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Abstract

The mechanisms that regulate a.-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid receptor
(AMPAR), synthesis, transport, targeting and surface expression are of fundamental importance to
understand the molecular basis of fast excitatory neurotransmission and synaptic plasticity in the
mammalian CNS. An area of intense current interest is how AMPARs are directed to the correct
locations in the neuron as and when required. This is a multi-layered problem, which involves
complex spatiotemporal coordination of multiple protein interactions. Considerable progress has
been achieved in identifying a number of proteins that bind directly to AMPAR subunits and the
functional consequences of blocking some of these interactions have been determined. This review
highlights recent developments in the field.
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1. General trafficking processes

General protein transport requires bidirectional vesicle trafficking between cell
compartments that are dependent on a range of trafficking molecules (for reviews, see
Teasdale and Jackson, 1996; Klumperman, 2000; Mostov et al., 2000). The final destination
of proteins is determined by intrinsic targeting motifs encoded in their amino acid sequences
and/or by binding other proteins that contain such motifs.

Most vesicle trafficking requires the ordered coating of a donor membrane, budding, fission
to form transport vesicles, transport by passive or active vectoral delivery along
microtubules (Antonny and Schekman, 2001) and final fusion with the target membrane.
The fidelity of these processes is maintained by specific v- and t-SNAREs (Pfeffer, 1996)
and by spatial and temporal regulation by vesicle and target membrane lipid interactions via
Rab-GTPases, tethering proteins and phosphoinositides (Sato et al., 2001).

As arule, only fully processed and correctly folded nascent proteins are exported from the
ER to the Golgi. Retention in the ER acts as a mechanism for assembling oligomeric
transmembrane proteins, probably via determinants within the protein subunits (Romano et
al., 1996; Meddows et al., 2001) and once assembled dominant ER retention signals are
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sterically masked or overridden (Standley and Baudry, 2000). In addition, association with
regulatory subunits in a multimeric receptor complex may also facilitate exit from the ER,
for example with cytosolic or transmembrane accessory proteins (Zerangue et al., 1999;
Bichet et al., 2000). However, many details of general protein transport remain to be
determined. For example, the precise roles of the large family of vesicle coating proteins and
small GTPases have not yet been well characterised. It is also unclear how cargo proteins
are accumulated in relevant vesicles.

2. Trafficking in neurones

Neurons are highly compartmentalised cells and their proper function relies on the organised
localisation of specialised membrane proteins, such as receptors. There are several pathways
by which transmembrane proteins can be sorted and trafficked in neurons following exit
from the Golgi. For example, AMPARs could be transported inside the neuron by vesicles to
the vicinity of their target site and then excoytosed to the membrane (Passafaro et al., 2001)
and/or they can be exocytosed directly to the membrane and then move by lateral diffusion
and anchored at their target destination (Borgdorff and Choquet, 2002). Another, possibly
more specialised alternative, is the transport of mRNAs within the cell and local synthesis of
proteins close to their destination (Steward and Schuman, 2001).

Bi-directional vesicle transport has been reported in both axons and dendrites (Foletti et al.,
1999). Vesicles are driven by the molecular motor proteins—kinesin and dynein—responsible
for movements towards opposite ends of the microtubules. Thus, polarised vesicle
trafficking is likely to require specific interactions between domain-specific motor and
vesicle cargo. For example, both NMDA receptors (Setou et al., 2000; Washbourne et al.,
2002) and AMPARSs (Setou et al., 2002) undergo cargo-selective polarised vesicle transport
via dendrite specific kinesin motors. Furthermore, targeting will require either address
motifs in the cargo proteins or some kind of a recognition domain allowing passing vesicles
to be captured at relevant sites.

3. Complexity of the problem

Neurons may possess many thousands of synapses each of which can contain multiple
receptors with potentially differing subunit compositions. Furthermore, different synapses
contain different receptor complements and in most cases, these can be strongly
developmentally and activity regulated. Therefore, even for individual oligomeric receptor
types, mechanisms must exist to differentially target receptor proteins of different subunit
compositions to specific synapses. The differential regulation of exocytosis, receptor
density, spatial segregation, anchoring and endocytosis of receptors at glutamatergic
synapses is an area of concerted investigation. A schematic showing questions to be
addressed for AMPARSs is shown in Fig. 1.

4. AMPAR trafficking is highly regulated

AMPARSs are multimeric assemblies of the subunits GluR1-4 (Hollmann et al., 1994). Each
subunit comprises ~ 900 amino acids and has a molecular weight of ~ 105 kDa. The N-
terminus is extracellular, there are three membrane spanning and one re-entrant loop
domains and the C-terminus is intracellular (Bennett and Dingledine, 1995; Wo and Oswald,
1995). Some 50-70% of AMPARs are intracellular (Hall et al., 1997; Archibald et al.,
1998), with a significant proportion localised within dendrites (Baude et al., 1994;
Richmond et al., 1996).

Until a few years ago it was generally accepted that AMPARSs within the postsynaptic
membrane were relatively static, at least under basal conditions, with a constitutive turnover
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of surface expressed receptors in the order of hours to days (Huh and Wenthold, 1997;
Mammen et al., 1997; Archibald et al., 1998). However, it has now been shown that GluR2-
containing AMPARs undergo rapid A-ethylmaleimide-sensitive fusion protein (NSF)-
dependent cycles of internalisation and reinsertion in to the postsynaptic membrane with a
half-life in the order of a few minutes (Henley et al., 1997; Nishimune et al., 1998; Osten et
al., 1998; Song et al., 1998; Luscher et al., 1999; Luthi et al., 1999; Noel et al., 1999; Kim
and Lisman, 2001) and these findings have had major implications for understanding the
cellular processes underlying synaptic plasticity (for reviews, see (Barinaga, 1999; Morales
and Goda, 1999; Malinow et al., 2000). The principle of rapid NSF-dependent recycling has
also recently been extended to G-protein coupled receptors via p-arrestins (Miller and
Lefkowitz, 2001) and GABAA, receptors via GABARAP (Kittler et al., 2001), suggesting
that this may be an important general regulatory synaptic mechanism.

There is an extensive body of literature on the dynamic regulation of AMPARS at synapses.
Electrophysiological studies have shown that excitatory synapses can exhibit NMDAR-
mediated responses in the absence of functional AMPARs and are therefore postsynaptically
‘silent’ at resting membrane potentials (Isaac et al., 1995; Liao et al., 1995). The
‘unsilencing’ of these synapses via the rapid acquisition of AMPAR responses is likely to be
important in NMDAR-dependent synaptic plasticity and neuronal development (Durand et
al., 1996). Consistent with this hypothesis, recent immunocytochemical results have
confirmed the existence of silent synapses that contain NMDARs but no AMPARSs (Liao et
al., 1999; Pickard et al., 2001) and have demonstrated that AMPARS can be recruited to the
synapse by either spontaneous or stimulated NMDAR activation (Fitzjohn et al., 2001; Liao
etal., 2001; Lu et al., 2001; Pickard et al., 2001).

Other recent advances towards better understanding of the molecular mechanisms of
synaptic plasticity have come from viral transfection of neurons with GFP-AMPAR
subunits. Tetanic synaptic stimulation induced a rapid NMDAR-dependent delivery of GFP-
GIuR1 into dendritic spines in hippocampal slice preparations (Shi et al., 1999). Native
AMPARSs in hippocampal neurons have been shown to be assembled from combinations of
mainly GIuR1/GIuR2 or of GIUR3/GIuR2 (Craig et al., 1993; Wenthold et al., 1996). While
these studies have provided valuable information, it is difficult to distinguish between
surface expressed and intradendritic localization of the GFP fluorescence. In an elegant
series of experiments, Malinow et al. obtained data using GFP-labeled subunits in
combination with electrophysiological tagging (Hayashi et al., 2000), where the channel
rectification properties of recombinant AMPARS comprising specific subunits are altered by
point mutation of s residues within the channel pore, e.g. GIuR2(R586Q)-GFP, it has been
proposed that there are differential targeting mechanisms for AMPARSs comprising either
GIuR1/GIuR2 or GIuR2/GIuR3 subunit assemblies.

In organotypic slice cultures, it has been reported that GIuR1/GIuR2 receptors are added to
synapses during plasticity, a process that requires interactions between GluR1 and group |
PDZ domain proteins (Hayashi et al., 2000). In this model, CaMKII and LTP drive synaptic
expression of GluR1-containing AMPARS. In contrast, GIuR2/GIuR3 receptors replace
existing synaptic receptors in a constitutive manner dependent on interactions by GIuR2
with NSF and group 1l PDZ domain proteins (Shi et al., 2001). Another study using a
thrombin cleavage assay in dispersed cell cultures to measure the rate and location of
surface expression of AMPAR subunits reported broadly consistent results (Passafaro et al.,
2001). They showed that surface insertion of the GIuR1 subunit under basal conditions was
relatively slow, but was stimulated by NMDAR activation. By contrast, GIuUR2 exocytosis
was rapid and constitutive. GIUR1 was inserted initially at extrasynaptic sites and GIuR2
was inserted more directly at synapses.
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Recently, the small GTPases Ras and Rap have been reported to be involved in the control
of AMPAR trafficking and in the postsynaptic signaling underlying synaptic plasticity. Ras
mediates activity-evoked increases in GIUR1/GIuR4 containing AMPAR surface expression
at synapses via a pathway that requires p42/44 MAPK activation. In contrast, Rap mediates
NMDAR-dependent removal of synaptic GIuR2/3-containing AMPARS via a pathway that
involves p38 MAPK. The regulation of Ras and Rap, which act as molecular switches, may
in turn control AMPAR surface expression at synapses and thereby regulate potentiation and
depression of synaptic activity (Zhu et al., 2002).

Overall, these data have been used to propose that the combination of regulated addition and
continuous replacement of synaptic receptors may be the mechanism for stabilising long-
term changes in synaptic efficacy and could be a general model for how surface AMPAR
number is established and maintained. This model relies, to some extent, on the idea that
AMPARs comprise mainly GluR1 and GluR4 heteromers or GIuR2 and GIuR3 heteromers.
This arrangement would allow independent regulation of the two types of receptor
assemblies. However, this is not easily reconciled with the observation that the surface
expression of native GIuR1 and GIuR2 subunits are increased following LTP (Lu et al.,
2001). One possible reason for this apparent discrepancy could be the use of different
experimental systems. Organotypic cultures are likely to preserve better and possibly
different synaptic connections to those formed by dispersed neurons grown in culture.

Several studies have focused on identifying the molecular basis of AMPAR recycling at the
postsynaptic membrane. The internalisation of AMPARS is thought to be important in the
expression of long-term depression (LTD) triggered by NMDA receptor activation and is
mediated by the formation of clathrin-coated pits (Carroll et al., 1999b). Disruption of
clathrin-mediated endocytosis, for example by biochemical inhibition of pit formation or
overexpression of a dominant negative form of dynamin, effectively blocks the
internalisation of AMPAR in a GIuR2-dependent manner (Ehlers, 2000; Man et al., 2000a).
(For more detailed reviews of AMPAR endo- and exocytosis, see Turrigiano, 2000; Man et
al., 2000b; Carroll et al., 2001.)

AMPAR turnover appears to be directly regulated by synaptic activity with removal from
the synaptic membrane in a ligand-dependent manner. Increasing synaptic activity using
picrotoxin, a GABA receptor antagonist, has been shown to cause a decrease in number of
surface expressed AMPAR and size of AMPAR clusters in cultured neurons (Lissin et al.,
1999). Conversely, decreasing synaptic activity using tetrodotoxin or AMPAR antagonists
causes an increase in synaptic AMPAR (Ehlers, 2000). Exogenous application of glutamate
or AMPA causes internalisation and redistribution of AMPARS, but probably only in a
subset of synapses as MEPSCs decrease in frequency but not size (Carroll et al., 1999z;
Lissin et al., 1999; Beattie et al., 2000). This can occur in both an NMDAR dependent and
independent fashion, with differential implications for the fate of internalised receptors.
AMPARSs internalised in response to NMDAR activation are rapidly recycled and reinserted
into the synapic membrane, in contrast, treatment with AMPA causes the internalised
receptors to be targeted to protein degradation pathways (Ehlers, 2000; Lin et al., 2000).

5. Intracellular C-terminal domains of AMPARSs as sites for protein—protein
interaction

Because the C-terminal domains of AMPAR subunits are the predominant cytoplasmic
regions, they are likely to be a major factor in the trafficking of the AMPARS. As such, the
AMPAR C-termini have been extensively investigated, mainly using yeast two-hybrid and
GST pull-down assays, in the search for interacting proteins. A number of protein interactors
have been isolated and, in some cases, the roles of individual interactors in receptor
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trafficking and surface expression have begun to be elucidated. From these studies, it is
becoming increasingly clear that AMPAR complexes get ‘handed’ from one interacting
protein to another in a sequential and probably hierarchical process and these interacting
proteins can act as the sorting and delivery mechanisms for the correct delivery to and
anchoring at appropriate synapses.

6. PDZ proteins known to interact with AMPARS

AMPAR interactors fall into two main categories; those that bind AMPARS via a PDZ
domain and those that do not. The discovery of the role of PDZ domain-mediated protein
interactions in the regulation of both AMPARs and NMDARs was a key development. PDZ
domains are protein—protein interaction motifs that contain three repeats of ~ 90 amino
acids. PDZ domains are present, either singly or as repeats, in well over 100 otherwise
unrelated proteins (Ponting et al., 1997; Songyang et al., 1997). Most PDZ-mediated
interactions occur via the recognition of a short motif of three to seven residues located at
the extreme C-terminus of the binding protein and provide a mechanism for clustering ion
channels and receptors at the plasma membrane and for directing kinases and phosphatases
toward their substrates (Garner et al., 2000; Bezprozvanny and Maximov, 2001; Sheng and
Sala, 2001).

6.1. Glutamate receptor interacting protein (GRIP) and AMPAR binding protein (ABP)

GRIP is a 130 kDa protein that contains seven PDZ domains, of which domains 4 and 5
mediate binding to the extreme C-terminal ESVKI motif of GIuR2 and GIuR3 (Dong et al.,
1997), but does not bind to GIuR1 or GluR4. GRIP has been shown to interact with receptor
proteins other than AMPARSs (Hirbec et al., 2002). For example, the family of Eph-receptors
and their membrane-bound ligands, the ephrins, both bind to GRIP (Hsueh and Sheng, 1998;
Torres et al., 1998). Eph-receptors are receptor tyrosine kinases that bind the PDZ domains 6
and 7 of GRIP (as opposed to 4 and 5 for GIuR2/3). It is believed that interactions between
Eph-receptors and their ligands located on adjacent cells are important for processes
involved in neurite extension and axonal guidance (Gale and Yancopoulos, 1997).

ABP is closely related to GRIP with 64-93% homology in their PDZ domains. It has a
widespread distribution in the CNS and is enriched in the PSD. ABP exists in two isoforms,
one of 130 kDa which also exhibits seven PDZ domains and a shorter 98 kDa isoform which
contains only six PDZ domains, of which domains 3, 5 and 6 are capable of binding to the
VKI region of the C-Terminal of the GIuR2/3 (Srivastava et al., 1998). The second PDZ
domain of the 98 kDa isoform of ABP mediates homodimerisation as well as
heterodimerisation with GRIP, thus ABP can form multimeric complexes with itself as well
as heteromeric complexes with GRIP (Srivastava et al., 1998).

The function of GRIP is not fully resolved, although multiple PDZ domains would suggest it
serves a scaffolding/adaptor function comparable to PSD95 (Dong et al., 1997). For
example, the PDZ domains other than 4 and 5 could provide a mechanism to link AMPARS
to other binding partners of GRIP. Indeed, several GRIP-associated proteins (GRASPS) that
bind to distinct PDZ domains within GRIP have been identified (Ye et al., 2000). Of these,
GRASP-1 is a neuronal rasGEF associated with GRIP and AMPARs in vivo.
Overexpression of GRASP-1 in cultured neurons specifically reduced the synaptic targeting
of AMPARSs and the subcellular distribution of both AMPARs and GRASP-1 is regulated by
NMDAR activation.

A particularly intriguing observation is that GRIP binds kinesins. The kinesin motor proteins

drive vesicular transport of synaptic vesicle components to axons and of neurotransmitter
receptors to dendrites. Therefore, specific steering proteins must be required to determine
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the polarity of transport for axonal or dendritic-bound cargos. It has recently been shown
that GRIP directly interacts with and steers kinesin heavy chains to dendrites as a motor for
AMPA receptors (Setou et al., 2002).

The subcellular distribution of GRIP was originally described to be synapse specific, but
subsequent studies revealed that this protein has a widespread subcellular distribution
(Wyszynski et al., 1998). In the cerebellum, GRIP staining is prominent in cell body and
proximal dendrites of Purkinje cells. GRIP and GIuR2 colocalize in Purkinje cells and is
especially prominent in a subset of GIuR2-containing cells that also expressed a high level
of GluR1. Furthermore, GRIP was seen over the postsynaptic density of asymmetric
synapses and at high levels in dendrites of GABA-positive neurons (Burette et al., 1999;
Wyszynski et al., 1999).

An important determinant of GRIP binding to GIUR2 is the phosphorylation state of the
receptor subunit. The serine residue Ser880 in the GIuR2 C-terminal sequence (IESVKI)
critical for PDZ domain binding is a substrate of PKC and is phosphorylated in vivo. In vitro
binding and coimmunoprecipitation studies show that phosphorylation of serine-880 within
the GIuR2 PDZ ligand significantly decreases GIuR2 binding to GRIP1 but not to PICK1
(see below). In cultured hippocampal neurons, Ser880-phosphorylated GIuR2 subunits are
enriched and colocalized with PICK1 in the dendritic shafts, with very little staining
observed at excitatory synapses (Chung et al., 2000b). Similarly, synaptic AMPAR clusters
in dendritic spines of Purkinje cells are disrupted by PKC phosphorylation of Ser880 of
GluR2 with a corresponding decrease in affinity for GRIP (Hirai, 2001). Significantly
induction of cerebellar LTD causes phosphorylation of Ser880 and it has been reported that
GIuR2 protein released from GRIP is rapidly internalized (Matsuda et al., 2000). A slightly
different model has also been proposed in which the maintenance of LTD involves the
binding of AMPARs to PDZ proteins inside the neuron to prevent their reinsertion into the
membrane, a process that is regulated by PKCa and plays a role during depression (Daw et
al., 2000).

6.2. Protein interacting with C-kinase (PICK1)

PICK1 was originally identified by yeast-2-hybrid screening as a protein that interacts with
the catalytic subunit of PKCa through its single PDZ domain (Staudinger et al., 1995). It
has subsequently been shown to interact with the GIuR2 and GIuR3 (Dev et al., 1999a; Xia
et al., 1999) via the extreme C-terminal PDZ-binding domain. However, the requirements
for recognition within this ten amino acid stretch are different for PICK1 and GRIP. A
peptide pep2-SVKI with the amino acid sequence NVY GIESVKI blocks the GRIP-GIuR2
interaction in a biochemical assay (Li et al., 1999). Two other peptides, ‘GluR2-SVKE’
(NVYGIESVKE), which contains a single amino-acid substitution in the PDZ binding motif
and ‘GIuR2-EVKI’ (NVYGIEEVKI), in which ser880 is replaced with a glutamate, do not
block GRIP binding. Pep2-SVKI and pep2-EVKI blocked the retention of PICK1 by GST-
GluR2, while pep2-SVKE had no effect. Thus, pep2-EVKI, in agreement with another
recent study (Chung et al., 2000a), selectively blocks the PICK1-GIuR2 interaction.

PICK1 has also been shown to be capable of dimerisation through a different site, allowing
the possibility for it to aggregate target proteins via its PDZ domains. This has already been
demonstrated for AMPARS in heterologous expression systems (Dev et al., 1999b; Xia et
al., 1999). PICK1 has been reported to complex with PKCa upon phorbol ester (TPA)
induction and the resultant complexes targeted GIuR2 in spines. This targeting of PICK1-
PKCa complexes to GIUR2 in spines caused a decrease in surface GIuR2 consistent with a
PICK1/PKCa-mediated release of GIuR2 from GRIP/ABP binding.
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As discussed above, modulation of the surface expression of AMPARS is a key process
underlying NMDAR-dependent synaptic plasticity. NMDA application to cultured
hippocampal neurons markedly reduces the amount of bound [BHJAMPA to surface
expressed receptors of the hippocampal neurons but not to their total membrane fraction
(Iwakura et al., 2001). This process was mimicked by phorbol ester and blocked by
calphostin C. The NMDA treatment also markedly altered the interaction between the
AMPAR subunits and PICK1 with a PKCa-dependent enhancement of the association of
GluR2/3 with PICKZ1. Viral expression of GFP-tagged C-terminal domain of GIuR2 (GFP-
ct-GluR2) specifically and significantly blocked the NMDA-triggered reduction in
[3HJAMPA binding, whereas expression of (GFP-ct-GluR1) had no effect. Co-
immunoprecipitation using anti-PICK1 antibodies confirmed that GFP-ct-GluR2 prevented
the PICK1 - GIuR2/3 interaction consistent with the hypothesis NMDA-induced down-
regulation of functional AMPARs involves the interaction between GIuR2/3 subunits and
PICK1 (lwakura et al., 2001). Furthermore, it has been shown that PICK1 also binds in
neurons and in heterologous cells to PKCa and that the interaction is highly dependent on
the activation of the kinase (Perez et al., 2001). The formation of PICK1-PKCa complexes
is strongly induced by TPA and PICK1-PKCa complexes are co-targeted with PICK1-
GluR2 complexes to dendritic spines, where GIuR2 is phosphorylated by PKCa on Ser880.
These workers proposed that PICK1 functions as a targeting and transport protein that
directs the activated form of PKCa to GIUR2 in spines, leading to the activity-dependent
release of GIUR2 from synaptic anchor proteins and the PICK1-dependent transport of
GIuR2 from the synaptic membrane.

An alternative scheme is that following LTD internalised receptors bind to GRIP/ABP,
which anchors them at the subsynaptic membrane, preventing their rapid re-insertion.
However, a proportion of receptors can associate with PICK1 present in spines and in this
configuration may be mobile. In this model, the role of PICK1 is likely to be in targeting
PKC to GluR2. One form of LTP, namely de-depression (i.e. LTP following prior induction
of LTD) AMPARs dissociate from PICK1 or GRIP/ABP and PKC phosphorylates Ser880.
This prevents rebinding to GRIP/ABP (Chung et al., 2000a) and allows insertion of
receptors (Daw et al., 2000).

6.3. Summary of possible roles for GRIP and PICK1 interactions with GIuR2

Based on the findings set out above, it is possible to envisage two separate but not
necessarily mutually exclusive models. AMPARs may be secured in intracellular pools via
association of the GIuR2 subunit with GRIP and/or ABP (Daw et al., 2000; Braithwaite et
al., 2002). To release the AMPAR, PICK1 exchanges for GRIP and targets PKC, which then
phosphorylates Ser880 of GIuR2 thereby preventing the rebinding of GRIP. The Ser880
phosphorylated AMPARSs are mobile and available for surface expression. In a variation of
this scheme, work from some other laboratories (Chung et al., 2000a; Perez et al., 2001) is
more consistent with GRIP immobilising GluR2-containing AMPARSs at the synaptic
membrane rather than inside the cell. While further work will be required to resolve this
apparent discrepancy, it is likely that, depending on the exact experimental protocols used
and/or the stimulation history of the neuron and individual synapses, that GRIP is capable of
anchoring GluR2-containing AMPARSs at either the postsynaptic membrane, at pools inside
the dendrite or at both locations. Nonetheless, in both models GRIP is envisaged as an
anchoring protein and that phosphorylation of Ser880 of GIuR2 destabilises/prevents GRIP,
but not PICK1 binding. It is important to note that these interactions between GRIP, PICK1
and GIuR2 form one component of a highly complex series of processes that are involved in
AMPAR trafficking and surface expression. They will be highly regulated and, in addition,
will be influenced by the multiple other interactions taking place in the crowded region of
the postsynaptic membrane and elsewhere. For example, the finding that GRIP may steer
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AMPAR transport via an interaction with kinesins (Setou et al., 2002) indicates that the
roles of individual protein interactions will be dictated in large part by the specific location
and micro-environment within the cell at which these interactions take place.

6.4. Synapse associated protein of 97 kDa (SAP97)

SAP97 is a member of the synapse associated protein (SAP) family, whose other members
include SAP90 (PSD95), chapsyn110 (PSD93) and SAP102 which have been shown to
interact with NMDAR subunits. SAP97 has a presynaptic localisation (Muller et al., 1995)
where its function remains unclear. In addition, however, SAP97 can interact selectively
with postsynaptically localised GIuR1 in co-immunoprecipitation and cross-linking
experiments from rat brain (Leonard et al., 1998). Indeed, SAP97 is the only PDZ protein
currently known to interact directly with GIuR1. SAP97 concentrates at synapses that
contain GIluR1, but not necessarily GIuR2 or GIuR3 and is at highest concentration within
the postsynaptic density of asymmetric synapses, suggesting that SAP97 may help to anchor
GluR1-containing AMPARSs at the synapse (Valtschanoff et al., 2000). Another study has
indicated that phosphorylation of AMPARS is enhanced by a SAP97-AKAP79 complex that
directs PKA to GIuR1 via a PDZ domain interaction (Colledge et al., 2000). SAP97 has also
been suggested to play a role the provision of new anchoring sites at synapses via a
mechanism that involves the binding of autophosphorylated CaMKII to NMDARS. In turn,
SAP97 binds to CaMKII and also provides the scaffolding for retaining new GluR1-
containing AMPARSs (Lisman and Zhabotinsky, 2001). However, a recent report has
suggested that interactions involving SAP97 and GIuR1 occur early in the secretory
pathway, while the receptors are in the endoplasmic reticulum or cis-Golgi (Sans et al.,
2001). Few synaptic GluR1-containing receptors were found to associate with SAP97.
Furthermore, NMDAR-evoked internalisation of GIuR1 did not require SAP97, suggesting
that GIUR1-SAP97 interactions are involved in AMPAR targeting but not endocytosis and
may therefore fulfill a chaperone-like function.

6.5. Mint1 (LIN-10, X11)

The mint family consists of evolutionarily conserved PDZ-containing adapter proteins from
Candida elegans to mammalian neurons. Mintl is a component of macromolecular
complexes in the presynaptic and postsynaptic terminals involved in bringing synaptic
vesicles to the exocytotic transmitter release site and localising receptors and ion channels in
the specific membrane domains (Biederer and Sudhof, 2000; Okamoto et al., 2001).

In C. elegans, GLR-1 are AMPA-type glutamate receptors that are expressed
postsynaptically at target cells of the sensory neuron ASH and are required for ASH-
mediated touch-sensitivity (Hart et al., 1995; Maricq et al., 1995). The localisation of these
receptors has been shown to be dependent on the interaction with LIN-10 (Rongo et al.,
1998), the C. elegans orthologue of mint1/X11 (Borg et al., 1996; Okamoto and Siidhof,
1997). Vesicles containing the NMDAR-2B (NR2B subunit) have been shown to be
transported along microtubules by KIF17, a neuron-specific molecular motor in neuronal
dendrites and that selective transport is accomplished by direct interaction of the KIF17 tail
with a complex containing Mintl and CASK (Setou et al., 2000).

7. Non-PDZ domain-interactions at AMPARSs

7.1. N-Ethylmaleimide-sensitive factor (NSF)

The NSF ATPase was originally characterised through its involvement in protein transport
activity of the Golgi membranes, then subsequently it was shown to be involved in
endoplasmic reticulum (ER) to Golgi transport and endosome fusion (Rothman, 1994).
Later, a central role for NSF was identified in docking and/or fusion of synaptic vesicles
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(Sollner and Rothman, 1994; Schiavo et al., 1995). In addition to this presynaptic role, NSF
was also found to be a constituent of the PSD (Walsh and Kuruc, 1992) and, intriguingly, it
was shown to be enriched following transient ischemia (Hu et al., 1998), which enhances
synaptic transmission.

GIuR2 was first shown to interact with NSF using the yeast-2-hybrid screen (Henley et al.,
1997; Nishimune et al., 1998). These findings were confirmed by the demonstration that
GIuR2 and NSF co-immunoprecipitate from the rat hippocampus along with a.- and -
SNAPs in a complex analogous to the t-SNARE syntaxin-NSF-SNAP complex (Osten et
al., 1998). The binding site identified as a ten amino acid section of the GIuR2 C-terminal
domain (Nishimune et al., 1998; Song et al., 1998) and a peptide of this binding site was
found to be sufficient for the interaction to occur. The binding site on GIuR2 was has no
similarity to other NSF binding sites thereby allowing specific functional experiments to be
carried out using a synthetic peptide (pep2m) corresponding to this sequence. Partial
inhibition of synaptic transmission was observed following perfusion of pep2m to
postsynaptic sites indicating that NSF plays a role in a rapid recycling pool of AMPARS, but
that there is also a pool of receptors that are not recycled through this mechanism. These
experiments also allowed a calculation of a synaptic half-life of <10 min for these rapidly
recycled receptors (Nishimune et al., 1998). Infusion of pep2m in to cultured hippocampal
neurones demonstrated both a decrease in the frequency but not the amplitude of AMPAR-
mediated mEPSCs and chronic viral expression of the pep2m construct caused a dramatic
reduction in the AMPAR immunoreactive puncta on the cell surface (Noel et al., 1999).
Furthermore, pep2m occludes long term depression (LTD) indicating that LTD expression
involves the removal from synapses of a pool of AMPAR controlled by the NSF-GIuR2
interactions (Luthi et al., 1999).

7.2. Neuronal activity-regulated pentraxin (Narp)

Narp is a neuronal immediate early gene product which is a member of a secretory family of
proteins called the pentraxins. Narp was initially identified using a subtractive cloning
strategy in stimulated hippocampus since it remains elevated for nearly 24 h after a single
episode of electroconvulsive seizure (ECS) (Tsui et al., 1996). This extracellular protein
appears to play a role in the synaptic clustering of AMPAR on aspiny neurones (O’Brien et
al., 1999). In cultured neurones from the hippocampus and the spinal cord, it is expressed by
a subset of axons and dendrites, being present at excitatory synapses of aspiny, i.e.
inhibitory interneurons, but not spiny, i.e. pyramidal cell, neurones. Narp was also found to
be on the surface at these synapses and a significant amount of Narp was found in the media
around the cells, consistent with its membership of a family of secretory proteins.
Transfection studies in spinal neurons demonstrated that synaptic Narp could be derived
from both the pre- and postsynaptic neuron which was confirmed by EM studies which
revealed Narp in the presynaptic bouton associated with vesicles, within the cleft and in
postsynaptic structures. In addition, these transfected spinal neurons showed an increase in
the number of excitatory synapses (O’Brien et al., 1999). Repeated ECS on hippocampus
caused Narp protein levels to remain elevated, about 6-fold higher than basal levels, at 48 h
after the last of a series of five or six ECS given every other day. Therefore, sustained
increases in Narp may contribute to changes in excitatory synaptic transmission induced by
chronic neuronal stimulation (Reti and Baraban, 2000).

7.3. Stargazin

Stargazin is a mutated protein that is related to the g-1 calcium channel subunit present in
the Stargazer mouse (Letts et al., 1998; Hashimoto et al., 1999). Stargazer is an ataxic and
epileptic mutant mouse that lacks functional AMPARS on cerebellar granule cells. Stargazin
interacts with both AMPAR subunits and synaptic PDZ proteins, such as PSD-95. It has
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been reported that the interaction of stargazin with AMPAR subunits is essential for
delivering functional receptors to the surface membrane of granule cells, whereas its binding
with PSD-95 and related PDZ proteins through a carboxy-terminal PDZ-binding domain is
required for targeting the AMPAR to synapses (Chen et al., 2000). Different stargazing
isoforms are expressed in other neuronal cell-types, including hippocampal pyramidal cells,
leading to the hypothesis that they may perform a similar function in those cell-types. In
addition, expression of a mutant stargazin lacking the PDZ-binding domain in hippocampal
pyramidal cells disrupts synaptic AMPARS, indicating that stargazin-like mechanisms for
targeting AMPARs may be widespread in the central nervous system.

7.4.4.1N and 4.1G

7.5.Lyn

7.6. Ga

4.1 Proteins are a family of multifunctional cytoskeletal components (4.1R, 4.1G, 4.1N,
4.1B) derived from four related genes, each of which is expressed in the nervous system.
4.1N is enriched at synapses and colocalises with GIuR1 (Walensky et al., 1999). By
analogy with the roles of 4.1R in red blood cells, these workers suggested that 4.1N may
function to confer stability and plasticity to the neuronal membrane via interactions with
multiple binding partners, including the spectrin-actin-based cytoskeleton, integral
membrane channels and receptors, and membrane-associated guanylate kinases (Walensky
etal., 1999).

Subsequently, a direct interaction between GIuR1 and 4.1G and 4.1N proteins was
demonstrated (Shen et al., 2000). Both 4.1G and 4.1N bind to a membrane proximal region
of the GIuR1 C terminus and the site of interaction on 4.1G or 4.1N lies in a defined region
in the C-terminal domain. 4.1G and 4.1N may serve to link GIuR1 to the actin cytoskeleton
as they both contain the binding site for actin complexes. This hypothesis is supported to
some extent by the observation that disruption of actin filaments in cultured cortical neurons
causes a down-regulation of GIuR1 surface expression (Shen et al., 2000).

Lyn is a c-src-like, membrane-associated non-receptor protein tyrosine kinase (PTK) that is
highly enriched in a subcellular fraction of nerve growth cones (GCPs). In neurons 1-2% of
Lyn associates with AMPAR subunits through its SH2 and SH3 domains (Hayashi et al.,
1999). The precise site of interaction on AMPAR subunits was not established but is
assumed to be intracellular. PTKSs link to the MAPK signalling pathway and Lyn was shown
by this study to link AMPAR activation, through this pathway, to activation of expression of
brain-derived neurotrophic factor (BDNF) mRNA. BDNF has previously been shown to
strengthen the efficiency of synaptic transmission (Thoenen, 1995), so this protein
implicates AMPARSs in a direct role in synaptic plasticity as well as mediating rapid synaptic
transmission.

AMPAR, but not NMDAR, signaling in rat cortical neurons has been reported to involve a
G-protein coupled to a protein kinase cascade (Wang and Durkin, 1995). Both NMDA and
AMPA activated p42 mitogen-activated protein kinase (MAPK) in neurons, but only
AMPA-induced MAPK was inhibited by pertussis toxin. Furthermore, AMPA, but not
NMDA, caused an association of a G-protein p subunit with a Ras, Raf kinase and MAP/
ERK kinase (MEK)-1 complex. This led to the suggestion that AMPAR activation could
trigger MAPK activation via a novel mechanism in which G-protein p/y dimers released
from Ga bind to a Ras protein complex causing the activation of Ras, Raf kinase, MEK-1
and finally MAPK. Despite the fact that no sites for G-protein binding have yet been
identified on AMPARS, these workers went on to propose that AMPAR activation can
generate intracellular signals that are independent of Ca2* and Na* influx through ion
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channels. In the absence of intracellular Ca2* and Na*, AMPAR stimulation inhibited
pertussis toxin-mediated ADP-ribosylation of Ga (Wang et al., 1997). AMPA also inhibited
forskolin-stimulated activity of adenylate cyclase in neurons, suggesting that Gi proteins
were activated. In retinal ganglion cells AMPAR activation has also been reported to
modulate a G-protein that, in turn, suppresses the inward current through a cGMP-gated
channel activated by nitric oxide (NO). The AMPA-induced suppression of the cGMP-gated
current was blocked by pertussis toxin suggesting that AMPARs can exhibit a
‘metabotropic’ activity that antagonizes excitation evoked by NO (Kawai and Sterling,
1999).

8. Concluding remarks

While significant advances have been made in identifying proteins that interact with the
precise roles of each of these interactors and how they relate to each other remains unclear.
As illustrated in Fig. 2, more work needs to be carried out to define the developmental,
activity-dependent and steady-state processes that regulate changes in AMPAR-mediated
neurotransmission. Meeting this challenge represents a significant goal in neuroscience that
should lead to the development of intervention and treatment strategies that may provide
effective strategies for the treatment of excitoxic and neurodegenerative diseases.

Abbreviations

ABP AMPA receptor binding protein
AMPA a-amino-3-hydroxy-5-methyl-4-isoxazole propionate
AMPAR AMPA receptor

CaMK-I1 Ca%*calmodulin-dependent protein kinase type 11
CNQX 6-cyano-7-nitroquinoxaline-2,3-dione
CNS central nervous system

EM electron microscopy

MEPSCs mini excitatory postsynaptic currents
ER endoplasmic reticulum

GFP green fluorescent protein

GluR glutamate receptor

GluR14 AMPAR subunits 1-4

GRIP glutamate receptor interacting protein
GRASP GRIP-associated protein

LTD long-term depression

LTP long-term potentiation

MAGUK membrane associated guanylate cyclase
MAP kinase mitogen-activated protein kinase
MGIuRs metabotropic glutamate receptors
nNAChRs nicotinic acetylcholine receptors
NMDA N-methyl-o-aspartate
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NSF N-ethylmalemide-sensitive fusion protein

PDz protein binding motif named after first letters of original proteins in which
it was identified

PICK1 protein interacting with C kinase

PLC phospholipase C

PKC protein kinase C

PSD postsynaptic density

PSD95 postsynaptic density protein-95 kDa

SAP97 synapse-associated protein-97 kDa

SNAP soluble NSF attachment protein

SNAP-25 synaptosome-associated protein-25 kDa

t-SNARE target-associated soluble NSF attachment protein receptor

v-SNARE vesicle-associated soluble NSF attachment protein receptor.
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Fig. 2.
Schematic of proteins that bind to GluR1 and GIuR2 subunits and their approximate sites of
interaction.
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