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SUMMARY

Extracellular vesicles (EVs) facilitate intercellular communication by transferring cargo between 

cells in a variety of tissues. However, how EVs achieve cell-type-specific intercellular 

communication is still largely unknown. We found that Notch1 and Notch2 proteins are expressed 

on the surface of neuronal EVs that have been generated in response to neuronal excitatory 

synaptic activity. Notch ligands bind these EVs on the neuronal plasma membrane, trigger 

their internalization, activate the Notch signaling pathway, and drive the expression of Notch 

target genes. The generation of these neuronal EVs requires the endosomal sorting complex 

required for transport-associated protein Alix. Adult Alix conditional knockout mice have reduced 

hippocampal Notch signaling activation and glutamatergic synaptic protein expression. Thus, EVs 

facilitate neuron-to-neuron communication via the Notch receptor-ligand system in the brain.

In brief

Wang et al. show that excitatory synaptic activity triggers the release of extracellular vesicles 

(EVs). They found Notch1 and Notch2 proteins on the surface of EVs. The Notch ligand-receptor 
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system plays a key role in promoting the selective uptake of these EVs by neurons, thereby 

mediating unconventional neuron-to-neuron communication.

Graphical Abstract

INTRODUCTION

Neurons communicate with each other by selectively sending and receiving chemical and 

electrical signals. Recently, extracellular vesicles (EVs) have emerged as additional potential 

mediators of intercellular communication in the central nervous system (CNS).1,2 EVs are 

nanosized particles composed of lipids, proteins, and nucleic acids.3–5 Originally, EVs were 

thought to function primarily in the mass removal of unwanted cellular by-products and 

waste, removing them from cells by secretion into the extracellular space.6 However, a 

substantial body of recent results challenges these findings and supports a key role for 

EV-based intercellular signaling. For instance, neurons release EVs in response to various 

forms of synaptic plasticity and during brain development.7–11 Furthermore, additional 

evidence indicates that CNS EVs facilitate cell-type-specific cargo transfer.4 Specifically, 

activation of glutamate receptors triggers neurons and oligodendrocytes to release EVs, and 

these EVs are selectively internalized by neurons.12–14 On the other hand, unstimulated 

oligodendrocytes release EVs that are preferentially transferred to microglia.15 Despite 

these observations, skepticism about the biological significance of EV-mediated cell-to-cell 

communication in the CNS has persisted. This study aims to expand the knowledge of the 
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molecular mechanisms underlying cell-type-specific EV-based intercellular communication 

and to identify an EV receptor system in the CNS.

RESULTS

NMDAR activity-induced EVs contain Notch1 and Notch2 proteins

We set out to identify proteins responsible for mediating cell-type-specific EV 

communication using cultured rodent neurons. Neuronal EV biogenesis and release was 

triggered by activating synaptic N-methyl-D-aspartate receptors (NMDARs) with a Mg2+-

free glycine solution16 (Figures 1A and S1A–S1I). We isolated neuronal EVs using a 

previously developed isolation strategy based on size exclusion chromatography (SEC)17 

(Figure 1A). Negative staining electron microscopy (EM) analysis revealed abundant EV-

like particles in the second SEC fraction isolated from the Mg2+-free glycine solution used 

to stimulate the neurons (Figures 1B, 1C, S1J, and S1K). Western blot (WB) analysis 

confirmed that this fraction was enriched for three EV markers—Alix, Tsg101, and CD81—

but not for GM130, a protein located in the Golgi apparatus (Figure 1D).

All ten SEC fractions were individually analyzed with liquid chromatography-tandem 

mass spectrometry (LC-MS/MS)-based proteomics (Figure 1E). We identified 114 proteins 

with significantly higher levels in EV-enriched fraction, relative to the other fractions 

(Table S1). Gene Ontology enrichment analysis revealed robust enrichment of proteins 

associated with EVs (Table S1), including 60 canonical EV markers (e.g., endosomal sorting 

complex required for transport [ESCRT] complex proteins and tetraspanins).3,5 Among the 

additional 54 proteins, Notch1 and Notch2 stood out as prominent candidates for specifying 

EV binding, because they are transmembrane proteins that are captured by high-affinity 

ligands.18,19 Notably, the identified Notch1 and Notch2 peptides mapped to both the extra- 

and intracellular domains (ECDs or ICDs, respectively). Thus Notch1 and Notch2 in these 

EVs have not been activated by proteolytic cleavage (Figure 1E).18 WB analysis of SEC 

fractions confirmed the presence of Notch1ICD and Notch2ICD in EVs but failed to detect 

activated Notch1, activated Notch2, or the Notch ligands Jag1, Jag2, Dll1, and Dll4 (Figure 

1F).

Neurons internalize EVs using Notch ligands

The canonical Notch signaling pathway begins at the cell surface by the binding of 

NotchECD to transmembrane ligands.18,19 Likewise, if NotchECD is present on the EV 

surface, it could also bind Notch ligands expressed on the neuronal plasma membrane to 

activate signaling. To investigate how Notch is orientated within the EV membrane, we 

incubated purified EVs with proteinase K (PK) to digest peptide bonds accessible on the EV 

surface. We then used Notch1ICD and Notch2ICD antibodies and WB analysis to determine 

which Notch protein domains are protected from digestion within the EV lumen. Notably, 

PK treatment reduced both Notch1 and Notch2 molecular weight by ~10 kDa, consistent 

with the removal of the extracellular domain of NotchICD, which anchors the NotchECD 

(Figure 2A). Thus, NotchECD is present on the EV surface (Figure 2B). By contrast, PK 

readily digested the multi-pass transmembrane EV protein CD81 but did not digest the EV 

luminal protein Sdcbp.20
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The binding of NotchECD to Notch ligands leads to the internalization of the ligand-receptor 

complex into the acceptor cell.18,19 Thus, we hypothesized that EVs containing NotchECD 

on their surface may also be internalized. If so, internalized EVs should remain punctate 

after internalization, and Notch ligands should colocalize with the internalized EVs. To 

test this hypothesis, we labeled neuronal EVs with the protein dye carboxyfluorescein 

succinimidyl ester (CFSE) to track internalized EVs. Visualization of the CFSE signals 

in neurons revealed that internalized EV proteins remain concentrated in puncta, which 

colocalize with Notch ligands, especially Jag1, in neuronal soma and dendrites (Figures 

2C and 2D). We also found that Jag1, Jag2, Dll1, and Dll4 are predominantly expressed 

by cultured rat hippocampal neurons21 (Figure S2A). Immunocytochemistry (ICC) analysis 

indicates that Notch ligands partially colocalize with VGlut1 and Homer1, glutamatergic 

presynaptic and postsynaptic markers, respectively (Figures S2B and S2C). Furthermore, 

Notch1 and Notch2 proteins also partially colocalize with VGlut1 and the excitatory 

postsynaptic marker PSD95 (Figure S2D). However, our ability to discern pre- or 

postsynaptic colocalization is limited, and even VGlut1 and Homer1 signals exhibit some 

colocalization (Figure S2B). To further investigate the synaptic localization of Notch1 and 

Notch2 proteins, we examined subcellular biochemical fractions of mouse cortex by WB 

analysis (Figure S2E). We found that Notch1ICD, Notch2ICD, Dll1, and Dll4 are enriched 

within the postsynaptic density (PSD) and are nearly absent in the presynaptic (Pre) 

fractions. Notably, Jag1 and Jag2 are detected in both the Pre and PSD fractions. Thus, 

glutamatergic axon terminals and dendritic spines, which are hotspots of endocytosis,22–

24 may represent active sites for EV internalization. We also detected the canonical EV 

proteins, tsg101, Alix, and Sdcbp, in the PSD fraction but not in the Pre fraction. This 

finding strongly suggests that dendritic spines are the primary sites for EV release. We 

also used live-cell imaging to confirm that EVs were predominantly released from dendritic 

spines (Figures S2F–S2H), consistent with previous findings.7,14

To investigate whether EVs directly fuse with the neuronal plasma membrane, which 

does not require endocytosis, we labeled EVs with the lipophilic dye CM-Dil. The CM-

Dil-labeled EVs were observed in a punctate pattern after internalization (Figure S3A). 

This suggests that EV membrane integrity is maintained after internalization, rather than 

directly fusing with neuronal plasma membrane. Furthermore, CFSE-labeled EVs are 

selectively internalized by MAP2-positive neurons (Figures S3B and S3C). To corroborate 

this finding, we acquired a Notch1 expression construct containing a C-terminal myc epitope 

tag.25 We packaged this construct into lentiviruses, infected neurons, and then harvested 

glycine-induced EVs. Next, we treated additional non-infected neurons with EVs containing 

C-terminal myc-tagged Notch1 (Figure S3D). Consistently, the majority of myc signal was 

observed within MAP2-positive neurons, and some myc signal was punctate, while other 

myc signal was highly enriched in the nucleus (Figure S3E). This observation provides 

evidence that NotchICD from EVs can translocate into the nucleus of recipient neurons. 

Notably, EVs incubated with PK were not detected in neurons, which further supports a role 

for NECD-ligand trans interaction in mediating target specificity (Figures 2E and S3F).

In light of the aforementioned observations, we hypothesized that the internalization of EVs 

alone has the potential to activate the expression of Notch target genes, such as Hes1.18,19 To 

test whether NotchICD within EVs is functional, we spiked neuronal cultures with these EVs 
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and examined the activation of the Notch pathway by WB. In support of this hypothesis, 

the levels of activated Notch1, activated Notch2, and Hes1 proteins were all significantly 

elevated in neurons incubated with the EVs (Figures 2F–2I and S3G–S3J). In contrast, 

EVs pretreated with PK failed to activate the Notch signaling pathway. To confirm that EV 

Notch proteins are responsible for activation of Notch signaling in recipient neurons, we 

next incubated the Notch EVs with the synthetic peptide DeltaMAX. DeltaMAX has very high 

binding affinity for murine Notch ECD and can be used to interfere with ligand-receptor 

binding.26 We found that EVs preincubated with DeltaMAX were unable to initiate the 

Notch signaling pathway (Figures 2F–2I). To investigate if Notch EVs impact neuronal 

morphology, we incubated cultured neurons with the EVs for 1 h and found that they 

significantly increased spine density (Figures S4A and S4B), suggesting EVs play a role in 

regulating the morphology of dendritic spines.27 Taken together, NotchICD within EVs can 

be further processed and can drive Hes1 gene expression.

Activation of synaptic NMDARs leads to Notch target gene expression

To examine whether endogenous neuronal EV-mediated communication is sufficient to 

trigger Notch signaling in nearby neurons, we again stimulated cultured rat hippocampal 

neurons with vehicle (Veh) or Mg2+-free glycine. In this experiment, instead of purifying 

EVs, we harvested the neuronal RNA at multiple time points after treatment and performed 

bulk poly-A RNA sequencing to examine changes in gene expression (Figure 3A; Table S2). 

Interestingly, we found that synaptic NMDAR activation significantly induced expression 

of multiple Notch target genes (e.g., Hes1 and Nrarp) 60 min after treatment (Figures 

3B and 3C; Table S2). Additionally, this stimulation also increased the level of activated 

Notch1, Notch 2, and Hes1 proteins (Figures 3D and 3E). This effect was inhibited by the 

NMDAR antagonist D-2-amino-5-phosphonovalerate (APV). Thus, at least in this system, 

activation of the Notch signaling pathway is NMDAR dependent.28 Furthermore, inhibiting 

endocytosis with dynasore blocked elevation of activated Notch1, activated Notch2, and 

Hes1 protein levels, suggesting internalization of EVs is required for Notch signaling 

pathway activation (Figures 3D and 3E).29,30 Altogether, these data strongly suggest 

endogenously released neuronal EVs are sufficient to activate the Notch signaling pathway.

Synaptic NMDAR activation of the EV Notch signaling pathway requires Alix expression

We next hypothesized that neurons with impaired EV biogenesis/release machinery are 

unable to activate the NMDAR-based EV signaling pathway. Alix (encoded by Pdcd6ip 
gene) functions in the ESCRT pathway and is essential for EV biogenesis and release 

in multiple cell lines,31,32 so we suspected that Alix may also play a critical role in 

neuronal EV release. Consistently, activation of synaptic NMDARs induced significantly 

fewer EVs to be released from Alix +/− and Alix−/− neurons33 (Figures 4A andS4C–S4E). 

We also failed to detect any Notch proteins or known EV protein markers in the SEC 

fractions by WB (Figure 4B). These results show that Alix is required for synaptic NMDAR 

activation-induced EV release. Moreover, as hypothesized, Mg2+-free glycine stimulation 

failed to increase activated-Notch1, activated-Notch2, or Hes1 protein levels in Alix−/− 

neurons (Figures 4C–4F). Besides regulating EV release, Alix also contributes to protein 

cargo transport from early endosomes to multivesicular bodies (MVBs).34–37 Therefore, we 

next examined whether the lack of Notch signaling pathway activation in Alix−/− neurons 
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is due to disruption of intracellular Notch protein trafficking. We found that Alix deletion 

only slightly reduced Notch1 levels at Tsg101-38 and lysobisphosphatidic acid-positive 

puncta (i.e., MVBs and late endosomes respectively) (Figures S4F and S4G). These mild 

changes suggest Notch protein trafficking is only marginally altered in Alix−/− neurons. This 

alteration may be a mechanism underlying the abnormal embryonic brain development in 

Alix−/− mice, which results from neuronal precursor apoptosis.33,39,40

Synaptic NMDAR activation triggers Alix phosphorylation to facilitate EV release

We next investigated how activation of synaptic NMDARs promotes EV release and 

engages the Notch signaling pathway. Under basal conditions, Alix activity is suppressed 

by conformational autoinhibition through the interaction of proline-rich region (PRR) and 

BRO-domain-containing protein (BRO) domains.41,42 In tumor cells, phosphorylation of 

Alix disrupts the PRR-BRO interaction and facilitates cytokinetic abscission and retroviral 

budding.41 This led us to suspect that Alix phosphorylation may also be required for 

EV release induced by synaptic activity. NMDAR activation led to Alix phosphorylation 

and was blocked by APV (Figures S5A–S5C). Protein kinase A (PKA), protein kinase 

C (PKC), and Ca2+/calmodulin-dependent protein kinase II (Camk2) are engaged after 

activation of synaptic NMDARs.43 Thus, we tested four kinase inhibitors and found 

only the PKA inhibitor H89 can significantly inhibit Alix phosphorylation (Figures 4G, 

4H, and S5D). Additionally, both APV and H89 can suppress NMDAR activity-induced 

EV release (Figure S5E), which suggests both NMDAR and PKA are required for Mg2+-

free glycine stimulation-induced EV release. To identify candidate Alix phosphorylation 

site(s) required for EV release, we performed LC-MS/MS analysis of neurons treated 

with Mg2+-free glycine or vehicle solutions and found that Alix is phosphorylated at 

serine 717 (S717) (Figure 4I). No phosphorylated Alix peptides were identified in vehicle-

treated neurons. S717 localizes to the junction between the V-domain and the PRR 

domain (Figure 4J), which is evolutionarily conserved among animals (Table S3). To test 

whether phosphorylation of S717 contributes to NMDAR activity-induced EV release, 

we mutated the serine to aspartic acid (S717D) to mimic constitutive phosphorylation. 

We also constructed a phosphorylation-dead mutant by replacing the serine with alanine 

(S717A). We then packaged these two constructs into lentiviruses and infected Alix−/

− hippocampal neurons. Overexpression of mCherry-Alix or mCherry-Alix-S717D, but 

not mCherry or mCherry-Alix-S717A, successfully rescued NMDAR activity-induced EV 

release (Figures 4K, 4L, S5F, and S5G). Altogether, these data provide strong evidence 

that Alix phosphorylation plays a critical role in synaptic NMDAR activation-induced EV 

release.

Notch signaling is reduced in adult Alix−/− mouse hippocampus

Alix is a multifunctional protein that is associated with the ESCRT machinery and plays a 

key role in several membrane-centric processes. For example are membrane repair, MVB 

and exosome biogenesis, and neuronal activity-dependent bulk endocytosis.44 Since bulk 

endocytosis is an important mechanism that facilitates EV uptake,4 Alix−/− neurons may 

also have hampered EV internalization. Therefore, Alix−/− mice have severely hampered 

EV processes, and we hypothesized that the EV Notch signaling pathway is also impaired. 

During the very early stages of postnatal brain development (i.e., post-natal day [P]0–P4), 
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there is nearly no excitatory synaptic transmission in the brain.45,46 Consistently the level 

of Notch1ICD, Notch2 ICD, activated Notch1, activated Notch2, and Hes1 proteins are very 

similar in Alix+/+ and Alix−/− hippocampal extracts (Figures 5A and 5B). In contrast, at 

P14, when excitatory synaptic transmission is established, the levels of activated Notch1, 

activated Notch2, and Hes1 proteins in Alix+/+ hippocampus are significantly higher than in 

Alix−/− hippocampus (Figures 5A and 5B). However, the levels of Notch1ICD and Notch2 

ICD remain similar.

NotchICD translocates to the nucleus to induce expression of Notch target genes.18,19 Thus, 

the degree of Notch signaling pathway activation is correlated with the abundance of nuclear 

NotchICD. At P0 and P4, the expression patterns of Notch1ICD and Notch2 ICD are very 

similar in Alix+/+ and Alix−/− hippocampi (Figures 5C and S6). However, at P14, there 

is less nuclear Notch1ICD and Notch2 ICD in Alix−/− hippocampal CA1 and CA3 regions 

compared to Alix+/+ hippocampus. There was also less Notch1ICD in P14 Alix−/− dentate 

gyrus (DG). Notably, the expression patterns of Notch2 ICD are very similar in Alix+/+ and 

Alix−/− DGs (Figures 5C and S6B). Therefore, our data strongly suggest that Notch pathway 

activation is associated with the developmental onset of excitatory synaptic transmission and 

that impaired neuronal EV-based signaling decreases Notch pathway activation in the mouse 

hippocampus.

Alix is required for activation of the Notch signaling pathway in the adult mouse 
hippocampus

Alix plays important roles in brain development, and Alix−/− mouse brains are significantly 

smaller compared to wild type.33,39,44 To avoid the defects in embryonic development, we 

crossed Alix-floxed (Alixfl/fl) mice with Camk2a-cre mice to obtain Camk2a-cre::Alixfl/fl. 

Camk2a-cre is highly expressed in pyramidal neurons of adult mouse hippocampus and 

turns on around P30. At P60, Alix protein levels in Camk2a-cre::Alixfl/fl hippocampus were 

reduced to ~5% of the level in Alixfl/fl hippocampus (Figures 6A and 6B). The level of 

activated Notch1, activated Notch2, and Hes1 proteins were also significantly reduced in 

Camk2a-cre::Alixfl/fl hippocampus compared to Alixfl/fl hippocampus. However, Notch1ICD 

and Notch2 ICD protein levels remained similar, suggesting the reduction is not due to 

downregulation of Notch protein expression.

We further examined the expression patterns of Notch1ICD and Notch2 ICD in Alixfl/fl and 

Camk2a-cre::Alixfl/fl hippocampi (Figures 6C and 6D). Compared to Alixfl/fl hippocampus, 

the amount of nuclear Notch1ICD was significantly reduced in Alix conditional knockout 

(cKO) CA1, CA3, and DG regions. By contrast, cKO of Alix significantly reduced the 

amount of nuclear Notch2ICD in CA1 and CA3 but not DG. This region-specific alteration 

of Notch1ICD and Notch2 ICD expression patterns suggests Notch1 and Notch2 may exist 

in separate populations of neuronal EVs and are released by different neurons. Collectively, 

these data strongly suggest that hampered neuronal EV release limits activation of the Notch 

pathway in the adult brain.
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Conditional deletion of Alix in the adult mouse brain leads to hippocampal subregion-
specific proteomic changes

The Notch signaling pathway plays important roles in synaptic function.21,28,47–49 To 

investigate the consequences of reduced Notch signaling activity in the mouse hippocampus, 

we used tandem mass tag (TMT)-based proteomic analysis to quantitatively compare the 

Alixfl/fl and Camk2a-cre::Alixfl/fl hippocampal CA1, CA3, and DG proteomes respectively 

(Figures 7 and S7; Table S4). The conditional deletion of Alix leads to distinct proteomic 

changes in CA1, CA3, and DG (Figures 7B and 7C). This finding aligns with the 

region-specific changes in Notch1ICD and Notch2ICD levels within the hippocampus of 

Camk2a-cre::Alixfl/fl brain (Figures 6C and 6D). Notably, the DG proteome showed the 

most robust changes (Figures 7C and S7A; Table S4), which suggests EV-mediated Notch1 

activation may play an important role in DG.47 The Database for Annotation, Visualization 

and Integrated Discovery analysis of the downregulated proteins revealed a significant 

enrichment of the term "glutamatergic synapses" in the datasets from all three regions (top 

2 in CA1, top 3 in CA3, top 7 in DG, Figure 7D; Table S4). Our finding is consistent 

with a recent study showing that Alix−/− hippocampal neurons have shorter postsynaptic 

densities and smaller spine head size compared to WT controls.44 These data strongly 

suggest EV-mediated neural communication is required for normal glutamatergic synaptic 

protein expression in the hippocampus.

DISCUSSION

We discovered that activating synaptic NMDARs triggers hippocampal neurons to release 

Notch1 and Notch2 proteins in EVs. These EVs facilitate short-range, irreversible, cell-

type-specific Notch signaling selectively in neurons. This EV-based Notch signaling 

pathway requires the ESCRT-associated protein Alix, and adult Alix cKO mice have 

reduced hippocampal Notch signaling. Thus, we discovered EVs mediate neuron-to-neuron 

communication, in which the Notch1 and Notch2 proteins play a neurotransmitter-like role, 

and the Notch ligands are the receptors for EV signaling.

Our results indicate Notch receptor-ligand binding facilitates EV capture on the neuronal 

plasma membrane and subsequent endocytosis.2,4 In a similar way during canonical 

Notch signaling, Notch receptor-ligand complexes are endocytosed into acceptor cells.18 

Consistently, we found that in general most EVs have intact membranes after internalization 

(Figures 2C, 2E, and S3A). Endocytosis occurs at many locations spread across the 

neuronal plasma membrane, but glutamatergic presynaptic sites are particularly active 

sites of endocytosis.22 Presynaptic Jag1 and Jag2 may regulated the EV uptake in axon 

terminals.9,13 Interestingly, we also detected a small portion of the Jag1 and Jag2 pool in 

the PSD fraction (Figures S2B, S2C, and S2E). In contrast, synaptic Dll1 and Dll4 are 

exclusively detected within the postsynaptic compartment. Dendrites and spines are also 

endocytosis hotspots.23,24 Therefore, postsynaptic Jag1, Jag2, Dll1, and Dll4 may contribute 

to the EV uptake in dendritic spines. Based on our hypothesis, after internalization, EVs 

are transported to the soma through retrograde trafficking.50 Once activated, NotchICD is 

proteolytically processed, enters the nucleus, and initiates Notch target gene expression. 

However, the mechanisms governing the translocation of EV-associated Notch receptors 
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into the nucleus remain unclear. We hypothesize two potential mechanisms. First, it could 

involve endosome-nucleus communication pathways.51,52 Alternatively, it may be associated 

with the lysosome-to-nucleus signaling mechanism.53–55 Further experiments will be needed 

to comprehensively investigate these mechanisms.

These findings linking the Notch signaling pathway to EVs provide an unconventional 

perspective on more than one hundred years of research on this evolutionarily conserved 

cell-to-cell communication pathway.56,57 For example, in CNS neurons, Notch1 and Notch2 

have been found to be expressed at dendritic spines, and Jag1 is mainly present at 

presynaptic sites.28 Thus, in this arrangement, binding of the postsynaptic receptors and 

the presynaptic ligands in trans would result in endocytosis of the Notch receptor-ligand 

complex and constitutive activation of the Notch signaling pathway in the presynaptic 

neurons. However, in addition to the plasma membrane and cycling endosomes, Notch 

proteins also localize to intralumenal vesicles (ILVs) within MVBs. In hippocampal 

neurons, MVBs are mainly distributed in cell bodies and dendrites,37 suggesting that the 

postsynaptic Notch proteins may be primarily localized to dendritic ILVs rather than to the 

dendritic spine plasma membrane. Notably, MVBs are important sites of EV biogenesis 

and storage, including exosomes,3,5 and Notch proteins have been observed in MVBs that 

were previously thought to be en route to lysosomal degradation.18 However, our results 

show that Notch-containing dendritic ILVs are also be secreted as EVs in an Alix-dependent 

manner in the mammalian neurons (Figure 4). Notably, many other parallel mechanisms 

exist for EV biosynthesis and release, including non-canonical ESCRT-dependent pathways 

and ESCRT-independent routes.3,4 Notably, Alix is not essential for these EV biosynthesis 

or release pathways. In future studies, it is worth exploring the roles of these pathways in the 

generation of neuronal EVs induced by various stimuli.

In adult brain, Notch signaling activity contributes to synaptic plasticity, learning, 

and memory.21,28,47,48,58 Furthermore, genetic inactivation of the Notch target gene 

Hes1expression in excitatory neurons resulted in abnormal fear and anxiety-related behavior 

in adult mice.49 In the context of our findings, EV-based Notch signaling may underlie 

these observations in the adult brain. We found that in vitro EVs require at least 1 h to 

induce gene expression after stimulation of synaptic NMDARs (Figure 3B). Therefore, EVs 

are unlikely to regulate short-term synaptic plasticity and are more likely to play a key 

role in regulating long-term synaptic processes such as late-phase long-term potentiation 

and memory consolidation. Notably, since EVs also commonly contain nucleic acids (i.e., 

miRNA and mRNA), EV-based neuronal communication is likely to also regulate gene 

expression beyond Notch target genes. In summary, we discovered EVs facilitate cell-type-

specific communication between neurons through the Notch ligand-receptor system.

Limitations of the study

While our discoveries regarding EV-mediated neuron-to-neuron communication are 

significant, there are several limitations to be acknowledged. First, we used a glycine 

solution lacking Mg2+ to activate synaptic NMDARs to initiate the release of EVs. However, 

it’s important to note that this stimulation only partially replicates the complexities of 

excitatory synaptic activity in the brain. Given the diverse panel of neurotransmitters and 
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glutamate receptors in brain,59 the in vivo conditions for EV release are likely more 

intricate than in vitro. Second, our understanding of EV abundance in vivo remains unclear. 

Therefore, we still do not know how important or widespread EV-based Notch signaling 

pathway activation is in the brain. Third, the synaptic architecture within the brain is notably 

more intricate compared to primary cultured neurons. For instance, glutamatergic synapses 

are partially enveloped by astrocytes.60 Consequently, not all EVs released from dendritic 

spines can freely diffuse to distant areas. Furthermore, these EVs may even undergo 

internalization by astrocytes encasing the spines from which the EVs were released61 and 

may involve distinct uptake mechanisms.4 Each of these aspects may open alternative 

pathways for further investigation.

STAR★METHODS

RESOURCE AVAILABILITY

Lead contact—Further information and requests for resources and reagents should 

be directed to and will be fulfilled by the lead contact, Dr. Jeffrey N. Savas 

(jeffrey.savas@northwestern.edu).

Materials availability—We are glad to share plasmids generated in this study upon 

request.

Data and code availability

• The bulk RNA sequencing data presented in this study was deposited in 

Gene Expression Omnibus (GEO) under the identifier GSE110908. The mass 

spectrometry data presented in this study was deposited in Mass Spectrometry 

Interactive Virtual Enviroment (MassIVE) under the identifier MSV000093592 

and ProteomeXchange under the identifier PXD047597. Other data reported in 

this study will be shared by the lead contact upon request.

• This paper does not report original code.

• Any additional information required to reanalyze the data reported in this work 

paper is available from the lead contact upon request

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Animals—All procedures were approved by Northwestern University’s Animal Care 

and Use Committee (IS00009900, IS00010858 and IS00001789) in compliance with US 

National Institutes of Health standards.

Mice:  The Alix+/− mice (strain, C57BL/6) were generated by d’Azzo lab.33 We bred these 

mice to obtain both Alix−/− and Alix+/+ genotypes. The Alixfl/fl mice (strain, C57BL/6N) 

were generated by Sadoul lab.39 The Camk2a-Cre mice were purchased from The Jackson 

Laboratory (B6.Cg-Tg(Camk2a-cre)T29–1Stl/J, Strain #:005359). We first crossed Alixfl/fl 

mice with homozygous Camk2a-Cre mice to generate Camk2a-Cre::Alixfl/WT mice, which 

were further used as breeders to generate Camk2a-Cre::Alixfl/fl mice. To examine the 

activation of the Notch signaling pathway, Alix−/− and Alix+/+ mice at P0, P4, and P14 
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stages were employed. Around 2-month-old Alixfl/fl and Camk2a-Cre::Alixfl/fl mice were 

also used. Alix+/+ mice of 2-to-3-month-old were used for subcellular fractionation. For 

TMT-MS, 2-to-3-month-old Alixfl/fl and Camk2a-Cre::Alixfl/fl mice were used. In all of the 

experiments, both male and female mice were used. All mice were maintained under a 12-h 

light/dark cycle and had continuous access to food and water.

Rat:  Timed pregnant female Wistar rats were purchased from Charles River. All rats were 

maintained under a 12-h light/dark cycle and had continuous access to food and water. New 

born P0 pups (both male and female) were used for neuronal culture experiments.

Primary culture of hippocampal cells—Brains of postnatal day 0 Wistar rat or 

mouse pups were removed rapidly and placed in ice-cold Hank’s Balanced Salt Solution 

(Thermo Fisher Scientific, Cat# 14170112). Hippocampi were dissected and incubated 

with papain for 20 min at 37°C, followed by trituration with fire-polished glass pipettes, 

and plated in poly-D-lysine (Fisher Scientific, Cat# CB-40210)/laminin (Fisher Scientific, 

Cat# 23-017-015) -coated 60-mm culture dishes (2 × 106 cells per dish), in 6-well plate 

(cover glasses, Carolina, Cat# 633037, 1.5 × 106 cells per well), in 12-well plate (5 × 

105 cells per well), 24-well plates (cover glasses, Carolina, Cat# 633029, 1.5 × 105 cells 

per well). Notably, the Alix+/− mice were used as breeders. Therefore, mouse hippocampal 

neurons from each P0 pup were cultured individually. The tail of the corresponding mouse 

pup was used for the genotyping (Transnetyx). Neurons were cultured with Neurobasal 

medium supplemented with SM1 (STEMCELL Technologies, Cat# 05711) and maintained 

at 37°C in a humidified 5% CO2 atmosphere incubator. Cultures were fed three times a 

week with changing 50% of the medium. Glial cell division was suppressed by addition of 

5-fluoro-2-deoxyuridine (20 μg/mL; Sigma-Aldrich, Cat# F0503) and uridine (20 μg/mL; 

Sigma-Aldrich, Cat# U6381) at day four after plating (DIV 4). For EV enrichment, DIV 

28 neurons were used. For immunostaining and WB, DIV 21–28 neurons were used. For 

electrophysiological recording and live cell imaging, DIV 15–18 neurons were used. For EV 

uptake experiments, glial cell division was not inhibited.

METHOD DETAILS

Plasmids and lentivirus (LV)—The mCherry-Alix plasmid and Notch1-myc were 

purchased from Addgene (Cat# 21504, and Cat# 41728). The pz196 plasmid was acquired 

from Dr. Evangelos Kiskinis lab. The GFP and mCheery plasmids were acquired from 

Dr. Peter Penzes lab. The mCherry-Alix-S717A and mCherry-Alix-S717D constructs were 

generated by QuikChange method with following oligoes72:

AlixS717A_For: acttgcaacaaGCAattgccagagaacctagtgct

AlixS717A_Rev: gttctctggcaatTGCttgttgcaagtcctttaag

AlixS717D_For: acttgcaacaaGATattgccagagaacctagtgct

AlixS717D_Rev: gttctctggcaatATCttgttgcaagtcctttaag
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The mCherry, mCherry-Alix, mCherry-Alix-S717A and mCherry-Alix-S717D LVs were 

packaged by System Biosciences. The Notch1-myc lentiviruses (LV) were packaged in the 

Savas lab. LVs were added into primary cultured Alix−/− mouse or rat hippocampal neurons 

at DIV 4.

Electrophysiological recording—14–16 days after plating, coverslips were transferred 

to a recording chamber positioned under an upright microscope equipped with a 40× 

objective. They were continuously super fused (1 mL/min) with oxygenated sodium ACSF 

containing 125 mM NaCl, 2.4 mM KCl, 1.2 mM NaH2PO4, 25 mM NaHCO3, 25 mM 

glucose, 2 mM CaCl2, and 1mM MgCl2 (pH 7.4; osmolarity between 325 and 335 

mosmol-1) and maintained at near physiological temperature (32°C) on a heated stage. 

Whole-cell patch clamp recordings were performed using a Multiclamp700B amplifier 

(Axon Instruments Inc.). Borosilicate glass recording electrodes with resistances of 4–6 

MΩ were filled with the following internal solution: 95 mM CsF, 25 mM CsCl, 10 mM 

Cs-HEPES, 10 mM Cs-EGTA, 2 mM NaCl, 2 mM Mg-ATP, 10 mM QX-314, 5 mM 

TEA-Cl, 5 mM 4-AP, (pH adjusted to 7.3 with CsOH). Series resistance was continuously 

monitored using hyperpolarizing voltage steps generated by pClamp 10.7 software (Axon 

Instruments), and recordings were discarded if there was a >15% change during the course 

of the experiment. No electronic compensation for series resistance was applied. Recordings 

were filtered at 2 kHz. All mEPSC recordings were made in the presence of TTX (0.5 μM) 

and GABAA receptor antagonists, picrotoxin (50 μM) and bicuculline (10 μM). For cLTP 

induction, perfusion was switched for 5 min to a Magnesium-free ACSF containing Glycine 

(200μM). mEPSC were analyzed using miniAnalysis (Bluecell) with a threshold set at 5 pA.

Neuronal EV release induction—We activated synaptic NMDARs using a glycine-

based manner.16,73 Neurons were washed three times with warm Mg2+-free glycine solution 

(pH 7.4, 150 mM NaCl, 5 mM KCl, 200 mM glycine, 2 mM CaCl2, 10 mM glucose, 

10 mM HEPES, 1 μM Strychnine, 20 μM Bicuculline. The osmolarity was adjusted to 

300–330 mOsm/l). The neurons were kept in Mg2+-free glycine solution for 30 min at 37°C 

in a humidified 5% CO2 atmosphere incubator. The EV-containing supernatant was then 

carefully collected to enrich for EVs. As a negative control experiment, we did a treatment 

of neurons with the Veh solution (pH 7.4, 150 mM NaCl, 5 mM KCl, 1 mM MgCl2, 2 

mM CaCl2, 10 mM glucose, 10 mM HEPES, 1 μM Strychnine, 20 μM Bicuculline. The 

osmolarity was adjusted to 300–330 mOsm/l). The Veh solution with which the neurons had 

been treated was also collected for further analysis.

SEC-based EV enrichment—The EV-containing supernatant was centrifuged at 3000 

× g for 30 min at 4°C to remove residual neurons and large debris. Then, the supernatant 

was concentrated using a molecular weight cutoff (MWCO) filter (10 kDa, EMD Millipore, 

Cat# UFC801024) to ~0.5 mL. The concentrated solution was then fractionated into 10 

fractions (0.5 mL in EV-free PBS, MEDIATECH INC CA, Cat# 21–040-CV) using a 

qE-Voriginal-35nm SEC column (Izon Science, Cat# SP5-USD) with an automated fraction 

collector V1 (Izon Science, Cat# AFC-V1).

Wang et al. Page 12

Cell Rep. Author manuscript; available in PMC 2024 March 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Quantification of EV size—Purified EV samples were submitted to Center for Advanced 

Microscopy/Nikon Imaging Center (Northwestern University) for negative staining EM 

analysis. Images were acquired with a FEI Tecnai Spirit G2 120 kV transmission EM. 

EM images were imported into Fiji (NIH, https://imagej.nih.gov/ij/). All visible EV-like 

particles were measured and no particles were omitted. Before measurement, the images 

were processed with sharpen function for edge-detection.

Quantification of EV—For each experimental group, EVs released from three 60 mm 

dishes of mouse hippocampal neurons were pooled and enriched by the SEC method as 

described above. Then take 10 μL of the enriched EVs from each sample and dilute them 

with 990 μL EV-free PBS. The samples were centrifuged at 2500 × g for 15 min. Mix 

0.5 mL of each sample with 0.5 mL incubation solution. Load 70 μL of each mixture to 

an ExoView Mouse Tetraspanin chip (Nanoview Bioscience, Cat# EV-TETRA-M2) and 

incubate overnight at RT in dark. The next day, unbound EVs were washed off the chip by 

five 3-min washes with the solution A. After incubating with the block solution for 1 h (RT), 

the chips were incubated with anti-tetraspanin mixture (Included in the kit, anti-CD81, CF 

555, anti-CD9, CF 488A and anti-CD63, CF 647) for 1 h on an orbital shaker. The chips 

were washed with the solution A twice (3 min each) and the solution B 5 times (3 min each). 

The chips were then rinsed in MilliQ water to remove excess solution B. Air dry the chips. 

A NanoView R100 equipment (Nanoview Bioscience) was used to scan the chips. The data 

was analyzed by ExoView Analyzer 3.1.4 (Nanoview Bioscience).

EV labeling—EVs were labeled with the protein dye CFSE or the lipid dye CM-Dil.74 

EV-containing solution was collected from twelve 60 mm culture dishes (DIV 28, 2 × 106 

cells per dish) as described above. The solution was then concentrated to ~0.5 mL using a 

10 kDa MWCO filter. CFSE (Thermo Fisher Scientific, Cat# C34554) and CM-Dil (Thermo 

Fisher Scientific, Cat# C7000) dyes were resuspended with DMSO (Sigma-Aldrich, Cat# 

D2650) and adjusted to 5 mM and 7.5 μM respectively. 8 μL CFSE or 10 μL CM-Dil was 

added to each 0.5 mL of concentrated EV-containing solution. The mixture was incubated 

for 1 h in the dark in a 37°C water bath. Then, as described above, we enriched labeled EVs 

and removed excess dyes by SEC fractionation (as above). Labeled EVs exist in SEC F2, 

which was concentrated to ~20 μL using an MWCO filter (30 kDa, Millipore Sigma, Cat# 

MRCF0R030).

Proteinase K (PK) treatment of EV—EV-containing solution was collected from twelve 

60 mm culture dishes (DIV 28, 2 × 106 cells per dish) as described above. The solution 

was then concentrated to ~0.5 mL using a 10 kDa MWCO filter and divided into two equal 

parts (~0.25 mL each). PK (Fisher Scientific, Cat# NC0547027) was added into one part and 

made final concentration to 100 μg/mL. Both parts were incubated for 1 h in the dark in a 

37°C water bath. Then deactivate PK by heating at 95°C for 10 min. Volume each part to 

0.5 mL with PBS. Then, label the EVs with CFSE dye, and enrich the labeled EVs by SEC 

fractionation as shown above. The volume of each part was reduced to ~20 μL using a 30 

kDa MWCO filter.
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DletaMAX treatment of EV—EVs were collected from twelve 60 mm culture dishes (DIV 

28, 2 × 106 cells per dish) as described above. The solution was then concentrated to 

~0.5 mL using a 10 kDa MWCO filter and divided into two equal parts (~0.25 mL each). 

DeltaMAX was added into one part and made final concentration to 5 μM. Both parts were 

incubated for 30 min in the dark with rotation at 4°C. Then the volume was brought up 

to 0.5 mL total with PBS. Then, the EVs were enriched by SEC fractionation as described 

above. The volume of each tube was reduced to ~20 μL using a 30 kDa MWCO filter.

Neuronal EV uptake assay—The labeled EVs were diluted with 300 μL neuronal 

culture medium and divided into three equal portions. 100 μL of diluted labeled EVs 

were added into one well of a 24-well plate of primary cultured hippocampal neurons 

(DIV 21–28, on cover glasses, 1.5 × 106 cells per well). The plate was incubated at 37°C 

in a humidified 5% CO2 atmosphere incubator for 30 min. Then wash three times in 

D-PBS (Fisher Scientific, Cat# AAJ67802K2) to remove non-absorbed EVs. After being 

fixed with 4% PFA (in D-PBS, 4% sucrose) for 15 min at RT with gentle agitation, 

immunocytochemistry was performed on the samples.

Lactate dehydrogenase (LDH) assay—After collection of the culture medium, the 

neurons were treated with either Vehicle (Veh) or Mg2+-free glycine solution for 30 min 

at 37°C in a humidified 5% CO2 atmosphere incubator. An LDH assay kit (Thermo Fisher 

Scientific, Cat# 88953) was then used to measure LDH levels in the culture medium, Veh, or 

Mg2+-free glycine solution with which the neurons were treated. An aliquot of each sample 

(100 μL) was transferred from the culture wells to the wells of a 96-well plate and mixed 

with 100 μL of the reaction solution provided by the kit. Optical density was measured 

at 492 nm 45 min later using a Synergy HTX multi-mode microplate reader (Biotek). 

Background absorbance at 620 nm was subtracted. The maximal releasable LDH in each 

well was then obtained by a 15 min incubation with 1% Triton X-100 at the end of each 

experiment.

Live cell imaging—DIV 18 rat hippocampal neurons in 6-well plate (cover glasses, 

Carolina, Cat# 633037, 1.5 × 106 cells per well) were used for this assay. At DIV 16, 

neurons were co-transfected with either 1 μg mCherry + GFP or 1 μg mCherry-Alix + 

GFP plasmids using HilyMax (Dojindo, Cat# H357–15). Two days later, the neurons were 

used for live cell imaging analysis. Neurons (put in a magnetic imaging chamber, Warner 

Instruments, Cat# QR-40L) were rinsed three times with warm (37°C) extracellular solution 

(pH 7.4, 150 mM NaCl, 5 mM KCl, 1 mM MgCl2, 2 mM CaCl2, 10 mM glucose, 10 

mM HEPES). Then the neurons were placed into a heating stage (37°C) supplied with a 

humidified 5% CO2 atmosphere and were incubated with this solution for 20 min in a 

humidified 5% CO2 atmosphere incubator at 37°C. After washing twice with warm Mg2+-

free glycine solution, the neurons were incubated with Mg2+-free glycine solution for 5 min. 

Then the extracellular solution was put back. Images were captured using a Nikon A1R 

+ confocal laser microscope and a 100× oil objective lens (also was kept at 37°C during 

recording). To minimize bleaching, we only sampled the signals at indicated time points in 

Figure S1. The data was imported to Fiji (NIH) for further analysis.73
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Immunocytochemistry (ICC)—Neurons (cultured on cover glasses) were washed three 

times with D-PBS (Fisher Scientific, Cat# AAJ67802K2). Neurons were then fixed with 

4% PFA (in D-PBS, 4% sucrose) for 15 min at RT with gentle agitation. PFA was 

quenched by three 5-min washes in PBS (1 M glycine). Three subsequent 5-min washes 

with PBS removed glycine. After blocking (10% horse serum, 0.1% Triton X-100 in 

PBS) for 1 h, neurons were incubated with primary antibodies overnight at 4°C with 

gentle agitation. Following primary antibodies were used: chicken anti-MAP2 (1:5000, 

Millipore Sigma, Cat#AB5543, RRID: AB_571049), mouse anti-Jag1 (1:1000, Santa Cruz 

Biotechnology, Cat# sc-390177, RRID: AB_2892141), goat anti-Jag2 (1:1000, Thermo 

Fisher Scientific, Cat# PA5–47188, RRID: AB_2576459), rabbit anti-Jag2 (1:1000, Cell 

Signaling Technology, Cat# 2210, RRID: AB_823553), goat anti-Dll1 (1:1000, Abcam, 

Cat# ab85346, RRID: AB_1860332), rabbit anti-Dll1 (1:1000, Cell Signaling Technology, 

Cat#2588, RRID: AB_2292961), goat anti-Dll4 (1:1000, Thermo Fisher Scientific, Cat# 

PA5–46974, RRID: AB_2577158), rabbit anti-Dll4 (1:1000, Cell Signaling Technology, 

Cat# 96406, RRID: AB_2800263), guinea pig anti-VGluT1 (1:1000, Millipore Sigma, Cat# 

AB5905, RRID: AB_2301751), rabbit anti-Homer1 (1:1000, Synaptic Systems, Cat# 160 

003, RRID: AB_887730), mouse anti-Tsg101 (1:1000, Santa Cruz Biotechnology, Cat# 

sc-7964, RRID: AB_671392), rabbit anti-Notch1ICD (1:1000, Abcam, Cat# ab52627, RRID: 

AB_881725), mouse anti-LBPA (1:500, Millipore Sigma, Cat # MABT837), rabbit anti-

Notch2ICD (1:1000, Cell Signaling Technology, Cat# 5732S, RRID: AB_10693319), mouse 

anti-PSD95 (1:500, Thermo Fisher Scientific, Cat # MA1–046, RRID: AB_2092361), 

chicken anti-GFP (1:5000, Abcam, Cat# ab13970, RRID: AB_300798) and mouse anti-

myc (1:1000, Santa Cruz Biotechnology, Cat# sc-40, RRID: AB_627268). After six 5-

min-washes in PBS, neurons were incubated with corresponding Alexa Fluor secondary 

antibodies (1:1000, Thermo Scientific, Cat# A11057, A11034, A10037, A-11011, A11029, 

A11055, A-21437 and Abcam Cat# ab150187) overnight at 4°C with mild agitation. Then, 

after six 5-min-washes in PBS, neurons were incubated in 4′,6-diamidino-2-phenylindole 

(1:1000, DAPI, Sigma-Aldrich, Cat# D9542) solution for 5 min. Neurons were washed one 

more time with PBS and mounted with Fluoromount-G (Southern Biotech, Ca # 0100–01) 

on microscope slides.

Images were captured using a Nikon A1R + confocal laser microscope and 20 × or 100× 

objective lens. For each coverslip, area was randomly selected. Images were processed and 

analyzed by Fiji (NIH) with plugins Ratioplus, Colocalization Finder, and JACOP. Imaris 

(Oxford Instruments) 10.0.0 was used for spine analysis.

Using EVs to treat neurons—PK-related experiments: enriched EVs from twelve 60 

mm culture dishes (DIV 28, 2 × 106 cells per dish) were divided into two equal parts. 

One part of EVs were treated with PK as mentioned above. SEC fractionation was used to 

remove excess PK. Veh (20 μL PBS), EVs (20 μm) and PK-treated EVs (20 μL) were each 

added to three wells of cultured neurons in an 8-well plate, respectively.

DeltaMAX-related experiments: enriched EVs from twelve 60 mm culture dishes (DIV 28, 

2 × 106 cells per dish) were divided into two equal parts. One-half of the EVs were 

treated with DeltaMAX as mentioned above. SEC fractionation was used to remove excess 

DeltaMAX. Veh (20 μL PBS), EVs (20 μm), DeltaMAX -treated EVs (20 μL) and DeltaMAX 

Wang et al. Page 15

Cell Rep. Author manuscript; available in PMC 2024 March 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(5 μM in 20 μL PBS) were each added to four wells of cultured neurons in an 8-well plate, 

respectively.

The plates were incubated at 37°C in a humidified 5% CO2 atmosphere incubator for 1hr. 

The neurons were harvested for WB analysis.

Pharmacological treatments of neurons—Neurons were pretreated with DMSO 

(1:1000) or dynasore (80 μM, Sigma-Aldrich, Cat# SML0340) or H89 (20 μM, Sigma-

Aldrich, Cat# B1427) or staurosporine (1 μM, Tocris, Cat# 1285) or APV (50 μM, 

Sigma-Aldrich, Cat# A5282) or KN93 (10 μM, Sigma-Aldrich, Cat# K1385) or AIP (1 

μM, Anaspec, Cat# AS-64929) for 30 min at 37°C in a humidified 5% CO2 atmosphere 

incubator. Then, neuron culture medium was carefully removed from dishes. The collected 

medium was then kept at 37°C in a humidified 5% CO2 atmosphere incubator. The 

neurons were washed three times with Veh or Mg2+-free glycine and incubated for 5 min 

with solutions containing different inhibitors. Then neurons were washed twice with Veh 

solution, the saved culture medium was returned and maintained in incubator for assigned 

durations (37°C, 5% CO2).

Poly-A RNA sequencing—Total RNA was extracted from neurons using RNeasy mini 

Kit (Qiagen, Cat# 74104). Ribosomal RNA was depleted with RiboZero kit (Epicentre, Cat# 

MRZH116). Poly(A)-enriched RNA were separated by three rounds of Oligo(dT) magnetic 

beads (Thermo, Cat# 61002). For each time point, RNA from two 60-mm dishes of neurons 

were pooled together. Sequence quality was assessed using FastQC, and quality trimming 

was done using Trimmomatic.69 RNA-seq reads were aligned to the rat genome (iGenomes 

UCSC version rn6) using TopHat v2.0.9, and only uniquely mapped reads with at most two 

mismatches were considered for downstream analysis. Gene count tables were constructed 

using HTseq70 and used as input for edgeR 3.0.8 71. The list of activity regulated genes is 

generated based on previous in vivo studies.75–77

Subcellular fractionation—Adult mouse cortexes were rinsed and dissected in solution 

A (5 mM HEPES pH 7.4, 1 mM MgCl2, 0.5 mM CaCl2, 1 mM DTT, 0.32 M 

sucrose and protease and phosphatase inhibitor set (Thermo Fisher Scientific, Cat#: 

78443_3670527377)) on ice. Then the tissues were homogenized with an electronic 

homogenizer (Glas-Col, Cat# 099C-K54). Spin down the homogenates at 1,400 × g for 

10 min (4°C). Set aside the supernatant. Then we resuspended the pellets in 20 mL solution 

A. The diluted homogenates were centrifuged at 710 × g for 10 min (4°C). The pellet is P1. 

We combined and mixed the supernatant and the saved supernatant as S1.

S1 were centrifuged at 13,800 × g for 10 min (4°C). The supernatant is S2. Then we 

resuspended the pellets (P2) in solution B (6 mM Tris pH 8.1, 0.32 M sucrose, 1 mM EDTA, 

1 mM EGTA, 1 mM DTT with protease and phosphatase inhibitors). Then we layered the 

homogenized pellets on discontinuous sucrose gradient (1.2 M. 1.0 M and 0.85 M sucrose in 

6 mM Tris pH 8.1) and centrifuged it at 82,000 × g for 2 h (4°C). Collect the layer between 

the 1.0 M and 1.2 M interface and dilute it in 2.5 × volume with 6 mM Tris pH 8.1. Then 

centrifuge it at 200,000 × g for 30 min (4°C). The pellet is synaptosome (SS). Then SS 

were incubated in ice-cold solution C (50 mM HEPES pH 8.1, 2 mM EDTA, 0.5% Triton 
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X-) for 15 min rotation in 4°C and then centrifuged at 32,000 × g for 20 min (4°C). The 

supernatant is presynaptic fraction (Pre). The pellet is resuspended in in ice-cold solution C 

for 15 min one more time and then centrifuged at 32,000 × g for 20 min (4°C). The pellet 

is postsynaptic density (PSD) fraction. BCA (Thermo Fisher Scientific, Cat# 23225) all the 

fraction.

Western blotting (WB)—Each SEC fraction was further concentrated to ~40 μL using an 

MWCO filter (30 kDa, Millipore Sigma, Cat# MRCF0R030). An equal volume of 2 × SDS 

loading buffer was then added to the sample and mixed. The mixture was heated at 95°C 

for 5 min. Each SEC fraction sample was divided into two equal parts for WB and silver 

staining analyses.

Neuron samples were collected and resuspended in a RIPA lysis buffer (50 mM Tris, 150 

mM NaCl, 0.1% SDS, 1mM EDTA, 0.5% sodium deoxycholate, 1% Triton X-100, 1 × 

protease inhibitor cocktail (Thermo Fisher Scientific, Cat# 78443), 1 × phosphatase inhibitor 

(Thermo Fisher Scientific, Cat# 78420), pH 7.4). The resuspended lysates were vortexed for 

20 s and then incubated on ice for 30 min and centrifuged at 16,200 g for 15 mins. The 

supernatants were mixed with 4 × SDS loading buffer at a 3:1 ratio. The mixtures were 

boiled at 95°C for 5 min.

Dissected mouse hippocampi were homogenized in RIPA lysis buffer (50 mM Tris, 150 

mM NaCl, 0.1% SDS, 1mM EDTA, 0.5% sodium deoxycholate, 1% Triton X-100, 1 × 

protease inhibitor cocktail (Thermo Fisher Scientific, Cat# 78443), 1 × phosphatase inhibitor 

(Thermo Fisher Scientific, Cat# 78420), pH 7.4) with an electronic homogenizer (Glas-Col, 

Cat# 099C-K54). The resuspended lysates were vortexed for 20 s and then incubated on ice 

for 30 min and centrifuged at 16,200 g for 15 mins. Samples were further cleaned up by 

methanol chloroform precipitation. The protein pellets were resuspended in 1 × SDS loading 

buffer and boiled at 95°C for 5 min.

WedgeWell Tris-Glycine Mini Protein Gels (Fisher Scientific, Cat# XP04125BOX, 

XP04120BOX and XV00100PK20) were used for electrophoresis. After electrophoresis, 

proteins were transferred onto nitrocellulose membranes (Thermo Fisher, Cat# 4500002). 

For WB, the membranes were blocked with 10% bovine serum albumin (BSA, Jackson 

immunoResearch laboratories, Cat# 001–000-162) in TBST solution (Tris-buffered saline, 

0.1% Tween 20) for 1 h in room temperature (RT). Then membranes were incubated 

with primary antibodies in incubation solution (3% BSA in TBST) overnight at 4°C with 

mild agitation. Following primary antibodies were used: mouse anti-Alix (1:1000, Cell 

Signaling Technology, Cat# 2171S, RRID: AB_2299455), rabbit anti-Alix (1:1000, Cell 

Signaling Technology, Cat# 18269, RRID: AB_2798796), mouse anti-Tsg101 (1:1000, 

Santa Cruz Biotechnology, Cat# sc-7964, RRID: AB_671392), mouse anti-CD81 (1:1000, 

Santa Cruz Biotechnology, Cat# sc-166029, RRID: AB_2275892), rabbit anti-Notch1-ICD 

(1:1000, Abcam, Cat# ab52627, RRID: AB_881725), rabbit anti-Notch2ICD (1:1000, Cell 

Signaling Technology, Cat# 5732S, RRID: AB_10693319), rabbit anti-activated Notch1 

(1:1000, Abcam, Cat# ab52301, RRID: AB_881726), rabbit anti-activated Notch2 (1:1000, 

MyBioSource, Cat# MBS9410510), rabbit anti-Sdcbp (1:1000, Abcam, Cat# ab19903, 

RRID: AB_445200 and Cell Signaling Technology, Cat # 27964), rabbit anti-GM130 
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(1:1000, Abcam, Cat# ab52649, RRID: AB_880266), rabbit anti-Hes1 (1:1000, Cell 

Signaling Technology, Cat# 11988S, RRID: AB_2728766 and Abcam, Cat# ab71559, 

RRID: AB_1209570), chicken anti-Tuj1 (1:2000, Novus Biologicals, Cat#NB100–1612, 

RRID: AB_10000548), rabbit anti-p-S/T (1:1000, Cell Signaling Technology, Cat# 9624S, 

RRID: AB_331817), mouse anti-PSD95 (1:2000, Thermo Fisher Scientific, Cat# MA1–

046, RRID: AB_2092361), rabbit anti-PSD95(pS295) (1:1000, Abcam, Cat# ab76108, 

RRID: AB_1310621), rabbit anti-GAPDH (1:2000, Cell Signaling Technology, Cat# 2118, 

RRID: AB_561053), rabbit anti-GluA1 (1:1000, EMD Millipore, Cat# PC246, RRID: 

AB_564636) and guinea pig anti-Bassoon (1:1000, Synaptic Systems, Cat# 141 318, RRID: 

AB_2927388). After 3 × 10 min intense wash in TBST solution, membranes were incubated 

with corresponding secondary antibodies for 1 h at RT with mild agitation. Following 

secondary antibodies were used: goat-anti-rabbit poly-HRP (1:2000, Thermo Scientific, 

Cat# 32260), goat-anti-mouse poly-HRP (1:2000, Thermo Scientific, Cat# 32230), goat-

anti-chicken HRP (1:2000, Abcam, Cat# ab97135) and Goat anti-Guinea Pig poly-HRP 

(1:2000, Fisher Scientific, Cat# OB6090–05). Then membranes were washed 3 × 10 min 

in TBST and developed with SuperSignal West Pico Chemiluminescent Substrate (Thermo 

Fisher, Cat# 34578) and imaged on a Chemidoc XRS system (Bio-Rad). Fiji (NIH) was used 

for quantification.

Immunoprecipitation (IP)—Three-five 60 mm-dishes of primary cultured rat 

hippocampal neurons were collected and re-suspended in IP buffer (20 mM Tris-Cl, pH 

7.4, 150 mM NaCl, 1% Triton X-100, 1 mM EDTA, 3 mM NaF, 1 mM β-glycerophosphate, 

1 mM sodium orthovanadate, 2 mM N-ethylmaleimide and 10% glycerol) with complete 

protease and phosphatase inhibitor set (Thermo Fisher, Cat# 78443). After incubating on ice 

for 30 min, the lysates were centrifuged at 13,000 × g for 15 min (4°C). Supernatant were 

collected and precleared with 100 μL Protein G Sepharose 4 Fast Flow (Thermo Fisher, Cat# 

45–000-116) for 1 h at 4°C. Then samples were incubated with two μg mouse anti-Alix 

(Cell Signaling Technology, Cat# 2171) or IgG (Sigma-Aldrich, Cat# 15381) overnight at 

4°C. The next day, 50 μL Protein G Sepharose 4 Fast Flow were added to the samples and 

incubated for 2 h at 4°C. Then, the beads were washed three times with IP buffer. The 

immunoprecipitants were eluted with 2 × SDS loading buffer.

Lambda phosphatase assay—Alix immunoprecipitates from neurons treated with Veh 

or Mg2+-free glycine solution were resuspended in lambda phosphatase assay buffer (50 mM 

Tris-HCl pH 7.8, 5 mM dithiothreitol, 2 mM MnCl2, 100 μg/mL BSA) with or without 1600 

U of lambda phosphatase (New England Biolabs, Cat# P0753S). After 60 min at 30°C, the 

reactions were stopped by adding 2 × SDS loading buffer and processed for WB with the 

indicated antibodies.

Silver staining—We used Pierce Silver Stain Kit (Thermo Fisher, Cat# 24612) for silver 

staining. Gels were washed 2 × 5 min in ultrapure water and then fixed with 2 × 15 min 

in 30% ethanol: 10% acetic acid solution. Then the fixed gels were washed 2 × 5 min with 

10% ethanol and 2 × 5 min in ultrapure water. Then the gels were sensitized for 1 min and 

washed twice 2 × 1 min with water. Then, the gels were stained for 30 min and washed 2 

× 20 s with ultrapure water. The gels were developed for 1–3 min until bands appear and 
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stopped with 5% acetic acid for 10 min. A Chemidoc XRS system (Bio-Rad) was used for 

imaging.

Immunohistochemistry (IHC) staining—Mice were anesthetized and transcardially 

perfused with ice old PBS followed by 4% PFA (in PBS, pH 7.4). Dissected brains were 

cryoprotected in 30% sucrose solution and then buried in embedding medium (Sakura, Cat# 

4583). Sagittal sections (35 μm) were obtained using a cryostat microtome. Slices were 

washed 3 × 5 min in glycine solution (1M glycine in PBS, pH 7.4) to block unreacted PFA. 

Slices were further washed 3 × 5 min in PBS to remove glycine. For permeabilization, slices 

were incubated in Triton X-100 (0.5% in PBS, pH7.4) solution for 1 h at RT. After blocking 

(10% horse serum, 0.5% Trition X-100 in PBS, pH7.4) for 1 h, slides were incubated 

with primary antibodies at 4°C for 48 h with mild agitation. Following primary antibodies 

were used: rabbit anti-Notch1ICD (1:500, Abcam, Cat# ab52627), rabbit anti-Notch2ICD 

(1:500, Cell Signaling Technology, Cat# 5732S) and chicken anti-Tuj1 (1:500, Novus 

Biologicals, Cat#NB100–1612). After 9 × 5 min washing in PBS, slides were incubated with 

corresponding Alexa Fluor secondary antibodies (1:1000, Thermo Scientific, Cat# A11034 

and Abcam, Cat# ab150187) overnight at 4°C with mild agitation. Then, after 8 × 5 min 

washing in PBS, slides were incubated in 4′,6-diamidino-2-phenylindole (1:1000, DAPI, 

Sigma-Aldrich, Cat# D9542) solution for 10 min. The slides were washed 5 min with PBS 

and mounted with ProLong Diamond Antifade Mountant (Thermo Fisher Scientific, Cat# 

P36970) on microscope slides.

Images were captured using a Nikon A1R + confocal laser microscope and 100× objective 

lens. For each mouse, brain slices were randomly selected. Images were processed and 

analyzed by Fiji (NIH).

Sample preparation or MS analysis—Trichloroacetic acid (TCA, Sigma-Aldrich, Cat# 

T0699) precipitation was used to clean and precipitate proteins from SEC fractionation 

samples. Proteins from neuron samples and mouse hippocampal samples were extracted and 

precipitated as described in Western blotting (WB) section. Protein pellets were resuspended 

in 8 M urea (Thermo Fisher Scientific, Cat# 29700) prepared in 100 mM ammonium 

bicarbonate solution (Fluka, Cat# 09830). Dithiothreitol (DTT, DOT Scientific Inc, Cat# 

DSD11000) was applied to a final concentration of 5 mM. After incubation at RT for 20 

min, iodoacetamide (IAA, Sigma-Aldrich, Cat# I1149) was added to a final concentration of 

15 mM and incubated for 20 min at RT in the dark. Excess IAA was quenched with DTT for 

15 min. Samples were diluted with 100 mM ammonium bicarbonate solution, and digested 

for 3 h with Lys-C protease (1:100, Thermo Fisher Scientific, Cat# 90307_3668048707) 

at 37°C. Trypsin (1:100, Promega, Cat# V5280) was then added for overnight incubation 

at 37°C with intensive agitation (1000 rpm). The next day, reaction was quenched by 

adding 1% trifluoroacetic acid (TFA, Fisher Scientific, Cat# O4902–100). The SEC fraction 

samples were desalted using ZipTip (Thermo Fisher–Pierce, Cat# 87784). The neuron and 

hippocampal samples were desalted using Peptide Desalting Spin Columns (Thermo Fisher 

Scientific, Cat# 89852). All samples were vacuum centrifuged to dry.

Enrichment of phosphorylated peptides—Neurons were stimulated with Mg2+-free 

glycine solution for 10 min. Peptides were prepared as described above. The High-Select 
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TiO2 Phosphopeptide Enrichment Kit (Thermo Fisher Scientific, Cat# A32993) was used to 

enrich phosphorylated peptides following the manufacturer’s specifications.

Tandem Mass Tag (TMT) labeling—Our protocol was based on previously reported 

methods.78 C18 column-desalted peptides were resuspended with 100 mM HEPES pH 8.5 

and the concentrations were measured by micro BCA kit (Fisher Scientific, Cat# PI23235). 

For each sample, 100 μg of peptide labeled with TMT reagent (0.4 mg, dissolved in 40 

μL anhydrous acetonitrile, Thermo Fisher Scientific, Cat# A44520) and made at a final 

concentration of 30% (v/v) acetonitrile (ACN). Following incubation at RT for 2 h with 

agitation, hydroxylamine (to a final concentration of 0.3% (v/v)) was added to quench the 

reaction for 15 min. TMT-tagged samples were mixed at a 1:1:1:1:1:1:1:1 ratio. Combined 

sample was vacuum centrifuged to dryness, resuspended, and subjected to HyperSep C18 

Cartridges (ThermoFisher Scientific, Cat# 60108–302).

Peptide fractionation—We used a high pH reverse-phase peptide fractionation kit 

(Thermo Fisher Scientific, Cat# 84868) to get eight fractions (5.0%, 10.0%, 12.5%, 15.0%, 

17.5%, 20.0%, 22.5%, 25.0% and 50% of ACN in 0.1% triethylamine solution). The high 

pH peptide fractions were directly loaded into the autosampler for MS analysis without 

further desalting.

Tandem mass spectrometry—Three micrograms of each fraction or sample were auto-

sampler loaded with an UltiMate 3000 HPLC pump onto a vented Acclaim Pepmap 100, 

75 μm × 2 cm, nanoViper trap column (Thermo Fisher Scientific, Cat# 164535) coupled 

to a nanoViper analytical column (Thermo Fisher Scientific, Cat# 164570, 3 μm, 100 Å, 

C18, 0.075 mm, 500 mm) with stainless steel emitter tip assembled on the Nano-spray Flex 

Ion Source with a spray voltage of 2000 V. An Orbitrap Fusion (Thermo Fisher Scientific) 

was used to acquire all the MS spectral data. Buffer A contained 94.785% H2O with 5% 

ACN and 0.125% FA, and buffer B contained 99.875% ACN with 0.125% FA. For TMT-MS 

experiments, the chromatographic run was for 4 h in total with the following profile: 0–7% 

for 7, 10% for 6, 25% for 160, 33% for 40, 50% for 7, 95% for 5 and again 95% for 15 min 

receptively. For other MS experiments, the chromatographic run was for 2 h in total with the 

following profile: 2–8% for 6, 8–24% for 64, 24–36% for 20, 36–55% for 10, 55–95% for 

10, 95% for 10 min.

We used a multiNotch MS3-based TMT method to analyze all the TMT samples.78–80 The 

scan sequence began with an MS1 spectrum (Orbitrap analysis, resolution 120,000, 400–

1400 Th, AGC target 2×105, maximum injection time 200 ms). MS2 analysis, ‘Top speed’ 

(2 s), Collision-induced dissociation (CID, quadrupole ion trap analysis, AGC 4×103, NCE 

35, maximum injection time 150 ms). MS3 analysis, top ten precursors, fragmented by HCD 

prior to Orbitrap analysis (NCE 55, max AGC 5×104, maximum injection time 250 ms, 

isolation specificity 0.5 Th, resolution 60,000).

We used CID-MS2 method for other experiments. Briefly, ion transfer tube temp = 300°C, 

Easy-IC internal mass calibration, default charge state = 2 and cycle time = 3 s. Detector 

type set to Orbitrap, with 60K resolution, with wide quad isolation, mass range = normal, 

scan range = 300–1500 m/z, max injection time = 50 ms, AGC target = 200,000, microscans 
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= 1, S-lens RF level = 60, without source fragmentation, and datatype = positive and 

centroid. MIPS was set as on, included charge states = 2–6 (reject unassigned). Dynamic 

exclusion enabled with n = 1 for 30 s and 45 s exclusion duration at 10 ppm for high and 

low. Precursor selection decision = most intense, top 20, isolation window = 1.6, scan range 

= auto normal, first mass = 110, collision energy 30%, CID, Detector type = ion trap, OT 

resolution = 30K, IT scan rate = rapid, max injection time = 75 ms, AGC target = 10,000, Q 

= 0.25, inject ions for all available parallelizable time.

MS data analysis and quantification—Protein identification/quantification and 

analysis were performed with Integrated Proteomics Pipeline - IP2 (Bruker, Madison, 

WI. http://www.integratedproteomics.com) using ProLuCID,66,67 DTASelect2,81,82 Census 

and Quantitative Analysis (For TMT-MS experiments). Spectrum raw files were extracted 

into MS1, MS2 and MS3 (For TMT experiments) files using RawConverter (http://

fields.scripps.edu/downloads.php). The tandem mass spectra were searched against UniProt 

mouse (downloaded on 10–26-2020) or rat (downloaded on 03–25-2014) protein databases83 

and matched to sequences using the ProLuCID/SEQUEST algorithm (ProLuCID version 

3.1) with 5 ppm peptide mass tolerance for precursor ions and 600 ppm for fragment ions. 

The search space included all fully and half-tryptic peptide candidates within the mass 

tolerance window with no-miscleavage constraint, assembled, and filtered with DTASelect2 

through IP2. To estimate peptide probabilities and false-discovery rates (FDR) accurately, 

we used a target/decoy database containing the reversed sequences of all the proteins 

appended to the target database.83 Each protein identified was required to have a minimum 

of one peptide of minimal length of six amino acid residues; however, this peptide had to be 

an excellent match with an FDR <1% (<5% for TiO2 column-enriched samples) and at least 

one excellent peptide match. After the peptide/spectrum matches were filtered, we estimated 

that the peptide FDRs were ≤1% for each sample analysis. Resulting protein lists include 

subset proteins to allow for consideration of all possible protein forms implicated by at least 

two given peptides identified from the complex protein mixtures. Then, we used Census and 

Quantitative Analysis in IP2 for protein quantification of TMT-MS experiments and protein 

quantification was determined by summing all TMT report ion counts. For SEC samples, 

static modification: 57.02146 C for carbamidomethylation; differential modifications: 

15.9949 M for oxidation on M. For neuron samples to detect phosphorylated peptides: static 

modification: 57.02146 C for carbamidomethylation; differential modifications: 15.9949 

M for oxidation on M, 79.9663 STY for phosphorylation on S or T or Y residues. For 

TMT experiments: static modification: 57.02146 C for carbamidomethylation, 304.2071 for 

16-plex TMT tagging; differential modifications: 15.9949 M for oxidation on M, 304.2071 

for N-terminal 16-plex TMT tagging, 42.0106 for N-terminal Acetylation. More than one 

proteoform may be encoded by a single gene.84 To minimize recalculation of the same 

peptides into multiple proteoforms, we grouped the peptides encoded by the same gene. The 

peptides are quantified and analyzed together.

Determination of EV proteins—To determine whether each protein was a true EV 

protein or a contaminant, we examined the distribution of each protein across all SEC 

fractions. True EV proteins must meet the following three criteria.
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1. Compared to all other fractions, SEC F2 has significantly higher number of spec 

counts.

2. At least detected in two biological replicates in SEC F2.

3. Should not be detected in SEC F7–10. These fractions contain only small size 

particles such as protein aggregates and lipid droplets, which are much smaller 

than EVs.

QUANTIFICATION AND STATISTICAL ANALYSIS

Spyder (MIT, Python 3.7, libraries, ‘pandas’, ‘numpy’, ‘scipy’, ‘statsmodels’ and 

‘bioinfokit’) was used for data statistical analyses. RStudio (version, 1.2.1335, packages, 

‘tidyverse’, ‘pheatmap’) was used for data virtualization. The Database for Annotation, 

Visualization and Integrated Discovery (DAVID) was used for protein functional annotation 

analysis.63,64 COBALT was used to run the alignment.65 NCBI Multiple Sequence 

Alignment Viewer (Version 1.15.0) was used for alignment virtualization. We did not use 

specific methods to confirm whether the data met the required criteria for our selected 

statistical techniques. Rather, we chose these techniques based on their common usage in 

previous studies within our field and their general acceptance in comparable experiments. 

Statistical significance was established through appropriate statistical tests, for WB, ICC, 

IHC, bulk RNA-Seq and NanoView experiments, one-tailed Student’s t-test; for TMT-MS 

experiment, two-way ANOVA. The statistical details of experiments can be found in the 

figure legends, including, the name of statistical test, the number of replicates, and exact p 

values. ’NS’ for p value >0.05, * for p value <0.05, ** for p value <0.01 and *** for p value 

<0.001. All data points are presented in the figures.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Excitatory synaptic activity induces the production of EVs containing Notch1 

and Notch2

• Notch ligand-receptor system facilitates the specific uptake of EVs by 

neurons

• EVs trigger the activation of the Notch pathway in recipient neurons

• Alix deletion reduces Notch pathway activation and impairs synaptic protein 

expression
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Figure 1. Synaptic NMDAR activation triggers secretion of EVs containing Notch1 and Notch2 
proteins
(A) Experimental scheme depicting EV purification workflow and cargo analyses.

(B) Representative images of EV particles present in SEC fraction 2 (F2) visualized by 

negative staining EM. Scale bar, 500 nm; inset scale bar, 50 nm.

(C) The diameter range of EV-like particles. n = 299 particles from two biological replicates.

(D) The EV markers Alix, Tsg101, and CD81 but not GM130 are selectively detected in 

SEC F2 isolated from glycine-stimulated neuronal cultures.
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(E) Proteomic analysis reveals that Notch1 and Notch2 are highly abundant in SEC F2 along 

with other known EV protein markers. Mean ± SEM from 3 biological replicates. Insert: 

Notch1 and Notch2 peptides identified by MS/MS.

(F) WB validation of Notch1ICD and Notch2ICD in SEC F2 (top). Silver-stained gel 

indicating the total amount of protein loaded across the 10 fractions (bottom). See also 

Figure S1 and Table S1.
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Figure 2. Notch receptor-ligand interactions mediate EV internalization selectively by neurons
(A) Proteinase K (PK) treatment reduces the apparent Notch1 and Notch2 molecular weight 

by ~10 kDa, consistent with removal of the extracellular portion of NotchICD. No intact 

CD81 was detected in the PK-treated EVs presumably due to multiple cleavage events, 

while Sdcbp was unaffected by PK treatment.

(B) Schematic illustrating the arrangement of Notch1, Notch2, CD81, and Sdcbp in EVs.
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(C) Representative ICC images showing Notch ligands Jag1, Jag2, Dll1, and Dll4 colocalize 

with internalized neuronal EVs, labeled with CFSE. Top, neuronal soma, scale bar, 10 μm; 

bottom, dendrites, scale bar, 5 μm

(D) Quantification of the percentage of CFSE-labeled EVs colocalized with the indicated 

Notch ligands in neuronal soma. One-tailed Student’s t test, n = 12–15 from two cultures. 

NS, not significant. *p value (Jag1 vs. Jag2) = 0.0204, **p value (Jag1 vs. Dll1) = 0.0082, 

**p value (Jag1 vs. Dll4) = 0.0051, p value (Jag2 vs. Dll1) = 0.2947, p value (Jag2 vs. Dll4) 

= 0.2476, p value (Dll1 vs. Dll4) = 0.4396.

(E) Left, CFSE labeled EVs that are internalized by primary cultured rat hippocampal 

neurons remain generally intact and punctate. Right, neurons fail to internalize PK-treated 

EVs. Scale bar, 10 μm.

(F) Following a 60-min incubation of primary cultured rat hippocampal neurons with EVs, 

there is a notable increase in the levels of activated Notch1, activated Notch2, and Hes1 

proteins. This effect is not observed with EVs treated with DeltaMAX or with DeltaMAX 

treatment alone.

(G–I) Quantifications of (F). One-tailed Student’s t test, n = 4 biological. (G) ***p value 

(Veh vs. EV) = 0.0002, ***p value (EV vs. DeltaMAX -treated EV) = 0.0004, NS p value 

(DeltaMAX -treated EV vs. DeltaMAX) = 0.4453. (H) **p value (Veh vs. EV) = 0.0043, 

**p value (EV vs. DeltaMAX-treated EV) = 0.0042, NS p value (DeltaMAX-treated EV vs. 

DeltaMAX) = 0.4927. (I) ***p value (Veh vs. EV) = 0.0004, **p value (EV vs. DeltaMAX-

treated EV) = 0.0011, NS p value (DeltaMAX -treated EV vs. DeltaMAX) = 0.2677. See also 

Figures S2 and S3.
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Figure 3. Activation of synaptic NMDARs drives Notch target gene expression
(A) Top, experimental scheme showing the analysis time points for bulk neuron RNA 

analysis. Bottom, biological replicates cluster by analysis time point in multidimensional 

scaling plots.

(B) Heatmap showing a panel of Notch target genes that are activated by Mg2+-free glycine 

treatment.

(C) Volcano plot depicting comparison of mRNA levels in Veh-treated neurons (5 min 

after treatment) and Mg2+-free glycine-treated neurons (60 min after treatment). One-tailed 

Student’s t test.

(D) Representative WB blot showing Mg2+-free glycine treatment also elevated the levels of 

activated Notch1, activated Notch2, and Hes1 in primary cultured rat hippocampal neurons 

(90 min after treatment), which can be inhibited by either D-2-amino-5-phosphonovalerate 

(APV) or dynasore.

(E) Quantification of (D). n = 4 biological replicates. One-tailed Student’s t test. Hes1: **p 

value (Veh vs. Gly) = 0.0065, *p value (Gly vs. +APV) = 0.0102, **p value (+DMSO 

vs. +dynasore) = 0.0076. Activated Notch1: **p value (Veh vs. Gly) = 0.0003, **p value 

(Gly vs. +APV) = 0.0008, *p value (+DMSO vs. +dynasore) = 0.0102. Activated Notch2: 

***p value (Veh vs. Gly) = 7.466E-05, ***p value (Gly vs. +APV) = 5.215E-05, **p value 

(+DMSO vs. +dynasore) = 0.0015. See also Table S2.
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Figure 4. Activation of synaptic NMDARs is insufficient to trigger the Notch EV signaling 
pathway in Alix−/− neurons
(A) Top, representative fluorescent detection of Mg2+-free glycine-induced EVs from 

neurons with indicated genotypes. Scale bar, 10 μm. Bottom, quantification of Mg2+-free 

glycine-induced neuronal EVs immunocaptured from indicated neuron genotypes. n = 

3 biological replicates (BR). Each chip contains three technical replicates. One-tailed 

Student’s t test. ***p value (Alix+/+ vs. Alix+/−) = 7.821-E07, ***p value (Alix+/+ vs. 

Alix−/−) = 3.143-E15, **p value (Alix+/− vs. Alix−/−) = 0.0060.
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(B) Left, WB analysis showing Mg2+-free glycine stimulation failed to induce EV release in 

Alix−/− hippocampal neurons. Right, silver-stained gel indicating the total amount of protein 

recovered across the 10 size exclusion fractions.

(C) WB analysis showing Mg2+-free glycine stimulation failed to upregulate the level of 

activated Notch1, activated Notch2, and Hes1in Alix−/− hippocampal neurons.

(D) Quantification of (C). n = 3 biological replicates. One-tailed Student’s t test. NS, not 

significant. Activated Notch1: p value = 0.3598. Activated Notch2: p value = 0.2162. Hes1: 

p value = 0.2737.

(E) WB analysis showing Mg2+-free glycine stimulation elevated the levels of activated 

Notch1, activated Notch2, and Hes1in Alix+/+ but not Alix−/− hippocampal neurons from 

littermates.

(F) Quantification of (E). n = 4 cultures each genotype. One-tailed Student’s t test. 

Activated-Notch1: *p value = 0.0128. Activated Notch2: ***p value = 0.0007. Hes1, ***p 

value = 0.0004.

(G) Mg2+-free glycine stimulation leads to Alix phosphorylation, which can be inhibited by 

PKA inhibitor H89. p-S/T, phosphorylated serine or threonine. Stau, staurosporine.

(H) Quantification of (G). n = 4 biological replicates. One-tailed Student’s t test. NS, not 

significant. ***p value (Veh+DMSO vs. Gly+DMSO) = 1.050E-07, p value (Veh+DMSO 

vs. Gly+H89) = 0.1624, ***p value (Gly+DMSO vs. Gly+H89) = 2.443E-07, p value 

(Gly+DMSO vs. Gly+Stau) = 0.3850.

(I) Representative MS2 spectra indicating Alix phosphorylation at S717 from rat 

hippocampal neuron whole-cell extracts treated with Mg2+-free glycine. Assigned fragment 

ions are indicated in b (blue) and y (red), and those containing phosphorylated serine 717 are 

labeled.

(J) AlphaFold 2-predicted 3D protein structures of rat Alix, indicating the position of S717.

(K) Overexpression of mCherry-Alix or mCherry-Alix-S717D rescues Mg2+-free glycine-

induced EV release from Alix−/− neurons. Scale bar, 10 μm.

(L) Quantification of (K). n = 4–7 biological replicates. Each chip contains three technical 

replicates. One-tailed Student’s t test. NS, not significant. ***p value (mCherry vs. 

mCherry-Alix) = 4.249E-06, p value (mCherry vs. mCherry-Alix-S717A) = 0.2110, ***p 

value (mCherry vs. mCherry-Alix-S717D) = 6.004E-13, ***p value (mCherry-Alix vs. 

mCherry-Alix-S717A) = 5.468E-10, p value (mCherry-Alix vs. mCherry-Alix-S717D) = 

0.1312. See also Figures S4 and S5 and Table S3.
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Figure 5. Stunted Notch pathway in hippocampus of juvenile Alix−/− mouse
(A) WB analyses showing that, at P0 and P4, the levels of activated Notch1, activated 

Notch2, Notch1ICD, Notch2ICD, and Hes1 are similar in Alix+/+ and Alix−/− hippocampi. 

However, at P14, the levels of activated Notch1, activated Notch2, and Hes1 are significantly 

reduced in Alix−/− hippocampus.

(B) Quantification of (A). n = 3 mice for each group. One-tailed Student’s t test, NS, not 

significant. P0: activated Notch1 p value = 0.3752, activated Notch2 p value = 0.3865, 

Notch1ICD p value = 0.2047, Notch2ICD p value = 0.3590, Hes1 p value = 0.1232. P4: 
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activated Notch1 p value = 0.2149, activated Notch2 p value = 0.2743, Notch1ICD p value = 

0.3837, Notch2ICD p value = 0.4283, Hes1 p value = 0.0836. P14: activated Notch1 *p value 

= 0.0324, activated Notch2 *p value = 0.0265, Notch1ICD p value = 0.1029, Notch2ICD p 

value = 0.4227, Hes1 **p value = 0.0042.

(C) At P0 and P4, the expression patterns of Notch1ICD and Notch2ICD are similar in Alix+/+ 

and Alix−/− hippocampal CA1 regions. At P14, the amounts of nuclear-localized Notch1ICD 

and Notch2ICD are much less in Alix−/− hippocampal CA1 regions compared to Alix+/+ 

hippocampus. Scale bar, 10 μm. See also Figure S6.
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Figure 6. Conditional deletion of Alix in adult mouse hippocampus reduces Notch signaling 
pathway activation
(A) The levels of activated Notch1, activated Notch2, and Hes1 are significantly reduced in 

hippocampus from ~2-month-old Camk2a-cre::Alix fl/fl mice compared to Alix fl/fl mice. M 

= mouse.

(B) Quantification of (A). n = 4 mouse per group. One-tailed Student’s t test. NS, not 

significant. Activated Notch1: *p value = 0.0143, activated Notch2: **p value = 0.0075, 

Notch1ICD: p value = 0.0942, Notch2ICD: p value = 0.4709, Hes1: *p value = 0.0218, Alix: 

***p value = 5.346E-05.

(C) Lack of Alix in adult hippocampus led to alteration of nuclear-localized Notch1ICD and 

Notch2ICD. Scale bar, 10 μm

(D) Quantification of (C). n = 5 mouse per group. One-tailed Student’s t test. NS, not 

significant. Nucleic Notch1ICD/cytosolic Notch1ICD: CA1, **p value = 0.0042, CA3, **p 

value = 0.0037, DG, ***p value = 0.0002. Nucleic Notch2ICD/cytosolic Notch2ICD: CA1, 

**p value = 0.0026, CA3, ***p value = 0.0009, DG, p value = 0.3942.
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Figure 7. Conditional deletion of Alix in adult mouse hippocampus disrupts glutamatergic 
synapse protein expression
(A) Experimental design to examine subregion-specific proteomic differences in the 

hippocampus between Camk2a-cre::Alix fl/fl and Alix fl/fl mice.

(B) The t-SNE (t-distributed stochastic neighbor embedding) plot illustrates dissimilar 

protein expression in of all samples. BR, biological replicate.

(C) Volcano plots depicting comparison of Camk2a-cre::Alixfl/fl and Alixfl/fl hippocampal 

subregion-specific proteomes. n = 4 mice per experimental group. Pie charts summarizing 

proteins differently expressed by WT and cKO mice in each hippocampal region. Two-way 

ANOVA.

(D) GO::CC gene annotation analysis suggests lack of Alix expression in adult hippocampus 

mainly affects glutamatergic synapses in CA1, CA3, and DG. List of the top 10 most 

significantly enriched terms for both significantly down- and upregulated proteins. See also 

Figure S7 and Table S4.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Chicken anti-MAP2 Millipore Sigma Cat#AB5543; RRID: AB_571049

Mouse anti-Jag1 Santa Cruz Biotechnology Cat# sc-390177; RRID: AB_2892141

Goat anti-Jag2 Thermo Fisher Scientific Cat# PA5–47188; RRID: AB_2576459

Rabbit anti-Jag2 Cell Signaling Technology Cat# 2210; RRID: AB_823553

Goat anti-Dll1 Abcam Cat# ab85346; RRID: AB_1860332

Rabbit anti-DiM Cell Signaling Technology Cat# 2588; RRID: AB_2292961

Goat anti-Dll4 Thermo Fisher Scientific Cat# PA5–46974; RRID: AB_2577158

Rabbit anti-Dll4 Cell Signaling Technology Cat# 96406; RRID: AB_2800263

Guinea pig anti-VGluTI Millipore Sigma Cat# AB5905; RRID: AB_2301751

Rabbit anti-Homer1 Synaptic Systems Cat# 160 003; RRID: AB_887730

Mouse anti-Tsg101 Santa Cruz Biotechnology Cat# sc-7964; RRID: AB_671392

Rabbit anti-Notch2ICD Abcam Cat# ab52627; RRID: AB_881725

Rabbit anti-activated Notch1 Abcam Cat# ab52301; RRID: AB_881726

Rabbit anti-Notch2ICD Cell Signaling Technology Cat# 5732; RRID: AB_10693319

Rabbit anti-activated Notch2 MyBioSource Cat# MBS9410510

Mouse anti-PSD95 Thermo Fisher Scientific Cat# MA1–046; RRID: AB_2092361

Rabbit anti-PSD95(pS295) Abcam Cat# ab76108; RRID: AB_1310621

Mouse anti-Alix Cell Signaling Technology Cat# 2171; RRID: AB_2299455

Rabbit anti-Alix Cell Signaling Technology Cat# 18269; RRID: AB_2798796

Mouse anti-CD81 Santa Cruz Biotechnology Cat# sc-166029; RRID: AB_2275892

Rabbit anti-Sdcbp Abcam Cat# ab19903; RRID: AB_445200

Rabbit anti-Sdcbp Cell Signaling Technology Cat # 27964

Mouse anti-LBPA Millipore Sigma Cat # MABT837

Rabbit anti-GM130 Abcam Cat# ab52649; RRID: AB_880266

Rabbit anti-Hes1 Cell Signaling Technology Cat# 11988; RRID: AB_2728766

Rabbit anti-Hes1 Abcam Cat# ab71559; RRID: AB_1209570

Chicken anti-Tuj1 Novus Biologicals Cat# NB100–1612; RRID: AB_10000548

Rabbit anti-p-S/T Cell Signaling Technology Cat# 9624; RRID: AB_331817

Rabbit anti-GAPDH Cell Signaling Technology Cat# 2118; RRID: AB_561053

Chicken anti-GFP Abcam Cat# ab13970; RRID: AB_300798

Mouse anti-myc Santa Cruz Biotechnology Cat# sc-40; RRID: AB_627268

Rabbit anti-GluA1 EMD Millipore Cat# PC246; RRID: AB_564636

Guinea pig anti-Bassoon Synaptic Systems Cat# 141 318; RRID: AB_2927388

Goat anti-Mouse IgG (H + L) Highly Cross-Adsorbed 
Secondary Antibody, Alexa Fluor 488

Thermo Scientific Cat# A-11029; RRID: AB_2534088

Donkey anti-Goat IgG (H + L) Cross-Adsorbed Secondary 
Antibody, Alexa Fluor 568

Thermo Scientific Cat# A-11057; RRID: AB_2534104

Donkey anti-Mouse IgG (H + L) Highly Cross-Adsorbed 
Secondary Antibody, Alexa Fluor 568

Thermo Scientific Cat# A10037; RRID: AB_2534013
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Goat anti-Rabbit IgG (H + L) Cross-Adsorbed Secondary 
Antibody, Alexa Fluor 568

Thermo Scientific Cat# A-11011 (also A11011); RRID: AB_143157

Donkey anti-Goat IgG (H + L) Cross-Adsorbed Secondary 
Antibody, Alexa Fluor 488

Thermo Scientific Cat# A-11055 (also A11055); RRID: AB_2534102

Goat anti-Chicken IgY (H + L) Secondary Antibody, Alexa 
Fluor 555 Thermo Scientific Cat# A-21437; RRID: AB_2535858

Goat anti-Rabbit IgG (H + L) Highly Cross-Adsorbed 
Secondary Antibody, Alexa Fluor 488

Thermo Scientific Cat# A-11034 (also A11034); RRID: AB_2576217

Goat Anti-Guinea pig IgG H&L (Alexa Fluor 647) Abcam Cat# ab150187; RRID: AB_2827756

Goat anti-Rabbit IgG (H + L) Poly-HRP Secondary 
Antibody, HRP Thermo Scientific Cat# 32260; RRID: AB_1965959

Goat anti-Mouse IgG (H + L) Poly-HRP Secondary 
Antibody, HRP Thermo Scientific Cat# 32230; RRID: AB_1965958

Goat anti-Chicken IgY H&L (HRP) secondary antibody Abcam Cat# ab97135; RRID: AB_10680105

IgG(H + L) Goat anti-Guinea Pig, HRP, Polyclonal, 
Southern Biotech

Fisher Scientific Cat# OB6090–05

Bacterial and virus strains

pz196-mCherry Dr. Evangelos Kiskinis lab N/A

pz196-mCherry-Alix Dr. Evangelos Kiskinis lab N/A

pz196-mCherry-Alix-S717A Dr. Evangelos Kiskinis lab N/A

pz196-mCherry-Alix-S717D Dr. Evangelos Kiskinis lab N/A

pz196-Notch1-myc Dr. Evangelos Kiskinis lab N/A

Chemicals, peptides, and recombinant proteins

Hank's Balanced Salt Solution Thermo Fisher Scientific Cat# 14170112

EV-free PBS MEDIATECH INC CA Cat# 21–040-CV

D-PBS Fisher Scientific Cat# AAJ67802K2

Lambda phosphatase New England Biolabs Cat# P0753S

Poly-D-lysine Fisher Scientific Cat# CB-40210

Laminin Fisher Scientific Cat# 23–017-015

SM1 STEMCELL Technologies Cat# 05711

5-fluoro-2-deoxyuridine Sigma-Aldrich Cat# F0503

Uridine Sigma-Aldrich Cat# U6381

NaCl Sigma-Aldrich Cat# S7653

KCl Sigma-Aldrich Cat# P9333

NaH2PO4 Sigma-Aldrich Cat# 71505

NaHCO3 Sigma-Aldrich Cat# S6014

Glucose Sigma-Aldrich Cat# G7021

CaCl2 Sigma-Aldrich Cat# C1016

MgCl2 Sigma-Aldrich Cat# M8266

CsF Sigma-Aldrich Cat# 198323

CsCl Sigma-Aldrich Cat# 289329

HEPES Sigma-Aldrich Cat# H3375

EGTA DOT Scientific Inc Cat# DSE57060
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Mg-ATP Sigma-Aldrich Cat# A9187

QX-314 Sigma-Aldrich Cat# 552233

TEA-Cl Sigma-Aldrich Cat# 86614

4-AP Sigma-Aldrich Cat# 275875

CsOH Sigma-Aldrich Cat# C8518

TTX Fisher Scientific Cat# NC0738940

Picrotoxin Sigma-Aldrich Cat# P1675

Bicuculline Sigma-Aldrich Cat# 14340

Glycine Sigma-Aldrich Cat# G5417

Strychnine Sigma-Aldrich Cat# S0532

CFSE Thermo Fisher Scientific Cat# C34554

CM-Dil Thermo Fisher Scientific Cat# C7000

DMSO Sigma-Aldrich Cat# D2650

Proteinase K Fisher Scientific Cat# NC0547027

PFA Fisher Scientific Cat# AAA1131336

Triton X-100 Sigma-Aldrich Cat# X100

DAPI Sigma-Aldrich Cat# D9542

Fluoromount-G Southern Biotech Cat# 0100–01

Dynasore Sigma-Aldrich Cat# SML0340

H89 Sigma-Aldrich Cat# B1427

Staurosporine Tocris Cat# 1285

APV Sigma-Aldrich Cat# A5282

KN93 Sigma-Aldrich Cat# K1385

AIP Anaspec Cat# AS-64929

Trizma base Sigma-Aldrich Cat# RDD008

SDS DOT Scientific Inc Cat# DSL22040

EDTA DOT Scientific Inc Cat# DS170184

Sodium deoxycholate Sigma-Aldrich Cat# D6750

Protease inhibitor cocktail Thermo Fisher Scientific Cat# 78443

Phosphatase inhibitor Thermo Fisher Scientific Cat# 78420

BSA Jackson immunoResearch 
laboratories,

Cat# 001–000-162

Tween 20 DOT Scientific Inc Cat# DSP20370–4

Tris-Cl Sigma-Aldrich Cat# T5941

NaF Sigma-Aldrich Cat# S7920

β-glycerophosphate Sigma-Aldrich Cat# G9422

Sodium orthovanadate Sigma-Aldrich Cat# 450243

N-ethylmaleimide Sigma-Aldrich Cat# E3876

Protein G Sepharose 4 Fast Flow Thermo Fisher Cat# 45–000-116

IgG Sigma-Aldrich Cat# 15381

Dithiothreitol DOT Scientific Inc Cat# DSD11000

MnCl2 Sigma-Aldrich Cat# M8266
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Embedding medium Sakura Cat# 4583

ProLong Diamond Antifade Mountant Thermo Fisher Scientific Cat# P36970

Trichloroacetic acid Sigma-Aldrich Cat# T0699

Urea Thermo Fisher Scientific Cat# 29700

NH4HCO3 Fluka Cat# 09830

Iodoacetamide Sigma-Aldrich Cat# I1149

Lys-C Thermo Fisher Scientific Cat# 90307_3668048707

Trypsin Promega Cat# V5280

Trifluoroacetic acid Fisher Scientific Cat# O4902–100

Acetonitrile Fisher Scientific Cat# A955–212

Hydroxylamine Sigma-Aldrich Cat# 467804

DeltaMAX GenScript & Dr. Vincent 
Luca lab, Gonzalez-Perez 
et al.26

Custom synthesis

Critical commercial assays

ExoView Mouse Tetraspanin chip with ExoView 
Tetraspanin kit

Nanoview Bioscience Cat# EV-TETRA-M2

LDH assay kit Thermo Fisher Scientific Cat# 88953

HilyMax Dojindo Cat# H357–15

RNeasy mini Kit Qiagen Cat# 74104

RiboZero kit Epicentre Cat# MRZH116

Oligo(dT) magnetic beads Thermo Cat# 61002

BCA Thermo Fisher Scientific Cat# 23225

Pierce Silver Stain Kit Thermo Fisher Cat# 24612

ZipTip Thermo Fisher-Pierce Cat# 87784

High-Select™ TiO2 Phosphopeptide Enrichment Kit Thermo Fisher Scientific Cat# A32993

Micro BCA kit Fisher Scientific Cat# PI23235

TMT Thermo Fisher Scientific Cat# 44520

High pH reverse-phase peptide fractionation kit Thermo Fisher Scientific Cat# 84868

Deposited data

Bulk RNA sequencing data
This study

GEO: 
GSE110908,https://www.ncbi.nlm.nih.gov/geo/
query/acc.cgi?acc=GSE110908

Mass spectrometry data This study MassIVE: MSV000093592,https://
massive.ucsd.edu/ProteoSAFe/dataset.jsp?
task=50acc1d7e2694135b19df30ef1a82161 
ProteomeXchange: PXD047597, 
https://proteomecentral.proteomexchange.org/cgi/
GetDataset?ID=PXD047597

Experimental models: Organisms/strains

Wistar rat Charles River 273

Alix+/− mice
Dr. Alessandra d'Azzo 
lab33 N/A
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Alixfl/fl mice Dr. Rémy Sadoul and Dr. 
Frank Kirchhoff lab39

N/A

Camk2a-Cre mice The Jackson Laboratory 005359

Oligonucleotides

AlixS717A_For: acttgcaacaaGCAattgccagagaacctagtgct This study N/A

AlixS717A_Rev: gttctctggcaatTGCttgttgcaagtcctttaag This study N/A

AlixS717D_For: acttgcaacaaGATattgccagagaacctagtgct This study N/A

AlixS717D_Rev: gttctctggcaatATCttgttgcaagtcctttaag This study N/A

Recombinant DNA

mCherry-Alix Addgene/James Hurley 
lab, Lee et al.62

Cat# 21504; RRID:Addgene_21504

GFP Dr. Peter Penzes lab N/A

mCherry Dr. Peter Penzes lab N/A

pz196 Dr. Evangelos Kiskinis lab N/A

Notchl-myc
Addgene/Raphael Kopan 
lab, Schroeter et al.25 Cat# 41728; RRID:Addgene_41728

mCherry-Alix-S717A This study N/A

mCherry-Alix-S717D This study N/A

Software and algorithms

Spyder MIT https://www.spyder-ide.org/

RStudio Posit PBC https://posit.co/products/open-source/rstudio/

DAVID
NIH, Sherman et al.63 and 
Huang et al.64 https://david.ncifcrf.gov

COBALT NIH, Papadopoulos & 
Agarwala65

https://www.ncbi.nlm.nih.gov/tools/cobalt/
re_cobalt.cgi

NCBI Multiple Sequence Alignment Viewer NIH https://www.ncbi.nlm.nih.gov/projects/msaviewer/

IP2
Bruker, Eng et al.66 and 
Xu et al.67 http://www.integratedproteomics.com

Fiji NIH, Schneider et al.68 https://fiji.sc/

ExoView Analyzer 3.1.4 Nanoview Bioscience https://www.accela.eu/nanoview-biosciences

pClamp 10.7 Axon Instruments https://support.moleculardevices.com/s/

miniAnalysis Bluecell http://bluecell.co.kr/theme/theme05/product/
product_02_01.php

FastQC QUBES https://qubeshub.org/resources/fastqc

Trimmomatic
THE USADEL LAB, 
Bolger et al.69 http://www.usadellab.org/cms/?page=trimmomatic

TopHat
Transcriptomics 
technologies https://ccb.jhu.edu/software/tophat/index.shtml

HTseq
Dr. Simon Anders lab, 
Anders et al.70 https://htseq.readthedocs.io/en/latest/

EdgeR
Bioconductor, Robinson et 
al.71

https://bioconductor.org/packages/release/bioc/
html/edgeR.html

Imaris 10.0.0 Oxford Instruments https://imaris.oxinst.com/
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Other

Tecnai Spirit G2 120 kV transmission EM FEI N/A

Multiclamp700B amplifier Axon Instruments Inc. N/A

Cover glasses Carolina Cat# 633037

NanoView R100 Nanoview Bioscience N/A

MWCO filter, 10 kDa EMD Millipore Cat# UFC801024

MWCO filter, 30 kDa Millipore Sigma Cat# MRCF0R030

qE-Voriginal-35nm SEC column Izon Science Cat# SP5-USD

Automated fraction collector V1 Izon Science Cat# AFC-V1

Synergy HTX multi-mode microplate reader Biotek N/A

Magnetic imaging chamber Warner Instruments Cat# QR-40L

A1R + confocal laser microscope Nikon N/A

Electronic homogenizer Glas-Col Cat# 099C-K54

WedgeWell™ Tris-Glycine Mini Protein Gels
Fisher Scientific Cat# XP04125BOX, XP04120BOX and 

XV00100PK20

Nitrocellulose membranes Thermo Fisher Cat# 4500002

Chemidoc XRS system Bio-Rad N/A

HyperSep C18 Cartridges ThermoFisher Scientific Cat# 60108–302

Peptide Desalting Spin Columns Thermo Fisher Scientific Cat# 89852

UltiMate 3000 HPLC pump Thermo Scientific N/A

NanoViper Trap Column Thermo Fisher Scientific Cat# 164535

NanoViper analytical column Thermo Fisher Scientific Cat# 164570

Orbitrap Fusion Thermo Fisher Scientific N/A
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