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A synaptic model of memory: long-term
potentiation in the hippocampus

7. V. P. Bliss & G. L. Collingridge

Long-term potentiation of synaptic transmission in the hippocampus is the primary experimental model for
investigating the synaptic basis of learning and memory in vertebrates. The best understood form of loeng-term
potentiation is induced by the activation of the N-methyl-p-aspartate receptor complex. This subtype of glutamate
receptor endows long-term potentiation with Hebbian characteristics, and allows electrical events at the
postsynaptic membrane to be transduced into chemical signals which, in turn, are thought to activate both
pre- and postsynaptic mechanisms to generate a persistent increase in synaptic strength.

THE assumption that information is stored in the brain as
changes in synaptic efficiency emerged about a century ago
following the demonstration by Cajal that networks of neurons
are not in cytoplasmic continuity but communicate with each
other at the specialized junctions which Sherrington called
synapses. External events are represented in the brain as spatio-
temporal patterns of neural activity, and it is these patterns of
activity which must themselves be the agents of synaptic change.
The location of storage, the engram of learning and memory,
must therefore be found among those synapses which support
activity-dependent changes in synaptic efficiency. These ideas
were refined in the late 1940s by Hebb' and Konorski®, who
preposed a coincidence-detection rule in which the synapse
linking two cells is strengthened if the cells are active at the
same time. The first such synapses to be identified in the mam-
malian brain were the excitatory connections made by perforant
path fibres onto granule cells of the hippocampus, a cortical
structure required for the formation of conscious memories in
man. Brief trains of high-frequency stimulation to monosynaptic
excitatory pathways in the hippocampus cause an abrupt and
sustained increase in the efficiency of synaptic transmission.
This effect, first described in detail in 1973, is called long-term
potentiation (LTP). LTP has since been found in all excitatory
pathways in the hippocampus, as well as in several other regions
in the brain, and there is growing evidence that it underlies at
least certain forms of memory®®. In the past 10 years, LTP in
the hippocampus has become the dominant model of activity-
dependent synaptic plasticity in the mammalian brain, and much
progress has been made in elucidating the mechanisms under-
lying its induction and expression.

Properties of hippocampal LTP

Activity-dependent synaptic potentiation occurs within mil-
hsf_tconds and can persist for many hours in the anaesthetised
animal or in the in vitro hippocampal slice preparation, and for
fiays when induced in the freely moving animal. This time span
'Meorporates a number of mechanistically distinct temporal com-
Ponents, which inciude post-tetanic potentiation {(PTP), short-
€t potentiation (STP) and LTP. Activity-dependent potenti-
alion can also be classified on the basis of whether or not its
‘H?Uction is blocked by antagonists of the N-methyl-p-aspartate
b MDA subtype of glutamate receptor {Box 1). In this article,
reycLTP We mean synaptic potentiation, which is both NMDA
Eptor-dependent and lasts for more than an hour.
Syo P'lS expressed as a persistent increase in the size of the
ind;ﬁgc component of the cvoke;d response, recorded from
in ué 516}3 cells or from pepulations of neurons. It can _be
atetae na qumber of.ways, most coinven‘tentiy by delivering
% lherws (typ;caliyf a train of‘SO»l(}O stimuli at 100 Hz or more)
oy pathway qf interest (Fig. 1). LTP can also be induced by
€ modest stimulus parameters, providing the patterns of
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stimulation fall within certain critical ranges. {Two particularly
efficient recipes are termed ‘theta-burst stimulation’” (for
example, several bursts of 4 shocks at 100 Hz delivered at an
interburst interval of 200 ms) and ‘primed-burst stimulation™
(for example, a single priming stimulus followed at 200 ms by
a single burst of 4 shocks at 100 Hz). The significance of these
protocols is that synchronized firing patterns at similar frequen-
cies occur in the hippocampus during learning®.)

LTP is characterized by three basic properties: cooperativity,
associativity and input-specificity. Cooperativity describes the
existence of an intensity threshold for induction; ‘weak’ tetani,
activating relatively few afferent fibres, do not trigger LTP'C.
The threshold for inducing LTP is a complex function of the
intensity and pattern of tetanic stimulation; between ‘weak’
trains which produce only PTP and ‘strong’ trains which induce
LTP, lies an intermediate range of activation which engages
STP'''2, LTP is associative in the sense that a ‘weak’ input can
be potentiated if it is active at the same time as a strong tetanus
to a separate but convergent input'™**, Finally, LTP is input-
specific, because other inputs that are not active at the time of
the tetanus do not share in the potentiation induced in the
tetanized pathway'®'. Associativity provides a cellular
analogue of classical conditioning, and is an implicit property
of the Hebb synapse, the computing element that lies at the
heart of the current interest in neural computation. The three
properties can be explained on the assumption that a synapse
will be potentiated if, and only if, it is active at a time when
the region of dendrite on which it terminates is sufficiently
depolarized. Validation of this induction rule was provided in
1986 by experiments showing that low-frequency (1 Hz), low-
intensity stimuli could produce robust LTP if repeatedly paired
with depotarizing pulses delivered through an intracellular
recording electrode’®*®, In the limit, LTP can be produced in
this way between pairs of synaptically coupled neurons'®. Con-
versely, the induction of LTP can be blocked by limiting the
depolarization of the cell during a tetanus'®%°,

What is now needed to complete a mechanistic description
of the induction requirements for associative LTP is a molecular
coincidence detector, able to respond to the conjunction of
activity in afferent fibres and adequate depolarization in target
dendrites. Compelling evidence that the NMDA receptor
performs this function is reviewed in the next section.

The induction of LTP

The role of amino-acid receptors in the induction of LTP, The
involvement of several amino-acid receptor subtypes in the
induction of LTP has been determined largely by the use of
antagonists and is described in Box 2. The key role of the NMDA
receptor channel complex relies on several of its special proper-
ties, in particular the voltage-dependent block of its channel by
Mg*™ (ref. 21). It is this that allows the NMDA receptor to
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FIG. 1 Basic properties of LTP: cooperativity, [#]
input-specificity and associativity, a, Simplified
diagram of a transverse section through the
hippocampus of the rat, showing the principal
neuronal fields (granule celis of the dentate
gyrus (DG) and the pyramidal celis of areas CA3
and CA1), and the main excitatory afferent pro-
jections (the perforant path (pp) from entorhinal
cortex to granule cells, the mossy fibre projection
{mf) from granule cells to CA3 celis, and the
Schaffer coliateral {Sch)-commissural (comm)
system which connects ipsilateral and contra-
lateral CA3 cells to CA1 cells), interneurons,
which are found in all hippocampal subfields and
which form powerfut inhibitory connections with
principal cells though feed-forward and feed-
back loops, have been omitted. b, An example.
of LTP in the perforant pathway recorded in vivo. b
The graph plots the slope of the rising phase of
the evoked response (population e.p.s.p.), recor-
ded from the cell body region in response to
constant test stimuli, for 1 h before and 3h
following a tetanus (250 Hz, 200 ms), delivered
at the time indicated by the arrow. Representa-
tive traces before and after the induction of LTP
are illustrated above the graph. Note the
increase in slope of the population e.p.s.p. and
the increase in size of the superimposed popula-
tion spike (downward deflection). ¢, Demonstra-
tion of the properties of cooperativity, input
specificity and associativity, The diagram at the
top shows the experimental arrangement in area
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CA1L of the hippocampal slice preparation, Two
independent sets of afferent fibres converging
on a common population of cells are activated
by stimulating electrodes (S1 and 52) placed
either side of the extracellular recording electrode. The stimulus intensities
are adjusted so that S1 activates fewer fibres than S2. The slope of the
population e.p.s.p.s, in response to stimuli delivered alternately to 51 and
82 at 15.s intervals, are plotted as a function of time. Arrows denote
episodes of tetanic stimulation to 81 (the ‘weak’ pathway, open arrows) or
S2 (the 'strong’ pathway, solid arrows)}. The tetanus to S1 produced a rapidly
decaying phase of PTP, lasting 2-3 min, with a small tail of STP, but no
stable increase in synaptic transmission; the intensity of the tetanus was
below the cooperativity threshold for LTP. The stronger tetanus to S2 {first

behave as a molecular coincidence detector. For the NMDA
channel to open, and thus to trigger the induction of LTP, it is
necessary for two events to occur simultaneously: the membrane
must be sufficiently depolarized to expel Mg*™ from NMDA
channels at the same time that L-glutamate has, by binding to
NMDA receptors, promoted their opening. The slow time course
and voltage-dependence of the NMDA receptor-mediated con-
ductance makes it particularly susceptibie to the hyperpolarizing
influence of synaptic inhibition®®; this susceptibility, together
with the frequency-dependent depression of inhibition itself,
largely accounts for the frequency-dependence of the induction
of LTP?,

The properties of cooperativity, associativity and input-
specificity can now easily be explained. The cooperativity thresh-
old follows from the need for depolarization to reduce the level
of the Mg®* block of the NMDA channel. *Weak’ stimuli,
activating only a few fibres, fail to induce LTP not because
insufficient L-glutamate is released to activate NMDA receptors,
but because the level of depolarization provided by the weak
input does not produce an adequate reduction of the Mg®*
block. When many fibres are activated in synchrony by a ‘strong’
stimulus, depolarization spreads between neighbouring synap-
ses to enhance the unblocking of NMDA channels. Associativity
has a similar explanation except that the required depolarization
is provided by a different set of afferent fibres; in theory, these
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filled arrow) produced PTP and robust LTP, but there was no transfer of t
effect to the first input (test shocks to S1 were out of phase with i
high-frequency bursts to $2), demonstrating the input-specificity of L¥
Finally, tetani to $1 and S2 were delivered together. The coincident activatis
of a weak, subthreshaid input with a strong input induced associative 1
in the weak input. The traces above the graph illustrate field e.p.s.ps, evoks
by test shocks in S1 and recorded in the synaptic layer, before and aft#
the induction of associative LTP.

‘helper’ inputs could use any neurotransmitter that promot®
depolarization, and, experimentally, depolarization is often pi®
vided by injecting current into the cell. Input-specificity &
explained by the need for the presynaptic terminal to provié?
a sufficient concentration of L-giutamate to activate adequad
numbers of NMDA receptors. (It follows that there can be lith
activation of NMDA receptors by ambient or spontaneous®
released L-glutamate, otherwise LTP would be induced ¥
depolarization alone.)

Because the induction of LTP by tetanic stimulation is preV§ﬂ'
ted by a variety of NMDA antagonists, including those whi®
act at the receptor {such as 2-amino-5-phosphonopentano®®
(AP$)™), in the channel (for example, MK-801 (ref. 25)) a¥
at the allosteric glycine site (for example, 7-chlorokynuret®
acid®®), it is clear that activation of these receptors is an essent®
trigger for the process. But, the application of NMDA itsell#
not usually sufficient to induce LTP, though it readily indu_C’
STP***7. A possible reason for this relates to the paradoxi®
finding that a level of activation of the NMDA receptor syste®
which is itself inadequate for producing LTP, can result itd
subsequent impairment in the ability to generate LTP?-*, Th#
with the application of NMDA there may be two opposi®
processes at work, one promoting and the other suppressing!
induction of LTP. Alternatively, factors in addition to NMP
receptor activation, which could be either pre- or pest-synapm
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nay be required to facilitate or allow the inductior} of LTP. In
{is respect, there has been interest in the possible role of
mpetabotropic glutamate receptors (mGluRs), prompted by the
oﬁsewation that the mGluR antagonists 2-amino-4-phos-
nonobutanoate (AP4) and 2~amino:3~phosphonopropionate
{AP3) reduce the duration of LTP*'*2. These compounds are,
powever, VETy weak mGluR antagonists of poorly defined
specificity, and the observation will need to be confirmed as
son as more potent and selective mGluR antagonists are
developed. A second indication that these receptors might be
ivolved in the induction of LTP has come from the finding
{hat aminocylopentane dicarboxylate (ACPD), the 18,3R-enan-
omer of which is a specific a‘gonist for mGluRs, can augment
retanus-induced potentiation®*. In addition, ACPD enables sub-
mreshold”, or low-frequency stimuli (in conjunction with the
application of NMDA)*, to induce LTP. It does this in at least
wo ways. First, ACPD augments responses of hippocampal
geurons to NMDA. Second, it can elicit an NMDA receptor-
independent potentiation of slow onset which adds to STP to
produce 2 potentiation that closely resembles tetanus-induced
36

%:eProie of Ca** in the induction of LTP. In an important early
study, it was found that the induction Pf LTP could be blﬂocked
by the intracellular injection of the Ca®" chelator EGTAY. This
result implicated the postsynaptic cell, and in particular Ca®"
signalling in the induction process. Because NMDA channels
are permeable to Ca®* (refs 21, 38, 39) it is widely assumed,
but not proven, that permeation through these channels during
tetanic stimulation provides the Ca®" signal necessary for the
induction of LTP. Because NMDA receptors are assumed to be
located on dendritic spines, it is believed that spines may act
1o localize the Ca®" signal. Spines can restrict the diffusion of
Ca®* (ref. 40); however, whether they do so in LTP is not known.

Using Ca®*-imaging techniques it has been shown that tetanic
stimulation elevates Ca** within dendrites and spines*'*?. Part
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of this signal depends on the synaptic activation of NMDA
receptors and reflects, at least in part, Ca** entry through NMDA
channels and voltage-gated Ca*" channels. In one study*’ the
tetanically induced rise in Ca®* persisted for several minutes,
and it was proposed that sustained Ca”" gradients might be
important for memory processing. But it is unlikely that rises
in Ca”" of this duration are necessary for the induction of LTP
in view of the demonstration that LTP can still be induced even
if the duration of the post-tetanic rise in Ca®" is restricted to
less than 3 s, using a photo-activatable caged Ca®" chelator®.
Complementary data have come from combining Ca®* imaging
with whole-cell recording®. Although, for technical reasons,
LTP could not be induced, this preparation allowed Ca®" signals
to be correlated directly with the synaptic response. Strong
tetanic stimulation, which evoked large NMDA receptor-medi-
ated synaptic currents, produced Ca”” transients lasting only a
few seconds. This combination of techniques has also enabled
the Ca®" signal that permeates NMDA channels on dendritic
spines to be detected (Fig. 2).

There are indications from Ca®* imaging experiments that
the Ca** which permeates NMDA channels is augmented by
Ca®™ release from intraceliular stores (see Box 3). The Ca’
transient associated with the synaptic activation of NMDA
receptors is substantially reduced in the presence of ryanodine
or thapsigargin®, drugs which inhibit Ca’*-induced Ca’" release
and deplete intracellular Ca®* stores, respectively. That this
Ca® might be important for the induction of LTP is suggested
by the observations that dantrolene, which acts at the ryanodine
receptor, and thapsigargin can both inhibit the induction of
LTP*#4 1t is likely that inositol 1,4,5-trisphosphate (InsP;)
generated as the result of the activation of mGluRs, as well as
the Ca®* which permeates through NMDA channels, is involved
in releasing Ca®" from intracellular stores. Moreover, activation
of mGluRs can induce LTP by a thapsigargin-sensitive mechan-
ism, even if NMDA receptors are blocked®. This suggests that

FIG. 2 Ca®" permeates NMDA channels to produce
a transient signal in spines in response to tetanic
stimulation. Confocal images of a CA1 pyramidal
newon in a hippocampal slice. The upper image
shows part of the soma and dendrites as they
emerge into the plane of the optical section. The
boxed region is entarged 1o show a dendritic branch
and spine-like structure. This is further enlarged to
show the spine in more detail and the boxed region
from which the fluorescence measurements were
obtained. (The box is ~71 wm?) The graph plots the
relative fluorescence, emitted by the indicator fluo-3,
as a function of time. The tetanus {100 Hz, 1s),
delivered for the duration of the bar, resulted in a
transient increase in fiuorescence. The upper trace
shows the synaptic current induced by the tetanus,
recorded through a patch-pipette, The cell was inter-
nally dialysed and clamped at —35 mV to eliminate
all voltage-gated Ca®* channel activity and the slice
was treated with thapsigargin to deplete intraceliular
Ca®* stores. Under these conditions the fluores.
cence changes are caused by Ca®* permeating
through NMDA channels.
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SvnapTIC potentiation can be divided into two principal categories on the
basis of whether or not its induction is blocked by antagonists of the
NMDA subtype of glutamate receptor. Several categories of NMDA recep-

_tor-dependent plasticity have been identified. A distinction can be made
between short-term potentiation (STP), which decays within 1 h, and long-
term potentiation {LTP), which is sustained for much longer periods. STP
can be distinguished from LTP by the use of protein kinase inhibitors, in
the presence of which potentiation usually persists for only 30-
60 min®L-%%. Potentiation of a similar duration can be produced by decreas-
ing the number of stimuli in the tetanus or Dy other manoeuvres which
reduce the level of NMDA receptor activation™2. Although it is convenient
to make the distinction; the relationship between STP and LTP has not
been clearly defined. LTP can be. tentatively subdivided into several
mechanistically distinct components: LTP1, with a duration of less than
3-6 h which is blocked by kinase inhibitors but not by protein synthesis
inhibitors; LTP2, a component which is biocked by translational inhibitors
but which appears to be independent of gene expression; and LTP3, with
a time constant of several days, which is onfy obtained i the animal is
unanaesthetised at the time of induction™®® and which may require gene
expression (see text).

Anocther form of NMDA receptor-dependent plasticity is E-S potentiation;

_This takes its name from the shift to the left of the curve reiating the:
slope of the poputation e.p.s.p. (E) to the amplitude of the population spike
(S) which is commonly observed following a tetanus®®. It appears not to
pe input-specifict® but may provide a generalized boost to impulse traffic.

- A further type of presumed NMDA receptor-dependent LTP has been
described in which potentiation oceurs not only at those synapses where
there is coincident pre- and postsynaptic activity, but extends to synapses
made by concurrently active terminals onto neighbouring cells, whether
or not these are active®®?. This is interesting both because it suggests
that neon-Hebbian forms of potentiation occur in the hippocampus, and
because it provides implicit evidence for the existence of a diffusible
extracellular messenger {see text).

NMDA receptor-independent processes include paired-pulse facilitation
and post-tetanic potentiation (PTP), which are general features of excitatory
synaptic transmission. With the stimuius parameters usually employed
to  produce LTP, the duration of PTP is at most a few minutes, Both
paired-putse facilitation and PTP are additive with LTP, and can be produced
repeatedly even when LTP has reached asymptotic levels. It follows that
L TP cannot achieve the maximum strength of which a synapse is capable:

BOX 1 Classification of activity-dependent increases in synaptic efficiency in the hippocampus

Activity-dependent potentation of synaptic efficiency
in the hippocampus

f 1
NMDA receptor-dependsnt l NMDA receptor-inéependenq

L

“8TP E LTP 123

——l Paired-pulse facilitation1
_____{ Past-tetanic potentiation
(PTP)

_.__{

the potentiat for a further short-term increase is always held in reservg
Mossy fibres terminate in the stratum lucidum of area CA3, a subfieid
devoid of NMDA receptors, Consistent with this observation, LTP in mossy
fibres is not blocked by the NMDA antagonist APS {ref. 163} moreov
it appears to be nonassociative. The projection is technically. difficult ¢
study, and the locus and cellular mechanisms of mossy fibre LTP remai
controversial’®. Finally, an input-specific APS-resistant component: of
LTP has been described in area CA1'®®, The effect is small, developy
graduaily, is blocked by Ca*™ channel antagonists, and requires strong
tetanic stimulation for its induction than is needed for NMDA receptoq
dependent LTP.

Long-lasting potentiation can also be induced by transient exposure of
hippocampal synapses to a variety of chemical agents, including ca*hq
arachidonic acid®, the metabotropic glutamate receptor (mGIUR) agonid
aminocyclopentane-18,3R-dicarboxylate (15,3R-ACPD)®, the K™ channg
blocker, tetraethylammonium (TEAP®® and the Ge-protein activaly
NaF/AIC1,1%3, Chemically-induced potentiation usually occludes with tetan]
cally-induced LTP (that is, saturation of one prevents induction of
other), suggesting a convergence of mechanisms; in general, chemical
induced LTP is not blocked by NMDA antagonists, presumably because
components of the LTP cascade activated by the various agents. i§
downstream from the NMDA receptor.

E-S potentiation

Non-Hebbian LTP Mossy fibre LTP 1

—d

release of Ca®" from intracellular stores can substitute for the
NMDA receptor-mediated Ca*" signal. Other routes by which
Ca? could enter the cell to contribute to the induction of LTP
include voltage-dependent Ca* channels and Ca**-permeable
AMPA channels (that is, those lacking the GluR-2 subunit®’).
At present, though, there is little evidence that either of these
pathways plays a significant role in LTP.

Although clearly a necessary factor, it is unclear whether a
rise in postsynaptic Ca®” provides a sufficient trigger for the
induction of LTP. Elevation of intracellular Ca®* by the photoly-
sis of caged Ca’* induces a form of synaptic potentiation*®, but
the relationship between this effect and LTP has not been
determined (for example, occlusion experiments have not been
done). Elevation of intracellular Ca*", cither by evoking Ca**
currents® or by slowly depleting intracellular Ca** stores*®, does
not induce LTP. This could be due either to the failure of these
methods to elevate Ca*" in the appropriate manner (presumably
what is needed is a large transient within spines) or to the need
for additional pre- and/or postsynaptic signals.

In summary, the available evidence suggests that under nor-
mal conditions Ca®" permeates NMDA channels to provide a
transient signal which is necessary for the induction of LTP. It
is probable that this signal is restricted to the vicinity of activated
spines and is amplified by release from intraceliular stores.

Expression of LTP

A major challenge is to identify the loci and nature of the
alterations responsible for the expression of the potentiated
state.

34

The locus of expression. Broadly speaking, the increase int
postsynaptic response generated at potentiated synapses cod
be due to (1) presynaptic modifications which result in!
increase in the amount of L-glutamate released per impulse, {
postsynaptic modifications, such as an increase in the numb
of receptors or a change in their functional characteristics, {
an extrasynaptic change, such as a reduction in uptake ofl
glutamate by glial cells leading to increased neurotransmil
availability at the receptors, ot (4) morphological modificatiol
In reality, a combination of these changes, with different 1il
courses, probably occurs.
Evidence for an increase in neurotransmitter release is deri¥
from experiments that have measured the overflow of radiolall
led or endogenous L-glutamate from the hippocampus befl
and after the induction of LTP***?. Although not witht
difficulties of interpretation™, these experiments establish a®
for presynaptic changes lasting for at least several houfd
Supporting evidence was obtained from experiments in wil
the ability of a depolarizing stimulus to release radiolabe
glutamate was shown to be elevated in potentiated hippocanf
tissue’”. Q
Other studies have suggested purely postsynaptic md
fications. The observation that paired-pulse facilitation is!
altered after the induction of LTP has been interprete
evidence for a postsynaptic modification in LTP® on
assumption that facilitation in the hippocampus is presynd
and that an interaction between facilitation and LTP would
expected if the expression of the latter were also presynaptid
mediated. It is possible, however, to construct a model in Wd
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The gxperiment with ac
wours of so LTF does nen & single stimulus applied to the Schaffer
- B o Ty oy, lransmitter (L-GLU) acting on ionotropic gluta-
scrlbéd ‘H_ or :,hiorii) dﬁ:ﬂDA typeg“'. This e.p.s.p. Ean be biocked by the
effects a({ Mt?r mmﬁzg, Arsts, such as B-cyano-7.-nitroguinoxaling-2 3-
by tetanic SUMUIARON IS o oy oterred to as AMPA receptor-mediated
o mRINA for the MMy for these receptors a-amino-3-hydroxy-5-
There i als0 & fransinate (AMPA) This receptor corresponds to the
animal is unanaesthet. When the Schaffer collateral-commissural path-
¢ wg that the c-fos prolso activates GABAergic interneurons (through
| gluramersistent forms similer to those on pyramidal neurons*®) and
¢ ihis 10805 ~ o mRNSIC Lp.8.p. which curtails the e.p.s.p, The initial part
L of the RSP 18 iy, §i_c& solely by the activation of GABA, receptors (which
+ contain integral Cl” channels) and this is supplemented and foliowed by
| e activation of GABAg receptors {which are indirectly coupled to K*
" channelst NMDA receptors contribute fittle 10 the synaptic response
pecsuse of their relatively slow activation kinetics®®*™**72 By the time
that significant numbers of NMDA channels are in an open state the neyron
nas been hyperpolarized by the {.p.s,p. and this greatly enhances the block
of NMDA channels by Mg®" [ref. 22). Even so, there will still be a finite
gontribution of the NMDA receptor system to tow frequency synaptic
sransmission: however, this is not sufficlent {under normat circumstances)
1o initiate changes in the efficiency of synaptic transmission. b High-
frequency transmission. The contribution of NMDA receptors to synaptic
wansmission alters radically in response 1o a high-frequency input?4473,
This is because the tetanus maintains the neuron in a more depolarized
state, which in turn reduces the extent of the Mg2 *anduced block of NMDA
channets, white at the same time providing the L-glutamate which promotes
their apening. Several Tactors may contribule to the susiained depolariz-
Cation during 2 tetanus: these include summation of AMPA receptor-
mediated e.p.s.ps, depolarizing shifts in the CI™ and K* reversal potentials
due o build up of intracellular CI™ and extraceliular K*. The primary
mechanism (during primed. or theta-burst LTP) is depression of GABA-
mediated synaptic inhibition®®. This is an active process mediated by
GABA, autoreceptors. The effect takes more than 10 ms fo develop and

isunaffected by this process; however, during high-frequency transmission
there is considerably less GABA released per impulse which leads to a
shift in the balance of excitation and inhibition. The reduction in inhibition
alfows greater expression of the NMDA receptor system which in turn
contributes 1o the depotarization and thus futher reduces the level of the
Mg*™ blook, The ong duration of the synaptic conductance means that
NMDA receptor-mediated e.p.s.ps summate very effectively during high-
| frequency transmission.

BOX 2 The role of amino-acid receptors in the induction of LTP

foes 1ot preciude the peWay evokes an e.p.s.p. which is medisted a

can last for up to a few seconds. As a result low frequency transmission -
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fficiiitation and LTP are both presynaptic and vet involve addi-
lve, non-interacting mechanisms; this could be the case, for
example, if the initial probability of release were very low.
Claims that LTP is associated with a specific®™® increase in the
AMPA receptor-mediated component of the synaptic response,
have formed the basis of an argument for a purely postsynaptic
change, on the assumption that a presynaptic change would
fesultin a similar increase in both AMPA and NMDA receptor-
mediated components. In support of this argument, an increase
I both companents was seen during PTP, whereas the isolated
gMDA teceptor-mediated component failed to exhibit LTP.
!h‘“ the argument has been undermined by subsequent reports
a4 NMDa receptor-mediated synaptic transmission exhibits

QanQunced LTPSQ'()Z.
ivA‘?Oih‘er test for postsynaptic 'changes is to monitor the sensi-
1y of neurons to the application of agonists before and after
Sei;{’;fi}lction of LTP. Initial studies found no increa&e 6iAn the
in Wity to L—glutamate‘fer up to 30 min post-tetanus 0% But
Useg f:Ore recent study3 in which AMPA or quisqualate were
an $ agomists to avpxd prqblems associated with the uptake
3nﬁe§035-lble ngr%sgemﬁc actions oéfS L-ghutamate, a slow‘—m}set
fow m§e In sensitivity was detected™. The effect began W{thxn a
i« limutes but took an hour or more to reach & maxumum.
me course parallels the slow-onset potentiation that can
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be induced by the application of certain agents, such as
arachidonic acid®, and ACPD®. It seems reasonable to assume
that changes in the steady-state responses, as measured in the
above experiments, reflect alterations that would also affect the
response fo synaptically released iL-glutamate (for example,
changes in the number, or conductance properties, of AMPA
receptors). If this assumption is valid, then the results imply
that the expression of STP is presynaptic whereas that of LTP
is, at least in part, postsynaptic.

Despite the formidable interpretational problems of applying
quantal analysis to central synapses, there has a been a
resurgence of interest in the use of this technique to analyse the
locus of expression of LTP. Early studies in area CA1l indicated
a presynaptic locus®’. Resuits of the more recent studies of
fluctuations in the amplitude of synaptic responses have pro-
duced conclusions ranging from purely presynaptic®, to pre-
dominantly presynaptic’***", to purely postsvnaptic” and,
finally, to a mixture of purely presynaptic, purely postsynaptic
and both pre- and postsynaptic’™ . This variability may reflect
differences in the initial release probability which, in turn, will
be influenced by experimental parameters such as the extracel-
lular Ca®™ concentration™. Analysis of spontaneous miniature
synaptic currents, associated with NMDA- or ip-glutamate-
induced STP, has provided evidence for an increase in quantal
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Tg initial induction signat is a Ca”* transient which permeates NMDA
channels. This signal is then ampiified by the release of Ca®* from
Ca®*/insP,-sensitive intraceliular stores. A parallel pathway which may
be impertant for the induction of LTP is provided by mGluRs. These
receptors can couple, through G-proteins, 1o the phosphainositide-specific
phospholipase C (PLC), phospholipase A, (PLA,) and adenylate cyciase
(ACY55 1o produce diacylglycerol (DAG), arachidonic acid (AA), and 1o
regulate the levels of cAMP, respectively. Note that the initial NMDA
receptor-mediated Ca®* transient may be necessary for the activation of
these mGIuR cascades by L-glutamate™®. The amplified Ca™* signal, In
association with the other activators of protein kinases (zig-zag arrows),
then leads o the phosphorylation of substrate proteins including, probably,
AMPA and NMDA receptors, Other enzymes, such as nitric oxide synthase
(NOS}, If present, may also be activated by the Ca” " ransient. Biochemical
changes in the presynaptic terminal may be initiated by the action of

{NOJ and K*, perhaps in conjunction with the action of i-glutamate on
presynaptic mGluRs* ™,

retrograde messengers, such as arachidonic acid (AA), nitric oxide

BOX 3 Ways in which L-glutamate through its action on posisynaptic receptors may affect signal transduction
processes invoived in LTP

size in the hippocampal slice, implying a postsynaptic locus™,.
and an increase in minjature frequency in cultured hippocampal.

neurons, implying a presynaptic locus”. Evidently, the hoped-
for resolution of the locus of expression of LTP by the applica-
tion of quantal analysis has not yet been achieved. Note that if
STP and the several temporal phases of LTP (see Box 1) are
expressed at different loci, then changes in gquantal parameters
may alter progressively with time®°,

Signal transduction mechanisms. Several different Ca’*-sensi-
tive enzymes have been proposed to play a part in converting
the probable induction signal, the entry of Ca®" through the
NMDA channel, into persistent modifications of synaptic
strength. These include the protease calpain’®, phosphatases
such as calcineurin’’, phospholipases and protein kinases. Most
interest has focused on phosphorylation cascades and, in par-
ticular, the role of protein kinases. The first kinase to be impli-
cated in LTP was the Ca’"/phospholipid-dependent protein
kinase (PKC)**. Inhibitors of the enzyme invariably block
the induction of LTP: in most studies, STP is unaffected by

PK.C inhibitors® "% though with the use of high doses or the’

combined application of inhibitors STP may also be blocked™.
There is general agreement that PKC inhibitors will block LTP
if they are applied after the tetanus, indicating that kinase
activity outlasts the initial induction signal. But the duration of
the time-window during which kinase inhibitors are effective
and the manner in which the activation of kinases is maintained
are both matters of debate. For example, it has been suggested
that constitutively activated PKC is involved because H-7, which
inhibits the activity of the catalytic subunit, but not sphingosine;
which prevents the initial activation of PKC, can depotentiate
synapses in a reversible manner even when applied up to 3h
after induction®. But the selectivity of H-7 for potentiated
pathways has been challenged®’, and other PKC inhibitors that
act on the catalytic subunit, including K-252b (ref. 85), are not
able to depotentiate fully established LTP. There is also disagree-
ment as to whether the sustained kinase activity that might be
necessary for LTP is located within the postsynaptic celi*® or
not™. A recent view® is that a postsynaptic kinase is activated
transiently (for less than a few minutes {ollowing the tetanus)
and a presynaptic kinase is activated for longer periods (but for
less than 1 hour). These kinases might be the y and § isoforms
of PKC, respectively. Intracellular injection of the catalytic
subunit of PKC induces synaptic potentiation’® as does the
extracellular application of activators of PKC, such as certain
phorbol esters”*, But the enhanced response does not survive
washout of phorbol ester, and occlusion experiments indicate
that LTP and phorbol ester-induced potentiation use different

mechanisms®>™. Overall, it seems that activation of PKC is not
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sufficient to induce LTP but is a necessary factor and maylg
specifically involved in the conversion of STP to LTP1 (thaig
in the consolidation or stabilization of LTP). The developme
of more selective PKC inhibitors and, in particular, subtym
specific inhibitors are needed to confirm and extend these ides

Severa! inhibitor studies have also indicated a role for
modulin and the Ca®"/calmodulin-dependent protein kins
CaMKIT in LTP™®%2%%  Knockout of the gene encodm
aCaMXKII, an isoform which is heavily enriched in postsynapk
densities, severely impairs, though it does not always compieidt
block, the ability of slices to exhibit LTP”". The autophosphos
lated form of this enzyme does not require Ca®" and as a re®
becomes constitutively active. This has led to the proposal ta
CaMKII can act as a form of molecular memory, recording @
occurrence of a previous Ca®* transient™. But contrary to il
predictions of this model, NMDA does not alter the proporiif
of Ca**-independent CaMKII in organotypic hippocampal ¢
tures™. Less is known about the role of other kinases in L
The level of cAMP is elevated in an NMDA recepior-dependd
manner in LTP and this may indicate an involvement of cAME
dependent protein kinase (PKA)'”. It has been suggested,d
the basis of inhibitor studies, that protein tyrosine kina#
(PTKs) are involved in LTP'®, and it may be relevant i
NMDA receptor activation leads to tyrosine phosphorylad
of MAP-2 kinase'®%.

In addition to post-iransiational modification of existing ot
teins there is evidence that protein synthesis is also necesst
for LTP, The extent to which protein synthesis inhibitors prev
LTP is variable, depending on the inhibitor used. Probably
clearest picture has emerged from the use of anisomycin. whi
inhibits translation of proteins from mRNAs. If present ath
time of the tetanus anisomycin reduces the duration of LTH
3-6 hours % A similar rate of decay is seen if LTPis indud
in synapses that have been surgically isolated from the m
site of protein synthesis in the cell body layer'®. In contd
actinomycin, which prevents the transcription of mRNAs frf
DNA, has no effect on this anisomycin-sensitive phase'**. Tof
together, these results suggest that proteins synthesized [
pre-existing mRNA are required for the maintenance of
during the first few hours {corresponding to LTPZ in!
classification shown in Box 1). The identity of proteins W
are up- or downregulated during this period are not knowt,
several have been separated on two-dimensional gels'™*. §
also intriguing that an increase in protease activity has o
detected in perfusates from the dentate gyrus following potd
ation'?”, raising the possibility that cleavage of proteins
extracellular domains, such as neural cell adhesion moled
{NCAMSs), may contribute to synaptic remodeiling in LTR
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The experiment with actinomyein suggests that for the first 3
pours OF 50 LTP does not 'd§pend on gene transcription. This
Joes fiat preciude the ;mssﬁ)sh?y tha{ genes are normally tran-
«cribed at or ::h_orﬂy after the time of induction but exert their
;ﬁectﬁ at later imes. An example of gene transcription induced
i{\mRNA for the imrr_mcdéa(e eariy’ gene ziﬂ’?é& {refs 1(}85120).
There is also @ tfransient expression qf C—jo.ls, but |<}p)y if the
animal is unanaesthetised at the time of induction’""'"", suggest-
ing that the ¢-fos protein is necessary for the generation pf the
most persistent form of LTP (LTP3; see Box 1}, Changes in the
sbundance of mRNAs for a number of proteins have recently
heen identified in single CAT cells 30 min o 3 hours after tetaniz-
ation'. The reported changes in message for protein kinases
(CaMKIlis upregulated and the B-isoform of PKCis downregu-
jated) suggests that protein kinases may play a role in the late
stages of LTP, in addition to their presumptive action during
the early phuses.
postsynaptic modifications. It is likely that the postsynaptic
component of the expression of LTP involves alterations in the
number and/or properties of the ion channels that mediate
synaptic transmission. In view of the evidence that protein
kinases are involved in LTP, the simplest scheme is that the
kinases directly phosphorylate these jon channels. Consistent
with this possibility, the gradual increase in AMPA sensitivity
following the induction of LTP is prevented by K-252b, a potent
kinase inhibtor™. In addition, cloned AMPA receptors have
several consensus sequences for phosphorylation by various
kinases®’. Finally, the catalytic subunit of PKA can directly
increase AMPA receptor function''*"’,

The finding that each of the AMPA receptor subunits can
exist in two alternatively spliced variants, termed flip and flop,
with different conductance properties, raises the possibility that
LTP reflects a change in the relative expression of the flip and
flop variants''®. Alternatively, it could invelve a change in the
relative expression of the different subtypes of AMPA receptor,
GluR 1-4 {ref. 47}. A third possibility is regulation of RNA
editing' "

The drug aniracetam, which potentiates responses to
AMPA'" by preventing desensitization**'*® has been used to
-explore how AMPA receptors may be modulated in LTP, The
underlying idea is that if LTP and aniracetam share common
mechanisms then their effects should interact. The weight of
evidence suggests little interaction''™'""2432% indjcating that
aniracetam and LTP do not regulate AMPA receptor function
in the same manner,

So far, studies have concentrated on how the AMPA receptor-
mediated component of synaptic transmission may be modified
n LTP. But the NMDA receptor-mediated component also
exhibits robust LTP*-*2, Alterations in this component could
Provide a means by which synapses increase their plasticity, as
‘fweﬁ 4s their efficiency. As with the AMPA receptor-mediated
Tomponent, LTP of the NMDA receptor-mediated component
Of synaptic transmission could involve increases in L-glutamate
felease and/or postsynaptic modifications. A mechanism for the
fatter possibility is suggested by the observation that NMDA
Yeceptor function can be increased by the activation of PKC'#,
. '$ may involve phosphorylation of NMDA channels to alter

¢ extent of the Mg™" block of these channels'>. Another

R?&Sg‘mb’ is an upregulation of endogenous promoters of
ool lé\éreceptm function, such as arachidonic acid'** and InsP;
: N

» t;"‘:?’é O\f‘vthe retrograde messenger. Thf probable trigger
Xnanl'lf:ign] UC:L?OH of LTP is the entry of Ca™" through NMDA
is Ver( 395&16@ on the postsynaptic cell. But as we‘hav‘e seen,
art by 3’{ ikely that the pqtenneited response is maintained in
$ons ﬂp fsynapmc mechanisms. ,FO reconc;}ethesewo observa-
» 1 Was proposed that an intercellular signal is released

Om SN H M R s u RS .
aﬁs;rtlhf Postsynaptic site of induction to initiate ancreased
. fHer release from the presynaptic terminal®>'?,
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retanic stimulation is the NMDA recepior-dependent increase

The first candidates to be considered were proteins. In addi-
tion to a tetanus-induced effiux of newly synthesised proteins
from hippocampal siices'™ LTP is associated with an NMDA
receptor-dependent increase in the protein content of hippocam-
pal perfusates' ™™, The increases were slow to develop,
apparently ruling out proteins as Immediate retrograde
MeSSengers.

The next candidate to be examined was arachidonic acid.
This unsaturated fatty acid satisfies several of the requirements
for o retrograde messenger: {1} it 1s released from cultured
neurons into the extracellular medium by the activation of
NMDA receptors’™', (2) there is an increase in its eflux'™ and
postsynaptic availability'™ following the induction of LTP. (3)
inhibitors of phospholipase A., an enzvme that Hberates
arachidonic acid from phospholipids, block the induction of
LTP"™ ™ and (4) the transient application of arachidonic acid
to hippoecampal synapses causes a siow-onset potentiation®'**,
Potential targets for arachidonic acid include not only the presy-
naptic terminal, where it may act t¢ increase L-glutamate
release®, but also glial cells where it depresses t-glutamate
uptake'®” and the postsynaptic cell, where, for example, it can
potentiate NMDA receptor-mediated currents' . Another phos-
pholipase A.-derived lipid, platelet-activating factor, also has
some of the properties expected of a retrograde messenger'™ 1,

The possibility that nitric oxide (NO) may be a retrograde
messenger in LTP has excited considerable interest. Like
arachidonic acid, NO is released from cultured neurons exposed
to NMDA'™. NGO is derived [rom arginine in a reaction catalysed
by NO synthase, and inhibitors ol the enzyme have been reported
to block the induction of LTP™-'*' Haemoglobin, a scavenger
of NO which is presumably confined to the extracellular space,
also blocks the induction of LTP'™ ' implving that NO {or
another haem-binding molecule, such as CO} is released into
the extracellular compartment. In addition, NO increases the
frequency of minfature excitatory postsynaptic potentials
(e.p.s.ps) in hippocampal cultures’™ . But although there is
immunocytochemical evidence for NO synthase in hippocampal
interneurons, there has been difficulty in obtaining evidence for
its expression in pyramidal or granule cells'™. Furthermore,
other laboratories'**, including our own, have not found a
consistent block of LTP with NO synthase inhibitors. The story
‘has been further complicated by the observation that under
conditions where previous activation of the NMDA receptor
system has disabled the induction mechanism™*, NO synthase
inhibitors may promote the induction of LTP™. Thus, the effect
of NO synthase inhibitors may depend on the recent history of
activity in the hippocampus. In summary, although NO remains
an intriguing candidate, the evidence that it is a retrograde
messenger is far from conclusive.

A general problem with the candidates discussed above is the
time course of thetr action. The evidence for increased transmit-
ter release is strongest for STP, that is from a few seconds to
an hour or so after the inductive event. But inhibitors of
arachidonic acid and NO synthesis both spare STP. Moreover,
the potentiation produced by arachidonic acid is comparably
stow to develop. Thus none of the proposed candidates has the
properties expected of a rapid retrograde messenger. An alterna-
tive means of relaying postsynaptic activity is through alterations
in activities of extracellular jons. One possibility is K™, which
will be released from the postsynaptic cell during a tetanus to
a degree that will, in part, reflect the level of activation of NMDA
receptors. As discussed elsewhere'™, this could provide a signal
to the presynaptic terminal through an interaction with presy-
naptic mGluRs'| because the coupling of these receptors to
PLC is strongly potentiated by extracellular K (ref, 148).
Presynaptic modifications. Regulation of transmitter release
could occur at any of the sequence of events leading from
Ca’" entry to exocytosis, through the mobilization, docking
and fusion of wvesicles at release sites in the presynaptic
terminal.
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(1) Whatisthe physnoiogscat ssgmf icance of LTP? Specifically, is iUacentral

component in the synaptic machinery of memory? :

{(Z) What percentage of excitatory synapses can be:potentiated? Is LTP
“at an individual synapse a graded-or an all-or-none event? .

{3} What are (1) the presynaptic; and. (2) the postsynaptic mechanisms

Qnderéying expression. of LTP? What is"the relative contribution ¢f these

two components and how does' this change with time?

{4) How. do changes in the nUmber or structure: of- synapses contribute
S to LTP?

{5) Do retrograde messengers exxst” lf so, what are they and how do

they regulate neurotransmitter release?
(8) - How prevalent is NMDA receptor- independent LTP. and'to what extent

BOX 4. LYP: Some:unresolved issues.

doithe two forms of LTP share commoen mechanisms?

{7} How. do other heurotransmitter and -neuromodulators, such EN
acetylcholing. monoamines  and peptides; regutate the induction any
expression of: LTP? B

(8) Does' LTP always ciecéy oris

there: a non-decremental form in iy

brain? Can LTP be reversed {depotentiated)?

(9) What'is the extent and s1gmﬂcance of fofig-tetn. depresmors LTDYE
the hippotampus?

{10¥ Can knowledge about the: mechanisms of LTP be explmted to devz:%

rational therapies for- neurological diSorders - such as Alzheime

disease?”

LTP-related changes in Ca™ homeostasis could in principle
account for persistent changes in transmitter retease. Ca* " levels
were found to be elevated in synaptosomes prepared from
potentiated dentate gyrus 45 min after the induction of LTP'*?,
and this may explain the enhanced ability of potentiated
synaptosomes to release preloaded transmtiter Another possi-
bility is an increase in the size of the Ca

measurement of Ca”” transicnts associated with single action

potentialg in hippocampal aﬁerent terminals has not yet been

reported; however, the Ca*" signal produced in mossy fibre
terminals by trains of stimuli is not changed following the
induction of LTP in this NMDA receptor-independent path-
way'?® Alternatively, LTP may be associated with an increase
in the sensitivity 1o Ca’™ to one or more components of the
release mechanism!®!. Because LTP is expressed as an enhanced
response o single stimuli, it is processes contralling the~ rapid
fusion of synaptic vesicles with release sites, and/or {he forma-
tion of fusion pores, which are the most likely targets for regula-
tion. Processes which govern the ability of the terminal to.
respond during sustained activity, such as the 3ynt}1esns of trans-
mitter, the transport and filling of vesicles and their release from
the cytoskeletal cage, will conmbut_e‘go LTP only to the extent
that they influence either the prpbabtilty of fusion, or the amount
of transmitter packed into vesicles.

The nature of the retrograde messenger may give clues to the

processes responsible for the sustained increase in transmitter
release. Arachidonic acid stimulates basal phosphoinositicje
turnover in synaptosomes prepared from the dentate gyrus'™;
and, consistent with this finding, there 13 aninerease in presyndp—
tic phosphoinositide turnover in LTP'*. Arachidonic acid there-
fore could lead to an activation of presynaptic PKC both directly
and as a consequence of the increased production of diacylgly-
cerol. Among presynaptic substrates for PKC s the calmodulin-
bmdmg protem gap43, phosphorylation of which is increased
in LTP" 1% Because phosphorylated gap43 cannot bind cal-
modulin, it is possible that through the resulting increased
availability of calmodulin, the phosphorylation of synaptic
vesicle proteins such as CaMKII _substrates synaptophysin and
synapsin could be affected, leading to modulation of vesicle
fusion and hence of transmitter release. The identity of pre-
synaptic targets for NO, wh;ch  could include guanylate cyciase
and ADP nbosvhmnsfemse *, have not been determined.
Finally, a presynaptic mGIuR could be coupled to transmitter
release in a number of ways, as suggested by the coupling of
mGluR1 to PI hydrolysis, arachidonic acid production, and
CAMP levels'™®

Conclusion

The associative characteristics that define the induction criteria
for NMDA receptor-dependent LTP have found an elegant and
satisfying explanation in the voitage-dependent properties of
the NMDA receptor/channel complex. In contrast, little is
known about the biochemical cascades that are triggered by the
permeation of Ca’" through open NMDA channels and which
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" transient associated.
with each action potential, following the induction of LTP. The

lead to the persistent enhancement of synaptic efficiency, 3
evidence considered here suggests that tetanus-induced potey
ation proceeds in stages, beginning with a protein Kingg
independent phase (STP), lasting less than ~1 hour, fall low
by three stages of LTP {LTP1-3), requiring protein phosphom]
tion, prote n wmhesxs from existing mRNAs, and gene tn
scription, respectively. The expression of synaptic potentiat
probably involves both pre- and postsynaptic mechanisms, g
necﬁ:ssanly in the same proportion at each stage, the one :ad
to an increase in transmitter release and the other to an increg
in the number or change in the properties of the ion chang
which mediate synaptic transmission. Activity-induced chang
in the morpholovy or number of spines may also contribuge
changes in synaptic efficiency, as suggested by a number

electron-microscopic studies ' ™!

157

- Advances in microscopym

soon ailow the real-time visualization of any such changes!
In this review we have charted the substantial progress whi
has been made in understanding the cellular and molecular ba
of NMDA receptor- dependent LTP in the hippocampus. I
part of the fascination of LTP that it can be studied exp
mentally at many levels, from the molecular to the behavmur
at the same time, knowledge about properties of LTP f
directly into theoretical investigations of information storag
distributed neural networks. This catholicity of interest is ref
ted in the scope of the many questions that remain (Box 4L

the

end, the ovcmdm& motivation for studying synaptic pl

ticity in the brain is the hope of gaining an understandmg
the physical basis of memory in health and disease, ar:d i
the nature of the link between LTP and memory that is lik
to provide a major focus for research in the future.

T. V. P Bfiss is at the Division of Neurophysiology and Nevropharmacol
National Institute of Medical Research, Mill Hill, London NW7 1AA, UK:
Colflingridge is at the Department of Pharmacology. The University
Birmingham, Birmingham B15 27T LK.
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