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PDZ domains and associates with NMDA receptors at the
synapse. Three other neuronal MAGUKs, PSD-93, synapse-associated protein (SAP)-97, and SAP-102, are also
expressed in neurons throughout the brain. The first and
second PDZ domains of PSD-95, and the other neuronal
MAGUKs, bind to the extreme COOH termini of NMDA
receptor subunits and certain other proteins that terminate with a Ser/Thr-X-Val motif. In addition, the second
PDZ domain from PSD-95 binds to a PDZ domain at the
NH2 terminus of neuronal nitric oxide synthase (Brenman
et al., 1996). By bridging the NMDA receptor to neuronal
nitric oxide synthase, PSD-95 functions as a scaffold to enhance activation of calmodulin-dependent neuronal nitric
oxide synthase activity by Ca2 influx through the NMDA
receptor (Sattler et al., 1999).
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Abbreviations used in this paper: CaMK, calmodulin-dependent kinase; GAKIN, guanylate kinase–associated kinesin; GK, guanylate kinase; GKAP, guanylate kinase–associated protein; LTD, long-term depression; LTP, long-term potentiation; MAGUK, membrane-associated
guanylate kinase; MAP1A, microtubule-associated protein; PDZ, PSD95/SAP-90, Discs-large, ZO-1 homologous domain; PK, protein kinase;
PSD, postsynaptic density; SAP, synapse-associated protein; stargazinC,
stargazin construct lacking the extreme COOH terminus.

In addition to its three PDZ domains, PSD-95 contains
an SH3 motif and a region homologous to guanylate kinase (GK). Classically, SH3 domains associate with proline-containing peptides that conform to the consensus
P-X-X-P. Indeed, the SH3 domain of PSD-95 has been
shown to associate with two such proline-containing motifs
in the kainate receptor subunit 2 (Garcia et al., 1998). However, the SH3 domain of PSD-95 and related MAGUK proteins lacks a critical tyrosine (corresponding to Y136 in src)
that is conserved in SH3 domains, and is critical for binding
to proline-containing peptides. Therefore, it will be interesting to determine how SH3 domains from PSD-95 or
other MAGUKs bind structurally to their targets.
The GK domain of PSD-95 is catalytically inactive, but
has been shown to bind to specific neuronal proteins including microtubule associated protein (MAP)1A (Brenman et al., 1998), guanylate kinase–associated kinesin
(GAKIN) (Hanada et al., 2000), and guanylate kinase–associated protein (GKAP) (Kim et al., 1997; Takeuchi et al.,
1997). As microtubules are not present in dendritic spines
or at the PSD, interactions with MAP1A and GAKIN
likely participate in transport of PSD-95 in dendrites. On
the other hand, GKAP is a postsynaptic protein of the
PSD, which links PSD-95 to another large protein complex
built around the protein Shank (Naisbitt et al., 1999).
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Neurotransmission occurs at synapses, specialized points
of contact between presynaptic nerve terminals and
postsynaptic neurons. At excitatory synapses, receptors
and downstream signaling enzymes are clustered in the
postsynaptic density (PSD),1 a cytoskeletal web beneath
the plasma membrane. Transmission at these excitatory
synapses is mediated primarily by glutamate acting on two
classes of ligand-gated ion channels: AMPA receptors and
NMDA receptors. The AMPA receptors are involved in
moment-to-moment signaling, whereas NMDA receptors
play an important role in initiating synaptic plasticity.
Recent cell biological analyses have emphasized remarkable differences in regulation of the synaptic expression of these two classes of receptors (Malenka and Nicoll,
1999; Malinow et al., 2000). NMDA receptors are stable
components of the PSD, whereas AMPA receptors cycle
on and off the synaptic membrane in a manner that is
tightly controlled by neuronal activity (Lüscher et al.,
1999; Beattie et al., 2000; Ehlers, 2000; Lin et al., 2000).
Regulated insertion and removal of AMPA receptors at
the synapse provides a mechanism for altering synaptic efficacy, and for storing information in the brain (Malenka
and Nicoll, 1999; Malinow et al., 2000). This has lead to intensive study of the molecular architecture that recruits
and anchors glutamate receptors at the synapse.
A key breakthrough in understanding mechanisms for
synapse assembly came from the discovery that proteins
containing PSD-95/SAP-90, Discs-large, ZO-1 homologous
domian (PDZ) motifs play central roles in scaffolding receptors and signaling elements (Kennedy, 1997; Craven and
Bredt, 1998; Hsueh and Sheng, 1998; Garner et al., 2000).
The prototypical PDZ protein, PSD-95, is a membraneassociated guanylate kinase (MAGUK) that contains three

In addition to binding exogenous ligands, the SH3 and
GK domains of MAGUKs associate with each other in an
intramolecular fashion (McGee and Bredt, 1999; Shin et
al., 2000). This is reminiscent of regulatory interactions in
Src family kinases, in which the SH3 domain autoinhibits
the kinase. The precise role for SH3–GK binding in
MAGUKs is unclear. However, many previously identified genetic mutations of MAGUKs in invertebrates occur
in the SH3 or GK domains, and all of these mutations disrupt intramolecular SH3–GK binding. Furthermore, mutations that block the SH3–GK interaction prevent receptor clustering by PSD-95 (Shin et al., 2000). Interestingly,
calmodulin binds to a conserved basic amphipathic -helix
between the SH3 and GK domains of SAP-102, and promotes multimerization of SAP-102 (Masuko et al., 1999).
It will be important to understand the details of these regulatory mechanisms in order to elucidate how they may
participate in receptor clustering by MAGUK proteins.
MAGUK proteins PSD-95 and PSD-93 can also multimerize via sequences at their NH2 termini (Kim et al., 1996).
Mutagenic analysis revealed that two critical cysteine residues at positions 3 and 5 of PSD-95 are essential for protein multimerization and for receptor clustering (Hsueh et
al., 1997). These cysteines are also modified by palmitate,
a 16-carbon fatty acid that is linked by thioester bonds to
PSD-95 (Topinka and Bredt, 1998). Palmitoylation is essential for postsynaptic clustering of PSD-95, presumably
because this lipid modification targets PSD-95 to endosomal vesicles that are trafficked to the synapse (Craven et
al., 1999; El-Husseini et al., 2000a). Protein palmitoylation
is a reversible process, akin to phosphorylation, that is dynamically regulated by specific stimuli. Indeed, activation
of glutamate receptors appears to rapidly depalmitoylate
PSD-95 at the synapse (Husseini, A., E. Schnell, S. Dakoji,
R.A. Nicoll, and D.S. Bredt, unpublished observations).
Future studies should elucidate how palmitate cycling on
PSD-95 regulates its synaptic functions.
By acting as a molecular scaffold, PSD-95 and related
MAGUKs participate in synapse development and plasticity. Mutations in Drosophila-Discs large alter postsynaptic
structure and plasticity of larval neuromuscular junctions
(Lahey et al., 1994). Consistent with this developmental
role, overexpression of PSD-95 in hippocampal neurons
drives maturation of excitatory synapses, as evidenced by
enhanced synaptic clustering and function of AMPA receptors (El-Husseini et al., 2000b). Interestingly, PSD-95 overexpression also mediates a retrograde signal to enhance
maturation and function of presynaptic nerve terminals that
synapse upon neurons overexpressing PSD-95 (El-Husseini
et al., 2000b). This retrograde signal may be mediated via
the neuronal adhesion protein neuroligin, which binds to
PSD-95 and can trigger formation of presynaptic nerve
terminals by linking to the presynaptic protein neurexin
(Scheiffele et al., 2000). Overexpressing the PSD-95 binding
protein Shank also promotes pre- and postsynaptic development in a manner that is enhanced by Homer, a protein
that interacts with metabotropic glutamate receptors (Sala
et al., 2001). Future studies are needed to establish the interdependence and hierarchies of these postsynaptic protein complexes in mediating synaptic development.
Targeted disruption of PSD-95 in mice alters synaptic plasticity, such that long-term potentiation (LTP) is enhanced,

and long-term depression (LTD) is eliminated, fitting with
roles for PSD-95 in mediating signaling downstream of
NMDA. Although one might have expected that disrupting
PSD-95 would alter synaptic development, no abnormalities
in synaptic structure were detected in PSD-95 mutant mice
(Migaud et al., 1998). This normalcy may be explained by
molecular redundancy, as four MAGUKs are expressed at
the PSD of neurons. Furthermore, several additional PDZ
proteins interact with NMDA at synapses including synaptic
scaffolding molecule (Hirao et al., 1998) and mouse homologues of Lin-7/MALS (Jo et al., 1999). Genetic analysis of
these complex families of postsynaptic scaffolding proteins
will likely require multiple compound knockouts.

Whereas PDZ domains associate firmly with NMDA receptors at the PSD, PDZ interactions with AMPA receptors can be dynamically regulated and appear to participate in synaptic plasticity. The most studied forms of
synaptic plasticity are LTP and LTD, in which brief repetitive stimulation of excitatory synapses results in either a
long-lasting increase or decrease in synaptic strength, depending on the pattern of stimulation. Both LTP and LTD
depend on activation of NMDA receptors and a rise in
spine calcium; the magnitude of the rise dictates whether
LTP or LTD occurs.
Whereas NMDA receptors clearly control induction of
LTP, the mechanisms underlying expression of LTP have
been more difficult to define. Considerable experimental
evidence indicates that LTP involves postsynaptic enhancement of AMPA receptor responses (Malenka and
Nicoll, 1999; Malinow et al., 2000). However, a postsynaptic locus for LTP expression seemed inconsistent with the
fact that LTP induction decreases the synaptic failure rate,
which typically indicates an increase in transmitter release,
a presynaptic change. A solution to this paradox was the
discovery of silent synapses, which possess NMDA receptors, but no functional AMPA receptors (Malenka and
Nicoll, 1999; Malinow et al., 2000). Importantly, LTP turns
on or “AMPAfies” silent synapses, which explains the decreased failure rate.
How does NMDA receptor–dependent LTP control
synaptic activity of AMPA receptors? Considerable evidence suggests that Ca2 influx via NMDA receptors activates calmodulin-dependent kinase (CaMK)II. This leads
to the phosphorylation of the intracellular COOH terminus (Ser831) of GluR1, an AMPA receptor subunit, and
increases the single channel conductance (Scannevin and
Huganir, 2000; Soderling, 2000). However, this mechanism
does not explain activation of silent synapses, which would
seem to require rapid insertion of AMPA receptors. In
support of this receptor–insertion model, it was noted that
manipulations that interfere with membrane-fusion events
block LTP (Lledo et al., 1998). Furthermore, using two
photon imaging tags as well as an electrophysiological tag,
Malinow et al. (2000) found that AMPA receptor subunits
move into dendritic spines (Shi et al., 1999) and are inserted into the synaptic membrane during LTP (Hayashi
et al., 2000).
Recent studies indicate that PDZ proteins play a major
role in this regulated insertion of AMPA receptors during
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The structure of stargazin helps explain these dual roles
in regulation of AMPA receptors. Stargazin is a tetraspanin, a protein with four transmembrane domains (Letts et
al., 1998). The cytosolic COOH-terminal tail of stargazin
contains a PDZ-binding site, which binds to type 1 PDZ
domains from PSD-95 and related proteins. This PDZbinding site is critical for synaptic function of AMPA receptors, as transfecting mutant granule cells with a stargazin construct lacking the extreme COOH terminus
(stargazinC) does not rescue synaptic responses. Interestingly, stargazinC, which also binds to AMPA receptors, does rescue extrasynaptic AMPA receptor responses
(Chen et al., 2000). These data suggest that stargazin mediates two distinct steps in trafficking AMPA receptors to
the synapse (Fig. 1). First, the transmembrane domains of
stargazin interact with AMPA receptors and regulate the
delivery of AMPA receptors to the cell surface. Second,
interaction of the COOH terminal PDZ-binding site of
stargazin with PSD-95 or a related PDZ protein targets
the AMPA receptors to synapses.
Why are AMPA receptor defects in stargazer mice restricted to cerebellar granule cells? This may be explained
by redundancy, as at least two close homologues of stargazin, -3 and -4, are expressed in neurons. Cerebellar
granule cells appear unique in expressing only stargazin,
which may explain the selective AMPA-receptor defect in
these cells. Indeed, stargazin-like mechanisms appear to
regulate AMPA receptors in hippocampus, as transfecting
hippocampal neurons with stargazinC selectively reduces
the amplitude of AMPA receptor synaptic currents (Chen
et al., 2000). Targeted disruption of -3 and -4 homologues
of stargazin should help determine the essential roles for
this pathway in regulating AMPA receptors in forebrain.

The Stargazin Family Is Related to Claudins

Stargazin, which is mutated in epileptic stargazer mice
(Letts et al., 1998), is the first transmembrane protein found
to interact with glutamate receptors (Chen et al., 2000). In
addition to suffering epilepsy, stargazer mice exhibit cerebellar ataxia. Physiological studies showed that synaptic
AMPA receptor currents are selectively absent from synapses on cerebellar granule cells, though NMDA-mediated
responses are normal at these same synapses (Chen et al.,
1999; Hashimoto et al., 1999). Despite this lack of functional AMPA receptors, the levels of the AMPA receptor
subunits GluR2 and GluR4 appear normal in stargazer cerebellum. The lack of synaptic AMPA responses reflects a
block in AMPA receptor trafficking to the synapse, as electron microscopic analysis with immunogold labeling shows
a profound loss of synaptic AMPA receptors (Chen et al.,
2000). In addition to disrupting synaptic AMPA receptors,
lack of stargazin also abolishes AMPA receptor responses
at extrasynaptic sites (Chen et al., 2000).

In addition to having high homology to -3 and -4, stargazin is more distantly related to the -1 subunit of the
skeletal muscle, voltage-dependent calcium channel, and
to a large family of claudin proteins. Claudin1 was originally isolated as a major constituent of liver-tight junctions
(Furuse et al., 1998). Subsequent molecular cloning has
identified 20 claudin isoforms, which are found at sites of
cell–cell contact in a variety of tissues. By analogy to
COOH-terminal PDZ-binding site on stargazin, many
claudin isoforms terminate with the residues Tyr-Val. This
COOH-terminal site on claudins binds to the first PDZ
domain of the zonula occludens-1, an epithelial cell
MAGUK protein that is closely related to PSD-95 (Itoh et
al., 1999). These data point to a general role for claudin
(stargazin)–MAGUK protein complexes in regulating or
constructing sites of cell–cell contact. Whereas epithelial
tight junctions and neuronal synapses serve very different
functions, evolution appears to have selected certain similar structural elements to construct these two types of cellular junctions (Fig. 2).
Might the homology between stargazin and claudins
provide some insight concerning the functions of these related tetraspanins? Mutation of claudin-11, an oligodendrocyte-specific protein, disrupts tight junctions in compact myelin (Gow et al., 1999), whereas mutations of
claudin-16 disrupt Mg2 resorption across tight junctions
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LTP. AMPA receptors are tetramers assembled from four
subunits, GluR1–GluR4; most AMPA receptors contain at
least a GluR1 and a GluR2 subunit. The COOH terminus
of GluR1 contains a PDZ-binding motif that interacts with
the second PDZ domain of SAP-97 (Leonard et al., 1998).
Despite the high sequence homology between PDZ domains of SAP-97 and PSD-95, GluR1 interacts only with
SAP-97. This COOH-terminal PDZ-binding site on GluR1
appears critical for CaMKII-dependent insertion of AMPA
receptors, as mutations of the site block plasticity in hippocampal slice cultures. As CaMKII does not directly phosphorylate this site (Thr887), it is postulated that CaMKII
phosphorylates an intermediary protein with a PDZ domain, and binding of this protein to GluR1 is critical for receptor delivery to the synapse (Hayashi et al., 2000).
The COOH terminus of GluR2 binds to a pair of multiPDZ proteins, GRIP/APB (Dong et al., 1997; Srivastava
et al., 1998), and also to a single PDZ protein, PICK1 (Xia
et al., 1999). Interestingly, phosphorylation of the GluR2
PDZ-binding site by protein kinase (PK)C selectively disrupts binding of GluR2 to GRIP/ABP, but leaves PICK1
binding intact (Matsuda et al., 1999; Chung et al., 2000).
These PDZ interactions with GluR2 can differentially participate in synaptic plasticity. In sensory relay neurons of
the spinal cord, interaction of AMPA receptors with
GRIP appears to be necessary for recruitment of AMPA
receptors to silent synapses (Li et al., 1999). On the other
hand, induction of LTD in cerebellar Purkinje cells may
involve GluR2 interaction with PICK1, as disrupting
GluR2–PICK1 interactions inhibits LTD in cerebellum
(Xia et al., 2000). Therefore, PKC-mediated induction of
LTD in cerebellum may be mediated by phosphorylation
of the PDZ- binding site of GluR2. In addition to this PDZ
binding, the COOH terminus of GluR2 interacts with NSF
(Nishimune et al., 1998; Osten et al., 1998; Song et al.,
1998; Noel et al., 1999), a major mediator of membrane fusion. This NSF interaction appears to regulate expression
of AMPA receptors at the synapse, as disrupting NSF
binding decreases AMPA receptor responses at synapses
and occludes LTD (Lüscher et al., 1999; Lüthi et al., 1999).

of tubule cells in kidney (Simon et al., 1999). And, very recent studies show that claudin-14 mutations cause hereditary deafness (Wilcox et al., 2001). Freeze fracture reveals
that claudins form the strands of intramembranous protein
particles at tight junctions, indicating a role for claudins in
cell adhesion (Furuse et al., 1998). Whereas electron microscopic studies indicate a grossly normal structure for
granule cell synapses in stargazer mice (Chen et al., 2000),
an intriguing possibility is that stargazin and its homologues might participate in aspects of adhesion at neuronal
synapses. Alternatively, claudins may regulate receptor
trafficking in epithelial cells.
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cell–cell contract. By directly binding the COOH termini
of NR2 subunits receptors, PDZ proteins firmly anchor
NMDA receptors at the PSD. The coupling of AMPA receptors to the synaptic PDZ scaffold is less tight and can involve an accessory protein, stargazin. Might stargazin interactions with AMPA receptors participate in synaptic
plasticity? Since it is well accepted that CaMKII is an essential mediator of LTP and that other protein kinases, such as
PKA and PKC, may play important modulatory roles, it
will be of interest to determine if stargazin is a target for
phosphorylation by these various kinases and if so, whether
this phosphorylation plays a role in synaptic plasticity.
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through NMDA receptors activates CaMKII, which mediates insertion of synaptic AMPA receptors.
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