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PII: S1084-9521(17)30372-5
DOI: http://dx.doi.org/10.1016/j.semcdb.2017.09.005
Reference: YSCDB 2371

To appear in: Seminars in Cell & Developmental Biology

Received date: 21-6-2017
Revised date: 6-9-2017
Accepted date: 6-9-2017

Please cite this article as: Wall Mark J, Corrêa Sonia A.L.The mechanistic link
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Highlights  

Arc/Arg3.1 plays a key role in controlling synaptic strength and AMPA receptor endocytosis 

Interactions between Arc and the CME machinery place Arc as a decisive regulator of 

AMPAR trafficking 

The Arc-CME pathway targets specific GluA subunits for endocytosis as identified by a 

number of experimental approaches including rectification of AMPAR currents. 

Disruption of the Arc-CME pathway in neurological diseases and as a potential therapeutic 

target to normalise AMPAR expression   

 

Abstract  

The activity-regulated cytoskeleton associated protein (Arc/Arg3.1) plays a key role in 

determining synaptic strength through facilitation of AMPA receptor (AMPAR) endocytosis. 

Although there is considerable data on the mechanism by which Arc induction controls 

synaptic plasticity and learning behaviours, several key mechanistic questions remain. Here 

we review data on the link between Arc expression and the clathrin-mediated endocytic 

pathway which internalises AMPARs and discuss the significance of Arc binding to the 

clathrin adaptor protein 2 (AP-2) and to endophilin/dynamin. We consider which AMPAR 

subunits are selected for Arc-mediated internalisation, implications for synaptic function and 

consider Arc as a therapeutic target.   
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Introduction  

Fast glutamatergic synaptic transmission, through the activation of ionotropic AMPARs, is 
one of the major mechanisms of neuronal communication in the mammalian brain. AMPARs 
located within the postsynaptic membrane are tetrameric in structure and consist of a 
homomeric or heteromeric combination of 4 known subunits (GluA1-4). The mRNA coding 
for the GluA2 subunit undergoes post-transcriptional editing, with a single amino-acid 
changed from glutamine (Q) to arginine (R). This is called Q/R editing, with AMPAR 
containing GluA2(Q) permeable to calcium whilst GluA2(R) containing receptors 
impermeable. The great majority of the GluA2 subunits expressed in the central nervous 
system is in the GluA2(R) form and in mature pyramidal neurons of the hippocampus a 
significant proportion of AMPAR present at the synapses are composed of GluA1 and GluA2 
subunit heterodimers. Therefore it is probable that a large number of calcium impermeable 
AMPARs are present at the cell surface. The subunit composition of AMPAR not only 
determines Ca2+ permeability but also determines kinetics, rectification and receptor 
trafficking dynamics thus precisely tuning receptor properties to specific synaptic 
requirements (recently reviewed in [1,2]). 

The trafficking of AMPARs in and out of the synaptic membrane is a highly dynamic process 
which is regulated during development, during synaptic plasticity and can be impaired during 
disease processes [3,4]. Although there are several mechanisms underlying the trafficking of 
AMPARs, one of the most studied involves the immediate gene product Arc/Arg3.1 coupling 
synaptic activity to the endocytosis of AMPARs. Following neural activity (such as high 
frequency stimulation or seizure activity) or exposure to BDNF, Arc/Arg3.1 mRNA is rapidly 
trafficked to postsynaptic dendritic sites and then translated leading to AMPA receptor 
endocytosis [5-8]. Arc is involved in specific forms of synaptic plasticity which include 
homeostatic scaling and LTP (discussed in other reviews in this special issue) and Arc 
expression is induced by group 1 metabotropic glutamate receptor (mGluR) activation 
resulting in AMPA receptor endocytosis leading to long term depression (mGluR-LTD) [7]. 
The effects of inducing mGluR-dependent LTD can be mimicked by overexpression of Arc 
protein in neurons which reduces the surface expression of specific GluA subunits [7]. 
Deletion of Arc or inhibition of its synthesis prevents AMPA receptor endocytosis, increases 
surface AMPARs expression and blocks mGluR-LTD. The importance of Arc in synaptic 
plasticity has been illustrated by reducing Arc expression in rodents, resulting in 
disturbances in cognitive function including impaired memory consolidation [9-12].  

Although there has been extensive progress in understanding the molecular mechanisms 
underlying the actions of Arc and its role in synaptic plasticity, many questions still remain 
unanswered. In this review we will discuss three related questions:  

1) How is Arc linked to the endocytic machinery that internalises AMPARs?  
2) Does Arc selectively target specific subunits of AMPAR for endocytosis? 
3) Arc as a potential target to manipulate AMPAR trafficking defects in disease states?  
 

1. What links Arc expression to the internalisation of AMPARs during synaptic 
plasticity? 

Over the last decade there have been major advances in mapping the mechanism by which 
activity-dependent activation of Arc expression regulates AMPAR trafficking [10,13]. It is well 
established that the internalisation of AMPARs from synapses is mediated by the clathrin-
mediated endocytic pathway (CME) [14-18]. The first evidence that Arc-mediated 
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internalisation of AMPARs occurs through the CME pathway came from experiments 
showing that Arc interacts with endophillin and dynamin [19].  

Endophilin and dynamin are accessory proteins of the CME machinery that are required for 
membrane constriction and scission of the clathrin-coated vesicle containing the cargo that 
is to be internalised (in this case AMPARs). Neither endophilin nor dynamin appear to 
participate in the cargo selection process as they are only involved in late phases within the 
sequential events of CME. Dynamin is recruited at late stages of endocytosis and its 
enrichment coincides with neck fission and release of the vesicle [20, 21]. Supporting the 
idea that endophilin is only recruited at late stages of the endocytosis process is the 
observation that the assembly and maturation of clathrin-coated pit formation still occurs in 
cortical neurons obtained from mice where distinct endophilins have been deleted [22]. 
These findings demonstrate that assembly and early maturation events are independent of 
endophilin. Therefore an interaction between Arc with either endophillin or dynamin may 
enhance the processes of vesicle budding and the scission of the vesicle neck but it does 
not place the Arc-endophillin/dynamin interaction as decisive in the selection and targeting of 
AMPARs for internalisation.  

Recently, da Silva et al. (2016) [23] used specific anti-Arc antibodies to immunoprecipitate 
endogenous Arc protein from hippocampal homogenised lysate to identify novel Arc binding 
partners. Using this approach they identified different subunits of the adaptor protein 

complex-2 (AP-2) as endogenous binding partners of Arc, including the two  adaptin 

isoforms:  also known as A and 2, also known as C as well as the 2 and μ2 isoforms 
[23]. In contrast to the late role of dynamin and endophilin in mediating clathrin-mediated 
endocytosis, the AP-2 complex plays a critical role in initiating this process, as it coordinates 
cargo recruitment and selection together with clathrin recruitment to the plasma membrane 
(Figure 1,[ 24-27]).  

To demonstrate that the Arc/AP-2 interaction is required for the endocytosis of AMPARs, da 
Silva et al (2016) [23] expressed in hippocampal neurons an Arc mutant construct, which 
cannot bind to the AP-2 complex, and showed that this blocks the Arc-dependent reduction 
in the AMPAR-mediated miniature excitatory postsynaptic current (mEPSC) amplitude 
[23,28]. This Arc-mediated effect is specific to AMPAR subunits as the internalization of EGF 
receptors is unaffected by expression of either Arc-WT or Arc mutant that do not bind to AP-
2 [23]. Furthermore, da Silva et al. showed that expression of Arc-WT in hippocampal 
neurons reduces the proportion of synaptic AMPARs that lack the GluA2 subunit, an effect 
that is impaired in neurons expressing the Arc mutant that cannot bind the AP-2 complex 
[Figure 2; 23]. This finding was unexpected as the AP-2 complex has been shown to directly 
interact with high affinity to the GluA2 subunit but only weakly with GluA1 subunits [29]. 
However it is possible that other proteins interact with GluA1 subunits and then interact with 
the AP2-complex. An example of such a possible candidate protein is Huntingtin interacting 
protein 1 (HIP1) which is a component of clathrin-coated vesicles and co-localises with AP-2 
[30]. In neurons obtained from HIP1–/– mice there is a profound defect in clathrin-mediated 
internalization of GluA1-containing AMPARs [30]. The observation that Arc directly binds to 
AP-2 provides an additional step to elucidate the mechanistic link between activity-
dependent expression of Arc and the endocytosis of AMPAR subunits (Figure 1). 

 

Thus current evidence indicates that Arc interacts with both AP-2 and with 
dynamin/endophillin. The role of these Arc interactions in coordinating GluA1 internalisation 
and their sequence within the CME pathway requires discussion. In particular, are both of 
these interactions or either of them alone required for Arc-mediated endocytosis? Firstly it is 
important to note that AP-2 and dynamin bind Arc at the same aa sequence motif, whereas 
endophilin binding site is situated in an independent location, which further complicates 
interpretation of experimental data. Thus the Arc mutant construct that does not bind AP-2 
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will also be unable to bind dynamin. To address this da Silva et al., [23] designed short 
hairpin RNA sequences to knockdown endogenous AP-2 in hippocampal cultures. In AP-2 
depleted neurons, overexpression of Arc-WT failed to internalise AMPARs. To further 
demonstrate that Arc-AP-2 is required for AMPAR endocytosis, the authors expressed in the 
same lentivirus vector Arc-WT and short hairpin RNA to knockdown endogenous AP-2-
emGFP-tagged, and used another lentivirus vector to express AP-2-mCherry-tagged. These 
two constructs were then co-expressed in the hippocampal neurons to address whether re-
introduction of AP-2 in a depleted background would rescue the Arc-mediated endocytosis of 
AMPAR. Indeed, re-insertion of AP-2 was sufficient to rescue the Arc-WT mediated 
endocytosis of AMPAR, an effect that was blocked in cells expressing an Arc-mutant that 
cannot bind to AP-2. In these experiments endogenous dynamin and endophilin are present 
and were clearly insufficient to promote the internalization of AMPAR in the absence of AP-
2. A model integrating the temporal sequence of clathrin-mediated endocytosis events may 
explain these findings. It is reasonable to propose that upon an increase in neural activity, 
newly expressed Arc first binds AP-2 to initiate the endocytosis process by simultaneously 
recruiting clathrin to the plasma membrane and by selecting the cargo (AMPAR) to be 
internalised. Once this process is underway the affinity between Arc and AP-2 reduces 
leading to the dissociation between Arc and AP-2. This makes the Arc binding domain 
available to dynamin. Arc-dynamin binding would then initiate/enhance dynamin 
polymerization and scission of the vesicle neck containing the AMPARs (see Figure 1). This 
proposed model is supported by the observation that dynamin polymerization, its GTPase 
activity and dynamin assembled stability are all enhanced in presence of Arc using in vitro 
assays [31].   

The Arc interaction motif that binds to endophilin is not in close proximity to the interacting 
motifs for AP-2 and dynamin and thus it should be available to binding Arc at any stage of 
the CME process. Functional experiments have demonstrated that internalisation of GluA1 is 
significantly reduced in the absence of AP-2 even though endophilin is still present [23]. 
Conversely, when the interaction between Arc and endophilin is absent and the Arc-AP-2 
interaction is intact endocytosis of GluA1 is inhibited [19]. The simplest explanation for these 
observations is that both interactions are required to internalise GluA1 with the Arc-
endophilin interaction occurring downstream to the Arc-AP-2 interaction. Other possible 
explanations are that: a) Arc-mediates a clathrin-independent, but endophilin dependent 
form of endocytosis and b) the truncated form of Arc, where 10 amino acids are deleted at its 
N-terminal (to block endophilin binding [19]), compromise its abilities to bind to other 
partners and therefore non-specifically disrupts AMPAR endocytosis.  

Taken together these observations suggest that the Arc interaction with AP-2 is required for 
targeting GluA1 containing receptors to the CME pathway and that dynamin and potentially 
endophilin play a critical role in coordinating the efficiency by which synaptic GluA1 
containing AMPARs are internalised. However more investigation is required to clarify the 
precise mechanism by which Arc coordinates AMPAR endocytosis.  

2. Does Arc target specific AMPA receptor subunits to endocytosis?  

The findings that Arc controls excitatory synaptic transmission by decisively selecting AMPA 
receptors to be internalised raises an important question: which of the GluA subunits are 
targeted for internalisation by Arc-mediated endocytosis? Is there any specificity or can any 
of the four subunits (GluA1-4) be internalised? This is an important question as the targeting 
of specific receptor subunits for internalisation could alter the balance of the remaining 
synaptic receptors, changing synaptic dynamics, Ca2+ permeability and plasticity. Before 
considering this question, it is necessary to firstly define the subunit composition of synaptic 
AMPARs. In the adult hippocampus, there are two major forms of synaptic AMPARs: 
heteromers of GluA1 and GluA2 and heteromers of GluA2 and GluA3 with a small proportion 
of GluA1 homomeric receptors (less than 10 % [32]). The relative proportions of the 
heteromeric receptors is still open to debate with some studies suggesting they are of 
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roughly equal abundance while a recent single cell deletion study suggested 80% of 
receptors contain GluA1 and 2 subunits (reviewed in Henley and Wilkinson, 2016 [1]). At 
immature synapses the expression of GluA2 is low and increases rapidly during the first 
postnatal week [33, 34]. Because of the difficulty in studying Arc-mediated endocytosis of 
AMPAR in vivo and in acute slices, many studies have used primary hippocampal neuronal 
cultures instead, as the neurons are easy to transfect and manipulate. Here the composition 
of synaptic AMPARs is dependent on the age of the pups used to prepare the cultures 
(embryonic versus postnatal) and how long the cells have been cultured before they are 
used. For example, Pickard et al (2000) [35] showed that in primary hippocampal cultures 
(from 3-5 day old rat pups) only 67% of GluA1–4-positive puncta contain GluA2 
immunoreactivity after 3-5 days in cultures. This ratio increases with time in culture, so that 
after 14 days, co-localization was almost complete with ~ 96% of GluA1-4 puncta containing 
GluA2 [35]. However, the precise subunit composition of synaptic receptors in neuronal 
culture still remains unclear (i.e. the proportion of heteromeric/homomeric receptors). 
Another model system used to study the mechanism by which Arc regulates synaptic 
AMPARs is the organotypic hippocampal slice, which has a more complete neuronal 
architecture, compared to neuronal cultures, and can be transfected unlike acute slices. The 
subunit composition of synaptic AMPARs in organotypic slices is unclear, although receptors 
show little rectification (see section below) consistent with few GluA2 lacking receptors 
[36,37]. Potential differences in AMPAR subunit composition between adult brain (and acute 
slices), primary cultures and organotypic slice culture can potentially complicate the 
interpretation of data on which of the GluA subunits are selected for internalisation following 
induction of Arc expression (see below).  

A number of different experimental techniques have been used to determine the selectivity 
of Arc-endocytosis for specific GluA subunits. Surface and/or internalised AMPARs can be 
biotinylated and then blotted against antibodies specific for the various GluA subunits (Figure 
2 A,B). This allows measurement of the ratio of internalised to surface AMPA receptor 
subunits. Surface AMPARs can also be directly labelled using specific antibodies targeted to 
the extracellular N-terminus sequences. The major disadvantage of these labelling 
techniques is a lack of specificity for synaptic receptors as extra-synaptic receptors will also 
be labelled.  

A second approach is to use electrophysiological recordings to measure the degree of 
AMPAR rectification, AMPAR are isolated by blocking both NMDA and GABAA receptors. 
Here the amplitude of either AMPAR-mediated miniature excitatory post synaptic currents 
(EPSCs) or evoked EPSCs is measured at two different holding potentials (usually -60 and + 
40 mV, illustrated in Figure 2C-E). The amount of current passed through the AMPARs at 
the different holding currents depends on receptor subunit composition. If the AMPARs lack 
GluA2 subunits, then they can be blocked in a voltage-dependent manner by a class of 
molecules called polyamines (spermine is normally added to the patch pipette solution). When 
the neuron is at a depolarized membrane potential (+ 40 mV), the polyamines block the AMPAR 
channel more strongly, preventing the passage of ions through the channel. Thus GluA2-lacking 
AMPARs are said to be inwardly rectifying which means that they pass less outward current than 

inward current ([38-42]; Figure 2C,D). In contrast, receptors containing edited GluA2 subunits 
have a linear current-voltage relationship [43, 44]. The amount of rectification is quantified by 
the rectification index which is the ratio of the AMPAR-mediated current amplitude at the 
depolarised potential relative to the current amplitude at the hyperpolarised potential (Figure 
2E). The rectification index is a little counter-intuitive as an increase in the rectification index 
means there is less rectification. In the adult hippocampus, CA1-CA3 synapses have a high 
rectification index, as most receptors contain edited GluA2 [45]. In hippocampal cultures, the 
rectification index maybe lower as the GluA2 subunit may not be expressed at all synapses 
depending on the age of the culture [35].  

To determine whether Arc preferentially targets specific AMPAR subunits for endocytosis 
both AMPA receptor surface labelling and electrophysiological recordings have been used in 
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combination with either Arc overexpression or knockdown and the use of a chemical protocol 
to induce Arc protein expression. It is well-established that exposure of the group I 
metabotropic receptor agonist (DHPG) induces mGluR-LTD in cultured hippocampal 
neurons and in acute hippocampal slices [46,47]. This form of synaptic plasticity is Arc-
dependent [7].  

There is substantial evidence, that in primary neuronal cultures, Arc mediates the 
internalisation of GluA1 subunits. For example, Chowdhury et al (2006) [19], Shepherd et al 
(2006) [28] and Waung et al (2008) [7] all showed that changes in Arc expression could 
either reduce the surface expression of GluA1 subunits (with Arc overexpression) or 
increase GluA1 surface expression (with Arc knockdown). Waung et al (2008) [7] additionally 
showed that Arc overexpression occludes the mGluR-induced (DHPG) decrease in surface 
GluA1 expression. In an interesting study, Peebles et al (2010) [48] showed that Arc not only 
mediates GluA1 endocytosis but also regulates changes in spine morphology. Two further 
studies [49, 50] have modified Arc expression indirectly, by targeting the enzymes that 
ubiquitinate Arc, and have showed changes in surface GluA1 subunit expression consistent 
with the alterations in Arc metabolism and protein expression.    

Taken together this data provides strong evidence that GluA1 is internalised via Arc-
mediated endocytosis in neuronal cultures. As previously mentioned, at mature hippocampal 
synapses, most GluA1 is combined with GluA2 in heteromeric receptors with little GluA1 
present in the form of homomeric receptors [32]. Thus it would be expected that GluA2 
would also be internalised by Arc. However, contrary to expectations, there is little or no 
accompanied change in the expression of GluA2 subunits in neuronal cultures. For example, 
Shepherd et al (2006) [28] reported that surface levels of GluA2 remain unchanged even 
though GluA1 surface expression is significantly decreased by Arc overexpression. Eales et 
al (2014)[47] showed that application of DHPG to hippocampal cultures induces endocytosis 
of GluA1 subunits, increases the rectification index of mEPSC amplitudes but does not 
internalise GluA2 subunits. More recently da Silva et al (2016) [23] showed that Arc 
overexpression facilitates the internalisation of expressed GluA1 subunits but not GluA2 
subunits in H4 neuroglioma cell lines (Figure 2 A,B). Furthermore they showed in primary 
hippocampal neuronal cultures that overexpression of Arc increased the rectification index 
which is consistent with a preferential loss of GluA1 containing receptors [23; Figure 2F,G].   

If GluA1 is internalised by Arc-mediated endocytosis, why do GluA2 surface levels remain 
unchanged? The increase in rectification index [23,47] is consistent with a preferential loss of 
GluA1 homomeric receptors leaving a higher proportion of AMPA receptors containing 
GluA2 at synapses. Thus the simplest explanation for these observations is that neuronal 
cultures express a higher proportion of GluA1 homomeric receptors compared to the amount 
found in the adult hippocampus. A recent study by Takemoto et al (2017) [51] supports this 
proposal. They showed that optically inactivating GluA1 or by applying an agent (NASPM) 
which blocks AMPARs lacking the GluA2 subunit reduced the AMPAR-mediated synaptic 
currents to ~50% in hippocampal primary cultures, indicating that approximately half of the 
AMPAR-mediated synaptic current was mediated by GluA1 homomeric receptors. They 
suggest that high levels of spontaneous activity in primary cultures can drive GluA1 into 
synapses increasing the level of synaptic GluA1 homomeric receptors [51,52]. Because the 
single-channel conductance is about four times greater in GluA2-lacking AMPARs than in 
GluA2-containing ones [53], even the removal of a small fraction of GluA1 homomeric 
receptors at synapses via Arc-facilitated endocytosis could be responsible for a relatively 
large reduction in the synaptic AMPAR-mediated current.  

Rial Verde et al (2006) [54] investigated the actions of Arc in organotypic hippocampal slice 
cultures (prepared from 5-7 day old rats and cultured for 6-9 days). They reported that, in 
contrast to neuronal culture studies, AMPAR composed by GluA2/3 subunits are 
preferentially targeted for internalisation by Arc. They first showed that when Arc was over-
expressed (using Sindbis virus) AMPAR-mediated evoked EPSCs and miniature EPSCs 
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were reduced in amplitude. They then used two approaches, firstly they expressed the 
GluA2 c-terminus tail peptide which prevents the synaptic delivery of GluA2/3 receptors and 
also reduces basal synaptic transmission.  When Arc was co-expressed with the GluA2-c tail 
peptide there was no further depression in surface receptor expression consistent with Arc 
preferentially internalising GluA2 subunits [54]. They also co-expressed Arc with pepAP-2, a 
peptide which prevents the interaction between GluA2 and the AP-2 complex. This abolished 
the Arc mediated reduction in AMPAR-mediated currents [54]. Finally they performed 
biotinylation experiments in hippocampal cultured slices overexpressing Arc to show no 
change in surface GluA1 expression but a reduction in GluA2 surface expression levels [54].  

Why are there such striking differences in the results produced using organotypic slice 
cultures and dissociated neuronal cultures? This is currently unclear. It has been suggested 
that differences in the speed of receptor recycling between cultured neurons versus 
organotypic slice cultures may change the selectivity of Arc for GluA subunits [54]. It has 
been proposed that in organotypic hippocampal slices the recycling of GluA1/2 receptors is 
slow compared to GluA2/3 containing receptors. Thus GluA2/3 receptors are preferentially 
internalised. In contrast the recycling of GluA1/2 is much faster in primary neuronal cultures. 
If this is correct then Arc selectivity is determined by the availability of the receptor pool for 
recycling [54].  

However, the main unanswered question is which molecules mediate Arc selection of 
AMPAR subunits to endocytosis in vivo. 

Data from neuronal cultures and organotypic hippocampal slices suggest that either GluA1 
or GluA2 can be endocytosed by Arc. This suggests that there is nothing specific to the 
subunit sequence but instead targeting may instead just depend on subunit availability [54]. 
However this does not fit with the data from da Silva et al. (2016) [23] who showed that 
GluA2 subunits were not internalised with Arc co-expression although GluA1 subunits were. 
It could be argued that organotypic slices provide a more accurate representation of the in 
vivo brain than neuronal cultures, since neuronal architecture is more complete. However 
the lack of afferent connections to neurons within cultured slices, combined with the loss of 
efferent connectivity to areas outside the slice elicits a reorganization and expansion of 
intrinsic axons [55]. This over connectivity and lack of activity could lead to changes in 
synaptic AMPAR properties. To fully define the selectivity of Arc that actually occurs in the 
brain, there is a requirement for the imaging of synaptic receptors in awake behaving 
animals. Due to technical limitations this is currently not possible. However in recent years 
there have been substantial technical developments which increase the resolution in the 
visualisation of synaptic AMPAR subunit trafficking. Therefore, to show whether Arc targets 
specific AMPAR subunits for endocytosis, fluorescent tagged Arc could be overexpressed 
using neuron-specific lentiviral vectors in vivo and then combined with fluorescent chemical 
compounds to label endogenous surface AMPAR subunits in acute slices [56, 57]. This 
approach combined with high-performance/resolution live imaging techniques [58, 59] would 
allow addressing whether Arc selectively targets specific AMPAR subunits to be internalised. 
This approach could also be used in combination with measurement of rectification of 
AMPAR-mediated mEPSCs amplitudes in acutely isolated slices (with Arc overexpressing 
neurons identified by fluorescence). These approaches would determine whether or not Arc 
selectively targets specific AMPAR subunits for endocytosis. 

 

3. The Arc-dependent endocytic pathway as a potential therapeutic target  

Many neurological and neurodegenerative diseases including autism [60], Rett syndrome 
[61], schizophrenia [62] depression [63], epilepsy [64-66] and Alzheimer’s disease [67] are 
associated with deficits in synaptic transmission and in particular, abnormalities in the 
trafficking of synaptic AMPAR. Defects in Arc function may underlie some of the observed 
changes in synaptic AMPAR trafficking and expression. For example, Arc probably plays a 
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role in the synaptic changes that occur in epilepsy, as Arc is strongly induced by seizure 
activity [68] (and that is how it was originally discovered [69]). It is tempting to link the many 
reports of increased forgetfulness in epileptic patients [70, 71] with enhanced AMPA receptor 
endocytosis in the hippocampus that presumably follow seizure-induced Arc expression, 
although there is currently no direct evidence for such a link. Disturbances in Arc induction 
may also play a role in the development of a range of neuropsychiatric disorders through 
changes in the transcription factors that activate the Arc gene. For example, synaptic activity 
induces the activation of the Myocyte Enhancer Factor 2 (MEF2) family of transcription 
factors resulting in the activation of a number of genes including Arc and the selective 
elimination of glutamatergic synapses onto hippocampal and striatal neurons [72-76]. The 
RNA binding protein, Fragile X Mental Retardation Protein (FMRP) is required for MEF2-
triggered synapse elimination [74, 76] along with the activation of metabotropic glutamate 
receptor 5 (mGluR5) on the dendrites of hippocampal CA1 neurons. Loss of function 
mutations in FMR1, MEF2c are linked with intellectual disability, autism and/or schizophrenia 
[77, 78]. Deficits in MEF2-induced synapse elimination that occur in Fragile X Syndrome 
models are likely to lead to the observed increase in dendritic spine density and deficits in 
experience-dependent spine elimination onto cortical neurons [79, 80]. Abnormal removal of 
Arc protein appears to occur in Angelman syndrome, a genetic disorder producing severe 
physical and intellectual disability. In a mouse model of Angelman syndrome there is 
enhanced AMPAR endocytosis leading to a decrease in hippocampal synaptic AMPARs 
[49]. The excessive internalization of AMPARs is likely to result from the failure to 
ubiquitinate and degrade Arc, due to the deficiency of Ube3A (an ubiquitin-protein ligase). 
Other Ube3A substrates, in addition to Arc, also probably contribute to the development of 
neurological disturbances. In Alzheimer’s disease (AD) patients it has been reported that Arc 
expression levels are significantly increased in the prefrontal cortex [67]. In a mouse model 
of AD (APP/PS1) there is a disruption in patterned Arc expression with expression reduced 
in some neurons but greatly overexpressed in other neurons [81]. These effects would be 
predicted to lead to abnormal levels of endocytosis of AMPAR subunits and these have 
indeed been reported [67, 82-84]. However, the precise GluA subunits that are internalised 
in these AD models remain contentious. 

A possible therapeutic intervention for diseases where AMPAR expression is abnormal is the 
manipulation of the Arc-CME pathway, in an attempt to normalise AMPAR subunit 
expression. The key position of Arc in the control of both synaptic strength and the 
composition of synaptic receptors together with its restricted expression (in neurons) makes 
it a strong candidate for such manipulation. In contrast, the ubiquitous nature of the CME 
pathway makes it a less favourable target; with for example mutations in endophilin and 
dynamin leading to disruptions in synaptic transmission [85, 86] and AP-2 null mutations in 
mice are lethal [87]. It is possible that additional proteins that have yet to be identified link 
Arc to the CME pathway and the internalisation of AMPAR subunits and these proteins may 
be useful therapeutic targets. It is also important to identify which AMPAR subunits are 
internalised by Arc, as this will determine the changes in synaptic receptor compositions 
produced by Arc manipulation. Thus it is important to fully define the Arc-CME pathway and 
to determine which AMPAR subunits are internalised through Arc induction.  This research 
highlights the importance of basic science to fully understanding signalling pathways in 
healthy conditions which then identifies targets for therapeutic intervention in pathological 
states.   

 

Acknowledgements 

The work in S.A.L.C. laboratory is supported by the BBSRC (BB/H018344/1 and 
BB/J02127X/1) and Wellcome Trust 200646/Z/16/Z. The work in M.J.W. Laboratory is 
supported by ERUK. We apologize to any of colleagues whose work we could not cite due to 
limitations in space. 



9 
 

References: 

[1] Henley JM, Wilkson KA, Synaptic AMPA receptor composition in development, plasticity 
and disease. Nature Reviews Neuroscience 2016; 17:337–350. 

[2] Greger IH, Watson JF, Cull-Candy SG. Structural and Functional Architecture of AMPA-
Type Glutamate Receptors and Their Auxiliary Proteins. Neuron. 2017; 94:713-30. 

[3] Lacor PN. Advances on the understanding of the origins of synaptic pathology in AD. 
Current genomics. 2007;8:486-508. 

[4] Guntupalli S, Widagdo J, Anggono V. Amyloid-β-induced dysregulation of AMPA receptor 
trafficking. Neural plasticity. 2016; 17. 

[5] Yin Y, Gerald M. Edelman GM, Vanderklish PW. The brain-derived neurotrophic factor 
enhances synthesis of Arc in synaptoneurosomes. Proc Natl Acad Sci USA. 2002; 99: 2368–
2373. 

[6] Kuipers SD, Trentani A, Tiron A,  Mao X, Kuhl D, Bramham CR. BDNF-induced LTP is 
associated with rapid Arc/Arg3.1-dependent enhancement in adult hippocampal 
neurogenesis. Sci Reports. 2016 doi:10.1038/srep21222. 

[7] Waung MW, Pfeiffer BE, Nosyreva ED, Ronesi JA, Huber KM. Rapid translation of 
Arc/Arg3. 1 selectively mediates mGluR-dependent LTD through persistent increases in 
AMPAR endocytosis rate. Neuron 2008;59:84-97. 

[8] Steward O, Farris S, Pirbhoy PS, Darnell J, Van Driesche SJ. Localization and local 
translation of Arc/Arg3. 1 mRNA at synapses: some observations and paradoxes. Frontiers 
in Mol Neurosci. 2014;7. 

[9] Plath N, Ohana O, Dammermann B, Errington ML, Schmitz D, Gross C, Mao X, 
Engelsberg A, Mahlke C, Welzl H, Kobalz U. Arc/Arg3. 1 is essential for the consolidation of 
synaptic plasticity and memories. Neuron. 2006;52:437-44. 

[10] Bramham CR, Alme MN, Bittins M, Kuipers SD, Nair RR, Pai B, Panja D, Schubert M, 
Soule J, Tiron A, Wibrand K. The Arc of synaptic memory. Experimental brain research. 
2010;200(2):125-40. 

[11] Guzowski JF, Lyford GL, Stevenson GD, Houston FP, McGaugh JL, Worley PF, Barnes 
CA. Inhibition of activity-dependent arc protein expression in the rat hippocampus impairs 
the maintenance of long-term potentiation and the consolidation of long-term memory. J 
Neurosci. 2000; 20:3993-4001. 

[12] McIntyre CK, Miyashita T, Setlow B, Marjon KD, Steward O, Guzowski JF, McGaugh JL. 
Memory-influencing intra-basolateral amygdala drug infusions modulate expression of Arc 
protein in the hippocampus. Proc Natl Acad Sci USA. 2005; 102:10718-23. 

[13] Korb E, Wilkinson CL, Delgado RN, Lovero KL, Finkbeiner S. Arc in the nucleus 
regulates PML-dependent GluA1 transcription and homeostatic plasticity. Nature 
Neuroscience. 2013;16:874-83. 

[14] Carroll RC, Beattie EC, Xia H, Lüscher C, Altschuler Y, Nicoll RA, Malenka RC, von 
Zastrow M. Dynamin-dependent endocytosis of ionotropic glutamate receptors. Proc Natl 
Acad Sci USA. 1999; 96:14112-7. 

[15] Ehlers MD. Reinsertion or degradation of AMPA receptors determined by activity-
dependent endocytic sorting. Neuron. 2000;28:511-25. 

[16] Blanpied TA, Scott DB, Ehlers MD. Dynamics and regulation of clathrin coats at 
specialized endocytic zones of dendrites and spines. Neuron. 2002;36:435-49. 



10 
 

[17] Man HY, Lin JW, Ju WH, Ahmadian G, Liu L, Becker LE, Sheng M, Wang YT. 
Regulation of AMPA receptor–mediated synaptic transmission by clathrin-dependent 
receptor internalization. Neuron. 2000; 25:649-62. 

[18] Carroll RC, Beattie EC, von Zastrow M, Malenka RC. Role of AMPA receptor 
endocytosis in synaptic plasticity. Nature Reviews Neuroscience. 2001;2:315-24. 

[19] Chowdhury S, Shepherd JD, Okuno H, Lyford G, Petralia RS, Plath N, Kuhl D, Huganir 
RL, Worley PF. Arc/Arg3. 1 interacts with the endocytic machinery to regulate AMPA 
receptor trafficking. Neuron. 2006; 52:445-59. 

[20] Ferguson SM, De Camilli P. Dynamin, a membrane-remodelling GTPase. Nature 
Reviews Molecular Cell Biology. 2012;13:75-88. 

[21] Grassart A, Cheng AT, Hong SH, Zhang F, Zenzer N, Feng Y, Briner DM, Davis GD, 
Malkov D, Drubin DG. Actin and dynamin2 dynamics and interplay during clathrin-mediated 
endocytosis. The Journal Cell Biology. 2014:jcb-201403041. 

[22] Milosevic I, Giovedi S, Lou X, Raimondi A, Collesi C, Shen H, Paradise S, O'Toole E, 
Ferguson S, Cremona O, De Camilli P. Recruitment of endophilin to clathrin-coated pit necks 
is required for efficient vesicle uncoating after fission. Neuron. 2011;72:587-601. 

[23] DaSilva LL, Wall MJ, de Almeida LP, Wauters SC, Januário YC, Müller J, Corrêa SA. 
Activity-Regulated Cytoskeleton-Associated Protein Controls AMPAR Endocytosis through a 
Direct Interaction with Clathrin-Adaptor Protein 2. eneuro 2016;3:ENEURO-0144. 

[24] Traub LM. Sorting it out AP-2 and alternate clathrin adaptors in endocytic cargo 
selection. The Journal of Cell Biology. 2003;163:203-8. 

[25] Robinson MS. Adaptable adaptors for coated vesicles. Trends in Cell Biology. 2004; 
14:167-74. 

[26] T. Kirchhausen, D. Owen, S.C. HarrisonMolecular structure, function, and dynamics of 
clathrin-mediated membrane traffic. Cold Spring Harb Perspect Biol. 2014:a016725. doi: 
10.1101/cshperspect.a01672. 

[27] Kelly BT, Graham SC, Liska N, Dannhauser PN, Höning S, Ungewickell EJ, Owen DJ. 
AP2 controls clathrin polymerization with a membrane-activated switch. Science. 
2014;345:459-63. 

[28] Shepherd JD, Rumbaugh G, Wu J, Chowdhury S, Plath N, Kuhl D, Huganir RL, Worley 
PF. Arc/Arg3. 1 mediates homeostatic synaptic scaling of AMPA receptors. Neuron. 
2006;52:475-84. 

[29] Kastning K, Kukhtina V, Kittler JT, Chen G, Pechstein A, Enders S, Lee SH, Sheng M, 
Yan Z, Haucke V. Molecular determinants for the interaction between AMPA receptors and 
the clathrin adaptor complex AP-2. Proc Natl Acad Sci USA. 2007;104:2991-6. 

[30] Metzler M, Li B, Gan L, Georgiou J, Gutekunst CA, Wang Y, Torre E, Devon RS, Oh R, 
Legendre‐Guillemin V, Rich M. Disruption of the endocytic protein HIP1 results in 
neurological deficits and decreased AMPA receptor trafficking. The EMBO journal. 
2003;22:3254-66. 

[31] Byers CE, Barylko B, Ross JA, Southworth DR, James NG, Taylor CA, Wang L, Collins 
KA, Estrada A, Waung M, Tassin TC. Enhancement of dynamin polymerization and GTPase 
activity by Arc/Arg3. 1. Biochimica et Biophysica Acta (BBA)-General Subjects. 
2015;1850:1310-8. 

[32] Wenthold RJ, Petralia RS, Niedzielski AS. Evidence for multiple AMPA receptor 
complexes in hippocampal CA1/CA2 neurons. J of Neurosci. 1999;16:1982-9. 



11 
 

[33] Monyer H, Seeburg PH, Wisden W. Glutamate-operated channels: developmentally 
early and mature forms arise by alternative splicing. Neuron. 1991;6:799-810. 

[34] Wisden W, Seeburg PH. Mammalian ionotropic glutamate receptors. Current Opinion in 
Neurobiology. 1993;3:291-8. 

[35] Pickard L, Noel J, Henley JM, Collingridge GL, Molnar E. Developmental changes in 
synaptic AMPA and NMDA receptor distribution and AMPA receptor subunit composition in 
living hippocampal neurons. J of Neurosci. 2000;20:7922-31. 

[36] Soares C, Lee KF, Nassrallah W, Béïque JC. Differential subcellular targeting of 
glutamate receptor subtypes during homeostatic synaptic plasticity. J of Neurosci. 
2013;33:13547-59. 

[37] Watson JF, Ho H, Greger IH. Synaptic transmission and plasticity require AMPA 
receptor anchoring via its N-terminal domain. eLife. 2017;6:e23024. 

[38] Bowie D, Mayer ML. Inward rectification of both AMPA and kainate subtype glutamate 
receptors generated by polyamine-mediated ion channel block. Neuron. 1995;15:453-62. 

[39] Geiger JR, Melcher T, Koh DS, Sakmann B, Seeburg PH, Jonas P, Monyer H. Relative 
abundance of subunit mRNAs determines gating and Ca 2+ permeability of AMPA receptors 
in principal neurons and interneurons in rat CNS. Neuron. 1995;15:193-204. 

[40] Hestrin S. Different glutamate receptor channels mediate fast excitatory synaptic 
currents in inhibitory and excitatory cortical neurons. Neuron. 1993;11:1083-91. 

[41] Kamboj SK, Swanson GT, Cull-Candy SG. Intracellular spermine confers rectification on 
rat calcium‐permeable AMPA and kainate receptors. The Journal of Physiology. 1995; 
486:297-303. 

[42] Koh DS, Burnashev N, Jonas P. Block of native Ca (2+)-permeable AMPA receptors in 
rat brain by intracellular polyamines generates double rectification. The Journal of 
Physiology 1995; 486:305. 

[43] Boulter J, Hollman M, O'Shea-Greenfield A, Hartley M, Deneris E, Maron C, Heinemann 
S. Molecular cloning and functional expression of glutamate receptor subunit genes. 
Science. 1990;249:1033-8. 

[44] Isaac JT, Ashby MC, McBain CJ. The role of the GluR2 subunit in AMPA receptor 
function and synaptic plasticity. Neuron. 2007;54:859-71. 

[45] Noh KM, Yokota H, Mashiko T, Castillo PE, Zukin RS, Bennett MV. Blockade of 
calcium-permeable AMPA receptors protects hippocampal neurons against global ischemia-
induced death. Proc Natl Acad Sci USA. 2005;102:12230-5. 

[46] Sanderson TM, Hogg EL, Collingridge GL, Corrêa SA. Hippocampal mGluR-ltd in health 
and disease: focus on the p38 MAPK and ERK1/2 pathways. Journal of Neurochemistry 
2016 DOI: 10.1111/jnc.13592. 

[47] Eales KL, Palygin O, O’Loughlin T, Rasooli-Nejad S, Gaestel M, Müller J, Collins DR, 
Pankratov Y, Corrêa SA. The MK2/3 cascade regulates AMPAR trafficking and cognitive 
flexibility. Nature Commun. 2014 ;5. 

[48] Peebles CL, Yoo J, Thwin MT, Palop JJ, Noebels JL, Finkbeiner S. Arc regulates spine 
morphology and maintains network stability in vivo. Proc Natl Acad Sci USA. 
2010;107(42):18173-8. 

[49] Greer PL, Hanayama R, Bloodgood BL, Mardinly AR, Lipton DM, Flavell SW, Kim TK, 
Griffith TC, Waldon Z, Maehr R, Pleogh HL, Chowdhury S, Worley PF, Steen J, Greenberg 



12 
 

ME. The Angelman Syndrome protein Ube3A regulates synapse development by 
ubiquitinating arc. Cell 2010; 140: 704–716.   

 [50] Mabb AM, Je HS, Wall MJ, Robinson CG, Larsen RS, Qiang Y, Corrêa SA, Ehlers MD. 
Triad3A regulates synaptic strength by ubiquitination of Arc. Neuron. 2014;82:1299-316. 

[51] Takemoto K, Iwanari H, Tada H, Suyama K, Sano A, Nagai T, Hamakubo T, Takahashi 
T. Optical inactivation of synaptic AMPA receptors erases fear memory. Nature 
Biotechnology. 2017;35:38-47. 

[52] Passafaro M, Piëch V, Sheng M. Subunit-specific temporal and spatial patterns of 
AMPA receptor exocytosis in hippocampal neurons. Nature Neuroscience. 2001;4:917-26. 

[53] Coombs ID, Soto D, Zonouzi M, Renzi M, Shelley C, Farrant M, Cull-Candy SG. 
Cornichons modify channel properties of recombinant and glial AMPA receptors. J of 
Neurosci. 2012;32:9796-804. 

[54] Verde EM, Lee-Osbourne J, Worley PF, Malinow R, Cline HT. Increased expression of 
the immediate-early gene arc/arg3. 1 reduces AMPA receptor-mediated synaptic 
transmission. Neuron. 2006;52:461-74. 

[55] Humpel C. Organotypic brain slice cultures: A review. Neuroscience. 2015; 305:86-89.  

[56] Wakayama S, Kiyonaka S, Arai I, Kakegawa W, Matsuda S, Ibata K, Nemoto YL, 
Kusumi A, Yuzaki M, Hamachi I. Chemical labelling for visualizing native AMPA receptors in 
live neurons. Nature Commun. 2017;8. 

[57] Roth RH, Zhang Y, Huganir RL (2017) Dynamic imaging of AMPA receptor trafficking in 
vitro and in vivo Current Opinion in Neurobiology. 2017; 45: 51-58. 

[58] Dani A, Huang B, Began J, Dulac C, Zhuang Super-resolution Imaging of Chemical 
Synapses in the Brain. Neuron. 2010; 68:843-856.   

[59] Laine RF, Schierle GS, van de Linde S, Kaminski CF. From single-molecule 
spectroscopy to super-resolution imaging of the neuron: a review. Methods and Applications 
in Fluorescence. 2016; 4:022004.  

[60] Chanda S, Aoto J, Lee SJ, Wernig M, Südhof TC. Pathogenic mechanism of an autism-
associated neuroligin mutation involves altered AMPA-receptor trafficking. Molecular 
Psychiatry 2016; 21:169-77. 

[61] Li W, Xu X, Pozzo-Miller L. Excitatory synapses are stronger in the hippocampus of Rett 
syndrome mice due to altered synaptic trafficking of AMPA-type glutamate receptors. Proc 
Natl Acad Sci USA. 2016;113:E1575-84. 

[62] Orozco I J, Koppensteiner P, Ninan I, Arancio O. The schizophrenia susceptibility gene 
DTNBP1 modulates AMPAR synaptic transmission and plasticity in the hippocampus of 
juvenile DBA/2J mice. Mol Cell Neurosci. 2014; 58:76-84.  

[63] Li Y, Pehrson AL, Waller JA, Dale E, Sanchez C, Gulinello M. A critical evaluation of the 
activity-regulated cytoskeleton-associated protein (Arc/Arg3.1)'s putative role in regulating 
dendritic plasticity, cognitive processes, and mood in animal models of depression. Frontiers 
Neuroscience. 2015;9:279. doi: 10.3389/fnins. 

[64] Lippman-Bell JJ, Zhou C, Sun H, Feske JS, Jensen FE. Early-life seizures alter synaptic 
calcium-permeable AMPA receptor function and plasticity. Mol Cell Neurosci. 2016:76:11-20.  

[65] Rajasekaran K, Joshi S, Kozhemyakin M, Todorovic MS, Kowalski S, Balint C, Kapur J. 
Receptor trafficking hypothesis revisited: plasticity of AMPA receptors during established 
status epilepticus. Epilepsia. 2013; 54:14-6. 



13 
 

[66] Barad Z, Shevtsova O, Arbuthnott GW, Leitch B. Selective loss of AMPA receptors at 
corticothalamic synapses in the epileptic stargazer mouse. Neuroscience. 2012; 217:19-31.  

[67] Reinders NR, Pao Y, Renner MC, da Silva-Matos CM, Lodder TR, Malinow R, Kessels 
HW. Amyloid-β effects on synapses and memory require AMPA receptor subunit GluA3. 
Proc Natl Acad Sci USA. 2016;113:E6526-34. 

[68] Szyndler J, Maciejak P, Wisłowska-Stanek A, Lehner M, Płaźnik A. Changes in the Egr1 
and Arc expression in brain structures of pentylenetetrazole-kindled rats. Pharmacol Rep. 
2013; 65:368-78. 

[69] Lyford GL, Yamagata K, Kaufmann WE, Barnes CA, Sanders LK, Copeland NG, Gilbert 
DJ, Jenkins NA, Lanahan AA, Worley PF. Arc, a growth factor and activity-regulated gene, 
encodes a novel cytoskeleton-associated protein that is enriched in neuronal dendrites. 
Neuron 1995; 14: 433-45. 

[70] Miller LA, Mothakunnel A, Flanagan E, Nikpour A, Thayer Z. Accelerated Long Term 
Forgetting in patients with focal seizures: Incidence rate and contributing factors. Epilepsy 
Behav. 2017; 72:108-113.  

[71] Gascoigne MB, Smith ML, Barton B, Webster R, Gill D, Lah S. Accelerated long-term 
forgetting in children with temporal lobe epilepsy. Neuropsychologia. 2014; 59: 93-102. 

[72] Flavell SW, Cowan CW, Kim TK, Greer Pl, Lin Y, Paradis S, Griffith EC, Hu LS, Chen C, 
Greenberg ME. Activity-dependent regulation of MEF2 transcription factors suppresses 
excitatory synapse number. Science 2006; 311:1008–12. 

[73] Barbosa AC, Kim MS, Ertunc M, Adachi M, Nelson ED, McAnally J, Richardson JA, 
Kavalali ET, Monteggia LM, Bassel-Duby R, Olson EN. MEF2C, a transcription factor that 
facilitates learning and memory by negative regulation of synapse numbers and function. 
Proc Natl Acad Sci U S A. 2008;105: 9391-9396 

[74] Pfeiffer BE, Zang T, Wilkerson JR, Taniguchi M, Maksimova MA, Smith LN, Cowan CW, 
Huber KM. Fragile X mental retardation protein is required for synapse elimination by the 
activity-dependent transcription factor MEF2. Neuron 2010; 66:191-1977. 

[75] Tian X, Kai L, Hockberger PE, Wokosin DL, Surmeier DJ. MEF-2 regulates activity-
dependent spine loss in striatopallidal medium spiny neurons. Mol Cell Neurosci. 2010; 44: 
94-108.  

[76] Tsai NP, Wilkerson JR, Guo W, Maksimova MA, DeMartino GN, Cowan CW, Huber KM. 
Multiple autism-linked genes mediate synapse elimination via proteasomal degradation of a 
synaptic scaffold PSD-95. Cell.2012; 21:1581-94. 

[77] Novara F, Beri S, Giorda R, Ortibus E, Nageshappa S, Darra F, Dalla Bernardina B,  
Zuffardi O, Van Esch H. Refining the phenotype associated with MEF2C haploinsufficiency. 
Clin Genet. 2010; 78: 471-477.  

[78] Fernández E, Rajan N, Bagni C. The FMRP regulon: from targets to disease 
convergence Front Neurosci.2013 7:191. 

[79] Irwin SA, Galvez R, Greenough WT. Dendritic spine structural anomalies in fragile-X 
mental retardation syndrome. Cereb Cortex. 2000;10:1038-44. 

[80] Pan F, Aldridge GM, Greenough WT, Gan WB. Dendritic spine instability and 
insensitivity to modulation by sensory experience in a mouse model of fragile X syndrome. 
Proc Natl Acad Sci U S A. 2010;107:17768-73. 



14 
 

[81] Rudinskiy N, Hawkes JM, Betensky RA, Eguchi M, Yamaguchi S, Spires-Jones TL, 
Hyman BT. Orchestrated experience-driven Arc responses are disrupted in a mouse model 
of Alzheimer's disease. Nature Neuroscience. 2012; 15:1422-9.  

[82] Almeida CG, Tampellini D, Takahashi RH, Greengard P, Lin MT, Snyder EM, Gouras 
GK. Beta-amyloid accumulation in APP mutant neurons reduces PSD-95 and GluR1 in 
synapses. Neurobiology of Disease. 2005;20:187-98. 

[83] Whitcomb DJ, Hogg EL, Regan P, Piers T, Narayan P, Whitehead G, Winters BL, Kim 
DH, Kim E, St George-Hyslop P, Klenerman D. Intracellular oligomeric amyloid-beta rapidly 
regulates GluA1 subunit of AMPA receptor in the hippocampus. Sci Reports. 2015;5. 

[84] Guntupalli S, Jang SE, Zhu T, Huganir RL, Widagdo J, Anggono V. GluA1 subunit 
ubiquitination mediates amyloid-β-induced loss of surface α-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid (AMPA) receptors. The Journal Biological Chemistry. 2017; 
292:8186-8194.  

[85] Schuske KR, Richmond JE, Matthies DS, Davis WS, Runz S, Rube DA, van der Bliek 
AM, Jorgensen EM. Endophilin is required for synaptic vesicle endocytosis by localizing 
synaptojanin. Neuron. 2003; 40:749-62. 

[86] Hayashi M, Raimondi A, O'Toole E, Paradise S, Collesi C, Cremona O, Ferguson SM, 
De Camilli P. Cell- and stimulus-dependent heterogeneity of synaptic vesicle endocytic 
recycling mechanisms revealed by studies of dynamin 1-null neurons. Proc Natl Acad Sci 
USA. 2008;105:2175-80. 

[87] Mitsunari T, Nakatsu F, Shioda N, Love PE, Grinberg A, Bonifacino JS, Ohno H. 
Clathrin adaptor AP-2 is essential for early embryonal development. Mol Cell Biol. 2005;25 
9318-23. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



15 
 

Figure Legends  

 

Fig 1. Arc binds to AP-2 and endophilin/dynamin to facilitate AMPAR endocytosis.  

A proposed model of the mechanism by which Arc interacts with the clathrin mediated 

endocytosis (CME) pathway to facilitate AMPAR endocytosis. An increase in neuronal 

activity (or exposure to BDNF) promotes rapid Arc mRNA translation and protein expression 

at the dendritic spines. (1) Newly expressed Arc binds to the AP-2 complex, which binds 

directly or indirectly to AMPAR subunits at the plasma membrane. The identity of these GluA 

subunits is still open to debate and is discussed in details in the review. To initiate the 

formation of the clathrin-coated assembly AP-2 also binds and recruits clathrin to the 

membrane. Once formation of the pit is initiated, the binding affinity between Arc and AP-2 is 

reduced and Arc dissociates from AP-2. (3) Arc is then available to bind and recruit dynamin 

and endophilin to promote scission of the endocytic vesicle containing the AMPAR to then 

be targeted for either recycling or degradation (4). Please note that AP-2 and dynamin bind 

to Arc at the same motif [19, 23], therefore it is likely that Arc first binds to AP-2 and then 

binds to dynamin. Endophilin binds Arc at a different motif which allows it to bind to Arc at 

any time during the CME temporal sequence of events. Although this model fits the available 

data, additional experiments are required to either confirm or refute it.  
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Fig 2. Arc-facilitates endocytosis of GluA1 subunits and increases the rectification 

index. 

(A,B) Representative blots showing that Arc(WT), but not the Arc(W197A) mutant (that is unable 

bind to AP-2), facilitates GluA1, but not GluA2 endocytosis in H4 neuroglioma cells 

expressing myc-GluA1 (A) or myc-GluA2 (B) in combination with either: empty pCIneo 

vector, pCIneo Arc(WT) or pCIneo Arc(W197A). Western blot band densitometry analysis 

showing that: (a) Arc(WT), but not Arc(W197A),  promotes a significant reduction in surface 

expression of GluA1 subunits. However expression of either Arc(WT) or Arc(W197A) does not 

promote any changes in surface expression of GluA2 subunits(from daSilva et al., 2016; 

[23]). (C-E) Schematic panels constructed to illustrate the difference in rectification 

properties between AMPAR containing GluA2 subunits (blue) and those lacking GluA2 

subunits (red). (C) Current-voltage relationship for AMPAR-mediated currents, relative to the 

AMPAR-mediated current recorded at -60 mV and at a range of holding potentials from -60 

mV to +40 mV. Receptors which contain GluA2 have a linear current-voltage relationship 

whereas receptors lacking GluA2 show rectification when the cell is hold at positive 

potentials. (D) AMPAR-mediated mEPSC waveforms recorded at -60 mV and at + 40 mV for 

AMPAR containing GluA2 subunits (blue) and in those lacking GluA2 subunits (red). The 

mEPSCs produced by AMPAR lacking GluA2 subunits show rectification (smaller amplitude 

of mEPSCs at positive holding potentials). (E) Graph plotting the rectification index 

(amplitude at +40 mV/ amplitude at -60 mV) for the mEPSCs in (D). The rectification index 

for mEPSCs produced by AMPAR lacking GluA2 is smaller (shows more rectification) than 

for mEPSCs produced by AMPAR containing GluA2. (F) Representative average mEPSC 

waveforms recorded at a holding potential of -60 and + 40 mV for cells expressing GFP, 

Arc(WT) and Arc(W197A) in the presence of spermine (100 µM) in the intracellular solution. (G) 

Bar chart plotting the mean rectification index (peak amplitude at + 40 mV divided by peak 

amplitude at -60 mV) for neurons expressing GFP, Arc(WT) and Arc(W197A);. Note that Arc(WT) 

reduces the amount of rectification (as seen as an increase in the rectification index) 

whereas Arc(W197A) has significantly less effect on rectification, suggesting that Arc 

preferentially targets GluA1 for endocytosis (from da Silva et al., 2016; [23]). 

 


