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Synaptic activity mediates information storage and memory consolidation in the brain and requires a fast de novo synthesis of
mRNAs in the nucleus and proteins in synapses. Intracellular localization of a protein can be achieved by mRNA trafficking and
localized translation. Activity-regulated cytoskeleton-associated protein (Arc) is a master regulator of synaptic plasticity and
plays an important role in controlling large signaling networks implicated in learning, memory consolidation, and behavior.
Transcription of the Arc gene may be induced by a short behavioral event, resulting in synaptic activation. Arc mRNA is
exported into the cytoplasm and can be trafficked into the dendrite of an activated synapse where it is docked and translated. The
structure of Arc is similar to the viral GAG (group-specific antigen) protein, and phylogenic analysis suggests that Arc may
originate from the family of Ty3/Gypsy retrotransposons. Therefore, Arc might evolve through “domestication” of retroviruses.
Arc can form a capsid-like structure that encapsulates a retrovirus-like sentence in the 3′-UTR (untranslated region) of Arc
mRNA. Such complex can be loaded into extracellular vesicles and transported to other neurons or muscle cells carrying not
only genetic information but also regulatory signals within neuronal networks. Therefore, Arc mRNA inter- and intramolecular
trafficking is essential for the modulation of synaptic activity required for memory consolidation and cognitive functions. Recent
studies with single-molecule imaging in live neurons confirmed and extended the role ofArcmRNA trafficking in synaptic plasticity.

1. Introduction

Multicellular organisms use several pathways to coordinate
cellular processes within specific organs and the whole organ-
ism. One of them is cell-to-cell communication over short and
long distances. Although the flow of genetic information from
DNA to RNA or reversely is restricted to a single cell, both
DNA and RNA in their active forms are detected in extracel-
lular fluids, raising the question about their role in cell-to-

cell communication and intercellular flow of genetic informa-
tion [1, 2]. Furthermore, even in a single cell, translation of
variousmRNAs occurs at specific locations, showing its spatial
regulation through mRNA localization [3]. This is especially
relevant in highly asymmetric cells such as neurons.

Plasticity in the neuronal network is essential for the
ability to learn and keep new information and is underlined
by modification of neuronal synapses in response to electri-
cal activity, a process called synaptic plasticity (reviewed in
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[4]). Long-term memory formation requires gene expression
to produce proteins to stabilize fresh changes. The process in
which specific synapses are strengthened is termed long-
term potentiation (LTP), in contrary to long-term depres-
sion (LTD), in which specific synapses are weakened or
eliminated. In homeostasis, a high reactivity is required for
upcoming activity-dependent synaptic plasticity. Synaptic
plasticity may be associated with changes in synapse size,
formation of new synapses, or elimination of existing ones
(reviewed in [5]).

When activity-induced synaptic modification requires the
synthesis of a new protein, it will need a specific mRNA at the
site of modification. Therefore, a signal from an activated
synapse to the nucleus is needed to induce transcription of
the corresponding gene. Then, a localized movement of mRNA
or the product of its translation back to the site of modification
is required (Figure 1) [6]. Such localized gene expression should
occur immediately after activity-dependent synaptic signaling.
The expression of the gene encoding the activity-regulated
cytoskeleton-associated protein (Arc, Arg3.1, and KIAA0278),
an immediate early gene (IGE), represents a mechanism of
activity-dependent synaptic modification [6]. Arc is one of the
most extensively studied molecules involved in memory con-
solidation [7]. It is an important effector of the brain-derived
neurotrophic factor (BDNF) as well as the glutamatergic, dopa-
minergic, and serotonin signaling [8]. Arc mRNA is trans-
ported to the dendrites that are enriched in Arc [6].

Changes in Arc have been associated with several mental
disorders, including major depressive disorder, psychosis,
and schizophrenia [9–11]. Although a cause-effect relation-
ship has not been established for most of these disorders,
Arc is considered a therapeutic target and a prognostic
marker in some of them (reviewed in [12]). Arc lowered
the synaptic strength in diseases of cognition [13]. Arc
expression was impaired in fragile X mental retardation
syndrome and metabotropic glutamate receptor-mediated
long-term depression (mGluR LTD) [11]. Reduced ubiquiti-
nation of Arc may occur in Angelman syndrome [14].
Several reports show an association of Arc with Alzheimer
disease (AD) [15–17]. Arc increased the interaction between
γ-secretase and trafficking endosomes that processed the
amyloid precursor protein to Aβ peptide, leading to amyloid
deposition [18]. Apart from the nervous system, Arc is also
involved in the regulation of the immune response [19]. It
is specifically expressed in skin-migratory dendritic cells
and regulates their migration and T cell activation [20].

The majority of synapses in the central nervous system
are glutamatergic, and they are important sites for
environment-dependent plasticity, learning, and memory
[21]. Fast excitatory neurotransmission is mediated by N-
methyl-D-aspartate receptors (NMDARs) and α-amino-3-
hydroxy-5-methyl-4-isoxazolepropionic acid receptors
(AMPARs) [22]. NMDARs are essential for synaptic devel-
opment and plasticity [23]. At most excitatory synapses, the
expression of NMDARs occurs before AMPARs in early
development [24]. Synapses without AMPAR expression are
termed “silent” as they are activated only when the cell is
depolarized to abolish voltage-dependent block on NMDARs
[25]. These synapses are targeted by AMPARs in develop-

ment, resulting in a decreasing number of silent synapses in
the adult brain [26].

In this manuscript, we present the general properties of
the Arc protein and Arc gene, the mechanisms of Arc tran-
scription, and the pioneering works of Steward and his
coworkers on the involvement of Arc mRNA trafficking in
neurons [6, 7, 27–33] as well as the groundbreaking publica-
tions of Ashley et al. [34] and Pastuzyn et al. [35] showing
intercellular Arc mRNA trafficking. The latter is discussed
in the context of retrovirus-like sequences in the human
Arc gene and in the colonization of the human genome by
such sequences and their domestication to adjust them to
human development.

2. mRNA Trafficking in Somatic Cells

Messenger RNA is an intermediate in the expression of
protein-coding genes. Transcription of such genes results
in the synthesis of pre-mRNA, which is then spliced, edited,
end-modified, and transported into the cytoplasm where it
undergoes translation to form a polypeptide, which is then
proceeded to become a functional or structural protein.
However, current studies on the structure of human genes
and the human transcriptome have made some modifica-
tions to this picture—mRNAs produced in transcription
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Figure 1: Localized expression of genes is crucial for activity-
dependent synaptic modification. Synapse-activating signal (yellow
star) may belong to a wide range of stimuli, including behavioral
experience. Activated synapse sends a signal to the nucleus to
transcribe a gene whose product is needed to modify the synapse.
Pre-mRNA is exported to the cytoplasm and can be transported to
the site of synaptic modification, where it is translated to produce a
protein (dark blue oval) needed for synaptic modification.
Alternatively or concomitantly, mRNA may be translated
immediately after export to the cytoplasm and the product of
translation is transported to the target site (not shown). Light green
oval symbolizes all proteins that are needed for pre-mRNA
maturation, export, and transport. Neurotransmitters (blue dots)
are encapsulated in synaptic vesicles and released into synaptic cleft
and are taken up by their receptors (yellow ovals); voltage-gated
channels and neurotransmitter reuptake pumps are presented as
dark grey box and light blue ovals, respectively.
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and posttranscriptional modifications are not homoge-
neously distributed in the cytoplasm, and this fact can be
important for cellular functions and energy use.

Subcellular localization of a protein may be reached by a
mechanism dependent on the signal peptide (localization
sequence) within this protein [36]. The other mechanism is
ensured by the selective movement (trafficking), anchoring
(docking), and localized translation of mRNA, which is crucial
in many processes, including patterning of embryonic axes,
asymmetric cell division, cell migration, and synaptic plasticity
[35]. mRNA trafficking is especially important in highly asym-
metric cells, including neurons. Several mRNAs were shown
to specifically localize in axons, dendrites, and cell protrusions
[37]. Small fraction of the mRNA pool in mammalian cells
may be involved in transfer between cells [38].

A general pathway of intracellular mRNA trafficking in
somatic cells includes complexing of mRNA molecules with
proteins in the nucleus, their export to the cytoplasm, and
attaching to microtubules or microfilaments [39] (Figure 2).
mRNA trafficking involves two distinct stages: mRNA trans-
port and a docking process mediating its selective localization
[32]. Many proteins can be involved in mRNA localization
within neurons, including Staufen, Bruno, Bicaudal D (BicD),
Pumilo (Pum), fragile X mental retardation protein (FMRP),
and the Exon Junction Complex (EJC) (reviewed in [40]).
Although many genetic aspects of mRNA localization are
known, the mechanism behind this effect is not fully known.
Its essential step is the recognition of the target transcript
depending on short cis-elements and localization elements
(LEs, zip codes) in the 3′-UTR (untranslated region) of mRNA
[41]. Some exceptions include LEs in the 5′-UTR or the coding
region of the transcript [42, 43]. Both the sequence and higher-
order structure of such elements may be specifically recognized
[44] (Figure 2). LEs are targeted by RNA-binding proteins
(RBPs) facilitated by a RBP domain recognizing a specific ele-
ment in mRNA or recruiting auxiliary proteins in complexes
called ribonucleoproteins (RNPs or mRNPs). mRNAs are
actively transported along the cytoskeleton by specialized
motor proteins (dynein or kinesin) or myosins [45]. Proteins
that facilitate mRNA trafficking are called mRNA granules.
Therefore, localized mRNA translation requires assembling a
localizing mRNP (L-RNP) that is sensitive to signals initiating
translation in different regions of the cytoplasm [46]. To initiate
translation, L-RNP is remodeled by phosphorylation. Some
mRNAs do not require transport but only docking in cytoskel-
eton proteins—actin or intermediate filaments [47]. However,
localized mRNA expression may occur even with a homoge-
nous distribution of mRNAs in the cytoplasm by the suppres-
sion of translation or degradation of the translation product
in nontarget locations. Another possibility is that a protein
can be distributed uniformly in the cytoplasm and selectively
captured in a specific site.

3. Arc: An Immediate Early Gene and a Master
Regulator of Synaptic Plasticity

Arc is a single-copy gene expressed in the cortical and hippo-
campal glutamatergic neurons. It is highly conserved in ver-

tebrates and expressed in the nucleus, dendrites, and
postsynaptic density [8]. The Arc protein is a master regula-
tor of synaptic plasticity, involved in learning, memory
consolidation, and behavior.

3.1. Arc: The Gene and the Protein. The Arc gene is located at
8q24.3 in minus strand, and its most recent chromosomal allo-
cation is 142,611,049-142,614,479 (GRCh38/hg38) (https://
www.genecards.org/cgi-bin/carddisp.pl?gene=Arc&keywords=
arc, accessed August 10, 2021) [48].

Arc was discovered in searching for IEGs that responded
to neuronal activity independently of protein synthesis. Arc
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Figure 2: mRNA-protein and protein-protein interactions in
localized mRNA expression in neurons. An mRNA resulting from
the transcription of a gene in DNA is represented by its 3′-UTR
(untranslated region) containing a segment of the specific sequence
(filled box) and a higher order structure, represented by two stem
loops. These elements handle localized mRNA expression and are
recognized and bound by specific proteins (represented by a light-
blue object) and exported into the cytoplasm. Then, other RNA-
binding proteins, represented by red and green objects, bind to the
mRNA 3′-UTR to form a localizing ribonucleoprotein (L-RNP),
which is assisted by other proteins (not presented here) and
supports the trafficking of mRNA to specific locations in the
dendritic spine where it is translated. Before that, mRNA can be
remodeled (symbolized by changes in its secondary configuration
and protein (grey oval) binding), docked in the dendrite spine,
preceded by phosphorylation (the P letter in a yellow circle) and
disassociation of the L-RNP proteins, and translated to produce the
Arc protein (dark blue oval).
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is unique among other IEGs, as it is not a transcription
factor and immediately moves through the dendritic arbor
of the neuron in which it is activated—it was shown that
after a single electroconvulsive shock, Arc was distributed
in the molecular layer of the dentate gyrus, containing the
dendrites of the dentate granule cells, while mRNAs of other
IEGs were in the cell body [33].

Arc is involved in the regulation of endocytosis of
AMPARs [49–51] (reviewed in [52]), Notch signaling [53],
and spine size and type [54].

3.2. Arc Expression. Arc transcript appears within 5 minutes
of induction, making it a genuine IEG [55]. The transcrip-
tion of the Arc gene is induced by a variety of factors, includ-
ing seizures in the hippocampus, enhanced neuronal activity
in response to learning, LTP, and LTD (reviewed in [56]). In
normal conditions, Arc is transcribed at low levels, which
may be further decreased by AMPARs, which can be consid-
ered a stabilizer of Arc transcription [57]. The extracellular-
signal-regulated kinase (ERK) is a central hub of signaling
pathways downstream of several receptors whose activation
is essential for a sudden increase in Arc transcription. These
receptors include group 1 metabotropic glutamate receptors
(mGluR1s), BDNF tropomycin-receptor kinase (Trk) B,
muscarinic acetylcholine receptors, and NMDARs [32].
ERK phosphorylates coactivators of the serum response
factors (SRFs), such as Elk-1, which is a ternary complex
factor, binding to serum response element (SRE) genes in
their promoters to activate transcription. Arc has a major
SRE-responsive region in its promoter located about 6.5 kb
upstream of its transcription start site (TSS) [58]. The other
major SRE is about 1.4 upstream of TSS. However, the
involvement of these elements in Arc transcription regulation
has not been definitely confirmed [59]. A 6.9 SRE was reported
to be essential for LTD in cultured Purkinje cells [60].

Several other regions in the Arc promoter have been
identified or suggested to play a role in Arc response to neu-
ronal activity, including a region 1.4 kb upstream of TSS
containing a Zeste-like response element, a site binding to
myocyte-enhancer factor-2 (Figure 3) [56].

Before translation, Arc mRNAs are exported into the
cytoplasm and then moved in the target sites. The associa-
tion of Arc mRNA with the kinesin motor complex and
the maximal speed of its movement (over 60μm/min) sug-
gest its active transport [27]. The ERK signaling is necessary
for LTP-induced translation of Arc mRNA. It is initiated
through the MAP kinase-interacting kinase (MNK) and
phosphorylating eukaryotic initiation factor 4E (eIF4E) [61].

3.3. Arc in Synaptic Plasticity and Cognition. Arc may be
implicated in learning and memory as they both are under-
lined by synaptic plasticity (reviewed in [62]). A positive
correlation between Arc mRNA expression in the rat hippo-
campus and spatial learning in the Morris water maze was
observed [63]. In addition, an increased concentration of
Arc mRNA was measured in the cytoplasm, but not in the
nucleus. Behavioral experience that activates the synapse
may belong to a wide range of tasks, including those as
diverse as sound exposure and complex reversal learning.

Two phases of Arc expression were shown in the CA1
hippocampal neurons during fear memory formation in mice
[64]. An initial transient Arc expression just after the stimu-
lus was observed in the first phase and a second increase in
Arc levels after 12 h, depending on BDNF and essential for
memory consolidation. A similar delayed expression of Arc
was observed during sleep-dependent consolidation of corti-
cal plasticity in the cat visual cortex [65]. Therefore, a tran-
sient Arc induction may occur in two-phase induction of
expression during memory consolidation. In line with this
suggestion are results with Arc-knockout mice showing that
Arc might be needed for long-lasting memory for implicit
and explicit learning tasks, despite intact short-term memory
[66]. The Arc-knockout animals exhibited biphasic changes of
hippocampal LTP in the dentate gyrus and the CA1 area with
an increased early and absent late phase. Furthermore, LTD
was considerably impaired in that experiment. These results
confirm an essential role of Arc in the consolidation of endur-
ing synaptic plasticity and memory storage, although the
mechanism eliciting such delayed reactivation is still unclear.

A more robust expression of Arc in rat cortical regions
was observed after recalling a recent (24 h after training)
memory relative to remote (1 month after training) memory
[67]. An increased Arc expression in the striatum of rats that
underwent training/pseudotraining on an operant lever-
pressing task was observed [68]. Furthermore, a negative
correlation was observed between levels of Arc mRNA in
specific brain regions of newly trained rats and the rate of
task acquisition [69]. This association between Arc and
behavior that induces learning suggests that Arc expression,
and primarily its transcription, is regulated by signals
coming from patterns of neuronal activity. Arc also enables
consolidation of weak memories and was shown to play a
role in behavioral tagging in the hippocampus [70, 71].

A role of Arc in cognitive flexibility was suggested based
on results showing a strong positive correlation between Arc
mRNA levels in the rat hippocampus and behavioral perfor-
mance during spatial reversal tasks [63].

Arc was reported to act as a postsynaptic mediator of
activity-dependent elimination of synapses in the developing
cerebellum of rats by mediating the removal of excessive fiber
synapses [72]. Arc targets inactive/weak synapses via a high-
affinity interaction with calcium/calmodulin-dependent pro-
tein kinase II beta (CaMKIIβ), which is not bound to calmod-
ulin [73]. This interaction may prevent undesired activation
of weakened synapses in potentiated neurons. Therefore,
Arcmay be required to eliminate undesired synapticmaterial.

A relationship was observed between the overall Arc
mRNA immunofluorescence signal in the dorsomedial stra-
tum and the number of trials in rats, which underwent a
reversal training, but not in rats that experienced continued-
acquisition training [74]. This study suggests a differential
processing of Arc mRNA in different populations of striatal
efferent neurons.

Altogether, these results suggest a feedback-like relation-
ship—Arc expression may be regulated by large networks
linked with learning and memory on the one hand, but on
the other, Arc expression may form new and modify
existing networks.
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4. Arc mRNA Trafficking within Neurons

Synapse-specific gene expression, which is essential for
activity-dependent synaptic modification in synaptic plastic-
ity, involves localized translation of specific mRNAs at post-
synaptic sites on dendrites [75]. Steward et al. were the first
to show that ArcmRNA was selectively delivered to postsyn-
aptic sites to mediate synapse-specific gene expression ([7]
and reviewed in [6]). These authors also showed that the sig-
nals for Arc mRNA trafficking resided in mRNA and not in
proteins. Moreover, a high-frequency activation of synapses
of the perforant path induced Arc expression and newly syn-
thesized Arc mRNA trafficking to the synaptically activated
dendritic laminae. Arc synthesis and Arc mRNA localization
were observed as separated events. Finally, it was shown that
the localization of Arc mRNA in activated dendritic laminae
was linked with a local accumulation of the Arc protein. In
their next work, Steward and Worley showed that the activa-
tion of the NMDA receptor was needed for Arc mRNA
trafficking to active synapses [32]. The Arc protein was
assembled into the matrix of the synaptic junction complex.

Newly synthesized and matured Arc mRNA is exported
to the cytoplasm and actively moves to its target sites [68].
Arc mRNA is associated with the kinesin motor complex

and other proteins that collectively form the Arc messenger
ribonucleoprotein complex [76]. This context includes frag-
ile X mental retardation protein (FMRP) and Pur-alpha that
both prevent the translation of Arc mRNA. The coding
region of the Arc gene contains the A2 mRNP binding
site—the 11 nt A2 response element (A2RE), which is also
targeted by CArG box binding factor A (CBF-A), controlling
Arc mRNA localization by a mechanism regulated by
NMDARs and AMPARs [77]. It was shown that a reorgani-
zation of the actin cytoskeleton was needed for Arc mRNA
localization as this process marked synapses for Arc mRNA
to localize [30].

The newly made Arc protein is quickly localized near
active synapses but is also distributed throughout dendrites
[6]. Activated dendritic laminae, where Arc mRNA migrated,
contained accumulated Arc proteins [6]. Arc was assembled
into the postsynaptic density (psd)/NMDA receptor complex
(NRC) [7]. Further migration of newly synthesized Arc
mRNA was prevented by its capturing by active synapses. In
LTP, ArcmRNA and Arc protein localized near active synap-
ses but were also found in other dendritic locations [33].

As mentioned, ArcmRNA trafficking is supported by the
specific elements in the 3′-UTR. Dynes and Steward showed
that a fusion construct containing 3′-UTR of Arc mRNA
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Figure 3: Regulation of the transcription of the activity-regulated cytoskeleton-associated protein (Arc) gene. Some known and putative
pathways are presented only. Basic low-level Arc transcription can be further decreased by the activation of α-amino-3-hydroxy-5-
methyl-4-isoxazolepropionic acid receptor (AMPAR). Arc transcription is promoted by signaling through the NMDAR (N-methyl-D-
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(TSS) and direction of transcription are marked by the bold arrow above the Arc gene. Ach: acetylcholine; BDNF: brain-derived
neurotrophic factor.
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bound by proteins of the coat of the MS2 phage, a single-
stranded RNA virus, precisely localized in a microdomain
at the base of dendritic spines [28]. That localization was
independent of translation, suggesting the presence of a
microdomain at the dendritic spine base where Arc mRNA
was docked. The presence of a dedicated microdomain for
Arc mRNA docking and translation at the entry to the spine
confirms the suggestion that the newly synthesized proteins
in dendrites may act preferentially or even exclusively at a
single, neighboring synapse [78].

Translation of ArcmRNA at specific locations in synapse
requires the presence of the ribosome and other components
of the translation machinery in these sites. It was assumed
that the translational apparatus was closely associated with
psd as it synthesized the compounds needed for cotransla-
tional assembly of psd/NRC [7]. However, enhanced levels
of Arc mRNA in dendrites were not associated with
increased levels of exon junction complex proteins [79].

When Arc transcription is induced by synaptic activa-
tion, Arc mRNA is transported to the active parts of
dendrites where it is docked for translation. Therefore, two
synaptic signals, for transcription and docking, may inter-
play, but the relationship between them is not fully known
[6]. It is not clear whether the capturing signal occurring
after LTP lasts enough to capture all mRNAs that came to
the active part of synapse, or it is so short that some Arc
mRNAs may escape docking unless activation signal is kept
on. The selectivity of Arc mRNA may be also supported by
degeneration of the transcript in the nonactive sites, a pro-
cess called activity-dependent Arc mRNA degradation. It
was shown that Arc degradation occurred throughout den-
drites and required the activation of NMDA receptor and
active translation [29]. Such activity- and translation-
dependent mRNA degradation was likely specific for Arc
mRNA as another dendritic mRNA was not degraded in
response to synaptic activation. It was shown in another
study that such degradation might occur by nonsense-
mediated mRNA decay (NMD) as Arc mRNA had a splice
junction in the 3′-UTR, downstream of the stop codon [80].
This splice junction is involved in the loading of eIF4A3
(eukaryotic translation initiation factor 4A3) ontoArcmRNA.
Knockdown of eIF4A3 increased synaptic strength and
GLUR1AMPA receptor load at synapses. Moreover, depletion
of eIF4A3 increased Arc, so Arc mRNA was a natural target
for NMD. Steward et al. using transgenic mice confirmed that
Arc mRNA degradation occurred with features typical for
NMD, and prior splicing of the 3′-UTR influenced fast
dendritic delivery of newly synthesized Arc mRNA [31].

It is important to determine how long Arc transcription
lasts after a stimulating signal. The forebrain neurons, includ-
ing hippocampal pyramidal neurons, rapidly terminate Arc
transcription after an inducing event, but dentate granule cells
show a continuous transcription of the Arc gene [81].

Recent technological developments allow studying
mRNA localization and its local translation through the
simultaneous detection of mRNAs and proteins in single
cells through single-molecule imaging in real time (reviewed
in [82]). This has opened new perspectives in the research of
memory-associated mRNAs in living neurons in response to

neuronal activity (reviewed in [83, 84]). An elegant work
from the Singer’s and Park’s laboratories has substantially
progressed our knowledge on the role of ArcmRNA traffick-
ing in synaptic plasticity [85]. A mouse model with the Arc
gene tagged in 3′-UTR with stem loops binding to bacterio-
phage PP7 coat protein (PCP) was used in that work to visu-
alize single mRNAs in real time. That model allowed
following actual dynamics of Arc mRNA from transcription
to degradation. A robust Arc transcriptional burst with
prolonged ON state occurred after stimulation in cultured
hippocampal neurons. Furthermore, transcription cycles con-
tinued after removal of initial stimulation. The correlation of
stimulation with Arc transcription and mRNA transport in
single neurons showed that stimulus-induced Ca2+ activity
was needed but not sufficient for inducing Arc transcription
and that inhibiting neuronal activity did not change the
dendritic transport of newly produced Arc mRNAs.

Fujita et al. used reduction-triggered fluorescent probes
combined with fluorescence correlation spectroscopy and
observed in real time that Arc mRNA was produced after
synaptic activation [86]. Analysis of observations confirmed
that free diffusion is not enough to transport RNAs of sizes
close to Arc mRNA. Na et al. showed that glutamate-
induced Arc mRNA translation was associated with a reacti-
vation of stalled polyribosomes [87]. Moreover, the Arc open
reading frame was necessary and sufficient for glutamate-
induced mRNA Arc translation.

In a more general context, Bauer et al. showed that the
molecules of Rgs4 (regulator of G protein signaling 4)
mRNA patrolled dendrites to transiently interact with mul-
tiple synapses, in agreement with the sushi-belt model [88,
89]. Moreover, the authors observed that the majority of
RNA-transporting granules showed bidirectional transport
in dendrites independently of 3′-UTR, but Rgs4 3′-UTR
caused an anterograde transport bias requiring the Staufen
2 protein. Interestingly, Koltun et al. showed that the level
of mRNA translation is similar in neuronal somata and pro-
cesses and was negatively correlated with the developmental
age of living neurons. To show that they used transgenic
mice with a reporter gene under the control of the Arc
promoter [90], analysis of mRNA trafficking with single-
molecule methods in living neurons confirmed and extended
the role of Arc mRNA trafficking in synaptic plasticity and
opened new perspectives in neurosciences [91].

5. Intercellular mRNA Trafficking
and Signaling

Myrum et al. demonstrated that Arc had two domains on
either side of the central linker region [92]. They also
showed that Arc is a modular, pyramid-like-shaped protein
with a defined secondary structure in its monomeric form.
However, such a form was capable of reversible self-associa-
tion, resulting in large, soluble oligomers. The Arc gene has a
DNA sequence, which is normally found as its RNA coun-
terpart in retroviruses, such as human immunodeficiency
virus (HIV), enabling it to form virus-like particles [93].
These two features are the capacity to self-oligomerize and
form virus-like particles which underline Arc ability to
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enclose molecules, such as RNA or/and protein, and transfer
across the synapse to accomplish sending genetic informa-
tion between neurons [34, 35]. Arc was the first protein to
confirm earlier considerations on the role of extracellular
vesicles (EVs) in the intercellular communication within
the nervous system.

The involvement of Arc in the intercellular sending of
genetic information is closely associated with its molecular
architecture also found in proteins of some retroviruses.
Zhang et al. reported that the crystal structure of Arc formed
a bilobar architecture and the N-terminal lobe bound to
CaMKII and TARPγ2 (transmembrane AMPAR regulatory
protein gamma-2, CACNG2, and stargazin) [13]. The
domain that mediated Arc binding was structurally similar
to the capsid domain of HIV. Further studies revealed that
the bilobar configuration of Arc was like the HIV GAG
(group-specific antigen) protein. Phylogenic analysis
suggested that Arc might originate from the family of
Ty3/Gypsy retrotransposons. The members of this family
are ancient forms of RNA-based elements able to replicate
and be present in animals, plants, and fungi that might be
ancestral to modern viruses and certain cellular genes
(reviewed in [94]). Therefore, Arc might evolve through
the “domestication” of Ty3/Gypsy with the acquisition of
the N-terminal coil-to-coil and loss of RNA-binding domain
and reverse transcriptase [93].

The role of the GAG-like sequences in Arc is not
completely clear. In retroviruses, the GAG proteins multi-
merize during replication to form a capsid that binds to viral
RNA and undergoes envelopment by membranes before
exiting the host cell in an EV [95, 96].

Extracellular vesicles play a critical role in the communi-
cation between neurons, astrocytes, and microglia in normal
and diseased brains [97]. In a landmark study, Ashley et al.
found that the Drosophila Arc1 protein formed capsid-like
structures that bound to a specific retrovirus-like region in
the 3′-UTR of its own transcript [34] That Arc1-Arc1
mRNA complex was loaded into EVs and transferred from
neurons to muscles. It was not clear whether those vesicles
contained multiple or single enveloped capsid-like struc-
ture(s). That transfer depended on a specific sequence in
the 3′-UTR of Arc1 mRNA containing retrotransposon-
like sequences as disruption of that sequence inhibited the
transfer. Transfer of Arc1 and/or Arc1 mRNA was under-
lined by mechanisms similar to retroviruses and retrotran-
sposons and was necessary for synaptic plasticity.

At the same time, Pastuzyn et al. showed in another
groundbreaking paper the involvement of mammalian Arc
in interneuron ArcmRNA trafficking [35]. They largely con-
firmed the results obtained by Ashley et al. and showed that
Arc self-assembled into virus-like capsids that encapsulated
RNA needed for proper capsid formation.

Arc was released from neurons in EVs that mediated the
transfer of Arc mRNA to target neurons, where it could
undergo activity-dependent translation (Figure 4). Arc cap-
sids can be endocytosed, and Arc mRNA can be released
from EVs into the cytoplasm and trafficked into the target
sites in recipient neurons. The interaction between GAG
and RNA in viruses is controlled by host proteins, including

Staufen that is involved in regulating Arc mRNA trafficking
in neurons [98]. Therefore, Pastuzyn et al. confirmed that
Arc had similar molecular properties as the retroviral GAG
proteins. These authors also provide arguments supporting
the hypothesis that Arc was evolutionarily derived from a
vertebrate lineage of Ty3/gypsy retrotransposons, which
are retrovirus precursors. The authors’ findings suggest that
GAG retroelements have been evolutionarily repurposed to
serve in intercellular communication in the nervous system.

Arc

Arc mRNA

Arc
monomers

Loading into RNA granules

RECIPIENT NEURON

Capsid formation
mRNA encapsulation

Fusion with Arc mRNAs

Transcription

Trafficking
Localized translation

EV

DONOR NEURON

Figure 4: Interneuron transport of activity-regulated cytoskeleton-
associated protein (Arc) and its mRNA. Transcription of the Arc
gene produces Arc mRNA, which is trafficked to dendrites in
RNA granules and translated in response to synaptic activity,
resulting in a high local concentration of the Arc protein (red
bar), which may oligomerize to form a capsid encapsulating Arc
mRNAs. Arc capsid with loaded Arc mRNA departs from the
dendrite in extracellular vesicles (EVs) and may be endocytosed
by dendrites of different neurons. This may change synaptic
activity in response to synaptic activation in another neuron. This
figure is limited to Arc mRNA, but RNA granules may contain a
selection of different RNAs, and Arc capsids may encapsulate
different RNA species and other putative factors. Such transfer
was also shown between neurons and muscle cells.
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6. Conclusions and Perspectives

Although Arc mRNA was shown to localize to the dendritic
spine after high-frequency stimulation of the perforant path
synapses over 20 years ago, real-time imaging in awake
animals has not been possible [7, 99]. Recent development
of single-molecule imaging methods in living neurons opens
new perspectives to directly link the role of Arc mRNA
transport with brain functions and behavior.

One of the most intriguing aspects of the Arc protein is
its evolutionary history and a close relation to viruses. It
may be speculated that contemporary Arc joins the meta-
zoan genes of viral origin with essential physiological func-
tions. The results obtained by Ashley et al. and Pastuzyn
et al. are not limited to ARC mRNA [34, 35]. The only
requirement seems to be the virus-like sequence within
RNA to be trafficked. Therefore, Arc-dependent intercellular
RNA transfer may influence many cellular processes, as
many various RNAs can be trafficked. The significance of
this paradigm is supported by the fact that the human
genome contains about 100 genes with homology to GAG
and over 150 GAG open reading frames encoded as endoge-
nous retroviruses [100]. Therefore, other proteins may form
a capsid and traffic their own mRNA or other RNAs. Alto-
gether, the role of intercellular communication underlined
by the evolutionary retroviral relics in the human genome
in human physiology and disease is likely underestimated,
and new studies are needed to shed light on this problem.

Both intra- and intercellular Arc mRNA trafficking may
play an essential role in synaptic plasticity. There is a natural
connection between intra- and intracellular Arc mRNA
trafficking: intracellular transfer of mRNA leads to its trans-
lation in the target sites in dendrites resulting in a high con-
centration of Arc, which supports capsid assembly in these
locations and encapsulation of dendritically localized Arc
mRNA, which can be then loaded in EVs. Therefore, a
potential coordination of intra- and intercellular Arc mRNA
trafficking requires the precise spatial and temporal expres-
sion of Arc at the protein level [35]. The question is when
such coordination of these two kinds of Arc mRNA traffick-
ing is needed, i.e., whether intercellular trafficking is initiated
by the Arc transcription by a signal coming from a recipient
neuron or it is started using Arc and Arc mRNA “resources”
in the donor neuron. A behavioral experience in a specific
location could induce a cascade of intra- and intercellular
Arc mRNA trafficking in remote cells, resulting in synaptic
activity in target location. However, such putative mecha-
nism raises some questions. The experiments of Pastuzyn
et al. show that Arc capsids or extracellular vesicles can
mediate transfer of Arc mRNA between neurons; they do
not allow distinguishing Arc, which has been just translated
from the Arc protein that was taken up. Secondly, the coor-
dination pathway of such a chain of intra- and intercellular
transporting events seems to be very complex. Finally, inter-
cellular transport of Arc mRNA encapsulated in Arc virus-
like capsid is evident in Drosophila, but in mammals, the
picture is not so clear. Therefore, the question is whether
such mRNA transport based on the virus-like structures is
evolutionarily appropriate for contemporary mammals.

Maybe extensive development of the peripheral nervous
system is to compensate for a slow decline in intercellular
mRNA transport in mammals. These and many other ques-
tions should be addressed in perspective studies on the role
and mechanism of Arc mRNA trafficking.

As pointed out by Pastuzyn et al., many questions on
intercellular Arc mRNA trafficking are still open, including
except for Arc and Arc mRNA “passengers” of EVs docking
mechanisms for EVs and spatial/temporal specificity of
trafficking in the brain [35]. Both Ashley et al. and Pastu-
zyn et al. showed that trafficking Arc mRNA is available
for translational machinery, but the question is whether it
could be a substrate for reverse transcriptase by analogy
to retroviruses. Therefore, both intra- and intercellular
Arc mRNA trafficking is essential for the role of Arc in
synaptic plasticity and in consequence learning, memory
consolidation, and behavior, but further studies are needed
to directly show the association between Arc mRNA traf-
ficking and behavior or brain function. Finally, the involve-
ment of Arc mRNA trafficking in synaptic plasticity is an
outstanding example of integrating neuroscience with
(retro)virology at the molecular level.

Disclosure

This manuscript has been presented as a preprint at https://
www.preprints.org/subject/browse/life_sciences/biochemistry.

Conflicts of Interest

The authors declare no conflict of interest.

Authors’ Contributions

J.B., M.F., and E.P. were responsible for the conceptualiza-
tion. J.B., L.D., M.F., J.S., and E.P. prepared the original
draft. J.B reviewed and edited the manuscript.

References

[1] E. Z. Malkin and S. V. Bratman, “Bioactive DNA from extra-
cellular vesicles and particles,” Cell Death & Disease, vol. 11,
no. 7, p. 584, 2020.

[2] B. Pardini, A. A. Sabo, G. Birolo, and G. A. Calin, “Noncoding
RNAs in extracellular fluids as cancer biomarkers: the new
frontier of liquid biopsies,” Cancers, vol. 11, no. 8, p. 1170,
2019.

[3] D. Jansova, A. Tetkova, M. Koncicka, M. Kubelka, and
A. Susor, “Localization of RNA and translation in the mam-
malian oocyte and embryo,” PLoS One, vol. 13, no. 3, article
e0192544, 2018.

[4] J. E. Cheyne and J. M. Montgomery, “The cellular and molec-
ular basis of in vivo synaptic plasticity in rodents,” American
Journal of Physiology-Cell Physiology, vol. 318, no. 6,
pp. C1264–c1283, 2020.

[5] W. C. Abraham, O. D. Jones, and D. L. Glanzman, “Is plastic-
ity of synapses the mechanism of long-term memory stor-
age?,” NPJ Science of Learning, vol. 4, no. 1, p. 9, 2019.

[6] O. Steward, S. Farris, P. S. Pirbhoy, J. Darnell, and S. J.
Driesche, “Localization and local translation of Arc/Arg3.1

8 Neural Plasticity

https://www.preprints.org/subject/browse/life_sciences/biochemistry
https://www.preprints.org/subject/browse/life_sciences/biochemistry


mRNA at synapses: some observations and paradoxes,” Fron-
tiers in Molecular Neuroscience, vol. 7, p. 101, 2015.

[7] O. Steward, C. S. Wallace, G. L. Lyford, and P. F. Worley,
“Synaptic Activation Causes the mRNA for the IEG Arc to
Localize Selectively near Activated Postsynaptic Sites on Den-
drites,” Neuron, vol. 21, no. 4, pp. 741–751, 1998.

[8] G. L. Lyford, K. Yamagata, W. E. Kaufmann et al., “Arc, a
growth factor and activity-regulated gene, encodes a novel
cytoskeleton-associated protein that is enriched in neuronal
dendrites,” Neuron, vol. 14, no. 2, pp. 433–445, 1995.

[9] C. Crisafulli, M. Calabrò, L. Mandelli et al., “Possible modu-
latory role of ARC gene variants in mood disorders,” Clinical
Psychopharmacology and Neuroscience, vol. 19, no. 1, pp. 46–
52, 2021.

[10] W. L. Hou, X. L. Yin, X. Y. Yin et al., “Association between
stereopsis deficits and attention decline in patients with
major depressive disorder,” Progress in Neuro-
Psychopharmacology & Biological Psychiatry, vol. 110, article
110267, 2021.

[11] J. G. Pine, A. M. Moe, A. M. Maple, A. L. Gallitano, and N. J.
K. Breitborde, “Activity-regulated cytoskeleton-associated
protein predicts symptom response to cognitive behavioral
therapy among individuals with first-episode psychosis,”
Asian Journal of Psychiatry, vol. 50, article 101974, 2020.

[12] F. T. Gallo, C. Katche, J. F. Morici, J. H. Medina, and N. V.
Weisstaub, “Immediate early genes, memory and psychiatric
disorders: focus on c-Fos, Egr1 and Arc,” Frontiers in Behav-
ioral Neuroscience, vol. 12, p. 79, 2018.

[13] W. Zhang, J. Wu, M. D. Ward et al., “Structural basis of arc
binding to synaptic proteins: implications for cognitive dis-
ease,” Neuron, vol. 86, pp. 490–500, 2015.

[14] P. L. Greer, R. Hanayama, B. L. Bloodgood et al., “The
Angelman syndrome protein Ube3A regulates synapse
development by ubiquitinating arc,” Cell, vol. 140, no. 5,
pp. 704–716, 2010.

[15] Alzheimer’s Disease Neuroimaging Initiative, R. Bi, L. L.
Kong et al., “The Arc gene confers genetic susceptibility to
Alzheimer's disease in Han Chinese,” Molecular Neurobiol-
ogy, vol. 55, no. 2, pp. 1217–1226, 2018.

[16] S. Landgren, M. von Otter, M. S. Palmér et al., “A novel ARC
gene polymorphism is associated with reduced risk of Alzhei-
mer's disease,” Journal of Neural Transmission (Vienna),
vol. 119, no. 7, pp. 833–842, 2012.

[17] P. A. Postu, A. Tiron, C. E. Tiron, D. L. Gorgan, M. Mihasan,
and L. Hritcu, “Conifer essential oils reversed amyloid beta1-
42 action by modulating BDNF and ARC expression in the
rat hippocampus,” CNS & Neurological Disorders Drug Tar-
gets, vol. 20, 2021.

[18] J. Wu, R. S. Petralia, H. Kurushima et al., “Arc/Arg3.1 regu-
lates an endosomal pathway essential for activity-dependent
β-amyloid generation,” Cell, vol. 147, no. 3, pp. 615–628,
2011.

[19] X. W. Zhang, K. Huck, K. Jähne et al., “Activity-regulated
cytoskeleton-associated protein/activity-regulated gene 3.1
(Arc/Arg3.1) enhances dendritic cell vaccination in experi-
mental melanoma,” Oncoimmunology, vol. 10, no. 1, article
1920739, 2021.

[20] F. Ufer, P. Vargas, J. B. Engler et al., “Arc/Arg3.1 governs
inflammatory dendritic cell migration from the skin and
thereby controls T cell activation,” Science Immunology,
vol. 1, no. 3, article eaaf8665, 2016.

[21] M. B. Kennedy, “Synaptic signaling in learning andmemory,”
Cold Spring Harbor Perspectives in Biology, vol. 8, p. a016824,
2016.

[22] T. Sumi and K. Harada, “Mechanism underlying hippocam-
pal long-term potentiation and depression based on competi-
tion between endocytosis and exocytosis of AMPA
receptors,” Scientific Reports, vol. 10, no. 1, p. 14711, 2020.

[23] L. Franchini, J. Stanic, L. Ponzoni et al., “Linking NMDA
receptor synaptic retention to synaptic plasticity and cogni-
tion,” iScience, vol. 19, pp. 927–939, 2019.

[24] G. A. Kerchner and R. A. Nicoll, “Silent synapses and the
emergence of a postsynaptic mechanism for LTP,” Nature
Reviews Neuroscience, vol. 9, no. 11, pp. 813–825, 2008.

[25] M. L. Mayer, G. L. Westbrook, and P. B. Guthrie, “Voltage-
dependent block by Mg2+ of NMDA responses in spinal cord
neurones,” Nature, vol. 309, no. 5965, pp. 261–263, 1984.

[26] R. S. Petralia, J. A. Esteban, Y. X.Wang et al., “Selective acqui-
sition of AMPA receptors over postnatal development sug-
gests a molecular basis for silent synapses,” Nature
Neuroscience, vol. 2, no. 1, pp. 31–36, 1999.

[27] J. L. Dynes and O. Steward, “Dynamics of bidirectional trans-
port ofArc mRNA in neuronal dendrites,” The Journal of
Comparative Neurology, vol. 500, no. 3, pp. 433–447, 2007.

[28] J. L. Dynes and O. Steward, “Arc mRNA docks precisely at
the base of individual dendritic spines indicating the exis-
tence of a specialized microdomain for synapse-specific
mRNA translation,” The Journal of Comparative Neurology,
vol. 520, no. 14, pp. 3105–3119, 2012.

[29] S. Farris, G. Lewandowski, C. D. Cox, and O. Steward, “Selec-
tive localization of arc mRNA in dendrites involves activity-
and translation-dependent mRNA degradation,” The Journal
of Neuroscience: The Official Journal of the Society for Neuro-
science, vol. 34, no. 13, pp. 4481–4493, 2014.

[30] F. Huang, J. K. Chotiner, and O. Steward, “Actin polymeriza-
tion and ERK phosphorylation are required for Arc/Arg3.1
mRNA targeting to activated synaptic sites on dendrites,”
The Journal of Neuroscience: The Official Journal of the Soci-
ety for Neuroscience, vol. 27, no. 34, pp. 9054–9067, 2007.

[31] O. Steward, K. Matsudaira Yee, S. Farris et al., “Delayed deg-
radation and impaired dendritic delivery of intron-lacking
EGFP-Arc/Arg3.1 mRNA in EGFP-Arc transgenic mice,”
Frontiers in Molecular Neuroscience, vol. 10, p. 435, 2018.

[32] O. Steward and P. F. Worley, “Selective Targeting of Newly
Synthesized Arc mRNA to Active Synapses Requires NMDA
Receptor Activation,” Neuron, vol. 30, no. 1, pp. 227–240,
2001.

[33] O. Steward and P. F.Worley, “A cellular mechanism for target-
ing newly synthesized mRNAs to synaptic sites on dendrites,”
Proceedings of the National Academy of Sciences of the United
States of America, vol. 98, no. 13, pp. 7062–7068, 2001.

[34] J. Ashley, B. Cordy, D. Lucia, L. G. Fradkin, V. Budnik, and
T. Thomson, “Retrovirus-like Gag protein Arc1 binds RNA
and traffics across synaptic boutons,” Cell, vol. 172, no. 1-2,
pp. 262–274.e11, 2018.

[35] E. D. Pastuzyn, C. E. Day, R. B. Kearns et al., “The Neuronal
Gene Arc Encodes a Repurposed Retrotransposon Gag Pro-
tein that Mediates Intercellular RNA Transfer,” Cell,
vol. 172, no. 1-2, pp. 275–288.e18, 2018.

[36] R. Kumar and S. K. Dhanda, “Bird eye view of protein subcel-
lular localization prediction,” Life, vol. 10, no. 12, p. 347,
2020.

9Neural Plasticity



[37] M. Snee, G. J. Kidd, T. P. Munro, and R. Smith, “RNA traf-
ficking and stabilization elements associate with multiple
brain proteins,” Journal of Cell Science, vol. 115, no. 23,
pp. 4661–4669, 2002.

[38] G. Haimovich, C. M. Ecker, M. C. Dunagin et al., “Intercellu-
lar mRNA trafficking via membrane nanotube-like exten-
sions in mammalian cells,” Proceedings of the National
Academy of Sciences of the United States of America,
vol. 114, no. 46, pp. E9873–e9882, 2017.

[39] E. Barbarese, C. Brumwell, S. Kwon, H. Cui, and J. H. Carson,
“RNA on the road to myelin,” Journal of Neurocytology,
vol. 28, no. 4/5, pp. 263–270, 1999.

[40] D. Lazzaretti and F. Bono, “mRNA localization in metazoans:
a structural perspective,” RNA Biology, vol. 14, pp. 1473–
1484, 2017.

[41] C. M. Di Liegro, G. Schiera, and I. Di Liegro, “Regulation of
mRNA transport, localization and translation in the nervous
system of mammals (review),” International Journal of
Molecular Medicine, vol. 33, no. 4, pp. 747–762, 2014.

[42] P. Chartrand, X. H. Meng, R. H. Singer, and R. M. Long,
“Structural elements required for the localization of ASH1
mRNA and of a green fluorescent protein reporter particle
in vivo,” Current Biology, vol. 9, no. 6, pp. 333–338, 1999.

[43] C. Saunders and R. S. Cohen, “The Role of Oocyte Transcrip-
tion, the 5′UTR, and Translation Repression and Derepres-
sion in Drosophila gurken mRNA and Protein Localization,”
Molecular Cell, vol. 3, no. 1, pp. 43–54, 1999.

[44] H. Chabanon, I. Mickleburgh, and J. Hesketh, “Zipcodes and
postage stamps: mRNA localisation signals and their trans-
acting binding proteins,” Briefings in Functional Genomics
& Proteomics, vol. 3, no. 3, pp. 240–256, 2004.

[45] M. T. P. Favaro, U. Unzueta, M. de Cabo, A. Villaverde,
N. Ferrer-Miralles, and A. R. Azzoni, “Intracellular trafficking
of a dynein-based nanoparticle designed for gene delivery,”
European Journal of Pharmaceutical Sciences, vol. 112,
pp. 71–78, 2018.

[46] J. R. Sinnamon and K. Czaplinski, “mRNA trafficking and
local translation: the Yin and Yang of regulating mRNA
localization in neurons,” Acta Biochimica et Biophysica
Sinica, vol. 43, no. 9, pp. 663–670, 2011.

[47] G. B. Gonsalvez and R. M. Long, “Spatial regulation of trans-
lation through RNA localization,” F1000 Biology Reports,
vol. 4, p. 16, 2012.

[48] J. Kremerskothen and A. Barnekow, “Human activity-
regulated cytoskeleton-associated gene (ARC) maps to chro-
mosome 8q24,” Chromosome Research, vol. 8, no. 7, p. 655,
2000.

[49] S. Chowdhury, J. D. Shepherd, H. Okuno et al., “Arc/Arg3.1
interacts with the endocytic machinery to regulate AMPA
receptor trafficking,” Neuron, vol. 52, no. 3, pp. 445–459,
2006.

[50] E. M. Rial Verde, J. Lee-Osbourne, P. F. Worley, R. Malinow,
and H. T. Cline, “Increased Expression of the Immediate-
Early Gene Arc/Arg3.1 Reduces AMPA Receptor-Mediated
Synaptic Transmission,” Neuron, vol. 52, no. 3, pp. 461–
474, 2006.

[51] M. W.Waung, B. E. Pfeiffer, E. D. Nosyreva, J. A. Ronesi, and
K. M. Huber, “Rapid translation of Arc/Arg3.1 selectively
mediates mGluR-dependent LTD through persistent
increases in AMPAR endocytosis rate,” Neuron, vol. 59,
no. 1, pp. 84–97, 2008.

[52] M. J. Wall and S. A. L. Corrêa, “The mechanistic link between
Arc/Arg3.1 expression and AMPA receptor endocytosis,”
Seminars in Cell & Developmental Biology, vol. 77, pp. 17–
24, 2018.

[53] L. Alberi, S. Liu, Y. Wang et al., “Activity-Induced Notch Sig-
naling in Neurons Requires Arc/Arg3.1 and Is Essential for
Synaptic Plasticity in Hippocampal Networks,” Neuron,
vol. 69, no. 3, pp. 437–444, 2011.

[54] C. L. Peebles, J. Yoo, M. T. Thwin, J. J. Palop, J. L. Noebels,
and S. Finkbeiner, “Arc regulates spine morphology and
maintains network stability in vivo,” Proceedings of the
National Academy of Sciences of the United States of America,
vol. 107, no. 42, pp. 18173–18178, 2010.

[55] V. Ramírez-Amaya, A. Vazdarjanova, D. Mikhael, S. Rosi,
P. F. Worley, and C. A. Barnes, “Spatial exploration-
induced Arc mRNA and protein expression: evidence for
selective, network-specific reactivation,” The Journal of Neu-
roscience : the official journal of the Society for Neuroscience,
vol. 25, no. 7, pp. 1761–1768, 2005.

[56] E. Korb and S. Finkbeiner, “Arc in synaptic plasticity: from
gene to behavior,” Trends in Neurosciences, vol. 34, no. 11,
pp. 591–598, 2011.

[57] V. R. Rao, S. A. Pintchovski, J. Chin, C. L. Peebles, S. Mitra,
and S. Finkbeiner, “AMPA receptors regulate transcription
of the plasticity-related immediate- early gene Arc,” Nature
Neuroscience, vol. 9, no. 7, pp. 887–895, 2006.

[58] S. A. Pintchovski, C. L. Peebles, H. Joo Kim, E. Verdin, and
S. Finkbeiner, “The serum response factor and a putative
novel transcription factor regulate expression of the
immediate-early gene Arc/Arg3.1 in neurons,” The Journal
of neuroscience : the official journal of the Society for Neurosci-
ence, vol. 29, no. 5, pp. 1525–1537, 2009.

[59] T. Kawashima, H. Okuno, M. Nonaka et al., “Synaptic
activity-responsive element in the Arc/Arg3.1 promoter
essential for synapse-to-nucleus signaling in activated neu-
rons,” Proceedings of the National Academy of Sciences of
the United States of America, vol. 106, no. 1, pp. 316–321,
2009.

[60] C. Smith-Hicks, B. Xiao, R. Deng et al., “SRF binding to SRE
6.9 in the Arc promoter is essential for LTD in cultured Pur-
kinje cells,” Nature Neuroscience, vol. 13, no. 9, pp. 1082–
1089, 2010.

[61] D. Panja, G. Dagyte, M. Bidinosti et al., “Novel Translational
Control in Arc-dependent Long Term Potentiation Consoli-
dation in Vivo,” The Journal of Biological Chemistry,
vol. 284, no. 46, pp. 31498–31511, 2009.

[62] I. Epstein and S. Finkbeiner, “The Arc of cognition: signaling
cascades regulating Arc and implications for cognitive func-
tion and disease,” Seminars in Cell & Developmental Biology,
vol. 77, pp. 63–72, 2018.

[63] J. F. Guzowski, B. Setlow, E. K. Wagner, and J. L. McGaugh,
“Experience-dependent gene expression in the rat hippo-
campus after spatial learning: a comparison of the
immediate-early GenesArc, c-fos, andzif268,” The Journal
of neuroscience : the official journal of the Society for Neuro-
science, vol. 21, no. 14, pp. 5089–5098, 2001.

[64] D. Nakayama, H. Iwata, C. Teshirogi, Y. Ikegaya, N. Matsuki,
and H. Nomura, “Long-delayed expression of the immediate
early gene Arc/Arg3.1 refines neuronal circuits to perpetuate
fear memory,” The Journal of Neuroscience: The Official Jour-
nal of the Society for Neuroscience, vol. 35, no. 2, pp. 819–830,
2015.

10 Neural Plasticity



[65] J. Seibt, M. C. Dumoulin, S. J. Aton et al., “Protein synthesis
during sleep consolidates cortical plasticity in vivo,” Current
Biology: CB, vol. 22, no. 8, pp. 676–682, 2012.

[66] N. Plath, O. Ohana, B. Dammermann et al., “Arc/Arg3.1 is
essential for the consolidation of synaptic plasticity and
memories,” Neuron, vol. 52, no. 3, pp. 437–444, 2006.

[67] P. A. Gusev and A. N. Gubin, “Arc/Arg3.1 mRNA global
expression patterns elicited by memory recall in cerebral cor-
tex differ for remote versus recent spatial memories,” Fron-
tiers in Integrative Neuroscience, vol. 4, p. 15, 2010.

[68] M. P. Kelly and S. A. Deadwyler, “Experience-dependent reg-
ulation of the immediate-early gene arc differs across brain
regions,” The Journal of Neuroscience: The Official Journal
of the Society for Neuroscience, vol. 23, no. 16, pp. 6443–
6451, 2003.

[69] M. P. Kelly and S. A. Deadwyler, “Acquisition of a novel
behavior induces higher levels of Arc mRNA than does over-
trained performance,” Neuroscience, vol. 110, no. 4, pp. 617–
626, 2002.

[70] D. Moncada, F. Ballarini, and H. Viola, “Behavioral tagging: a
translation of the synaptic tagging and capture hypothesis,”
Neural Plasticity, vol. 2015, Article ID 650780, 21 pages, 2015.

[71] T. Takeuchi, A. J. Duszkiewicz, and R. G. Morris, “The synap-
tic plasticity and memory hypothesis: encoding, storage and
persistence,” Philosophical Transactions of the Royal Society
of London. Series B, Biological Sciences, vol. 369, no. 1633,
article 20130288, 2014.

[72] T. Mikuni, N. Uesaka, H. Okuno et al., “Arc/Arg3.1 is a post-
synaptic mediator of activity-dependent synapse elimination
in the developing cerebellum,” Neuron, vol. 78, no. 6,
pp. 1024–1035, 2013.

[73] H. Okuno, K. Akashi, Y. Ishii et al., “Inverse synaptic tagging
of inactive synapses via dynamic interaction of Arc/Arg3.1
with CaMKIIβ,” Cell, vol. 149, no. 4, pp. 886–898, 2012.

[74] D. P. Daberkow, M. D. Riedy, R. P. Kesner, and K. A. Keefe,
“Arc mRNA induction in striatal efferent neurons associated
with response learning,” The European Journal of Neurosci-
ence, vol. 26, no. 1, pp. 228–241, 2007.

[75] S. A. Buffington, W. Huang, and M. Costa-Mattioli,
“Translational control in synaptic plasticity and cognitive
dysfunction,” Annual Review of Neuroscience, vol. 37,
no. 1, pp. 17–38, 2014.

[76] Y. Kanai, N. Dohmae, and N. Hirokawa, “Kinesin transports
RNA: isolation and characterization of an RNA-transporting
granule,” Neuron, vol. 43, no. 4, pp. 513–525, 2004.

[77] C. S. Raju, N. Fukuda, C. López-Iglesias, C. Göritz, N. Visa,
and P. Percipalle, “In neurons, activity-dependent association
of dendritically transported mRNA transcripts with the
transacting factor CBF-A is mediated by A2RE/RTS ele-
ments,” Molecular Biology of the Cell, vol. 22, no. 11,
pp. 1864–1877, 2011.

[78] Z. Wang, J. G. Edwards, N. Riley et al., “Myosin Vb mobilizes
recycling endosomes and AMPA receptors for postsynaptic
plasticity,” Cell, vol. 135, no. 3, pp. 535–548, 2008.

[79] J. J. McMahon, E. E. Miller, and D. L. Silver, “The exon junc-
tion complex in neural development and neurodevelopmen-
tal disease,” International Journal of Developmental
Neuroscience, vol. 55, no. 1, pp. 117–123, 2016.

[80] C. Giorgi, G. W. Yeo, M. E. Stone et al., “The EJC factor
eIF4AIII modulates synaptic strength and neuronal protein
expression,” Cell, vol. 130, no. 1, pp. 179–191, 2007.

[81] J. F. Guzowski, B. L. McNaughton, C. A. Barnes, and P. F.
Worley, “Environment-specific expression of the immediate-
early gene Arc in hippocampal neuronal ensembles,” Nature
Neuroscience, vol. 2, no. 12, pp. 1120–1124, 1999.

[82] J. Wu and S. R. Jaffrey, “Imaging mRNA trafficking in living
cells using fluorogenic proteins,” Current Opinion in Chemi-
cal Biology, vol. 57, pp. 177–183, 2020.

[83] S. Das, M. Vera, V. Gandin, R. H. Singer, and E. Tutucci,
“Intracellular mRNA transport and localized translation,”
Nature Reviews Molecular cell Biology, vol. 22, no. 7,
pp. 483–504, 2021.

[84] S. Das, M. Vera, V. Gandin, R. H. Singer, and E. Tutucci,
“Author correction: intracellular mRNA transport and local-
ized translation,” Nature Reviews. Molecular Cell Biology,
vol. 22, no. 7, p. 505, 2021.

[85] S. Das, H. C. Moon, R. H. Singer, and H. Y. Park, “A trans-
genic mouse for imaging activity-dependent dynamics of
endogenous Arc mRNA in live neurons,” Science Advances,
vol. 4, no. 6, article eaar3448, 2018.

[86] H. Fujita, R. Oikawa, M. Hayakawa et al., “Quantification of
native mRNA dynamics in living neurons using fluorescence
correlation spectroscopy and reduction-triggered fluorescent
probes,” The Journal of Biological Chemistry, vol. 295, no. 23,
pp. 7923–7940, 2020.

[87] Y. Na, S. Park, C. Lee et al., “Real-time imaging reveals prop-
erties of glutamate-induced Arc/Arg 3.1 translation in neuro-
nal dendrites,” Neuron, vol. 91, no. 3, pp. 561–573, 2016.

[88] K. E. Bauer, I. Segura, I. Gaspar et al., “Live cell imaging
reveals 3′-UTR dependent mRNA sorting to synapses,”
Nature Communications, vol. 10, no. 1, p. 3178, 2019.

[89] A. Bellotti, J. Murphy, L. Lin et al., “Paradoxical relationships
between active transport and global protein distributions in
neurons,” Biophysical Journal, vol. 120, no. 11, pp. 2085–
2101, 2021.

[90] B. Koltun, S. Ironi, N. Gershoni-Emek et al., “Measuring
mRNA translation in neuronal processes and somata by
tRNA-FRET,” Nucleic Acids Research, vol. 48, no. 6, article
e32, 2020.

[91] B. H. Lee, S. W. Bae, J. J. Shim, S. Y. Park, and H. Y. Park,
“Imaging single-mRNA localization and translation in live
neurons,” Molecules and Cells, vol. 39, no. 12, pp. 841–846,
2016.

[92] C. Myrum, A. Baumann, H. J. Bustad et al., “Arc is a flexible
modular protein capable of reversible self-oligomerization,”
The Biochemical Journal, vol. 468, no. 1, pp. 145–158, 2015.

[93] M. Campillos, T. Doerks, P. K. Shah, and P. Bork, “Computa-
tional characterization of multiple Gag-like human proteins,”
Trends in Genetics: TIG, vol. 22, no. 11, pp. 585–589, 2006.

[94] E. Etchegaray, M. Naville, J. N. Volff, and Z. Haftek-Terreau,
“Transposable element-derived sequences in vertebrate
development,” Mobile DNA, vol. 12, no. 1, p. 1, 2021.

[95] A. B. Kleinpeter and E. O. Freed, “HIV-1 maturation: lessons
learned from inhibitors,” Viruses, vol. 12, no. 9, p. 940, 2020.

[96] L. Purvinsh, A. Gorshkov, A. Brodskaia, and A. Vasin,
“Extracellular vesicles in viral pathogenesis: a case of Dr.
Jekyll and Mr. Hyde,” Life, vol. 11, no. 1, p. 45, 2021.

[97] R. C. Paolicelli, G. Bergamini, and L. Rajendran, “Cell-to-cell
communication by extracellular vesicles: focus on microglia,”
Neuroscience, vol. 405, pp. 148–157, 2019.

[98] K. Dicker, A. I. Järvelin, M. Garcia-Moreno, and A. Castello,
“The importance of virion-incorporated cellular RNA-

11Neural Plasticity



binding proteins in viral particle assembly and infectivity,”
Seminars in Cell & Developmental Biology, vol. 111,
pp. 108–118, 2021.

[99] S. Das, R. H. Singer, and Y. J. Yoon, “The travels of mRNAs in
neurons: do they know where they are going?,” Current Opin-
ion in Neurobiology, vol. 57, pp. 110–116, 2019.

[100] M. P. Hantak, J. Einstein, R. B. Kearns, and J. D. Shepherd,
“Intercellular communication in the nervous system goes
viral,” Trends in Neurosciences, vol. 44, no. 4, pp. 248–259,
2021.

12 Neural Plasticity


	mRNA Trafficking in the Nervous System: A Key Mechanism of the Involvement of Activity-Regulated Cytoskeleton-Associated Protein (Arc) in Synaptic Plasticity
	1. Introduction
	2. mRNA Trafficking in Somatic Cells
	3. Arc: An Immediate Early Gene and a Master Regulator of Synaptic Plasticity
	3.1. Arc: The Gene and the Protein
	3.2. Arc Expression
	3.3. Arc in Synaptic Plasticity and Cognition

	4. Arc mRNA Trafficking within Neurons
	5. Intercellular mRNA Trafficking and Signaling
	6. Conclusions and Perspectives
	Disclosure
	Conflicts of Interest
	Authors’ Contributions

