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Various mediators, such as neurotransmitters, gap
junctions, cytokines, cell adhesion molecules, and growth
factors, are involved in cell-to-cell communication in the
brain (1). In particular, extracellular vesicles (EVs) have
recently attracted interest as a novel type of intercellular
communication mediator under physiological and
pathological conditions (2). EVs represent a group of cell-
derived vesicles that are released into the extracellular
milieu (3), and they are generally divided into three major
types: apoptotic bodies (500-2,000 nm), microvesicles
(50-1,000 nm), and exosomes (40-200 nm). Apoptotic bodies
are vesicles produced from cells undergoing programmed
cell death, and microvesicles arise through the direct
outward budding and fusion of the plasma membrane (4).
The term exosome was named to define EVs that released
from the endosomal membrane (5). Exosomes first develop
as intraluminal vesicles through the inward budding of the
late endosomal membrane of multivesicular bodies (MVBs).
These MVBs then directly fuse with the plasma membrane
and release their contents outside the cells as exosomes (6).
Exosomes are capable of transferring biologically active
macromolecules, such as proteins, lipids, and nucleic acids
(DNA, mRNA, microRNA, and long noncoding RNA),
to other cells (7). Studies have also shown that exosomes
bind to the membrane receptors of recipient cells, and
deliver their contents through the fusion or hemi-fusion
of the two membranes. Clathrin- and caveola-mediated
endocytosis, phosphatidylserine-mediated phagocytosis, and
micropinocytosis are also known to be involved in exosome-
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mediated signaling.

Homeostasis in the adult brain is affected by the
biogenesis and molecular contents of exosomes (8). For
instance, exosomes released by neurons in an activity-
dependent manner can be recaptured by other neurons (9).
Neurotransmitter release also stimulates the secretion
of exosomes from oligodendrocytes (10), and the
internalization of oligodendrocyte-derived exosomes by
neurons results in greater tolerance to oxidative stress (11).
Neuron-derived exosomes are internalized by microglia,
and this leads to an enhancement of the removal of
degenerating neurites (12).

Exosomes are also involved in the pathophysiology of
neurodegenerative diseases (13). For instance, exosomes
promote intercellular prion protein transmission in prion
diseases. Stimulation of the release of exosomes enhances
the cell-to-cell transmission of prion infectivity (14).
Exosomes can not only enhance the transfer of prions
between different cell types but also facilitate their
transmission between cells from different species.
Protection of neurons through astrocyte-derived exosomes
might depend on the transportation of prion proteins (15).
An accumulation of exosomes has been found in the
amyloid plaques in the brains of patients with Alzheimer’s
disease (16). Therefore, researchers have hypothesized
that exosomes could provide a conducive environment for
amyloidogenic fibril formation. In addition, exosomes are
involved in the pathophysiology of Parkinson’s disease via
the exportation of a-synuclein (17). In particular, a-synuclein
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is secreted from neuronal cells in a calcium-dependent
manner by exosomes, and this can impact the viability of
neighboring neurons.

Growing evidence indicates that exosomes may be
involved in the regulation of neurogenesis. Embryonic
cerebrospinal fluid containing exosomes is known to
promote neural stem cell amplification via the mammalian
target of rapamycin complex 1 pathway (18). Exosomes also
regulate the molecular components of neurogenic niches
and maintain the balance between the proliferation and
differentiation of neural stem/progenitor cells (NPCs) (2).
Exosomes derived from induced NPCs (iNPCs) increase
the proliferation of NPCs by activating the extracellular
signal-regulated kinase pathway (19). Proliferation of NPCs
is increased by microRNA-21a, which is rich in exosomes
derived from iNPCs (20). These findings indicate the
potent effects of exosomes on neurogenesis.

In a recent study, Sharma er 4/. examined the potential
involvement of exosomes in synaptogenesis and neural
circuit development (21). The authors began by asking
if purified exosomes obtained from human induced
pluripotent stem cell (hiPSC)-derived neurons might affect
cell proliferation in human primary neural cultures iz vitro.
Recipient primary human neural cultures showed a more
significant increase in cell numbers following treatment
with exosomes derived from hiPSCs than with control
exosomes. Early postnatal neurogenesis in the hippocampus
of mice at postnatal day 4 was measured to examine
whether exosomes may affect cell proliferation in the
developing neural circuits iz vivo. When purified exosomes
obtained from rat primary neural cultures were delivered
into the mouse lateral ventricle, they showed an increased
density of newborn granule cells in the hippocampus.
These observations indicate that exosomes may promote
neurogenesis both iz vitro and in vivo.

Rett syndrome is a rare neurodevelopmental disorder
that is caused by mutations in the gene encoding the
methyl-CpG-binding protein 2 (MECP2) (22). Deletion
of the MECP2 gene in neurons is sufficient to cause a
Rett-like phenotype in mice (23). MECP2 knockout mice
exhibited delayed neuronal maturation and premature
synaptogenesis in the cerebral cortex (24). Compared to
control neurons, neurons derived from MECP2 loss of
function (MECP2LOF) hiPSCs displayed lower number of
synapses, decreased density of dendritic spines, reduced size
of somata, and abnormal electrophysiological activity (25).
Proteomic and bioinformatic analyses by Sharma er al.
have shown that exosomes enclose proteins that interplay
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with complicated signaling networks affected by MECP2
mutation (21). Namely, the effects on neuronal maturation
and synaptogenesis may be different between MECP2LOF
and control exosomes.

Sharma et a/. then examined whether alterations of
specific exosomal proteins obtained from MECP2LOF
donor cultures might reflect the cellular expression of the
proteins on western blots (21). Interestingly, differences in
cargo between MECP2LOF and isogenic control exosomes
were generally irrelevant to their cellular expression. For
instance, the protein levels of cadherin 2, calmodulin 1,
flotillin, GAP43, and L1CAM were higher in MECP2LOF
cells than in isogenic controls. By contrast, the expression
levels of flotillin and GAP43 were reduced in MECP2LOF
exosomes, whereas those of cadherin 2 and LICAM
were not affected. Thus, they could hypothesize that
MECP2LOF might results in specific protein changes in
exosomes and that exosome protein cargo is not a mere
copy of the cellular proteins.

Treatment of human primary neural cultures with
MECP2LOF exosomes did not affect the proliferation of
NPCs and survival of newborn neurons; however, treatment
with isogenic control exosomes promoted the proliferation
of NPCs and enhanced the survival of newborn neurons (21).
Interestingly, the proliferation of astrocytes was promoted
by treatment with both isogenic control and MECP2LOF
exosomes. The knock down of MECP2 (MECP2KD) by
using MECP2 shRNA lentivirus decreased the total cell
numbers in human neural cultures, and treatment with
isogenic control exosomes counteracted the reduction in
total cell numbers in MECP2KD human neural cultures.
However, it should be noted that MECP2LOF exosomes
do not have a dominant acute deleterious effect on cell
proliferation and neuronal differentiation.

Sharma er al. also examined whether isogenic control
exosomes might be able to rescue impaired synapses and
neural circuits (21). To evaluate the effect of exosome
administration on synaptogenesis, MECP2LOF hiPSC-
derived NPCs were grown in vitro for 6 weeks and
exposed to control exosomes over 8 days. Neural cultures
treated with control exosomes exhibited higher synaptic
density than did cultures not treated with exosomes. To
test whether exosome treatment affects the development
of circuit assembly, neuronal firing in neurospheres
treated with control exosomes was compared to that
in neurospheres treated with MECP2LOF exosomes.
Raster plots of spike trains showed that the firing rate in
neurospheres exposed to MECP2LOF exosomes was low,
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while treatment with control exosomes increased the firing
rate in neurospheres. Furthermore, aligned raster plots
displayed more synchronized firing in neurospheres exposed
to control exosomes than in those exposed to MECP2LOF
exosomes. These results indicate that control exosomes
enhance synaptogenesis in MECP2LOF hiPSC-derived
NPC:s in vitro, and suggest that control exosome treatments
are capable of rescuing the development of neural circuits.

Overall, Sharma er /. developed a reductionist
experimental paradigm and conducted multidisciplinary
research on the role of exosomes in synaptogenesis and
neural circuit development, although the absence of
behavioral data may be a slight limitation of the paper.
While a number of previous studies have reported that
exosomes play a critical role in the maintenance of
homeostasis in the adult brain, the study by Sharma ez al.
is novel as they have found that exosomes promote the
development of neural circuits both in vitro and in vivo.
In addition, they have demonstrated that isogenic control
exosomes are capable of reversing pathological changes in
neurons caused by MECP2LOF, whereas MECP2LOF
exosomes neither rescue nor exacerbate neural circuit
deficits resulting from the genetic deletion of MECP2.
Future research focusing on the treatment with functional
exosomes may have a huge clinical impact, especially if the
exosomes can be optimized to rescue neural circuit deficits
underlying neurodegenerative diseases.
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