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Università di Milano, Milano, Italy, 2CNR Institute of Neuroscience,
Pisa, Italy, 3Unit of Clinical Pharmacology, Department of Clinical
Sciences, University Hospital Luigi Sacco, Università di Milano, Milano,
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Microvesicles (MVs) released into the brain microenvironment are emerging as a novel way of cell-to-cell communication. We have recently shown that microglia, the
immune cells of the brain, shed MVs upon activation but
their possible role in microglia-to-neuron communication
has never been explored. To investigate whether MVs
affect neurotransmission, we analysed spontaneous release of glutamate in neurons exposed to MVs and found
a dose-dependent increase in miniature excitatory postsynaptic current (mEPSC) frequency without changes in
mEPSC amplitude. Paired-pulse recording analysis of
evoked neurotransmission showed that MVs mainly act
at the presynaptic site, by increasing release probability.
In line with the enhancement of excitatory transmission
in vitro, injection of MVs into the rat visual cortex caused
an acute increase in the amplitude of ﬁeld potentials
evoked by visual stimuli. Stimulation of synaptic activity
occurred via enhanced sphingolipid metabolism. Indeed,
MVs promoted ceramide and sphingosine production in
neurons, while the increase of excitatory transmission
induced by MVs was prevented by pharmacological or
genetic inhibition of sphingosine synthesis. These data
identify microglia-derived MVs as a new mechanism by
which microglia inﬂuence synaptic activity and highlight
the involvement of neuronal sphingosine in this microgliato-neuron signalling pathway.
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Introduction
Despite microvesicles (MVs) were originally described as
inert debris, their functional relevance has become now
clear and MV shedding is a recognized mode of intercellular
communication. MVs, also referred to as shed vesicles or
ectosomes (Sadallah et al, 2011) are small (0.1–1 mm) membrane-bound vesicles that extrude from cells during activation. MVs contain surface proteins, cytoplasmic and nuclear
material of parent cells and can transfer these components
to target cells (Cocucci et al, 2009). MVs are believed to
originate from lipid rafts and contain lipid rafts elements
(Del Conde et al, 2005) together with bioactive lipids such
as arachidonic acid and sphingosine-1-phosphate (S-1P)
(Ratajczak et al, 2006; Thomas and Salter, 2010). In addition,
it is well known that MVs lose membrane asymmetry and are
characterized by externalization of phosphatidylserine
(PS; Zwaal and Schroit, 1997; Sims and Wiedmer, 2001). PS
exposed on shed MVs represents a determinant for recognition on recipient cells, through binding to the corresponding
cellular PS receptors (Al-Nedawi et al, 2009). Besides
receptor-ligand binding and endocytosis, the interaction of
MVs with recipient cells can occur by fusion. Alternatively,
MVs can undergo rupture and release luminal active components, thus modulating, by protein secretion, the activity
of target cells.
We have recently shown that a specialized type of MV
release exists for glial cells that express P2X7 receptors, which
shed MVs from the cell surface when exposed to ATP in vitro.
MV production is controlled by acid sphingomyelinase (ASMase), which hydrolyses membrane sphingomyelin (SM) to
ceramide, the precursor of other bioactive sphingolipids.
During ATP activation, A-SMase moves to plasma membrane
outer leaﬂet, where it induces MV budding, and remains
associated with shed MVs (Bianco et al, 2009b). MVs shed
from glial cells and brain tumour store the pro-inﬂammatory
cytokine IL-1b (Bianco et al, 2005), angiogenic factors and
their respective mRNAs, and matrix metalloproteinases
(Al-Nedawi et al, 2008; Proia et al, 2008; Sbai et al, 2010).
These factors are released by glial cells also through a distinct
type of vesicles, exosomes (Skog et al, 2008; Bianco et al,
2009b), smaller and more homogeneous organelles, which
result from the exocytosis of multivesicular bodies, and
which are released under the control of neutral sphingomyelinase (Trajkovic et al, 2008; Kosaka et al, 2010). Exciting
evidence indicate that both shed MVs and exosomes derived
from glial tumours are taken up by brain endothelial cells and
gain access to compartments external to the CNS, suggesting
a role of these organelles in long range signalling (Al-Nedawi
et al, 2008, 2009; Skog et al, 2008; Graner et al, 2009). By
contrast, little information is available about the physiological role of MVs derived from non-tumour glial cells in short
range intercellular communication within the brain (van der
Vos et al, 2011).
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Given inﬂammatory mediators which affect glutamate transmission (Viviani et al, 2007; Vezzani et al, 2008) are stored
within MVs and elements of the sphingolipids system, which
also inﬂuence neurotransmitter release (Darios et al, 2009;
Okada et al, 2009; Kanno et al, 2010; Norman et al, 2010), are
localized at MV surface (Ratajczak et al, 2006; Bianco et al,
2009b), in this study we explored the possibility that MVs shed
from glial cells upon P2X7 receptors activation modulate neurotransmission. Functional P2X7 receptors, active on
A-SMase, and triggering MV shedding are expressed in almost
all microglial cells in both culture and in vivo whereas in
astrocytes the receptor expression is brain region speciﬁc
(Bianco et al, 2009a) and its functional presence in situ is
still controversial (Jabs et al, 2007). We therefore focused on
MVs derived from microglial cells and found that they signiﬁcantly enhance excitatory transmission, thus identifying MVs
as a new pathway of microglia-to-neuron signalling.

Results
Microglia-derived MVs increase mEPSCs frequency and
EPSC amplitudes
To evaluate whether microglia-derived MVs modulate synaptic
transmission, we ﬁrst analysed miniature excitatory postsynaptic currents (mEPSCs) in 14-day-old cultured hippocampal
neurons, preexposed for 30–45 min to MVs produced either
from primary microglia (Figure 1A–E) or from the N9 microglia
cell line (Figure 3A). Given microglia are about as common as
neurons in rodent brain but proliferate upon pathological
alterations (Graeber, 2010), neurons were exposed to different
amounts of MVs, produced by primary cells in a microglia-toneuron relative ratio ranging from 1:1 to 4:1. A small increase
in mEPSC frequency, which however did not reach a statistically signiﬁcant difference, was evoked by MVs produced by
microglia in a 1:1 ratio (1.2 mg/ml, obtained diluting in 600 ml of
medium the MVs produced by 1.7 105 cells) while MVs
produced by twice as many microglia as neurons increased
the frequency of mEPSCs by more than two-fold (Figure 1B).
The increase in mEPSC frequency was not associated with
amplitude changes (Figure 1C), thus suggesting a presynaptic
effect. Exposure to MVs also induced a small but signiﬁcant
increase in mEPSC decay (Figure 1E), but not rise time
(Figure 1D), suggesting a mild effect of MVs on the gating of
postsynaptic receptors. A higher concentration of MVs, produced by donor cells in a microglia-to-neuron ratio of 4:1
caused a stronger stimulation of mEPSC frequency
(Figure 1B) but also tended to increase the current noise.
Therefore, a microglia-to-neuron ratio of 2:1 was utilized in
subsequent experiments.
Evaluation of neuronal availability by calcium imaging
recordings and annexin-V staining ruled out any acute or
delayed toxic effects mediated by microglia-derived MVs
(Supplementary Figure S1). Monitoring vesicle exocytosis
under depolarized conditions (50 mM KCl, 4 min) using antibodies directed against the luminal domain of synaptotagmin I
(Syt-ECTO Ab) (Matteoli et al, 1992), revealed that exposure
to MVs induced a small but signiﬁcant increase in the fraction
of glutamatergic boutons positive for Syt-ECTO Ab (N ¼ 5;
percentage of recycling synapses, Ctr ¼ 100±3.5; MV-treated
neurons ¼ 112.9±4.9, t-test followed by Mann–Whitney
rank-sum test, P ¼ 0.04), suggesting an increase in synaptic
vesicle recycling. Consistent with these data, paired record1232 The EMBO Journal VOL 31 | NO 5 | 2012

ings of neurons exposed to MVs showed a larger amplitude of
evoked EPSCs as compared with controls (Figure 1F and G).
To evaluate whether the enhanced EPSC amplitude results
from an increase in release probability, we measured shortterm plasticity, by recording from pairs of neurons at 50 ms
interval. While paired-pulse facilitation (PPF) usually occurs
in control cultures (Figure 1H), synaptic connections showed
paired-pulse depression (PPD) in MV-treated cultures, indicating an increase in release probability (10 sweeps-trial/
pairs; Figure 1H–I). To address whether the switch from PPF
to PPD could result from a change in the size of the ready
releasable pool (RRP) of vesicles, which are docked and
primed for fusion, we analyse sucrose-evoked exocytosis,
which reﬂects the calcium-independent release of the RRP
(Rosenmund and Stevens, 1996). A 4-s long local application
of hypertonic solution to synaptic regions produced larger
bursts of quantal events in neurons exposed to MVs, indicating a larger RRP of vesicles (Figure 1J–L). Altogether, these
results indicate that a larger RRP of vesicles, together with an
increase in release probability, account for the enhanced
amplitude of EPSCs induced by MVs.

MVs enhance the amplitude of evoked responses in vivo
To address whether MVs stimulate evoked transmission
in vivo, visual evoked potentials (VEPs) were recorded in
rats, before and 1 h after MVs injection into primary visual
cortex. VEPs represent the integrated synaptic response of
cortical cells to visual stimulation and reﬂect the sum of
excitatory currents elicited by the sensory stimulus (Porciatti
et al, 1999; Restani et al, 2009). We found that injection of
control, saline solution, had no effect on VEP amplitudes
(Figure 2A). Conversely, ﬁeld potential responses were signiﬁcantly potentiated by MVs injection (1.5 mg/ml; Figure 2B).
In particular, a consistent enhancement was found for responses to high contrast stimuli (90% contrast; Figure 2B).
Latency of VEPs was not impacted by either saline or MV
delivery (Figure 2C). Analysis of the spiking activity of single
cortical units revealed a signiﬁcant enlargement of neuron
receptive ﬁelds (RFs) after MV, but not saline, injection
(Figure 2D). An increase in RF size is consistent with the
enhancement of excitatory synaptic transmission in visual
cortex (Benali et al, 2008).
The stimulatory activity of MVs requires interaction
of MVs with neuronal surface and does not depend on
cytokines
To verify whether interaction of MVs with the plasma membrane of neurons is required for the stimulatory action, MVs
were pretreated with annexin-V, which prevents binding of
PS, externalized on MVs, to corresponding neuronal receptors. Cloaking PS signiﬁcantly reduced MV-induced increase
of mEPSC frequency, suggesting that the interaction between
MVs and neurons is relevant for the biological effect
(Figure 3A). No changes were observed in mEPSC activity
after incubation of neurons with annexin-V alone.
The inﬂammatory mediators TNF-a and IL-1b are among
the proteins contained in MVs shed from reactive microglia
(Bianco et al, 2005), which can contribute to modulate
neuronal activity. Since TNF-a and IL-1b synthesis is upregulated in response to inﬂammatory stimuli (Akira and
Takeda, 2004; Thomas and Salter, 2010), to highlight the
& 2012 European Molecular Biology Organization
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Figure 1 Effect of MVs on neurotransmission in hippocampal cultures. (A) Representative traces of mEPSCs from control neurons and neurons
exposed to MVs. (B) Changes of mEPSC frequency evoked by MVs in a microglia-to-neuron ratio of 1:1 (MVs concentration ¼ 1.2 mg/ml),
2:1 (MVs concentration ¼ 2.38 mg/ml), and 4:1 (MVs concentration ¼ 4.76 mg/ml); N ¼ 3; one-way ANOVA followed by Dunn’s method,
Po0.001. (C) Cumulative distribution of mEPSC amplitude from control and MV-treated neurons; n ¼ 15 controls; n ¼ 12 MV-treated neurons;
t-test followed by Mann–Whitney, P ¼ 0.054. (D, E) Rise time (D), t-test followed by Mann–Whitney rank-sum test, P ¼ 0.071 and decay time
(E), n ¼ 10 controls; n ¼ 15 MV-treated neurons; test followed by Mann–Whitney, P ¼ 0.006 of mEPSCs from control and MV-treated neurons.
(F, G) Examples of stimulus-evoked EPSCs in control and MV-treated paired mouse neurons (F) and corresponding mean amplitude (G); t-test
P ¼ 0.001, N ¼ 3, 11 versus 10 pairs, respectively. (H, I) Representative traces of short-term plasticity in paired mouse neurons (H) and
quantitative analysis of paired-pulse ratio (I); n ¼ 10 pairs per conditions, N ¼ 3, t-test followed by Mann–Whitney rank-sum test, P ¼ o0.001.
(J) Representative sucrose-evoked responses from control and MV-treated neurons. (K, L) Mean amplitude (nA) and total charge (pC) of
sucrose-evoked responses; N ¼ 4, n ¼ 16 Ctr; n ¼ 24 MV-treated cells; current (nA), t-test followed by Mann–Whitney rank-sum test, P ¼ 0.025;
charge transferred (nC), P ¼ 0.042.

possible involvement of cytokines we evaluated the effects of
MVs produced by cells activated with LPS. A similar increase
in mEPSC frequency (Figure 3B) but not mEPSC amplitude
(Figure 3C) was induced by MVs produced by LPS-treated
microglia as compared with MVs derived from resting microglia. Furthermore, no reduction of mEPSC frequency
(Figure 3B) or decay time (Ctr ¼ 1.508±0.09 ms, n ¼ 10 cells;
MVs treated ¼ 1.748±0.10 ms, n ¼ 8, LPS-MVs treated
& 2012 European Molecular Biology Organization

1.83±0.086 ms, n ¼ 7; MVs treated þ neutrAb 1.87±0.13 ms,
n ¼ 7 and LPS-MVs treated þ neutrAb ¼ 1.73±0.15 ms, n ¼ 5;
LPS-MVs treated versus LPS-MVs treated þ neutrAb, t-test
followed by Mann–Whitney rank-sum test, P ¼ 0.0917) was
observed in neurons exposed to MVs in the presence of TNF-a
and IL-1b neutralizing antibodies. Altogether, these data suggest that the enhancement of exocytosis induced by MVs does
not depend on the release of TNF-a and IL-1b from MVs,
The EMBO Journal
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Figure 2 MVs increase ﬁeld potential responses in vivo. (A, B) Contrast threshold curves obtained before and after delivery of saline (A, n ¼ 4
rats; two-way repeated measures ANOVA, baseline versus post saline, P ¼ 0.84) or MVs (B, n ¼ 6 rats) into the visual cortex. The VEP amplitude
for each contrast value is normalized to the amplitude of the response at contrast ¼ 90% before injection. Note the signiﬁcant potentiation of
the VEP response to 90% contrast gratings following MVs (two-way repeated measures ANOVA followed by Holm–Sidak test, Po0.05).
(C) VEP latencies before/after delivery of saline or MVs. Latency of visual response is not affected (paired t-test, P40.49 for all comparisons)
by either treatment. (D) RF sizes before/after delivery of saline or MVs. Note the signiﬁcant enlargement of RFs following MVs injection (paired
t-test, Po0.05), but not after saline injection (paired t-test; MVs, P ¼ 0.015 and saline, P ¼ 0.68, respectively). Before saline, n ¼ 30 cells; after
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consistent with the low levels of these cytokines in MVs
derived from unstimulated cells.
Surface components of MVs mediate stimulation of
exocytosis
To investigate whether the effects of MVs were mediated by
factor/s present at the surface or in the lumen of these
organelles, MVs were broken by freeze and thaw, pelleted
to remove soluble components and then added to cultured
neurons. Figure 3D shows that broken vesicles, depleted of
their content, retained the capability to increase frequency of
mEPSCs, indicating that surface component/s were sufﬁcient
to stimulate exocytosis. Freeze and thaw MV disruption was
assessed by detection of IL-1b release from MVs produced by
LPS-primed microglia (Figure 3E) and by ﬂow cytometry
analysis of MVs shed from microglia loaded with the calcein
analogue CMFDA (Figure 3F). Higher levels of soluble IL-1b
were detected in the medium containing MVs subjected to
freeze and thaw as compared with intact MVs (Figure 3E).
Accordingly, whereas intact MVs that retained CMFDA within
the MV cytoplasm displayed a ﬂuorescent signal, a strong
reduction in CMFDA ﬂuorescence was detected in MVs subjected to freeze and thaw (Figure 3F). To get insights into the
possible role of MVs lipids, neurons were exposed to synthetic liposomes, similar in size to MVs, having PS externalized and mimicking the phospholipid composition of the
plasma membrane (60% PC, 20% cholesterol, 10% SM, 10%
PS). No increase in mEPSC frequency was detected in cultures incubated with liposomes, excluding a major involvement of the main phospholipid constituents of the plasma
membrane, including externalized PS, in the biological effect
1234 The EMBO Journal VOL 31 | NO 5 | 2012

of MVs (Figure 3G). However, the lipid fraction extracted
from MVs was able to increase mEPSC frequency at an extent
similar to that of intact MVs (Figure 3G). Therefore, this
indicates that the stimulatory agent is associated with the MV
lipid component.
Microglia-derived MVs increase sphingolipid
metabolism
Recent evidence indicates that the sphingolipids sphingosine
(Sph) and its metabolite sphingosine-1P (S-1P) facilitate
transmitter release from synaptic terminals (Darios et al,
2009; Okada et al, 2009; Kanno et al, 2010; Norman et al,
2010). Sph can be produced from SM by sequential activity of
SMase and ceramidase, and converted by sphingosine kinase
to S-1P. This prompted us to investigate whether MVs may
facilitate sphingolipid availability in neurons and enhance
therefore exocytosis.
We ﬁrst evaluated sphingolipid metabolism in neurons,
exposed or not to MVs, after labelling cells with [Sph-3H]SM.
In control and MV-treated neurons, the amount of cellassociated radioactivity was very similar. The incubation
with MVs promoted a signiﬁcant increase of 3H ceramide
and 3H Sph with a concomitant decrease of 3H-SM
(Figure 4A), thus indicating that MVs actually stimulate
3H-SM breakdown in neurons. Application of exogenous
A-SMase, as well as SM metabolite Sph and its phosphoderivative S-1P all mimicked the stimulation of mEPSC
frequency induced by MVs (Figure 4B). A-SMase (2 U/ml),
Sph (1 mM), and S-1P (1 mM) increased the frequency of
mEPSC by 1.96-, 1.84-, and 2.7-fold, respectively. No changes
in mEPSC amplitude were induced by either Sph or S-1P
& 2012 European Molecular Biology Organization
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Figure 3 Surface components of MVs stimulate of exocytosis. (A) Normalized mEPSC frequency of control neurons and neurons exposed to
MVs pretreated with annexin-V; N ¼ 3, one-way ANOVA followed by Fisher’s LSD methods, Po0.001. (B) mEPSC frequency of control neurons
and neurons exposed to MVs derived from resting or LPS-primed microglia with or without TNF-a and IL-1b neutralizing Abs; N ¼ 3, one-way
ANOVA followed by Dunn’s test, P ¼ 0.003, LPS-MV-treated versus LPS-MVs-treated þ neutrAb t-test, P ¼ 0.439. (C) Cumulative distribution of
mEPSC amplitudes as in (B). (D) mEPSC frequency from control neurons, neurons exposed to intact or empty N9-MVs, broken by freeze and
thaw; N ¼ 3, one-way ANOVA followed by Dunn’s test, P ¼ 0.002. (E) MVs shed from LPS-primed N9 in saline were subjected or not to freeze
and thaw. The histogram shows the concentration of IL-1b detected by ELISA in the saline containing intact MVs or broken MVs. (F) Flow
cytometry plots for CMFDA of intact and broken MVs. (G) Rate of mEPSCs recorded from control neurons and neurons exposed to either
artiﬁcial liposomes or native lipids from MVs; N ¼ 3, one-way ANOVA followed by Dunn’s methods, P ¼ 0.002.

(Ctr ¼ 44.11±2.79 pA, Sph treated ¼ 47.13±1.46 pA, S-1P
treated ¼ 43.13 pA), but Sph signiﬁcantly increased the decay
time (Ctr ¼ 1.50±0.095 ms; Sph treated ¼ 1.88±0.12 ms, t-test
followed by Mann–Whitney rank-sum test, Po0.001). We then
evaluated whether pretreatment of neurons with the ceramidase inhibitor N-oleoylethanolamine (NOE; Strelow et al,
2000), to prevent metabolism of ceramide to Sph, or with the
Sph kinase inhibitor SKI-1, to prevent metabolism of Sph to S1P (Kanno et al, 2010), impaired the stimulatory action of MVs.
Pretreatment of neurons with 37 mM NOE but not with 2 mM
SKI-1 strongly inhibited the increase in mEPSCs frequency
induced by MVs (Figure 4C). No changes were observed in
& 2012 European Molecular Biology Organization

mEPSC frequency after incubation of neurons with NOE or
with SKI-1 alone (NOE treated ¼ 0.67±0.08 Hz, n ¼ 8 cells;
SKI-1 treated ¼ 0.81±0.12 Hz, n ¼ 8 cells). These data indicate
that the biological activity of MVs requires sphingolipid metabolism in neurons and indicate Sph as the key sphingolipid
involved in the enhancement of excitatory neurotransmission.
Neuronal A-SMase mediates MV-induced facilitation of
exocytosis
To investigate the contribution of A-SMase to sphingolipid
metabolism and increased mEPSC frequency, neurons established from A-SMase KO mice were exposed to MVs. A-SMase
The EMBO Journal
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KO neurons did not display signiﬁcant alteration of mEPSC
frequency as compared with heterozygous or wild-type neurons (Figure 4D), consistent with normal basal synaptic
transmission (Camoletto et al, 2009). As expected, exposure
of WT neurons to MVs increased the frequency of mEPSCs
(Figure 4E). Conversely, reduced stimulation of mEPSC frequency was observed in A-SMase heterozygous neurons and
no increase in the rate of mEPSCs was detected in A-SMase
KO neurons (Figure 4E). A signiﬁcant increase of mEPSCs
frequency was observed in response to externally added Sph
(1 mM) in A-SMase KO neurons, thus excluding that accumulation of SM at the synaptic membranes of A-SMase knockout
neurons (Camoletto et al, 2009) may hide the stimulatory
action of MVs. Data obtained in A-SMase KO neurons suggest
that neuronal A-SMase is the enzyme responsible for the
increased metabolism of sphingolipids and facilitation of
excitatory transmission caused by MVs. Furthermore, these
results exclude that MVs stimulate exocytosis by directly
transferring bioactive sphingolipids to neuronal terminals.

Discussion
In the present study, we unveiled a novel mechanism by
which microglia can modulate neuronal activity. MVs shed
1236 The EMBO Journal VOL 31 | NO 5 | 2012

from the surface of microglia interact with the plasma membrane of neurons and enhance spontaneous and evoked
excitatory transmission, without producing any acute or
delayed neurotoxic effects. Of note, evaluation of neuronal
availability by calcium imaging recordings and annexin-V
staining in neuronal cultures exposed up to 5 days to MVs,
rule out any acute or delayed neurotoxic effects of MVs. The
minimal amount of MVs needed to elicit a signiﬁcant stimulation of neurotransmission is that produced by twice as
many cultured microglial cells as recipient neurons, in a
microglia-to-neuron ratio not distant from the 1:1 value
occurring in brain (Graeber, 2010). A similar increase in
mEPSC frequency is induced by MVs derived from cultured
astrocytes, when diluted in the culture medium up to the
minimal active concentration determined for microglial MVs
(2.4 mg/ml) (Supplementary Figure S2). However, vesiculation is less efﬁcient in cultured astrocytes than in microglia,
suggesting a lower potential of MVs of astrocytic origin in
modulating neuronal exocytosis.
MVs mainly act on the presynaptic site of the excitatory
synapse, by increasing the RRP of vesicles and enhancing
release probability at hippocampal synapses in primary
cultures. We demonstrate that MVs inﬂuence neurotransmission by inducing sphingolipid metabolism in neurons.
& 2012 European Molecular Biology Organization
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Growing evidence suggests that SM metabolites, generated
by SMase and ceramidase, regulate exocytosis and have
functions beyond their structural role (Davletov and
Montecucco, 2010). SMase and ceramidase activities have
been linked to neurotransmitter release (Davletov and
Montecucco, 2010) and the Sph metabolite S-1P has been
reported to upregulate glutamate secretion in cultures
(Kajimoto et al, 2007) and to increase action potential ﬁring
in CA1 neurons (Norman et al, 2010). Recently, it has been
clariﬁed that Sph, but not ceramide or S-1P, activates VAMP2 to form SNARE fusion complexes, thus leading to enhanced
mEPSC frequency, higher EPSC amplitude and larger RRP
size (Darios et al, 2009). Our direct measurement of SM
metabolism shows that MVs increase the breakdown of
neuronal SM to ceramide and Sph. Experiments performed
in A-SMase KO neurons suggest that the enzyme A-SMase is
responsible for the ﬁrst step of sphingolipid synthesis. In
addition, results obtained using the ceramidase inhibitor
NOE indicate that Sph production from ceramide is required
for the presynaptic action of MVs. Of note, exposure to MVs
produces exactly the same presynaptic changes induced by
externally added A-SMase or Sph, that is, increase in mEPSC
frequency but not amplitude, larger evoked EPSCs and
sucrose-evoked responses and small but signiﬁcant increase
in mEPSC decay (Darios et al, 2009), suggesting a crucial role
for Sph in stimulating exocytosis. Consistent with previous
ﬁnding (Kanno et al, 2010) exogenously added S-1P also
caused a strong stimulation of mEPSC frequency, without
affecting their amplitude, suggesting that further metabolism
of Sph to S-1P, by Sph kinase can contribute to enhanced
neurotransmission. However, inhibition of Sph phosphorylation did not impair the MV-induced increase in mEPSC
frequency, ruling out a major role of S-1P in the facilitation
of exocytosis. These data do not exclude, however, that S-1P
may contribute to the presynaptic action of MVs, through the
involvement of molecular targets other than VAMP-2 in the
complex array of molecules controlling exocytosis (Kajimoto
et al, 2007; Darios et al, 2009).
The stimulatory effect of MVs requires MV interaction with
the neuronal surface. Indeed, the increase in mEPSCs is
reduced when the binding of externalized PS to its neuronal
receptors is prevented by cloaking the phospholipid with
annexin-V. Consistent with this ﬁnding, confocal analysis of
hippocampal neurons exposed to GFP-labelled MVs, extensively washed and processed for immunocytochemistry, revealed the presence of few MVs anchored to the surface of
neuronal processes (Supplementary Figure S3). The use of
empty MVs, depleted of their luminal content, indicates that
the presynaptic effect of MVs depends on surface components. Accordingly, MVs affect presynaptic functionality independently from the activation state, resting or reactive, of
their parental microglia, as well as from the content of
inﬂammatory cytokines and the presence of cytokine neutralizing antibodies. It has been recently shown that phospholipids present on the membrane of MVs mediate the
biological activity of MVs derived from macrophages,
which propagate an inﬂammatory signal among peripheral
immune cells (Thomas and Salter, 2010). Accordingly, we
found that the lipid fraction of MVs shed in vitro from
microglia is responsible for their stimulatory capacity; however, the main phospholipid constituents of the plasma
membrane, including PS, are not per se sufﬁcient to activate
& 2012 European Molecular Biology Organization

neuronal SMase and sphingolipid metabolism in neurons,
although PS externalized on MVs might facilitate MV recognition. Data obtained in A-SMase KO neurons suggest the
requirement of neuronal A-SMase activity for enhancement
of excitatory transmission and exclude that presynaptic stimulation depends on direct transfer of sphingolipids from
MVs to neurons. However, we cannot exclude that lysosomal
accumulation of SM and gangliosides in A-SMase KO neurons, by altering trafﬁc along the endocytic pathway and
plasma membrane organization of lipid rafts (Camoletto et al,
2009; Ledesma et al, 2011), may impair interaction of MVs
with neurons and/or cell signalling leading to altered sphingolipid metabolism. Additional studies are required to identify the active lipid components of MVs, which are involved in
the MV-evoked presynaptic stimulation.
Previous evidence indicates that MV release is induced by
ATP, a physiological gliotransmitter (Verderio and Matteoli,
2001) but also a danger signal and that the shedding process
occurs more efﬁciently in activated as compared with resting
cells (Bianco et al, 2009b; Qu et al, 2009; Sarkar et al, 2009).
Considering that the extracellular space is very limited in the
CNS, it is likely that neurons in vivo may be exposed to active
MV concentrations, especially in brain pathology, when ATP
level raises in the extracellular space and microglial cells are
promptly activated. By VEP and single unit recordings, we
have here provided proof-of-principle that MVs can acutely
alter excitatory synaptic transmission also in vivo. This was
indicated by the signiﬁcant enhancement of VEP amplitudes,
which reﬂect the sum of excitatory currents elicited by visual
stimulation (Porciatti et al, 1999; Restani et al, 2009), and by
the increase in the RF size of cortical cells, which can be
typically explained by an alteration of the excitation/inhibition balance in visual cortex (Benali et al, 2008; Liu et al,
2010). It is important to mention that these results were
obtained with a high MV dose (1.5 mg/ml), and it is difﬁcult
to relate this dose to the potential amount of MVs that can be
released in vivo under normal or pathological conditions.
Thus, the relevance of the high MV dose employed remains to
be established.
Uncontrolled microglial stimulation was previously linked
to neurotoxicity and to a wide range of brain diseases.
However, microglial reaction also supports neurons by providing trophic factors, eliminating damaged cells (Olah et al,
2011), controlling synaptogenesis (Roumier et al, 2004), and
monitoring the functional state of synapses (Wake et al,
2009). Although we cannot exclude that MV-induced facilitation of exocytosis may represent a protective response of
microglia, aimed at restoring neuronal activity upon functional deﬁcit of synaptic transmission, it is more likely that
MVs impact neurotransmission in case of microglia overshooting. By causing overproduction of sphingolipids, MVs
shed from reactive microglia may contribute to the excessive
potentiation of excitatory transmission, which occurs in
neuroinﬂammatory and degenerative diseases (De Felice
et al, 2007; Busche et al, 2008; Centonze et al, 2009).
Consistent with this hypothesis, our unpublished data indicate that the amount of MVs produced in vivo by microglia,
which can be recovered in the cerebrospinal ﬂuid of rodents
and humans, strongly increases under brain inﬂammation
(Verderio C and Furlan R, unpublished observation). The
present identiﬁcation of lipids present on the MV surface as
factors involved in the acute stimulation of presynaptic
The EMBO Journal
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activity does not rule out that cytokines stored inside MVs
can enhance neurotransmission further, on a longer time
scale, after being released from MVs.
Over the last years, MVs have gained increasing attention
as an unconventional mechanism of intercellular communication within the brain but no evidence has been provided so
far about their possible role in the modulation of neuron
functionality by glial cells. Our data indicate that, among the
variety of surface receptors and soluble factors which mediate the bidirectional communication between microglia and
neurons (Ransohoff and Cardona, 2010; Olah et al, 2011),
shed MVs represent a new mechanism by which microglia
inﬂuence synaptic activity.

Materials and methods
Animal experiments
Long-Evans rats aged P26–P30 were used for VEP experiments. All
efforts were made to minimize animal suffering and to reduce the
number of animals used, in accordance with the European
Communities Council Directive of 24 November 1986 (86/609/
EEC).
Cell cultures
N9 microglia and microglia cultures P1 Sprague Dawley rats were
obtained and maintained as described (Bianco et al, 2005). Rat or
mouse hippocampal neurons were established from E18 fetal
Sprague Dawley rats and from E18 embryonic A-SMase KO or
WT littermate C57BL/6 mice (Horinouchi et al, 1995). The
dissociated cells were plated onto poly-L-lysine-treated coverslips
and maintained in Neurobasal with 2% B27.
MVs isolation
MVs shed upon exposure to BzATP (100 mM) for 30 min in KrebsRinger solution (125 mM NaCl, 5 mM KCl, 1.2 mM MgSO4, 1.2 mM
KH2PO, 2 mM CaCl2, 6 mM D-glucose, and 25 mM HEPES/NaOH, pH
7.4) were pelletted at 10 000 g for 30 min, as described previously
(Bianco et al, 2009b). We obtained 4.2±0.15 mg of MVs (n ¼ 5,
±s.e.) from 1 106 primary microglia or from 5 106 N9 cells.
Micro BCA protein assay kit (Thermo Fischer Scientiﬁc) was used to
determine the protein concentration, according to the manufacturer’s speciﬁcations. In all, 1.7 105 neurons were incubated with
an amount of MVs (1.42 mg) produced by primary microglia in a
microglia-to-neuron ratio of 2:1 for 30–45 min at 371C if not
otherwise stated, corresponding to an MV protein concentration of
2.38 mg/ml, obtained diluting MVs in 600 ml of medium. In case of
MVs derived from N9 microglia, microglia-to-neuron ratio was 5:1.
MVs were used immediately after isolation and never stored for
later use. Shed MVs were broken by freeze and thaw and repelletted
at 100 000 g for 1 h. MVs were resuspended in annexin-V, biotin
conjugated for 30 min, washed and repelleted. For biochemical
fractionation of MVs, total lipids were extracted through the method
previously described (Riboni et al, 2000) with 2:1 (by volume) of
chloroform and methanol. The lipid fraction was evaporated under
a nitrogen stream, dried for 1 h at 501C and resuspended in PBS at
401C in order to obtain multilamellar vesicles. Small unilamellar
vesicles were obtained by sonicating multilamellar vesicles,
following the procedure of Barenholz et al (1977).
Electrophysiological recordings
Whole-cell voltage clamp recordings were obtained with an
Axopatch 200-B ampliﬁer and pCLAMP software, mEPSCs were
recorded at 70 mV in the presence of 1 mM TTX at room
temperature (20–251C) and analysed using Clampﬁt software. All
experiments were performed in 1.7 105 neurons/coverslip, cultured for 12–14 days. The mean mEPSC frequency was B1 Hz.
Paired recordings were made from low-density cultures with a 1-ms
depolarization to þ 30 mV. Short-term plasticity was measured at
an interstimulus of 50 ms. For RRP measurements, hypertonic
solution containing 6 mM sucrose was infused with a puffer pipette
for 4 s. Currents were ﬁltered at 2 kHz and sampled above 5 kHz.
External control solutions contained 125 mM NaCl, 5 mM KCl,
1.2 mM MgSO4, 1.2 mM KH2PO, 2 mM CaCl2, 6 mM D-glucose, and
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25 mM HEPES/NaOH, pH 7.4. Recording pipettes were fabricated
from capillary glass using a two-stage puller (Narishige, Japan) and
had tip resistances of 3–5 MO when ﬁlled with the intracellular
solution of the following composition, 130 mM potassium gluconate, 10 mM KCl, 1 mM EGTA, 10 mM HEPES, 2 mM MgCl2, 4 mM
MgATP, 0.3 mM Tris-GTP. Series resistance was monitored during
experiments, and recordings with changes over 20% control during
experiments were rejected.
MVs injection and VEP recordings
Recordings were conducted in P26–P30 rats as described previously
(Caleo et al, 2007; Restani et al, 2009). Brieﬂy, animals were
anaesthetized with urethane (20% solution in saline, Sigma; 0.6 ml/
100 g body weight) and placed in a stereotaxic apparatus. Body
temperature during the experiments was constantly monitored with
a rectal probe and maintained at 371C with a heating blanket. A
glass micropipette (2 MO) ﬁlled with NaCl (3 M) was mounted on a
three axis motorized micromanipulator and inserted into the
binocular portion of visual cortex. VEPs and single units (6–8
cells) were recorded from a single penetration in one hemisphere.
After this baseline recording, an injection pipette held by a second
micromanipulator was used to deliver saline or MVs (derived from
2 106 N9 cells dissolved in 1 ml of sterile saline) in the vicinity
(o1 mm) of the recording electrode. After a delay of 20 min, we
started to record VEPs and single units again along the same
penetration. Care was taken to record at the same coordinates
before and after injection in each animal. For extracellular
recordings of spiking activity, visual stimuli were delivered to the
contralateral eye and consisted of a computer-generated bar
(contrast, 90%; thickness, 31; speed, 281/second) presented on a
monitor (Sony, 40  30 cm; mean luminance 15 cd/m2). Signals
were ampliﬁed 25 000-fold, bandpass ﬁltered (300–5000 Hz), and
conveyed to a computer for storage and analysis. Action potentials
were discriminated from background by a voltage threshold, that
was set as 4.5 times the standard deviation of noise, as described
(Caleo et al, 2007). RF sizes were determined from peristimulus
time histograms (PSTHs; bin size ¼ 33 ms) of the cell response to
the stimulus, averaged over 20 consecutive stimulations as
described (Caleo et al, 2007). For VEP recordings, the electrode
was typically positioned at a depth of 100 mm within the cortex.
Steady-state VEPs were recorded in response to reversal (4 Hz) of a
horizontal sinusoidal grating (spatial frequency, 0.07 cycles/degree;
contrast 0, 10, 20, 30, 90%), generated by computer on a display
(Sony; 40  30 cm; mean luminance 15 cd/m2) by a VSG card
(Cambridge Research System). Signals were ampliﬁed (1000–2000fold), bandpass ﬁltered (0.1–500 Hz), and fed to a computer for
storage and analysis. At least 100 events were averaged in
synchrony with the stimulus contrast reversal. VEP amplitude was
quantiﬁed by measuring the amplitude of the second harmonic of
the Fourier transform computed from the recorded signal (Caleo
et al, 2003). The response to a blank stimulus (0% contrast) was
frequently recorded to estimate noise. The response amplitude was
expressed as the ratio between the VEP amplitude at a given
contrast and the VEP amplitude at 90% contrast before MVs
(or saline) delivery.
Immunocytochemical assay
Neurons were incubated with antibodies against the intravesicular
domain of synaptotagmin I (Syt-ECTO; SYSY) in 50 mM KCl solution
for 4 min, washed, ﬁxed, and stained with a secondary antibody
and for vesicular glutamate transporter-1 (vGlut1). Images were
acquired using a Meta confocal microscope and analysed by Image J
software. vGlut1-positive recycling synapses were revealed by
generating a binary mask of Syt-ECTO/vGlut1 double-positive
images. Total count of Syt-ECTO-positive synapses was normalized
to the total count of the corresponding vGlut1 staining. Synapses
were scored as positive for Syt-ECTO Ab internalization when the
ﬂuorescence intensity was at least 2.5-fold higher as compared with
that of cultures exposed only to secondary antibodies. Increase in
synaptic vesicle recycling rate results in more efﬁcient Syt-ECTO Ab
internalization, bringing subthreshold synapses above threshold
levels (Bacci et al, 2001).
Assessment of MVs rupture: ﬂow cytometry analysis of CMFDAlabelled MVs and IL-1b ELISA. In all, 106 cells primary microglia
were loaded with the ﬂuorescent dye CMFDA (10 mM) for 1 h,
washed and exposed to BzATP. MVs shed into the supernatant were
either pelletted at 10 000 g for 30 min or subjected to freeze and
& 2012 European Molecular Biology Organization
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thaw before being isolated by centrifugation. Intact and freeze and
thaw MVs derived from CMFDA-labelled microglia were then
diluted in PBS buffer and MVs were acquired on a Canto II HTS
ﬂow cytometer using FCS 3 software (Becton Dickinson). A gate
was established on size using beads of 0.5–2 mm. At least 5 104
events were analysed. Alternatively, intact and freeze and thaw
MVs derived from 106 N9 microglia, primed for 6 h with 100 ng/ml
LPS, were resuspended in 100 ml of saline and IL-1b released into the
saline from MVs was quantiﬁed by a mouse IL-1b ELISA kit (Pierce
Endogen, Italy), following the manufacturing procedure.
[Sph-3H] SM metabolism
In all, 106 neurons at 7DIV were maintained 1 h in neuronal medium
without B27 supplement. Stock solutions of [Sph-3H]SM in
absolute ethanol were prepared and added to fresh medium. The
ﬁnal concentration of ethanol never exceeded 0.1% (v/v). The cells
were pulsed 1 h with [Sph-3H]SM (0.11 mCi/ml) followed by 1 h
chase, in neuron conditioned medium, with or without MVs. At the
end of chase, the cells were washed twice with PBS at 41C and
harvested, and total lipids extracted and processed as previously
described (Riboni et al, 2000). The methanolized organic phase was
analysed by HPTLC using different solvent systems: chloroform/
methanol/water (55:20:3 by volume) and chloroform/methanol/
acetone/acetic acid/water (75:15:30:15:7.5 by volume). Digital
autoradiography of HPTLC plates was performed with Beta-Imager
2000 (Biospace, France), and the radioactivity associated with
individual lipids measured using the software provided with the
instrument. The 3H-labelled sphingolipids were recognized and
identiﬁed as described previously (Riboni et al, 2000).
Liposomes
Small unilamellar vesicles of bovine brain PC, bovine brain PS,
bovine brain SM, and cholesterol (60:10:10:20, molar ratio) were
dissolved in chloroform. The lipid mixtures were evaporated under
a nitrogen stream, dried for 1 h at 501C and resuspended in PBS at
401C in order to obtain multilamellar vesicles. Small unilamellar
vesicles were obtained by sonicating multilamellar vesicles,
following the procedure of Barenholz et al (1977).
Reagents
BzATP, LPS, annexin-V, NOE, and A-SMase were from SigmaAldrich. SKI-1 was from Echelon Biosciences. CellTracker green
CMFDA was from Molecular Probes. TTX was from Tocris. PC, PS,

cholesterol, and SM were from Sigma-Aldrich. Sph and S-1P were
from Biomol. [Sph-3H]sphingomyelin (3H SM) was obtained as
previously described (Riboni et al, 2000). TNF-a and IL-1b
neutralizing Abs were from R&D.
Statistical analysis
Data are presented as mean±s.e. from the indicated number of
experiments. Statistical signiﬁcance was evaluated using the
indicated test. The differences were considered to be signiﬁcant if
Po0.05 and are indicated by an asterisk; those at Po0.01 are
indicated by double asterisks and those at Po0.001 are indicated by
triple asterisks.
Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).
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