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Identifying new players
in structural synaptic plasticity
through dArc1 interrogation

Cong Xiao,1 P. Githure M’Angale,1 Shuhao Wang,1 Adrienne Lemieux,1 and Travis Thomson1,2,*

SUMMARY

The formation, expansion, and pruning of synapses, known as structural synaptic plasticity, is needed for
learning and memory, and perturbation of plasticity is associated with many neurological disorders and
diseases. Previously, we observed that the Drosophila homolog of Activity-regulated cytoskeleton-asso-
ciated protein (dArc1), forms a capsid-like structure, associates with its own mRNA, and is transported
across synapses. We demonstrated that this transfer is needed for structural synaptic plasticity. To iden-
tify mRNAs that are modified by dArc1 in presynaptic neuron and postsynaptic muscle, we disrupted the
expression of dArc1 and performed genomic analysis with deep sequencing. We found that dArc1 affects
the expression of genes involved inmetabolism, phagocytosis, and RNA-splicing. Through immunoprecip-
itationwe also identified potential mRNA cargos of dArc1 capsids. This study suggests that dArc1 acts as a
master regulator of plasticity by affecting several distinct and highly conserved cellular processes.

INTRODUCTION

Structural synaptic plasticity is thought to be a key process by which learning and memory occur. It encompasses the formation, growth, or

removal of synaptic connections between neurons as well as modifications in the dimensions and morphology of individual synapses.1–3 In

mammals, activity-regulated cytoskeleton-associated protein (Arc/Arg3.1) is an immediate-early gene that is expressed broadly at a low basal

level. However, its expression can be strongly induced by intense neuronal activity and newly synthesized Arc RNA exhibits rapid trafficking

into dendrites.4–8 Arc is crucial for the structural and functional changes which occur in synapses during learning and memory processes.9,10

During intense neuronal activity, Arc protein accumulates quickly in postsynaptic sites along with postsynaptic density (PSD) family proteins

via local protein synthesis11 and forms 1.5-MDa supercomplexes.12 Arc controls synaptic strength bidirectionally through mediating actin

cytoskeletal dynamics and AMPA-type glutamate receptor (AMPAR) trafficking in dendritic spines and axons.13,14 A recent study reported

that the N-terminal domain (NTD) motif plays a pivotal role in facilitating higher-order oligomerization, virus-like assembly, and exogenous

RNA-induced oligomerization.15

TheDrosophila Arc homolog (dArc1) has been found to form retrovirus-like capsids and bind to its ownmRNA, and has been described as

a Gag-like protein. dArc1 is involved in structural synaptic plasticity and is transported from the pre-to postsynaptic regions along with its

RNA. Additionally, its domains that are similar to Gag retroelements play a crucial role in mediating cellular communications in the nervous

system.16,17 AlthoughmammalianArc and dArc1 evolved independently in tetrapods and insect genomes,18 they share a functional similarity.

At the monomer level, dArc1 folds in a similar manner to HIV-1, Ty3, and rat Arc.19–21 In S2 cells, stranded at second (Sas) facilitates dArc1

trafficking to distant receptor tyrosine phosphatase 10D (Ptp10D)-expressing recipient cells, which was also demonstrated in vivo.22 However,

it is still unclear how dArc1 regulates structural synaptic plasticity and what role its transfer plays in this process.

The motor neuron endings situated at the body wall muscles in Drosophila larvae comprise numerous presynaptic boutons. The regions

preceding (boutons) or succeeding (subsynaptic reticulum of the muscle) this junction are referred to as pre- or post-synapse, respectively.

This junction is a neuromuscular junction (NMJ), which serves as a robust model system to investigate the cellular and molecular mechanisms

underlying synapse formation and adaptability.23 To further investigate the role of dArc1 in synaptic plasticity, we employed this model and

utilized the binary GAL4/UAS system to specifically downregulate dArc1 in the neuron. We then investigated the transcriptomic changes

separately in neurons and muscles (opposing sides of the NMJ) through bulk RNA-seq. As dArc1 protein and RNA are transported from

pre-to postsynaptic regions16 and mediate structural synaptic plasticity through this transfer, this allowed us to distinguish differentially ex-

pressed genes (DEGs) separately inmuscles and neurons. Gene ontology (GO) analysis shows that the top pathways that DEGs are involved in

are cation transport, starvation response, nutrition levels, and extracellular stimulus. We further investigated several dArc1 target genes and

demonstrated that downregulation of mbl in either pre- or postsynaptic sites causes dramatic reductions of bouton numbers, while
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downregulation of sun or nimC1 only in postsynapticmuscles, not in presynaptic neurons, results in a drastic decrease in bouton numbers.We

provide evidence that dArc1mediates structural synaptic plasticity through affecting the expression of genes involved in energymetabolism,

phagocytosis, and RNA metabolic pathways.

RESULTS

dArc1 knockdown in neurons causes the reduction of dArc1 and affects gene expression in both pre- and postsynapse

dArc1 protein forms a capsid-like structure and is transported across the synapse along with its RNA transcript, and this transfer is involved

in structural synaptic plasticity.16 As such, we hypothesized that dArc1 might mediate structural synaptic plasticity by affecting expression

of genes in pre- and/or postsynapse, or even mediates the transfer of other mRNAs from nerves to muscles. To address this, we down-

regulated dArc1 specifically in motor neurons using a GAL4 driver (C380-GAL4) to express UAS-dArc1-RNAi, and then sequenced tran-

scriptomes in both brains (presynapse at the NMJ) and muscles (postsynapse at the NMJ) to identify DEGs affected by dArc1

(Figures 1A and 1B).

In our presynaptic neuron sequencing data, dArc1 was reduced by 35%, with an adjusted value of p = 0.002024306 (Figures 2A and 2B;

Table S1), and DEG analysis found a total of 204 downregulated and 216 upregulated genes (Table S1). The GO biological process analysis

showed high neuron development-related pathways, as expected for targeting a gene involved in neuronal plasticity, and the top pathways

affected were cytoplasmic translation, G protein-coupled receptor signaling pathway, and axon extension (Figure 2C).

In our postsynaptic muscle sequencing data, we found that dArc1 showed a reduction of 54%, with an adjusted value of p = 0.0000261

(Figures 2D and 2E; Table S2). DEG analysis indicated a total of 144 downregulated and 102 upregulated genes (Table S2). TheGObiological

process analysis showed effects on muscle development-related pathways, with the top pathways affected being cation transmembrane

transport, ion transmembrane transport, membrane transporter activity, response to nutrient level, and response to extracellular stimulus

(Figure 2F).

Categorization and GO analysis

In order to obtain amore comprehensive understanding of the sequencing data, we divided the data into discrete sets of expression patterns

based on the combinations of expression changes of DEGs (downregulated, -; upregulated, +; nonsignificant difference, ns) in pre- and post-

synaptic regions to identify candidate genes that are regulated by dArc1 specifically in each neuron andmuscle, or in both. Our logic in doing

this was to find the potential cargos of dArc1 capsids that are context-specific or ubiquitous (Table 1). Subsequently, we conducted GO anal-

ysis on these six patterns individually (Table S3), which revealed promising pathways associated with pattern 2 (genes that show no significant

difference in the presynaptic region and are downregulated in the postsynaptic region; ns/-) and pattern 6 (upregulated in the presynaptic

region and showing no significant difference in the postsynaptic region; +/ns). Biological process analysis shows that in pattern 2 (ns/-), the set

of DEGs was primarily involved in transmembrane transport, responses to nutrient levels and extracellular stimuli, and negative regulation of

TOR signaling, which includes genes known to be implicated in cancer, neurodegenerative diseases, and metabolic disorders (Figure 3A).

Cellular component analysis indicated that these genes are predominantly located on the mitochondrial membrane or organelle envelope

(Figure 3B) and molecular function analysis revealed that they are mostly involved in cation/ion/inorganic/proton transmembrane transporter

activity and symporter activity (Figure 3C). In contrast, pattern 6 (+/ns) DEGs are predominantly associated with locomotion, axonogenesis,

synapse organization, axon guidance, and eye photoreceptor cell development in biological process analysis (Figure 3D). Cellular component

analysis revealed these genes aremainly expressed in cell junctions, neuron projections, synapses, axons, and presynaptic regions (Figure 3E).

Molecular function analysis suggested that they mainly function in enzyme regulator activity, GTPase regulator activity, and cell adhesion

molecule binding (Figure 3F).

Figure 1. Schematic illustration of the fly model and experimental process to find novel genes involved in plasticity

(A) The fly model of dArc1 knockdown in the neuron.

(B) The experimental process used in this study, including dissection of brains and muscles, extraction of RNAs, library construction, sequencing, and data

analysis.
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Among the DEGs in patterns 1 (�/�), 3 (-/ns), 4 (+/+), and 5 (ns/+), the results of the biological process and molecular function analysis

indicate that only pattern 3 (-/ns) contained genes involved in neuropeptide signaling pathways. This included neuropeptide receptor bind-

ing, neuropeptide hormone activity, andG protein-coupled receptor binding according tomolecular function analysis (Figure S1A). Pattern 1

(1/-) was primarily linked to oxidative phosphorylation, respiration, and metabolism (Figure S1B), while pattern 4 (+/+) was primarily associ-

ated with misfolded protein binding, heat shock protein binding, and ATP-dependent protein folding chaperone (Figure S1C). Interestingly,

no specific pathways were identified for pattern 5 (ns/+).

Figure 2. RNA-seq data analysis

(A) Volcano plot of RNA-Seq data in the neuron, where the x axis represents fold change in transcripts from muscle when dArc1RNAi-neuron versus control

(a positive score represents enrichment, a negative score represents depletion). The y axis represents statistical confidence for each x axis point. dArc1 is marked.

(B) MA plot of RNA-seq data, where the x axis represents statistical confidence for each y axis point. The y axis represents fold change in transcripts from muscle

when dArc1RNAi-neuron versus control.

(C) GO biological process analysis of the differentially expressed genes.

(D) Volcano plot of RNA-Seq data in the muscle, where the x axis represents fold change in transcripts from muscle when dArc1RNAi-neuron versus control

(a positive score represents enrichment, a negative score represents depletion). The y axis represents statistical confidence for each x axis point. dArc1 is marked.

(E) MA plot of RNA-seq data, where the x axis represents statistical confidence for each y axis point. The y axis represents fold change in transcripts from muscle

when dArc1RNAi-neuron versus control.

(F) GO biological process analysis of the differentially expressed genes.
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Identification of mbl, sun, and nimC1 in RNA-seq data

The RNA-seq data obtained from the postsynaptic muscle identifiedmbl as a significantly downregulated gene (Figures 2E and S2 A2). The

sequence of mbl is more than 150 kb pairs in the Drosophila genome with 18 isoforms. It encodes an RNA binding protein involved in RNA

metabolism through alternative splicing, targeting mRNA localization, and circRNA biogenesis.24–26 It was first found to be a suppressor of

the sev-svp2 eye phenotype27 in flies. In a Drosophilamyotonic dystrophy model,mbl is mislocalized in the muscle sarcomere.28 Its mamma-

lian homolog, muscleblind-like (MBNL), is involved in neuromuscular disorders such as myotonic dystrophy type1 (DM1), and sustainable re-

covery ofMBNL activity in an autoregulatory feedback loop shows some benefits in cells derived frompatients with DM1.29,30MBNL has three

isoforms with distinct functions.31 Notably, the expression of mbl was not changed in the presynaptic neuron (pattern 2) RNA-seq data

(Figures 2B and S2 A2; Table S1).

We found numerous DEGs involved in metabolism, includingmembers of theMethuselah-like protein family, such asmthl3,mthl4,mthl8,

and the methuselah ligand sun (Figures 2E and S2 B3; Table S2). Many of these genes are involved in responses to starvation, nutrient levels,

and extracellular stimulus pathways. Methuselah family proteins typically are in the Class B secretin family of G-protein-coupled receptors

involved in life span which function in presynaptic regions to increase neurotransmitter exocytosis at the NMJ, but mthl3, mthl4, and

mthl8 do not have clearly defined biological functions.32,33 Methuselah family genes and the ligand sun together manipulate organ growth

by modifying brain Drosophila insulin-like peptides (Dilps) secretion.34 In our presynaptic neuron RNA-seq data, the expression of sun was

significantly decreased (Figures 2B and S2 A3; Table S1).

We identified members of the nimrod gene superfamily in our set of DEGs, including nimC1 and nimB1 (Figures 2E and S2 B4; Table S2).

nimC1 encodes a 90-kDa transmembrane protein possessing tenNIM repeats within its extracellular region, a single transmembrane domain,

and a short cytosolic tail. nimC1 is involved in bacterial phagocytosis and plays a pivotal role in the uptake of latex beads and zymosan par-

ticles. Suppression or overexpression of nimC1 leads to enhanced or weakened phagocytosis, respectively.35,36 We found that the expression

of nimC1was extremely low anddid not change in the presynaptic neuron RNA-seqdata after neuronal disruption of dArc1 (Figures 2B and S2

A4; Table S1), but was downregulated in the postsynaptic muscle.

We also noted several genes that might be involved in synaptic plasticity. ox encodes a protein which is involved in mitochondrial

biogenesis and can alter nuclear gene expression,37 and we found that it was dramatically decreased in both neurons (39%) and muscles

(35%). Kazl-ORFB (decreased 40% in the muscle) is located in the extracellular region and mitochondrion, and has been predicted to

mediate serine-type endopeptidase inhibitor activity by the Alliance of Genome Resources, a consortium of seven model organism

databases (MODs) and the Gene Ontology (GO) Consortium (referred to as Alliance). It was also found to be drastically decreased

in both muscles and neurons in our data. The functions of CG9338 (reduced 35% in the muscle) are not clear, but it is predicted

to play a role in the regulation of cholinergic synaptic transmission, positive regulation of voltage-gated potassium channel

activity, and sleep by Alliance. Cyp12e1 (expression reduced by 37% in the muscle) is predicted by Alliance to be involved in several

functions, including iron ion binding activity, heme binding activity, and monooxygenase activity. DOR (expression reduced by 54%

in the muscle) is crucial for endosomal sorting and promotes the trafficking of vesicles to lysosomes for degradation at the NMJ.38

(Tables S1 and S2)

Validation of dArc1 target genes by RT-qPCR

To validate the DEGs in the muscle, we again utilized the motor neuron-specific GAL4 driver C380-GAL4 to express UAS-dArc1-RNAi to spe-

cifically downregulate dArc1 in the neuron, and then separately isolated muscle and neuron tissues. dArc1 showed drastic decreases in both

neurons andmuscles, with expressiondecreasedby 65% and 70%, respectively (Figures 4A and 4B).We validated several of theDEGs found in

our RNA-seq data, including nimC1, sun, mbl, ox, CG9338, and Cyp12e1. Consistent with our sequencing data, we found nimC1 showed a

significant decrease in expression of more than 60% in the muscle but was below the detection threshold in the neuron (Figures 4A and 4B).

This was expected because nimC1 encodes a transmembrane protein which is located primarily in phagocytic cells in the hemolymph. The

expression levels ofmbl, sun, ox,CG9338, andCyp12e1 showed significant reductions in themuscle tissue after disruption ofdArc1 in neurons

(Figure 4A) but were not changed in the neuron (Figure 4B). Additionally, we assessed the expression levels of several genes in the muscle,

such as Kaz1-ORFB,CG17508, Ptr,DOR, and the long non-coding RNACR43417. However, only Kaz1-ORFB showed results that were consis-

tent with the sequencing data (Figure 4A).

Table 1. The patterns of differentially expressed genes

Pattern Presynapse Postsynapse Represented genes

1 – – dArc1, sun, Cyp12c1, GstE1, ox, CG30054

2 ns – mbl, nimC1, nimB1, mthl3, mthl4

3 – ns GstE2, GstE3, Cpr51A, Cyp9h1, Fmrf, RpL21, RpL29, RpLP1, Fer2,

4 + + mthl8, Cyp4p1, Cyp4p2, ppk11, ppk16, Hsp70Bb, Hsp70Bbb, eIF4E-3

5 ns + ppk11, ppk16, ppk13, Ptr, GstE9,

6 + ns mthl6, mthl2, nimC3, eater, nimB4, nimA
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Figure 3. The GO analysis of patterns of differentially expressed genes

(A–F) Differentially expressed genes in pattern 2 (A) biological process analysis, (B) cellular component analysis, (C) molecular function analysis; in pattern 6

(D) biological process analysis, (E) cellular component analysis, (F) molecular function analysis.
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RNA immunoprecipitation with dArc1 antibody and RIP-seq analysis

dArc1 protein forms virus-like capsids, binds to RNA transcripts of its own, and transfers across the synapse.16 In a mammalian synthetic

cell culture model, Arc mediates intercellular trafficking of abundant GFP mRNA in HEK293 cells.17 We hypothesized that dArc1 might

modify postsynaptic gene expression through its RNA binding function. To determine the RNAs that associate with dArc1, we carried

out RNA immunoprecipitation followed by sequencing (RIP-seq). We used a dArc1 antibody or pre-immune serum (non-specific control)

to pull down dArc1 protein in homogenates of lysed muscle tissue from wild type flies and then extracted and sequenced the RNAs that

co-immunoprecipitated. We performed DEG analysis, to identify enriched genes in pull-down samples with the dArc1 antibody

compared to the pre-immune samples. Our analysis of the RIP-seq data revealed that dArc1 exhibited a significant enrichment in iso-

lated RNA of approximately 5.3-fold (Figures 5A and 5B). We found two genes in our RIP-seq data that had been identified in our RNA-

seq data, mbl and nimC1, which were enriched by 1.68 and 1.64 times, respectively (Figures 5C and S2C).

We then validated these genes by antibody pull-down followed by RT-qPCR. We found that dArc1 RNA was enriched approximately 2.5

times with the specific antibody, andmbl and nimrodC1were enriched 1.85 and 3.5 times, respectively. Consistent with our RIP-seq data, we

did not find the enrichment of sun (Figure 5D). Taken together, our data indicate that dArc1 modifies the expression of different genes pre-

and postsynaptically, and a subset of genes that dArc1 affects appears to be through its function in RNA-transport, potentially through direct

physical interaction.

mbl, sun, and nimC1 are involved in structural synaptic plasticity at the NMJ

mbl encodes an RNA binding protein which plays a pivotal role in RNA metabolism.24–26 mbl knockdown and overexpression show a similar

rough eye phenotype.39 To examine whether mbl is involved in structural synaptic plasticity at the NMJ, we downregulated mbl expression

separately in pre- and postsynaptic regions by crossing flies having either the motor neuron-specific driver C380-GAL4 or muscle-specific

driver C57-GAL4 with two stocks of flies expressing different UAS-mbl-RNAi. Disruption of mbl in neurons resulted in a drastic reduction

in bouton numbers for both RNAi constructs at the third-instar larvae stage (the last stage of larval development before metamorphosis).

Figure 4. Differentially expressed genes validation

(A) Normalized quantitative PCR confirming some of the target genes in the muscle when dArc1RNAi in the neuron. n = 3 biological replicates.

(B) Normalized quantitative PCR confirmingmost of the target genes in the neuron when dArc1RNAi in the neuron. n = 3 biological replicates. Data are presented

as mean G SEM. ns, not significant. *p < 0.05, **p < 0.01, and ***p < 0.001.
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Disruptingmbl in the postsynaptic muscle tissue also reduced the number of boutons at this stage for both RNAi constructs (Figures 6A–6G).

Immunostaining revealed that mblA protein is mainly expressed in muscle nuclei and at the NMJ (Figure 7A).

sun is a ligand formth proteins, which are located on the neuronal membrane, and together they mediate systemic growth by regulating

physiological insulin levels. Importantly, methuselah-like 10 (Mthl10) and its ligands Growth-blocking peptides (Gbps) are required for the

increase of cytosolic calcium triggered by wounded cells in Drosophila.32,34,40 To investigate whether sun is involved in structural synaptic

plasticity, we downregulated sun separately in pre- and postsynaptic regions by crossing flies expressing C380-GAL4 or C57-GAL4 drivers

with flies expressing UAS-sun-RNAi. We found that downregulation of sun in the postsynaptic muscle with GAL4 driver C57-GAL4 results

in a 40% reduction of bouton numbers, but no significant change in bouton numbers was found when it was disrupted with the motor-

neuron-specific driver C380-GAL4 (Figures 6H–6L). The immunostaining result shows that the sun protein is broadly expressed in the muscle

and highly enriched at the NMJ (Figure 7B).

nimC1 encodes a single-pass transmembrane protein of 90–100 kDa, featuring ten EGF-like repeats (referred to as NIM repeats). It is

primarily expressed in phagocytic cells35 and functions synergistically with the protein Eater to facilitate bacterial phagocytosis.36 To

assess the potential role of nimC1 in structural synaptic plasticity, we disrupted nimC1 expression in either pre- or postsynaptic regions

by crossing flies expressing the above-mentioned tissue-specific GAL4 drivers with a stock expressing UAS-nimC1-RNAi. Our RNA-

seq and RT-qPCR analyses revealed that nimC1 is highly expressed in the muscle, but again was found to be barely expressed in

the neuron (Figure S2 A4). Accordingly, we observed a 17% reduction in bouton numbers only when nimC1 was downregulated in post-

synaptic muscle, but no significant reduction was observed when we targeted knockdown of its expression in motor neurons

(Figures 6M–6Q). Immunostaining revealed that nimC1 protein is diffusely expressed in the muscle, but not enriched at the NMJ

(Figure 7C).

DISCUSSION

dArc1 mediates structural synaptic plasticity primarily through positive regulation of genes in the muscle

Wepreviously demonstrated that the transfer of dArc1 across the synapse is essential for structural synaptic plasticity.16 In this study, we found

that presynaptic dArc1 knockdown results in significant changes in gene expression in both pre- and postsynaptic tissues. According to our

GO analysis in presynaptic regions, the most impacted pathways were cytoplasmic translation, G protein-coupled receptor signaling

pathway, and axon extension. In the postsynaptic regions, the top pathways were cation transmembrane transport, ion transmembrane trans-

port, membrane transporter activity, response to nutrient level, and response to extracellular stimulus.

Figure 5. dArc1, mbl and nimC1 mRNAs bind to dArc1 protein

(A) Volcano plot of RIP-seq data, where the x axis represents fold change in transcripts from muscle anti-dArc1 immunoprecipitation versus control (a positive

score represents enrichment, a negative score represents depletion). The y axis represents statistical confidence for each x axis point.

(B) MA plot of RIP-seq data, where the x axis represents statistical confidence for each y axis point. The y axis represents fold change in transcripts from muscle

when dArc1RNAi-neuron versus control.

(C) Gene lists from post RNA-seq dArc1RNAi-neuron-DEG and dArc1 protein binding genes.

(D) Normalized quantitative PCR confirming dArc1, nimC1 andmbl bind to dArc1 protein. n = 3 biological replicates. Data are presented asmeanG SEM. ns, not

significant. *p < 0.05, **p < 0.01.
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Considering that dArc1 transfers from pre-to postsynapse along with its own RNA,16 we attempted to identify dArc1 target genes specific

to neurons and muscles, as well as those common to both. To do this, we identified genes in pre- and postsynaptic regions that could be

categorized into six distinct expression patterns (Table 1). TheDEGs in pattern 2 (ns/-) which includedgenes known to be involved in structural

synaptic plasticity such asmbl and nimC1, were found to be involved in transmembrane transport, response to nutrient levels, and negative

regulation of TOR signaling in biological process analysis. In terms of molecular function, this pattern was associated with cation/ion/inor-

ganic/proton transmembrane transporter activity and symporter activity. These findings support the idea that dArc1 trafficking from pre-

to postsynapse with its RNA could affect synaptic plasticity through regulating expression of proteins involved in transport functions and

TOR signaling in the postsynaptic tissue, which could be carried out by the DEGs in pattern2 (ns/-). TheDEGs in pattern 1 (�/�), which include

Figure 6. The phenotype of mbl, sun and nimC1

(A–Q) Merged confocal z stacks of NMJ arbors labeled with antibodies against HRP (red) and discs-large (DLG) (green) in (A) C380-Gal4/+ control, (B)mblRNA1i

in neuron, (C) mblRNA2i in neuron, (D) C57-Gal4/+ control, (E)mblRNA1i in muscle and (F)mblRNA2i in muscle. (G) Quantification of third-instar larval synaptic

boutons in the indicated genotypes and conditions. (H) C380-Gal4/+ control, (I) sunRNAi in neuron, (J) C57-Gal4/+ control, (K) sunRNAi in muscle.

(L) Quantification of third-instar larval synaptic boutons in the indicated genotypes and conditions. (M) C380-Gal4/+ control, (N) nimC1RNAi in neuron,

(O) C57-Gal4/+ control, (P) nimC1RNAi in muscle. (Q) Quantification of third-instar larval synaptic boutons in the indicated genotypes and conditions.

Calibration bar is 20 mm.
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dArc1 and sun, were mainly involved in oxidative phosphorylation, respiration, and metabolism in biological processes. These proteins are

located on mitochondrial membranes or organelle envelopes in cellular component analysis and exhibited heme binding and G protein-

coupled receptor binding in molecular function analysis.

Genes categorized in pattern 6 (+/ns) are involved in locomotion, axonogenesis, axon development, synapse organization, axon guidance,

and eye photoreceptor cell development according to the biological process analysis. The proteins encoded by these genes are present in

cellular components such as cell junctions, neuron projections, synapses, axons, and presynapses. Molecular function analysis revealed that

these DEGs encode proteins that play roles in enzyme regulator activity, GTPase regulator activity, and cell adhesion molecule binding. The

genes in pattern 5 (ns/+) did not implicate any specific pathways, which suggests that knockdown of dArc1 in neurons did not induce a pro-

gram of gene expression specifically in the muscle that is otherwise repressed. This led us to conclude that in postsynaptic muscles, dArc1

mediates structural synaptic plasticity primarily through positive regulation of gene expression.

dArc1 affects genes expression both pre- and postsynaptically

As an RNA-binding protein, dArc1 binds to its own RNA and transfers across the synapse, and this transfer is necessary for the development of

structural synaptic plasticity at the NMJ.16 We found knockdown of dArc1 presynaptically reduced the expression of numerous genes in the

postsynaptic regions, including its own, by RNA-seq. Subsequently, we conducted RT-qPCR to validate a set of compelling genes, including

mbl, sun, nimC1, ox, Kaz1-ORFB, CG9338, Cyp12e1, and DOR. Considering that dArc1 is an RNA-binding protein, we performed RIP-seq to

investigate its RNA cargos. From examining our RNA-seq and RIP-seq datasets, we found that dArc1 is decreased in the postsynaptic RNA-

seq data and enriched in the RIP-seq data, and mbl and nimC1 show this same pattern. We found that knockdown of mbl in pre- and post-

synaptic regions both caused a reduction of bouton numbers. For nimC1, which is mainly expressed in postsynaptic regions, only knockdown

in postsynaptic regions caused a reduction in bouton numbers.

mbl is involved in structural synaptic plasticity possibly through alternative splicing

mbl encodes a protein which has been identified as an important player in the regulation of RNA metabolism through its involvement in

alternative splicing and localization. In Drosophila, mbl has been shown to splice the Dscam2 gene, which is critical for mediating axonal

tiling in the visual system. Notably, alternative splicing of exon 10A or 10B in Dscam2 generates two isoforms that possess distinct extra-

cellular domains with unique biochemical properties. The regulation of this alternative splicing event occurs both spatially and temporally,

and mbl has been identified as a key mediator of this process.41–43 In our study, we found dArc1 knockdown in presynaptic regions, causes

the reduction of mbl in postsynaptic, but not presynaptic regions, and our RIP-seq data show that mbl RNA binds to dArc1 protein. mbl

knockdown in both pre- and postsynaptic regions cause a reduction of bouton numbers. We hypothesize that the transfer of mbl RNA

across synapses may be facilitated by the dArc1 protein, leading to alterations in mbl RNA and protein levels in postsynaptic regions.

These changes subsequently impact the alternative splicing and localization of genes associated with structural synaptic plasticity. How-

ever, many aspects of this mechanism have not yet been elucidated, such as identifying the specific target genes of mbl and defining how

it interacts with other proteins and RNAs. Additionally, it remains to be determined whether dArc1 protein interacts with mbl directly or

through intermediary components and/or as a complex. The molecular mechanisms of how mbl mediates structural synaptic plasticity also

need to be further investigated. While there is no data showing that mbl is involved in structural synaptic plasticity directly, mbl is involved

in RNA metabolism through alternative splicing and localization, which implicates it in the regulation of numerous pathways.24 Identifying

Figure 7. The expression location of mbl, sun, and nimC1 protein

(A–C) Merged confocal z stacks of NMJ arbors labeled with antibodies against HRP (red) and discs-large (DLG) (blue) in (A) the expression location ofmbl protein

(green), (B) the expression location of sun protein (green), (C) the expression location of nimC1 protein (green). Calibration bar is 5 mm.
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the sets of genes whose regulation and/or splicing are affected when mbl is knocked down in the neuron or muscle will be very informa-

tive. Identifying the subset of genes that show similar changes with altered dArc1 expression will help us better understand how these

proteins regulate synaptic plasticity.

sun manipulates structural synaptic plasticity by mediating systemic growth

sun encodes a protein which is a ligand for themth-encoded receptor, functioning as a circulating insulinotropic peptide thatmodulates phys-

iological insulin levels in response to nutrients. This process mediates systemic growth in flies.34 Themth-encoded receptor is specifically ex-

pressedat theneuronalmembraneat theNMJ.Mutations in themthgene result in a 50% reduction in evokedneurotransmitter release andcan

only be rescuedby presynaptic expression ofmth.32 In our RT-QPCR validation dataset, neuronal disruption ofdArc1 causes sun expression to

be reduced in thepostsynaptic (muscle) region,but not changed in thepresynaptic (neuron) region. sunRNAdidnot showenrichment indArc1

pull-down assays. Interestingly, sun knockdown inmuscle reduced the number of boutons, but knockdown in neurons did not, and sun protein

is highly enriched around theNMJ. Basedon these findings, weproposed a hypothesis that knockdownofdArc1 in presynaptic areas results in

a reduction of dArc1 levels in both pre- and postsynaptic regions, leading to decreased sun expression in postsynaptic muscles. This, in turn,

reduces the activation of the mth receptor on the neuronal membrane, resulting in insufficient bouton development at the NMJ. However,

further investigation is needed to test this hypothesis, including examining the co-localization of sun ligand and mth receptors at the NMJ,

analyzing the impact ofmthmutationsonboutonnumbers, andassessing the effect of sunoverexpression in postsynaptic regionson structural

synaptic plasticity development. Defining the interactions of this ligand and receptor family will be crucial to better understand these complex

mechanisms. This model system offers great promise for future insights into this area, as studies on how the transfer of sun from themuscle to

the neuron affects the complex system of synaptic plasticity can be assessed with easy outputs such as the change of bouton numbers.

One challenge in our study is to discern which DEGs are involved in the mechanism of synaptic plasticity and which are differentially regu-

lated as a result of the lack of synaptic plasticity (i.e., distinguishing dysregulation of genes that cause disrupted synaptic plasticity and genes

that are dysregulated as an effect of the change in synaptic plasticity). We found thatmbl, sun, and nimC1 appear to play key roles in structural

synaptic plasticity, as their knockdown affects bouton numbers, while disruption of other DEGs such as Ptr and ox not significantly change

structural synaptic plasticity (data not shown). It would be ideal to individually test each of the DEGs that we have identified to more

completely examine whether they are involved in synaptic plasticity through ubiquitous or tissue-specific knockdown studies.

In summary, we useddArc1 knockdown in presynaptic regions as amodel, followed by RNA-seq in both pre- and postsynaptic regions and

RIP-seq. We found that dArc1 mediates structural synaptic plasticity by regulating the expression of genes involved in diverse cellular pro-

cesses, including mbl, sun, and nimC1, which play pivotal roles in RNA metabolism, nutrition metabolism, and phagocytosis pathways,

respectively. Our results provide new insights into how dArc1 regulates structural synaptic plasticity.

Limitations of the study

Notable limitations of this study include using an invertebrate system atNMJs thatmay limit how applicable these discoveries are to the verte-

brate central nervous system (CNS) where mammalian Arc primarily affects plasticity. We limited our study to bulk RNA sequencing of the

DrosophilaCNS and larval body walls, there are many cell types and neuron types in both tissues that are no doubt diluting out many mRNAs

affected by dArc1 mutations, this could be addressed in part by single-cell sequencing. Further, this study did not use an inverse model,

specifically a mutation that increased structural synaptic plasticity was not employed to determine which mRNAs were affected in such a

paradigm, such a control will go far in validating the mRNAs we identified in dArc1 mutants. Finally, we did not use dArc1 mutants that

form capsids but do not transfer, which is another powerful control that could have been used to increase confidence in genes identified

in this study.
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STAR+METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit anti-DLG Koh et al., 1999 N/A

Mouse anti-DLG Koh et al., 1999 N/A

Rabbit anti-mblA This study N/A

Guinea pig anti-sun Delanoue et al., 2016 N/A

Mouse anti-nimC1 Kurucz et al., 2007 N/A

DyLight-594-conjugated goat anti-HRP Jackson ImmunoResearch Cat#123515021

DyLight-488-conjugated goat anti-rabbit ThermoScientific Cat#35553

anti-Mouse IgG Alexa Flour 488 Jackson ImmunoResearch Cat#115545166

DyLight-649-conjugated donkey anti-rabbit Jackson ImmunoResearch Cat#711495152

anti-Guinea pig IgG DyLight 649 Jackson ImmunoResearch Cat#706495148

Chemicals, peptides, and recombinant proteins

Formamide ThermFisher Cat#AM9342

RNeasy Micro Kit QIAGEN Cat#74004

RNeasy Mini Kit QIAGEN Cat#74104

Next Ultra directional RNA library prep kit for

Illumina sequencing

NEB Cat#E7420S

Streptavidin magnetic beads ThermoFisher Cat#88816

RIPA buffer Abcam Cat#ab156034

TurboDNase ThermoFisher Cat#AM2238

SuperScript� IV First-Strand Synthesis System ThermoFisher Cat#18091200

Sybr green master mix Applied Biosystems Cat#A25741

Pierce� Protein A/G Magnetic Beads ThermoFisher Cat#88803

Deposited data

RNA-seq and RIP-seq data this paper PRJNA948042

Experimental models: organisms/strains

C380-Gal4 Budnik, 1996 N/A

C57-Gal4 Budnik, 1996 N/A

UAS-dArc1-RNAi Ashley et al., 2018 N/A

CantonS (CS) Bloomington Drosophila stock center BDSC:64349

UAS-mbl-RNAi1 Vienna Drosophila Resource Center v28732

UAS-mbl-RNAi2 Vienna Drosophila Resource Center v105486

UAS-mblA Garcı́a-Casado N/A

UAS-mblC Garcı́a-Casado N/A

UAS-sun-RNAi Vienna Drosophila Resource Center v23685

UAS-nimC1-RNAi Vienna Drosophila Resource Center v1031

Oligonucleotides

dArc1 (F-ACTTCTCCGCTTGCACACAC and

R-TCCTTGTATGTCTCGATGTTGC)

Integrated DNA Technologies Custom made

18S (F-CTGAGAAACGGCTACCACATC and

R-ACCAGACTTGCCCTCCAAT)

Integrated DNA Technologies Custom made

(Continued on next page)
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to Travis Thomson (travis.thomson@umassmed.edu).

Materials availability

No reagents were generated in the study.

Data and code availability

All data is represented in the main paper and/or supplemental information. The software, algorithms and codes which are used in the paper

are referred to in the key resources table.

The present study did not produce novel code. Additional information on the reported data is available from the lead contact upon request.

Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

RNA-seq data (RNA sequencing, Illumina, transcriptome) has been deposited at NCBI (PRJNA948042) and are publicly available as of the

date of publication. Accession numbers are listed in the key resources table. All other data is available upon request to the lead contact.

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

mbl (F-CACAATTCTGCAAAACGCCG

and R-CACATACACGTGCACTCGC)

Integrated DNA Technologies Custom made

sun (F-ATGACTGCCTGGAGAGCTG and

R-GTGAACTTCACATGGCTCGC)

Integrated DNA Technologies Custom made

nimC1 (F-GAGACTGCCTACAGGACCGTA

and R-GCAGAATCCATGTTGAGGACAC)

Integrated DNA Technologies Custom made

ox (F-CAACACCCTGTTCAAGCGC and

R-ATGCCCTCGAAAATCGCAAC)

Integrated DNA Technologies Custom made

CG9338 (F-ATCTTGGCTCTCACCGTCTTG and

R-CGAGGCTACTGTCTGACTTGA)

Integrated DNA Technologies Custom made

Cyp12e1 (F-AACGCAGTGGAACGCAAATAA and

R-TCCCGGAATATCAGCATAAGGT)

Integrated DNA Technologies Custom made

Kaz1-ORFB (F-TAGCGAAAACCCCTGGTTGAG and

GCATGAATGGAAACAGGCGAAA)

Integrated DNA Technologies Custom made

CG17508 (F-CGTTTGCGGTGCTGAAAGG and

R-GGGGAATTGAGGCTTCATTCAC)

Integrated DNA Technologies Custom made

CR43417 (F-CCGGGCGGATATCTGGGAAA and

R-CCATCCACGATGACTGGGCT)

Integrated DNA Technologies Custom made

Ptr (F-GCCTGCTACGGAATCACCCA and

R-GTATGCTCCAGGGTGCTGGT)

Integrated DNA Technologies Custom made

DOR (F-CTTGATCTCGGGGTGTCGAC and

R-TTCAACTGTACGGCCGCAT)

Integrated DNA Technologies Custom made

Software and algorithms

Volocity Software (version 6.3.1) PerkinElmer http://cellularimaging.perkinelmer.com/downloads/

DeSeq2 Love et al., 2014 https://bioconductor.org/packages/release/bioc/

html/DESeq2.html

TEtranscripts Jin et al., 2015 https://github.com/mhammell-laboratory/

TEtranscripts

Trimmomatic Bolger et al., 2014 https://github.com/usadellab/Trimmomatic

STAR Dobin et al., 2013 https://github.com/alexdobin/STAR/releases

clusterProfiler Yu et al., 2012 https://bioconductor.org/packages/release/bioc/

html/clusterProfiler.html

Alliance N/A https://www.alliancegenome.org/
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EXPERIMENTAL MODEL AND PARTICIPANT DETAILS

Flies

The following fly lines were used: the wild type strain, CantonS (CS) (64349, BloomingtonDrosophila stock center, BDSC), C380-Gal4 and C57-

Gal4,44 UAS-dArc1-RNAi,16 UAS-mbl-RNAi1 (v28732, Vienna Drosophila Resource Center), UAS-mbl-RNAi2 (v 105486, Vienna Drosophila

Resource Center), UAS-mblA and UAS-mblC,39 UAS-sun-RNAi (v23685, Vienna Drosophila Resource Center), UAS-nimC1-RNAi (v1031,

Vienna Drosophila Resource Center). Female 3rd Instar larvae were dissected for NMJ preparations to ensure consistency. The flies were

reared on molasses-based standard food, either at 25�C (for most crosses) or at 29�C (for RNAi crosses).

METHOD DETAILS

Immunocytochemistry and antibodies

Third instar larval body wall muscles were dissected in low calcium HL3 saline (0.1 mM Calcium45) and fixed in 4% paraformaldehyde in 0.1 M

phosphate buffer. The fixed larvae were then washed and permeabilized in phosphate-buffered saline with Triton X-100 (PBT; 0.1 M phos-

phate buffer; 0.2% (v/v) Triton X-100) and incubated with primary antibody overnight at 4�C. Subsequently, the samples were washed three

times with PBT and incubated in secondary antibodies for 2 hours at room temperature. After incubation with secondary antibodies, the

samples were again washed three times with PBT andmounted in Vectashield (Vector Laboratories). The primary antibodies used were rabbit

anti-DLG at 1:40,000 dilution,46 mouse anti-DLG at 1:200 dilution, guinea pig anti-sun at 1:50 dilution, rabbit anti-MblA at 1:500 dilution, and

rabbit anti-nimC1 at 1:200 dilution. The secondary antibodies wereDyLight-conjugated secondary antibodies from Jackson ImmunoResearch

(DyLight-594-conjugated goat anti-HRP, DyLight-488-conjugated anti-mouse or anti-rabbit) at 1:200 dilution, and anti-Guinea Pig IgG Dy-

Light-649 at 1:200 dilution.

Morphometric analysis

Images shown in the figures were captured under identical settings for both the control and experimental groups. The imaging process was

conducted simultaneously on a Zeiss LSM 800 confocal microscope system and Zen software (ZeissMicroscopy Inc) equippedwith a Zeiss 63X

Plan-Apochromat 1.40 NA DIC M27 oil immersion objective and a Zeiss 40X Plan-Apochromat 1.30 NA DIC (UV) VIS-IR M27 oil immersion

objective was used for acquisition. To quantify the number of synaptic boutons, the preparations were labeled with both presynaptic marker

(anti-HRP) and postsynaptic marker (anti-Dlg), and the boutons were counted.

RT-quantitative PCR

For each genotype, either five larval body wall muscles or 10 brains were homogenized in RLT buffer (QIAGEN) with 20 ml 2 M dithiothreitol

(DTT) per 1 ml RLT buffer pre-added, and RNAwas extracted using the RNeasy microKit (QIAGEN). DNase (TurboDNase (ThermoFisher) was

applied to RNA samples from different genotypes, and 100 ng of RNA was reverse transcribed into cDNA using a Superscript IV kit

(ThermoFisher). The RT-quantitative PCRswere carried out in triplicate in a 96-well plate (BioRad) using aCFX96 system (BioRad). A Sybr green

master mix (ThermoFisher) was used with gene-specific primer sets for dArc1,mbl, sun, nimC1, ox, CG9338, Cyp12e1, Kaz1-ORFB,CG17508,

CR43417, Ptr, DOR, and 18S rRNA (all sequences are listed in the Key Resources Table). All transcript levels were normalized to the 18S tran-

script level.

RNA IP with RT- quantitative PCR

For each biological replicate, 10 larval body wall muscles were homogenized in RIPA buffer (Abcam) from wild type animals. The resulting

supernatants were cleared using magnetic beads (Pierce) and pre-immune serum, and then incubated with either an anti-dArc1 antibody

or an equal amount of pre-immune serum. The samples were incubated with serum and magnetic beads overnight and washed six times

with RIPA buffer. RNA was finally eluted from the beads with RLT buffer (QIAGEN) and purified using the RNeasy micro kit (QIAGEN). Briefly,

wild type flies were homogenized in RIPA buffer (Abcam) supplemented with RNase inhibitor (100 U/ml), EDTA (5 mM), DTT (0.5 mM), and

protease inhibitor, and homogenized with an electric homogenizer. The blade was rinsed twice with another 450 ml lysis buffer, and the ho-

mogenate was given constant agitation for 30 minutes at 4�C. The resulting supernatants were cleared using magnetic beads for 20 minutes,

followed by rabbit pre-immune serum for 1 hour at 4�C. The samples were then incubated with rabbit serumor dArc1 antibody (5–10 mg input)

overnight, followed by incubation with magnetic beads for 2 hours and then washed six times with RIPA buffer. RNAs were eluted from the

beads with RLT buffer (QIAGEN) containing 20 ml of 2 M dithiothreitol (DTT) added per 1 ml of RLT buffer, and RNA was extracted using the

RNeasy microKit (QIAGEN). The quantitative RT-PCR step was the same as described above.

RNA sequencing and RIP-sequencing

RNA concentration and integrity were assessed using the Qubit 4 Fluorometer (Thermo Fisher Scientific) and 2100 Bioanalyzer (Agilent),

respectively. RNA libraries were prepared using the NEBNext� Ultra� II Directional RNA Library Prep Kit for Illumina� kit without any

modifications. Each library had an input of approximately 500 ng total RNA, and a total of nine PCR cycles were used for library amplification.

The concentration and quality of libraries were assessed using the Qubit 4 Fluorometer (Thermo Fisher Scientific) and 2100 Bioanalyzer
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(Agilent), respectively. The libraries were normalized to 20 nM and pooled, then further normalized to a final concentration of 5 nM, loaded

onto the NextSeq500/550 High Output Kit v2.5(150 Cycles) chip (Illumina), and sequenced on the NextSeq550 (Illumina).

Reads were sorted by barcode for each library and adapter sequences were removed using Trimmomatic.47 The reads were then mapped

to the Drosophila genome using STAR,48 and the gene expressions were counted using TEtranscripts.49 DEGs were identified using

DeSeq250(Love et al., 2014). GO analysis was performed using clusterProfiler.51

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses were performed using GraphPad Prism software 9 (GraphPad Software Inc., San Diego, CA). All experiments were per-

formed at least three times independently. For comparison of a single experimental sample with control, Student’s t-test was used. For

the comparison of multiple experimental groups, a one-way analysis of variance (ANOVA) was used followed by Tukey’s post hoc test. In

all figures, ns, not significant, * p<0.05, ** p<0.01, and *** p<0.001. Data in bar graphs are presented as mean G SEM.
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