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Selective elimination of synaptic connections is a common phenomenon which occurs during both
developmental and pathological conditions. Glial cells have a central role in the pruning of synapses by
specifically engulfing the degenerating neurites of inappropriate connections, but its regulatory
mechanisms have been largely unknown. To identify mediators of this process, we established an in vitro cell
culture assay for the synapse elimination. Neuronal differentiation and synapse formation of PC12 cells
were induced by culturing the cells with nerve growth factor (NGF) in a serum-free medium. To trigger
synapse elimination, the NGF-containing medium was replaced with DMEM containing 10% FBS, and the
neurites of PC12 cells degenerated within two days. Co-culturing with MG#6 cells, a mouse microglial cell
line, accelerated the removal of degenerating neurites of PC12 cells by phagocytosis. When MG6 cells were
pre-incubated with exosomes secreted from the differentiated PC12 cells after depolarization, the removal
was further accelerated by increasing the expression levels of complement component 3 in the MG6 cells.
These results define a role for exosomes as a regulator of synapse elimination and clarify a novel mechanism
whereby active synapses promote the pruning of inactive ones by stimulating microglial phagocytosis with
exosomes.

of the connections initially established by neurons'. The dynamic refinement of synaptic connections is
essential not only for the appropriate wiring of neural circuits, but also for behavioral responses to a
changing environment as well as for learning and memory. In mammalian nervous system, synapse pruning
events have been reported in various places such as retinotectal system, cerebellum, parasympathetic and sym-
pathetic autonomic ganglia, and neuromuscular junctions®. Recent studies have shown that glial cells actively
participate in synaptic pruning*’. In Drosophila, glial cells engulf the degenerating axons of mushroom body
gamma-neurons during metamorphosis through the engulfment receptor Draper and its downstream signaling
molecule dCED-6, which were originally identified as proteins required for the phagocytosis of apoptotic cells®’.
In another study using mouse models, the classical complement components 1q and 3 (Clq and C3) work as
opsonins that tag inappropriate synapses for phagocytosis by microglia®°. There is evidence to suggest that
synapse pruning by glial cells is triggered by neuronal activity'"'*; however, the molecular mechanisms by which
neuronal activity regulates the refinement of particular synaptic connections have not yet been elucidated.
Exosomes are small membrane vesicles of endosomal origin, composed of a lipid bilayer with inserted trans-
membrane proteins, enclosing cytosolic components derived from their producing cells". Over the past few years,
there has been increasing evidence that exosomes play important roles in intercellular communication networks,
enabling the convey of information and the exchange of proteins and lipids between their producing cells and
target cells'*. Exosomes were also shown to carry mRNAs and microRNAs inside them, raising the possibility that
exosomes transfer genetic information between cells'. In the central nervous system, exosomes can be released
from all cell types including microglia, oligodendrocytes and neurons, and have been proposed to contribute to
the physiology of the nervous system and to the neuron-glia communication'®". In particular, the findings that
secretion of exosomes from neurons is promoted by depolarization'® and also by synaptic glutamatergic activity"’
led us to hypothesize that neuronal exosomes may activate microglia to promote activity-dependent synaptic
pruning. To validate this idea, we established an in vitro culture assay for synapse elimination by using rat

T he creation of complex patterns of synaptic connectivity often requires the elimination of only a select subset
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pheochromocytoma PC12 cells. Using this assay, we demonstrated
that microglia promote the clearance of degenerating neurites of
PC12 cells by phagocytosis. We then found that incubating microglia
with exosomes secreted from PCI12 cells after depolarization
increased the expression levels of C3 in the microglia, which
enhanced the microglial clearance of degenerating neurites. These
results indicate that exosomes secreted by neuronal activity are one of
the critical regulators of synaptic pruning by stimulating microglial
phagocytosis.

Results

Synaptic development and elimination of PC12 cells. The PC12
cell line has been a valuable model for studying the neurotropic and
differentiating effects of nerve growth factor (NGF)***'. When
cultured in a serum-free medium in the presence of NGF, the
differentiation and neurite outgrowth of PC12 cells are induced
and the extended neurites are connected to each other forming
synapse-like structures with many dense core-vesicles and a
clathrin-coated membrane invagination®. In the previous reports,
Tau-1 and synaptotagmin, markers of axons and presynaptic
vesicles, were identified in the tips of neurites, which were
connected to regions containing MAP-2 and drebrin, markers of
dendrites and postsynaptic membranes®>**. We confirmed that the
adult isoform of drebrin, drebrin A, which is exclusively localized in
the postsynaptic sites of mature neurons®, was found in the regions
where neurites from other cells are connected to form synapse-like
structures (Fig. 1a). Thus, NGF-treated PC12 cells exhibit the
properties of mature, terminally differentiated neurons forming
synapses; but, unlike primary neurons, PC12 cells can survive in
serum-containing medium whether or not NGF is present™.

When PC12 cells were differentiated in serum-free DMEM (sf-
DMEM) containing 100 ng/ml NGF for 7 days, about 70-80% of
PC12 cells extended neurites and formed synapse-like structures
(Fig. 1b). However, when the differentiated PC12 cells were deprived
of NGF, the cells underwent apoptosis and their neurites were degen-
erated, which were not completely inhibited by adding a potent
apoptosis inhibitor Q-VD?*. On the other hand, when the differen-
tiated PC12 cells were deprived of NGF and cultured in DMEM
containing 10% FBS (DMEM/10F), the cells did not undergo apop-
tosis and started to grow again. Nevertheless, in the absence of NGF,
most of the neurites were degenerated and eliminated within 2 days.
For quantitative analysis, we defined the cells that retained more than
one neurite as neurite (+) cells and measured the length of each
neurite (Fig. 1c). Then, the percentage of neurite (+) cells per total
number of cells was determined (Fig. 1d), and the average neurite
length was quantified as the sum of total neurite length divided by the
number of neurites from a cell (Fig. le).

Clearance of degenerating neurites by microglia. Using this assay
and quantification method, we examined the functions of microglia
in removing the degenerating neurites by co-culturing PC12 cells
with MG6, a mouse microglial cell line?”-®. To distinguish between
these two cell lines, the differentiated PC12 cells were labelled with
CMFDA and visualized by confocal laser scanning microscopy.
When PC12 cells were cultured in NGF(+) sf-DMEM, their
neurites were intact and the presence of MG6 cells did not induce
synapse elimination within 8 h (Fig. 2a). On the other hand, when
the PC12 cells were cultured in NGF(—) DMEM/10F for 8 h, their
neurites started to degenerate while most of the neurites were still
retained at that point, however the presence of MG6 cells remarkably
induced the removal of the degenerating neurites (Fig. 2b and c). This
is not caused by the enhanced phagocytic ability of MG6 cells,
because the expression of CD68, a microglia activation marker was
not altered by the removal of NGF (Fig. 2d). Time-lapse imaging
revealed that the MG6 cells were closely associated with the
degenerating neurites of PC12 cells, promoting the removal of the

neurites by phagocytosis (Fig. 2e). These data indicate that the in
vitro cell culture assay established here is a good model for studying
the mechanisms of synaptic pruning by microglia.

Microglia mediate synaptic pruning in PS-independent manner.
In Drosophila, glial cells remove the degenerating axons via Draper,
Crk, dCED-6, dCed-12, which were originally identified as proteins
required for the clearance of apoptotic cells®”*. These findings raised
the possibility that synaptic pruning and apoptotic cell clearance
may share a common molecular machinery. When cells undergo
apoptosis, the dying cells expose phosphatidylserine (PS) on their
surface, a component of the cell plasma membrane that is kept
exclusively in the inner leaflet of the lipid bilayer of healthy cells™.
The exposed PS on the apoptotic cells is then recognized by the
receptors on macrophages. We therefore examined whether PS
works as an “eat me” signal for the synaptic pruning.

When the differentiated PC12 cells were co-cultured with MG6
cells in NGF(—) DMEM/10F for 8 h, the degenerating neurites of
PC12 cells were efficiently removed by MG6 cells (Fig. 3a). The
percentage of PC12 cells that retained neurites was decreased from
81.4% to 25.0% and the average length of neurites was decreased
from 75.6 pm to 41.7 pm when MG6 cells were cultured together
with PCI12 cells (Fig. 3b and c). On the other hand, when PC12 cells
were co-cultured with the NIH3T3 transformants expressing Tim4
(3T3/Tim4), which efficiently promote the clearance of apoptotic
cells by recognizing PS*, the synaptic pruning of PC12 cells was
not promoted. Furthermore, the addition of recombinant D89E
mutant of MFG-E8 (rD89E), which inhibits PS-dependent phagocyt-
osis®*, to the culture medium did not affect the efficiency of the
synaptic pruning by the MG6 cells. These results suggest that PS is
dispensable for the clearance of degenerating neurites by microglia.

Exosomes enhance microglial ability to remove degenerating
neurites. It has long been indicated that synapse elimination and
engulfment by glial cells are triggered by neuronal activity'"'*; how-
ever the means whereby neuronal activity regulates these processes
have been elusive. Fauré et al. found that potassium-induced
depolarization of neurons strongly enhances the exosome release
from the neurons'®. Given that microglia are the primary target of
neuronal exosomes'®, we examined the effects of exosomes from
PC12 cells on the functions of microglia. Nanoparticle tracking
analysis™ revealed that secretion of exosomes from differentiated
PC12 cells was enhanced by depolarizing the cells with 25 mM
KCl for 3 h (Fig. 4a). We confirmed that the average diameter of
the exosomes was about 100 nm, which corresponds to the typical
size of exosomes. We also confirmed that the exosomes from PC12
cells carried the typical exosomal markers*, such as MFG-E8 and
flotillin-2 (Fig. 4b). When MG6 cells were pre-incubated for 16 h
with the exosomes secreted from PCI12 cells after depolarization,
general phagocytic ability of MG6 cells, such as phagocytosis of
E.coli, was not altered (Fig. 4c). Then, the ability for synaptic
pruning was compared between MG6 cells pre-incubated with or
without the exosomes. Interestingly, MG6 cells that have engulfed
exosomes exhibited a stronger ability to remove degenerating
neurites of PC12 cells than control MG6 cells without exosomes
(Fig. 4d). Consequently, the addition of exosomes to MG6 cells
reduced the percentage of PCI12 cells that retained neurites from
26.2% to 2.1% and the average length of neurites from 40.0 um to
1.98 um (Fig. 4e). Unlike exosomes from PC12 cells, exosomes from
NIH3TS3 cells did not promote the removal of degenerating neurites
of PC12 cells, suggesting cell type-specific effects of the exosomes
(Fig. 4f). From these data, we considered the possibility that exo-
somes might up-regulate molecules in microglia that specifically
accelerate the synaptic pruning.

Complement factors induced by exosomes promote synaptic
pruning. We therefore tried to identify the microglial mediators of
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Figure 1| An in vitro assay for synaptic development and elimination. (a) Differentiation and neurite outgrowth of PC12 cells were induced by
culturing the cells in sf-DMEM containing 100 ng/ml NGF for 7 days. The cells were stained with antibody against drebrin A (green) and their staining
profile was merged with the phase contrast image in the third panel. Scale bar, 10 um. (b) The differentiated PC12 cells were further cultured for 2 days
after replacing the culture medium with sf-DMEM in the presence (+) or absence (—) of NGF, or with NGF(—) DMEMY/10F. In the third panel, Q-VD
(2 uM), a potent apoptosis inhibitor, was added to NGF(—) sf-DMEM. Scale bar, 40 pm. (c) Quantification of neurite length of PC12 cells. Number of
neurites longer than one cell body diameter were counted and their length were measured by using FV10i-LIV confocal microscope and FLUOVIEW
software, Ver. 4.1 (Olympus, Japan). Arrows indicate representative cells that were quantified in the lower table. (d) Cells with more than one neurite were
defined as neurite (+) cells and the percentage of neurite (+) cells per total number of cells was determined. (e) The average neurite length per cell was
calculated as the sum of total neurite length divided by the number of neurites from a cell. 100 cells were quantified in each condition (cells were selected
from 10 different fields in three independent experiments), and the average values were plotted with standard deviations (SD). *p = 0.005, **p = 0.0014;
n.s., not significant, ANOVA with Bonferroni correction for multiple comparison.

synaptic pruning that were up-regulated by the exosomes. We exa-
mined the gene expression profiles of MG6 cells with a microarray
consisting of about 40,000 mouse genes. The expression levels of 183
genes were increased more than 8-fold in MG#6 cells incubated with
exosomes compared to the control MG6 cells without exosomes
(Fig. 5a). Functional enrichment analysis identified a number of
immune-related processes significantly enriched, including “Phago-
some” and “Complement and coagulation cascades” (Fig. 5b).
Among them, we selected following genes with pro-phagocytic
activity as candidate mediators: complement factor B (Cfb), comple-
ment component 3 (C3), macrophage receptor with collagenous
structure (MARCO) and oxidized low density lipoprotein receptor 1
(Olr1). To validate the results of the microarray screening, we
performed quantitative PCR (qPCR) analyses of these candidate
genes and demonstrated that Cfb and C3-encoding genes were
highly up-regulated (56-fold and 25-fold, respectively) in MG6
cells after incubation with exosomes secreted from PCI2 cells
(Fig. 5¢ and d). As we could not detect sufficient expression levels
of C3 mRNA in the exosomes per se, it is likely that exosomes
stimulated the transcriptional up-regulation of C3 in MG6 cells,
rather than transferring C3 mRNA (Fig. 5e).

The essential roles of complement factors, in particular C3, in
synaptic pruning have been well established® '°. In order to ascertain
the effect of C3 expression on the phagocytic activity of MG6 cells, we
treated MG6 cells that were activated by the exosomes with neutral-

izing anti-C3a/C3 antibody which blocks the cleavage and conse-
quently the activation of C3%. As shown in Fig. 5f, the blockade of
C3 by the antibody abolished the exosome-induced enhancement of
synaptic pruning by the microglia. As a result, anti-C3a/C3 antibody
but not by IgG isotype control antibody increased the percentage of
PC12 cells that retained neurites from 1.6% to 18.5% and the average
length of neurites from 3.6 pmto 18.9 pm, close to the levels of PC12
cells co-cultured with control MG6 cells without exosomes (Fig. 5g).
Taken together, these data suggest that the exosomes secreted by
neuronal activity promote synaptic pruning by up-regulating the
expression of complement factors in microglia.

Discussion

In this study, we demonstrated that PC12 cells provide a simple and
reproducible in vitro model to study mechanisms of synaptic
development and elimination. PC12 cells can be grown indefinitely;
their availability and ease of culture make them a good alternative for
in vivo studies which are time-consuming and technically demand-
ing, precluding high-throughput experimentation. Microfluidic sys-
tems®® and compartmentalized chambers®’, based on fluidic isolation
of neurites from the cell body, have been widely used to study the
effects of neurotropic factors for axon outgrowth and pruning. These
chambers, however, are difficult to assemble and to maintain con-
tinuous control of the hydrostatic pressure difference and fluidic
isolation between compartments®. The in vitro assay using PC12
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Figure 2 | Microglia promote removal of degenerating neurites of PC12 cells. (a) After culturing with NGF for 7 days, the differentiated PC12 cells were
labelled with CMFDA (green). The PCI12 cells were further cultured either in NGF(+) st-DMEM or NGF(—) DMEM/10F in the absence or presence of
MG6 cells for 8 h. PC12 cells and their neurites were visualized by confocal microscopy. Phase contrast images are shown in the lower panels, where MG6
cells are pointed by red arrows. Scale bar, 20 um. The percentage of PC12 cells that retain neurites (b) and the average length of neurites (c) were
quantified from 100 cells in each condition (cells were selected from 10 different fields in three independent experiments), and the average values were
plotted with SD. *p = 0.0027, **p < 0.001; n.s., not significant. Student’s ttest. (d) Merged images of the phase contrast and CD68 staining (red) of MG6
cells that were co-cultured with PC12 cells either in NGF(+) sf-DMEM or NGF(—) DMEM/10F. Scale bar, 20 pm. (¢) CMFDA-labelled PC12 cells
(green) were co-cultured with PKH26-labelled MG6 cells (red) in NGF(—) DMEM/10F. Time-lapse images after replacing the culture medium were
taken by using a confocal microscope equipped with culture chamber kept at 37°C and 5% CO,. Arrows indicate MG6 cells engulfing the degenerating

neurites. Scale bar, 10 um.

cells established here is a feasible method for clarifying the molecular
mechanisms of synaptic pruning. However, it is important to bear in
mind the limitation of this in vitro assay, as PC12 cells are cell lines
with some genetic abnormalities which may not reflect the in vivo
phenomenon. In addition, this time we used MG6 cells, a mouse
microglial cell line immortalized by human c-myc”*® for the syn-
aptic pruning of rat PC12 cells, due to its availability and ease of use,
but it might be modified by using rat primary microglia in the future
studies.

Several studies raised the possibility that synaptic pruning and
clearance of apoptotic cells may share a common molecular mech-
anism®”*. In accordance with previous studies in dorsal root
ganglion model of Wallarian degeneration®, our preliminary experi-
ment indicated that degenerating neurites of PC12 cells express PS
on their surface as determined by a positive staining with annexin V.
Nevertheless, masking PS by MFG-E8/rD89E did not prevent the
synaptic pruning by MG6 cells. Instead, we confirmed that comple-
ment factors actually regulate the synaptic pruning, which is consist-
ent with the previous in vivo findings using mice deficient in C3 or its
receptor®. Recently, Barres and colleagues have reported that not
only microglia but also astrocytes mediate synapse elimination®.
Interestingly, unlike microglia, astrocytes did not use complement
factors for the synaptic pruning. Instead, they found that astrocytes
promoted synaptic pruning through MEGF10, a mammalian
ortholog of drosophila Draper, and MERTK, which mediates PS-
dependent phagocytosis of apoptotic cells via Gas6/Protein-S.

Because expression of Draper is up-regulated by axonal injury in
Drosophila’, it would be interesting to examine whether neuronal
exosomes also up-regulate the expression of MEGF10 and MERTK
in astrocytes to promote the synaptic pruning.

The secretion of exosomes from PC12 cells was enhanced by KCl-
induced depolarization. Given that exosome secretion is often regu-
lated by a calcium stimuli*, the KCl-induced depolarization might
raise the intracellular calcium levels required for the exosome secre-
tion. The exosomes secreted by PC12 cells were engulfed by MG6
cells, which exhibited enhanced phagocytic activity of degenerating
neurites. We then examined the effect of exosomes on the gene
expression profiles of MG6 cells and demonstrated that several
pro-phagocytic genes, including C3-encoding gene, were up-regu-
lated to enhance the microglial ability for synaptic pruning.
However, it should be noted that exosome-mediated microglial
activation is not the only prominent mechanism for synaptic prun-
ing, but may be one important mechanism among others, because
microglia without exosomes are still capable of reducing neurites and
its length to great extent. The mechanisms for synaptic pruning by
non-stimulated microglia remain to be elucidated.

Our results indicate that blocking C3 significantly protects neur-
ites from engulfment by microglia, suggesting a role for this com-
ponent in opsonisation of degenerating neurites. Consistently with
our finding, Stevens and colleagues have shown that components of
the classical complement pathway including C3 are key mediators of
neurites and synapse elimination by microglia during develop-
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Figure 3 | Synaptic pruning is not mediated by PS. (a) After differentiation in NGF(+) sf-DMEM for 7 days, PC12 cells were labelled with CMFDA

(green) and further cultured in NGF(—) DMEM/10F for 8 h in the absence or presence of 3T3/Tim4 or MG6 cells. When indicated, recombinant D89E
mutant of MFG-E8 (rD89E, 3 ng/ml) that masks PS was added into the culture medium during co-culture. Phase contrast images are shown in the lower
panels. Scale bar, 20 pm. The percentage of PC12 cells that retain neurites (b) and the average length of neurites (c) were quantified from 100 cells in each
condition (cells were selected from 10 different fields in three independent experiments), and the average values were plotted with SD. *p < 0.001; n.s., not

significant. ANOVA with Bonferroni correction for multiple comparison.

ment®’. C3 was specifically up-regulated in microglia in the P5 lateral
geniculate nucleus and down-regulated by P9, an age when pruning
is largely complete. Nevertheless, the mechanisms that induce the
expression of complement factors for synaptic pruning are as yet
unclear. It would be interesting to examine whether exosomes are
involved in this process. In addition, a model proposed over two
decades ago for how activity may drive synapse elimination sug-
gested that strong synapses, which are effective in driving post-
synaptic responses, actively punish and eliminate nearby weaker
synapses*>. However, the entity of the “punishment” and the means
whereby it promotes the synaptic pruning have not been identified.
From our data, we propose a new model in which exosomes secreted
from activated neurons act as the “punishment” signal for the weaker
synapses (but preserving the stronger ones) by inducing the
complement C3 in microglia for phagocytic clearance of the inap-
propriate synapses.

Synaptic pruning by microglia has been implicated not only in
neural development but also in pathologies of the central nervous
system®. These include neurodegenerative diseases and multiple
sclerosis, in which activation of microglia is thought to play a critical
role in the loss of neurons or axons*. Neuronal exosomes have also
been implicated in the development of neurodegenerative diseases, as
they carry several disease-related proteins such as B-amyloid, o-
synuclein and TDP-43, which are involved in the pathogenesis of
Alzheimer’s disease, Parkinson’s disease and amyotrophic lateral
sclerosis, respectively**°. A better understanding of the molecular
mechanisms underlying synaptic pruning by microglia and its reg-
ulatory mechanisms by neuronal exosomes will provide new patho-
physiological insights into these diseases. We hope the in vitro
culture system established here will provide a good model system
to reveal avenues towards new therapeutic approaches.

Methods

Cell Lines and Reagents. PC12 cells and MG6 cells*”** were obtained from RIKEN
BRC, Japan. PC12 cells were maintained in DMEM (Nakarai, Japan) supplemented
with 10% FBS (Biowest) and 10% horse serum (Life technologies), and MG6 cells were
maintained in DMEM supplemented with 10% FBS, 10 pg/ml insulin and 100 uM 2-
mercaptoethanol. Recombinant rat beta-NGF and pan-caspase OPH inhibitor Q-

VD?® were from R&D systems. Monoclonal antibody against C3a/C3 (clone K13/16)

and IgG isotype control antibody were from BioLegend. The NTH3T3 transformants
expressing Tim4 (3T3/Tim4) and rD89E were described previously’"*>. When
indicated, membranes of MG6 cells or exosomes were labelled with PKH26 red
fluorescent cell linker kit (Sigma) according to the manufacturer’s instructions.

Induction of Neurite Degeneration. PC12 cells (1 X 10° cells) were plated in
Millicell EZ slide 8-well glass (Merck Millipore), which were pre-coated with 0.05%
polyethyleneimine (PEI, Sigma). After overnight culture, differentiation and neurite
outgrowth of PC12 cells were induced by replacing the medium with sf-DMEM
containing 100 ng/ml NGF, and the cells were cultured for 7 days. Fresh medium
containing NGF was added every second day. For some experiments, differentiated
PC12 cells were labelled with 2 pM CellTracker Green CMFDA (Life technologies)
according to the manufacturer’s instructions. To induce neurite degeneration, NGF
was removed by washing the PC12 cells three times with DMEM/10F and cultured in
NGF(—) DMEM/10F for 8 h in the absence or presence of MG6 cells (1 X 10° cells) or
3T3/Tim4 (2 X 10* cells). When indicated, rD89E (3 pg/ml), anti-C3a/C3
monoclonal antibody (20 pg/ml) or IgG isotype control antibody was added into the
culture medium during co-culture. For microscopic observations, cells were washed
once with PBS, and then fixed in 4% paraformaldehyde solution for 10 min at room
temperature (RT). The culture slides were washed twice by agitation in PBS for 5 min
before mounting with VECTASHIELD mounting medium (Vector laboratories) and
observed by FV10i-LIV confocal microscope (Olympus, Japan). Neurite length was
determined by FLUOVIEW software, Ver. 4.1 (Olympus, Japan). The percentage of
PC12 cells that retain neurites (% cells with neurites) and the average length of
neurites were quantified by analysing 100 cells selected from 10 different fields in
three independent experiments.

Immunocytochemistry. PC12 cells and/or MG6 cells (1 X 10° cells) cultured in
Millicell EZ slide 8-well glass were washed with PBS and fixed in 4%
paraformaldehyde solution for 10 min at RT. The cells were permeabilized with 0.1%
Triton X-100 in PBS for 15 min, and then blocked with PBS containing 5% goat
serum (Sigma) and 1% BSA for 1 h. PC12 cells were stained in PBS containing 1%
BSA with rabbit anti-drebrin A antibody (Takara, Japan), which was followed by
staining with DyLight 488-conjugated anti-rabbit IgG antibody (BioLegend). MG6
cells were stained with rat anti-CD68 antibody (BioLegend), followed by staining with
Cy3-conjugated anti-rat IgG antibody (BioLegend). After staining, cells were
mounted with VECTASHIELD mounting medium and observed by FV10i-LIV
confocal microscope.

Exosome Induction and Purification. PC12 cells (1 X 10° cells) were cultured in
NGF(+) sf-DMEM for 7 days in 6-cm culture dishes that were pre-coated with 0.05%
PEL Preparation of exosomes was carried out following the protocol described by
Fauré et al.'. In brief, exosome secretion was induced by depolarizing the
differentiated PC12 cells by replacing the medium with sf-DMEM containing 25 mM
KCl and culturing for 3 h. The culture medium was collected and cleared of debris by
two successive centrifugations (2,000 X g for 10 min and 20,000 X g for 20 min).
Exosomes were then precipitated from the medium by ultra-centrifugation at 100,000
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Figure 4 | Exosomes promote synaptic pruning by microglia. (a) Exosomes were collected by ultra-centrifugation from the culture medium of

differentiated PC12 cells that were cultured in s-DMEM with or without 25 mM KCl for 3 h. Nanoparticle tracking analysis was performed to determine
the density (left graph) and size distribution (right panel) of the exosomes in the medium. The experiments were performed in triplicate, and the average
values with SD were plotted. *p = 0.0015, Student’s ¢ test. (b) Exosomes secreted from PC12 cells after depolarization were collected by ultra-
centrifugation and analysed by western blot using antibodies against MFG-E8 and flotillin-2, exosomal markers. (c) Phagocytosis of pHrodo Red E.coli
BioParticles by MG6 cells that were exposed (solid lines) or not exposed (dot lines) to the exosomes from differentiated PC12 cells after depolarization was
allowed to proceed for 2 h. The efficiency of phagocytosis was compared by FACS analysis. (d) Differentiated PC12 cells were cultured in NGF(—)
DMEM/10F for 8 h in the absence or presence of MG6 cells or MG6 cells that have engulfed the exosomes from PC12 cells (red). After labelling with
PKH26, the exosomes were incubated with MG6 cells for 16 h. Scale bar, 40 um. (e) The percentage of PC12 cells that retain neurites and the average
length of neurites were quantified from 100 cells in each condition (cells were selected from 10 different fields in three independent experiments). The
average values were plotted with SD. *p < 0.001. ANOVA with Bonferroni correction for multiple comparison. (f) The same assay was performed with
MG cells that have engulfed the equal amounts of exosomes (exo) from PC12 cells or NTH3T3 cells. *p = 0.0013, **p = 0.003, ***p < 0.001; n.s., not

significant. ANOVA with Bonferroni correction for multiple comparison.

X g for 2 h with himac CS100FNX micro ultracentrifuge (Hitachi Koki, Japan). The
precipitated exosomes were labelled with PKH26, suspended in 3 ml DMEM/10F and
incubated with MG®6 cells (1 X 10° cells) in 6-cm culture dish. After 16 h, MG6 cells
were harvested with 0.25% trypsin and 1 mM EDTA and used for the culture with
PC12 cells.

Characterization of exosomes. PC12 cells (3 X 10° cells) were cultured in NGF(+)
sf-DMEM for 7 days in 10-cm culture dishes and then cultured with or without KCl
depolarization for 3 h. Exosomes were collected from the culture medium (9 ml) by
ultra-centrifugation and suspended in 50 pl of sf-DMEM. The density and size
distribution of exosomes were analysed using NanoSight LM10-HS apparatus and
NTA2.3 software (Malvern). The exosomes samples were also loaded onto 10%
polyacrylamide gel, separated at 200 V for 30 min, and detected by western blot using
monoclonal antibodies against MFG-E8 (MBL, Japan) and flotillin-2 (BD
Biosciences).

Phagocytosis of E.coli BioParticles. MG6 cells (1 X 10°) exposed or not exposed to
the exosomes secreted from the differentiated PC12 cells were cultured in 0.5 ml of
DMEM/10F in a 24-well microtitre plates. 10 g of pHrodo Red E.coli BioParticles
(Life technologies) were added to the MG6 cells, and the culture was incubated at

37°C for 2 h. The cells were detached from the plate by incubating them with 0.25%
trypsin and 1 mM EDTA and collected by centrifugation. In order to reduce the
background signal of pHrodo under neutral conditions, the cells were suspended in
300 pl of 20 mM N-cyclohexyl-2-aminoethanesulfonic acid (CHES)-NaOH buffer
(pH 9.0) containing 150 mM NaCl and 2% FCS as previously reported*’, and
analysed by flow cytometry on the FACSVerse apparatus (BD Biosciences).

Microarray Analysis. MG6 cells (1 X 10° cells) were incubated in 6-cm dishes for
16 h with or without exosomes secreted from PC12 cells (1 X 10° cells) after
depolarization as described above. Total RNA was extracted by RNeasy Plus Mini Kit
(QIAGEN) following the kit instructions. Microarray analysis was performed by
Medical & Biological Laboratories (Japan) using SurePrint G3 Mouse Gene
Expression 8x60K Microarrays (Agilent). Pre-processing of microarray images was
performed using the software Feature Extraction version 10.10.1.1 (Agilent).
Normalization was done with the Percentile 75 method implemented in the software
GeneSpring GX version 12.6.1 (Agilent). Gene selection and enrichment analyses
were performed in R version 3.1.2 (www.r-project.org). Differentially expressed genes
were identified by plotting an MA plot (M = difference of log, intensities between two
conditions; A, average of log, intensities of arrays) and selecting probes flagged as
Detected by the FE software in any of the arrays and with an absolute log2 fold change
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Figure 5 | Exosomes up-regulate the expression of complement factors in microglia. (a) A screening for differentially expressed genes (DEGs) in MG6
cells exposed vs. not exposed to exosomes secreted from differentiated PC12 cells was performed using microarray analysis. Two arrays per condition were
used and DEGs were selected as probes detected in at least one array and with an absolute log, fold change (M) greater than 3 (i.e. X 8 expression change).
This approach resulted in 275 probes differentially expressed, which mapped to 183 known genes. (b) Functional enrichment of KEGG pathways was
performed to identify the biological processes altered in microglia exposed to exosomes. Enrichment analysis resulted in a number of immune related
processes significantly enriched (p < 0.05), including “Phagosome” (H2-M2, Marco, C3, Olr1, Tlr2) and “Complement and coagulation cascades” (C3,
Cfb). (c) gPCR analyses were performed to validate the microarray results using gene-specific primers and RNA samples extracted from MG6 cells
incubated 16 h with (black bar) or without (white bar) exosomes. Analysis was done with delta Ct method. Graphs represent gene expression levels
relative to GAPDH. The experiments were performed in triplicate, and the average values with SD were plotted. p < 0.001, Student’s ¢ test. (d) The gel
photograph of the gPCR products is shown. (e) gPCR analysis was performed to compare C3 mRNA levels between total purified exosomes and MG6 cells
that have engulfed the same amount of the exosomes. Graphs represent gene expression levels relative to GAPDH. N.D. stands for not detectable.

*p < 0.001, Student’s ttest. (f) Differentiated PC12 cells were cultured in NGF(—) DMEM/10F for 8 h with MG6 cells or MG6 cells that have engulfed the
exosomes (red). Neutralizing anti-C3a/C3 antibody (+ a-C3 Ab) or IgG isotype control antibody (+ Ctrl. Ab) was added into the culture medium at the
concentration of 20 pg/ml during co-culture. Scale bar, 40 um. (g) The percentage of PC12 cells that retain neurites and the average length of neurites
were quantified from 100 cells in each condition (cells were selected from 10 different fields in three independent experiments). The average values were
plotted with SD. *p < 0.001; n.s., not significant. ANOVA with Bonferroni correction for multiple comparison.

greater than 3 (i.e. X 8 expression change). Functional enrichment analysis was
performed using pathway information from the Kyoto Encyclopaedia of Genes and
Genomes (KEGG; www.kegg.jp) with a hypergeometric test implemented in the
GOstats Bioconductor package version 2.32.0*. Pathways were considered
significantly enriched at p < 0.05.

Quantitative PCR analysis. cDNA was synthesized with High Capacity RNA-to-
cDNA Kit (Life technologies), and the cDNA products were amplified with a
LightCycler 96 (Roche) using SYBR qPCR Mix (TOYOBO, Japan). The data were
analysed with delta Ct method and normalized to the amounts of GAPDH RNA
expression in each sample. The primers used for real-time PCR were as follows: Cfb-
Fw (5'-GCAAGCAGCACAAGGAACAGTTG-3'), Cfb-Rv (5'-CAGGCTCTTCC-
CTTGCTCAGATAC-3"), MARCO-Fw (5'-AAACCTGGAGTGCAGGGTGTTC-

3"), MARCO-Rv (5'-TCACCCTTGGCACCTGAAAGTC-3'), C3-Fw (5'-AGGG-
CAGCAACGCAAGTTCATC-3"), C3-Rv (5'-TTCTGCAGCTTCAGGGCGTTTC-
3'), Olr1-Fw (5'-CCTCCTGTTGCTGCATGAAAGAC-3"), Olr1-Rv (5'- AGCTT-
TGCCTTTGAGCCCTCTG-3"), GAPDH-Fw (5'-TGTGTCCGTCGTGG-
ATCTGA-3"), GAPDH-Rv (5'-TTGCTGTTGAAGTCGCAGGAG-3").
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