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ABSTRACT

Long-term poteniation (LTP), a relatvely long-lived increase in synatic
strength, remains the most popular modé for the cdlular process that may
undelieinformaton staragewithin neual sysens. Thestrongestargumentsfor
arole of LTP in memay aretheoreticd and involve HebBs Pogulate, Marr's
theory of hippocampad function, andneural network theory. Consdering LTP
reeach asawhole few stulies have addesal the essrtial question: ISLTP
a proess involved in leaming and menory? The presert manwsaipt reviews
reeachthatatemptstolink LTP with learningand menory, focusingonstudies
utilizing eledrophysologicd, phameacologicd, andmoleaular biological meth-
odologies.Most evidence firmly supmrtsarole for LTP in leaming memory.
Howeer,anunejuivocal experimertal demongration of acortributon of LTP
to menory is hampeed by our lack of knowledye of the biological basis of
memay andof the waysin which memaies are represented in ensenbles of
neuons the existence of a variety of cdlular forms of LTP, ard the likely
redstance of distributedmenory staresto degaddion by treatmertsthatincom-

pletely disrug LTP.
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INTRODUCTION

All neurobiologsts would agreethat information is acquired,stored,andre-

trieved bythe brainmemoryis a thingin a placen abrain. Unfortunatelywe

do not understanadcompletelyhow any brain encodesnemoryasa biological

entity. However, the brains cellular architectureprovidesclues. All brains
consistof individual cellular units or neurons.Most neuronshavethe same
parts:a dendritictree, cell-body,axon,and synapticbuttons. The majority of

neuronscommuncatewith eachotheracrossa synapticspacevia neurotrans
mittersand neuromodulatordn mammalan brains,billions of neuronsinter-

connecin vastnetworksvia evenmorebillions of synapsesThis factleadsto

our firstassertioraboutmemory.

Assertion 1: Memorys Stored in Networkef Neurons

The brain accomplisles all of its remarkableactivity through networks of

neurons.A single neuronis unlikely to encodea specific memory; rather,
ensembles of neurons participate in maintaining a representation that

serves & a memory. Such ensemblegequire dynamic interactionsamong
neuronsand an ability to modify theseinteractions.This implies a needfor

use-dependerthangesn synapticfunction andleadsto the secondassertion
aboutmemory.

Assertion 2: Memorys Stored througlfChangesin Synaptic
Function

Hebb (1949)increasedur understandingf how networksof neuronsmight
storeinformation with the provocativetheory that memores are represented
by reverberatingassembks of neurons.Hebb recognizedthat a memoryso
representedannotreverberatdoreverandthatsomealterationin the network
mustoccurto provideintegrity bothto makethe assemblya permanentrace
andto makeit morelikely thatthe tracecould be reconstructecsa remem
brance Thus,our secondassertioris that, becausemeuronscommunicatevith
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eachother only at synapsesthe activity of the assemblyor networkis most
easily (perhapsonly) alteredby changesn synapticfunction. Hebb (1949)
formalizedthis ideain whatis knownasHebbs PostulateWhen anaxonof
cell A is nearenoughto excitecell B andrepeatedlyor persistent} takespart
in firing it, somegrowth processor metaboic changetakesplacein oneor
both cells suchthat A’s efficiency,asoneof the cellsfiring B, is increased.
Hebbs Postulatds very closeto a modern-daydefinition of long-termpoten
tiation (LTP) and leadsto two more assertionsaboutwhy LTP could be a
mechanisnof memorystorage.

Assertion 3: LTRCould Operatan Networksof Neurons to
StoreMemoryin a Manner Similar to Thah Hebbs Postulae

Bliss & Lomo (1973)first reportedthat tetanic stimulation of the perforant
pathin anesthetizedabbitsincreasedhe slope of the populaton excitatory
post-synapti potential (EPSP)recordedextracellularlyin the dentategyrus
andreducedthe thresholdfor eliciting a populationaction potential (popula
tion spike). They definedLTP aspotentiaton that lastedlongerthan 30 min,
althoughthey observed_TP for severahours.Later studiesshowedthatL TP
recordedin animalswith permanentndwelling electrodedastedfrom weeks
to months(Barnes1979).Moreover,LTP is foundin manyareasf neocortex
(Bear & Kirkwood1993).

A line of reasoninghatled to the conclusionthat LTP is a mechanisnof
memoryis derivedfrom theoreticalstudieson neuralnetworks.Marr (1971)
describedan associativenetwork in areaCA3 of the hippocamps in which
distribuied patternsof activity were imposedn principal cells; the trace
becameestabliskedasaresultof strengtheningynapticconnectionsSincethe
work of Hebb (1949) andthe discoveryof LTP (Bliss & Lomo 1973),these
theoreticalconnectionsamongneuronsthat strengtheras a result of activity
arereferred to as HebBynapses.

Synapticstrengthemg asdescribedy the HebbRule couldincreasewith-
out bound. Becausesuch a Hebbian mechanismwould lead to saturation
anti-Hebbprocessesvere suggestedStent1973, Sejnowski1977). Recently
therehasbeena surgeof interestin long-termdepression(LTD) both asa
memorymechanisnm{homosyapticor associative TD) andasa procesghat
normalizessynaptt weightsin networks(homosymptic and heterosynaptic
LTD; cf Morris 1989, Linden & Conner 1995, Ralls 1989, Derrick &
Martinez 1995).

The use of the Hebb Rule in a distribued memory systemcan lead to
efficient storageof a numberof representationwithin the samenetwork(also
calledcorrelationmatrix memoriesseeMcNaughton& Morris 1987),which
can be regeneratewith partial input(pattern completion The notion of
correlationmatrix memoriesresolvesthe seemingparadoxof how specific
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memoriesor representationsare stored in nonspecific (distributed) stores.
Further,any particularpart of the networkis not essentiafor patterncomple
tion; the performancef the entirenetworkdeteriorategraduallyasmoreand
more units are damagedor eliminated.This feature,referredto as graceful
degradationis a naturalby-productof distributedmemorystores(Rolls 1989,
Rumelhart& McClelland 1986) and is characteristiof neuralsystems(see
Rumelhart& McClelland1986).Moreover,storageof memorywithin distrib-
uted systemsrestson the ability of neuronsto form synapse-specifialtera
tionsin synapticstrength.Thuswe cometo our third assertioraboutmemory.
If memory is stored in networksf neuronsand if network efficiencyis
mediatedby persistentctivity (Heblis Postulate)thenLTP inducedby per
sistentstimulation of an afferentpathwayis at leastonelikely mechanisnby
which thebrain storesnformation.

Togetherthesethreeassertiongprovide a powerful rationalefor the claim
that LTP is a substrateof memory.However,becauseno one hasisolaed a
memorytrace,LTP cannotbe studiedin a known memorynetwork. Thusthe
evidencereviewedin this paperis correlationaland inferential. Before we
considerthe evidence we discussthree other similarities betweenL TP and
learningthat someconsidersupportthe notionthat LTP is a memorymecha
nism: LTP is specificto tetanizedinputs, it is associativeandit lastsa long
time. In our view, theseargumentsunfortunatey focuseddiscussbn on simi-
larities betweenclassicalconditioning and LTP that, to date,remainmerely
similarities.

LTP Is Specifido Tetanized Inputs

Sincethe time of Pavlov (1927), conditiored reflexeshave beenthoughtto
involve specificneuralpathwaysIn fact, simpleneuralreflexesmay beincor-

poratedinto conditioned reflexes.LTP is specific in this way in that only
tetanizedafferentsshow potentiaion, so-calledhomosynapt LTP. Unfortu-

nately,the ideaof specificity of tetanizedafferentshasbecomecloudedwith

reportsthat LTP induction might involve gasessuchas nitrous oxide (NO),
that readily diffuse into adjacentneurons(O’'Dell et al 1991, Schuman&

Madison 1991). Also, evidencesuggestghat maintenanceof LTP involves
retrogrademessengerthat also may affect neighboringneurons(Bonhoeffer
etal 1989).This lack of specificity hasadvantagesvera strict HebbRulein

thatdiffusealterationgn presynaptielementgreferredto asvolume learning)
may permit the storageof the temporalorder of inputs (Montague& Se

jnowski1994).

LTP Is Associative

Anotherinterestirg propertyof LTP, which led someresearcherto suggest
that it is a memory mechanismjs associativiy. If weak non-LTP-inducimg
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stimulationin oneafferentis pairedwith strongLTP-inducingstimulationin
anotherafferentto the samecell populatian, thenthe weakly stimulatedaffer-
entexhibitsLTP (Levy & Steward1979,McNaughtonetal 1978).The prop-
erty of associatity is reminiscenbf classicatonditioning,in which aneutral
CSis associatedavith a strongUCSto induceconditioning (Makintosh1974).
As theargument goefiecaus@euralafferentsn associative TP actin away
similarto neural activityin classicakonditioring, and because the mechanism
of associatie LTP is the sameasin LTP, at leastin N-methyl-D-aspartate
(NMDA) receptor—dependerdystemsLTP is a memory mechanism This
proposition hasbeenroundly criticized. The critics' view (Gallistel 1995)is
that the temporal constraintsof associatie LTP are dissinilar to those of
classicalconditioning. In addition,the necessaryprderingof CSandUCS are
absentin associativeL TP, and a mechanismas simple as associatie LTP
cannotaccountfor the behavioralcomplexityy observedn classicalcondition-
ing.

Today mostresearchersvould agreethat associativeL TP is not classical
conditionng (Diamond& Rose1994).LTP does,however,bearcomparison
to a psychol@ical exampleof learning.Associative LTP, describedby Hebb
(1949) as the simultaneos activity of sensoryafferents,is more similar to
sensorypreconditionng than classicalconditioning (Mackintosh1974).Sen
sory preconditionng is theassociatia of two sensorystimuli—for examplea
toneanda light—by repeategbairing. The comparisorof associative. TP and
sensorypreconditiaming is straightforward:The stimuli neednot be presented
in aparticular ordemordoes dJCS neede presentasin classicakcondition
ing. However,temporalcontiguty for the presentatiorof the two stimui is
required(Kelso & Brown 1986, Mackintosh1974).In our view, it is more
properto compareassociative TP to sensorypreconditionng thanto classical
conditioning. An interestingobservationin this regardis that hippocampl
lesionsappear t@bolishsensorypreconditionig (Port et all987).

From a behavioralpoint of view, LTP is more analogoudo sensitization
and LTD is more analogousto habituaton—both forms of nonassociatie
learning—thareitheris to classicalconditioning. Habituationmay be defined
authoritatiely asa “responsedecrements a result of repeatedstimulation”
(Harriscited in Thompso®. Spencef966). Sensitization mayedefinedasa
response increment as a result of repeated (usually strong) stimulation
(Thompson& Spencerl966). LTP and LTD are responseincrementsand
decrementshatresultfrom repeatedstimulation (Bliss & Lomo 1973,Dudek
& Bear 1993). Most researchersvould not agreethat LTP is analogousto
sensitizatio becausdnduction of LTP requiresthat a thresholdnumber of
fibershaveto be simuttaneouslyactive(McNaughtonet al 1978).Cooperativ
ity could involve associativeinteractionswithin the postsynapt targetor
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amongpresynaptidibers (whereadHebbianassociativy impliesa postsynap
tic associatie effectof multiple fibers).

Thecomparison of LTCand habituatiommasnot been made, butp@ramet-
ric analysisof habituationis available(Thompson& Spencerl966). Habitu
ation and sensitizatbn were recognizedquite early to be separaterocesses,
and dishabituatbn was viewed as sensitizathn inducedsimutaneouslywith
habituation (Thompson & Spencer 1966). An analogous contemporary co-
nundrum is whetherdepotentidabn representghe addition of separateand
oppositely signed processes, or the cellular reversal of LTP (Bear &
Malenka 1994). While the comparisonof LTP and LTD to psychologcal
phenomenavill undoubted} continwe, it seemghat simple isomorphsmsdo
not exist.

LTP Lasts a Log Timeas Doed.ongTermMemaory

The lasting natureof LTP hasbeenusedas an argumentboth for (Barnes
1979)andagainst(Gallistel 1995) LTP asa memorymechanismthe latteris
supportedoy the fact thatLTP doesnot lasta lifetime, asdo somememories
(Squire1987).However,any numberof propertieof networks—forexample,
reactivation(Hebb 1949)—nmay extendthe biological integrity of a memory.
Further, most studiescharacterizing_TP longevity observedLTP at hippo
campalssites. Becausethe hippocampuss viewed as having a temporaly
restrictedrole in memoryin both animalsand humans(Barnes1988, Zola-
Morgan & Squire 1993), there is no a priori reasonto expectpermanent
changeswithin the hippocampusThus, longevity comparisondbetweenhip-
pocampalL TP andlong-termmemoriesarenot meaningful. Memoryis not a
unitaryphenomenon, amtiemorysystens likely includeanatomicallydistinct
structuresand evenperhapdistinct neuralmechanismgSchacte& Tulving
1994).Perhapsynapticplasticity within otherpartsof the brain—inneocorti
cal regionsfor example—last longerthan hippocamal LTP.

In our view thefindings discussedo this point offer compellirg reasongo
considelL TP (andLTD) likely biological mechanismsf memory.This exten
sive prologuewasrequiredbecausehe evidencesupportingsuchaninterpre
tation is not convincingto some(Keith & Rudy 1990, Gallistel 1995) and
becauseachsetof studiessupportingthis view carriesinterpretatbnal diffi -
culties.We now turn to a discussiorof the evidenceFirst, we briefly list the
known cellular mechanismgor LTP; for more extensivereviewsof cellular
mechanismsseeBliss & Collingridge(1993),Bramham(1992),and Johnsto
et al (1992). Thenwe discusselectrophysiolgical correlationsbetweenL TP
andlearning,inductionof LTP andits effecton learning,the pharmacologial
propertiesof learningand LTP, and new studiesthat attemptto determine
simultaneouslythe genetibasisof LTP and learning.
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CELLULAR MECHANISMS OF LTPINDUCTION

Severaldifferent forms of LTP have beendescribed(Bliss & Collingridge
1993). In the hippocampustwo major forms of LTP are NMDA receptor-
dependentCollingridge et al 1983) or opioid receptor-dependeriBramham
1992).Each is discussed.

NMDA-Receptor-DependehTP and Associatived. TP

NMDA is avoltage-dependemgfiutanatereceptoisubtype For LTP induction
the NMDA receptomustbe activatedby the neurotransmitr glutamateand
simultaneously thereanust be sufficient depolarization ofthe postsynapt
membraneto relieve a Mg2* block in the NMDA-associatedion channel,
which allows the entry of C&2* into the postsynapt terminal. C&2* activates
any numberof Ca&*-sensitve secondmessengeprocessesBecauseNMDA
receptorsare sensitig toboth presynaptidransmittereleaseandpostsynapt
depolarizationthey act as HebbiancoincidencedetectorsThis propertycan
explain cooperativityand associatiy throughtemporaland spatialsumma
tion. Thus,activatedNMDA receptorsat synapseshatareproximalto active
sites of depolarizationmay be depolarizedsufficiently to relieve the Mg2*
block and initiate the cascadeof eventsthat leadsto LTP induction. This
cascademay occur eventhoughthe activity of that particularsynapsealone
was not sufficientto induceLTP. Thus,NMDA receptoranaccountfor the
associatiorof two separatafferentprojectionsto the samecell, onestrongly
andthe otherweakly active (Kelso & Brown 1986, Levy & Steward1979),
and for the cooperativerequirement that thresholdnumber of fibers be
active.RecentlyBashiret al (1993) suggestedhat otherglutamatereceptors,
particularlythe metababpic subtypemay contributeto theinductionof LTP.

The maintenanceof NMDA-receptor-dependeritTP is lesswell under
stood.In a contemporaryreview a distinction was suggestedetweenshort-
term potentation (STP),which decaysin aboutone hour, followed by three
stagesof LTP (LTP;_3) requiring, respectively(a) protein kinaseactivatian
andproteinphosphorylatin, (b) proteinsynthess from existihg mRNAs, and
(c) geneexpressionBliss & Collingridge 1993). Behavioralapproacheso
learning suggested that these saglkilar processesreinvolved intheestab
lishmentof long-termmemory(Brinton 1991).

Opioid-Receptor-DependebT P and Associative TP

Although lesswell known and less completelystudied (Bramham1991a,b;
Breindl etal 1994;Derrick etal 1991;Ishiharal990;Martin 1983),this form
of LTP is the predominanform of plastcity within extrinsicafferentsto the
hippocampal formation (mossy-fiber CA3, lateral-perforant-pathdentate
gyrus, lateral-perforant-pati€A3) andis presenin moreafferentprojectiors
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to the hippocampalformationthanis NMDA-receptor-dependeritTP (me-
dial-perforant-path dentate gyrus, medial-perforant-@i3). Thus if the
hippocampuss importantin memoryformation,as muchdatasuggeststhen
opioid-receptor-dependefTP and its relationshipto NMDA-receptor-de
pendenL TP need tde understood.

LTP induction in the mossyfiber CA3 and lateral-perforant-pat@A3
pathwaysdepend®on the activationof p-opioid receptorgDerrick et al 1992,
but see Weiskopf et al 1993) and induction in the perforant-pathdentate
pathwaydependsn &-opioid receptorgBramhamet al 1991a,1992).There
fore, more than one fornof opioid-receptor-dependehfTP existsin the
hippocampusWe referto the differentforms asLTP,, (mossy-fiberCA3 and
lateral-perforant-path CA3nd LTR (lateral-perforant-path dentate).

Thetime courseof NMDA-receptor-depende@ndL TP, differ in that the
former reachesits maximum almostimmediatly and can begin to decay,
whereasthe latter takes approximatelyan hour to reachits maximum and
showsno decay(Derrick & Martinez 1989). Thesedifferenttime coursesof
augmentatiorand decayarerelevantto our understandin@f the operationof
these form®f LTP inneural networks.

Associatve opioid-receptor-dependehTP in themossy-fibelCA3 system
appeardo haveconstraintsegulatinginductionthat are different from those
regulatingassociativeN\MDA-receptor-dependetTP. The mossyfibersalso
showcooperativityin thata sufficientnumberof fibershaveto be activatedn
orderto observeL TP (Derrick & Martinez1994b, McNaughtoetal 1978,but
seeChattarjietal 1989).Inductionof LTP in the mossyfibersalsois depend
ent on a sufficient number of tetanizing pulses,presumablyto insure the
releaseof opioid peptidegDerrick & Martinez1994a);peptidesn generakre
only releasedftertrains ofimpulses(Peng& Horn1991). Associativ& TP of
mossy-fiberresponsesan be observedwith stimulation of the convergent
commissual pathwayonly whentrains of mossy-fiberpulsesare used(Der-
rick & Martinez1994b).The commisural-CA3systemexpressedlMDA-re-
ceptor-dependeniTP (Derrick & Martinez1994b),and theinductionof asse
ciative mossy-fiker LTP is blockedby both opioid- and NMDA-receptoran
tagonistgDerrick & Martinez1994b).

Researchindings in the areaof mossy-fiberLTP are controversial.Al-
thoughit is generallyagreedthat LTP in this pathwaydependson trains of
pulses anthe presencef extracellulaiCa2+, the site ofCa2* entry,either pre-
or postsynaptally, is in dispute (Williams & Johnston1989, Zalutsky &
Nicoll 1990), as is the ne@ssity of postsynagic depolarization (Jaffe &
Johnstorl990).0One group of researchergenrefuses t@scribe thdofty title
of LTP to thephenomenno of synapticenhancemenh mossy fiberandrefers
to LTP in this pathwayasmossy-fibepotentationbecausd is nonassociatie
and,accordingio them,rapidly decrementa{Staubli 1992 Staublietal 1990).
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The controversynayarise because thpgeparation of thbippocampl in vitro
slice may compronise the integrity of the mossy-fibersystem(Dailey et al
1994),anddifferent speciegarticularlyrat and guineaig, which arefavorite
subjectshavedifferentdistributions of opioidsandopioid receptor{McLean
et al 1987). Futureresearchparticularlyin vivo, shouldresolvesomeof the
controversy.

ELECTROPHYSIOLOGICAL APPROACHESTO
RELATING LTPTO LEARNING

Studiesaddressinghe contributionof LTP to learninghavebeenapproached
atanelectrophysitngical level to answertwo major questionsDoeslearning
inducechangesn synapticresponsethataresimilar to LTP? Doestheinduc
tion of LTP alterlearning?

DoesLearningProduce LTP-likeChanges?

We limit our reviewto thosestudiesthat measurea¢hangesn the population
EPSPratherthan thepopulaton spike, owingo generabgreementhat excita
tory postsynapt potentialyf EPSPsthangeseflectchangesn synapticfunc
tion, whereaschangesin the population spike amplitude may reflect other
mechanism¢Bliss & Lynch 1988).

Changesin populaton EPSPscan be observedin perforant-pathdentate
gyrusresponsesluring exploratorybehaviors The phenomenn wasinitially
namedshort-termexploratorymodulatian, or STEM (Sharpet al 1985).This
initial study demonstratedhat explorationproducedincreasesn perforant-
path synapticresponse®ver the courseof explorationandthatthe increases
persistedor shortperiods oftime afterexploration.Theinitial and subsequent
studiesGreenetal 1990)revealedhatSTEM wasnotdependenbdn handling
novelty, repeatedstimulaton, or increasedocomotin. Like LTP, STEM re-
sultsin an apparentincreasein the field EPSPand can be blocked by the
NMDA-receptorantagonistMK 801 (Ericksonet al 1990). However,unlike
LTP, STEM is relatively short lived: It lastsonly 20-40 min (Sharpet al
1985).

Evidencesuggestig that STEM wasnot an LTP-like processemergedn
1993 with the report of additive effectsof STEM and LTP (Ericksonet al
1993)andchangesn STEM that are distinct from thoseobservedwith LTP
(Ericksonet al 1993).A strongcorrelationbetweenthe magnituek of STEM
andsimultaneouslyrecorded2—3C fluctuations in brain temperaturédMoser
etal 1993a),presumablyresultingfrom physicalactivity thatoccurredduring
exploratorybehavior,also was reported. STEM-like changescould also be
inducedwith intenseactivity or with passiveheating.More recentstudies
(Moser et al 1993b) suggestthat, when temperature-inducedlterationsin
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conductionvelocity are controlled, small changesin perforant-pathdentate
field potentialsmay actuallyreflectchangesiueto exploration However this

effectis shortlived. STEM may represenendogenouslyccurringshort-term
potentiaton (STP),the rapidly decayingprocesghat precedeshe generation
of stimulation-induced.TP.

Ex vivo studyis a differentapproachto the problemof detectingelectro
physiolodgcal changesn evokedresponsivenes®llowing learning.The re-
sponsivenessf in vitro hippocampl slicesremovedfrom animalsexposedo
an enrichedenvironmentwere comparedwith responsivenessf slicesfrom
animalsexposedo a standardaboratoryenvironnment (Green& Greenough
1986). Rearing animals in complex environments produces anatomical
changesn cortexthatarethought tobearesultof learning(Bennettetal 1964,
Greenoughet al 1973, Rosenzweiget al 1962). In this study, the slope of
perforant-pattdentateresponsesvas assessedl he magnitudeof field EPSP
slopeswaslargerin ratsraisedin a complexenvironmenthanin ratshoused
in standardlaboratoryconditiors, effectsthat are similar to thoseobserved
after LTP inductionin this pathway(Bliss & Lomo 1973).Electrophysblogi-
cal measure®f antidromic(nonsynapt) volleys andof the presynaptic-fiber
volley (numberof fibersactivatedyevealecho differencesetweertherearing
conditions Thus the field EPSPslopeselicited by equivalentvolleys were
significantly larger, whichsuggestshat the differencearisefrom anenhance
mentof perforant-pattsynaptictransmissia. The increaseddentaterespon
sivenessavasnot observedn animalsthatwereremovedfrom complexhous
ing threeto four weeksprior to testing which suggestshe effects were
transientas isLTP (Barnes 1979).

More recently, one group of researchersecordedresponsesn another
hippocampakystem the mossy-fiberprojections,asanimalslearneda radial
arm maze (Mitsuno et al 1994). Incremental increags were obseved in
mossy-fiberfield EPSPsover the courseof learning.Changesn evokedre-
sponsivenessvere evidentthree days after learning. Taken together,these
studiesshow that learning induceschangesin hippocampalresponsiveness
thatresemble thosebservedollowing LTP inductbn.

Why should changes in evoked-responseamplituce following a single
learningepisodebe detectableAccordingto the view of distribued memory
systemsgchangesunderlyirg learningshouldoccurin a very smallfraction of
the available synapses, atitereis no reasonto expectthat suchsparse
changesvould be evidentin synapticactivationevokedby the stimulation of
thousand®f afferentfibersactivatedoy a stimulatingelectrodeHowever the
hippocampalmemory systemcould have a small capacityand utilize most
synapsesvhen storing information. In such a systeman evokedresponse
might revealthe existenceof a storedmemory.However,in order for new
informationto be stored,the informationin this low-capacitysystemwould
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eitherhaveto be erasedor haveto decayrapidly. Someresearchersuggest
thatthe mossy-fibemprojectiors to CA3 represent low-capacitystore(Lynch
& Grangerl986)becausé. TP in mossyfiberscan decay quiteapidly (within
hours) in vitro (Mitsuno et al 1994). However, learning-induced_TP-like
changesn evokedmossyfiber responsesre observedthree days after the
cessatiorof training, arguingagainstthe neuralchangesepresenting tran
sient,low-capacitystore.

One clever strategyeliminatesthis problemof “looking for a needlein a
haystack."Synapse-specifichangesn responsemediatecby alargenumber
of afferentsneednot be observedRather the evokedresponsés employedas
an integral part of the learning task. Detectionof salientlearning-induced
changein a large numberof randomly stimulated fibers is not necessary;
instead the activity of the fibersis incorporatednto the learningtask. This
strategywas employedby severallaboratoriesand providesconsistentand
convincingelectrophysitobgical evidence for a role dfTP in learning.

In one set of studies,a shutte avoidancetask with a footshock as an
unconditioned stimulus was employed(Matthies et al 1986, Ott et al 1982,
Reymanret al 1982).High-frequencyperforant-pattstimulationwasthe con
ditionedstimuus. Low-frequencyevokedresponsesvere recordeth theden
tate gyrus before,during, and after 10 daily training sessionsOverall daily
changeof the field EPSPsloperoughly correspondedo changesn learned
behavior However, the relationshs amonghe measures each day wenere
complex;improvedperformancevasnot correlatedwith responsenagnitide
within thedaily trials. The LTP-like increasen responsesasapparenpnly at
the start of the secondday of training, which suggestghat a consolidatio
processoccursafter the training and prior to the sessionthe following day.
Neverthelessthe increasesn the field EPSPparalleledlearningacrossdays,
with asymptoic performanceoccurringon the daysof asymptott LTP. An
importantobservationwas that animalsthat were poor learnersand did not
acquirethe task also failed to show an increasein dentateresponsesThe
stimulation may haveinducedLTP thatwasindependentf any learning-ir
ducedchangesn neuralfunction.However the stimulationtrainsusedasaCS
did not produceany changes ithe EPSRIuring the inital 40 trials on thdirst
day of trainingThus,it is notlikely thatthe CS stimuationinducedLTP.

An interpretationadifficulty of the abovestudyis thatthe hippocampisis
not necessaryor learningof the active-avoidancéask;in fact, hippocamal
lesionsor NMDA-receptorantagonits canfacilitate active-or passive-avoid
ancelearning,respectively(Mondadoriet al 1989, Nadel 1968, Ohki 1982,
Shimai & Ohki 1980). Thus increasebservedin perforant-pathresponses
thatparallellearningmay reflectancillarylearningof otheraspectof the CS,
suchas context(Kim & Fanselow1992). However,in a subsequenstudy,
colchicinelesionsof the dentategyrus eliminated both the evokedresponse
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andthe ability of perforant-pattstimulaton to serveasa CS (Ruthrichet al
1987).Theselesionsdid not alter conditioning to otherCSsnor did they alter
conditionedemotioral responséo the footshock.Together thesedatasuggest
that the increasesn response®f activatedperforant-pathdentatesynapses
contributedio the learningf theCS aspectsf an active-avoidanaesponse.

In a similar study (Larocheet al 1989), high-frequencystimulaton served
asa CSfor a footshockthat elicited behavioralsuppressionLearningof the
perforant-pathstimulaion-shock associationoccurredonly when the trains
wereof anintensitysufficientto elicit LTP. Further,inhibition of LTP induc
tion by prior tetanizatbn of commissurabfferentswhich inhibits LTP induc
tion by engagng inhibitory mechanisms, produced subgantial deficits in
learning.Furthermorechronicinfusion ofAP5, aselectiveNMDA antagonist
blockedbothLTP inductionand the abili of thestimulationto serve as a CS.
A significantcorrelationexistedbetweenthe magniude of LTP producedby
thesevarioustreatmentsandthe acquisitionof the conditionedresponseThe
decay of LTP inducebh this behavioraparadigmwasobserved irthe follow
ing 31-day period and correlatedwith retentionof the conditiored response
(Laroche et al 1991).

In the experimentsnentionedabove,t wasassumedhat stinulationof the
perforantpathcanserveas a sensory-likeonditioningstimulus. However, the
degreeto which the perforantpath is normally involved in representinga
sensoryCSis unknown.Further,becausehe stimulation produceda potentk
atedsynapticresponsethe correlationbetween_ TP andlearningmay reflect
merelyanincreasen the salienceof the perforant-pathstimulation. For this
reasorsuchanapproachmaybeof limitedutility. An alternativestrategyis to
stimulate structuresor pathwaysthat actually mediatesensoryinput. Studies
by RomanandcolleaguegRomanetal 1987,1993)usedsuchanapproactby
recordingmonosynapti responsesn the olfactory (piriform) cortex elicited
by stirrulation of sensoryprojectionsfrom the olfactory bulb (the lateral
olfactorytract,or LOT). Thesestudiesarenotablein thattheydepartfrom the
study of LTP restrictedto the hippocamps and addresshe contributon of
LTP to learning abther cortical sites. Ithese studieqatterned LOTBtimula-
tion wasusedasa discriminativecuefor the presenc®f water.Stimulation of
this olfactory pathwayapparentlyproducedsomething like a sensoryevent,
becauseats respondedo burst stimulation with sniffing and exploring, as
though they detectedan odor, and such stimulaion servedas a CS in an
olfactory discriminatbn learningtask.Performanceén this taskusingstimula:
tion as a CS wasemarkably simar to thatobservedwith actual odor&sCSs.
Comparisonof monosynapt responsesiuring the acquisition of discrimna
tion learning revealedincreasesn the monosymptic LOT piriform cortex
responsesan effect that persistedat least24 hoursafter training. Thus pat
ternedstimulationdid not producesynapticpotentiaton unlesstheassociatia
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of the cue and the water rewardwas learned.A significant correlationwas
found betweentheincreasean the field EPSPslopeandthe numberof correct
responsesAlthough the magnitde of LTP and behavioralresponsesmong
animas was quite variable, beter responding was asscciated with larger
changesin the field EPSPslopeswithin individual animals (Romanet al
1993).0f particularinterestis the observatiorthatthe burststimulaton, which
is though to be optimal for LTP induction at other sites (Staubli& Lynch
1987),wasineffectiveby itself in inducing LTP. Rather,a long-termdepres
sion of responsesvas observedollowing stimulation of naiveratsin a non
learningsituaton. Becausahe LOT pathwayis knownto beresistanto LTP
induction invivo (Racineetal 1983, Stripling etl 1991)butnotin vitro (Jung
et al 1990, Kanter & Haberly 1993) or during learning(Romanet al 1987,
1993),thesedatasuggesthatLTP inductionis activelyinhibitedin vivo. It is
temptingto speculatehatattentionalor othermechanisra areengagediuring
conditionng thatenable LTHnductionin this corticalstructure.

Togetherthesestudiesprovide positive supportfor the ideathat LTP may
be involved in conditionng becausd TP-like increasesn evokedpotentias
exist following learningin CS pathwaysthat are chosenfor experimental
convenienceA moredirectexperimentabpproacho the questionof whether
LTP is amechanisnof learningis to induceL TP andthendeterminewvhether
it influences latetearning.

DoestheInductionof LTP InfluenceLearning?

LTP inducedprior to learningmightimpair learningby saturatingL TP proc
essesthat normally participatein the learning; LTP induced after learning
might obscureprior learningby occludingany distributed patternof synaptic
changesthat were formed as a result of learning. Alternatively, LTP may
enhancer impairlearningby activatingmodulatorymechanism (Martinezet
al 1991).

In onestudythe effectsof LTP inductionon the acquisiton of classically
conditioned nictitating membraneresponse(NMR) were assesse{Berger
1984).Therationalefor this studyarosefrom the observatiorthatchangesn
hippocampapyramidal-cellactivity parallelchangesn the acquisitbn of the
conditionedbehavioralresponsgBergeret