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1. Introduction

Extracellular vesicles (EVs) are small 
membrane-derived vesicles that shuttle 
bioactive macromolecules such as cyto-
solic and membrane proteins, RNA, or 
DNA between cells.[1] EVs travel wide 
distances in bodily fluids and are well 
suited to act as long-range messengers 
that deliver state-dependent molecular 
information within (and across) organs. 
Moreover, EVs-based approaches hold 
great potential for their use as diagnostic 
or therapeutic nanocarriers (for review 
see refs. [2,3]). As determined by their bio-
genesis, at least three main subgroups of 
EVs have been defined: ectosomes (also 
termed microvesicles), exosomes, and 
apoptotic bodies. These entities originate 
from different cellular sites: microvesicles 
(50–1000 nm) are budding directly from 
the plasma membrane (PM), whereas 

Extracellular vesicles (EVs) are endogenous membrane-derived vesicles that shuttle 
bioactive molecules between glia and neurons, thereby promoting neuronal survival 
and plasticity in the central nervous system (CNS) and contributing to neuro-
degenerative conditions. Although EVs hold great potential as CNS theranostic 
nanocarriers, the specific molecular factors that regulate neuronal EV uptake and 
release are currently unknown. A combination of patch-clamp electrophysiology 
and pH-sensitive dye imaging is used to examine stimulus-evoked EV release in 
individual neurons in real time. Whereas spontaneous electrical activity and the 
application of a high-frequency stimulus induce a slow and prolonged fusion of 
multivesicular bodies (MVBs) with the plasma membrane (PM) in a subset of cells, 
the neurotrophic factor basic fibroblast growth factor (bFGF) greatly increases the 
rate of stimulus-evoked MVB-PM fusion events and, consequently, the abundance 
of EVs in the culture medium. Proteomic analysis of neuronal EVs demonstrates 
bFGF increases the abundance of the v-SNARE vesicle-associated membrane pro-
tein 3 (VAMP3, cellubrevin) on EVs. Conversely, knocking-down VAMP3 in cultured 
neurons attenuates the effect of bFGF on EV release. The results determine the 
temporal characteristics of MVB-PM fusion in hippocampal neurons and reveal a 
new function for bFGF signaling in controlling neuronal EV release.
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exosomes (40–150 nm) are derived from multi-vesicular bodies 
(MVBs) of the late endo-lysosomal pathway, where exosomes 
are formed by inward budding of the limiting membrane into 
the MVB lumen. The biogenesis of EVs is either assisted by the 
endosomal sorting complex required for transport (ESCRT), 
or alternatively, is driven by cone-shaped lipids, such as cera-
mide.[4] The same cell can state-dependently release different 
subpopulations of exosomes and exosome-like EVs with diverse 
cargo compositions to induce various effects on target cells.[5–7]

Before exosomes can be released into the extracellular space, 
MVBs must fuse with the PM and a number of molecular mecha-
nisms facilitate the otherwise energetically unfavorable MVB-PM 
fusion and exosome release. The family of Rab GTPases was 
shown to control MVB inward budding, transport of MVBs, and 
MVB-PM docking in a cell-type specific manner.[8–13] In addi-
tion, MVB-PM fusion may be facilitated by different soluble 
NSF-attachment receptor (SNARE) protein family members in 
different model systems.[12,14–20] Similar to canonical neurotrans-
mission, EV-release appears to be calcium-responsive in most 
cases,[12,21,22] although MVB-PM fusion may also be triggered 
through alternative calcium-independent mechanisms.[20]

In the central nervous system (CNS), EVs released by neu-
rons and glial cells contribute to the complex networks of cell-
to-cell signals that underlie CNS physiology and pathology.[23–25] 
Emerging evidence indicates that EV-mediated signaling regulates 
neuronal firing,[26–29] synaptic plasticity,[17,30–33] and myelin forma-
tion.[34,35] The presence of EVs in cerebrospinal fluid (CSF) under-
scores their relevance in neural tissue.[36] In the injured CNS, 
EVs were recently found to cross the blood–brain barrier and pro-
mote neuroinflammation.[37,38] Furthermore, certain types of EVs 
appear to support neuronal survival under conditions of ischemic 
stress.[9,26,39] In neurodegenerative diseases, EVs contribute to the 
seeding and spreading of toxic protein aggregates, and influence 
the aggregation process and clearance of these aggregates.[40]

In EV-mediated neuron–glia communication, a general 
theme is that the secretion of EVs appears to be coupled to neu-
ronal activity. Neuronal depolarization and glutamate release 
has been suggested to stimulate the secretion of exosomes 
from neurons[41–45] and oligodendrocytes[9] while serotonin 
is reported to stimulate microglial secretion of EVs.[46] The 
EVs may in turn transfer bioactive RNAs, proteins, and lipids 
between cells, thereby regulating neuronal activity.[17,25,30,31,33,41] 
Similar to neurotransmitter vesicles fusing with the PM, exo-
some release can be evoked by electrical activity in conjunction 
with calcium influx and depends on SNARE proteins. However, 
the temporal characteristics of stimulus-evoked EV release and 
cellular-molecular mechanisms that segregate it from neuro-
transmitter release are currently unknown.

Fibroblast growth factors (FGFs) are a family of pleiotropic 
growth and differentiation factors that regulate CNS homeo-
stasis in health and disease. Although FGFs are best known for 
their roles in the early steps of patterning of the neural primor-
dium and proliferation of neural progenitors, they have equally 
important roles in the adult brain; where they regulate neuronal 
calcium homeostasis and plasticity and promote neuroprotec-
tion and repair in response to neural tissue damage (reviewed in 
ref. [47]). In addition to these physiological roles, bFGF has been 
implicated in responses to neuronal injury[48–50] or psychiatric 
conditions (reviewed in refs. [51,52]). For instance, a large body of 

evidence implicated FGF2 and the FGFR in mood and anxiety 
disorders (reviewed in refs. [51,52]) where FGF2 has been consist-
ently found to be decreased in post-mortem brain tissue from 
depressive subjects and in the brain of animal models including 
the hippocampus,[53–57] which is a highly relevant region for 
mood disorders.[58] Single nucleotide polymorphism (SNP) 
in the FGF2 gene was found to be associated with side effects 
and responsiveness to antidepressant treatment.[59] Conversely, 
chronic antidepressant or anxiolytic treatment resulted in an 
increase in FGF2[60] and administration of FGF2 exerted anti-
depressant properties.[61,62] FGFs are expressed throughout the 
developing and adult CNS, with FGF-1 and FGF-2 (basic FGF 
or bFGF) being the most abundant FGF family member in the 
hippocampus.[63–66] bFGF is released from glia and—to a lesser 
degree—from hippocampal neurons[67] and exhibits the highest 
affinity for the FGF receptor 1 (FGFR1).[68] Conversely, FGFR1 is 
the most abundant FGF receptor subtype in the hippocampus, 
where it is predominantly expressed in CA1/CA3 pyramidal 
neurons[69–72] (reviewed in ref. [65]). Despite their important role 
in hippocampal homeostasis, the contribution of FGFs to regu-
lating neuronal EV release has not yet been addressed.

Here, we used a combination of patch-clamp electrophysi-
ology and pH-sensitive dye imaging to examine stimulus-evoked 
EV release in individual neurons in real time. We found that cul-
tured hippocampal neurons have a low consecutive rate of spon-
taneous EV release events. Different from previous reports,[41–45] 
we found that high-frequency electrical stimulation (HFS) does 
not reliably induce EV release in cultured hippocampal neu-
rons and that only a small subset of cells responds to HFS with 
a burst-like increase of MVB-PM fusion events. Unlike syn-
aptic vesicles, which fuse with the PM within milliseconds in 
response to PM depolarization, the stimulus-evoked fusion of 
MVBs occurred only after tens of seconds and exhibited a signifi-
cant time lag between the initial stimulus-evoked calcium signal 
and the eventual MVB-PM fusion event. Treatment with basic 
fibroblast growth factor (bFGF) greatly increased the rate of stim-
ulus-evoked MVB-PM fusion events and consequently the abun-
dance of EVs in the culture medium. Further proteomic analysis 
of neuronal EVs demonstrated bFGF to increase the abundance 
of the v-SNARE vesicle-associated membrane protein 3 (VAMP3, 
cellubrevin) on EVs. Conversely, knocking-down VAMP3 in cul-
tured neurons attenuated the effect of bFGF on EV release. In 
summary, our results thus describe for the first time the specific 
temporal characteristics of MVB-PM fusion in hippocampal 
neurons in response to electrical stimulation, uncovering a sig-
nificant temporal separation of neuronal calcium influx and 
MVB-PM fusion. In addition, our data reveal a new function of 
bFGF signaling in controlling neuronal EV release and thus sup-
port the investigation of growth factor-mediated signal transduc-
tion via EVs in the healthy and diseased CNS.

2. Results

2.1. Stimulus-Induced MVB-PM Fusion Has an Abate Success 
Rate and Slow Temporal Kinetic

A number of reports connected EVs release to neuronal activity 
in conjunction with calcium influx.[41–45] However, because 
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these studies examined bulk release in EV-enriched medium 
pellets, the specific spatial and temporal kinetics of neuronal 
MVBs fusion in response to a depolarizing stimulus are cur-
rently unknown. In order to visualize MVB-PM fusion in 
individual cells, we transduced primary hippocampal neurons 
after 3 days in vitro (DIV) with a lentivirus to express pCD63-
pHluorin[20,22,73,74] (Figure S1a, Supporting Information). Com-
pared to the neutral pH value of the extracellular compartment 
(7.4), the endosomal and lysosomal lumen pH is maintained in 
a range of 4.5–6.5, due to the activity of ATP-dependent proton 
pumps in the membrane of endosomes.[75] Because of the topo-
logical orientation of the tag, with pHluorin facing the acidic 
intraluminal side of the MVB, the fluorescence emitted from 
pHluorin is quenched. Upon fusion of the MVB with the PM, 
the low luminal pH is immediately neutralized, resulting in an 
increase in fluorescence intensity. Different from examining 
bulk release in EV-enriched medium pellets, this approach 
therefore allows for the visualization of MVB-PM fusion events 
in single cells.

At day 12 post-transduction with pCD63-pHluorin, CD63-
pHluorin fluorescence co-localized with Rab7-positive late 
endosomal vesicles (Figure S1b,c, Supporting Information) 
and strongly increased upon perfusion with 50 mm NH4Cl 
(Figure S1d,e, Supporting Information), thus confirming a 
pH-dependent quenching of fluorescence in acidic cell orga-
nelles. We examined the cell culture medium from CD63-
pHluorin-transduced neurons and found GFP to be present 
in EV-enriched medium pellets together with the EV proteins 
CD81 and Alix/AIP1 (Figure S1f, Supporting Information). 
When loaded on iodixanol gradients, CD81 and Alix/AIP1 
segregated to low-density fractions, consistent with the typical 
density of exosomes[5] (Figure S1f, Supporting Information). 
Compared to CD81 and Alix/AIP1, the distribution of GFP on 
the gradient was found to be somewhat broader, indicating that 
CD63-pHluorin labels a more heterogeneous population of EVs 
(Figure S1f–i, Supporting Information). Based on these results 
we concluded that CD63-pHluorin is successfully distributed 
to MVBs/late endosomes and to exosome-like EVs in primary 
hippocampal neurons. Live cell imaging of CD63-pHluorin-
expressing neurons (Figure 1a,b) over a period of 5 min 
revealed sudden increases in fluorescence, suggestive of MVB-
fusion events in a small number of cells (n = 4/34 cells, 11.7%) 
(Movie S1, Supporting Information). Each event consists of a 
punctate, burst-like increase in fluorescence with a compa-
rably long signal duration and slow decay rate (Figure 1c) and 
occurred over a period of several minutes (avg. event rate: n = 
2 ± 0.65 events per cell per minute). MVB-PM fusion events 
were predominantly located to the soma, whereas axo-dendritic 
EV release was extremely scarce in cultured neurons. We con-
cluded that cultured hippocampal neurons have a low consecu-
tive MVB-PM rate under unstimulated conditions.

When whole-cell patch-clamped, a subset of CD63-
pHluorin-transduced neurons (n = 5/34 neurons, 14.7%) 
likewise exhibited a series of rapid fluorescence bursts in 
response to a brief high-frequency stimulus (HFS) of 100 Hz 
over 1 s (Figure 1d; Movie S2a,b, Supporting Information). 
In HFS-responsive cells, the burst-like increase in pHluorin-
fluorescence occurred on average after an interval of 38.51 s 
(38.51 ± 12.54 s) between the HFS and the first burst with a 

relatively slow temporal rate ranging from seconds to min-
utes (t1/2 = 86.83 ± 0.6149 s; n = 5) and no immediate gross 
decay or signal termination was observed during recording 
(Figure 1e,f). Conversely, the same HFS evoked a fast and 
immediate increase in intracellular calcium as measured by the 
calcium indicator Oregon Green 488 BAPTA-1 (Figure 1g,h). 
These results thus demonstrate that stimulus-evoked MVB-PM 
fusion has an abated success rate in cultured neurons and a 
comparably long time lag between the stimulus and MVB-PM 
fusion. In order to further investigate the role of intracellular 
calcium stores for EV release, we perfused cultured neurons 
with thapsigargin (10 µm) while imaging CD63-phluorin fluo-
rescence (Figure S2, Supporting Information). Thapsigargin is 
a non-competitive inhibitor of the sarco/endoplasmic reticulum 
Ca2+ ATPase (SERCA) that raises cytosolic (intracellular) cal-
cium concentrations by blocking the ability of the cell to pump 
calcium into the sarcoplasmic and endoplasmic reticula.[76] 
Whereas we detected EV release events in response to HFS, 
perfusion of cultured neurons with thapsigargin had no effect 
(n = 60 neurons) (Figure S2c, Supporting Information).

2.2. Basic Fibroblast Growth Factor Increases Stimulus-Evoked 
MVB-PM Fusion

We next aimed to identify candidate molecules that regulate 
MVB-PM fusion in hippocampal neurons. Among other can-
didates, we investigated the effect of bFGF on MVB-PM fusion. 
When we treated cultured hippocampal neurons after 9–12 days 
in vitro (DIV) for 24 h with bFGF (50 ng mL−1), we found the 
proportion of neurons exhibiting a HFS-evoked increase in 
CD63-pHluorin fluorescence to be greatly enhanced (Figure 2a; 
Movie S3a–d, Supporting Information). In bFGF-treated cells, 
CD63-pHluorin fluorescence increased over a period of sev-
eral minutes (t1/2 = 117.8 ± 2.67 s; n = 17) following a HFS 
(Figure 2b,c). Overall, the proportion of neurons that exhibited 
an increase in fluorescence increased to ≈60% in bFGF-treated 
and HFS-stimulated neurons (Figure 2d).

In principle, an increase in fluorescence is due to MVB-PM 
fusion and exposure of the pHluorin tag to the extracellular 
environment. Alternatively, it may be a consequence of an 
increased pH-value inside the MVB or an increase in the expres-
sion of CD63-pHluorin. To address the effect of bFGF on the 
pH-value inside MVBs, we treated cultured neurons with bFGF 
and imaged CD63-pHluorin fluorescence under steady state 
and after treatment with 50 mm NH4Cl (Figure 3a,b). Whereas 
the absolute fluorescence value was similar in either condi-
tion (Figure 3c), we found that bFGF-treatment (50 ng mL−1 
for 24 h) led to a significant decrease in fluorescence relative 
to the maximal NH4Cl-evoked fluorescence signal (Figure 3d,e). 
These results indicate a reduced pH value inside MVBs in 
bFGF-treated neurons. In line with previous reports,[77–79] 
bFGF treatment also led to an increase in the intracellular cal-
cium concentration as measured by Fura-2 calcium imaging 
(Figure 3f). bFGF had no statistical significant effect on the 
expression of pHluorin over a period of 48 h, although there 
was a trend toward a reduced pHluorin expression in bFGF-
treated neurons (Figure S3a–c, Supporting Information). Based 
on our findings, we concluded that the HFS-evoked increase in 
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CD63-pHluorin fluorescence in bFGF-treated neurons repre-
sents MVB-PM fusion rather than an increased pH-value inside 
the MVB or the overall expression of CD63-pHluorin.

2.3. bFGF Increases EV Release in Cultured Hippocampal 
Neurons

In order to further examine the effect of bFGF on neuronal 
EVs, we treated cultured rat hippocampal neurons at DIV 9–12 
with bFGF or vehicle (VEH). We quantified the number of EVs 
in the culture medium of neurons treated with VEH or bFGF 
by nanoparticle tracking analysis (NTA) and found that bFGF 
(50 ng mL−1 for 24 h) increased the number of EVs without 
having a significant effect on EV size (Figure 4a–c). Medium 
EVs had an average size of 130.2 ± 3.15 nm, consistent with the 
size of exosomes.[1] Treatment with bFGF (50 ng mL−1 for 24 or 

48 h) had no statistical significant effect on the release of LDH 
(Figure S4a, Supporting Information) or the amount of apop-
totic neuronal nuclei (Figure S4b,c, Supporting Information), 
thus demonstrating that the increased number of EVs is not 
a consequence of neuronal cell death or compromised mem-
brane integrity in bFGF-treated neurons. FGFs act through 
FGF receptors that are classified as high-affinity tyrosine kinase 
receptors.[80] In accord, the effect of bFGF on EV number was 
mediated through activation of tyrosine kinase-dependent 
receptors, because co-application of genistein (50 µm), an inhib-
itor of (receptor) tyrosine kinase activity, decreased the effect of 
bFGF to sub-normal levels (Figure 4d–f). In line with a calcium-
dependent mechanism of bFGF-induced exosome release, co-
application of the cell-permeant calcium chelator BAPTA-AM 
(1 µm) normalized the effect of long-term bFGF treatment on 
exosome release (Figure 4g–i). To further examine the effect 
of bFGF on exosome release, we quantified the abundance of 
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Figure 1. High-frequency stimulation (HFS) evokes MVB-PM fusion in a subset of neurons. a) Photomicrograph illustrating a cultured rat hippocampal 
neuron (DIV 12) transduced with pCD63-pHlurin under differential interference contrast (DIC) (left). Photomicrograph of the same cell with the focus 
plane adjusted to the the plasma membrane and under fluorescence microscopy (excitation at 488 nm) in b/w (middle) and in pseudo color (right). 
b) Representative photomicrographs from time lapse fluorescence live-cell imaging (excitation wave length at 488 nm) from a single cell at t1 = 0 s and 
t2 = 125 s in pseudo color (first and second from left). Subtracting both images from each other (t2 − t1) represents the sum of changes in fluorescence 
over time. Changes in fluorescence in the last as compared to the first frame are indicated in purple (third from left). Projection image with the images 
from (d) and (f) merged (fourth from left). c) Representative fluorescence traces (Δf/f) illustrating the rise in fluorescence in the ROIs indicated in 
(b). The respective ROIs are color-coded in red, purple, green, and orange. High magnification microscopic image illustrating a burst-like increase in 
fluorescence in the first ROI (orange). d) Schematic illustrating the high-frequency stimulus (HFS) protocol applied in cultured hippocampal neurons. 
A HFS has been given for 1 s at 100 Hz. e) Representative images in pseudo color from live-cell imaging of patch-clamped CD63-pHlurin-transduced 
hippocampal neurons during and after HFS. The CD63-pHlurin fluorescence signal remained stable as long as the holding membrane potential was 
maintained at VHold (−70 mV) prior to the HFS. A burst increase in fluorescence is elicited in response to a HFS. f) Representative fluorescence trace 
illustrating a burst-like increase in CD63-pHlurin fluorescence following HFS in the cell indicated in (d). g) Photomicrograph illustrating a hippocampal 
neuron filled with Oregon Green BAPTA 488 through the patch pipette. h) Graph illustrating a rise in cytosolic calcium in response to HFS from the 
ROI in red in (g).
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the exosome-associated proteins CD81, Alix/AIP1, and GFP 
(pHluorin) in EV-enriched medium pellets from bFGF and 
VEH-treated neurons. Consistent with our NTA data, we found 
that treatment with bFGF increased the abundance of these 
proteins, whereas co-application of BAPTA-AM normalized the 
effect of bFGF on CD81, Alix/AIP1 and GFP (Figure 4k–l). Dif-
ferent from these compounds, transduction of neurons with 
CD63-pHluorin alone had no effect on the abundance of EVs 
(Figure S3d,e, Supporting Information). In summary, these 
results demonstrate that prolonged (24 h) treatment with bFGF 
increases neuronal EVs in a calcium-dependent manner. On 
the other hand, bFGF had no effect on the size or number of 
MVBs as measured by immunocytochemistry (ICC) and elec-
tron microscopy (EM) (Figure S5, Supporting Information).

2.4. bFGF Modulates the Abundance of EV-Enriched SNARE 
Proteins

We instead hypothesized that bFGF affects exosome release 
through stimulating MVB-PM fusion. Previous research 
implicated a number of molecules in mediating MVB-PM 
fusion, such as Rab GTPases[8–13] and soluble NSF-attachment 
receptor (SNARE) protein family members.[12,14–20] The abun-
dance of these molecules on the MVB limiting membrane is 
likely mirrored by their abundance on exosomes as a result of 
their mechanism of generation with inward budding into the 
lumen of MVBs. Investigating exosomal proteins will thus 

support the understanding of molecular changes of the MVB 
limiting membrane. Therefore, instead of investigating cell 
lysates, we performed label-free quantification (LFQ) of pro-
teins using high-resolution mass spectrometry (MS) on iso-
lated EV-enriched pellets from bFGF and VEH-treated neurons 
(n = 6 per condition) (Figure 5a). Principal component analysis 
(PCA) revealed a clear discrimination between the treatment 
conditions (Figure 5b), further confirmed by unsupervised 
hierarchical clustering of the differentially expressed proteins 
(Figure 5c). The Pearson’s correlation (PC) analysis of log2 
transformed protein LFQ intensities revealed a clear separation 
between the two groups and an excellent reproducibility of the 
replicates within the two groups (Figure S6, Supporting Infor-
mation). In total 2258 distinctly expressed proteins were identi-
fied (Table S1, Supporting Information). In total, 705 proteins 
showed a significantly changed abundance in EVs (FDR < 0.05) 
in response to treatment with bFGF. Out of these differentially 
abundant proteins, 441 proteins had a fold change of 1.5 or 
above with a p-value < 0.05. Among those 441 proteins, 235 pro-
teins had an increased and 206 proteins had a decreased abun-
dance, respectively (Figure 5d). Based on functional pathway 
enrichment analysis, we found strong enrichment in the cate-
gories “vesicle mediated transport,” “regulation of vesicle medi-
ated transport,” and “import to the cell” (Figure 5e). We next 
developed an interaction network and ran a centrality analysis 
to determine critical signaling hub proteins. We computed four 
network parameters: i) betweenness, ii) closeness, iii) stress, 
and iv) degree. Based on this analysis, the centrality ranks of 
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Figure 2. bFGF increases stimulus-induced CD63-pHluorin fluorescence indicative of MVB-PM fusion. a) Images in pseudo color illustrating an 
increased fluorescence signal in bFGF-treated neurons in response to a HFS. b) Representative fluorescence traces illustrating an increase in CD63-
pHluorin fluorescence following HFS in VEH- and bFGF-treated neurons and in unstimulated cells (VHold). c) Bar graph illustrating the average maximal 
fluorescence in response to a HFS (number of cells/condition: bFGF + HFS vs bFGF + VHold; n = 17 and 10; p = 0.0007). d) Bar graph demonstrating the 
relative proportion of neurons that exhibited an increase or decrease of fluorescence or no change in response to a HFS in the same groups (number 
of cells/condition (bFGF + HFS; n (increase) = 31, n (decrease) = 9, n (no change) = 9 (n total = 49); bFGF + VHold; n = n (increase) = 2, n (decrease) = 
1, n (no change) = 7 (n total = 10); VEH + HFS; n = n (increase) = 1, n (decrease) = 1, n (no change) = 9 (n total = 11), respectively). Data are shown 
as mean ± s.e.m. For comparison, a two-tailed unpaired t-test was used in (c). ***p < 0.001.
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53 proteins were calculated (Figure 5f). Among these proteins, 
the v-SNARE proteins vesicle-associated membrane protein 2 
and 3 (VAMP2 and VAMP3) had the highest centrality meas-
ures (Figure 5g). Remarkably, bFGF decreased the abundance 
of VAMP2 (0.69-fold) whereas it increased the abundance of 
VAMP3 (1.71-fold) in EV-enriched medium pellets. Visualiza-
tion of their functional interaction partners demonstrated their 
functional relationship with a variety of proteins implicated in 
membrane fusion (Figure 5h). In summary, our proteomic data 
analysis thus demonstrates bFGF to affect key intrinsic mole-
cular mechanisms responsible for vesicle membrane fusion in 
hippocampal neurons.

2.5. bFGF Enhances Neuronal EV Release in a VAMP3 
Dependent Mechanism

Based on our results we hypothesized bFGF to affect MVB-PM 
fusion and exosome release by modulating the expression of 

v-SNARE proteins. In order to test this hypothesis, we first 
examined the abundance of VAMP2 and 3 in neuronal cell 
lysates and EV-enriched pellets from bFGF- or VEH-treated 
hippocampal neurons by Western blot. In accord with our MS 
data, we found the abundance of VAMP2 to be decreased in 
cell lysates from cultured neurons in response to treatment 
with bFGF, whereas the abundance of VAMP3 remained unaf-
fected (Figure 6a–c). In contrast to cell lysates, the abundance 
of VAMP3 was increased in EV-enriched medium pellets 
from bFGF-treated neurons, where VAMP2 was not detect-
able (Figure 6d,e). Since exosomes are generated from inward 
budding of MVB membrane patches,[1] a high level of VAMP3 
on exosomes may be reflected by an increased abundance of 
VAMP3 on the cytoplasmic MVB membrane and thus help to 
fuse MVBs to the PM. In order to test this hypothesis, we used 
a siRNAs specific for Vamp3 to knock-down VAMP3 in cultured 
neurons (Figure 6f,g; Figure S7, Supporting Information). 
Consistent with a role of VAMP3 for EV release, we found that 
siRNA-mediated knock-down of VAMP3 attenuated the number 
of EVs for both VEH- and bFGF-treated neurons as measured 
by NTA (Figure 6h,i). In accord with a specific effect of VAMP3 
on MVB-PM fusion, the EV size remained unaffected with 
Vamp3 siRNA treatment (Figure 6k). Our results therefore sug-
gest that bFGF increases EV release in part through a VAMP3-
dependent mechanism. Our results suggest a non-redundant 
functional role of the homologs VAMP2 and VAMP3 for EV 
release which can serve as a molecular basis for the segregation 
of MVB and neurotransmitter carrying synaptic vesicle fusion 
events, requiring the presence of VAMP2.[81]

3. Discussion

In our study, we examined the effect of electrical stimula-
tion on neuronal EV release in single cells and in real time. 
Although cultured hippocampal neurons exhibit a constitu-
tive release of EVs, we found MVB-PM fusion to be a relatively 
rare event in cultured neurons under unstimulated conditions 
(Figure 1). Because the vast majority of our cultured neurons 
at DIV 9–12 had spontaneous miniature excitatory postsynaptic 
currents (mEPSCs), spontaneous action potentials (APs), and 
spontaneous calcium oscillations (data not included), these 
results suggest that basal neuronal activity is uncoupled from 
neuronal MVB-PM fusion and exosome release. Our data there-
fore implies that neuronal activity and exosome release are 
segregated in neuronal cells under physiological conditions, 
presumably as a consequence of the different effector mole-
cules required for synaptic vesicle versus MVB-PM fusion and 
their differential sensitivity to cellular stimuli. Consistent with 
this view, the application of a HFS induced MVB-PM fusion 
events in a small population of neurons (≈10%) (Figure 1d–f). 
Whereas MVB-PM fusion followed the HFS with a time lag of 
several tens of seconds, the same HFS evoked a fast and imme-
diate increase in intracellular calcium (Figure 1g,h). These 
results thus demonstrate that different from neurotransmitter 
vesicle fusion, MVB-PM fusion is not directly coupled to a rise 
in intracellular calcium and likely involves a complex network 
events downstream the initiating calcium signal. The results 
from investigating the effect of store-derived calcium signals 

Adv. Sci. 2020, 7, 1902372

Figure 3. bFGF treatment results in acidification of CD63-positive multi-
vesicular endosomes. a,b) Photomicrographs illustrating CD63-pHluorin 
fluorescence in unstimulated bFGF- and VEH-treated neurons before and 
after application of NH4Cl. c) The raw fluorescence values are similar in 
bFGF- and VEH-treated neurons (number of cells/condition n = 510 and 
505; p = 0.1488). d,e) Relative to the maximal fluorescence evoked by 
NH4Cl, the CD63-pHluorin signal in bFGF-treated neurons (50 ng mL−1, 
24 h) is slightly decreased, indicating a decreased pH-value in MVBs of 
bFGF-treated neurons (p < 0.0001). f) Treatment with bFGF leads to a 
small increase of the intracellular calcium concentration as measured by 
Fura 2 (number of cells/condition n = 312; p = 0.0003). Data are shown 
as mean ± s.e.m. For comparison, a two-tailed unpaired t-test was used. 
***p < 0.001.
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(Figure S2, Supporting Information) further suggests that the 
calcium signal required for EV release is likely to be more com-
plex than a simple rise in cytosolic calcium. Our results put 

previous reports, which directly connect MVB-PM fusion and 
neuronal exosome release to neuronal activity, in a different 
perspective.[41–45] The results from these previous studies were 

Adv. Sci. 2020, 7, 1902372

Figure 4. bFGF increases the release of extracellular vesicles (EVs) from cultured hippocampal neurons. a) Averaged curves illustrating the number of 
particles/size in the cell culture medium of bFGF- or vehicle (VEH)-treated hippocampal neurons as measured by nanoparticle tracking analysis (NTA). 
b) Bar graphs demonstrating an increased particle number in bFGF-treated neurons as compared to VEH-treated cells as measured by NTA (n = 11 and 
15 samples/condition; p < 0.001). c) Treatment with bFGF has no statistical significant effect on the average particle size (p = 0.2687). d) Results from 
NTA illustrating the number of particles/size in medium from bFGF or VEH-treated hippocampal neurons with or without co-application of 50 µm gen-
istein (GEN). e,f) Genistein reduces the bFGF-induced increase in particle number but had no effect on the size of particles (n = 5 samples/condition; 
p < 0.001). g) Results from NTA illustrating the number of particles/size in medium from bFGF or VEH-treated hippocampal neurons with or without 
co-application of 1 µm BAPTA-AM. h,i) BAPTA-AM normalized the bFGF-induced increase in particle number but had no effect on the size of particles 
(n = 3 samples/condition; p < 0.001). k) Western blot illustrating the abundance of CD81, Alix/AIP1, and GFP in the EV-enriched pellet of cell culture 
medium from bFGF and VEH-treated cells with or without co-application of 1 µm BABPTA-AM. l) Bar graphs illustrating an increase of CD81, Alix/AIP1, 
and GFP in the EV-enriched pellet of bFGF-treated neurons (VEH vs bFGF: n = 5; p = 0.0006 for CD81, p = 0.0013 for Alix/AIP1, p = 0.0028 for GFP). 
Co-application of BABPTA-AM normalized the bFGF-induced increase in these proteins in the EV-enriched pellet. Data are shown as mean ± s.e.m. For 
comparison, a two-tailed paired t-test was used in (b) and an unpaired t-test in (e,h,l) ***p < 0.001, **p < 0.01, *p < 0.05.
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Adv. Sci. 2020, 7, 1902372

Figure 5. Treatment with bFGF modulates the abundance of SNARE proteins on EVs. a) Schematic illustrating the workflow used to analyse the prot-
eomic data from MS analysis. b) PCA plot illustrating a segregation of the two treatment condition (bFGF vs VEH). c) Hierarchical clustering and heat 
map showing the relative expression value (z-score and log2-transformed LFQ protein intensities) of 705 differentially abundant proteins (FDR < 0.05) 
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derived from quantifying EVs in the cell culture medium in 
response to long-lasting neuronal membrane depolarization 
without examining the effect of a brief and well-defined elec-
trical stimulus on MVB-PM fusion. Thus, these results may be a 

consequence of using a non-physiological stimulus. At present, 
it is unclear, why the effect of HFS is restricted to such a small 
neuronal population. Akin to presynaptic terminals, where a 
readily releasable pool (RRP) of transmitter vesicles is required 

Adv. Sci. 2020, 7, 1902372

Figure 6. The bFGF-induced increase in EV release is partly mediated through VAMP3. a) Western blot illustrating the abundance of VAMP2 and VAMP3 
in cell lysates from bFGF- and VEH-treated neurons. b,c) The abundance of VAMP2 is decreased in neuronal cell lysates in response to bFGF-treatment, 
whereas the abundance of VAMP3 remains unaffected (n = 26/condition; VAMP3: p = 0.6541; VAMP2: p = 0.0252). d) Western blot illustrating the 
abundance of VAMP2 and VAMP3 in EV-enriched pellets from bFGF- and VEH-treated neurons. e) Treatment with bFGF increases the abundance of 
VAMP3 on EVs released from cultured neurons, whereas VAMP2 is undetectable on neuronal EVs (n = 12/condition; p = 0.0027 f,g) Western blot and 
bar graph illustrating the knock-down of VAMP3 in response to treatment with Vamp3 siRNAs (n = 12/condition; p < 0.001). h) Averaged curves from 
NTA illustrating the the number of particles/size in the cell culture medium of bFGF or VEH-treated hippocampal neurons with our without co-application 
of Vamp3 siRNAs. i,k) Bar graph illustrating a reduced number of EVs in neurons pre-treated with Vamp3 siRNA (10 nm for 48 h). Co-application of Vamp3 
siRNAs partially prevents the bFGF-mediated increase in EVs (VEH vs bFGF vs Vamp3 siRNA vs bFGF + Vamp3 siRNA: number of samples/condition 
n = 24 vs 12 vs 24 vs 12; p < 0.0001). Treatment with bFGF or Vamp3 siRNAs has no effect on the size of EVs as measured by NTA. Data are shown as  
mean ± s.e.m. For comparison, a two-tailed unpaired t-test was used in (c), (e), and (g) and a paired t-test was used (i) ***p < 0.001, **p < 0.01, *p < 0.05.

in EVs from bFGF- and VEH-treated neurons. Each column represents a replicate of either treatment condition and each row corresponds to a differen-
tially abundant protein. d) Volcano plot of statistical significance (−log10 transformed p-value, −log10(0.05) = 1.30) against log2 transformed protein LFQ 
ratios between the two treatment conditions. Blue (decreased) and red (increased) dots indicate proteins with significantly changed abundance. e) Bar 
graph illustrating the results of a functional pathway analysis based on Gene Ontology, Reactome, and KEGG resources. f) Network analysis illustrating 
candidate protein interactions. g) Table illustrating the top 53 hub proteins against four centrality calculations in a network topology. h) Protein–protein 
interaction network illustrating functional interaction partners of VAMP2 and VAMP3. Source to target topology is considered for network depiction.
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for successful neurotransmitter release,[82] PM-docked and 
therefore releasable MVBs may only be present in a small 
subset of neurons. In B-lymphocytes two pools of MVBs can be 
identified based on their membrane cholesterol content, where 
only MVBs with high membrane cholesterol levels are able 
to fuse with the plasma membrane and release exosomes.[83] 
Alternatively, stimulus-responsive MVB-PM fusion may 
require the expression of cell-type specific SNARE-associated 
molecules. Because of their particular role for EV biology, we 
therefore suggest the novel term e-SNARE for SNARE proteins 
implicated in the release of exosomes. Our results imply that 
growth factor stimulate EV release by affecting the molecular 
machinery required for vesicle fusion, which include SNAREs 
such as VAMP3 (Figure 5 & 6). The fact that blocking receptor 
tyrosine kinases by genistein decreases the number of EVs to 
sub-normal levels (Figure 4d,e) suggests a baseline activation 
in cultured neurons by endogenous pleiotropic growth factor 
support. Because of its unspecific effect on receptor tyrosine 
kinases, genistein likely affects a number of growth factor 
signaling networks other than downstream from bFGF recep-
tors, including the classical neurotrophins nerve growth factor 
(NGF) and brain derived neurotrophic factor (BDNF).[84] Inter-
estingly, we found these latter molecules to mimic the effect 
of bFGF on EV release (Figure S8, Supporting Information). 
These results point toward a broader regulatory role of neu-
rotrophic factors for neuronal EV release and future studies 
should examine the specific effects of distinct neuronal growth 
factors on EV release. On the other hand, although growth fac-
tors enhance stimulus-responsive EV release, their role is addi-
tive to other factors, since genistein did not entirely block EV 
release in these cells. In addition, the effect of genistein on EV 
release exceeded the effect of BAPTA treatment, likely because 
of its additional off-target effects.[85] Future research will need to 
examine the specific cellular and molecular factors that deter-
mine the availability of MVBs for stimulus-evoked PM fusion 
and the different populations of releasable MVBs in neuronal 
cells. In support of such studies, emerging evidence indicates 
that the coupling of neuronal EV release to neuronal activity 
could be functionally relevant for plasticity-associated processes 
in the CNS.[17,30,31,41,86–88]

In the present study, we examined the effect of bFGF on 
EV release in cultured hippocampal neurons. Our results 
demonstrate that bFGF stimulates EV release from cultured 
hippocampal neurons (Figure 4). Our proteomic analysis and 
molecular biology experiments further suggest bFGF to affect 
key cellular protein circuits that control vesicle membrane 
fusion (Figure 5). In summary, our data thus reveal a new and 
previously unrecognized function of bFGF in controlling neu-
ronal EV release, and implicate the SNARE protein VAMP3 in 
the bFGF-mediated effect on EV release. Since MVB-PM fusion 
and neurotransmission are both mediated by SNARE proteins 
and because both are regulated by similar stimuli, the ques-
tion raises how neurons segregate neurotransmitter release 
from exosome release. The SNAREs that are used for synaptic 
vesicle exocytosis are VAMP2 (also called synaptobrevin 2), syn-
taxin 1a, and SNAP-25.[89] In accord, mice lacking VAMP2 have 
a significantly reduced synaptic transmission (around 10% of 
control),[81] emphasizing the role of VAMP2 for synaptic vesicle 
fusion, where VAMP3 is not required. Our biochemical results 

(Figure 6) demonstrate a strong signal for VAMP3 in EVs, 
whereas VAMP2 was not detectable by Western blot, suggesting 
low abundance. Our results suggest a non-redundant func-
tional role of VAMP2 and VAMP3 for EV release which may 
serve as a molecular basis for the segregation of neurotrans-
mitter and stimulus-evoked EV release in neurons. Although 
an attractive model, the role of VAMP 3 for EV release is likely 
to be more complex, because we found that treatment with 
Vamp3 siRNA had no consistent effect on the abundance of 
the EV signature proteins CD81, CD9, Alix or Flotilin-1 in EV-
enriched cell culture medium pellets (Figure S9, Supporting 
Information). A number of reasons may account for such 
inconsistencies between the two different assays. First, bFGF 
has a profound effect on the abundance of EV-enriched pro-
teins, as demonstrated by the MS-based quantification of the 
ExoCarta top 100 EV-enriched proteins in bFGF and VEH-
treated neurons (Figure S10 and Table S2, Supporting Infor-
mation), that is, bFGF affects the abundance of these proteins 
in each vesicle and independent from its effect on the number 
of vesicles. Second, recent evidence suggests that various EV 
subpopulations may exist within a given biological specimen, 
each of them with a unique protein composition, internal con-
tent and function.[90] Both of these factors fairly contribute to 
EV complexity in biological fluids and future research thus 
needs to address the specific effect of bFGF and VAMP3 on dis-
tinct EV subpopulations and their protein composition. More-
over, VAMP2 and 3 interact with numerous other syntaxins 
(Figure 5h), thus adding another layer of complexity.

Our biochemical (Figure S1f, Supporting Information) and 
NTA data (Figure 4a) suggest that bFGF predominantly affects 
the abundance of exosomes over other types of EVs. To confirm 
this hypothesis, we applied pH-sensitive dye imaging where 
pHluorin is tagged to the EV-enriched tetraspanin CD63. In 
line with our biochemical data, we found that treatment with 
bFGF increased the stimulus-evoked increase in pHluorin 
fluorescence (Figure 2), thus further demonstrating that bFGF 
stimulates the release of exosomes over other types of EVs. The 
latter interpretation is however mitigated by restriction of the 
imaging method we applied: since we used patch-clamp elec-
trophysiology in conjunction with conventional epifluorescence 
microscopy for imaging CD63-pHluorin instead of using total 
internal reflection microscopy (TIRF), an increase in fluo-
rescence could be a result of MVB-PM fusion and exosome 
release, or alternatively, be due to an abrupt, stimulus-induced 
increase in the pH-value inside CD63-tagged MVB in the 
absence of MVB-PM fusion. We are aware of these concerns 
but favor the former explanation because i) bFGF treatment 
clearly results in an increased abundance of EVs in the cell 
culture medium (Figure 4a,b) and ii) because treatment with 
bFGF rather decreases the pH-value inside CD63-tagged MVBs 
under unstimulated conditions (Figure 3a–e). In fact, it would 
be even tempting to speculate about an increased EV release 
as a result of a decreased endo-lysosomal pH-value, similar to 
what has been shown for synaptic vesicles,[74] although this 
hypothesis clearly deserves further investigation. Although our 
data favor a loose coupling between calcium and EV release, 
we found bFGF-stimulated exosome release to be calcium-
dependent after prolonged (24 h) treatment, as BAPTA-AM 
normalized the effect of bFGF (Figure 4g–i) and on the other 
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hand bFGF increased cytoplasmatic calcium concentrations 
(Figure 3f), presumably as a result of an activation of voltage-
independent calcium stores.[77–79] Moreover, epifluorescence 
imaging allowed us to capture a wider area including the entire 
soma and dendritic arbor, where TIRF is restricted to a small 
area due to the curved geometry of neuronal cells.

Although calcium has become a common theme for exo-
some release, other studies found MVB-PM fusion to be inde-
pendent from intracellular calcium in HeLa cells.[20] Future 
studies will need to examine the specific role of the intracel-
lular neuronal calcium domains for the effect of bFGF on 
MVB-PM fusion. In principal, increase in exosomes is due to 
an enhanced MVB-PM fusion, or be the consequence of an 
increased MVB size or number. Our data point toward an effect 
of bFGF on MVB availability or fusion rate because we found 
no difference in the size or number of MVBs, although there 
was a trend towards more and bigger MVBs in our EM analysis 
(Figure S5, Supporting Information). This is in contrast to pre-
vious reports, demonstrating the volume of MVBs to increase 
in response to treatment with the neurotrophin prosaposin[91] 
or when the neurotrophin receptor TrkB is overexpressed.[92]

Although providing new insights into the molecular mecha-
nism of neuronal exosome release, the translational potential 
of our results is limited by the lack of in vivo data. There-
fore, future studies will have to confirm our results in vivo, 
for example, by using suitable reporter animal models that 
have been published recently.[25] It would be interesting to 
determine, if EV release exhibits short- or long-term changes 
through electrical stimulation in vivo, like this is known to be 
the case for hippocampal synaptic transmission (i.e., long-term 
potentiation). Such in vivo or ex vivo experiments will provide 
further insight into EV-mediated cell-to-cell communication in 
the intact CNS, although adding another layer of complexity 
that comes with the presence of different cell types in the 
CNS and thus making these experiments technically more 
challenging.

4. Conclusion

In summary, our results thus reveal a new function for neu-
rotrophic factor signaling in controlling activity-dependent 
neuronal EV release and support the investigation of growth 
factor-mediated signal transduction via EVs. Our results aid 
the examination of growth factor-mediated EV release in 
pathological conditions, where EVs contribute to the progres-
sion of neurodegenerative diseases, such as Parkinson’s dis-
ease (PD) or Alzheimer’s disease (AD).[93–97] Furthermore, our 
results will promote the investigation of EV-associated changes 
in responses to neuronal injury[48–50] or psychiatric condi-
tions where bFGF has been shown to be strongly implicated 
(reviewed in refs. [51,52]).

5. Experimental Section
Cell Culture: Animals were handled in accordance with the regulations 

of local authorities and the animal welfare committee of the Ludwig 
Maximilian University Munich, Germany. Rat hippocampal neurons were 
prepared from embryonic day 18 CD rats (Charles River) and cultivated 

in Neurobasal media containing 2% B27, 0.25% glutamine, and 
0.125% glutamate (Invitrogen) as described before.[98] Unless otherwise 
indicated, neurons were treated with 50 ng mL−1 basic fibroblast growth 
factor (Peprotech) diluted in PBS.

Lentiviral Production and Virus Transduction: CD63-pHluorin, where 
pHluorin is cloned into the second luminal loop of mouse CD63, was 
expressed from a modified FUGW lentiviral vector under the control of 
the neuron-specific human synapsin promoter (pCD63-pHluorin). The 
generation of the plasmid is described in detail elsewhere.[74] pCD63-
pHluorin was obtained from Dr. Benjamin Rost (German Centre for 
Neurodegenerative Research, Berlin, Germany). Viral particles were 
produced as described before.[99] Unless described otherwise, rat 
hippocampal neurons were transduced with CD63-pHluorin lentiviral 
particles at day 3 in vitro (DIV). After 24 h, the medium was removed 
and the cells washed three times with PBS and fresh medium was 
replenished.

Small Interfering RNA Transfection: Small interfering RNAs 
(siRNAs) (Silencer Select siRNAs, Thermo Fisher Scientific) targeting 
VAMP3 (#4 390 771) or control siRNAs (#4 390 843) were mixed 
with Lipofectamine RNAi Max according to the manufacturer’s 
recommendations. The siRNAs were applied at DIV7 at a final 
concentration of 10 nm and the cells were incubated with the siRNAs 
for the following 2 days until DIV 9, the cells were harvested for Western 
blot and the medium collected for NTA.

Live Cell Microscopy: All live cell imaging experiments were performed 
on an inverted Leica DMI6000 B microscope controlled via Leica 
Application Suite X (LAS X) software. For CD63-pHluorin imaging, 
hippocampal neurons, cultured on glass bottom cell culture dishes 
(Ibidi), were transferred to the microscope stage at DIV 12–14 and 
perfused with ACSF containing the following: 140 mm NaCl, 2.4 mm 
KCl, 10 mm Hepes, 10 mm glucose, 4 mm CaCl2, and 4 mm MgCl2, 
320 mOsmol/L, pH 7.4. To visualize pHluorin fluorescence, the cells 
excited with a UV light source equipped with a 488 nm excitation filter 
and imaged at 1 frame per second by a CD camera (Hamamatsu). 
Ammonium chloride (NH4Cl) was applied at a concentration of 50 mm 
diluted in ACSF through a ValveLink8.2 perfusion system (AutoMate). 
Fura-2 AM calcium imaging was performed as described before.[100] 
Leica Application Suite X (LAS X) software Graph Pad Prism 7 were used 
for data analysis.

Preparation of EV-Enriched Pellets from Neuronal Cell Culture Medium: 
To prepare EV-enriched pellets, cell culture medium was changed at 
DIV 11 and collected after 24 h (5 mL medium/500 000 cells). EVs were 
isolated by differential ultracentrifugation as previously described[5] with 
minor modifications. In brief, the conditioned medium was centrifuged 
at 300 × g for 10 min at 4 °C to pellet cells. The supernatant was 
centrifuged at 1 000 × g for 20 min at 4 °C, transferred to new tubes, 
and centrifuged in a MLA-80 rotor (Beckman) for 90 min at 100 000 × g 
to obtain a 100 K pellet. All pellets were washed in 1 mL of PBS and 
re-centrifuged at the same speed in a TLA-55 rotor (Beckman) before 
being re-suspended in 35 µL of sterile PBS or otherwise in 35 µL RIPA 
buffer. The resulting pellet was defined as EV-enriched medium pellet.

Iodixanol Gradient Separation: Iodixanol gradients were prepared as 
described.[5] In brief, EV-enriched medium pellets (20 mL medium/1-2 
mio. cells) were washed and resuspended in 1.5 mL buffer containing: 
0.25 m sucrose, 10 mm Tris pH 8.0, 1 mm EDTA (pH 7.4), and mixed 1:1 
with 60% (w/v) stock solution of iodixanol/Optiprep. A 40% iodixanol 
working solution was prepared and used to prepare 20% and 10% (w/v) 
iodixanol solutions. Next, 1.3 mL 20% (w/v) iodixanol and 1.2 mL 10% 
iodixanol were layered on top of the EV suspension and tubes were 
centrifuged for 1 h at 4 °C at 350 000 × g in a SW55Ti rotor (Beckman). 
Ten fractions of 490 µL were collected from the top of the tube. The 
density was assessed with a refractometer and the fractions were diluted 
with 2.5 mL PBS and centrifuged for 30 min at 100 000 × g in a TLA 
110 rotor (Beckman). These concentrated fractions were resuspended in 
30 µL of RIPA and separated on gels.

Western Blot: Cultured neurons or EV-enriched pellets were lyzed 
in RIPA buffer incl. a protease and phosphatase inhibitor cocktail 
(Complete Protease Inhibitor Cocktail, PhosStop Phosphatase Inhibitor 
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Cocktail, both Roche). The lysates were incubated for 30 min on ice and 
centrifuged at 5000 × g for 15 min at 4 °C, and the supernatant retrieved. 
Protein concentrations were determined using the BCA method (Thermo 
Fisher Scientific) and a spectrophotometer (NanoDrop, Thermo Fisher 
Scientific). After adjusting protein concentrations, protein lysates were 
heated to 75 °C for 15 min in Laemmli sample buffer containing 10% 
beta-mercaptoethanol. SDS-PAGE was performed by using Mini-Protean 
TGX Gels (Bio-Rad) and a Tris-glycine-based running buffer. The protein 
was blotted onto polyvinylidene difluoride (PVDF) membranes (Bio-Rad) 
at 150 mA for 60–120 min on ice. The membranes were blocked with 
5% dry milk in TBST wash buffer (tris-buffered saline containing 0.05% 
tween) for 1 h and incubated at 4 °C overnight under gentle shaking 
with the primary antibody in TBST/5% BSA (Cell Signaling Technology). 
The membranes were washed and incubated with the respective HRP-
conjugated secondary antibody (Vector Labs) in TBST/5% milk for 1 h, 
followed by further washing and exposure to Clarity Western blot ECL 
Substrate (Bio-Rad) or ECL Prime (GE Healthcare). Chemiluminescence 
was detected with LI-COR Odyssey Fc Imaging system and analyzed 
by Image Studio software (Licor). Western blot images were further 
processed by ImageJ and the optical densities of target proteins 
were scaled to the respective loading controls for statistical analysis. 
Therefore, a normalized experimental signal (measured experimental 
signal/lane normalization factor) was used, where the lane normalization 
factor was calculated from the ratio between the measured signal of a 
housekeeping protein for each lane divided by the highest measured 
signal of housekeeping protein on the blot. For quantifying exosomal 
proteins by Western blot, the signal was normalized to the protein 
concentration of the cell lysate.

Reagents and Antibodies: The following primary antibodies were used 
for Western blot and ICC: anti-GFP (GTX113617, GeneTex), anti-Alix/
AIP1 (ABC40, Merck), anti-CD81 (sc-166029, Santa Cruz Biotechnology), 
rabbit anti-rat Rab5 (C8R1, Cell Signaling Technology), rabbit anti-rat 
Rab7 (D95F2, Cell Signaling Technology), anti-Rab11 (D4F5, Cell 
Signaling Technology), rabbit anti-rat EEA1 (C45B10, Cell Signaling 
Technology), anti-LBPA (Z-PLBPA, Echelon Biosciences), anti-CHC 
(D3C6, Cell Signaling Technology). The following chemical compounds 
and growth factors were used: BAPTA-AM (Tocris), Genistein (Tocris), 
EGTA (Tocris), bFGF (Peprotech), Poly-l-Lysine (Sigma), Tetrodotoxin 
(TTX) (Abcam), Tetraethylammonium chloride (TEA) (Abcam).

Immunocytochemistry and Confocal Microscopy: For ICC, 
cultured neurons were fixed for 15 min at room temperature in 4% 
paraformaldehyde, washed once for 10 min in PBS, and permealized 
for 1 min with 0.125% Triton X-100 in PBS. Unspecific antibody binding 
was blocked by 1% bovine serum albumin in PBS for 1 h followed by 
incubation with the respective primary antibody at 4 °C overnight. 
Unbound antibodies were removed by washing with PBS and the cells 
were incubated with Alexa Fluor-conjugated secondary antibodies for 1 h 
at room temperature. Unbound secondary antibodies were removed by 
washing in PBS and the cells were air-dried, covered with fluorescence 
mounting medium (Dako), and sealed under cover glass. Images were 
captured using a Leica SP5 confocal microscope and analyzed using Fiji 
software (http://fiji.sc/Fiji).

Electrophysiology and Imaging: All electrophysiological experiments 
were performed on rat hippocampal neurons at DIV 12–14 grown 
on glass coverslips (German Glass) pre-treated with 65% nitric acid 
and coated with 1 mg mL−1 Poly-d-Lysin (Sigma). Experiments were 
performed on an upright Olympus BX51 microscope equipped with a 
Heka EPC 10 USB amplifier (Heka) under the control of Patchmaster 
10 software (Heka). Intracellular (pipette) solution contained the 
following: 136 mm KCl, 17.8 mm Hepes, 1 mm EGTA, 0.6 mm MgCl2, 
4 mm NaATP, 0.3 mm Na2GTP, 15 mm creatine phosphate, and 5 U mL−1 
phosphocreatine kinase, 315–320 mOsmol L−1, pH 7.4. Extracellular 
solution contained the following: 140 mm NaCl, 2.4 mm KCl, 10 mm 
Hepes, 10 mm glucose, 4 mm CaCl2, and 4 mm MgCl2, 320 mOsmol L−1, 
pH 7.4; patch-pipette solution 136 mm KCl, 17.8 mm Hepes, 1 mm EGTA, 
0.6 mm MgCl2, 4 mm NaATP, 0.3 mm Na2GTP, 15 mm creatine phosphate, 
and 5 U mL−1 phosphocreatine kinase, 315–320 mOsmol L−1, pH 7.4. 
Electrophysiological data were analyzed with Axograph X version 1.6.5. 

(Axon Instruments). Live-cell imaging videos in conjunction with patch-
clamp experiments were captured time locked to an electric stimulus 
by using a mounted CD camera (ExiBlue, QImaging) controlled by 
µManager software at a frame rate of 10 frame per second.

Nano-Particle Tracking Analysis: For NTA experiments, the cell culture 
medium was changed at DIV 11 and collected after 24 h (1.5 mL 
medium/150 000 cells). A NanoSight LM10 NTA apparatus (Malvern) 
was used for all NTA measurements. For each sample, at least three 
videos of 60 s with more than 200 detected tracks per video, and in at 
least one dilution, were taken and analyzed using the NanoSight LM10 
NTA software v3.00 and Graph Pad Prism 7.

Single Cell Imaging: For local (single cell) calcium measurements, 
neurons were filled with 0.05 mm Oregon Green 488 BAPTA-1 AM (Life 
Technology) in the patch-pipette solution over a period of 2–2.5 min. 
Captured videos were edited and analyzed using Fiji (ImageJ) and Graph 
Pad Prism 7.

Quantification of Neuronal Cell Death: Cell death in cultured neurons 
was quantified as described before.[101] In brief, lactate dehydrogenase 
(LDH) released into the culture medium was measured using the 
CytotoxOne Membrane Integrity Assay (Promega) according to the 
manufacturer’s instructions with a Fluostar Omega fluorescence reader 
(BMG Labtech).

Electron Microscopy: For EM, rat hippocampal neurons at DIV 12–14 
were grown on glass coverslips (German Glass), pre-treated with 
65% nitric acid, and coated with 1 mg mL Poly-d-Lysin (Sigma). The 
medium was removed, the cells washed three times with PBS, and 
pre-fixed for 5 min with 4% PFA. After this, they were washed three 
times with 75 mm cacodylate buffer including 150 mm NaCl and 2 mm 
MgCl2 (fixation buffer) and post-fixed with 0.2% osmium tetroxide. 
The cells were again washed once with buffer and three times with 
H2Obidest. Dehydration was carried out in a graded acetone series. 
The 20% acetone step additionally included 1% uranyl acetate. Finally, 
the cells were embedded in the epoxy resin Epon 812. In general, 
embedding of the cells, sectioning, and post-staining were carried out 
as described.[102] Transmission electron microscopy was performed on 
a Zeiss EM 912 equipped with an integrated OMEGA energy filter and 
operated at 80 kV in the zero-loss mode and the images analyzed by Fiji 
(ImageJ) software.

LC-MS/MS Analysis: The EV-enriched pellets were lyzed in 80 µL of 
a modified RIPA lysis buffer (50 mm TrisHCl pH 8, 150 mm NaCl, 5 mm 
EDTA, 1% v/v Triton X-100, 0.5% w/v sodium deoxycholate, 0.1% w/v) 
with protease inhibitors (Sigma-Aldrich, USA) on ice with intermediate 
vortexing. 20 µL H2O, 10 µL 100 mm MgCl2, and 25 units Benzonase 
(Sigma-Aldrich, USA) were added followed by an incubation for 30 min 
at 37 °C at 1400 rpm in a Thermomixer (Eppendorf). Undissolved 
material was removed by centrifugation for 5 min at 20 000 g and 4 °C. 
The supernatants were transferred to 1.5 mL protein Lobind Tubes. 
Proteins were reduced by addition of 9 µL of 200 mm dithiothreitol 
(Biozol) in 50 mm ammonium bicarbonate and incubation for 30 min 
at 37 °C. Cysteine residues were alkylated by addition of 18 µL 400 mm 
iodoacetamide (Sigma) and incubation for 30 min at room temperature 
in the dark. Afterward, the reaction was quenched by adding another 
9 µL of 200 mm dithiothreitol. Proteolytic digestion was performed 
using a modified protocol for single-pot solid-phase enhanced sample 
preparation (SP3).[103] Briefly, after binding of proteins to 40 µg of a 1:1 
mixture of hydrophilic and hydrophobic magnetic Sera-Mag SpeedBeads 
(GE Healthcare) with a final concentration of 70% acetonitrile for 30 min 
at room temperature, beads were washed twice with 200 µL 70% ethanol 
and twice with 180 µL acetonitrile. For proteolytic digestion, 125 ng LysC 
and 125 ng trypsin (Pomega) were added in 20 µL 50 mm ammonium 
bicarbonate followed by an incubation for 16 h at room temperature. 
The supernatants were transferred to fresh 0.5 mL protein lobind tubes 
(Eppendorf). For improved peptide recovery, 20 µL 0.1% formic acid 
were added to the magnetic beads followed by sonication for 30 s in 
a sonication bath (Hielscher Ultrasonics GmbH). The supernatants 
were combined and dried by vacuum centrifugation. Peptides were 
re-dissolved in 20 µL 0.1% formic acid. The peptide concentration was 
estimated using Nanodrop at 280 nm (Thermo).
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The peptides were analyzed on an Easy nLC 1000 nanoHPLC 
(Thermo Scientific) which was coupled online via a Nanospray Flex Ion 
Source (Thermo Sientific, USA) equipped with a PRSO-V1 column oven 
(Sonation) to a Q-Exactive mass spectrometer (Thermo Scientific). An 
amount of 1 µg of peptides per sample was separated on an in-house 
packed C18 column (30 cm × 75 µm ID, ReproSil-Pur 120 C18-AQ, 
1.9 µm, Dr. Maisch GmbH) using a binary gradient of water i) and 
acetonitrile ii) supplemented with 0.1% formic acid (0 min, 2% B; 
3:30 min, 5% B; 137:30 min, 25% B; 168:30 min, 35% B; 182:30 min, 
60% B) at 50 °C column temperature. A data-dependent acquisition 
method was used. Full MS scans were acquired at a resolution of 
70 000 (m/z range: 300–1400, AGC target: 3E+6). The ten most intense 
peptide ions per full MS scan were selected for peptide fragmentation 
(resolution: 17 000, isolation width: 2 m/z, AGC target: 1E+5, NCE: 
25%). A dynamic exclusion of 120 s was used for peptide fragmentation. 
The raw data were analyzed with the software Maxquant (maxquant.org, 
Max-Planck Institute Munich) version 1.6.1.0.[104]

The MS data were searched against a canonical fasta database of 
Rattus norvegicus from UniProt (download: March 5, 2018, 29 975 
entries). Trypsin was defined as protease. Two missed cleavages were 
allowed for the database search. The option first search was used to 
recalibrate the peptide masses within a window of 20 ppm. For the 
main search peptide and peptide fragment mass tolerances were set 
to 4.5 and 20 ppm, respectively. Carbamidomethylation of cysteine was 
defined as static modification. Acetylation of the protein N-term as well 
as oxidation of methionine was set as variable modifications. The false 
discovery rate for both peptides and proteins was adjusted to less than 
1%. Label free quantification (LFQ) of proteins required at least two ratio 
counts of razor peptides. Only razor and unique peptides were used for 
quantification. The protein LFQ intensities were log2 transformed and 
a two-sided Student’s t-test was applied to evaluate the significance of 
proteins with changed abundance. Additionally, a permutation based 
false discovery rate estimation was used.[105]

Network Architecture and Centrality Analysis: Raw MS data were 
analyzed using R statistical environment version i386 3.3.3 (http://
www.r-project.org./). A hierarchical cluster analysis was performed 
using Euclidean similarity metric in R and clustered heat-maps were 
visualized using the Heatmap3 R package. In order to check for the 
reproducibility of the array replicates Pearson’s correlation analysis 
was performed using R and plotted as heat-maps. In order to overview 
the array replicates distribution and segregation PCA was performed 
using “procomp” function of the stat package in the R statistical 
environment.

Accession IDs of 2258 protein hits from (MS) data were used to 
obtain protein information and gene IDs using Uniprot database[106] 
and were selected for further pathway analysis. Both up-regulated and 
down-regulated peptide hits with ±1.5-fold enrichment in MS data were 
further considered for pathway enrichment analysis. METASCAPE[107] 
(http://metascape.org) was used in order to perform pathway 
enrichment analysis; which contains Kyoto Encyclopedia of genes and 
genomes (KEGG). Pathways were considered statistically significant 
using a p-value ≤ 0.05. Consideration for further analysis was given to 
the candidates contributing to enrichment of the pathways reported in 
vesicle mediated transport, regulation of vesicle mediated transport, and 
import to the cell.

Protein–protein interactions (PPINs) were retrieved by using STRING 
database.[108] A parameter of high confidence (0.7) was set for functional 
interaction among the candidates of interest and an intereactome 
among candidate proteins was obtained. The intereactome maps 
obtained from STRING database were visualized by using Cytoscape 
v3.6.1 (http://www.cytoscape.org/)[109] and hub proteins were obtained 
through centrality analysis.
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from the author.

Acknowledgements
This study was supported by the Parkinson Fonds Deutschland, 
the Hilde-Ulrichs-Stiftung, the Friede-Springer-Stiftung, and the 
Förderprogramm Forschung und Lehre (FöFoLe), Ludwig Maximilian 
University, Munich, Germany (all to T.K.). G.H. and S.L. were funded by 
the Deutsche Forschungsgemeinschaft (German Research Foundation) 
within the framework of the Munich Cluster for Systems Neurology (EXC 
2145 SyNergy—ID 390857198), Deutsche Forschungsgemeinschaft 
(DFG, HO2402/18-1 MSAomics), the German Federal Ministry of 
Education and Research (BMBF, 01KU1403A EpiPD; 01EK1605A 
HitTau), the NOMIS foundation (FTLD project), the Parkinson Fonds 
Deutschland (Hypothesis-free compound screen, alpha-Synuclein 
fragments in PD). The authors would like to thank Burglechner-
Praun and Prof. Jörg Kleiber from the Hochschule Weihenstephan-
Triesdorf for technical assistance with NTA analysis. The authors thank  
Dr. Sainitin Donakonda from the Institute of Molecular Immunology 
and Experimental Oncology, TU München, for stimulating discussions 
and suggestion on network analysis. The authors also thank Dr. Sabina 
Tahirovic and Dr. Alessio Colombo for technical assistance with neuronal 
primary culture. All experiments involving animals were approved by the 
local committee on animal welfare and the laws and regulations of the 
local government authorities.

Conflict of Interest
The authors declare no conflict of interest.

Keywords
CD63, exosome release, fibroblast growth factor, multivesicular bodies, 
pHluorin, VAMP3

Received: September 2, 2019
Revised: December 11, 2019

Published online: January 28, 2020

[1] M. Colombo, G. Raposo, C. Théry, Annu. Rev. Cell Dev. Biol. 2014, 
30, 255.

[2] B. Yang, Y. Chen, J. Shi, Adv. Mater. 2019, 31, 1802896.
[3] W. Liao, Y. Du, C. Zhang, F. Pan, Y. Yao, T. Zhang, Q. Peng, Acta 

Biomater. 2019, 86, 1.
[4] J. Kowal, M. Tkach, C. Théry, Curr. Opin. Cell Biol. 2014, 29, 116.
[5] J. Kowal, G. Arras, M. Colombo, M. Jouve, J. P. Morath, 

B. Primdal-Bengtson, F. Dingli, D. Loew, M. Tkach, C. Théry, Proc. 
Natl. Acad. Sci. U. S. A. 2016, 113, E968.

[6] E. Willms, H. J. Johansson, I. Mäger, Y. Lee, K. E. M. Blomberg, 
M. Sadik, A. Alaarg, C. I. E. Smith, J. Lehtiö, S. El Andaloussi, 
M. J. A. Wood, P. Vader, Sci. Rep. 2016, 6, 22519.

[7] M. Kunadt, K. Eckermann, A. Stuendl, J. Gong, B. Russo, 
K. Strauss, S. Rai, S. Kügler, L. Falomir Lockhart, M. Schwalbe, 
P. Krumova, L. M. A. Oliveira, M. Bähr, W. Möbius, J. Levin, 
A. Giese, N. Kruse, B. Mollenhauer, R. Geiss-Friedlander, 
A. C. Ludolph, A. Freischmidt, M. S. Feiler, K. M. Danzer, 
M. Zweckstetter, T. M. Jovin, M. Simons, J. H. Weishaupt, 
A. Schneider, Acta Neuropathol. 2015, 129, 695.

[8] A. Savina, M. Vidal, M. I. Colombo, J. Cell. Sci. 2002, 115, 2505.
[9] C. Frühbeis, D. Fröhlich, W. P. Kuo, J. Amphornrat, S. Thilemann, 

A. S. Saab, F. Kirchhoff, W. Möbius, S. Goebbels, K.-A. Nave, 
A. Schneider, M. Simons, M. Klugmann, J. Trotter, E.-M. Krämer-Albers, 
PLoS Biol. 2013, 11, e1001604.

[10] M. Ostrowski, N. B. Carmo, S. Krumeich, I. Fanget, G. Raposo, 
A. Savina, C. F. Moita, K. Schauer, A. N. Hume, R. P. Freitas, 

 21983844, 2020, 6, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/advs.201902372, W

iley O
nline L

ibrary on [07/06/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.r-project.org./
http://www.r-project.org./
http://metascape.org
http://www.cytoscape.org/


www.advancedsciencenews.com

1902372 (14 of 15) © 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.advancedscience.com

Adv. Sci. 2020, 7, 1902372

B. Goud, P. Benaroch, N. Hacohen, M. Fukuda, C. Desnos, 
M. C. Seabra, F. Darchen, S. Amigorena, L. F. Moita, C. Théry, 
Nat. Cell Biol. 2010, 12, 19.

[11] A. Bobrie, S. Krumeich, F. Reyal, C. Recchi, L. F. Moita, 
M. C. Seabra, M. Ostrowski, C. Théry, Cancer Res. 2012, 72,  
4920.

[12] D. Hoshino, K. C. Kirkbride, K. Costello, E. S. Clark, S. Sinha, 
N. Grega-Larson, M. J. Tyska, A. M. Weaver, Cell Rep. 2013, 5, 
1159.

[13] M. F. Baietti, Z. Zhang, E. Mortier, A. Melchior, G. Degeest, 
A. Geeraerts, Y. Ivarsson, F. Depoortere, C. Coomans, 
E. Vermeiren, P. Zimmermann, G. David, Nat. Cell Biol. 2012, 14, 
677.

[14] C. M. Fader, D. G. Sánchez, M. B. Mestre, M. I. Colombo, Biochim. 
Biophys. Acta - Mol. Cell Res. 2009, 1793, 1901.

[15] J. C. Gross, V. Chaudhary, K. Bartscherer, M. Boutros, Nat. Cell 
Biol. 2012, 14, 1036.

[16] M. Ruiz-Martinez, A. Navarro, R. M. Marrades, N. Viñolas, 
S. Santasusagna, C. Muñoz, J. Ramírez, L. Molins, M. Monzo, 
Oncotarget 2016, 7, 51515.

[17] K. Koles, J. Nunnari, C. Korkut, R. Barria, C. Brewer, Y. Li, J. Leszyk, 
B. Zhang, V. Budnik, J. Biol. Chem. 2012, 287, 16820.

[18] Y. Wei, D. Wang, F. Jin, Z. Bian, L. Li, H. Liang, M. Li, L. Shi, 
C. Pan, D. Zhu, X. Chen, G. Hu, Y. Liu, C.-Y. Zhang, K. Zen, Nat. 
Commun. 2017, 8, 14041.

[19] V. Hyenne, A. Apaydin, D. Rodriguez, C. Spiegelhalter, S. Hoff-
Yoessle, M. Diem, S. Tak, O. Lefebvre, Y. Schwab, J. G. Goetz, 
M. Labouesse, J. Cell Biol. 2015, 211, 27.

[20] F. J. Verweij, M. P. Bebelman, C. R. Jimenez, J. J. Garcia-Vallejo, 
H. Janssen, J. Neefjes, J. C. Knol, R. de Goeij-de Haas, 
S. R. Piersma, S. R. Baglio, M. Verhage, J. M. Middeldorp, 
A. Zomer, J. van Rheenen, M. G. Coppolino, I. Hurbain, 
G. Raposo, M. J. Smit, R. F. G. Toonen, G. van Niel, D. M. Pegtel, 
J. Cell Biol. 2018, 217, 1129.

[21] A. Savina, M. Furlan, M. Vidal, M. I. Colombo, J. Biol. Chem. 2003, 
278, 20083.

[22] S. W. Messenger, S. S. Woo, Z. Sun, T. F. J. Martin, J. Cell Biol. 
2018, 217, 2877.

[23] E.-M. Krämer-Albers, A. F. Hill, Curr. Opin. Neurobiol. 2016, 39, 101.
[24] V. Budnik, C. Ruiz-Cañada, F. Wendler, Nat. Rev. Neurosci. 2016, 

17, 160.
[25] Y. Men, J. Yelick, S. Jin, Y. Tian, M. S. R. Chiang, H. Higashimori, 

E. Brown, R. Jarvis, Y. Yang, Nat. Commun. 2019, 10, 4136.
[26] D. Frohlich, W. P. Kuo, C. Fruhbeis, J. J. Sun, C. M. Zehendner, 

H. J. Luhmann, S. Pinto, J. Toedling, J. Trotter, E. M. Kramer-Albers, 
Philos. Trans. R. Soc., B 2014, 369, 20130510.

[27] F. Antonucci, E. Turola, L. Riganti, M. Caleo, M. Gabrielli, 
C. Perrotta, L. Novellino, E. Clementi, P. Giussani, P. Viani, 
M. Matteoli, C. Verderio, EMBO J. 2013, 31, 1231.

[28] M. Gabrielli, N. Battista, L. Riganti, I. Prada, F. Antonucci, 
L. Cantone, M. Matteoli, M. Maccarrone, C. Verderio, EMBO Rep. 
2015, 16, 213.

[29] L. Riganti, F. Antonucci, M. Gabrielli, I. Prada, P. Giussani, 
P. Viani, F. Valtorta, E. Menna, M. Matteoli, C. Verderio, J. Neu-
rosci. 2016, 36, 4624.

[30] C. Korkut, Y. Li, K. Koles, C. Brewer, J. Ashley, M. Yoshihara, 
V. Budnik, Neuron 2013, 77, 1039.

[31] C. Korkut, B. Ataman, P. Ramachandran, J. Ashley, R. Barria, 
N. Gherbesi, V. Budnik, Cell 2009, 139, 393.

[32] M. Yoshihara, B. Adolfsen, K. T. Galle, J. T. Littleton, Science 2005, 
310, 858.

[33] B. Ataman, J. Ashley, M. Gorczyca, P. Ramachandran, W. Fouquet, 
S. J. Sigrist, V. Budnik, Neuron 2008, 57, 705.

[34] M. Bakhti, C. Winter, M. Simons, J. Biol. Chem. 2011, 286, 787.
[35] A. D. Pusic, R. P. Kraig, Glia 2014, 62, 284.

[36] D. Chiasserini, J. R. T. van Weering, S. R. Piersma, T. V. Pham, 
A. Malekzadeh, C. E. Teunissen, H. de Wit, C. R. Jimenez, J. Prot-
eomics 2014, 106, 191.

[37] A. M. Dickens, L. B. Tovar-Y-Romo, S.-W. Yoo, A. L. Trout, M. Bae, 
M. Kanmogne, B. Megra, D. W. Williams, K. W. Witwer, M. Gacias, 
N. Tabatadze, R. N. Cole, P. Casaccia, J. W. Berman, D. C. Anthony, 
N. J. Haughey, Sci. Signaling 2017, 10, eaai7696.

[38] A. Kumar, B. A. Stoica, D. J. Loane, M. Yang, G. Abulwerdi, 
N. Khan, A. Kumar, S. R. Thom, A. I. Faden, J. Neuroinflammation 
2017, 14, 47.

[39] K. Guitart, G. Loers, F. Buck, U. Bork, M. Schachner, R. Kleene, 
Glia 2016, 64, 896.

[40] A. G. Thompson, E. Gray, S. M. Heman-Ackah, I. Mäger, K. Talbot, 
S. E. Andaloussi, M. J. Wood, M. R. Turner, Nat. Rev. Neurol. 2016, 
12, 346.

[41] G. Lachenal, K. Pernet-Gallay, M. Chivet, F. J. Hemming, A. Belly, 
G. Bodon, B. Blot, G. Haase, Y. Goldberg, R. Sadoul, Mol. Cell. 
Neurosci. 2011, 46, 409.

[42] C. A. Escudero, O. M. Lazo, C. Galleguillos, J. I. Parraguez, 
M. A. Lopez-Verrilli, C. Cabeza, L. Leon, U. Saeed, C. Retamal, 
A. Gonzalez, M. P. Marzolo, B. D. Carter, F. A. Court, 
F. C. Bronfman, J. Cell Sci. 2014, 127, 1966.

[43] I. Bahrini, J.-H. Song, D. Diez, R. Hanayama, Sci. Rep. 2015, 5, 
243.

[44] B. J. Goldie, M. D. Dun, M. Lin, N. D. Smith, N. M. Verrills, 
C. V. Dayas, M. J. Cairns, Nucleic Acids Res. 2014, 42, 9195.

[45] J. Fauré, G. Lachenal, M. Court, J. Hirrlinger, C. Chatellard-Causse, 
B. Blot, J. Grange, G. Schoehn, Y. Goldberg, V. Boyer, F. Kirchhoff, 
G. Raposo, J. Garin, R. Sadoul, Mol. Cell. Neurosci. 2006, 31, 642.

[46] K. Glebov, M. Löchner, R. Jabs, T. Lau, O. Merkel, P. Schloss, 
C. Steinhäuser, J. Walter, Glia 2015, 63, 626.

[47] F. Guillemot, C. Zimmer, Neuron 2011, 71, 574.
[48] D. M. Fagel, Y. Ganat, E. Cheng, J. Silbereis, Y. Ohkubo, L. R. Ment, 

F. M. Vaccarino, J. Neurosci. 2009, 29, 1202.
[49] S. Yoshimura, Y. Takagi, J. Harada, T. Teramoto, S. S. Thomas, 

C. Waeber, J. C. Bakowska, X. O. Breakefield, M. A. Moskowitz, 
Proc. Natl. Acad. Sci. U. S. A. 2001, 98, 5874.

[50] M. Timmer, K. Cesnulevicius, C. Winkler, J. Kolb, E. Lipokatic-Takacs, 
J. Jungnickel, C. Grothe, J. Neurosci. 2007, 27, 459.

[51] Z. Deng, S. Deng, M.-R. Zhang, M.-M. Tang, Front. Pharmacol. 
2019, 10, 335.

[52] C. A. Turner, S. J. Watson, H. Akil, Neuron 2012, 76, 160.
[53] S. J. Evans, P. V. Choudary, C. R. Neal, J. Z. Li, M. P. Vawter, 

H. Tomita, J. F. Lopez, R. C. Thompson, F. Meng, J. D. Stead, 
D. M. Walsh, R. M. Myers, W. E. Bunney, S. J. Watson, E. G. Jones, 
H. Akil, Proc. Natl. Acad. Sci. U. S. A. 2004, 101, 15506.

[54] R. Bernard, I. A. Kerman, R. C. Thompson, E. G. Jones, 
W. E. Bunney, J. D. Barchas, A. F. Schatzberg, R. M. Myers, H. Akil, 
S. J. Watson, Mol. Psychiatry 2011, 16, 634.

[55] F. Gaughran, J. Payne, P. M. Sedgwick, D. Cotter, M. Berry, Brain 
Res. Bull. 2006, 70, 221.

[56] M. Tochigi, K. Iwamoto, M. Bundo, T. Sasaki, N. Kato, T. Kato, 
Neurosci. Res. 2008, 60, 184.

[57] C. Aston, L. Jiang, B. P. Sokolov, Mol. Psychiatry 2005, 10, 309.
[58] S. Campbell, M. Marriott, C. Nahmias, G. M. MacQueen, Am. J. 

Psychiatry 2004, 161, 598.
[59] M. Kato, G. Okugawa, M. Wakeno, Y. Takekita, S. Nonen, 

S. Tetsuo, K. Nishida, J. Azuma, T. Kinoshita, A. Serretti, Eur. Neu-
ropsychopharmacol. 2009, 19, 718.

[60] A. Mallei, B. Shi, I. Mocchetti, Mol. Pharmacol. 2002, 61, 1017.
[61] C. A. Turner, E. L. Gula, L. P. Taylor, S. J. Watson, H. Akil, Brain Res. 

2008, 1224, 63.
[62] M. Elsayed, M. Banasr, V. Duric, N. M. Fournier, P. Licznerski, 

R. S. Duman, Biol. Psychiatry 2012, 72, 258.
[63] B. J. Wilcox, J. R. Unnerstall, Neuron 1991, 6, 397.

 21983844, 2020, 6, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/advs.201902372, W

iley O
nline L

ibrary on [07/06/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



www.advancedsciencenews.com

1902372 (15 of 15) © 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.advancedscience.com

Adv. Sci. 2020, 7, 1902372

[64] B. Reuss, O. von Bohlen und Halbach, Cell Tissue Res. 2003, 313, 
139.

[65] S. Zechel, S. Werner, K. Unsicker, O. von Bohlen und Halbach, 
Neuroscientist 2010, 16, 357.

[66] F. P. Eckenstein, J. Neurobiol. 1994, 25, 1467.
[67] D. M. Araujo, C. W. Cotman, J. Neurosci. 1992, 12, 1668.
[68] D. M. Ornitz, P. Leder, J. Biol. Chem. 1992, 267, 16305.
[69] N. Belluardo, G. Wu, G. Mudo, A. C. Hansson, R. Pettersson, 

K. Fuxe, J. Comp. Neurol. 1997, 379, 226.
[70] T. Asai, A. Wanaka, H. Kato, Y. Masana, M. Seo, M. Tohyama, Mol. 

Brain Res. 1993, 17, 174.
[71] N. Yazaki, Y. Hosoi, K. Kawabata, A. Miyake, M. Minami, 

M. Satoh, M. Ohta, T. Kawasaki, N. Itoh, J. Neurosci. Res. 1994,  
37, 445.

[72] C. S. Weickert, D. A. Kittell, R. C. Saunders, M. M. Herman, 
R. A. Horlick, J. E. Kleinman, T. M. Hyde, Neuroscience 2005, 131, 
219.

[73] B. H. Sung, T. Ketova, D. Hoshino, A. Zijlstra, A. M. Weaver, Nat. 
Commun. 2015, 6, 7164.

[74] B. R. Rost, F. Schneider, M. K. Grauel, C. Wozny, C. Bentz, 
A. Blessing, T. Rosenmund, T. J. Jentsch, D. Schmitz, 
P. Hegemann, C. Rosenmund, Nat. Neurosci. 2015, 18, 1845.

[75] G. H. Diering, M. Numata, Front. Physiol. 2014, 4, 412.
[76] T. B. Rogers, G. Inesi, R. Wade, W. J. Lederer, Biosci. Rep. 1995, 15, 

341.
[77] L. Munaron, C. Distasi, V. Carabelli, F. M. Baccino, G. Bonelli, 

D. Lovisolo, J. Physiol. 1995, 484, 557.
[78] C. Distasi, L. Munaron, F. Laezza, D. Lovisolo, Eur. J. Neurosci. 

1995, 7, 516.
[79] C. Distasi, M. Torre, S. Antoniotti, L. Munaron, D. Lovisolo, Eur. J. 

Neurosci. 1998, 10, 2276.
[80] R. T. Böttcher, C. Niehrs, Endocr. Rev. 2005, 26, 63.
[81] S. Schoch, F. Deák, A. Königstorfer, M. Mozhayeva, Y. Sara, 

T. C. Südhof, E. T. Kavalali, Science 2001, 294, 1117.
[82] P. S. Kaeser, W. G. Regehr, Curr. Opin. Neurobiol. 2017, 43, 63.
[83] W. Möbius, Y. Ohno-Iwashita, E. G. van Donselaar, 

V. M. J. Oorschot, Y. Shimada, T. Fujimoto, H. F. G. Heijnen, 
H. J. Geuze, J. W. Slot, J. Histochem. Cytochem. 2002, 50, 43.

[84] S. D. Skaper, CNS Neurol. Disord. - Drug Targets 2008, 7, 46.
[85] Z.-C. Dang, V. Audinot, S. E. Papapoulos, J. A. Boutin, 

C. W. G. M. Löwik, J. Biol. Chem. 2003, 278, 962.
[86] M. E. Chicurel, K. M. Harris, J. Comp. Neurol. 1992, 325, 169.
[87] J. R. Cooney, J. L. Hurlburt, D. K. Selig, K. M. Harris, J. C. Fiala, 

J. Neurosci. 2002, 22, 2215.
[88] C. S. von Bartheld, M. R. Byers, R. Williams, M. Bothwell, Nature 

1996, 379, 830.
[89] J. Rizo, J. Xu, Annu. Rev. Biophys. 2015, 44, 339.
[90] E. Willms, C. Cabañas, I. Mäger, M. J. A. Wood, P. Vader, Front. 

Immunol. 2018, 9, 738.
[91] Z. Chu, Y. Sun, C. Y. Kuan, G. A. Grabowski, X. Qi, Ann. N. Y. Acad. 

Sci. 2005, 1053, 237.

[92] G. Valdez, W. Akmentin, P. Philippidou, R. Kuruvilla, D. D. Ginty, 
S. Halegoua, J. Neurosci. 2005, 25, 5236.

[93] S. Saman, W. Kim, M. Raya, Y. Visnick, S. Miro, S. Saman, 
B. Jackson, A. C. McKee, V. E. Alvarez, N. C. Y. Lee, G. F. Hall, 
J. Biol. Chem. 2012, 287, 3842.

[94] M. Shi, C. Liu, T. J. Cook, K. M. Bullock, Y. Zhao, C. Ginghina, Y. Li, 
P. Aro, R. Dator, C. He, M. J. Hipp, C. P. Zabetian, E. R. Peskind, 
S.-C. Hu, J. F. Quinn, D. R. Galasko, W. A. Banks, J. Zhang, Acta 
Neuropathol. 2014, 128, 639.

[95] M. Sardar Sinha, A. Ansell-Schultz, L. Civitelli, C. Hildesjö, 
M. Larsson, L. Lannfelt, M. Ingelsson, M. Hallbeck, Acta Neuro-
pathol. 2018, 136, 41.

[96] J. C. Polanco, C. Li, N. Durisic, R. Sullivan, J. Götz, Acta Neuro-
pathol. Commun. 2018, 6, 10.

[97] M. Grey, C. J. Dunning, R. Gaspar, C. Grey, P. Brundin, E. Sparr, 
S. Linse, J. Biol. Chem. 2015, 290, 2969.

[98] B. M. Schwenk, H. Hartmann, A. Serdaroglu, M. H. Schludi, 
D. Hornburg, F. Meissner, D. Orozco, A. Colombo, S. Tahirovic, 
M. Michaelsen, F. Schreiber, S. Haupt, M. Peitz, O. Brüstle, 
C. Küpper, T. Klopstock, M. Otto, A. C. Ludolph, T. Arzberger, 
P.-H. Kuhn, D. Edbauer, EMBO J. 2016, 35, 2350.

[99] J. Bruch, H. Xu, T. W. Rösler, A. De Andrade, P.-H. Kuhn, 
S. F. Lichtenthaler, T. Arzberger, K. F. Winklhofer, U. Müller, 
G. U. Höglinger, EMBO Mol. Med. 2017, 9, 371.

[100] T. Koeglsperger, S. Li, C. Brenneis, J. L. Saulnier, L. Mayo, Y. Carrier, 
D. J. Selkoe, H. L. Weiner, Glia 2013, 61, 985.

[101] N. Fussi, M. Höllerhage, T. Chakroun, N.-P. Nykänen, T. W. Rösler, 
T. Koeglsperger, W. Wurst, C. Behrends, G. U. Höglinger, Cell 
Death Dis. 2018, 9, 757.

[102] R. Rachel, C. Meyer, A. Klingl, S. Gürster, T. Heimerl, 
N. Wasserburger, T. Burghardt, U. Küper, A. Bellack, S. Schopf, 
R. Wirth, H. Huber, G. Wanner, Methods Cell Biol. 2010, 96, 47.

[103] M. Sielaff, J. Kuharev, T. Bohn, J. Hahlbrock, T. Bopp, S. Tenzer, 
U. Distler, J. Proteome Res. 2017, 16, 4060.

[104] J. Cox, M. Y. Hein, C. A. Luber, I. Paron, N. Nagaraj, M. Mann, 
Mol. Cell. Proteomics 2014, 13, 2513.

[105] V. G. Tusher, R. Tibshirani, G. Chu, Proc. Natl. Acad. Sci. U. S. A. 
2001, 98, 5116.

[106] UniProt Consortium, Nucleic Acids Res. 2018, 46, 2699.
[107] S. Tripathi, M. O. Pohl, Y. Zhou, A. Rodriguez-Frandsen, G. Wang, 

D. A. Stein, H. M. Moulton, P. DeJesus, J. Che, L. C. F. Mulder, 
E. Yángüez, D. Andenmatten, L. Pache, B. Manicassamy, 
R. A. Albrecht, M. G. Gonzalez, Q. Nguyen, A. Brass, S. Elledge, 
M. White, S. Shapira, N. Hacohen, A. Karlas, T. F. Meyer, 
M. Shales, A. Gatorano, J. R. Johnson, G. Jang, T. Johnson, 
E. Verschueren, et al., Cell Host Microbe 2015, 18, 723.

[108] C. von Mering, M. Huynen, D. Jaeggi, S. Schmidt, P. Bork, B. Snel, 
Nucleic Acids Res. 2003, 31, 258.

[109] P. Shannon, A. Markiel, O. Ozier, N. S. Baliga, J. T. Wang, 
D. Ramage, N. Amin, B. Schwikowski, T. Ideker, Genome Res. 
2003, 13, 2498.

 21983844, 2020, 6, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/advs.201902372, W

iley O
nline L

ibrary on [07/06/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense


