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Abstract  
Current models of learning and memory have focused on cell-autonomous regulation of synaptic strength; 

however, intercellular signaling between cells in the brain is critical for normal cognition. The immediate early 

gene Arc is a repurposed retrotransposon critical for long-term forms of synaptic plasticity and memory. Arc 

protein forms virus-like capsids released in extracellular vesicles (EVs) that signal cell-to-cell. Here, we find that 

long-term potentiation (LTP) stimuli induce the biogenesis of Arc EVs by recruiting the I-BAR protein IRSp53 to 

dendrites, which facilitates Arc capsid assembly and release. Arc EVs transfer Arc protein and mRNA to 

neighboring neurons, where translation of transferred Arc mRNA induces a loss of surface AMPA-type glutamate 

receptors. These results show that Arc EVs mediate non-cell autonomous long-term depression (LTD), revealing 

an intercellular form of synaptic plasticity that may be critical for memory consolidation.  

 

Introduction  
Learning and experience stimulates the expression of a specific set of genes that implement long-lasting 

changes in neuronal connectivity and synapse strength1. The immediate early gene Arc is a critical mediator of 

long-lasting synaptic plasticity and memory2,3. Recent studies showed that Arc evolved from an ancient 

retrotransposon and that Arc protein contains conserved structural sequences of the retroviral Gag protein4-7. 

Similar to retroviruses, Arc forms capsids that are released from neurons with an enveloped membrane in 

extracellular vesicles (EVs), which transfer RNAs and proteins to recipient neurons6. However, the function of 

Arc intercellular signaling is unknown.  

 

Cellular models of synaptic plasticity, such as long-term potentiation and depression (LTP/LTD), have focused 

on cell-autonomous mechanisms8. Arc regulates the endocytosis of AMPA-type glutamate receptors through 

interactions with endocytic proteins to mediate LTD9 and homeostatic plasticity10,11. However, the expression of 

Arc is also induced by LTP stimuli12, despite not being strictly required for LTP expression13. EVs are emerging 

as critical mediators of intercellular signaling in the nervous system14, and EV release is induced by neuronal 

activity15. However, the role of EVs in synaptic plasticity is unclear. Thus, we set out to determine whether 

neuronal activity regulates Arc release in EVs and whether Arc intercellular signaling affects synaptic function.  
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Arc interacts with synaptic proteins, such as PSD-95 and TARP-g2, through a common binding motif in the N-

lobe7. Another synaptic protein, IRSp53 (also known as BAIAP2)16, was predicted to interact with Arc in the same 

region7. Intriguingly, IRSp53 is also critical for HIV-1 capsid release from the plasma membrane17,18. IRSp53 is 

an I-BAR protein that interacts with membranes to induce outward curvature through interactions with the actin 

machinery via its SH3 domain19. IRSp53 has also been shown to induce dendritic spine formation20 and is 

associated with psychiatric disorders such as autism and schizophrenia21. IRSp53 may also play a role in EV 

biogenesis, regulating the release of a specific subset of EVs from the plasma membrane in non-neuronal cells22. 

Here, we find that IRSp53 facilitates Arc capsid assembly and Arc EV biogenesis. LTP stimuli induces the 

formation of Arc-IRSp53 complexes that traffic anterograde in dendrites, which are released from filopodial-like 

projections. Arc transfer occurs in neighboring dendrites, resulting in a loss of surface AMPA receptors. Arc EVs 

are sufficient to induce loss of surface AMPARs in recipient neurons, which requires delivery and translation of 

Arc mRNA. Together, these results suggest that Arc mediates a novel form of intercellular synaptic plasticity 

through LTP-induced IRSp53-dependent release of Arc EVs. 

 

Results 
Arc directly binds IRSp53.  
IRSp53 is highly expressed in neurons and at synapses23,24 and has also been implicated in the release of HIV-

1 capsids17. Since Arc and HIV-1 share structural homology7, we hypothesized that IRSp53 may play a critical 

role in Arc release and EV biogenesis. To test if Arc and IRSp53 interact in the brain in vivo, we 

immunoprecipitated (IP) Arc from homogenized brain tissue in 1-month-old mice (Figure 1A) that had 

experienced six hours of home-cage enrichment to increase Arc expression (Supplementary Figure 1A-D). 

IRSp53 co-IPs with Arc in brain cortical lysates (Figure 1A). Arc also co-IPs with PSD-95, a known interacting 

partner25. To investigate whether this interaction occurs by direct binding, we performed a Glutathione S-

transferase (GST) pulldown assay using purified GST tagged IRSp53 and Arc protein. GST-IRSp53 bound on 

the column was incubated with purified Arc protein. Both Arc and IRSp53 eluted together in the bound fraction. 

However, Arc was not found in the eluted fraction when incubated with GST on the column, demonstrating a 

direct and specific protein-protein interaction (Figure 1B). We next determined the region of Arc required for 

IRSp53 binding by screening a series of Arc deletion mutants (Supplementary Figure 1E) co-transfected with 

IRSp53 in HEK293T cells (Supplementary Figure 1F-H). We found that Arc deletion mutants ArcΔ1-45 and ArcΔ20-

40 did not robustly co-IP with IRSp53, suggesting the 20-40 amino acid N-terminal region of Arc is required for 

binding (Figure 1C, Supplementary Figure 1F). To test whether IRSp53 interacts with the capsid form of Arc, we 

incubated recombinant purified Arc capsids (see methods) with HEK293T cell lysates obtained from cells 

transfected with IRSp53 and then pelleted the capsids using ultracentrifugation. IRSp53 pelleted with Arc capsids 

but did not pellet when Arc capsids were not present (Figure 1D). These results show that Arc and IRSp53 

interact in the brain in vivo and that this interaction likely occurs through direct binding. 
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Figure 1. IRSp53 co-immunoprecipitates and directly interacts with Arc. A. IRSp53 co-IPs with Arc. Forebrain tissue 

was collected from 1-month-old WT and Arc KO mice that experienced 6 hours of enriched environment to increase Arc 

expression and cell lysates were incubated with IgG or Arc antibody. Input and IP samples were blotted for Arc, IRSp53, 

and PSD-95. B. IRSp53 directly binds to Arc. Purified GST-IRSp53, bound to column, was incubated with purified Arc 

protein. A band for Arc is present in the bound IRSp53 fraction. C. ArcΔ20-40 does not co-IP with IRSp53. HEK cells were 
transfected with IRSp53 and either myc-Arc or myc-ArcΔ20-40. Cell lysates were incubated with an IgG or IRSp53 antibody 

and IP samples were blotted for IRSp53 and myc. D. IRSp53 interacts with Arc capsids. IRSp53 over-expressing cell lysates 

were incubated with purified Arc capsids and the mixture was pelleted by ultracentrifugation. Arc capsids were found in the 

pellet fractions in the presence and absence of IRSp53. IRSp53 protein was found in the pellet only in the presence of Arc 

capsids. I-III are technical replicates. Data are representative of three biological replicates. 
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Supplementary Figure 1. Arc is induced by environmental enrichment and co-immunoprecipitates with IRSp53 via 
an N-terminal region, related to Figure 1. A-B. Arc expression peaks at 4 hours following home-cage enrichment in the 

forebrain. Toys were placed in the home cage of P30 C57BL/6 WT mice at the start of their active cycle. Enrichment toys 

were left in the cage until animals were sacrificed. Forebrain tissue was collected at 2-, 4-, 6-, 12-, and 24-hours post-

enrichment or from unenriched controls (n=2 per group/per timepoint). C-D. Quantification of Arc expression in the forebrain 

following home-cage enrichment (from blots in A and B). Densitometric analysis was performed using FIJI. Arc bands were 

first normalized to total protein and then to their respective timepoint control. E. Schematic depicting the predicted capsid 

and MA domains of Arc and the deletion mutants screened. F-H. N-terminal Arc deletion mutants do not co-IP with IRSp53. 
HEK293T cells were transfected with IRSp53 and myc-Arc or one of the 14 Arc deletion mutants. Cell lysates were collected 

48 hours following transfection and incubated with an IgG or IRSp53 antibody. IP samples were blotted for IRSp53, or myc. 

ArcΔ1-45 and ArcΔ20-40 do not co-IP with IRSp53. 
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IRSp53 facilitates Arc capsid assembly. 
IRSp53 interacts with Arc capsids, thus we determined whether IRSp53 regulates capsid assembly. We affinity-

purified Arc and IRSp53 protein from E. coli for in vitro capsid assembly assays. We previously found that high 

phosphate or salt levels in the buffer are sufficient to drive self-assembly of Arc capsids6. To determine whether 

IRSp53 facilitates Arc capsid assembly, we incubated Arc with IRSp53 in a 1:1 molar ratio in Tris-buffered saline 

solution (TBS), a buffer not conducive for Arc capsid assembly. We then performed size exclusion 

chromatography (SEC) on the purified samples and collected the peak protein fractions (Supplementary Figure 

2A-B; Fractions 14-16 for Arc, Arc+IRSp53, Arc+GST, IRSp53; fractions 24-26 for GST). 0.5 mg/mL of protein 

from these fractions was added to grids and processed for negative stain transmission electron microscopy 

(TEM). Arc capsids in TBS were rarely observed, and no capsid structures were observed on grids with IRSp53 

or GST alone (Figure 2A). When GST was incubated with Arc protein in TBS, there was no effect on Arc capsid 

formation. In contrast, when Arc and IRSp53 were incubated together in TBS, the number of capsids observed 

was comparable to Arc alone in high phosphate buffer (Figure 2A). These data show that IRSp53 facilitates Arc 

capsid assembly in vitro.  

 

IRSp53 mediates Arc release in EVs. 
Retroviruses are released from cells in membrane-enveloped particles and IRSp53 is critical for HIV release17,18, 

14. To test whether IRSp53 facilitates Arc release in EVs, we used a split-nano luciferase system26. We cloned 

the small HiBiT tag (11 amino acids) onto Arc's C-terminus (Figure 2B), which we confirmed does not interfere 

with capsid formation (Supplemental Figure 2C). We transfected HEK293T cells with Arc-HiBiT alone or Arc-

HiBiT+IRSp53. Cell lysate and media samples were collected to measure luciferase luminescence, which occurs 

after HiBiT complementation with Large-bit (LgBiT) when added to the media (Figure 2B). When IRSp53 is co-

expressed with Arc, release is enhanced approximately 20-fold, whereas GFP co-expression had no effect 

(Figure 2C). To determine whether signal derived from the media containing Arc-HiBiT is enclosed within EVs, 

we measured luminescence with or without membrane-emulsifying detergent. We find that detergent was 

required for the majority of HiBiT-LgBiT complementation and luciferase activity, suggesting that Arc-HiBiT is 

protected within the EV lumen (Figure 2D). To further confirm that IRSp53 enhanced the release of Arc into EVs, 

we collected media from HEK293T cells transfected with Arc or Arc+IRSp53 and performed SEC or nanoparticle 

tracking. We find that the Arc protein released when co-expressed with IRSp53 is found in particles that have 

sizes and densities consistent with EVs (Figure 2E-F).  IRSp53 did not facilitate ArcΔ20-40 release (Supplementary 

Figure 2D), consistent with ArcΔ20-40 unable to bind IRSp53 (Figure 1C). To gain further insight into how IRSp53 

may regulate Arc release, we used a point mutant of the SH3 domain (I403P), which has previously been shown 

to block downstream interactions with actin machinery proteins such as WAVE2, N-WASP, and Dynamin127. 

IRSp53I403P does not enhance Arc release in HEK cells (Supplementary Figure 2D) but is still capable of binding 

to Arc protein and facilitating Arc capsid assembly (Supplemental Figure 2F-G). Furthermore, Endophilin, an N-

BAR domain-containing protein known to interact with Arc9, did not facilitate Arc release from HEK cells 

(Supplemental Figure 2E). This suggests that Arc release is specifically facilitated by IRSp53 and not all BAR 

domain-containing proteins.  
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Figure 2. IRSp53 facilitates Arc capsid assembly and release into extracellular vesicles. A. IRSp53 facilitates Arc 

capsid assembly. Representative TEM images of Arc, IRSp53, GST, Arc+IRSp53 (1:1), Arc+GST (1:1) all in TBS buffer, 

and Arc in 500mM phosphate bufferM, at 0.5mg/m (n=15 images/grid). Scale bar=100nm. Statistics: ***p=0.0003, 

****p<0.0001, one-way ANOVA. Data is representative of 3 independent experiments. B. Arc release assay. HiBiT (11 
amino acids) is a split nanoluciferase that complexes with LgBiT to form a complete nanoluciferase. HiBiT is tagged to the 

C-terminus of Arc. Neurons were transduced on DIV10 with Arc-HiBiT. On DIV16 media was removed, EVs were collected 

and lysed and purified LgBiT added. C. IRSp53 enhances Arc release in HEK293T cells. HEK cells were transfected with 

Arc alone or Arc+IRSp53 and Arc was detected by luciferase. Percentage Arc release was calculated by dividing the total 

Arc levels in the media by the sum of total Arc in the cell lysate and total Arc in the media (n=3 cultures). Statistics: 

****p<0.0001, one-way ANOVA. Results are representative of experiments conducted in three different cultures. D. HiBiT 

assay measures Arc EV release. Arc release in HEK cells was almost undetectable in the absence of lysis, indicating that 

Arc-Hibit is protected within vesicles. E. IRSp53 increases Arc particle size in EV fractions. The size of Arc EVs was 
determined using nanoparticle tracking analysis (NTA). Particle tracks (n=3) are depicted as averages (blue and yellow line 

traces) with ± SEM depicted as shaded areas. F. IRSp53 drives Arc release into EVs. Equilibrium density gradient isolation 

was used to isolate Arc EVs from HEK cell culture media. The density in fractions 15-17 was between 1.10 and 1.15 

grams/mL, consistent with the known densities of EVs. G. IRSp53 enhances Arc release in neurons. IRSp53-dependent 

enhancement of Arc release requires the interaction with actin machinery (IRSp53I403P) and direct protein interaction with 

Arc (ArcΔ20-40) (n=3 cultures). Statistics: **p<0.01, one-way ANOVA. H. IRSp53 knockdown reduces Arc release. 

Representative western blot of protein expression in EVs released from primary cortical neurons and blotted for Alix or Arc. 
Pooled quantification of EVs harvested from three independent cultures (n=3) for Arc and Alix, paired t-test comparing 
control and Cre expressing conditions. Arc EV expression was normalized to Alix. Statistics: *p<0.05, paired t-test. 

 

We next tested whether IRSp53 enhanced Arc-HiBiT release in primary cultured hippocampal neurons. Neurons 

were transduced at DIV10 with Arc-HiBiT alone or with Arc-HiBiT+IRSp53. We find that IRSp53 enhances Arc 

release by approximately 2.5-fold in neurons (Figure 2G). Similar to HEK cells, IRSp53I403P does not enhance 

Arc-HiBiT release (Figure 2G). ArcΔ20-40, which is unable to bind IRSp53, also does not enhance release when 

co-transduced with IRSp53 (Figure 2G). These data suggest that IRSp53 specifically enhances Arc release into 

EVs from neurons, through downstream actin regulation, and this effect requires direct protein-protein 

interactions with Arc.  

 

To determine whether IRSp53 plays a role in the release of endogenous Arc in EVs from neurons, we obtained 

an IRSp53 floxed mouse line28 and generated IRSp53flx/flx primary cultured neurons. Lentiviral expression of 

GFP-Cre for six days (DIV10-16) resulted in a significant reduction in IRSp53 expression in cell lysates (~60%) 

as compared with GFP expression, but no change in Arc or Alix (a canonical EV marker) expression 

(Supplemental Figure 2H). EVs were isolated from cell culture media using differential centrifugation on a 

sucrose cushion. Knockdown of IRSp53 significantly reduced the release of Arc into EVs (Figure 2H) but had no 

effect on Alix release (Figure 2H). Together, these results show that IRSp53 is critical for Arc EV biogenesis by 

facilitating both Arc capsid assembly and Arc EV release.  

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted January 30, 2024. ; https://doi.org/10.1101/2024.01.30.578027doi: bioRxiv preprint 

https://doi.org/10.1101/2024.01.30.578027
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted January 30, 2024. ; https://doi.org/10.1101/2024.01.30.578027doi: bioRxiv preprint 

https://doi.org/10.1101/2024.01.30.578027
http://creativecommons.org/licenses/by-nc-nd/4.0/


Supplementary Figure 2. IRSp53 facilitates Arc capsid assembly and release, related to Figure 2. A. Chromatogram 

showing SEC peaks selected for TEM. B. Coomassie gel showing protein content from the selected peaks. Arc, IRSp53, 

Arc + IRSp53, Arc + GST, and Arc +PO4 were selected from fractions 14-16, while GST was selected from fractions 24-26. 

C. Arc tagged with HiBiT at the C-terminal does not interfere with capsid formation. Scale bar=200 nm. D. IRSp53 enhanced 

Arc release is specific and requires its SH3 domain. IRSp53 does not enhance the release of ArcΔ20-40 (n=3 independent 

cultures). Statistics: ****p<0.0001, one-way ANOVA. E. Endophilin, an N-BAR containing protein that also interacts with 

Arc, does not affect Arc release (n=3 independent cultures). Statistics: ****p<0.0001, one-way ANOVA. F. IRSp53I403P co-

IPs with Arc. HEK293 cells were transfected with Arc and IRSp53, IRSp53I403P, and the IRSp53 I-BAR domain. Arc binds to 

both IRSp53 and IRSp53I403P, but IRSp53’s I-BAR domain does not. Saturated: Same western blot depicted in (F) for Arc 

co-IP samples with an increase in contrast to show IRSp53 does IP with Arc. G. IRSp53I403P drives Arc capsid assembly 

similar to WT IRSp53. H. Cre expression in IRSp53flx/flx neurons reduces IRSp53 expression. Representative primary cortical 

neuronal cell lysates run by SDS-Page, blotted for Alix, Arc, IRSp53, and GFP with total protein shown. Data is presented 
as mean±SEM from 3 independent cultures, normalized to total protein and average of control conditions to determine 

relative fold change is shown. Paired student t-test performed comparing control and Cre expressing conditions. Statistics: 

*p<0.05, paired t-test.  

 

LTP induces the expression, trafficking, and release of Arc via IRSp53.  
Arc and IRSp53 expression in neurons is regulated by neuronal activity12,23. Although Arc is not required for the 

maintenance of LTP13, Arc transcription is induced by LTP stimuli12. Thus, we hypothesized that LTP induces 

Arc capsid assembly and release through IRSp53-dependent mechanisms. We quantified endogenous Arc and 

IRSp53 expression in cultured hippocampal neurons under basal conditions or after chemical induction of LTP 

or LTD (cLTP/cLTD). To induce cLTP, neurons were incubated with TTX for 24 hours to block neuronal activity, 

followed by a 5-minute glycine pulse and recovery in normal culture media. To induce cLTD, a 5-minute DHPG 

pulse was performed in normal culture media. To verify whether cLTP or cLTD occurred, we labeled surface 

GluA1 AMPAR subunits in living neurons and found that cLTP results in an increase in surface GluA1 staining, 

while cLTD leads to a reduction in surface GluA1 expression (Figure 3A-B, Supplementary Figure 3A-B). Arc 

expression increases in dendrites after both cLTP and cLTD, with no changes observed in the soma (Figure 3C, 

Supplementary Figure 3A, C). We also observed a selective increase in IRSp53 expression in dendrites but not 

the soma after cLTP, but not cLTD (Figure 3D; Supplementary Figure 3A, D). Using Imaris software, we analyzed 

the percentage of IRSp53 that was Arc positive (colocalized) or Arc negative (not colocalized). Both cLTP and 

cLTD increased the number of Arc “surfaces” (expression), but only cLTP increased IRSp53-Arc colocalization 

(Figure 3E-F). These data suggest that LTP induces the expression of both Arc and IRSp53 in dendrites to 

facilitate their interaction.  
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Figure 3. LTP induces Arc and IRSp53 colocalization in neurons. A. Representative images of primary cultured rat 

hippocampal neurons (DIV16) under basal, cLTP or cLTD conditions. Scale bar=20µm. Dendritic scale bar=5µm. 30 min. 

post cLTP/cLTD surface GluA1 was labeled with an N-terminal antibody and neurons were fixed/stained for Arc (magenta), 

IRSp53 (cyan), and GluA1 (yellow). B-D. cLTP and cLTD induces Arc expression in dendrites, but only cLTP induces an 

increase in IRsp53 expression. Quantification of dendritic Arc, IRSp53, and surface GluA1. Three 2µm dendritic segments 

were measured per neuron (n=14 neurons from 3 coverslips). Statistics: GluA1 ****p<0.0001, Arc **p<0.01, ****p<0.0001, 
IRSp53 ****p<0.0001, one-way ANOVA. E. cLTP and cLTD increases Arc expression in dendrites. An algorithm was 

generated using the surface function in Imaris software to detect the total Arc volume in each image and the same algorithm 

was applied to all images. Statistics: *p<0.05, ****p<0.0001, one-way ANOVA. F. Arc and IRSp53 colocalization increases 

during cLTP but not cLTD. Quantification of Arc volumes detected in each image using the Imaris surface function. Statistics: 

****p<0.0001, one-way ANOVA. Results are representative of experiments conducted in two different cultures.  
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Supplementary Figure 3. Neither cLTP or cLTD affect expression of Arc or IRSp53 in neuronal soma, related to 
Figure 3. A. Representative images of primary cultured rat hippocampal neurons (DIV16) under basal, cLTP or cLTD 

conditions (n=14 neurons from 3 coverslips). Scale bar=10µm. Arc (magenta), IRSp53 (cyan), and GluA1 (yellow). B-C. 
cLTP increases somatic surface GluA1 staining, but not Arc or IRSp53 expression. Quantification of somatic Arc, IRSp53, 

and surface GluA1. D. cLTD does not increases GluA1, Arc or IRSp53 expression. Statistics: GluA1 **p<0.01, one-way 

ANOVA. Results are representative of experiments conducted in two different cultures. 

 
To probe the dynamics of Arc and IRSp53 in living cells, we developed Arc-RaPTR (RNA and Protein Translation 

Reporter) that allows imaging of Arc protein and mRNA (Figure 4A). The Arc N-terminus includes hemagglutinin 

(HA) epitopes that allow protein tagging, while the C-terminus includes a number of MS2 tandem repeats that 

allow labeling of mRNA. Exogenously added α-HA-FB-eGFP Frankenbodies and MS2 coat protein labelled with 

miRFP703 allows imaging of nascent protein or mRNA, respectively29. Expression of this construct was driven 

by the ESARE Arc minimal promoter, which recapitulates the activity-dependent regulation of Arc transcription30. 

DIV14 hippocampal neurons were transfected with Arc-RaPTR alone or co-transfected with a C-terminal mRuby 

labeled IRSp53 (Figure 4A). Neurons were imaged for 15 minutes during TTX treatment and for 1-2 hours 

following cLTP induction in cell culture media. cLTP induction increased Arc-RaPTR expression (Figure 4B, 

Supplementary 4A) and increased the anterograde trafficking of Arc mRNA and protein in dendrites 

(Supplementary Movie 1). In IRSp53 co-transfected neurons, Arc and IRSp53 puncta colocalized and trafficked 

together in dendrites after cLTP induction (Figure 4C, Supplemental Figure 4B), although there was no significant 

difference in the total number of trafficking events as compared to Arc transfection alone (Supplementary Figure 

4C). After cLTP induction, we occasionally observed transient formation of filopodial-like protrusions in dendrites 

containing Arc and IRSp53 (Figure 4D and Supplementary Movie 2). These projections were accompanied by 

rapid loss of Arc signal, which we interpret as possible release events.  
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To directly determine whether LTP induces Arc release, neurons were transduced at DIV10 with Arc-HiBiT 

lentivirus and we quantified Arc-HiBiT release after cLTP or cLTD induction at DIV16 (Figure 4E). We found that 

cLTP robustly induced Arc-HiBiT release, compared with basal and cLTD conditions (Figure 4F). To determine 

whether cLTP-induced Arc release is IRSp53-dependent, we used primary cortical IRSp53flx/flx neurons that were 

co-transduced with either GFP+Arc-HiBiT or Cre+Arc-HiBiT lentiviruses. We observed a significant reduction in 

dendritic IRSp53 expression in IRSp53flx/flx neurons transduced with Cre, but no change in Arc expression 

(Supplementary Figure 4D-F). cLTP increased dendritic IRSp53 and Arc expression (Supplementary Figure 4 

E-F) and enhanced Arc release in GFP transduced IRSp53flx/flx neurons (Figure 4G). In contrast, there was no 

significant change in Arc release after cLTP in IRSp53flx/flx neurons transduced with Cre (Figure 4G), suggesting 

IRSp53 is required for cLTP-induced Arc release. Interestingly, cLTP did not increase dendritic Arc expression 

in IRSp53flx/flx neurons transduced with Cre (Supplementary Figure 4F), suggesting that IRSp53 could be involved 

in Arc trafficking or expression in dendrites. These data show that cLTP induces Arc and IRSp53 colocalization, 

anterograde trafficking and release from dendrites. 
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Figure 4. LTP induces Arc trafficking and release via IRSp53 filopodia. A. Arc RNA and Protein Translation Reporter 

(RaPTR). The Arc mRNA contains spaghetti-monster Frankenbody hemagglutinin epitopes at the 5’ end and 24 MS2 RNA 

stem-loops at the 3’ end. α-HA-FB-eGFP Frankenbodies bind to translated protein, while (MCP)-miRFP703 binds to Arc 

mRNA allowing for dual labeling of Arc protein and mRNA. B. cLTP induces Arc-RaPTR expression. Representative max 
projection images of neurons co-transfected with the Arc-RaPTR reporter and a C-terminally tagged mRuby-IRSp53 

immediately or 2 hours after cLTP induction. C. LTP induces anterograde co-trafficking of Arc and IRSp53 in dendrites.  
Representative forward filtered kymograph of a dendritic region of interest (ROI) from a dendrite in panel B. Time is displayed 

on the y-axis (bar=25 min.) and distance on the x-axis (bar=30 µm). D. Putative Arc release events occur from newly formed 

filopodial-like projections. Dendritic ROI showing an IRSp53 labeled filopodia with Arc at the leading tip (red arrows). There 

is a rapid loss of Arc signal from this extension. E. Schematic for neuronal transduction protocol for the HiBiT assay. F. LTP 

induces Arc release. cLTP, but not cLTD, increases HiBiT-Arc release. Statistics: **p<0.01, one-way ANOVA. Each data 

point represents one well from a 6-well plate (technical replicates). Results are representative of experiments conducted in 
3 different cultures. G. IRSp53 is necessary for cLTP induced Arc-HiBiT release. IRSp53flx/flx neurons were transduced at 

DIV10 with GFP or GFP-Cre to knockdown IRSp53 expression. Statistics: **p<0.01, two-way ANOVA, Tukey’s multiple 

comparison test. Each data point represents one well from a 6-well plate (technical replicates). Results are representative 

of experiments conducted in two different cultures. 

 

Arc EVs induce loss of surface AMPARs in recipient neurons via translation of Arc mRNA.  
Since cLTP induces Arc EV release, we set out to investigate whether Arc EVs can directly regulate synaptic 

plasticity by trafficking the AMPA-type glutamate receptors in neurons that take up Arc EVs. We collected media 

from DIV15 WT or Arc KO mouse cortical neurons and isolated EVs using SEC. 50µg of EVs in fresh BrainPhys 

neuronal media were added to DIV 15 mouse Arc KO neurons for 4 hours, followed by a live antibody feeding 

assay to label surface GluA111. Neurons treated with WT EVs showed a significant reduction in surface GluA1 

levels, whereas neurons treated with Arc KO EVs showed no difference in surface GluA1 (Figure 5A). These 

effects on GluA1 may be mediated by Arc protein or Arc mRNA delivered in EVs. To test this, we transduced 

Arc KO recipient neurons with an Arc-specific shRNA lentivirus, which blocks the translation of Arc mRNA 

(Supplemental Figure 5). Neurons transduced with Arc-shRNAs showed no changes in surface GluA1 when 

incubated with WT EVs, while neurons transduced with scrambled shRNAs showed decreased surface GluA1 

levels after WT EV incubation (Figure 5B). These data suggest that Arc EVs induce the loss of surface GluA1 in 

recipient neurons via the translation of delivered Arc mRNA. 
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Supplementary Figure 4. LTP induces trafficking of Arc and IRSp53 in dendrites, related to Figure 4. A. LTP induces 

Arc-RaPTR expression. cLTP induction increased the expression of Arc-RaPTR in co-transfected neurons (n=6 neurons). 
Statistics: *p<0.05, outliers were excluded using the ROUT method, Q=1%. B. The average velocity of Arc (25.27 nm/sec), 

and co-localized Arc and IRSp53 (16.011 nm/sec) puncta during anterograde trafficking induced by cLTP (n=4 neurons for 

Arc only, n=9 neurons for Arc & IRSp53). Statistics: ***p<0.0007, **** p<0.0001. C. IRSp53 overexpression does not affect 

Arc particle velocity. There is no difference in particle velocity between single and co-transfected neurons (n=4 neurons for 

Arc only, n=9 neurons for Arc & IRSp53). D. Representative images of IRSp53flx/flx primary cultured mouse hippocampal 

neurons under basal or cLTP conditions. Scale bar=20µm. Dendritic scale=5µm. Neurons were transduced with GFP or 

GFP-Cre lentiviral particles at DIV10 and neurons were fixed DIV16. E. IRSp53 knockdown inhibits cLTP induced IRSp53 

expression. Quantification of dendritic IRSp53. Three 20µm dendritic segments were measured per neuron (n=10 neurons 
from 3 coverslips). Statistics: *p<0.05, **p<0.01, ****p<0.0001, one-way ANOVA. F. IRSp53 knockdown inhibits cLTP 

induced dendritic Arc expression. Quantification of dendritic Arc. Three 20µm dendritic segments were measured per neuron 

(n=10 neurons from 3 coverslips). Statistics: ****p<0.0001, one-way ANOVA. Results are representative of experiments 

conducted in two different cultures. 
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Figure 5. Arc EVs decrease surface GluA1 expression in recipient neurons via Arc mRNA translation. A. Arc 

containing EVs induce loss of surface GluA1. Representative images of neurons that were untreated, or treated with EVs 

derived from WT neurons, or with EVs from Arc KO neurons. Scale bar=20µm. Dendritic scale=5µm. Three 20µm dendritic 

segments were measured per neuron (n=8-10 neurons from 3 coverslips). Results are representative of experiments 

conducted in at least two different cultures. Statistics:  ***p<0.0001, one-way ANOVA. B. Translation of Arc mRNA is 

required for effects on surface GluA1. Representative images of neurons that were untreated or transduced with either Arc 

shRNA or scrambled shRNAs at DIV 10 and treated with WT EVs on DIV 15. Three 20µm dendritic segments were 

measured per neuron (n=12 neurons from 3 coverslips). Results are representative of experiments conducted from two 

different cultures. Statistics: ***p<0.0005, ****p<0.0001, one-way ANOVA.  
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Supplemental Figure 5. Arc shRNA reduces Arc expression in neurons, related to Figure 5. A. WT cortical neurons 

were transduced with Arc-shRNAs or left untreated. Arc shRNAs significantly reduce the amount of Arc expressed in WT 

neurons. Densitometric analysis was performed in FIJI (n=5 10cm dishes from one culture). Statistics: **p<0.007, unpaired 

t-test.  
 
Arc protein transfer causes a loss of surface AMPARs in neighboring neurons. 
To determine whether Arc transfer between neurons regulates AMPAR expression, we sparsely transfected 

primary mouse hippocampal Arc KO neurons with either GFP alone or GFP+Arc (Figure 6A-B) and analyzed 

Arc expression in neighboring neurons and dendrites (Supplementary Figure 6). We observed a significant 

increase in dendritic Arc staining in neurons neighboring Arc-transfected neurons, as compared to neighbors of 

GFP-transfected neurons, but no change in somatic staining (Figure 6C-D). Mouse neurons were difficult to 

transfect and live label with GluA1 due to health issues, while rat hippocampal neurons survived transfection and 

live surface GluA1 labeling. We generated an Arc KO rat using CRISPR (Supplementary Figure 7). In rat Arc 

KO neurons sparsely transfected with GFP or GFP+Arc, we observed a significant decrease in surface GluA1 in 

dendrites of Arc transfected neurons but not in GFP only transfected neurons (Figure 6E-G). We also observed 

a significant decrease in surface GluA1 staining in neighboring dendrites spatially proximal to Arc transfected 

neurons, but no change in neighboring dendrites near GFP transfected neurons (Figure 6H-J). However, we did 

not observe changes in GluA1 surface expression in neurons more than 450µm from Arc transfected donor 

neurons in the same coverslip (Figure 6G-H, J). Together, these data suggest that Arc protein is transferred to 

spatially proximal neighboring dendrites that take up Arc, which causes a loss of surface GluA1.  
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Figure 6. Intercellular Arc transfer induces loss of surface GluA1 in neighboring dendrites. A. Representative image 

of a GFP transfected primary cultured mouse Arc KO hippocampal neurons that were stained for Arc and MAP2 at DIV15. 

Scale bar=20µm. Dendritic scale=5µm. See Supplementary Figure 6 for analysis details. B. Representative image of an 
Arc and GFP co-transfected mouse Arc KO hippocampal neuron. C. Arc is transferred from transfected neurons to 

neighboring dendrites. Quantification of dendritic Arc raw integrated density for dendrites located near GFP alone or 

Arc+GFP transfected neurons (n=8-12 neurons from 3 coverslips). Statistics: **p<0.01, unpaired t-test. Results are 

representative of experiments conducted in two different cultures. D. Arc does not transfer from transfected neurons to 

nearby neuronal somas. Quantification of Arc raw integrated density for neuronal somas near GFP or Arc transfected 
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neurons. (n=8-12 neurons from 3 coverslips). E. Representative image of a GFP transfected rat primary cultured Arc KO 

hippocampal neuron that was stained for MAP2 and surface GluA1 at DIV15. Dendritic scale bar=5µm.  F. Representative 

image of an Arc and GFP co-transfected rat Arc KO hippocampal neuron. G. Surface GluA1 is significantly reduced in 

Arc+GFP co-transfected neurons compared to GFP transfected alone. Quantification of surface GluA1 raw integrated 
density (n=10-12 neurons from 3 coverslips). Statistics: **p<0.01, unpaired t-test. Results are representative of experiments 

conducted in three different cultures. H. Representative image of a neuron that does not have a GFP transfected neuron in 

the field of view. I. Representative image of a neuron that does not have an Arc+GFP transfected neuron in the field of view. 

J. Surface GluA1 is significantly decreased in dendrites near Arc transfected neurons, but not in distant dendrites. All surface 

GluA1 levels in dendrites were normalized to the dendrites near GFP transfected neurons (n=10-12 neurons from 3 

coverslips). Statistics: *p<0.05, one-way ANOVA. Results are representative of experiments conducted in three different 

cultures.  

 

 
Supplementary Figure 6. GluA1 analysis pipeline, related to Figure 6. A. GluA1 analysis pipeline. Z-stack images were 

acquired using 0.125 µm step size resulting in 41 images. B. Max projection images were created from the z-stack for the 
MAP2 channel and GluA1 and the channels were merged. Untransfected neurons underwent thresholding in FIJI to find an 

average threshold value. This value was then applied to all images. C. ROIs were defined for three GFP positive dendritic 

segments and three GFP (untransfected) negative dendritic segments near a GFP transfected neuron by MAP2 staining. 

The segments were then converted to masks. D. These masks were applied to the GluA1 channel and raw integrated 

density was measured for all dendritic ROIs. The three dendritic segments were averaged together to obtain a single value 

for each neuron. All dendritic segments were normalized to untransfected near neighbors of GFP transfected neurons. E. 
Distant neurons were defined by centering a GFP transfected neuron and move the frame until all of the GFP transfected 

neuron was out of frame. This averaged ~400µm from a transfected neuron.  
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Supplementary Figure 7. Arc KO rat characterization, related to Figure 6. A. Schematic depicting the CRISPR design 

strategy for excising the entire Arc gene in Long Evan rats. Embryos were injected with gRNAs and dCAS9 before being 

implanted in a dam. Deletion of the Arc gene was detected by PCR, using primers against the Arc gene. B. Arc protein is 

absent in Arc KO rat brain tissue. Western blot of rat forebrain tissue collected from WT, heterozygous, or Arc KO rats. 
 

 

 

 
Supplementary Figure 8. Model of Arc intercellular synaptic plasticity. A. LTP induces: 1. Arc and IRSp53 expression 

in dendrites. 2. IRSp53 facilitates Arc oligomerization into capsids through N-terminal interactions, which assemble at the 

membrane and encapsulate Arc mRNA. 3. Arc capsids are released in EVs directly from filopodia-like projections at the 

plasma membrane. 4. Neighboring dendrites take up Arc EVs via endocytosis. 5. Arc mRNA is released from endosomes 
as the capsid is disassembled and is locally translated in dendrites. 6. Nascent Arc protein monomers are recruited to the 

synapse. 7. Arc interacts with the endocytic machinery (dynamin and endophilin) to 8. recruit and endocytose AMPARs 

from the synapse. 9. Arc traffics the AMPARs out of the synapse.  
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Discussion 
The unexpected discovery that Arc forms virus-like capsids that are released from neurons6 implied that there 

must be an Arc-dependent intercellular function in the brain. Here, we show that Arc mediates a novel form of 

intercellular synaptic plasticity (Supplementary Figure 8). LTP induces the release of Arc EVs from dendrites, 

which deliver Arc mRNA to nearby dendrites. The delivered Arc mRNA is translated, which ultimately results in 

a loss of surface AMPARs to weaken synapse strength. We also reveal a central role for IRSp53 in regulating 

Arc capsid assembly and release into EVs – identifying a new mechanism for neuronal EV biogenesis.  

 

IRSp53 facilitates Arc capsid assembly 
Retroviruses use scaffolding molecules, such as inositol hexakisphosphate (IP6) or nucleocapsid proteins, to 

provide structural support during capsid assembly31,32. Mammalian Arc has structural homology to HIV capsids, 

and Drosophila Arc proteins assemble retrovirus-like icosahedral capsids33. Here, we find that IRSp53 protein 

can directly facilitate the assembly of Arc capsids in vitro. Whether IRSp53 plays a similar function in retrovirus 

capsid assembly remains to be determined. Our data also shows that the role of IRSp53 in EV release can be 

dissociated from its role in Arc capsid assembly as the IRSp53I403P mutant does not enhance Arc release, 

presumably due to a lack of downstream actin regulation through SH3 domain interactions27, but can still facilitate 

Arc capsid assembly.  

 

IRSp53 is required for Arc EV release  
EV intercellular signaling has emerged as a critical component of diverse biological processes, from plant 

defenses against microbes34 to the spread of pathology in neurodegenerative disorders35. However, the function 

of neuronal EVs remains poorly described, and their role in the nervous system is unclear36. This is partly due to 

a need for a mechanistic understanding of the biogenesis and cargo of select EVs. EVs have a variety of 

intracellular origins, with exosomes derived from endosomal compartments that are released via multivesicular 

bodies requiring ESCRT protein complexes for vesicle biogenesis14. Recent studies have shown that EVs may 

participate in synaptic function through intercellular transfer of synaptobrevin37 and regulation of Wnt signaling 

through the protein proline-rich 738. Previous studies showed that AMPARs may be released in EVs15. Neuron-

derived exosomes may also be critical for neural circuit development39. In addition, intercellular trafficking of toxic 

proteins in EVs such as tau and α-synuclein have been implicated in the pathology of Alzheimer’s and 

Parkinson’s disease35.  

 

IRSp53 is an I-BAR scaffolding protein highly expressed in neurons that regulates dendritic spine formation and 

NMDA receptor function40-42. Recent studies have implicated IRSp53 in EV release in non-neuronal cells via 

direct budding from the plasma membrane17,18,22. Our data reveals a neuronal activity-dependent EV pathway 

regulated by IRSp53. We find that IRSp53 expression is upregulated in dendrites after LTP induction, which we 

hypothesize also increases Arc-IRSp53 interactions to catalyze capsid assembly. Arc-IRSp53 complexes traffic 

anterograde in dendrites where EV release occurs. This spatiotemporal protein trafficking may specify where 

and when Arc EVs are released. In our live imaging experiments, we observed the rapid formation of filopodia 
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that contain Arc and IRSp53 proteins, and, in some cases, there was an abrupt loss of Arc protein suggestive of 

a release event. This is consistent with non-neuronal cell studies showing that IRSp53 may help induce filopodia 

formation22, ultimately leading to EV biogenesis similar to another I-BAR protein MIM43,44.  

 
Arc and LTP 
Arc transcription is clearly induced by LTP stimuli12,45. However, there is conflicting evidence for the role of Arc 

in the expression of LTP. LTP is intact in the hippocampus of Arc KO mice, but Arc-specific antisense 

oligonucleotides cause deficits in dentate gyrus LTP2,13,46,47. Arc’s role in LTD is clearer, with well-defined 

molecular mechanisms implicating Arc in the endocytosis of AMPARs9,48-50. Here, we resolve some of these 

discrepancies by showing that LTP, rather than LTD stimuli, preferentially causes the release of Arc. This switch 

in Arc function may be primarily mediated by an increase in dendritic expression of IRSp53, which catalyzes Arc 

capsid assembly. LTD stimuli, in contrast, induces local Arc translation that results in AMPAR endocytosis at 

synapses. We posit that synaptic Arc protein regulates AMPAR trafficking in a monomeric form, as post-synaptic 

density (PSD) protein-protein interactions may prevent Arc oligomerization51.   

 
Intercellular synaptic plasticity 
Arc is critical for memory consolidation2,47 and experience-dependent plasticity52,53. Recent studies have shown 

that Arc transcription can self-regulate cycles of transcription in a second wave of expression in the same 

neuron54.  Thus, Arc synthesis may be sustained in neurons active during memory encoding. Our findings 

suggest that memory formation may involve intercellular signaling that requires non-cell autonomous regulation 

of synaptic function – a new element to mechanisms of memory formation. We predict that the spatial and 

temporal aspects of Arc release will be critical for regulating intercellular synaptic plasticity. These slow 

processes take hours from Arc transcription to Arc EV uptake, on par with the temporal evolution of the molecular 

consolidation of memory55. We observed a tight spatial constraint on Arc’s effect on synapses, even in primary 

cultured neurons – only closely neighboring dendrites show AMPAR effects. We speculate that Arc facilitates a 

novel form of circuit-level LTD that may help consolidate memory by increasing the “signal-to-noise” of neurons 

in a memory “engram” circuit by weakening synapses neighboring non-engram neurons. This experience-

dependent acceleration of synapse turn-over may also contribute to representational drift and memory 

updating56. This is similar to the hypothesis that Arc mediates heterosynaptic LTD on the same neuron57, but 

now includes non-connected synapses near the active neuron in a circuit. Potentiated synapses on the neuron 

that transcribes Arc may be resistant to Arc-induced LTD from paracrine-like effects, perhaps through 

interactions with CaMKII-beta that localize Arc protein to inactive synapses57. 

 

Our new observations lead to a number of open questions. The dependency of Arc mRNA transfer for the 

functional effects on AMPARs suggests that once Arc EVs are taken up, Arc mRNA must be delivered and 

released into the cytoplasm, where it is translated. The precise molecular mechanisms of Arc capsid disassembly 

and mRNA release from endosomes remain to be elucidated. The specificity of Arc EV uptake in vivo also 
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remains to be determined; we hypothesize that unique receptors engage in Arc-EV uptake and delivery that will 

further constrain the spatial specificity of Arc EV function within a circuit.  

 

Conclusion 
Taken together, our data reveals a new EV-dependent intercellular signaling pathway regulated by IRSp53 and 

Arc. Arc EVs induce loss of surface AMPARs in recipient neurons to mediate an intercellular form of LTD.  Our 

findings resolve previous studies showing that LTP induces Arc expression despite not playing a critical role in 

LTP itself. Our studies are the first to imply that intercellular synaptic plasticity may be important for memory 

consolidation. Future work will test these novel hypotheses and the precise function of Arc EVs in vivo. IRSp53 

has been implicated in psychiatric disorders such as autism spectrum disorder (ASD), schizophrenia, and 

attention-deficit/hyperactivity disorder (ADHD)40,58,59. Future work will determine whether IRSp53-dependent EV 

biogenesis is disrupted in these disorders and whether IRSp53-Arc interactions can be targeted for potential 

therapeutic treatments. 

 

Limitations  
These studies were performed in primary cultured neurons, allowing molecular control over Arc expression, and 

distinguishing non-cell autonomous effects. However, we do not know whether LTP induces Arc release in vivo 

or if similar spatial signaling and intercellular synaptic plasticity occurs. Future studies will need to develop 

molecular tools to determine Arc donor and recipient cells in the intact brain, which will ultimately determine how 

Arc intercellular signaling regulates circuits involved in memory encoding and consolidation.  
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Methods 
Plasmids 

Arc-RaPTR (RNA and Protein Translation Reporter): The Arc synaptic activity-responsive element (SARE) and 

minimal promoter plasmids were obtained from Hiroki Okuno and Haruhiko Bito (University of Tokyo). This 

promoter sequence was PCR amplified with Mfe1 and Not1 and inserted into the pUB_smHA_KDM5B_MS2 

(Addgene plasmid # 81085) lentiviral vector29 replacing the UbC promoter. The 5’ end of this construct contains 

10 copies of the HA epitope while the 3’ end contains 24 MS2 RNA stem-loops. The Arc ORF was subcloned 

from pRK5-Arc and the insert was PCR amplified with AsiS1 and Nhe1 and ligated into the 

pUB_smHA_KDM5B_MS2 backbone.  

 

Arc deletion mutants were generated from pRK5 expression plasmids containing WT rat Arc. Pairs of overlapping 

primers with homology arms were designed for each deletion, targeting nucleic acid sequences adjacent to the 

deletion region. Overlap extension PCR reactions were performed using these primers to amplify the full plasmid 

Arc ORF and backbones minus the targeted deletion sequence to generate an Arc deletion mutant plasmid. 

 

The short-hairpin RNA targeting Arc (TRCN0000108909) was developed by the Broad Institute and purchased 

from The RNAi Consortium (TRC). The shRNA sequence, AGTCAGTTGAGGCTCAGCAAT, was packaged into 

the pLKO.1 lentiviral vector.  

 

The ORF of mouse IRSp53 (transcript variant 1, NM_001037755) was amplified by PCR with XhoI and BamHI 

and ligated into the pLVX lentivirus backbone with or without mRuby. IRSp53I403P gene block was generated by 

IDT and amplified by PCR with XhoI and BamHI. The insert was then ligated into a pLVX backbone. Rat Arc and 

ArcΔ20-40 was amplified by PCR using XhoI and and XbaI and ligated into a C-terminal pLVX-HiBiT backbone 

obtained from the Arc-HiBit plasmid. pLVX-eGFP-Cre (plasmid #86805) and pLVX-GFP (plasmid #17448) were 

purchased from Addgene. IRSp53 I-BAR domain was amplified from the pLVX-IRSp53 plasmid and ligated into 

a pRK5-myc backbone using SalI and NotI.  

 

Protein purification was carried out using the pGEX-6p1 (GE Healthcare, Little Chalfont, UK) bacterial expression 

vector. The ORF of mouse IRSp53, IRSp53I403P, and ArcΔ20-40 were amplified by PCR from pRK5 vectors with 

BamH1 and Not1 and ligated into the pGEX-6p1 vector. 

 

Cell Lines  

HEK293T cells were purchased from ATCC (#CRL-11268). Cells were maintained at 37°C/5% CO2 in DMEM 

media supplemented with 10% fetal bovine serum (FBS) (Thermo Fisher). For transfections, HEK cells were 

seeded at 40% confluency to either 6-well plates or 10cm dishes. HEK cells were transfected using 

Polyethylenimine (PEI) (1mg/mL) (Polysciences, cat# 23966-2). 3µg plasmid DNA (6-well dishes) or 8 µg DNA 

(10 cm dishes) was diluted in OptiMEM whose volume was 10% of the final volume in culture dish. DNA and PEI 

incubated for 20 min at room temperature (RT) and added to cells to incubate overnight at 37°C/5% CO2. A full 
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media change was performed with DMEM supplemented without FBS at 24 hours and media was collected 48 

hours post-transfection. 

 

Viral particle production 

HEK293T cells (cultured in DMEM + 10% FBS; no antibiotics) at 80% confluency in 10cm dishes were co-

transfected with 3 µg each of psPax2, pHEF-VSV-G, and pLVX-GFP/eGFP-Cre/pLVX-Arc-HiBiT/pLVX-

mIRSp53/pLVX-mIRSp531403P/ArcΔ20-40 -HiBiT or pLKO.1 Arc-shRNA. Plasmid DNA was diluted in OptiMEM and 

incubated with PEI for 20 min. at RT. Cells underwent a full media change 24 hours post-transfection without 

FBS and media was collected 48 hours post-transfection. Media was centrifuged at 1000xg for 10 min. at 4°C, 

HEPES was added to a final concentration of 20µM, and then filtered through a 0.45 micron low protein binding 

filter. Media was then centrifuged at 5000xg overnight at 4°C and the viral pellet was resuspended in 1X 

phosphate buffered saline (PBS). Lentiviral particles were stored at -80°C until transduction.  

 

Mouse models 

Wild-type and Arc KO mice (REF) used in these studies were littermates from heterozygous crosses. IRSp53flx/flx 

mice (a gift from Dr. Eunjoon Kim, Korea Advanced Institute of Science and Technology) were used from 

homozygous crosses. Both male and female mice were used. Mice were group-housed with littermates of the 

same sex after weaning (2-5 mice/cage), on a 12:12 hr. day:night cycle, with food and water ad libitum. 

 

Rat models 

Taconic Biosciences/Cyagen generated the Arc (GenBank accession number: NM_019361.1; Ensembl: 

ENSRNOG00000043465) KO rats in a Long Evans background by CRISPR/Cas9. gRNAs were created by in 

vitro transcription (gRNA1: AAGACCTAGACCCATGTATCTGG, gRNA2: AGGCACAGGAACCCCGCCTATGG) 

and co-injected into fertilized eggs for Arc KO production. Arc KO rats were confirmed by PCR (F1: 5’-

GATAGGTTAGCTCTAAGAGAGGCAG-3’, R1: 5’-TTGTGTACTCTTGGTAATTCACCTCT-3’) with WT allele = 

5475 bp and mutant allele = 806 bp. Long Evans Arc KO rats used in this study were from heterozygous crosses. 

Homozygous pairs were then used for generating primary neuronal cultures. Rats were group-housed with 

littermates of the same sex after weaning (2-4 rats/cage), on a 12:12 hr. day:night cycle, with food and water ad 

libitum. 

 

Cultured Primary Neurons  

Primary neurons were prepared from E18 mouse/rat cortices and hippocampi as previously described11. Tissue 

was dissociated using 0.01% DNase (Sigma Aldrich) and 0.067% papain (Worthington Biochemicals) prior to 

trituration through glass pipettes to obtain a single-cell suspension. Cells were then plated at 8x104 cells/mL in 

Neurobasal medium (Thermo Fisher) supplemented with 5% FBS (Thermo Fisher), 2% GlutaMAX (Thermo 

Fisher), 2% SM1 (Thermo Fisher), 1% penicillin and streptomycin (Thermo Fisher) on coverslips (No. 1, 

Bioscience Tools) coated overnight with 0.2 mg/mL poly-L-lysine (Sigma-Aldrich) in 100 mM Tris-base (pH 8). 

Neurons were grown at 37°C/5% CO2 and fed via half-media exchange every 3rd day with astrocyte conditioned 
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BrainPhys media (StemCell Technologies) supplemented with 1% FBS, 2% SM1 (StemCell Technologies), 500 

µM L-Glutamine, and 1% penicillin/streptomycin with DIV5 feeding containing 5µM b-D-arabinofuranoside 

(Sigma-Aldrich) to limit overgrowth of glial cells. Neurons were grown for 14-16 days in vitro (DIV) prior to 

experiments. 

 

Neuron Transfection 

Neurons were transfected after DIV14-15 using lipofectamine 2000 (Thermo Fisher) at a 3:1 ratio when 

complexed with plasmid DNA. Neurons were transfected over the course of 1 hr. at 37°C in pH 7.2 Minimum 

Essential Media (Thermo Fisher) supplemented with 2% GlutaMAX, 2% SM1, 15 mM HEPES (Thermo Fisher), 

1 mM Sodium Pyruvate (Thermo Fisher), and 33mM Glucose without CO2. After transfection, the neurons were 

given 12 hours in growth media at 37°C/5% CO2 to allow sufficient recovery and expression of the plasmid prior 

to fixation in 4% formaldehyde (Thermo Fisher) / 4% sucrose (VWR) in 1X PBS for 15 min. at RT. After fixation, 

neurons were washed with PBS and mounted in Fluoromount G Mounting Medium with or without DAPI (Thermo 

Fisher) for ICC. 

 

Extracellular Vesicle Purification 

Extracellular vesicles (EVs) for synaptic plasticity assays were purified from culture media of DIV15 mouse 

primary cortical neurons. Media was collected and spun sequentially at 2,000xg and 20,000xg to remove any 

cell debris and apoptotic bodies. The clarified media was then concentrated to 0.5 mL using 100kDa Vivaspin 

protein concentrator spin columns (Cytvia). Concentrated EVs were further fractionated using qEV Gen 2 IZON 

size exclusion columns (IZON). Void fractions were discarded (3mL) and early fractions that contained EV 

markers and Arc (fractions 1-4) were used for EV uptake assays at a concentration of 50µg, as determined by 

nanodrop.  

 

EVs from IRSp53flx/flx mouse cultures were collected from media of five 10cm biochemistry dishes and combined 

into a single EV preparation isolated by ultracentrifugation over a sucrose cushion. Differential Centrifugation 

was used to isolate the smallest components released from cells. Low-speed spin (2000xg for 10 min.) is 

performed to remove the largest components in cell culture media followed by a higher-speed spin (20,000xg for 

20 min.). This was followed by a 134,000xg for 70 mins. and then a 33,000xg spin on a 20% sucrose cushion 

for 16 hours to pellet EVs in the 100-120nm size range. 

 

Nanoluciferase assays 

Arc-Hibit samples from HEK293T cells were collected 48 hours post transfection and neurons 6 days post 

transduction. Conditioned media from HEK293T cells or neurons, plated in 6-well dishes were centrifuged at 

1000xg for 10 minutes and suspended in 5x Passive Lysis buffer (Promega). Each data point represents an 

individual well. Arc-Hibit signal was identified by complementation with LgBiT (equal volumes) and measurement 

of Nanoluc-mediated luciferase [JDS1]  (Nano-Glo Luciferase Assay, Promega, 565nm) on a microplate reader 

(SpectraMax iD3).Total Arc in the cell lysate is calculated by dividing the luciferase value of Arc cell lysate by 
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the % of Arc lysate sample used from total sample collected. Total Arc in media is calculated by dividing the 

media Arc luciferase value by % of Arc media sample used from total sample calculated. % Arc release is 

calculated by dividing the total Arc in the media by the sum of the total Arc in the cell lysate and the total Arc in 

the media. 

 

Arc EV Hibit assay: HEK293T cells were seeded in 10 cm cell culture dishes at ~80% confluency. The cells were 

transfected with Arc-HiBiT plasmid and either IRSp53 or empty vector plasmids using LipoD293 reagent 

(SignaGen) according to manufacturer protocol. 48 hours post transfection, conditioned media from Arc-

expressing HEK293T cells was harvested and clarified by sequential 300xg and 3000xg spins. Clarified media 

was overlayed onto 20-50% w/w sucrose gradients (prepared in serum free DMEM).  The gradients were 

centrifuged in an SW41 rotor at 200,000xg for 1hr Fractions were collected from air-gradient interfaces and 

complemented using LgBiT (Promega, 1:200 dilution) and nanoluc substrate (Promega, 1:200) diluted in 1X 

passive lysis buffer (Promega). Luminescence of the fractions was measured with a luminometer (Promega, 

GloMax Explorer).  EV-associated HiBiT-Arc was identified in gradient fractions 15-17 as these fractions have a 

density consistent with the known densities of EVs (1.10-1.15g/mL). Free HiBiT-Arc was identified in fractions 1-

8, which comprise the applied conditioned media.  

 

EV nanoparticle tracking analysis 

HEK293T cells were seeded in 10 cm cell culture dishes at ~80% confluency. The cells were transfected with 

Arc-HiBiT plasmid and either IRSp53 or empty vector plasmids using LipoD293 reagent (SignaGen) according 

to manufacturer protocol. 48 hours post transfection, conditioned media from Arc-expressing HEK293T cells was 

harvested and clarified by sequential 300xg and 3000xg spins. The clarified supernatant was applied to 100K 

Amicon ultrafilters and concentrated ~20-fold. The concentrated media was loaded on IZON qEV original 35 nm 

size exclusion columns according to manufacturer protocols. Fractions were collected using the IZON automated 

fraction collector. Fractions were complemented using LgBiT (Promega, 1:200 dilution) and nanoluc substrate 

(Promega, 1:200) diluted in 1X passive lysis buffer (Promega). Luminescence of the fractions was measured 

with a luminometer (Promega, GloMax Explorer). EV associated peak fractions were 2-fold serially diluted in 

PBS and analyzed by nanoparticle tracking analysis (Nanosight NS300, Malvern) to calculate average diameter 

and concentration of particles.  Particle tracks (n = 3) are depicted as averages (line traces) with standard errors 

of the means depicted as shaded areas. 

 

Western blot 

Western blot samples were mixed with 4X Laemmli buffer (40% glycerol, 250 mM Tris, 4% SDS, 50 mM DTT, 

pH 6.8) and heated at 70°C for 5 min. SDS-PAGE gel electrophoresis was used to separate protein samples. 

Separated protein samples were transferred to a nitrocellulose membrane (GE Healthcare). Following transfer, 

membranes were briefly stained with Pierce™ Reversible Total Protein Stain and then destained for total protein 

imaging. Membranes were blocked in 5% milk + 1X Tris-buffered saline (TBS; 10x: 152.3 mM Tris-HCl, 46.2 mM 

Tris-base, 1.5 NaCl, pH 7.6) for 30 min. at RT. Membranes were then incubated with in primary antibody in 1X 
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TBS overnight at 4°C. Membranes were washed 3 x 10 min. in 1X TBS, then incubated with in an HRP-

conjugated secondary antibody (Jackson ImmunoResearch) in block for 1 hour. at RT. After 3 x 10 min. washes 

in 1X TBS, a chemiluminescence kit (Bio-Rad, Hercules, CA) was used to detect the protein bands. Membranes 

were imaged on an Amersham ImageQuant 800 gel dock (Cytiva). Blots were analyzed using ImageJ/FIJI 

(National Institutes of Health, Bethesda, MD). 

 

Antibodies 

Western blots – Primary antibodies: Arc (1:200; mouse monoclonal, Santa Cruz ; 1:1000; rabbit polyclonal, 

Synaptic Systems), ALIX (1:500; rabbit polyclonal, custom provided by the Dr. Wesley Sundquist), IRSp53 

(1:1000, mouse monoclonal, Abcepta; 1:1000, rabbit polyclonal, Proteintech), PSD-95 (1:2000; mouse 

monoclonal, US Davis/NIH NeuroMab), GFP (1:1000; mouse monoclonal, Millipore Sigma), myc (1:1000, Sigma 

Aldrich). All secondary antibodies were used at a dilution of 1:10,000 (HRP-conjugated goat anti-rabbit, goat 

anti-mouse, goat anti-chicken, Jackson ImmunoResearch). 

 

Immunocytochemistry – Primary antibodies: Arc (1:1000 anti-guinea pig, Synaptic Systems, 1:1000 anti-rabbit, 

Synaptic Systems, Goettingen, Germany; 1:1000 anti-rabbit, Arc custom antibody, generated by Thermo Fisher); 

IRSp53 (1:1000 anti-rabbit, Proteintech, Rosemont, IL), MAP2 (1:2000 anti-chicken, ab5392; Abcam), N-terminal 

GluA1 (1:500 anti-mouse, custom antibody provided by Dr. Richard Huganir, Johns Hopkins Medical School). 

Secondary antibodies: Alexa Fluor 405, 488, 555, or 647 for the appropriate animal host (1:1000 Thermofisher 

Scientific). 

 

Immunoprecipitation 

Mouse forebrain tissue was dissected out and homogenized in immunoprecipitation (IP) lysis buffer (150 mM 

NaCl, 50 mM Tris, 3% Triton X-100, pH 7.4), with protease inhibitor cocktail added fresh (Roche). Homogenates 

were pelleted at 200xg for 5 min. at 4°C to remove tissue debris. Supernatants were removed and rotated for 10 

min. at 4°C before being pelleted at 10,000xg for 10 min. at 4°C to remove insoluble material. Cleared 

supernatants were removed and a small aliquot was taken as the input, while the remainder was used for the 

co-IP. Supernatants were immunoprecipitated either with Arc antibody (rabbit polyclonal, custom-made; 

ThermoFisher) or normal rabbit IgG (Santa Cruz Biotechnology, Santa Cruz, CA) at 2µg/mL overnight at 4°C 

while rotating. Following antibody incubation, a 10% volume of washed Protein A/G magnetic bead slurry 

(ThermoFisher Scientific) was added to the antibody/lysate mixture and incubated for 1 hour at 4°C rotating. 

Bead-antibody mixture was washed 3 times with IP lysis buffer and beads were resuspended in 200 µL IP buffer 

and then 4X Laemmli buffer was added. Protein was separated from magnetic beads at 70°C for 5 min. and then 

the beads were isolated using a magnetic bead stand. Input (10% lysate volume) and each of the IgG and Arc 

antibody elution’s were separated by SDS-PAGE on a 10% acrylamide gel and immunoblotted as described 

above. 
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Protein Purification 

GST-tagged proteins were purified from Escherichia coli Rosetta 2 BL21 competent cells as previously 

described6. Starter bacteria cultures were grown overnight at 37°C in LB supplemented with ampicillin and 

chloramphenicol. Large-scale 500 mL cultures were inoculated with stater cultures in ZY auto-induction media. 

Large-scale cultures were grown to OD600 of 0.6-0.8 at 37°C at 160rpm then shifted to 18°C at 180rpm for 16-20 

hours. Cultures were pelleted at 4000xg for 15 min at 4°C. Pellets were resuspended in 25 mL of lysis buffer 

(500 mM NaCl, 50 mM Tris, 5% glycerol, 1 mM DTT, pH 8.0) and flash frozen in liquid nitrogen. Frozen pellets 

were thawed in 37°C and brought to a final volume of 1g pellet:10 mL lysis buffer, supplemented with DNAse, 

lysozyme, and complete protease inhibitor cocktail (Roche). Resuspended lysates were sonicated for 6 x 45s 

pulses at 90% duty cycle and pelleted for 75 min. at 21,000xg. Cleared supernatants were incubated with pre 

equilibrated GST Sepharose 4B affinity resin in a gravity flow column overnight at 4°C. GST-bound protein was 

washed twice with 20 resin bed volumes of lysis buffer and re-equilibrated in TBS (150 mM NaCl, 50 mM Tris, 1 

mM EDTA, 1mM DTT, pH 7.2) at RT, and cleaved from GST resin overnight at 4°C with PreScission Protease 

(GE Healthcare). GST was affinity purified as described above and eluted using 15 mM reduced L-gluathione, 

10 mM Tris, pH 7.4 at RT. 

 

GST-pulldowns  

Purified proteins were either left fused to the GST tag or were cleaved using PreScission protease. GST-tagged 

proteins were incubated with each respective cleaved protein overnight at 4°C. The following day, a column was 

washed several times with TBS and the incubated proteins were added to the column. PreScission protease (L-

reduced glutathione (20mM, pH 8.0)) was added to the column and incubated with the proteins for 20 min. The 

cleaved protein complexes were eluted from the column and prepared for SDS-PAGE and western blot.  

 

Arc Capsid Assembly Assay 

GST cleaved purified Arc and IRSp53 protein elutes were concentrated in Vivaspin 30kDa MWCO ultrafiltration 

spin columns (Cytvia) to 2.5 mL and protein concentration was measured by nanodrop. Equal concentrations of 

Arc, IRSp53, or Arc and IRSp53 incubated in a 1:1 ratio for 2 hours in TBS and were then run on a Superdex 

200pg HiLoad 16/600 size exclusion column in TBS. Peak fractions, determined by chromatogram and 

Coomassie staining, were pooled and concentrated. Following size exclusion, negative stain EM grids were 

prepared for each sample at 0.5mg/mL and capsid formation was quantified by manual counting of 15 

images/grid.  

 

Negative Stain EM 

For all negative stain EM samples, copper 200-mesh grids (Electron Microscopy Sciences) were glow discharged 

for 25 s in a vacuum chamber at 30 mA. 3.5 µL of sample was applied to the grid for 45s. Grids were washed 2 

x 5 s with 30µL water droplets, followed by one wash with 1% uranyl acetate (UA) on parafilm. Excess water/UA 

was removed from the grid with filter paper and a final droplet of UA was added to grids for 30s. Excess UA was 

removed, and grids were air dried for 30s. Imaging was performed using either an FEI T12, FEI Tecnai Spirit 
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microscope at 120 kV or a JEOL-JEM 1400 electron microscope. For each experiment, 15 images were taken 

of each sample from a stereotyped pattern of grid squares. Arc capsids between 30-50 nm were manually 

counted using ImageJ/FIJI.  

 

Capsid Binding Assay 

Arc proteins were purified as described above and they were subjected to Superdex 200 column in the presence 

of 500 mM phosphate buffer.  Early fractions were collected, and capsid assembly was confirmed by TEM 

images.  HEK293Ts were transfected using PEI to overexpress IRSp53. The cells were lysed by passive lysis 

buffer containing a protease inhibitor cocktail. The cell lysate was incubated with in vitro assembled Arc capsids 

for 1 hour at 4°C. The mixture was pelleted by ultracentrifugation at 21,000xg for 15 min. The pellets were 

washed with 500 mM phosphate buffer 3x, and they were resuspended in loading buffer for western blot analysis.  

The supernatant fractions were collected for further analysis. Pellet and input fractions (10x diluted) are analyzed 

by SDS-PAGE and immunoblot.  

 

GluA1 Surface-Labeling 

Primary hippocampal mouse neurons were surface labeled for GluA1 with a live antibody feeding assay. Living 

DIV14-16 neurons were washed briefly with cooled (10°C) neuronal incubation media (NIM) (1X MEM, 2% 

GlutaMax, 10mM HEPES, 1 mM sodium pyruvate, 33 mM glucose, 2% SM1 supplement, pH 7.2, filter sterilize) 

and then incubated in GluA1-NT mouse monoclonal antibody (1:500) (custom provided by Richard Huganir, 

clone 4.9D) in NIM at 10°C for 20 min. Neurons were washed in NIM and then fixed in 4% formaldehyde prior to 

immunocytochemistry. 

 

Chemical LTP and LTD  

Chemical LTP (cLTP) was induced by incubating neurons in tetrodotoxin (TTX) (1:1000) overnight. The following 

day, neurons were washed 3 times with glia-conditioned BrainPhys (GCBP) and then given a 5 min. 200µM 

glycine pulse made in GCBP. Neurons were washed an additional 3 times with GCBP and allowed to recover 

for 30 min (GluA1 surface-labeled neurons) or 2 hours (Arc release), prior to experimentation. Chemical LTD 

(cLTD) was induced by washing neurons 3 times with GCBP prior to a 5 min. 50µM DHPG pulse. Neurons were 

washed 3 times and recovered for 30 min.  

 

Immunocytochemistry  

Neurons were washed once with 4% sucrose/1X PBS at 37°C and then fixed for 15 min. with 4% sucrose/4% 

formaldehyde (ThermoFisher Scientific) in 1X PBS. Neurons were washed 3 x 5 min. with 1X PBS, permeabilized 

for 10 min. with 0.2% Triton X-100 (Amresco, Solon, OH) in 1X PBS, and blocked in 5% bovine serum albumin 

(BSA) in 1X PBS for 30 min. at RT. Neurons were incubated in primary antibody diluted in block for 1 hour at 

RT, washed 3 x 5 min. in 1X PBS, and incubated in secondary antibody diluted in block for 1 hour at RT. Neurons 

on coverslips were mounted on glass slides in Fluoromount (ThermoFisher Scientific) and dried overnight at RT.  
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Cell Imaging and Analysis  

Imaging coverslips were imaged on a 60x/1.4NA oil objective on a Nikon Eclipse Ti2-E inverted confocal 

microscope and images were analyzed using ImageJ/FIJI software. Neurons were selected for analysis by 

looking at MAP2 dendritic staining for cell health. Each experimental group was thresholded based on no primary 

controls and the brightest immunofluorescent sample was used to determine the image acquisition settings in 

each experiment. All acquired images from a single experiment were based upon these exact same settings. 

 

Analysis of Arc and IRSp53 protein expression – During image analysis images were thresholded (to minimize 

background fluorescence and normalize the linear range) to the brightest immunofluorescence in an experiment. 

This threshold was then applied to all other images. Raw integrated density of three 20 µm tertiary dendritic 

segments/neuron were measured for each image. This value was divided by the area of the dendritic segment, 

determined by MAP2. The control group in each experiment was set to “1”, and the raw integrated density divided 

by area of all other groups were normalized to this and displayed ± SEM. For representative images looking at 

surface GluA1 staining, the Inferno look-up table (LUT) in ImageJ/FIJI was used.  

 

Analysis of Arc and IRSp53 colocalization – An algorithm was designed using the surface feature function in 

Imaris v8.4.1 (Bitplane) to generate surfaces around Arc signal and the maximum fluorescence intensity of 

IRSp53 present within these individual Arc surfaces was determined. The algorithm was applied to all images 

within the same experiment. Background levels of IRSp53 fluorescent intensity was determined and used to 

calculate the percentage that colocalized with Arc and the percentage that did not colocalize. The same 

procedure was performed for all experimental conditions and replicates. 

 

Live-cell imaging and analysis 

Live-cell imaging was performed using a Leica Yokogawa CSU-W1 spinning disk confocal microscope with a 

Leica Plan-Apochromat 63x/1.4 NA oil objective and iXon Life 888 EMCCD camera. For all live-cell images 

neurons were maintained at 37°C/5% CO2, with a stage top incubator. DIV 15-16 primary cultured hippocampal 

neurons were used for all live-cell imaging experiments. Neurons were transfected at DIV14-15 with 1µg of Arc-

RaPTR, HA-GFP Frankenbody, MS2-miRFP703 coat protein, or in combination with a C-terminally tagged 

IRSp53-mRuby. Transfected neurons were immediately treated with TTX (1:1000) and recovered overnight at 

37°C/5% CO2. The following day the transfected neurons were imaged for 10-15 min. while in TTX. Neurons 

were washed to remove residual TTX and then incubated in 200 mM glycine for 5 min. Neurons were washed 

again and incubated in glia conditioned media for the remaining image acquisition. Prior to imaging after cLTP 

induction, image drift was accounted for by resetting image coordinates.  

 

Images were analyzed using ImageJ/FIJI. Images were run through a custom macro to threshold and remove 

background fluorescence for each individual experiment. Particle movement/velocity was tracked manually using 

FIJI plugin MTrackJ on raw videos. Kymographs were generated using the KymographClear/KymographDirect 

plugin and software package. Raw integrated density (sum of the region of interest (ROI) pixel intensity/area) of 
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the entire image was measured during the time course. An average raw integrated density of the 5 min. 

immediately after the glycine pulse and the last 5 min. of the image acquisition was calculated for measurements 

of change of relative Arc expression. Outliers were identified and removed using Prism (GraphPad). 

 

Statistical analysis  

One and two-way ANOVAs with repeated measures (with post hoc Sidak’s tests), paired t-tests or two-tailed 

unpaired t-tests were performed using GraphPad Prism (GraphPad Software, San Diego, CA). For all statistical 

analysis significance was set at p < 0.05 and all data shown are representative of at least two biologic replicates.  
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