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Glutamate receptor plasticity at excitatory synapses in the brain
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Summary and deactiation kinetics®® As discussed belg these
o ) _ properties alle highly regulated current fl in response

1. Synapse _pIasthlty defined as an aW_Y' to specific incoming synapse activity.
dependent change in the strength of synapses, st Glutamate receptors are gated and anchored at
described in 1973 bylr'ﬁ Bliss and Terje Lﬂmb.S_mce excitatory synapses through a netw of scafolding
these seminal xperiments were reported, the field Ofproteins. These proteins are concentrated at the tip of the
synapse plasticity has expanded into one of the most widglysisynaptic dendritic spine at agien termed the
studied areas in neuroscience. postsynaptic density (PSD; Figure 1). The PSD is estimated

2. Significant effort has been focussed Ong contain more than 200 synaptic proteins whicheha
determining the xpression mechanisms of the changes igyriad of functions. Included in this group are the
synapse strength. Thisview will focus on the changes in gi tamate receptor binding Synapse Associated Proteins
the postsynapticxpression of glutamate receptors thatéha (SAPs) SAP97, SAP102 and SAP90 (also vkmoas
been_ §hown to occur during thepeession of synapse PSD95). These proteins are egieg as the central
plasticity. - _ _ _ _ organisers of synapses: theare critical for synaptic

3. Biochemical studies ofxeitatory synapses in the gyryctural integrity and for the trafficking of multi-

central nervous system Ve revaled a high density of component receptor compis to ynapseg:?
proteins concentrated at dendritic spines. These proteins

appear to play critical roles in synaptic structure, plasticitiylasticity at excitatory synapses
and in trafficking receptors to synapses. . o i o

4. There is growing evidence that synapse plasticit Plasticity of the circuitry that wires the brain is a
could be the cellular basis of certain forms of learning a,féndar_nental property of neurons that is thought to underlie
memory Determining the befoural correlates of this Pehaviour cognition, learning and memofy® The
fundamental synaptic process will continue to be addrességyelopment of n& synapses, the awtty-dependent

in current and future research. changes in the strength ofxigting synapses and the
elimination of synapses ¥ been proposed to form the
Introduction basis of this plasticityThe NMDA-type glutamate receptor

) ) subtype is crucial for synapse plastiéltgnd for learning

Excitatory synapses of _the_ mammalian central,q memory? The unique properties of the NMD
nenous system are asymmetric sites of neuron-neurggeeptor play ady mle in the cellular mechanisms thought
contact that enable the formation of neuronal DEt® 1 ynderlie learning and memory by defining the receptor as
within the brain. In response to depolarization of thg «cgincidence detector to initiate synapse plasticity and
presynaptic terminal, neurotransmitter is released '”F@ading to the formation of me neural netwerksl3® In
synaptic cleft where it binds specifically to postsynaptigasponse to afferent activity-induced depolarization of the
receptors clustered on the postsynaptic dendritic SpiRgstsynapse coincident with presynaptic transmitter release,
(Figure 1). Neurotransmitter binding then triggers iowflo -5icium influx through the NMB receptor triggers the
into the postsynaptic neuron. T_he majority o_ct_:imtory actve insertion or remesl of AMPA-type glutamate
synapses are glutamager, meaning that theutilise the  yeceptors (Figure 1). Plasticity models that increase
amino acid glutamate as the neurotransmiftbe primary  synaptic strength are termed long-term potentiatioFPjL
subtypes of glutamate receptors expressed at glutgitateq e those that decrease synaptic strength are termed long-
synapses are  thea-amino-3-hydroxy-5-methylisoxa- term depression {ID). ThusAMPA receptors are thought
zole-4-propionic acid receptor (AMPreceptor) and N- regponsible for the expression of synaptic plastieityile

mettyl-D-aspartate receptor (NM® receptor) subtypes. NvDA receptors for its control.
AMPA-type glutamate receptors are important in

determining postsynaptic cell x@tability, snce theg Trafficking and plasticity of AMPA receptors

conduct the majority of the current wWlo at resting

membrane potentialThe NMDA-type glutamate receptor Most AMPA receptors are tetramers composed of a
exhibits a distinct property of altage-dependent combination of GIuR1, 2, 3 and 4 surits'® (for aamplg,
magnesium blockade, enabling it to conduct current only S{UR1/GIUR2 or GIuR2/GIuR3 heteromers). The b
depolarised membrane potentidfsThis receptor is also COMPOsition varies in a brain region-dependent markter
unique in its high calcium permeabilignd sl activation ~ hiPpocampal CA3-CAL synapses, the synapse population
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Figure 1. Plagticity at excitatory synapses in the central nervous system. The two major subtypes of glutamageeptors,

AMPA and NMDA, ae localized in the electron-dense postsynaptic densityeamhey bind glutamate eleased from the
presynaptic terminal. In response to LTP-inducing stimuli, AM&eptos ae rapidly inserted into the synaptic mem-
brane followed by lated diffusion into the PSD. As a result, synapse strength is increased, as measured by an increase in
the amplitude of synaptic currents. In response to LTD-inducing stimuli, bottA AMPNMDA receptos are thought to be
removed from the synaptic menalme potentially at designated endocytic zones. Assallt, synapse strength is deased,

as measured by a dease in the amplitude of synaptic currents. Aféenaval from the synapseeceptos can be ecycled

bad to the membrane or tgeted for degradation.

most widely studied with respect to synapse plastioigst  (GRIP)” SAP97 has been proposed tadia key ole in
AMPA receptors are GIuR1/GIUR2 or GIluR2/GluR3directing AMFA receptors to synapses with myosin VI, a
heteromers. The trafficking of AMPreceptors to the minus end, actin-dependent moté8AP97, myosin VI and
postsynaptic spine and subsequently to the postsynapfituR1 are thought to form a trimeric complex, such that
membrane requires interactions between the AMPSAP97 serves as an adaptor protein linking myosin VI to
receptor subnits and PSD proteins through their PDZvesicular cargos carrying glutamate receptors from the
domaing* (postsynaptic density discs large, zona soma to the synapse.

occludens). These domains interact with théresne C- AMPA receptors can also be synthesized in the
termini of their binding partners, and with specifigaes dendrites, independent of receptor ficking from the

to AMPA receptor trafficking and synaptic localizationsoma. Lve imaging of tetragsteine-tagged GIluR1 and
include SAP97> protein that interacts with C-kinase GIuR2 subunits showed that both solts are locally
(PICK1)'8 and glutamate receptor interacting proteirsynthesized in the dendrités. What the relatie
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contritutions of local ersus soma synthesized AMP GFP-clathrin shows thexistence of a specialized engtic
receptor subunits is not known, but dendritic synthesis magne lateral to the PS#. Membrane proteins such as
provide a synapse specific mechanism for more rap@MPA receptors must therefore dissociate from TARPs and
changes in synapse strength that do not require long-teother PSD proteins and translocate to thitrasynaptic

trafficking of AMPA receptors from the sonid. region to undergo internalization. After their revabfrom
_ ) the postsynaptic membrane, AMPeceptors are thought to
Insertion of AMIA receptos into synapses differentially sort between rgcling pools and dgradatie

pathways. Biochemicalanalysis has identified a light
membrane fraction rich in AMP receptors that
corresponds to a population of tldr vesicles ranging in
size from 50 to 300 nr. This pool could sees as a
Oq(girr\dritic regcling pool of AMRA receptors. AMR
receptors that kW& keen endogtosed in an NMB
gceptor, calcium- and phosphatase-dependent manner
ave keen shown to rapidly rgcle back into the synaptic
membrane; in contrast, those endocytosed independent of
NMDA receptor actiation are tageted to late endosomes
and lysosome¥

There is considerable evidence from man
laboratories that AMR receptors are inserted into the
synaptic membrane in response to LTP inductidine
process of synaptic insertion of AMReceptors is a tw
step process, mediated by the 4-pass transmembrane pr
Stagazin.2° First, Stagazin recruits AMR receptors to the
surface membrane from a presumed intracellular po
Then,via a protein kinase A-dependent interaction betwee
the C-terminal tail of Stgezin and the first toe PDZ
domains of PSD95, AMP receptors are recruited to the
synaptic site¢l?? Stagazin and the dmily of stagazin-
related proteins ARPs (transmembrane AMPreceptor 1, afficking and plasticity of the NMDA r eceptor
regulatory proteins) are also critical for maintaining the
surface expression of AMPreceptors at synapsesARPs Five NMDA receptor subunits are expressed in the
are membrane stable proteins that tuverovery slavly.  brain332 The NR1 subunit is ubiquitouslyxeressed and
The dependence of surface ARMPeceptor expression on has 8 distinct splice isoforms. The four subtypes of the NR2
TARP proteins was first shown in giazer knockout mice sulunit are termed NR2A-NR2D (with each except for
which exhibit a complete loss of surface AMPeceptors in  NR2A having seeral splice variants). NMB receptors are
cerebellar granule cells. Other members of this fanyly ( tetramers composed of multiple NR1 subunits together with
v4 and y8) are proposed to mediate surface AMi@ceptor at least one NR2 typ&;®2 with the different combinations

expression in the forebraf. bestaving distinct functional properties onto the recegtor
The NR1 subunit is necessary for channel function and
Removal of AMR receptos from the synapse displays similar structure and sequence homology to

suhlunits of other ion channet$ The NR2 subunits heever

How glutamate receptors are rewed from the ) . ) :
are unigue as tlyehave long C-terminal tails serving as

synapse has been an area of intengiudy and progress . . . : S
over the past 5 years, with multiple labs showing tha nchoring points for signal transduction enzyrte/ithin

AMPA receptors are rapidly recycled out of the synapse} © h|ppocampgs, NR2A and NR2B soiis are mpst
the time course of minutd&? As a result, synapse prominent. Duringsynapse deslopment and maturation,

strength is decreased and this weakening of synapsesg'@s sulinit composition of the NMA receptor switches

P Lo . heteromeric receptor composed of NR1lusitb
roposed to initiate synapse elimination, although this h om a het ) .
Eot%een directly shovaln P g together with NR2B sulnits to one composed of NR1 with

B e . -
The process of AMR receptor remeal from CNS NR2A sulunits? This subunit replacement confers distinct

: — - : kinetic properties on the receptor: replacement by 2A
synapses is known to be intricately tkto the endagdic )
proteins clathrin and dynamin, and the PSD proteins GR eeds the decay of the NMDeceptormediated EPSC,

and PICK?527 The clathrin adaptor protein AP-2 binds thdesulting in NMDA receptoimediated synaptic currents of

GIuR2 subunit of the AMR receptor and binding of AP-2 shorter duratiqn. This change in channel properties may
to AMPA receptors is required for NMBstimulated underlie experience-dependent plasticty.
AMPA receptor endocytosis and L'FE. o ~ Trafficking and insertion of NMB receptors

Inhibition of GIuR2/3 C-terminal tail interactions
with the PSD proteins PICK and GRIP disrupts basal Live imaging of GFP-tagged NR1 has suggested that
transmission and synaptic plasticify?®> Specifically the NMDA receptors traffic in mobile transport packets to
disruption of GIuR2/3 binding interactions results in amleveloping synaptic site® However, timelapse imaging
increase in receptorxpression at the synapse, and thend FRAP (fluorescence remoy after photobleaching, a
inability to undergo LTD, sugges# d a role of PICK and visual measure of protein tuwve) of PSD proteins
GRIP in stabilizing an intracellular pool of AMReceptors including NR1, shaed gradual appearance of clusters,
and regulating their reinsertidh. Interestingly AMPA indicating that these proteins are recruited o Bgnapses
receptors can regulate whether GRIP or PICK binds to théir a gradual mannéf No postsynaptic vesicular transport
C terminus through GIUR2 phosphorylation, yiding a paclkets of NR1 were evident. NMDreceptors are inggal
mechanism to diérentiate interactions of PICK1 or GRIP membrane proteins and therefore must be transported to the
with GIuR2 to rgulate AMRA receptor sudce synaptic membranga a vesicular intermediateThe aboe
expressior?’ Live imaging of neurons transfected withevidence suggests that this could wa packet$® or by
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vesicles too small to be detected at the light microscope  Recently it has been demonstrated that synaptic
level.36 currents mediated by NMDreceptors can be regulated by
Rapid delery of NMDA receptors into the synaptic actiity, particularly in the ngaive drection. This
postsynaptic membrane has beerwshto occurvia PKC evidence  of  actiity-induced NMDA  receptor
activated, SMARE-dependentx®cytosis®” Live imaging of downregulation has suggested that NiMDeceptors are not
GFP-NMDA receptor subunit recombinant proteinsvédna static in the postsynaptic membranat lnay in fact be as
shavn NMDA receptor insertion may be as complas dynamic as AMR receptors following the induction of
AMPA receptors. At the early postsynapse when NR2B-TD. During synaptic depression, the amplitude of NMD
containing NMDA receptors are pvelent, GFP-tagged receptommediated currents is suppressed in an MMD
NR2B subunits were shown to be recruited in arvitgti receptordependent mannét>C This depression of the
independent mannét As development progresses, andNMDA receptor component of the postsynaptic current has
synaptic activity begins to increase, NR2B-containingubsequently been linked to endocytic processadergce
receptors are internalized and replaced by NR2/Af NMDA receptor endocytosis following application of
containing receptors, with this switch requiring synaptiexogenous agonists has been shown in both heterologous
activity to occur. and neuronal system&>3 NMDA receptors undergo rapid
The synaptic trafficking and the subsequent insertiatynamin-dependent enddosis in response to the
of NMDA receptors into the synapse is tightlguated. In induction of ITD,*° upon glycine priming® and after
the gene encoding NR1x@ns 21 and 22a encode C1 andepeated long-term agonist applicatidn.n addition,
C2 cassettes in the intracellular domain of NR1lusitb NMDA receptors co-immunoprecipitate with the endiac
NR1 splice wariants containing the C1 cassettevéha protein AP-2 that links internalized proteins to clati¥fin.
endoplasmic reticulum (ER) retention motifs thafThe NR2B subnit of the NMDA receptor contains an
subsequently pwent surface expression of this spliceendogtic motif (YEKL) in its C-terminus that directly
variant3® Shielding of C1 cassette promotes fard interacts with the endocytic AP-2 adaptor proig2?* The
trafficking to the synaps¥,whereas the C2 cassettevado AP-2 binding site on NR2B is adjacent tot listinct from
export from the ER? In response to different uels of the PSD95 binding site of NR2B, with each sitevihg
activity, neurons can control thevid of NMDA receptor opposing effects on surface NMDreceptor gpression.
expression at the synapse through rapid translation ®he PSD proteins PSD95, SAP97 and PSD93 may control
specific NR1A splice ariants: chronic changes in synaptiche aailability of this endogtic motif for AP-2 binding and
activity control splicing at the C2/C3ite to accelerate the subsequent endocytosis of the NMDeceptof® These
trafficking of C2 receptors to the synap&,showing recent studies can be consistent with earlier data suggesting
MRNA splicing as a neel mechanism to control NMR NMDA receptors are fed in the postsynaptic density by
receptor surface expression during \agtidependent PSD proteins, by showing that NMDreceptors can be
changes in synaptic strength. dynamic, but only following unbinding from PSD proteins

o ) ~and the subsequent binding of endocytic proteins.
Activity-dependentagulation of NMDA receptor expression

) . } Consequences of NMOreceptor plasticity: metaplasticity.
For mary years it was widely beled that NMDA

receptors were not subject to aitti-dependent mgulation Activity-dependent regulation of the NMDreceptor

that has been reported for the AMReceptor For example, influences the ability of the synapse to undergo further

in contrast to AMR receptors, NMB receptors xhibit NMDA receptordependent plasticityserving as a basis for

high resistance to detmnt extraction from PSD¥, some forms of metaplasticitjctivity-dependent mgulation

indicating that the are tightly anchored to theytoskeleton of NMDA receptor function and synaptiggession could

at the synaptic site. In studies in dissociated neuroria¢ controlled by the PSD proteins it is boundtats

cultures, field or pharmacological stimulation to inducéocation in the synaptic orx&rasynaptic membrarfé,and

AMPA receptor internalization resulted in no NRithe activity state of the synap®° Anchored NMDA

internalizatiorf’? In addition, there ha been reports of a receptors at the PSD that are only subject tondegulation

lack of actvity-dependent up-regulation of NMD under certain conditions would ensure that synapses in the

receptors accompanying the up-regulation of AMP brain protect their ability to undergo future NMD

receptors associated with the expression of €. receptordependent plasticity and subsequent NMD
Using the irrgersible use-dependent NMOreceptor receptor dependent processes such as some forms of

antagonist MK801, the nvement of NMDA receptors into learning and memory.

and out of the synaptic membranasashown for the first ]

time to occur through lateral €iion between synaptic and Concluding remarks

extrasynaptic pool4’ NMDA receptor meements occurred

on the time scale of minutes. As ngaas % of synaptic

NMDA receptors were calculated to be mobilhis study

challenged the vie that NMDA receptors are stable

components, anchored to the PSD by PSD-associa

proteins.

Over the past 10 years, incredible progress has been
made in our understanding of the molecular mechanisms of
synapse function and plasticity in the central oasv
system. The detailed analysis of the families of synaptic

teins localized to the PSD Jeapovided fundamental
information into hav synapses are formed, Wwosynaptic
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proteins are tgeted to synapses, andvwh@ynapses can 13.

change their strength. These processes are essential to our

understanding of brain function at a bebaral level.
Indeed, correlate gudies of animal bek@ur and synapse 14.
strength are wealing changes in glutamate receptor
expression at synapses in response to visual changes,
learning and drug addictidi:>>°¢ Moreover, recent 15.
adwances are no enabling the measurement of synapse
function in avake behaving animals)’ Such advances are
critical to enable us to bridge thamin our understanding

of haw cellular mechanisms translate to cogratiunctions

by providing powerful information on synapseyptology

during natural behaviours. 16.
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