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Abstract

AMPA receptors (AMPARS) are heterotetromeric complexes composed of GluA1-4 subunits.
They are glutamate-gated channels traditionally considered solely as ion carriers for postsynaptic
depolarization. However, the existence and dynamic regulation of GluA2-lacking, calcium-
permeable AMPARSs (Cp-AMPARS) enable these special receptors to serve also as signaling
molecules presumably via calcium influx. Recent studies have implicated Cp-AMPARsS in several
types of synaptic plasticity, including homeostatic synaptic regulation and Hebbian synaptic
plasticity. Cp-AMPARSs are usually expressed transiently at an early stage of synaptic plasticity,
but are then replaced by normal GluA2-containing receptors, indicating a role for Cp-AMPARSs in
induction, rather than the maintenance, of synaptic plasticity.

Introduction

Upon glutamate release at an excitatory synapse, two primary ionotropic glutamate
receptors, AMPA receptors (AMPARs) and NMDA receptors (NMDARs), will be activated
to open their channel pores, allowing a rapid flux of ions into the postsynaptic spine. Since
AMPARSs permit only sodium influx, in contrast to NMDARs which permit both sodium
and calcium, AMPARSs have been attributed solely as a carrier of synaptic current, while
NMDARs, via calcium, are responsible for intracellular signaling and synaptic regulation.

The lack of AMPAR calcium permeability comes from special genetic engineering by
nature. In all AMPAR GluA1-4 subunit genes, there exists a conserved glutamine site at the
second intramembrane domain that constitutes the inner face of the channel. At the mRNA
level, this glutamine codon is edited to arginine, which confers channel resistance to
calcium. This crucial mRNA editing selectively targets GIuUA2 subunits. Although GIUA2 is
assembled into AMPAR complexes by default at basal conditions in mature neurons,
GluA2-lacking, and thus calcium permeable AMPARs (Cp-AMPARS), have been detected
at many brain regions and synapses [1,2]. While Cp-AMPARSs are more prominent in early
developmental neurons [3], they have been found to exist in mature neurons as well [4]. It
has become clear that the biogenesis and surface expression of Cp-AMPARs is dynamically
regulated. More importantly, an increasing number of studies observe the dynamic
occurrence of Cp-AMPARSs and their involvement during the induction of varied forms of
synaptic plasticity including long-term potentiation (LTP) and depression (LTD), as well as
homeostatic synaptic plasticity [5], strongly indicating that this “abnormal’ minority of
AMPARSs can in fact play important normal and novel roles in synaptic regulation.
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Cp-AMPARSs in homeostatic plasticity

Neurons have been shown to be able to restore their activity to a set-point level when
challenged by external or internal perturbations. This type of regulation, or homeostatic
plasticity, is important in the maintenance of neuronal or network stability during
development and over time in maturation. One of the major cellular measures underlying
neuronal homeostatic response is to regulate synaptic strength, largely by an alteration in
AMPAR synaptic accumulation [6-10] (Figure 1). In central neurons the most studied
model of functional homeostasis is activity deprivation by tetrodotoxin (TTX). When
cultured cortical neurons are incubated with TTX to chronically block sodium channels and
silence network activity, the synapse responds in a compensatory manner, resulting in an
increase in synaptic AMPAR accumulation and the strength of synaptic transmission [11-
13]. A key question in synaptic homeostatic plasticity, or synaptic scaling, is to identify the
initial cue(s) generated during activity alteration that triggers recruitment of AMPAR at
synapses. As a free extracellular ion whose cellular influx is intimately related to neuronal
activity, calcium has been considered to be one of the signaling factors [7,9]. However,
NMDAR-mediated calcium entry, which is critical for Hebbian synaptic plasticity, is not
required for homeostatic regulation [11,14], and calcium from voltage-gated calcium
channels has been positively linked to this regulation only in a few circumstances [15].

Treatment with TTX alone or together with the NMDAR antagonist APV can reliably
induce an increase in AMPAR synaptic accumulation, which is often concluded by a change
in GluA1 abundance. Surprisingly, when alterations between GluA1 and GIuA2 subunits are
compared, a discrepancy is often detected [16]. Following the induction of a homeostatic
response, the increase in AMPAR expression is preferable on GluAl, not GIuA2 [14,16,17],
which can potentially lead to the generation of GluA2-lacking AMPARS. In support of this
idea, AMPAR-mediated currents show inward rectification and become sensitive to
antagonists specific against Cp-AMPARs such as philanthotoxin-433 (PhTx) or Naspm
[14,16-19]. Indeed, homeostatic synaptic regulation is blocked in neurons chronically
incubated with PhTx [19]. Interestingly, among the recently identified mediators of
homeostatic synaptic plasticity including Tumor necrosis factor-alpha (TNFa), retinoic acid,
Arc/Arg3.1 and integrin $3, most are capable of causing imbalanced GluAl and GIluA2
regulation and Cp-AMPAR expression. The glia-derived TNFa is the first signaling
molecule identified to mediate TTX-induced synaptic scaling. TNFo can mimic the TTX
effect, and knockout of TNFa abolishes inactivity-dependent homeostatic regulation [20].
TNFa is known to cause rapid membrane insertion of GluA2-lacking AMPARs [21,22],
although their involvement in TNFa-mediated synaptic scaling has not been directly
determined. In retinoic acid-mediated synaptic scaling, the increase in AMPAR surface
expression is GIUAL specific, and the homeostatic response in EPSCs can also be abolished
by PhTx, indicating an incorporation of GluA1 homomeric AMPARS [17]. An unbalanced
regulation in AMPAR subunits is also observed in Arc/arg3.1-mediated homeostatic
regulation. Knockout of Arc/arg3.1 results in a typical synaptic scaling of AMPAR-
mediated mEPSCs. Interestingly, Arc/arg3.1 knockout neurons reveal a significant increase
in GIuA1 surface expression, whereas surface GluA2 shows no change [23], suggesting
membrane addition of GluR2-lacking, probably GluA1 homomeric AMPARS. In support of
shared underlying mechanisms, the Arc/arg3.1-dependent synaptic regulation occludes
TTX-induced homeostatic regulation [23]. B3 integrin has also been shown to be a necessary
component in TTX dependent synaptic scaling. Disruption of B3 adhesion induces
internalization of GIuA2, but not GIuAl subunits, leaving GluAl-dominant, GluA2-lacking
AMPARSs at the cell surface. In agreement with a role of B3 integrin in synaptic scaling,
TTX increases B3 integrin surface expression, and B3 integrin knockout abolishes TTX-
dependent homeostatic synaptic plasticity [24], supporting integrin as a mediator in
inactivity-dependent homeostatic regulation. In this specific paradigm, the role of Cp-
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AMPAR is less clear though it seems to block synaptic scaling. As a postulation, at the
beginning of TTX silencing, there might be a transient drop of 3 activity to allow a
minimal amount of Cp-AMPARS, followed by increased (33 integrin expression and
AMPAR accumulation.

Cp-AMPARs in Hebbian plasticity

At the excitatory input to interneurons in the basolateral amygdala, AMPARS show a
rectified current-voltage relationship, indicating the expression of Cp-AMPARSs. Tetanus
stimulation-induced L TP at these inputs requires postsynaptic calcium rises, but is
independent of NMDARs and voltage-gated calcium channels [25]. Importantly, Cp-
AMPARSs have also been implicated in hippocampal LTP [26-29]. At CA1 pyramidal
neurons, LTP protocol induces a rapid, but often transient incorporation of GluA2-lacking
AMPARSs, which are necessary for the initiation and/or stabilization of LTP. Since the stable
expression of LTP is based on insertion of conventional GluA2-containing AMPARS, the
early expression of Cp-AMPARs may function as signaling components via AMPAR-gated
calcium. The requirement of Cp-AMPARs in LTP expression is age dependent. LTP in both
young (within 2 wk old) and mature (more than 8 wks old) neurons requires Cp-AMPARS,
but not in neurons of ages in between, presumably due to coupled PKA activity and GIuA1
phosphorylation [27]. However, despite increasing evidence of Cp-AMPAR participation in
LTP, some carefully executed studies do show failure in detecting Cp-AMPAR expression
at LTP synapses [30,31]. The exact reasons remain unclear, but it is suggested that the
disparity may arise from recording conditions (whether NMDARs are blocked during
recording), or alternatively, due to the age of animals given that the LTP dependency on Cp-
AMPAR varies during development [27]. Since elevated AMPAR synaptic expression
underlies both LTP and silencing-induced homeostatic plasticity, it is intriguing to postulate
that Cp-AMPAR-dependent calcium signaling maybe coupled to machineries for AMPAR
surface targeting. In support of this, LTP expression in hippocampal CA1 synapses from
GluA2 knockout animals requires Cp-AMPAR activity and postsynaptic calcium, and is
blocked by postsynaptic infusion of tetanus toxin to suppress vesicle fusion [29], suggesting
the existence of Cp-AMPAR-mediated AMPAR membrane insertion. Little is known
regarding the removal of Cp-AMPARs from synapses, but they might be selectively targeted
for internalization [32], or simply diffuse laterally out of the synapse presumably by an
unanchoring mechanism to detach the receptors from their postsynaptic associated proteins
(Figure 2).

In addition to neuronal synapses, Cp-AMPARSs have also been shown to mediate synaptic
plasticity in certain neuron-glia transmission. Stimulation of the Schaffer collateral inputs to
NG2 glial cells in the hippocampal CAL region elicits typical LTP [33]. Because the glial
synapses do not express NMDARs, this glial LTP is NMDAR-independent, but requires Cp-
AMPARSs and calcium. Distinct from CA1 synapses, at basal conditions NG2 synapses
contain both GluA2-contaiing and GluA2-lacking AMPARSs, but lack NMDAR components.
An LTP protocol by theta burst stimulation leads to an increased rectification of synaptic
currents and thus a higher level of synaptic Cp-AMPAR accumulation [33]. Thus in this
case, signaling of Cp-AMPARs leads to a subsequent insertion of the same GluA2-lacking,
rather than normal GluA2-containing receptors.

Cp-AMPARs have also been implicated in LTD. In young rats within 3 wks old, the
synapses between hippocampal mossy fibers and CA3 pyramidal neurons contain both
GluA2-containing and Cp-AMPARs, and the expression of the latter requires PICK1 [34].
At these synapses depolarization-induced LTD requires Cp-AMPARs because in PICK1
knockout animals that do not express Cp-AMPARSs, no LTD can be induced. Interestingly,
the expression of LTD is due to a selective removal of the Cp-AMPARSs, presumably by
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receptor endocytosis [34]. The use of Cp-AMPARSs as an LTD substrate has also been
observed in dopaminergic neurons of the ventral tegmental area in cocaine addict animals
[35,36]. It is not clear whether Cp-AMPARS serve as signaling molecules, and how widely
employed Cp-AMPARSs are for LTD in other synapses or brain regions.

Transient presence of synaptic Cp-AMPARSs in plasticity induction

Switching

In many cases, the expression of Cp-AMPARS seems transient at the early stages of activity
manipulation, and is needed only for the induction, rather than the maintenance of synaptic
plasticity (Figure 1 and 2). In hippocampal CA1 neurons, LTP stimulation induces rectified
AMPA currents that are present only for a short period of time. Current rectification is
restored to control levels 20 min after LTP induction. PhTx application during and shortly
after LTP stimulation blocks LTP expression. In contrast, 20 min after stimulation, when
LTP has been induced, application of PhTx can no longer affect LTP [26]. A similar time
course has been observed in another study in which Cp-AMPARs are present at synapses for
only 10 min [28]. In homeostatic synaptic regulation, Cp-AMPAR expression is also limited
to the beginning of activity suppression [16,19]. However, the expression of surface Cp-
AMPARSs appears markedly longer (24 hrs) in homeostatic plasticity [16,19] than in LTP
(less than 30 min) [26,28].

of GluA2-lacking to GluA2-containing AMPARS

The signaling cascades downstream of Cp-AMPAR activity are critical to initiate the plastic
response, but the actual expression of synaptic plasticity is mediated largely by conventional
GluA2-containing receptors (Figure 1 and 2). This switch has previously been observed. In
the best studied model of Cp-AMPAR regulation, synaptic AMPARSs at cerebellar stellate
cells are oddly GluA2-lacking at basal conditions. Strikingly, synaptic activation induces a
rapid removal of GluA2-lacking and a simultaneous addition of GIuA2-containing receptors
[37]. More evidence of an AMPAR subtype switch comes from LTP studies. LTP
stimulation-induced Cp-AMPARs are soon replaced with PhTx-insensitive, GIUA2-
containing receptors [26,28]. Interestingly, a pause of activity following LTP stimulation
protocol results in robust, seemingly normal LTP, except that the synaptic currents remain
highly sensitive to PhTx, indicating that without sustained activation of newly positioned
Cp-AMPARSs at the synapses, receptors are unable to be replaced with normal AMPARSs,
leading to a potentiation that is expressed solely by GluA2-lacking AMPARSs [26,28]. Thus,
the switch is autoregulated by Cp-AMPARs themselves. The requirement of Cp-AMPAR
activity strongly indicates a role for AMPAR-gated calcium. Although not directly studied
in LTP paradigm, in cerebellar stellate cells, the switch to GluA2-containing receptors
indeed requires calcium influx via Cp-AMPARSs, but neither the activity of NMDARS nor
calcium channels [37]. Interestingly, the subunit switch also occurs during normal neuronal
development. In cortical neurons, at least a proportion of synaptic AMPARs are GIuA2-
lacking in the first two postnatal weeks, which are subsequently switched to regular
receptors containing GIUA2 subunits [3,38,39].

The replacement of Cp-AMPARSs has also been observed in homeostatic regulation. Within
12 hrs of TTX/APV incubation, the potentiated AMPAR mEPSCs are markedly suppressed
by Naspm. However, following 24 hr inactivity, when the homeostatic enhancement in
MEPSC remains, the synaptic currents lose much of their sensitivity to Naspm [16].
Similarly, at individual synapses whose activity is chronically suppressed, homeostatic
AMPAR accumulation is abolished only when PhTx is applied at the early stage of synaptic
inhibition. When applied one day after synaptic inhibition, PhTx no longer produces any
effect [19]. Other than activity blockade, when treated with TNFa, an established mediator
of synaptic scaling, neurons show a rapid increase in surface expression of Cp-AMPARs in
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the early stage, followed by an increase in GluA2-containing receptors at a later time [22].
Similarly, when GluA2 expression is specifically monitored, it shows a more robust increase
at a later time of TNFa incubation compared to a modest change during early treatment,
consistent with the delayed expression of GIuA2-contaiing receptors [24]. Thus, AMPAR
subunit composition needs to be transformed from early GluA2-lacking to late GluA2-
containing along the time course of homeostatic plasticity. Indeed, knockdown of GIuA2 by
SiRNA completely blocks the expression of synaptic scaling, suggesting the ultimate need
for GluA2-containing receptors [40].

Sources of Cp-AMPARSs in synaptic plasticity

GluA2-lacking AMPARSs may be generated at multiple sites over the life span of receptors.
Presumably, AMPAR subunit composition can be altered at the ER during receptor
assembly [41-43], where GIuA2 is selectively removed from receptor complexes, or GIuUA2-
lacking receptors are preferentially released from the ER for surface targeting. However,
given a critical role for AMPAR translocation in synaptic plasticity, Cp-AMPARS are more
likely formed by modulation of their dynamic trafficking. Association with postsynaptic
proteins readily regulates AMPAR subcellular localization and subunit composition. Thus,
cell surface GIuA2 could be altered by its intracellular interaction with PICK1 and GRIP
[44,45,46]. PICK1 interaction facilitates AMPAR endocytosis [47-49] and selectively
removes GluA2-containing AMPARSs from the cell surface, leading to PhTx-sensitive,
rectifying synaptic currents [44,50]. It is possible that during TTX-induced homeostatic
regulation, neuronal inactivity modulates GluA2-PICK1 interaction, leading to GIUA2
removal. In agreement with this possibility, when the C-terminal of GIuA2, but not GIuA1,
is over-expressed to presumably disrupt GIuA2 C-terminal interaction, synaptic scaling is
completely abolished [40]. However, the involvement of PICK1 seems complex and is cell
type specific. At cerebellar parallel fiber-stellate synapses, PICK1 is required in activity-
induced delivery of GluA2-containing AMPARS [45,46]. In addition to the specific removal
of GIuA2 from surface, intracellular GluA2-lacking receptors can be directly inserted to the
plasma membrane such as during AMPAR inhibition [14] and TNFa stimulation [22].

Synaptic Cp-AMPARSs may also be recruited from the neighboring dendritic plasma
membrane via lateral migration (Figure 2). At basal conditions, less than 10% of AMPARs
exist as GluA2-lacking [4] and are widely distributed at dendritic shafts [51], avoiding
synaptic sites [52]. Synaptic activation has been shown to inhibit outward lateral diffusion of
AMPARSs from synaptic domains [53]. As a mirror process, the reserve pool of Cp-
AMPARSs at the extrasynaptic dendritic membrane may traffic laterally into synapses. At
hippocampal CA1 neurons, PhTx-sensitive AMPARS can be detected at the perisynaptic
region upon paired pulse stimulation or single stimulation combined with a glutamate
transporter inhibitor to allow glutamate spillover [32]. Cp-AMPARSs at the perisynaptic area
have also been observed immediately after LTP stimulation protocol, which are then
translocated into synapses [28,52]. These Cp-AMPARSs are likely recruited by lateral
diffusion of the dendritic pool into the synaptic domain via CaM-kinase | signaling [52],
although direct membrane insertion cannot be excluded. A similar process has been
observed in another study in which input activation during LTP stimulation recruits Cp-
AMPAR from the dendritic shaft to perisynaptic and later synaptic domains [27]. In line
with lateral recruitment of preexisting cp-AMPARS to the LTP synapses, a developmental
switch of calcium permeable to GluA2-containing AMPARS occurs around postnatal day 14
[3], the same time when LTP property changes from Cp-dependent to independent [27]. Not
much is known regarding the surface stability of Cp-AMPARS, but the status of GIuA1
phosphorylation has been shown to be a determining factor. GluA1 dephosphorylation at
serine 845 causes internalization and probably subsequent degradation of GluA2-lacking
AMPARSs [32]. In line with this finding, in fear conditioning-induced synaptic potentiation
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at lateral amygdala neurons, the GIuA1 serine 845 phosphorylation site is required for cell
surface expression of Cp-AMPARS [54].

What signals Cp-AMPAR biogenesis remains unknown. In homeostatic induction, TTX
and/or AMPAR and NMDAR antagonists result in activity blockade of voltage-gated
calcium channels and NMDARs, causing a dramatic reduction in calcium rises. Given that
calcium signaling is known to be involved in AMPAR trafficking [55] and synaptic
plasticity; it is intriguing to postulate that a drop in NMDAR or/and calcium channel-gated
calcium influx [14] triggers Cp-AMPAR expression. In addition, activity-dependent
expression of other homeostatic molecules such as TNFa, retinoic acid, Arc/Arg3.1 and B3
integrin may also initiate signaling cascades ultimately causing Cp-AMPAR formation.

Conclusion

Emerging evidence demonstrates a transient expression of GluA2-lacking AMPARs during
the early stage of synaptic plasticity, suggesting an important role for Cp-AMPAR-
dependent signaling in the initiation of synaptic regulation [56]. A key role of Cp-AMPARS
seems to initiate signaling for lateral recruitment or insertion of GluA2-containing
AMPARSs, resulting in a switch to, and an increase in synaptic accumulation of regular
GluA2-containing receptors. The transient expression of Cp-AMPARS may be important for
temporal precision of signaling, but is also obviously a necessary measure to avoid neuronal
excitotoxicity resulting from an overload of AMPAR-gated calcium influx, which
constitutes a critical step in the pathology of ischemia/stroke-induced neuronal death [57—
59] and neurodegenerative diseases [60]. In addition to a role of Cp-AMPARs in Hebbian
and homeostatic synaptic plasticity, an increasing amount of evidence also point to an
involvement of Cp-AMPARSs in pathological synaptic plasticity. GluA2-lacking AMPARs
can either be switched off by fear-inducing stimulus in cerebellar stellate cells [60], or
rapidly expressed during cocaine administration [36,61] and fear conditioning [54], and are
required for drug craving behavior following prolonged cocaine withdrawal [61].

Perhaps the most puzzling question is why AMPAR-gated calcium is crucial in synaptic
plasticity, given that NMDAR-mediated calcium has been firmly established as the key
mediator. Since Cp-AMPARS possess higher channel conductance [62], their synaptic
presence can cause stronger postsynaptic depolarization, leading to an enhanced calcium
influx via NMDARs and calcium channels, which when combined with calcium from Cp-
AMPARSs, may constitute calcium rises of different complexity. Further, AMPAR-gated
calcium may take a distinct intraspinal compartmentalization [63,64] that enables it to
activate a new set of signaling molecules. Like NR2A- and NR2B-containing NMDARSs that
have different preferences in synaptic localization and are coupled to distinct signaling
pathways [65-67], Cp-AMPARs may be distributed at a discrete site at the postsynaptic
domain away from NMDARs and GluA2-containing AMPARS. It is therefore important to
understand Cp-AMPARS' subsynaptic localization and to identify novel signaling cascades
downstream of Cp-AMPAR channel activity.
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Figure 1.

Expression of GluA2-lacking AMPARSs in homeostatic synaptic regulation. At basal
conditions (middle neuron), synaptic strength (indicated by red circles) is maintained by a
certain level of AMPARS at the postsynaptic spines. During activity suppression (right), Cp-
AMPARSs are inserted into the synaptic membrane, and are then replaced by GluA2-
containing AMPARS, resulting in enhanced synaptic strength. On the other hand, elevated
neuronal activity induces a reduction in receptor number via an unknown signaling cascade,
leading to weaker synaptic strength (right).
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Figure 2.

Transient expression of Cp-AMPARSs for the induction of Hebbian LTP. At the beginning of
LTP stimulation, GluA2-lacking AMPARSs are recruited to synaptic regions from nearby
dendritic shafts. Calcium from both Cp-AMPARs and NMDARSs triggers a signaling
cascade that leads to membrane insertion of GluA2-containing AMPARS, while the Cp-
AMPARSs are removed from the cell surface via receptor internalization.

Curr Opin Neurobiol. Author manuscript; available in PMC 2012 April 1.



