in various conditions will need to be analyzed thoroughly using 

proteomic and small RNA sequencing approaches to evaluate their cargo. Furthermore, they 

need to be investigated rigorously for antioxidant, antiinflammatory, and neuroprotective 

properties through specific in vitro and short-term in vivo assays before testing their long 

term efficacy in animal prototypes of neurodegenerative diseases. Such careful and 

sequential approaches would pave the way for clinical application of ADEVs containing a 

consistent set of cargo for treating neurodegenerative disorders in the future. Comprehending 
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the composition of ADEVs and the development of advanced approaches to modulate the 

cargo of ADEVs to include the desired miRNAs and proteins would further enhance the 

therapeutic efficacy of ADEVs for different neurological and neurodegenerative conditions.

6.2. ADEVs as targets for improving brain function in disease conditions

In disease conditions, EVs shed by reactive, proinflammatory or toxic A1 astrocytes mediate 

or exacerbate the pathological processes. EVs shed by the reactive astrocytes in AD are 

involved in the dissemination of Aβ oligomers, protofibrils and the components of the 

complement system [137, 145]. Likewise, astrocytes activated through SEMA3A, an ECM 

protein that exhibits upregulation after stroke, shed EVs that hinder axonal regeneration 

[154]. There is also speculation that miR-34a carried by EVs secreted by proinflammatory 

astrocytes promote degeneration of dopaminergic neurons in PD [136]. Several studies have 

also suggested that ADEVs promote motoneuron death in ALS through the transfer of 

mutant SOD1 [158], TDP-43 [163], or downregulation of miR-494–3p [157]. Furthermore, 

ADEVs trigger the migration of leukocytes into the brain through modulation of peripheral 

cytokine response in neuroinflammatory conditions [166], and dampen microglial 

phagocytic activity through the activation of the TLR-7 signaling in conditions such as drug 

abuse [167]. Moreover, in HIV-associated neurological disorders, ADEVs are contributing to 

brain dysfunction through the propagation of a viral protein nef that causes oxidative stress 

in neurons and cognitive impairment [173]. From the above perspectives, strategies that 

restrain the release of ADEVs or modulate the composition of EVs secreted by reactive 

astrocytes are likely beneficial for treating neurodegenerative diseases. In this context, the 

study by Dinkins and colleagues showing that inhibition of nSMase2 with a small molecule 

GW4869 can moderate the release of EVs by neural cells in a model of AD is highly 

relevant [144]. Such approaches have promise to reverse or at least slow down disease 

progression.

7. Conclusions

ADEVs, akin to EVs secreted by other cells, are biological nanoparticles carrying a cargo of 

proteins, nucleic acids, and lipids. They likely play an essential role in a two-way 

communication of astrocytes with neurons, other glia, or brain endothelial cells. Such 

interactions likely contribute to the maintenance of brain homeostasis. In conditions such as 

after an injury, ADEVs are likely neuroprotective and contribute to neural regeneration and 

plasticity because multiple neuroprotective proteins and miRNAs are found in EVs released 

from mild-moderately stimulated astrocytes. In contrast, EVs secreted by reactive, 

proinflammatory, or toxic A1 astrocytes appear to partake in the spread pathological 

molecules as well as the recruitment of leukocytes from the periphery into the brain. The use 

of well-characterized EVs secreted by naïve or mildly stimulated astrocytes in controlled 

culture conditions or ADEVs that are engineered specifically to carry the desired miRNAs or 

proteins has great promise for treating neurogenerative diseases. Mainly, explicitly targeting 

therapeutic ADEVs to neurons or microglia using advanced techniques may ease the loss of 

neurons and synapses, suppress neuroinflammation, promote neurogenesis, angiogenesis, 

and neosynaptogenesis, and improve brain function in neurodegenerative disease conditions. 

Furthermore, approaches that curb the release of ADEVs or regulate the composition of EVs 
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secreted by reactive astrocytes are likely valuable for slowing down the progression of 

neurodegenerative diseases. Additionally, the characterization of ADEVs in the blood is a 

highly useful strategy for discerning the progression of neuroinflammation in the CNS in 

different conditions and for monitoring anti-inflammatory effects with different therapeutic 

interventions.
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Abbreviations

Aβ Amyloid beta

AD Alzheimer’s disease

ADEVs Astrocyte derived extracellular vesicles

ALIX ALG-2-interacting protein X

ALS Amyotrophic lateral sclerosis

ApoD Apolipoprotein- D

ApoE Apolipoprotein-E

ApoE ɛ4 Apolipoprotein-E epsilon 4

ATP Adenosine triphosphate

BACE-1 β-site amyloid precursor protein-cleaving enzyme 1

BBB Blood-brain barrier

Bcl2 B cell lymphoma - 2

C3 Complement 3

CD9 Cluster of differentiations 9

CD63 Cluster of differentiations 63

CD81 Cluster of differentiations 81

CHMP4 Charged multivesicular body protein 4

CNS Central nervous system

CSF Cerebrospinal fluid

DRPs Dipeptide repeat proteins
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EAAT-1/2 Excitatory amino acid transporters1/2

ECM Extracellular matrix

ERK Extracellular signal-regulated kinase

ESCRT Endosomal sorting complex required for transport

EVs Extracellular vesicles

EXs Exosomes

FGF-2 Fibroblast growth factor-2

FGFRs Fibroblast growth factor receptors

FUS Fused in sarcoma

GWI Gulf war illness

HD Huntington’s disease

HIV-1 Human immunodeficiency virus-1

HIV-1 Tat Human immunodeficiency virus- transactivator of transcription

HMGB1 High mobility group box 1

IL-1β Interleukin-1 beta

IL-6 Interleukin-6

ILVs Intraluminal vesicles

ISEV International Society for Extracellular Vesicles

JNK Jun N-terminal kinase

KCl Potassium chloride

lincRNAs Long intergenic noncoding RNAs

LPS Lipopolysaccharide

MAP Microtubule-associated protein

miRNAs MicroRNAs

MV Microvesicles

MVBs Multivesicular bodies

NCAM Neural cell adhesion molecule

Nef Negative regulator factor

NF-κB Nuclear factor kappa B
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nSMase2 Neutral sphingomyelinase 2

NTRK3 Neurotrophic receptor tyrosine kinase 3

P13k Phosphatidylinositol 3-kinase

PARP-α Procyclic acidic repetitive protein-alpha

PD Parkinson disease

PDGF-B Platelet-derived growth factor subunit B

PKC Protein kinase C

PrP Prion protein

PTGDS Prostaglandin D2 Synthase

RAN-T Repeat-associated non-ATG translation

sAPPβ Soluble amyloid precursor protein-beta

SEMA3A Semaphorin 3A

SD Spreading depression

SOD1 Superoxide dismutase 1

STI1 Stress inducible protein

TAR Transactive response

TCC-C5b-9 Terminal complement C-C5b-9

TDP43 Transactive response DNA binding protein 43

TLR2/4 Toll like receptor 2/4

TLRs Toll like receptors

TNF-α Tumor necrosis factor-alpha

TSG-101 Tumor Susceptibility gene 101 protein

VEGF Vascular endothelial growth factor
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Figure 1: 
Schematic representation of the possible functions mediated by EVs shed from naïve 

astrocytes. Astrocyte-derived EVs (ADEVs) contain fibroblast growth factor-2 (FGF-2) and 

vascular endothelial growth factor (VEGF) (A), apolipoprotein-D (Apo-D) (B), and heat 

shock proteins (HSPs) (C). These proteins can mediate a variety of functions, as depicted in 

the figure.
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Figure 2: 
Astrocytes shed EVs containing different proteins when subjected to mild to moderate 

stress. These include EVs containing synapsin-1 from astrocytes cultured with potassium 

chloride (KCl) (A), glutamate transporters EAAT-1 and EAAT-2 from astrocytes activated 

with protein kinase C (PKC) (B), functional prion protein (PrP) from astrocytes subjected to 

oxidative stress (C), multiple beneficial proteins from astrocytes treated with the 

antiinflammatory cytokine, interleukin-10 (IL-10) or adenosine triphosphate (ATP) (D). The 

various beneficial effects mediated by these proteins are mentioned at the bottom of the 

figure. In contrast, astrocytes challenged with interleukin-1 beta (IL-1β) or tumor necrosis 

factor-alpha (TNF-α) (E) secrete EVs containing specific miRNAs that suppress factors 

involved in neuronal survival, differentiation, and neurite outgrowth.
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Figure 3: 
Schematic representation of mechanisms by which astrocyte-derived EVs (ADEVs) 

contribute to neuroinflammation and neurotoxicity in Alzheimer’s disease (AD). In the early 

phase of AD, astrocytes engulf massive amounts of Aβ42 aggregates, which leads to 

endosomal/lysosomal defects in astrocytes (upper panel). Such astrocytes then release EVs 

containing Aβ42, causing neurotoxicity. Moreover, inflammatory and neurodegenerative 

conditions in the early phase of AD transform astrocytes into the toxic A1 type, which shed 

EVs containing neurotoxic mediators such as BACE-1, soluble APPβ (sAPPβ) and the 

inflammatory component of the complement system.
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Figure 4: 
Diagrammatic representation of potential mechanisms by which astrocyte-derived EVs 

(ADEVs) contribute to neuroinflammation and neurotoxicity in stroke, Parkinson’s disease 

(PD), and Amyotrophic lateral sclerosis (ALS) (A). Toxic ADEVs reduce axonal growth and 

impair brain repair in stroke, likely contribute to the degeneration of dopaminergic neurons 

through miR-34a and induce motoneuron death through mutant superoxide dismutase 1 

(SOD1), transactive response DNA binding protein (TDP-43) and fused in sarcoma (FUS). 

Figure B illustrates the involvement of ADEVs in propagating inflammation in other 

neuroinflammatory conditions. When challenged with pro-inflammatory cytokine IL-1β, 

astrocytes in the brain shed EVs carrying specific proteins and miRNAs, which migrate 

rapidly into the liver through circulation and cause acute cytokine response by 

downregulating PARPα and upregulating NF-κB. Such a response leads to the 
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transmigration of peripheral leukocytes into the brain through the disrupted blood-brain 

barrier.
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Figure 5: 
Potential mechanisms by which astrocyte-derived EVs (ADEVs) mediate neurotoxicity in 

opiate abuse, human immunodeficiency virus (HIV)- and Zika virus-induced 

neurodegeneration, and alcohol intake-induced neuroinflammation. Opiates such as 

morphine upregulate long intergenic noncoding RNA lincRNA-Cox2 in ADEVs, which 

impairs the phagocytic behavior of microglia when internalized. In HIV associated 

neurological disorder, ADEVs carry an HIV associated protein negative regulator factor 

(nef) and HIV-1 transactivator of transcription (HIV-Tat), which cause increased oxidative 

stress, reduced neurite and axonal growth, impaired action potential and neurodegeneration 

by inducing the production of pro-inflammatory cytokines and other toxic proteins. In Zika 

virus infection, astrocytes get infected first and promote neurodegeneration through EVs 

secreted by them. In alcohol-induced neuroinflammation, EVs secreted by alcohol-exposed 

astrocytes carry pro-inflammatory cytokines and miRNAs, which cause neuroinflammation 

and neuronal dysfunction.
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Table 1

Biological properties of ADEVs

Source of EVs Culture 
Conditions

Purification 
Method

Composition of EVs and Beneficial or Adverse 
Effects

References

Astrocytes from 
PND2 rat cerebral 
cortex

Normal Ultracentrifugation EVs contain FGF-2 and VEGF
Potential function: Tissue regeneration, Cell Survival 
and Differentiation, Neurogenesis, Angiogenesis and 
Neuroprotection

[33, 76–93]

Astrocytes from 
PND0/1 mouse 
cerebral cortex

Normal Ultracentrifugation EVs contain apolipoprotein-D.
Beneficial effects: Neuroprotection against oxidative 
stress
Potential other functions: Anti-aging and longevity

[94–100]

Astrocytes from E12 
chick lumbar spinal 
cords

Normal Ultracentrifugation EVs contain HSP70.
Potential function: Neuroprotection and 
immunoregulatory effects

[30, 101–113]

Astrocytes from 
PND1/2 mouse 
cerebral cortex or 
whole brain

Stimulated with 
KCl (75–80mM)

Ultracentrifugation EVs contain synapsin I
Potential function: Neuroprotection against stress, 
neurite outgrowth, neural survival, maturation of 
synapses and synaptic plasticity

[34, 114–122]

Astrocytes from 
PND2 rat cerebral 
cortex

Stimulated with 
PKC

Ultracentrifugation EVs contain glutamate transporters EAAT-1/2
Potential function: Neural homeostasis and 
neuroprotection against glutamate toxicity

[31, 123–125]

Astrocytes from rat 
cerebral cortex

Stimulated 
through oxidative 
stress

Ultracentrifugation EVs contain PrP and STI-1.
Beneficial effects: Neuroprotection against oxidative 
stress, ischemia, hypoxia and hypoglycemia
Potential other functions: Neuronal differentiation, 
neurite growth, neuronal homeostasis

[126–133]

Astrocytes from 
PND2 cerebral cortex

Stimulated with 
IL-10 or ATP

Ultracentrifugation Beneficial effects: Increased neurite length and the 
overall dendritic complexity, synaptic transmission 
and neuronal survival

[27, 134]

Astrocytes from 
PND2 cerebral cortex

Stimulated with 
IL-1β or TNF-α

Ultracentrifugation EVs enriched with miR-125a-5p and miR-16–5p
Adverse effects: Reduced neurite formation, 
diminished dendritic complexity, and exacerbation 
of neurodegeneration

[27, 134]

Astrocytes from 
PND2 rat cerebral 
cortex

Stimulated with 
LPS

Ultracentrifugation EVs enriched with miR-34a
Adverse effects: Enhanced vulnerability of 
dopaminergic neurons to neurotoxins

[136]

Abbreviations: E, embryonic day; EAAT, excitatory amino acid transporter; FGF-2, fibroblast growth factor-2; IL-1β, interleukin-1 beta; IL-10, 
interleukin-10; KCl, potassium chloride; LPS, lipopolysaccharide; miR, micro-RNA; PKC, protein kinase C; PND, postnatal day; PrP, prion 
protein; STI-1, Stress inducible protein-1; TNF-α, tumor necrosis factor-alpha; VEGF, vascular endothelial growth factor.
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Table 2

Role of ADEVS in Neurological and Neurodegenerative Diseases

Neurological Disease/
Model

Known or Potential Composition of 
ADEVs

Potential Adverse Effects mediated by 
ADEVs

References

Alzheimer’s disease EVs enriched with Aβ42 protofibrils 
and ApoE ɛ4

Neurotoxicity of neighboring neurons, less 
effective clearing of Aβ42 peptides

[137–143]

Alzheimer’s disease EVs enriched with BACE-1, sAPPβ, 
and various complement proteins

Neuroinflammatory cascade and 
neurodegeneration

[145, 147–148]

Stroke or ischemia EVs enriched with SEMA3A Activation of astrocytes, diminished axon 
growth, neurodegeneration

[154–157]

Parkinson’s Disease EVs enriched with miR-34a following 
exposure to LPS

Increased dopaminergic neurodegeneration 
following exposure to a neurotoxin

[136]

Amyotrophic lateral 
sclerosis

EVs enriched with mutant SOD1 Increased oxidative stress, neuroinflammation, 
and death of motoneurons

[158]

Amyotrophic lateral 
sclerosis

EVs enriched with mutant TDP-43 Neurodegeneration [1, 161–163]

Amyotrophic lateral 
sclerosis

EVs enriched with FUS Juvenile-onset of ALS [1, 161]

Amyotrophic lateral 
sclerosis

EVs enriched with DRPs Neurodegeneration [165]

Amyotrophic lateral 
sclerosis

EVs with depleted miR-49–3p Upregulation of SEMA3A and 
neurodegeneration

[157]

Inflammatory Brain Injury 
using IL-1β injection

EVs containing unknown cargo Inhibition of PPARα, secretion of cytokines in 
the liver and mobilization of peripheral immune 
cells to the brain

[166]

Opiate abuse (morphine 
induced prototype)

EVs enriched with lincRNA-Cox2 Impaired phagocytosis by microglia, activation 
of TLR-7 signaling pathway

[167–169]

HIV-associated brain 
dysfunction

EVs enriched with nef Increased oxidative stress, reduced neurite 
growth, and cognitive impairment

[170–173]

HIV-associated brain 
dysfunction

EVs enriched with HIV-1 Tat Reduced neurite growth, and neurodegeneration [174]

miR-9 EVs enriched with miR-9 Enhanced microglial migration [175]

Zika virus mediated brain 
dysfunction

EVs enriched with Zika viral particles Neurodegeneration [177]

Alcohol-induced brain 
dysfunction

EVs enriched with pro-inflammatory 
cytokines and miRs

Neuroinflammation and brain dysfunction [178]

Abbreviations: Aβ42, amyloid-beta 42; ApoE ɛ4, apolipoprotein E allele 4; BACE-1, β-site amyloid precursor protein-cleaving enzyme 1; DRPs, 
dipeptide repeat proteins; FUS, fused in sarcoma; HIV, human immunodeficiency virus; IL-1β, interleukin-1 beta; lincRNA-Cox2, long intergenic 
non-coding RNA-cyclooxygenase-2; LPS, lipopolysaccharide; miR, micro-RNA; PPARα, nef, negative regulatory factor; peroxisome proliferator-
activated receptor alpha; SEMA3A, semaphorin 3A; SOD1, superoxide dismutase 1; Tat, trans-activator of transcription; TDP-43, transactive 
response (TAR) DNA binding protein; TLR-7, toll-like receptor-7.
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