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Long-Term Potentiation-A Decade of Progress? 
Robert C. Malenka' and Roger A. NicollZ 

hroughout the 20th century, since the 
classic descriptions of nervous system 
structure and function by Ramon y Ca- 

jal and Sherrington, the remarkable capacity 
of the brain to translate transient experiences 
into seemingly infinite numbers of memories 
that can last for decades has been attributed to 
long-lasting, activity-dependent changes in 
the efficacy of synaptic communication. Ex- 
perimental support for such a process was 
lacking, however, until the early 1970s when 
it was shown that repetitive activation of 
excitatory synapses in the hippocampus, a 
brain region long known to be essential for 
learning and memory, caused an increase in 
synaptic strength that could last for hours or 
even days (I). Over the past 15 to 20 years, 
this long-lasting synaptic enhancement, known 
as long-term potentiation (LTP), has been the 
object of intense investigation because it 
is widely, although not universally, believed 
that LTP provides an important key to under- 
standing the cellular and molecular mecha- 
nisms by which memories are formed and 
stored (2). Furthermore, the activity- and ex- 
perience-dependent refinement of neural cir- 
cuitry that occurs during development shares 
features with learning, and thus a role for 
LTP in this process has been proposed (3). 
Indeed, the enormous interest in LTP is illus- 
trated by the fact that a simple MEDLME 
search with the keywords "long-term poten- 
tiation" retrieves more than 3000 papers pub- 
lished this decade-almost one per day. 

Despite the enormous interest in LTP, it 
has proven difficult to elucidate the detailed 
cellular and molecular changes that underlie 
LTP. In fact, for over a decade, there has been 
a vigorous, highly visible debate about 
whether the changes that occur soon after the 
generation of LTP happen on the pre- or 
postsynaptic side of the synapse. Although it 
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seems a simple question, the answer con- 
strains the types of molecular changes that 
underlie LTP and therefore may be responsi- 
ble for key aspects of memory storage. Re- 
cent experimental evidence suggests that a 
resolution is close. In this review, we briefly 
summarize the current understanding of the 
mechanisms underlying LTP and present a 
simple hypothesis that unifies much of the 
data, which have previously been viewed as 
contradictory (4). 

Basic Properties of LTP 
Because the vast majority of experimental 
work aimed at understanding the mechanisms 
of LTP has been on excitatory 
synapses in the hippocampus, specifically on 
the synapses between the Schaffer collateral 
and commissural axons and the apical den- 
drites of CA1 pyramidal cells, this review 
focuses on findings at these synapses. Al- 
though other forms of LTP display different 
properties (2), the LTP at CAI synapses, 
which release the neurotransmitter glutamate, 
appears to be identical (or very similar) to the 
LTP observed at glutamatergic excitatory 
synapses throughout the mammalian brain, 
including the cerebral cortex (5). Indeed, the 
fact that LTP can be most reliably generated 
in brain regions involved in learning and 
memory is often used as evidence for its 
functional relevance. Whether LTP is trig- 
gered during learning and is causally related 
to memory formation is an actively debated 
topic that is beyond the scope of this review 
(6). In our view, LTP is a fundamental prop- 
erty of the majority of excitatory synapses in 
the mammalian brain and, as such, is likely to 
subserve many functions, including underly- 
ing some forms of learning and memory. 

In the CAI region of the hippocampus, 
LTP is input-specific, which means that when 
generated at one set of synapses by repetitive 
activation, the increase in synaptic strength 
does not normally occur in other synapses on 
the same cell. This property is advantageous 
because it greatly increases the storage capac- 
ity of individual neurons. LTP is also asso- 
ciative, that is, strong activation of one set of 

seconds), it can last for hours in in vitro 
preparations and days in vivo. As do long- 
lasting forms of memory, the late phases of 
LTP appear to require gene transcription and 
new protein synthesis (2). If LTP contributes 
to memory formation by triggering long-last- 
ing, perhaps permanent, changes in neural 
circuitry, understanding the molecular mech- 
anisms by which this occurs clearly is impor- 
tant, although technically difficult. Our dis- 
cussion will be limited to the events that 
occur during the first -60 minutes of LTP. 

Triggering Mechanisms 
It is well accepted that the triggering of LTP 
requires synaptic activation of postsynaptic 
N-methyl-D-aspartate (NMDA) receptors, a 
subtype of glutamate receptor. This activa- 
tion requires depolarization of the postsynap- 
tic cell, which is usually accomplished exper- 
imentally by repetitive tetanic stimulation of 
synapses or by directly depolarizing the cell 
while continuing low-frequency synaptic ac- 
tivation (a "pairing protocol") (2). How do 
these requirements account for the properties of 
LTP? During low-frequency synaptic transmis- 
sion, the neurotransmitter glutamate binds to 
two different subtypes of receptor that are often, 
but not always (see below), colocalized on in- 
dividual dendritic spines, the small (- 1 km3) 
outgrowths from the dendritic shaft that are the 
postsynaptic site of synaptic contacts (Fig. 1). 
The first is the a-amino-3-hydroxy-5-methyl-4- 
isoxazolepropionic (AMPA) receptor, which 
has a channel permeable to monovalent cations 
(Na+ and K+) and which provides the majority 
of inward current for generating synaptic re- 
sponses when the cell is close to its resting 
membrane potential. The second is the NMDA 
receptor, which exhibits a profound voltage 
dependence because of the blocking of its chan- 
nel by extracellular Mg2+, such that it contrib- 
utes little to the basal postsynaptic response 
during low-frequency synaptic transmission. 
However, when the postsynaptic cell is depo- 
larized during the induction of LTP, Mg2+ 
dissociates from its binding site within the 
NMDA receptor channel, allowing Ca2+ as 
well as Na+ to enter the dendritic spine. The 
consequent rise of intracellular Ca2+ is the 
critical trigger for LTP. This local source of 
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Ca2+ within the dendritic spine accounts for the 
input specificity of LTP. Associativity occurs 
because strong activation of one set of syn- 
apses depolarizes adjacent regions of the den- 
dritic tree. 

The evidence in support of this model is 
compelling and almost universally agreed 
upon. Specific NMDA receptor antagonists 
have minimal effects on basal synaptic trans- 
mission but completely block the genera- 
tion of LTP (2, 7). Similarly, preventing the 
rise in postsynaptic Ca2+ with Ca2+ chelators 
blocks LTP, whereas directly raising the 
amount of postsynaptic Ca2+ by photolysis 
of caged Ca2+ can mimic LTP (8). Further- 
more, imaging studies have demonstrated 
directly increases in Ca2+ within dendritic 
spines due to NMDA receptor activation (9). 
Currently, it is thought that a short-lasting 
(1- to 3-s) threshold level of Ca2+ must be 
reached to trigger LTP. Whether the influx of 
Ca2+ alone is adequate or an amplification 
due to Ca2+ release from intracellular stores 
is also required for triggering LTP remains 
unclear (10). Another important unresolved 
issue is whether an increase in Ca2+ alone is 
sufficient to trigger LTP or whether addition- 
al factors, presumably provided by synaptic 
activity, are required (2). One candidate for 
such additional input is a family of G pro- 
tein-coupled receptors known as metabo- 
tropic glutamate receptors. These receptors 
are found at most excitatory synapses, but 
their activation does not appear to be abso- 
lutely required for the generation of LTP in 
CAI pyramidal cells. They may, however, 
modulate the triggering of LTP (11). 

Increases in postsynaptic Ca2+ that are 
NMDA receptor-dependent and that do not 
reach the threshold for LTP can generate 
either a short-term potentiation (STP) that 
decays to baseline over the course of 5 to 20 
minutes or long-term depression (LTD), a 
long-lasting decrease in synaptic strength that 
may be due to a reversal of the mechanisms 
underlying LTP (12). Thus, any manipulation 
that influences the magnitude or dynamics of 
Ca2+ increases within dendritic spines may 
profoundly influence the form of the resulting 
synaptic plasticity. Although NMDA recep- 
tors are the primary source of Ca2+ entry into 
spines, activation of dendritic voltage-depen- 
dent Ca2+ channels also substantially raises 
Ca2+ levels and can generate LTP, STP, or 
LTD. Perhaps because of the distinct subcel- 
lular l~calization of Ca2+ channels, however, 
the LTP due to activation of Ca2+ channels 
may use mechanisms distinct from NMDA 
receptor-dependent LTP (13) and will not be 
considered further here. 

Signal Transduction Mechanisms 
What biochemical pathways are activated by 
Ca2+ and are required for translating the 
Ca2+ signal into an increase in synaptic 

strength? A review of the literature generates 
an enormous, even bewildering, list of can- 
didate signal transduction molecules. Howev- 
er, this research has not distinguished mole- 
cules that are key components of the signal 
transduction machinery absolutely required 
for LTP from biochemical processes that 
modulate the ability to generate LTP (14). 
There are only a few molecules for which the 
evidence of a key, mandatory role in LTP is 
compelling. 

Overwhelming evidence implicates a-cal- 
cium-calmodulin-dependent proteinkinase I1 
(CaMKII) as a key component of the molec- 
ular machinery of LTP (2, 15). CaMKII is 
found in high concentrations in the postsyn- 
aptic density, a submembrane component of 
the dendritic spine that also contains the glu- 
tamate receptors that mediate synaptic trans- 
mission (16). Postsynaptic injection of inhib- 
itors of CaMKII or genetic deletion of a 
critical CaMKII subunit blocks the ability to 
generate LTP (1 7). That CaMKII plays a 
direct, causal role in LTP is strongly support- 
ed by the finding that synaptic transmission is 
enhanced and LTP is occluded by increasing 
the concentrations of constitutively active 
CaMKII in CA1 cells (18). 

An important property of CaMKII is that 
when autophosphorylated on TM8", its ac- 
tivity is no longer dependent on Ca2+-cal- 
modulin (CaM) (15, 19). This allows its ac- 
tivity to continue long after the Ca2+ signal 
has returned to baseline. Biochemical studies 
have demonstrated that this autophosphoryl- 
ation does in fact occur after the triggering of 
LTP (20, 21). That CaMKII autophosphoryl- 

ation is required for LTP was convincingly 
demonstrated by an elegant use of molecular 
genetic techniques in which replacement of 
endogenous CaMKII with a form of CaMKII 
containing a T P s 6  point mutation blocked 
LTP (22). A final important piece of.evidence 
implicating CaMKII in LTP is that it can 
directly phosphorylate the AMPA receptor 
subunit, GluRl, in situ, and this has been 
shown to occur following the generation of 
LTP (21) (see discussion below). 

Several other protein kinases, including 
protein kinase C (PKC), cyclic adeonosine 
3',5'-monophosphate (CAMP)-dependent pro- 
tein kinase (PKA), the tyrosine kinase Src, 
and mitogen-activated protein kinase (MAPK), 
have also been suggested to contribute to 
LTP (2). The evidence in support of critical 
roles for these kinases is, however, consider- 
ably weaker than that for CaMKII. PKC has 
been suggested to play a role analogous to 
that of CaMKII, because PKC inhibitors have 
been reported to block LTP and because in- 
creasing postsynaptic PKC activity can en- 
hance synaptic transmission (23). However, it 
remains to be determined whether the synap- 
tic enhancement due to increasing PKC ac- 
tivity uses the same mechanisms as LTP. 
PKA has been suggested to boost CaMKII 
activity indirectly by decreasing competing 
protein phosphatase activity by means of 
phosphorylation of inhibitor-1, an endoge- 
nous protein phosphatase inhibitor (24). Src 
may participate in a more indirect way by 
enhancing NMDA receptor function during 
LTP induction (25). The specific function of 
MAPK in LTP remains unknown (26). 

m - .  
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-- 
Fig. 1. Model for the induction of LTP. During normal synaptic transmission, glutamate (Clu) is 
released from the presynaptic bouton and acts on both AMPA receptors (AMPARs) and NMDA 
receptors (NMDARs). However, Na+ flows only through the AMPA receptor, but not the NMDA 
receptor, because MgZ+ blocks the channel of the NMDA receptor. Depolarization of the postsyn- 
aptic cell relieves the Mg2+ block of the NMDA receptor channel, allowing Na+ and Ca2+ t o  flow 
into the dendritic spine by means of the NMDA receptor. The resultant rise in Ca2+ within the 
dendritic spine is the critical trigger for LTP. 

!ncemag.org SCIENCE VOL 285 17 SEPTEMBER 1999 



S C I E N C E ' S  C O M P A S S  

Members of another class of signal trans- short-lasting (0.5- to 3-s) presynaptic plastic- 
duction n~olecules related to LTP are the 
postulated retrograde messengers. If presyn- 
aptic changes in transmitter release contribute 
to LTP, a retrograde messenger must be re- 
leased froln the postsynaptic cell to modify 
presynaptic fi~nction; because the initial trig- 
gering of LTP clearly resides in the post- 
synaptic cell. Molecules that have received 
the most attention as possible retrograde mes- 
sengers include nitric oxide (NO), carbon 
monoxide, arachidonic acid. and platelet-ac- 
tivating factor (2, 27). Currently it is diffi- 
cult to conclude that any of these molecules 
are absolutely req~nred for the generatloll of 
LTP (28) 

Expression Mechanisms 
No question conceilnng LTP has generated 
more debate and confi~slon o\er the last tv o 
decades than the seeiningly simple question 
of whether the increase in synaptic strength is 
due primarily to a pre- or postsynaptic mod- 
ification. Great technical difficulties are in- 
herent in examinillg the changes at indi~idual 
synapses that are embedded in a network in 
which each individual cell recei~es  about 
10;000 to 30,000 synapses. Most neurobiolo- 
gists agree that the silnplest postsynaptic 
change that could cause LTP 1vould be a 
modificatioil in AhIPA receptor filnction or 
nuinber (or both), whereas the simplest pre- 
synaptic change would be an increase in the 
probability of lleurotrallslllitter release. 

In early attempts to address this issue. an 
increase in extracellular glutamate after the 
inductioll of LTP, consistent with a presyn- 
aptic change. was measured (2). The finding 
shortly thereafter that the induction of LTP 
was clearly postsynaptic established the re- 
quirement for a retrograde messenger. How- 
ever, the relevance of the increase in extra- 
cellular glutamate after LTP inductioll has 
been questioned, in pait because it remains 
uncertain whether this measure directly re- 
flects synaptically released glutamate ( 2 9 .  

Most studies exaillining whether LTP is 
expressed presynaptically or postsynaptically 
(or both) h a ~ e  used a \ariety of electrophys- 
iological assays. Several of these studies ap- 
pear to be inconsistent with the hypothesis 
that the release of glutamate increases sub- 
stantially during LTP. Because .4MP.4 recep- 
tors and NMDA receptors are frequently co- 
localized at individual synapses, manipula- 
tioils that increase the probability of transmit- 
ter release would cause an e q ~ ~ a l  increase in 
the synaptic responses mediated by these two 
subtypes of receptor. Most investigators find. 
however, that LTP increases the AMPA re- 
ceptor-mediated excitatory postsynaptic cur- 
rent (EPSC) to a greater extent than the 
NMDA receptor-mediated EPSC (30, 31). 
Changes in tralls~nitter release probability 
dramatically illfluence various follns of 

ity such as paired-pulse facilitation, yet these 
phenomena are mi~limally affected by LTP 
(32). I11 addition, if LTP i n ~ o l ~ e d  an increase 
in release probability. it should be possible 
to occlude LTP by increasing this probabil- 
ity to its maximum, but this has no effect on 
LTP (33). 

To ineasure glutamate release more di- 
rectly, two additional approaches have been 
talten. One utilized use-dependent antago- 
nists of the NMDA receptor or a mutant 
AMPA receptor that laclts the specific sub- 
unit GluR2. These antagonists decrease the 
EPSC at a rate that is directly proportional to 
the probability of transmitter release (34). 
The other approach took advantage of the fact 
that glial cells tightly ensheath synapses and 
respond to synaptically released glutamate by 
activation of electrogenic transporters. which 
generate a cunent that is directly propoitional 
to the amount of glutamate released (3.5). 
Manipulations known to increase transmitter 
release affected all of these lneasures as pre- 
dicted. but LTP had no disceinible effect. 

I11 addition to these negative findings. the 
case for postsynaptic modificatiolls account- 
ing for LTP is made much stronger by a 
number of recent electrophysiological and 
biochenlical measures that lvere found to in- 
crease during LTP. hIeasurement of minia- 
ture EPSCs (mEPSCs) is a classic method of 
determining the locus of any synaptic change. 
These postsynaptic events are due to the 
spontaneous exocytosis of individual presyn- 
aptic ~esicles; each containing multimolecu- 
lar packets of transmitter teilned quanta. If 
one assumes that the amount of glutamate in 
each vesicle is relatively fixed, an increase in 
the amplitude of inEPSCs would reflect an 
increase in the function or nuinber of AMPA 
receptors (or both). Such an increase occurs 
during LTP, as well as after brief applications 
of NMDA or strong depolariziilg voltage 
pulses, inanipulatiolls designed to load den- 
dritic spines with Ca2-' (36, 37). An even 
more direct way of nlonitoring changes in 
AhIPA receptor fi~ilction or i l~~mber  is to 
measure the responses generated by direct 
application of glutamate agonists: such re- 
sponses increase during LTP, albeit gradual- 
ly, over the course of tens of minutes (38). 
LTD has also been examined with these ap- 
proaches and, consistent with the idea that 
LTD is a re~ersal  of the processes underlying 
LTP. was found to be accompanied by a 
decrease in mEPSC amplitude (37, 39) and a 
decrease in the response to glutamate (40). 

What is the mechanism of this change in 
AMPA receptor responsi~eness? Over the 
last few years, much evidence has accumu- 
lated that phosphoiylatioi~ of the AMPA re- 
ceptor subunit GluRl is critically impol-tant 
for this change in responsiveness. The 
AMPA receptor in CAI pyramidal cells is a 

heteromer composed primarily of GluRl and 
GluR2 subunits. Both in native hippocampal 
cells and expression systems, GluRl can be 
phosphorylated on Sers" by CaMKII and 
PKC, lvhereas P U  phosphoiylates Ser"' 
(21, 41). The inductioll of LTP specifically 
increases the phosphorylatioll of Ser8", an 
effect that is bloclted by a CaMKII inhibitor 
(21). This phosphorylatio~~ event increases 
the single-channel conductance of homo- 
ineric GluRl AhIPA receptors (42). Because 
an increase in .4MP.4 receptor single-cha~lnel 
conductance also occurs during LTP (43). it 
appears lil<ely that one inechanisill under- 
lying LTP is CaMKII-mediated phosphoi.g~l- 
ation of the AhIPA receptor subunit GluR1. 
Fuither suppo~t for this idea coines from the 
recent report that genetic deletion of GluRl 
prevents the generation of LTP in C.41 pyra- 
midal cells (44). It is interesting that LTD is 
accompanied by a dephosphorylatlon of 
sers45 , a s ~ t e  that appears to be const~tut~\ely 

phosphorylated under basal conditions (45). 

Quanta1 Synaptic Transmission 
The eT~dence presented thus far may ~nalte 
the reader aonder \vhy there has been any 
debate about the locus of expresston of LTP. 
The source of this intense discussion de r i~es  
almost entirely from experilnents that took 
advantage of the fact that the actloll poten- 
tial- dependent release of quanta is a ploba- 
bilistic and rather infrequent event at individ- 
ual synapses, such that release occurs only 10 
to 40% of the time. Therefore, if a single or 
Yery small number of synapses are activated 
once every few seconds. a ~nixture of so- 
called failures and successes (small quanta1 
EPSCs) is recorded. An extensively replicat- 
ed finding is that after the generation of LTP, 
the proportion of synaptic failures decreases 
(2, 46). Because these failures have been 
assulned to be due to failures of neurotrans- 
mitter release; it was concluded that LTP 
in~olved an increase in the probability of 
neurotransmitter release. Consistent with this 
conclusion was the observation that the ~ a r i -  
ation around the lneail of the EPSCs de- 
creased during LTP (46). This coefficient of 
~ariation (CV; SD!mean) is thought to be 
in~ersely propoltioilal to the quanta1 content 
(the average nu~llber of synapses that are 
activated and release neurotra~lsinitter with 
each stimulation), If the probability of release 
increases during LTP, then on average the 
quanta1 content will increase and the coeffi- 
cient of variation will decrease. 

These results posed a serious dilemma. 
How could all the results that argued against 
an increase in transmitter release probability 
and for a postsynaptic change during LTP be 
reconciled with this decrease in failure rate 
and the CV? The first important clue came 
from the observation that the CV of AMPA 
receptor-mediated EPSCs was greater than 
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the CV of NMDA receptor-mediated EPSCs 
(46). This suggested that with any given 

suggests a model that can account for most of 
the experimental results that have been ob- 
tained from the study of LTP (Fig. 2). Ac- 
cording to this model, LTP is induced by the 

outcome of the intense work on this prob- 
lem has been that a number of fundamental 

stimulus, synaptically released glutamate ac- 
tivated more NMDA receptor-containing syn- 

properties of pre- and postsynaptic function 
in the mammalian brain have been re- 

apses than AMPA receptor-containing syn- 
apses. A simple explanation for this would be 

synaptic activation of NMDA receptors dur- 
ing strong postsynaptic depolarization. Be- 

vealed. There remain a few, relatively iso- 
lated experimental results that are difficult 

that some excitatory synapses express only 
NMDA receptors (but not AMPA receptors), 

cause NMDA receptors are highly permeable 
to Ca2+. this results in an increase in Ca2+ 

to explain by the proposed mechanisms 
(59). Furthermore, there are reports of 

concentration within the activated dendritic 
spines that in turn causes local activation of 
CaMKII (and perhaps other protein kinases), 
the final step in the induction of LTP. The 
expression of LTP, at least initially, is caused 
by both phosphorylation of AMPA receptors 
and the delivery or clustering of AMPA re- 
ceptors within the synaptic plasma mem- 
brane. These events would occur both at syn- 

whereas others express both NMDA recep- 
tors and AMPA receptors. Such NMDA re- 
ceptor-only synapses would be functionally 
silent at hyperpolarized membrane potentials 
(because of the strong voltage dependence 
of the NMDA receptor) and thus, even 
when transmitter is released, would not yield 
a response. Furthermore, if the induction of 
LTP caused the rapid conversion of these 
functionally silent, NMDA receptor-only 
synapses to synapses that also expressed 

some novel properties of LTP that we have 
not discussed here because little is known 
about their mechanisms (60) or meaning 
(61). Despite these caveats, we think that 
the evidence is now sufficiently strong to 
indicate that the initial increase during LTP 
involves postsynaptic modifications of AMPA 
receptor function and localization. This 
conclusion does not preclude the occur- 
rence of substantial presynaptic changes. 
The synapse is a structural unit and, as do 

apses that already contain functional AMPA 
receptors and at synapses that do not express 

AMPA receptors, the change in failure rate 
and CV during LTP could be explained with- 

surface synaptic AMPA receptors. The phos- 
phorylation causes an increase in AMPA re- 

many in the field, we would predict that if 
long-lasting synaptic modifications are in 

out invoking a change in neurotransmitter 
release probability. 

ceptor single-channel conductance, whereas 
the delivery or insertion of AMPA receptors 

fact a mechanism by which experiences are 
translated into memories, then pre- and 

There is now reasonably strong electro- 
physiological and anatomical evidence that 
supports this model of a rapid and selective 
upregulation of AMPA receptors after the in- 
duction of LTP. First, several groups have dem- 
onstrated that it is possible to record EPSCs that 
are mediated solely by NMDA receptors and 
that an LTP induction protocol causes the rap- 
id appearance of AMPA receptor-mediated 
EPSCs (31, 47). Second, immunocytochemical 
analysis has shown undetectable levels of 

at synapses that previously did not contain 
surface synaptic AMPA receptors explains 
the change in failure rate that is observed 
during LTP. Because of its simplicity, an 
attractive addition to this model would be that 
phosphorylation of the AMPA receptor itself, 
or adjacent synaptic proteins, influences the 
subsynaptic localization of the AMPA recep- 
tors. LTD could be explained simply by a 

postsynaptic structural alterations are likely 
to occur. According to the current model, 
these would be triggered initially in the 
postsynaptic cell and would involve modi- 
fications in dendritic spine morphology that 

dephosphorylation of AMPA receptors and 
their movement away from the synaptic plas- 

AMPA receptors in a substantial proportion of 
synapses in native hippocampal tissue and hip- 

ma membrane, both of which have been 
shown to occur during LTD (39, 45). 

pocampal cultures, although all synapses ap- 
pear to contain NMDA receptors (48, 49). It is 
interesting that synapses that do not express 
NMDA receptor-dependent LTP always ap- 
pear to contain a substantial number of AMPA 
receptors (49). Third, AMPA receptors and 
NMDA receptors interact with different puta- 
tive clustering proteins at the synapse, a finding 
that might explain the differential redistribution 
of synaptic AMPA receptors and NMDA re- 
ceptors after prolonged (hours or days) increas- 

One experimental observation that is not 
consistent with this model is that LTP can be 
entirely explained by the decrease in the fail- 
ure rate, and thus the averaged size of the 
EPSCs when they occur is unaltered (55). 
This observation is inconsistent with the 
model, because the conversion of silent to 
functional synapses during LTP would cause 
more synapses, on average, to contribute to 
the EPSC, which therefore should increase. 
These findings, however, have not been uni- 

es or decreases in neuronal activity (48, 50). 
Fourth, an NMDA receptor-dependent in- 

versally agreed upon (43, 56). 
The hypothesis that the movement of 

Fig. 2. Simplified model for the expression of 
LTP. An increase in CaZ+ within the dendritic 
spine binds to calmodulin (CaM) to activate 
CaMKII, which undergoes autophosphoryl- 
ation, thus maintaining its activity after CaZ+ 
returns to basal levels. CaMKll phosphorylates 
AMPA receptors (AMPARs) already present in 
the synaptic plasma membrane, thus increas- 
ing their single-channel conductance. CaMKll 
is also postulated to influence the subsynap- 
tic localization of AMPA receptors such that 
more AMPA receptors are delivered to the 
synaptic plasma membrane. The localization 
of these "reserve" AMPA receptors is unclear, 
and thus they are shown in three different 
possible locations. Before the triggering of 
LTP, some synapses may be functionally si- 
lent in that they contain no AMPA receptors 
in the synaptic plasma membrane. Neverthe- 
less, the same expression mechanisms would 
apply. 

crease in fluorescence occurs in dendritic spines 
of cells expressing a green fluorescent protein- 
GluRl fusion protein (51). Conversely, NMDA 
receptor-dependent LTD in hippocampal cul- 
tures caused a loss of synaptic AMPA receptors 
but had no effect on synaptic NMDA receptors 
(39, 52). Fifth, proteins involved in membrane 
fusion can interact with AMPA receptors and 
thereby provide a mechanism for rapidly 
changing the number of AMPA receptors at the 
synapse (53). Consistent with this hypothesis, 

AMPA receptors at the synapse contributes to 
LTP is reminiscent of a proposal made 15 
years ago (57). In the ensuing frenzy of 
activity, however, the simple idea that the 
number of functional AMPA receptors at in- 
dividual synapses can be rapidly modified by 
activity was largely ignored. As was the case 
then, much more experimental work remains 
to be done to test this idea and to provide the 
molecular mechanisms by which movement 
of AMPA receptors is accomplished (58). 

interference with membrane fusion in the 
postsynaptic cell impairs LTP (54). Conclusions 

The demonstration that AMPA receptors 
and NMDA receptors can be independently 

The long-standing debate regarding the 
mechanisms of NMDA receptor-dependent 
LTP may be close to resolution. A valuable regulated by activity at individual synapses 
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in turn might cause functional and structur­
al presynaptic alterations. 

Although the molecular machinery respon­
sible for LTP will likely turn out to be much 
more complex than that presented here, 
progress may be facilitated by keeping the mo­
lecular model as simple as reasonably possible. 
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