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ABSTRACT

We review currentcompuitonal models of hippocampal function in learring
andmemay, corcentrating on thosetha makestrongestcortact with psycho-
logicd issuesard behaviord daia. Sonmemodds build upan Marr's ealy theories
for modding hippoanpal field CA3's putative role in the fast, tempormry
staageof episodc memaies. Othea modds focus onhippocampal involvement
in incremertaly leamed assodations, sud as classcal conditioning. More
recent efforts have attempted to bring functiond interpretations of the hippo-
campal regon in close contact with undelying aratomy and physioogy. In
reviewing these psychabiologicd modds, three major themes emege First,
computationd modds provide the corceptual glueto bind together dat from
multiple levels of aralysis. Secord, modés seve asimportanttoolsto integrate
datafrom both animal and human studies. Third, previous psychdogical modds
that capture important benavioral principlesof menory provide animportant
top-down corstraint for developing computéaiond mocels of the neual bass
of thesebelhaviors
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INTRODUCTION

Many modelsandtheorieshavebeenproposedverthe pastfew decadeshat
attemptto characterizethe role of the hippocampalregion in learning and
memory.Most of thesetheoriesarequalitative, consistingof a centralconcept
or metaphotthat attemptsto capturethe essenc®f hippocanpal-regionfunc
tion. We focushereon more formal computatbnal networkmodelsof hippo-
campalfunctionin learningand memory.Suchmodelshavean advantagen
thattheycanberigorouslytestedwith computersimulatonsand,occasionally,
formal matheratical analysis.

Giventhebreadthanddiversity of currenthippocampaimodels we concen
trate on just that subsetof hippocampatheoriesthat make strongestcontact
with psychologcal issuesand datafrom behavioralstudiesof learningand
memory.Giventhis psychobiobgical perspectiveywe omit morephysiolggical
modelsthat makelesscontactwith behavioralaspectof learningand mem
ory. Among the theoriesthat do addressobservablememory behaviors,we
emphasizehosethat relate most strongly to traditional theoriesand models
within theliterature.

Our purposein the first part of the review is to provide a generalunder
standingof theaims,successegndlimitationsof the computatbnalapproach
to understandingpippocanpal functionin learningandmemorybehavior.The
emphasiss on describingthe spirit andbehaviorof the models ratherthanon
their exact mathematal underpinning. A few mathematicakequationsare
givenwherecritical to this description.For a full expositon on implementa
tion details,see theoriginaljournalarticles.

The remainderof the review is organizedas follows. We presenta brief
summaryof the major points of hippocampl anatomyand a review of the
empirical dataon memorydeficits producedby hippocanpal damagen ank
mals and human beings. We then provide someimportant historical back
ground, discussingDavid Marr's early theoriesof the hippocampusas an
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autoassociativenemorystoragedevice.In the sectionentitled “Autoassocia
tive Models of CA3 and Episodic Memory” we show how Marr's earlier
theorieshaveinfluencedcurrentcomputatbnal modelsof hippocanpal region
CA3 andits role in episodicmemory.Nextwe turn tomore incrementdbrms
of associativdearning,reviewing modelsof conditioning and hippocampis.
The nexttwo sectionsllustratehow someof thesemodels,at differentlevels
of analysisarebeginning to convergeinto integratedheoriesincorporatinga
wider range of behaviorahd biolaical detail.

THE HIPPOCAMMRAL REGIONIS CRITICAL FOR
LEARNING AND MEMORY

Thehippocampategion(Figurel) is comprisedf a groupof brainstructures
locateddeepinsidethe brainthatform partof what(in humanbeings)is often
calledthe medial-tempmal lobe. The regionincludesthe hippocampusindthe
nearby dentategyrus, subiculum,and entorhinal cortex. The outermostof
thesestructures—theentorhinal cortex—receivesighly processednforma
tion from the entirespectrunof sensorymodalitiesaswell asfrom multimodal
associatiorareasInformationflows in a roughly unidirectioral fashionfrom
the entorhinalcortexto the dentategyrus,to the hippocampis, to the subicu
lum, and backto the entorhinalcortex beforereturningto the samesensory
areaswhereit originally aroseln additionto this basicpathwayof information
flow, thereare manydirect connectiondetweenthe structuresof the region.
The hippocampus alstas anotherinput and output pathwaythrough the
fornix, a fiber bundle connectingit with subcorticalstructuresthat provide
modulatbn.

Hippocampal Damage PrattesAmnesian HumanBeings

Damageto the hippocampategionin humanbeingsproducesa characteristic
anterogradeamnesiasyndromewhich stronglyimpairstheacquisition of new
information (Squire 1987). Human hippocampaldamagecan result from a
variety of causes,ncluding aneurysmsto the arteriesthat vascularizethe
hippocampusanoxia,and epileptic seizures(Zola-Morgan& Squire 1993).
Thehippocampl region isalsoamongthefirst structureso bedamagedn the
course of Alzheimes disease andormalaging(de Leon et al 1993). Damage
to otherrelatedstructuressuchasthe basalforebrain,canalsocauseamnesic
syndromeshatshare featurewith hippocampl amnesiapresumablybecause
suchdamagendirectly interfereswith normalhippocampal-regio processing
(Volpe & Hirst 1983).

The anterogrademnesiahat follows humanhippocampal-regiomlamage
is mostsaliently characterizethy aninability to acquirenewepisodicinforma
tion, the kind of information aboutindividual eventsand experienceshat is
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Figure 1 The structuresof the hippocampl regon. CA3, hippocampalfield CA3; CA1, hippo-
campalfield CAL. [Adaptedfrom Myersetal (1996).]

accessibleo consciouscontrol. Patientswith this debilitation may also show
somedegreeof retrogradeamnesia—disiption of previouslyacquiredinfor-

mation—hut this is usuallylimited to information acquiredshortly beforethe
traumaandtendsto lessenin a time-gradedashionfor information acquired
longerago(Squire1987).This relationshipbetweerhippocanpal damageand

anterogradeamnesialed to the idea that the hippocanpus is a specialized
memoryprocessor needed l@y down new episodi memories.
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Hippocampal Damage PratesVaried MemoryDefidts in
Animals

Animal modelsof hippocanpal amnesiahave had an obvious difficulty in
addressinghis lossof episodicinformation in nonverbakubjectsanimalsare
unableto tell the experimentedirectly whatthey canrememberHowever,by
usingindirectmemorytestsin which the animalis challengedo usememory
of specificevents hippocampal-regionlamagean animalshasbeenshownto
causelearningdeficits broadly similar to the episodicmemorylossin human
hippocampalamnesicqEichenbauml992). Animal studieshave also docu
mentedthat certainkinds of learningcapabilites do survive hippocampl-re-
gion damageFor example the acquisitionof learnedresponsef elementary
associativeconditioning tasks islargely unimpared (Gabrieli et al 1995).
Humanhippocampabmnesicshowsimilar residuallearningabilitiesin mo-
tor-reflex conditioning, cognitive skill learning, and simple categorization
tasks(Cohen1984).All thesetasksarelearnableover manytrials anddo not
require the formationf singleepisodicmemories.

However,eventhe simple iterativetaskssuchasconditioning aredisrupted
in hippocampal-damaged animalghiéyinvolve additional complexiées,such
as requiring comparisonsor configuratiors of multiple stimuus cues,or if
attentionto the experimentatontextis important(seesectionentitled “Stimu-
lus Representatiom AssociativeLearning”; Hirsh 1974;Rudy & Sutherland
1989,1995).

MARR’'S AUTOASSOCIA'IVE MEMORY STORE

One of the earliestand mostinfluential modelsof hippocampal-regioproc
essingwas proposedby David Marr (1971). Startingwith what was known
then about hippocampl anatomyand physiolbgy, Marr soughtto infer an
emergentinformation-processingcapability. His ideasgaverise to a broad
classof models,often termedHebb-Marr modelsbecausehey incorporate
Hebbs (1949)ideason how associatios areacquiredbetweergroupsof cells
in the brain (McNaughton& Nadel1990).SinceMarr’s original publicaton,
newempiricaldatahaveshownthatsomeaspect®of his modelareincomplete
or incorrect(seee.g. Willshaw & Buckingham1990). Nonethelessmany of
the basicideasin the Hebb-Marrmodelof hippocamps havewithstood con
tinuing empirical and theoreticaltestsand remainthe basisfor many current
modelsandtheories.This sectionreviewsa generalizedrersionof the Hebb-
Marr model.Latersectionsgdescribeseveraimorecurrentmodelsthatbuild on
Marr's original specification.

Marr's basicidea was to distingush separableolesin memoryfor the
archicortex,including hippocamps, and for the neocortexHe assumedhat
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the chief role of neocortex was to store large complex event memo-
ries—broadly equivalentto what today are usually called episodic meme
ries—compogd of severalintegratedassociationsFor example,the event
memoryof a mealmight includeassociatias aboutthe food eatenthe meals
location and time, and the companysharingit. In Marr's model, an event
memoryis definedasa patternk of activitiesoveralargenumberof neocortt
cal cells, evokedby a particularset of sensoryinputs (Figure 2A). Sucha
patternis storedby associatingts elementsso that activationof someof the

(A) (B)
O O

(C) (D)

Figure 2 Storage of aneventmemoy asa paternof cell activations in neaortex, accordng to
Marr's (1971) maodel. (A) Initially, the eventmemoy simpy evoles a patern of actvations
(darkenedcircles) acrossa group of unelaedcells. (B) As the patern isstored, various elemeits
of the paternareassociatd by weighted comectons (line9. (C) Later, if a parfal versia of the
original paternis preseted(darkenedcircles, activationspread alongthe associdabnsto actvate
the compete patern(D).
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cells representingelementsin E can activateother elementsin turn (Figure
2B). Later,if asubsebf E is presentedo the neocortexthe neocortexshould
be ableto retrievethe full patternE (Figure 2C). This ability is pattern
completion.One difficulty in implementingthis function in the neocortexis
that a large numberof very preciseconnectionds requiredto associateeach
elementin E with everyotherelementin E. Further,the associatioarequired
to store E may well disrupt preexistingassociationsreatedto store other
patternswith commonelements.Worse, if anotherstoredpatternF shares
commonelementswith E, thenF may interferewith attemptedetrievalof E:
If asubsebf E is presentedactivationwill spreado thesecommonelements,
which will then beginto retrieveF aswell asE. At the extreme,if many
overlappingpatternsare stored,an attemptto retrieveany storedpatternwill
resultin a patterrof activationthat shareslementawith all storedpatterns but
is identical to none.This situaton is calledcatastrghic interference(Hether
ington1990).

Becauseof this potentialfor interferencen recall, Marr suggestedhat it
would be usefulto havea separaterocessor—suchsthe hippocanpus—that
could rapidly store eventmemories,and then allow gradualtransferof this
patternto neocortex,which would reorganizeand classify this information,
incorporatingit with existing knowledgeto reduceinterferenceMore specifi
cally, Marr proposedthat the hippocamps is able to rapidly storenew pat
terns,holding themin a temporarymemorystore,but is not ableto integrate
themwith the larger bodyf existing knowledge.

Marr imaginedthe hippocampussfunctionally consistng of two layersor
groupsof cells (Figure3A). Inputscauseactivity on thefirst A layer of cells,
which projectontothe secon® layer ofcells. TheB cellsin turn projectback
to the A cells.All synapsedetweercellsaremodifiable,but they aresimpli-
fied toallow only binary on off values. Simirly, cell activityis assumedo
beeitheronor off. This networkis essentialf the sameasthatshownin Figure
2, exceptthatcellsaredifferentiatedaccordingo whethertheydirectly receive
externalinput (A cells) or not (B cells). A storedpatterncanbe retrievedif,
whenpartis presentedo the A cells,the evokedactivity on the B cellsfeeds
backto complet the original firing patternon the A cells. As shownin the
next section,Marr's patternassociatomodelforms the basisfor many sub
sequent—andnore detailed—nodels of hippocampalphysiobgy and func-
tion.

AUTOASSOCIA'IVE MODELS OF CA3 AND EPSODIC
MEMORY

The networkdescribed byarr is aform of autoassocitor. An autoassociator
network learnsto associatean input patternwith an identical output pattern
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(Andersonl977,Hinton 1989,Kohonen1984).A generaform of autoassocia
tor is shownin Figure 2B and consiss of a single layer of nodesreceiving
excitatory connectionsfrom external sourcesas well as from each other.
Nodesareassumedo havebinarystates: eitheactiveor firing (representedy
anoutputvalueof 1), or quiescen{representetly anoutputvalue of0). Node
j becomesactiveif the sumof inputsexceedsomefiring threshold(cf Gross
berg 1976Kohonen1984,McCulloch& Pitts 1943,Rosenbhtt 1962):

yj =1 iff Zw,jyj >0, 1.
|
else= 0.

In Equationl,yj is the outputor activatian of cell j, w; is theweightof the
synapsenj from anothercell i, and6; is cell j’s threshold.Thisthreshold,ej,
is thensetsothatj will becomeactiveif theweightedsumof its inputsexceeds
someproportionof the total inputs activein the original pattern.Additional
inhibitory processesjot shownin Figure2B, mayberequiredto determinehe
threshold.More complexnetworksmay also allow continuots (real-valued)
inputsandoutputs butthecentral ideasirethe same.

A binary patternE is storedin this network by presentingk as external
input. The nth elementof E is presentedo the nth nodein the networkand
forcesthatnodeto outputthe samevalueasthat element.For this reasonthe
externalinputsareoftentermedforcing inputs, andthe onesynapsesachnode
receivesrom theforcing inputis often calleda forcing synapseThe network
then undergoessynapticplasticty at the feedbackconnectionsso that syn
apsesfrom active presynapticcells have excitatory effects on other active
postsynapti cells. This canbe accomplishedby a Hebbian learningule of the
form:

wij =0 (v ) 2.

wherey; andyj aretheactivitiesof presynapticell i andpostsyapticcell j, a

is aconstaniterm,andwij is the weight of the synapseébetween andj. Note
that synapticmechanism®f long-termpotentiaton anddepressio{L TP and
LTD) areHebbianin nature(Levy et al 1983, McNaughton& Morris 1987).
Later,if somesubsedf E is presentedo the network,activity in therecurrent
collateralswill iteratethroughthe network and activatethe cells neededto

completethe missing partsof E. Thus,this network performspatterncomple

tion.

ThreeCommon Features of AutoassatorsandField CA3

Marr's important contributon was to conceptualizehe hippocampss as an
autoassociatanetworkthat performspatternstorageandretrieval.Many sub
sequenmodelshaveelaboratedn this idea(Hasselmal995,Hasselmcet al
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1996,McNaughton& Morris 1987,McNaughton& Nadel1990,Rolls 1989,
Treves& Rolls 1992).An autoassociatassuchasthe oneshownin Figure 3B

hasthreebasicrequirements(a) a high degreeof internalrecurrencyamong
the principal cells; (b) strong,sparsesynapse$rom externalafferentswhich

could function asforcing synapsesand(c) plasticty at the synapsedetween
co-active cells.

Theserequirementsuffice to allow the functionsof patternstorage com
pletion, andretrieval. Hippocampalfield CA3 satisfiesall threerequirements
(Figure 3C). First, the principal neuronsof CA3—pyramidal cells—areper
hapsuniquein thebrainfor their high degreeof internalrecurrencyEachCA3
pyramidalmayreceive contact frorabout4% of othempyramidalsn thefield,
a high enoughcontactprobabilty to allow autoassociatiofRolls 1989).Sec
ond, in additionto recurrentcollateralsand sparseentorhinalafferents,CA3
pyramidalsreceivea small numberof inputs from mossyfibers, containing
entorhinalinformation that reachesCA3 via the dentategyrus. While each
CAS3 pyramidalin rat may receivel2,000synapse$rom recurrentcollaterals
and4000synapsedrom directentorhinalafferentsjt may only receiveabout
50 mossyfiber synapsegTreves& Rolls 1992). However,the mossyfiber
synapsesre very large and presumablyalso very strong, so that coincident
activity on a relatively smallnumberof mossyfiber synapsesould activatea
CA3 pyramidal(Rolls 1989). The mossyfiber synapsesire thusgood candi
dates forforcing synapsesn an autoassociator (Marr 1971, McNaughton
1991,McNaughton& Morris 1987).Third, plasticity in the form of LTP has
beendemonstratedt the synapsef recurrentcollateralsin CA3 (Bliss &
Lomo 1973,Kelso et al 1986).LTP involves strengtheningf synapsede
tween coactive pre- and postsyaptic cells; this could implementHebbian
learningas defined irfEquation2 above.

In sumnary, CA3 seemso beallikely candidatdo implementautoassocia
tive memoryin the brain. Patternswould be storedby presentatiorover the
mossyfibers, which would force CA3 pyramidaloutput Recurrentcollateral
synapsedetweencoactivepyramidas would thenundergoL TP to storethe
pattern.Later,if apartialversionof thatpatternis presentedlongthe weaker
entorhinalafferents,someCA3 pyramidas would becomeactive. After sev
eraliterationsof activity throughthe recurrentcollateralsmore CA3 pyramt
dalswould be activateduntil the entire storedpatternis retrieved.Additional
inhibitory units are also generallyassumedo allow implementationof the
firing thresholds.

Autoassaiative NetworksimplemenHippocampal-Dependent
MemoryBehaviors

This type of autoassociate networkcanbe usedto implementvariousforms
of memory, many of which are much like thosethat appearto be impaired
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following hippocampaldamagein animalsand humanbeings.For example,
autoassociativenemoriescan createunified memoriesfrom severalcompe
nent features artthen retrievehe entirememoryfrom a partiainput.

SEQUENCE LEARNING Many modelsof hippocampafunction havedrawnon
the detailsof its anatomyand physiobgy to arguethatit hasthe capacityfor
learningsequencesf inputpatternsThesemodelsareoftengenerallybasecn
the recurrentarchitectureof autoassociate networks:Given a partial input
consistingof the presenttate anautoassociate networkcanperformpattern
completionandretrievethepredictechextstate Levy (1996)presenteéimodel
of hippocampategionCA3 asasequenceredictorandargueghatthisgeneral
sequencerediction paradigmcan provide a computatioml unification of a
varietyof putative hippocampal-depematfunctions including contextuaken
sitivity, configuration,andcognitive mapping(seealsoLevy etal 1995,Prep
scius & Levy 1994). Grangeret al (1996) presentech model of field CAl
incorporatinganL TP learningrulein whichtheamounif potentiaton depends
ontheorderof arrival of afferentactivity to atargetheuron Theyshowthatwith
this temporallydependent. TP learning,the CA1 networkmodelcanlearnto
store brief simlated temporasequencesf inputs.Liaw & Berger (1996) also
describeda model of hippocampalneuronsin which they arguedthat the
dynamicinterplay of hippocampalsynapticmechanismdor facilitative and
inhibitory processegesultsn anemergenttemporalchunking”’mechanisnfior
sequentiapatternrecognition.In this model,eachdynamicsynapsdearnsto
respondo asmallsub-pattermof inputs,andthepostsynapt neuronlearnshow
to properlycombinethesesubpatterns.

SPATIAL MEMORY AND NAVIGATION This aspectof autoassociativenemory
systemsseemsddeal for implementinga spatialprocessorin which the broad
memoryof a placeshouldbe evokedby any of severaliews of theareaeven
if someof the usualcuesare missing In fact, spatialmemoryis extremely
hippocampatlependenin rats(e.g.0O'Keefe & Nadel1978),andmanyconnee
tionist modelsof hippocampal-processj in spatiallearninghavebeenbased
onautoassociate modelsof thehippocampategion(Burgesstal 1994,Levy
1989,McNaughton& Morris 1987,McNaughton& Nadel1990,Muller etal
1987 Muller & Steadl996,Recce& Harris1996,Sharpl 991 ,Sharpetal 1996).
One possiblity is to define spatial mapsas composedof setsof complex
configuralassociationsepresentingplaces(McNaughton1989, McNaughton
& Nadel1990).In oneplace,theremay be manyviews, dependingon which
way the animalis facing, the location of landmarks,etc. The hippocampal
autoassociatowould be able to map from one of theseviews to the full
representationf thecurrentplace With thisinterpretationplacelearningneed
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notbefundamentalf differentfrom anyotherkind of representationd¢arning.
However becausef theneedfor suchcomplexrepresentationis spatialtasks,
these behavionmight be especiallgensitiveto hippocampatlamage.

EPISODIC MEMORY AND CONSOLDATION Perhapsnostpervasiveis theidea
that thefast, temporary storage anautoassociat is animportant component
of an episodicor declarativememorysystem,in which arbitrary patternsare
stored(Alvarez & Squire1994,Hasselmeet al 1996,McClelland & Goddard
1996,Murre 1996,0'Reilly & McClelland1994,Treves& Rolls 1992).1t is
generallyassumedh thesemodelsthatarelativelysmalltemporarystorein the
hippocampusnteractswith a relatively large neocorticalsystem(Figure 4).
Suchanassumptionvasmadeby Marr (1971),andmanyconnectionisiodels
of amnesiacenteron similar assumptns(e.g.Alvarez& Squire1994,Lynch
& Grangerl992,McClellandetal 1994,Murre 1996,0'Reilly & McClelland
1994, Treves& Rolls 1992).Manypreconnectionisnodelsassumehisgeneral
organizatioraswell (e.g.Mishkin 1982, Teyler& DiScennal986,Wickelgren
1979).

In thesemodels,the centralassumgbn is that a stimulus entersthe nec
cortexvia the sensorysystemand subsequenthactivatescells in the hippo-
campus.The hippocamps in turn feedsbackto the neocortexand initiates
activationpatternghere.Ilt may activatenew cell populatons, which arethen
addedto the representationpr it may allow connectionsto form between

Neocortex: Store new Hippocampus:

memories
* slow learning — ™| efastlearning
¢ integrate new and old » little integration
information

Recall * temporary storage: new

¢ permanent storage recent information overwrites old

memories

T

Stimulus Inputs

Figure 4 Generaformat of manycomectonist mockls ofamnesiaThe ne@ortexis assumedo
be a large-capady, permarnt store for memoryassociabns, andto be abk to integate new
information with old associdbns. Howe\er, learring is assumedo be slow andpaossibly requre
severalteratedpreseiations. The hippocampuisis assumedo becapabé of stoiing menory within
aslittle asa single exposue, but oldermemoresareliable to be overwritten by newerones. The
hippocampuistherefae captiresepisodc memoresanditeratively allowsthe neocatexto integate
these memaeswith existing associabns.
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active cells in the neocortex.The hippocampusamay be requiredto present
memoriesto the neocortexrepeatedly,over someperiod, to allow the nec
cortexto integratenewknowledgewithout overwritingthe old (McClellandet
al 1994). This processis termedmemory consolidaton. Over time, as this
consolidatbn occurs,the sensoryinput is ableto activatethesecells directly,
without hippocampaliintervention.At this point, the hippocampusascom
pletedits function ofhelping tobindtogethedisparatecorticalactivitiesinto a
coherentpattern,and memoriesare safefrom subsequenhippocampadam
age.However,amorerecentmemory, whichs notyetfully consolichted, may
be disrupted.The probability of suchdisruptian is higher for more recent
memorieswhich havehadlesstime to be consolicated,thanolderones.This
is consistentvith datashowingthatwhile hippocampatlamagdeadsto severe
anterogradeamnesia,thereis only temporally gradatedretrogradeamnesia
(Squire& Alvarez 1995).This inverserelationshipbetweenmemoryageand
hippocampaindependencis knownastheRibotgradientof retrogradeamne
sia(Ribot 1882;seealsoAlvarez & Squire1994).Exampksfrom animaland
humanexperimentsare shownin FiguresbA and5B (Kim & Fanselowl1992,
Squire &Cohenl1979).
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Figue 5 Exampesof Ribat gradierts, which illustratehow older memoresarelesslikely to be
disrupted by hippocampl damag than are newermemores. (A) Ribat gradiert in animal dag.
Behavioralrespomsesof animalsreceivng extersive hippocampl systeniesians(circles) or cortrol

lesions (squareg asa function of the numberof days elapsing betveenexpasureto the relevant
experiercesandthe occurenceof the lesion. Fearrespoise(freezing) betravior shavn by ratswhen
retrnedto anenvironmert in which they hadexperiercedpaired presentaons of toneswith foot

shack. Barssurrainding eachda@pont indicatethe standrderra (from Kim & Faneslav 1992).

(B) Ribat gradent in humandata.Recallby depessediumansubgctsof detils of television shovs
aired dfferert numbersof yearsbefare the time of test,after electocanvulsive treamert (circles)

or justbefae treament(squares (from Squire & Cohen1979).
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Note thata model consistng of an autoassociatoalonewould predictthe
oppositeeffect: namely,that older memoreswould be increasinglysuscepti
ble tointerference from newer memoride additiorof a“remote” neocort
cal storagesite allows the modelsof hippocampatortical interactionto ac
countfor both theanterogradendretrogradeaspect®f hippocampl amnesia.
Furtherelaborationamay be assumedn this generalmodelschemesuchas
nonspecificmodultory influencesthat determinethe storageratesin CA3
(Grossberdl976,Hasselmaet al 1995,Murre 1996, Treves& Rolls 1992),or
additional preprocessing in dentate gyrus and postprocessing in CA1l
(Hasselmo& Schnell1994,Levy 1989, McNaughton1991, Treves& Rolls
1992).

Openlssue: How and When Does ConsolidaticaakePlace?

A major challengeconfronting thesemodels of anterogradeamnesiais to

specify in detail just how consolidaton of memores from hippocampis to

neocortexmight take place.One small-scaleimplementationis provided by

Alvarez & Squire(1994),who suggested thahostmemory consolidabin may
occurduring sleep(seealsoBuzsaki1l989,Crick & Mitchison 1983,McClel-

landetal 1994).This is consisentwith recentdatashowingthathippocampal
activity duringslow-wavesleep echoespecific patterns recordedgrlierwhile

the animal was exploring its environment(Wilson & McNaughton1994).
Alvarez & Squiresuggestedhatthis activity reflectsa processduring which

the hippocampuseinstates patterns it stored earbed presentsthem to
neocortex forconsolidatim. The electrical activig in the hippocampusis

markedly different during waking explorationand slow-wave sleep, which

further suggestgthat the hippocampuss operatingin two different modes
(information storageand informationreinstatementduring thesetwo behav

ioral states(Buzsaki1989).Otherpossibe mechanism®f consolidatbn may
includeconsciousand unconscioushearsal (Murre 1996). All thebgpothe

ses await thorough verification through combined neurophysiolgical and
neuropsychologial studies.

Openlssue: The Problem of Interfencein MemoryNetworks

Another issue concernsthe problem of interference One constrainton the
utility of an autoassociativeetwork is that it hasvery limited capacity.A

network of n nodesis ableto storeonly about0.15n randompatternsbefore
theybeginto interferewith oneanother (Hopfield.982).Interferenceefers to
the likelihoodthat patternsoverlapsufficiently suchthatretrieval of onewill

activateretrievalof partor all of additional patternsandtheresultingnetwork
outputwill containelementsof multiple storedpatterns.In the extreme,in a
netthatis filled to capacity,additionof a single new patterncandisruptthe
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ability to correctlyretrieveany previouslystoredpattern.As describedabove,
this phenomenoris called catastrophidnterferencgHetherington1990),and
it is agenerafeatureof all connectionisnetworks thaperformfaststorageas
the hippocampahuto-associate networkis assumedo do (McClellandet al
1994).0Oneway to increasecapacityandavoid catastrophidnterferences to
explicitly decreas¢he overlapbetweematternsit hasbeensuggestethatthis
is oneeffectof the sparseconnectiongrom dentategyrusto CA3: Sinceany
onemossyfiber contactonly aboutl4 of the 3x 10° CA3 cells inrat, therds
very little probability thattwo patternsof mossyfiber activity will activatethe
same patterof CA3 activity (Rolls 1989). Inaddition,plasticity in the dentate
gyrus may further help to sparsify CA3 inputs (Hasselmol1995, O'Reilly &
McClelland1994,Treves & Rolls 1992). Even with suphtternseparaton, a
patternstoredin the hippocampuwill only remainintactfor a limited period
before itis overwritten by storageof newer memoes. Thisimplies that
memoriesstoredin the hippocampusnustbe transferrecelsewherdo survive
for long periods.

STIMULUSREPREE&NTATION IN ASSOCIATIVE
LEARNING

Themodelsdescribedabovefocuson the ability of the hippocampl regionto
performfast, temporary storage, atheby suggest that thisderliesghehippo
campal regiots rolein episodic memorjormation. Thigs consisentwith the
basicideathatepisodicmemoryimpairmentsarethe mostobviousbehavioral
effectsin humanamnesidollowing hippocampategiondamageNondeclara
tive learning (including proceduralor implicit learning) often survivessuch
damage.For example,animalswith hippocamjl-region damagecan often
shownormalacquisitionof classicallyconditionedresponding(e.g. Solomon
& Moore 1975) or discriminaton of successivelypresenteddors (Eichen
baumet al 1988). Similarly, humanhippocampal-damgedamnesicsare not
impairedat acquiringconditioned motor reflex responsegDaum et al 1989,
Gabrieliet al 1995, Woodruff-Pak 1993),learningsimple classificationtasks
(Knowlton et al 1994), or learningnew motor skills suchas mirror drawing
(Cohen1984).All thesetaskscanbesolvedby incrementaformationof habits
or tendencieswithout requiringepisodicmemoriesof any individual learning
session.

However,thereare othertasksthat seemsuperficiallyto be just asnonde
clarative buthat areémpaired aftehippocampl-regiondamage. Foexample,
althoughthe simplestacquisitbn of a classicallyconditionedresponses not
impairedby hippocampal-regiodamagetheremay be severadmpairmentsin
classicalconditioning tasksthat require learning about unreinforcedstimuli
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(Kaye & Pearcel987, Solomon& Moore 1975), configurationsof stimuli
(Rudy & Sutherlandl989), contextualinformation (Hirsh 1974),or relation
shipsthatspanshort delays (Moyer etl 1990, Poret al1986). These findings
imply thatthe hippocampl regiondoesparticipatein information processing
during proceduraltasks, althoughthis participation may not necessarilybe
evidentin the simplestkinds of learning. Thesefindings alsoindicatethat a
conceptionof the hippocampakegion as a purely passivestorefor episodic
memorieds insufficient.

Severalrecentqualitative theoriesand computatiomal modelshavefocused
on possibleinformation processingoles for the hippocampalregion, espe
cially in incrementallyacquired(nondeclarative)learning(e.g.Eichenbaunet
al 1992b;Gluck & Myers 1993,1995;Hirsh 1974; Moore & Stickney1980;
Myersetal 1995,1996;Schmajuk& DiCarlo 1992;Sutherland Rudy1989).
In turn, thesemodelsare less concernedwith the issuesthat motivate the
above-describethodelsof consolidaton. A full accountof hippocampl-re-
gionfunctionwould, of courseaddressts role in bothinformation processing
and theconsolidatio of declarativenemories.

Most of theseassociativetheoriesof incremental learning assume that
while the hippocamps is requiredfor somecomplicatedforms of stimulus
associationthe neocortexs sufficientfor simper stimuus-responsassocia
tions suchasthosethat underlie classicalconditioning (e.g. Gluck & Myers
1993;Myersetal 1995; Schmajuk& DiCarlo 1990,1992).Herewe focuson
onerepresentativeomputatbnal model,which incorporatessomeof the ear
lier ideasregarding hippocang autoassociatio(Gluck & Myers1993).

Hippocampal Funtion and Stimulus Representations

Gluck & Myers (1993) presentech computatiomal theory of hippocampl-re-
gion function in associativdearning,which arguedthat the hippocampate-
gion is critical during learningfor recodingneural representatiorio reflect
environmentategularities Centralto thistheory isthe definition of astimulus
representationsa patternof activitiesoverasetof elementgneurongroupsin
abrainor nodesin a connectionisnetwork)evokedby the stimulus. Learning
to makearesponseo thatstimulusinvolvesmappingfrom thatrepresentation
to appropriatebehavioraloutputs. Learning about one stimuus will trans
fer—or generalize—tmther stimuli asa function of how similar their repre
sentationgare.Thereforethe particularrepresentationsanhaveagreatimpact
on howhard a tasks tolearn.

The key ideaof Gluck and Myerss (1993) cortico-hippcampalmodelis
that the hippocampalregionis able to facilitate learning by adaptingrepre
sentationsn two ways. Firstjt is assumed to compress,ake more similar,
representationsf stimuli thatco-occur;secondijt is assumedo differentiate,
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or make less simdl, representation®f stimui that are to be mapped to
differentresponses. This kinaf function carbeimplementedn aconnection
ist model that is relatedto the autoassociairs describedabovebut that in-
cludesa middle (oftentermedhidden)layer of nodes.Sucha network,termed
anautoencode(Hinton 1989),is shownon the left in Figure6. It mapsinput
activationsrepresentingtimulus inputsthroughweightedconnectiongo actk
vatethe middle layer of nodesthatin turn feedthroughweightedconnections
to activatehe outputayerof nodes. The networik trainedto produceoutputs
thatreconstructhe inputsaswell aspredictthe behavioralresponseBecause
the autoencodehas a narrow hidden layer of nodes,this task can only be
accomplishedby compressingedundantinformation, while preservingand
differentiating enoughpredictive information to allow reconstructionat the
outputlayer. Although the detailsof the modelare not biologically realistic
(especiallythe useof backpropagatiomerror-corretion for updatingthe auto
encodernweights), the model neverthelesss a useful tool for exploring the

(A) Intact Gluck-Myers Cortico-Hippocampal Model (B) Lesioned Model
Cortical Hipgocampal Cortical
Network egion Network
Reinforcement Reinforcement

(Us) US)

Reconstruction of Inputs /
I/\| 0 ¢
I New 1: |__
1 Representation AL
XA

Stimulus Inputs

Stimulus Inputs

Figure6 Thecortico-hippocampamodel (Gluck& Myers1993). (A) Theintactsystenmisassumed
toincludeaprediciveautencaler,representighippocampal-region processindghatconsructsnew
stimulus representdons in its intemal layer that are biasedto compess redundancieswhile
differertiating predctive informaion. Thesestimuus representadons are acqured by long-term
staagesitesin the cortex, represergdasamultilayer netvork thatlearrs to predct US arrival. The
cortical netwak usesthe Rescola-Wagnerrule to mapfrom inputs to the hippocampalmedated
interral representdbns, and agan to map from the irtemal layer to output actvatons. (B)
Hippocampalregion lesion is assumedo disablethe hippocamml netvork, in which casethe
cortical netvork cannolongeracqure newinterral represerations but canacqure newbelavioral
respmseshasednits preexsting (andnow fixed) interral represetations.(Repgintedfrom Myers
& Gluck 1995.)
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kinds of representationshat might evolve underthe constraing of the two
biasedescribedbove(for amorebiological instantidabn of thesesameideas,
see sectionon “Dissociating Parahippocampahnd HippocampalContribu
tions” and Myerset al 1995).

This network is incorporated into the full cortico-hippocanpal modd
shownin Figure6 (Gluck & Myers1993).A corticalnetworkis shownonthe
left, which is assumedo mapfrom stimulus inputsto outputsthat determine
the behavioralresponseHowever, this network is assumedo be unableto
constructhiddenlayer representationen its own. Instead,it canadoptthose
representationformed inthe hiddenlayer ofthe hippocampakegionnetwork.
It canthenlearnto map from theseto the correctresponsesHippocampal
lesionis simulatedin this modelby disabling the hippocampahetwork,and
assuminghatthe hiddenlayerrepresentationm the corticalnetworkarenow
fixed. Thosealreadyacquiredare maintined,so little retrogradeamnesiais
expectedafter hippocampl-regiondamaggalthoughthe modeldoesnot rule
outtheideaof anindefinitely long consolidaibn periodduringwhich informa
tion is transferred,as suggestedy the modelsof McClelland, Murre, and
othersreviewedabove).Further,the cortical network can still learnto map
from the existingrepresentation® new behavioralresponsesAll thatis lost
is thehippocampal-depermat abilityto modfy thoserepresentations.

Application to Behavioral Data

Gluck & Myerss (1993) model can be appliedto classicalconditioring by
assumingthat the inputs are conditioned stimuli, and that the output is a
conditionedresponsehat is expectedto anticipae the reinforcing uncondt
tioned stimulus. The model then capturesmany aspectsof the behaviorof
intactandhippocampategion—damagednimals(Gluck & Myers1993,1996;
Myers & Gluck 1994,1996). For example the model correctly expectsthat
hippocampal-regiodamagecause$ o particularimpairment—orevenaslight
facilitation—in learninga conditionedresponseFor sucha simpletask,new
adaptiverepresentationareprobablynot neededand even the lesioned model
canlearnto mapfrom its existing representation® the correctresponseln
fact,becaus¢heintact models slowedby constructig newrepresentation,
may often be slowerthanthe lesionedmodel. This is consistentwvith similar
effectsoften seenin animals(e.g. Eichenbaunet al 1988, Schmaltz& Theos
1972,etc).

However, latent inhibition—the slower learning after unreinforcedexpo
sureto the to-be-conditionedtimuus (Lubow 1973)—isdisruptedby broad
hippocampal-regiomlamage(Figure 7A) (Kaye & Pearcel987,Solomon&
Moore 1975). The model correctly shows theffects(Myers& Gluck 1994).
During the exposurephasethe stimulus is partially redundantwith the back
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Figure 7 Behavioral resuts from intact anchippocampal-lesiored animalscompared wih simu
lation resuls from intactandlesioned cortico-hippocampalmockl. (A) Latentinhibition. In intact
animals, umeinforcedpreexpaure toacueA slows later acqusition of corditioned reponding to
A (Lubow 1973). This is refleced inlonger training timesuntil criterion is reachedn respmdng
to A. Broad hippocampl-regon lesion eliminatesthis effect (Kaye & Pearcel987, Sdomon &
Moore1975). (Figure plottedfrom da& presetedin Sdomon& Moore 1975.) (B) Theintactmodel
correctlyshowslatentinhibition, whereashelesicmedmodel doesnat. (FigurereptintedfromMyers
etal 1995)) (C) In normalanimals,a corditionedrespmseto A mayshov adecremetif A isthen
presentedn a new cotext (Hall & Honey 1989). Hippocampallesioned animals donat show this
respmsedecrement aéir a conext shit (Honey& Goad 193, Penck & Sdomon1991). (Figure
replbtted from data presentedn Perick & Sdomon1991.) (D) The intactbut not lesionedmockel
correctlyshowshis respmsedecremetwith conextshift (Myers& Gluck 1994). (Figurereprinted
from Myersetal 1995.)
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groundcontext.Neither predictany reinforcingevent, so thaippocampal-re-
gion network compresses theirepresentations. Latewhen the task is to
respondto the stimuus but not the contextalone,this compressiommustbe
undone,which resultsin slowedlearningin the intact model (Figure 7B). In
contrastthe lesionednodelhasno compressioduring theexposure phase, so
learningis notretarded irthe subsequemtarning phasé-igure B).

Many of the learningdeficits associatedvith hippocampablamagecanbe
describedascontexteffects(Hirsh 1974).For example humanhippocampal-
damagecdamnesicsanay be ableto rememberan experiencebut not whereor
when that information was acquired—andhey may even be unawarethey
know the informationitself until indirectly promptedfor it (Haistet al 1991,
Weiskrantz& Warrington1979).Animals showrelatedeffects.For example,
under some conditions an animal trainedto respondto a stimulus in one
environmengivesa decrementedesponsavhenthatstimuus is presentedn
anotherenvironment(Figure 7C) (Hall & Honey 1989). A hippocampal-le
sionedanimal doesnot showthis decremenbut respondgust asstrongy in
the new environment(Honey & Good 1993, Penick& Solomon1991).The
cortico-hippocampamodel implies a similar effect (Figure 7D) (Myers &
Gluck 1994) becausedhe hippocampl-regionautoencoders assumedo re-
constructnot only the conditionedstimuli but alsoany backgrouncdbr context
cuesthatarepresentduringlearning.Thus,astheautoencodelearnsto repre
senta conditionedstimulus, information aboutthe contextis includedin that
representationAs a result,if the stimdus is presentedn a new context,the
representationf thatstimuluswill belessweaklyactivatecthanusual,andin
turn the conditionedresponsewill be decrementedust asobservedn intact
animals.In contrastthelesionedmodel does not formew, compressed repre
sentationsand so respondingoes notlropin a new context.

In the sameway thatthe cortico-hippocampainodelcanaccountfor latent
inhibition andcontextshift phenomenait cansimilarly addressesultsfrom a
rangeof conditioring studies(Gluck & Myers 1993,1996; Myers & Gluck
1994,1996).1t providesa computatimal instantation of severalprior qualita
tive theoriesthat positedhippocampl regionrolesin contextlearning(Hirsh
1974), configural learning (Sutherland& Rudy 1989), and representational
learning(Eichenbaun& Bunsey1995).

Openlssues and Alternativ&pproaches

The mostobviouslimitation of the cortico-hippocampainodel, like othersin
thesamedomain,is thatit doesnot makeany particularattemptto addresshe
episodicmemorydeficits that are the most obvious featureof humanhippo
campalamnesiaThis is the converseof the limitation of modelsthataddress
episodicmemorybut not information processingn the hippocampakegion.
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Eventually,a completemodel of hippocampal-regio function will haveto
accountfor both these aspectsof hippocampal-regiordamage.For now,
though,thesemodelsshouldbe judgedon the basisof how well they account
for the circumscribedetof data theyattemptto address.

Therearealsoseveralimitations of Gluck & Myerss cortico-hippa@ampal
model.As atrial-levelmodel,it cannotcaptureany of the intricacie®f timing
within a trial—such asthe effectsof varying stimuus schedulingthe latency
of onsetof the conditionedresponseandso on. Othermodels(e.g. Schmajuk
& DiCarlo 1990,1992)do includereal-timeeffectsin their models,andthey
capturetheseaspectof animallearning.In the next sectionwe considerin
moredetail anothemodelof Schmajukandcolleagues thaddresseasimilar
bodyof behavioratonditionng data.

A more generallimitation of this entire classof modelsis the restricted
degreeof physidogical realismthey involve. The network architecturesand
learningalgorithmsare determinechoreby functional(behavioralconsidera
tions than by biological properties.In fact, most of thesemodelsinclude
propertiesthat are clearly unrealistc, e.g. full or near-full connectiviy be
tweensetsof nodes Someattemptshavebeenmadeto addresghis limitation.
Thesearereviewedin the next section,which consideramorerecentattempts
to take abstracttheoriesof hippocanpal region function and clarify more
preciselythe functional role of the different anatom¢al componentsof this
region.

DISSOCIATING PARAHIPPOCAMPFAL AND
HIPPOCAMRL CONTRIBUTIONS

Recentrefinementsin lesion techniquesndicatethat the extentof memory
impairmentoften dependgritically on exactlesionextent.This suggestshat
the different substructuresf the hippocampategionhavedifferentiablecon
tributions to the processingof the region as a whole. However,the precise
assignmenof functionto substructureandthewaysin whichtheyinteract,are
asyet poorly understoodOneexampleis thelatentinhibition effectdescribed
earlier,in which prior unreinforcedexposureo a stimulusretardslaterlearn
ing to respondto that stimulus (Lubow 1973).Latentinhibition is attenuated
by broadhippocampal-regio damage(Kaye & Pearcel987, Solomon &
Moore 1975) but not bgamagestrictly limited to the hippocampus and
sparingentorhinalcortex(Honey & Good1993,Reilly etal 1993).Similarly,
odor discriminatbn reversalis impairedby hippocampl lesion but actually
facilitatedafter entorhinalesion(Otto et al1991).

Although the representationaheoryof hippocampafunction proposecdy
Gluck & Myers (1993)treatedthe hippocampategionasa singleprocessing
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system subsequenivork by theseresearcherbavesuggestedhow their basic
representationgdrocessemight besubdivded,andthe subfunctimslocalized
in differentanatomicakitesaroundthe region(Myers et al 1995).In particu
lar, Myers et al (1995) proposedhat stimulus-stimuus redundancycompres
sion could emergefrom the anatomyand physiolog/ of superficialentorhinal
cortex.

Parahippocampal Functiom Stimulus Compression and
Clustering

The Myerset al modelof entorhinal(andparahippocampgafunctionin learn

ing is derived from an earlier physidogically realistic model of superficial
piriform (olfactory) cortex by Ambros-Ingersoret al (1990), which argued
that the anatomyand physiobgy of this cortical structureare sufficient to

implementhierarchicalkclusteringof odorinputs.In brief, Ambros-Ingersoret

al proposeda competitve network modelin which local recurrentinhibition

silencesall but the moststronglyrespondingoyramidalcells. Theseso-called
winning cells cometo respondto a family or clusterof inputs with similar

featuresRecurrenfeedbackirom the piriform cortexto olfactorybulb is also
assumedo allow iterativeresponseso odors,from which successivelyiner-

grained (hierarchical)classificationscan be constructed One aspectof this

modelis that, sincesimilar inputstendto be clusteredto similar outputre-

sponsesthe network performsredundancycompressia of exactly the sort
previously proposedoy Gluck & Myers (1993)to occurin the hippocampal
region (Myers et al 1995).In particular,if two inputs co-occur,they will be

treatedas asingle compoundhput. Later, ifoneof theinputs occursalone the

networkwill tendto treatthis asa degradedrersionof thecompoundnputand
assignit to thesame clusteas thecompound.

The piriform cortexandentorhinalcortexelidein rat, andtheir superficial
layers are closely related anatomically and physiologicaly, suggesting the possi-
bility of relatedfunctionalty (Price1973,vanHoesen& Pandyal975,Wood
hamsetal 1993).Specifically, superficiabntorhinalcortexcontaingpyramidal
cells with sparsenontopogaphic connectionswith afferentsin layer | (van
Hoesen& Pandyal975)with denserfeedbackconnectiongo local inhibitory
cells (Kohler 1986), and showsNMDA-dependenttheta-inducedong-term
potentiaton (LTP) (de Curtis & Llinas 1993).Noting this similarity, Gluck &
Granger(1993) suggestedhat entorhinalcortex could perform a similarity-
based clusteringperationsimilar tothat proposetb occur inpiriform cortex.

In sum,then,Myers et al (1995) have proposedhat the entorhinalcortex
would be sufficient to implementthe redundancycompressioraspectof the
representationalhangeghat Gluck & Myers (1993)ascribeto the hippocam
pal regionas a whole (Myers et al 1995). A modelimplementing thesepro-
posedprocessesandbasedon the physiologcally andanatomicallymotivated
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model ofAmbros-Ingersoretal (1990), isshown in Figure &. One difference
betweerthepiriform andentorhinal models ithatthepiriform modelassumes
repetitive samplingand input masking,basedon recurrentconnectiongrom
piriform cortexto olfactory bulb. Myers et al (1995)havenot assumedhis in
the entorhinalmodel,andso it only performsa single-sage,similarity-based
clusteringor compressiorof its inputs. Theresultingnetworkis similar to the
unsupervisedcompetitive-learningsystemsdevelopedby Kohonen (1984),
Rumelhart& Zipser(1985),Grossberd1976),andothers. A secondmportant
differencebetweerthe piriform andentorhinalcorticesis that, while the piri-
form cortexis primarily anolfactory area the entorhinalcortexreceivesnput
from a broad spectrumof polymodal cortices,as well asfrom the piriform
cortex.Thus,Myersetal (1995)havesuggestedhatwhile the piriform cortex
might be sufficient to implementedundancy compression withtime olfactory
domain, the entorhinal cortex might be requiredto implement redundancy
compressioretweenstimuli from differentmodalities,or acrosghe polymo-
dal features of a singlstimulis (Myers etal 1995).

This model can be compared with alesion that selectively damages the hippo-
campusand dentatgyrus butthatleaves intacthe entorhinal cortex. Asoted
above,suchlesionsoften producedifferent resultsfrom lesionsof the entire
hippocampalregion. For example,such a restrictedlesion doesnot disrupt
latentinhibition, althoughasdescribedabovea largerlesiondoes(Honey &
Good 1993, Reilly et al 1993). The selectivelylesionedmodel produceshe
sameeffect (Figure 8B). The redundancycompressiorin the entorhinalnet
work is sufficientto mediatelatentinhibition. The modelaccountdor several
other selective-lesioreffects (Myers et al 1995), as well as makesspecific
novel predictionsthat other behaviors, which airgerpreted as reflecting
stimulus compressionarelikely to dependmoreon the entorhinalcortexthan
on hippocamps proper, ando shouldsurvive sucha localizedesion.

Theidea thathe entorhinatortex is involvedn stimulus compressioalso
relatesto a suggestin by Eichenbaum& Bunsey(1995) that the entorhinal
cortexperforms“fusion” of coincidentor nearly coincidentstimuli, basedon
the tendencyof animalswith selectivehippocanpal (but not entorhinal)dam
age to overcompressimulusinformation.

This hypothesigegardingthe selectivecontributon of entorhinalprocess
ing to hippocampal-regiofunctionassumeshatthe remainingsubfunctionof
predictivedifferentiationcould beimplemenéd elsewheren the hippocampal
region.Onepossiblity is thatthe dentategyrusor hippocamps propercould
performthis subfunction.This ideais consistentvith severalsuggestinsthat
the hippocampuss involved in predictingfuture events(suchasUS arrival)
given currentinputs (e.g. Gray 1985, Levy 1985, Lynch & Granger1992,
McNaughton& Nadel 1990Treves &Rolls 1992).
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redundancycompession(B) TheH-lesionedmockl,in whichanenbrhinal cortexnetvork provides
new compessedepesentaons to the interral layer of a long-term memay netvork. (Adapted
from Myersetal 1995.)
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Parahippocampal Functionn Configural Associations

In an alternativeapproachto modeling entorhinalfunction, Schmajukand
Blair (Schmajuk1994,Schmajuk& Blair 1993) havesuggestedhe particular
contributian of the entorhinalcortexto the Schmajuk-DiGrlo (Schmajuk&
DiCarlo 1992)modelof hippocampal-regionfunctionis stimulus competiton,
while the hippocampugproperis responsit® for configuralassociationThey
thereforepredictthat localizedhippocampalesion,which doesnot otherwise
damageentorhinalcortex,shouldeliminatethe configuralbut not the stimulus
competiton function. Empirical dataare somewhatconsistentwith this idea
(see Schmajuk1994), althoughfurther empirical studiesare certainly indi-
cated,asmentionedabovein the contextof testingour own modelof entorhi
nal function. The stimulus competiton function proposedby Schmajuk&
Blair is quite distinct from the stimulus-stinulus clusteringwe haveproposed
asanentorhinaffunction.In fact, our entorhinalstimulus-stimutsclusteringis
probablymorecloselyrelatedto the configuralfunctionthat Schmajuk& Blair
assignnot to the entorhinalcortexbut to the hippocampis proper.Until such
time asmoreempiricaldatabecomeavailable it may bedifficult to providea
definitive discrimination betweerthesetwo accountsHowever future expert
ments that addressthe selectiverole of theentorhinal cortex in stimulus
competiton andin stimulus-stimuuisclusteringarerequiredto properlyevalu
ate these twanodels.

In a more recentpaper,Buhus & Schmajuk(1996) presenteda different
modelof hippocampafunctionin conditioring that attributesboth attentonal
andconfigural mechanisgto specific components of tigppocanpal region.
Buhusi& Schmajukproposedhatthe entorhinaland parahippocampatorti-
ceshavea uniquerole in error-corretion in which expectedeinforcementis
comparedwith actualreinforcementin contrast,we havearguedthat these
sameoverlying corticesare essentiafor stimulus-stimuts redundancyconm
pressionThisis consistentvith studiesshowingthatlatentinhibition, aresult
Myers et al (1995) haveinterpretedas being mediatedby stimulus compres
sion, is sparedafter hippocampallesionsthat do not extendto entorhinal
cortex (Honey &00d1993,Reilly etal 1993).

INCORPORAING SUBCOR'ICAL CHOLINERGIC
MODULATION

Themodelsof episodc memoryandconsolidaion reviewedin the sectionon
“AutoassociativeModelsof CA3 andEpisodicMemory” arefairly abstracin
thatthereis no particularmappingof nodesand connectiongo neuronsand
synapsesAs Hasselmaandcolleaguesaveshown,however,it is possibe to
constructautoassociate modelsthataremuchmore physiolaically realistic.
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In this vein, Hasselma& Schnell(1994; seealsoHasselmecet al 1995) have
developeda model of laminar connectionsn the hippocamps to study the
possiblefunction of the strong cholinergic input from the medial septum.
Theseauthorshavesuggestedhat the function of this cholinergicinputis to
allow the hippocampusgo switch betweerpatternstorageandpatternretrieval
states.When a new patternis presentedo an autoassociate network as a
forcing input, it will activatesomeof the nodesin the network. Activation
from thesenodeswill travel throughthe recurrentfeedbackconnectionsto
activateothernodes,andafter severaliterations,this runawayexcitationmay
result in the entire network becomingactive, rather than just those nodes
associatedvith the patternto be stored.To avoid this runawayexcitation,an
autoassociativaetworkis usuallyassumedo operaten two modesa storage
mode during which forcing inputs are presentbut feedbackcollateralsare
suppressedand a recall mode, during which thereis no forcing input, and
recurrentcollateralsareallowedto activatenodesIn the contextof a network
model,it is easy to definéwo suchdisparatestates.

If hippocanpal field CA3 is assumedto operate asn autoassociative
network,with mossy fibemfferentgproviding theforcing inputs, theremustbe
a physiologcal mechanismto suppressactivity on the recurrentcollaterals
during storage Hasselmo(Hasselmol995, Hasselmo& Schnell1994) pro-
posedthat the septalcholinergicinput can provide this switch. Briefly, he
suggestedhat cholinergicinput suppresseghe recurrentcollateralsto allow
storageof thenew pattern without runawaxcitation. Whercholinergt input
is absentandentorhinal inputs activatefew CA3 cells,feedbackconnections
recruitmorecellsto activity, until a storedpatternis recalledandinstatedon
the CA3nodesHasselmgHasselmo 1995, HasselrdoSchnell1994) further
proposeda schemewhereby CA3 canself-regulatethis cholinergic input,
allowing the hippocampudo recognizewhena new patternshouldbe stored,
and signal the septumto sendthe cholinergt input that allows storageto
proceed.In model simulations, such self-regulatedsuppressiorof recurrent
collateralsdoessufficeto allow switchingbetweerstorageandrecall statesn
an autoassociate network (Hasselmo& Schnell1994).1n empiricalsupport
of this hypothess, Hasselmaetal (1995)haveshownthatacholinergicagonist
carbacholdoessuppressactivity of CA3 cells in slice morein the stratum
radiatum,wherethe recurrentcollateralsafferent CA3 dendritesthanin the
stratumlucidum, wherethe mossyfibers afferentCA3 dendritesFurthersup
port comesfrom findings of anterogradeamnesiaafter medial septallesion
(Berry & Thompsonl1979)or pharmacologicatlisruption throughanticholin
ergic drugs such as scopolamine (Sdomon et al 1983), consistert with
Hasselm&s predictionthat cholinergicinput is necessaryor storageof new
informationin the hippocampis (Hasselmal995,Hasselma% Schnell1994).
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In thenextsubsectionwe discusshow this cholinergicmodelof Hasselmaan
be relatedto independentlydevelopedmodels of hippocampalfunction in
classicalconditionng (Myers etal 1996)reviewed above.

SeptohippocampdalholinergicModulationin Conditioning

MyersandGluck, in collaboraton with Hasselmaand Solomonhave recently
shownhow a simplified versionof Hasselm& cholinergichypothesiscanbe
instantiagd within the Gluck & Myers model,to provideaninterpretatio of
Solomoris dataon the behavioralconsequencesf anticholnergic drugson
classical conditiomg. Inbrief, theintegrated modedlssumes thdhetendency
of the hippocanpal-regionnetworkto store new information, as opposedo
simply processing it ancecalling old informatn, isdeterminedy the hippo-
campal-regiometworKs learningrate (Myers et al 1996). Disrupting septal
input can thereforebe approximatedwithin the Gluck & Myers model by
lowering this learningrate—althougmot the rateat which this informationis
transferredo the cortical network, nor the rate at which cortical associations
develop.The consequencef this depressedhippocampalearningrateis to
prolongtheinitial nonrespondinghasebeforeonsetof theinitial conditioned
responsegFigure 8B), muchasis seenin the experimentablata(Figure 8A).
This computatimal model of cholinergt functionin conditioring is broadly
consistentwith an earliersuggestion byrhomp®n & Berry (1979), who
arguedthatthe medial-sepim is involved primarily in early attentional stages
of learningrather than subsequesdsociationgbrocesses.

With this interpretatiorof cholinergt function, Myersetal (1996)showed
thatthe Gluck & Myers modelcorrectly expectsthat hippocampal disruption
retardsconditioning eventhoughoutright hippocampl lesion doesnot. This
apparenparadoxhaspreviouslybeennotedin the animalliterature(Solomon
etal 1983),andthemodelprovidesinsight into why it might beso.Further the
model predictsthat if lowering hippocampalearningratesretardslearning,
increasinglearningratesmay speedit (Myers et al 1996). This is consistent
with datashowingthat cholinergicagonistscanimprovelearningin subjects
with abnormallyreducedevels ofbrain acetylcholine (foareview,seeMyers
et al 1996). However,in the model, increasinghippocampallearning rates
beyondsomeoptimal level actually resultsin degradedearning,asthe net
work becomesaunstablelMyers et al 1996). Therefore the modelpredictsthat
cholinergictherapyshouldonly betransientlyeffectivein normalsubjectsin
fact, this is the case:While cholinergicagonistsat moderatedosestend to
improvelearning,higherdosesmay eitherresultin no facilitation or actually
impair learning (for a review, seeMyers et al 1996). The model therefore
providesanaccountfor this empiricalphenomenornywhich hasbeenproblem
atic inthe clinicalpharmacologyiterature.
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An alternativeapproachto modeling septohippoampalcholinergt path
waysis the modelof Buhus & Schmajuk(1996). Theseauthorsinterpretthe
septohippocampal cholinergic pathways as providing an eror-signal that
driveslearning.In contrastMyersetal (1996)arguedthatthesepathwayscan
be functionaly interpretedas providing modultion of learningrates,which
builds upon similar argumentsy Hasselmo(seeHasselmoet al 1996). De-
spite different functionalinterpretatios of the medial septalinputs, both the
Buhusi& Schmajuk(1996)andthe Myersetal (1996)modelscorrectlyexpect
that cholinergt antagonits (suchas scopolamme) shouldimpair acquisiton,
but notlatentinhibition. Buhus & Schmajuk haveot, howeveraddressethe
detailedaspects of learningurves thatre analyzed biylyers etal (1996).

SUMMARY AND GENERALDISCUSSON

We havereviewedseveralcompuationalmodelsof hippocampafunctionin
learningandmemory,concentratingn thosethat makestrongestontactwith
psychologicalissuesand datafrom behavioralexperimentsMany of these
modelscanbetracedto theinfluental earlymodel ofMarr (1971)that,in turn,
built upon HebbBs (1949) ideason how associationsare acquiredbetween
groupsof cell assembliesn the brain. The basic network architecturede-
scribedby Marr’s theoryis knownasanautoassociatdhatlearnsto associate
all componerg of an input patternwith all other componerg of the same
pattern.

Many subsequentesearchersaveusedMarr’s basicframeworkfor modet
ing episodicor eventmemoriesin the hippocampusespeciallywithin hippo-
campalfield CA3 thatsharegnanyof the basicconnectiviy requirementsor
an autoassociator (Hasselmo et al 1996, McNaughton & Nadel 1990,
McNaughton& Morris 1987,Rolls 1989). Thesemodelsfocuson the ability
of the hippocampategionto performfast, temporarystoragewhich suggests
that this underliesthe hippocampakegioris role in episodicmemoryforma
tion. This is consistentith the neuropsychologal data showing that episodic
memoryimpairmentsarethe mostobviousbehaviorakeffectsin humanamne
sia following hippocanpal region damage.Variations on the hippocampal
autoassociatomodelhavebeendevelopedo explainsequentialearning(for
reviews,seeGrangeret al 1996, Levy 1996, Liaw & Berger1996), spatial
navigation (Burgesset al 1994, Levy 1989, McNaughton& Morris 1987,
McNaughton& Nadel 1990, Muller 1987, Muller & Stead1996, Recce&
Harris 1996, Sharpet al 1996,Sharp1991),andthe consolidatbn of episodic
memoriegAlvarez& Squire1994,McClelland& Goddardl996,Murre 1996,
O'Reilly & McClelland1994,Treves &Rolls 1992).

Another classof hippocampalmodelshave focusedon hippocampalin-
volvementin incrementallylearnedassociativéhabits,suchasclassicalkcondr
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Figure 9 Experimental da& and moeling of the effectsof the anicholinergic drug scopdamine
on acqusition of a corditioned eyebink respmse. (A) Systemic apgication of scopdamine
(Sdomonetal 1983) in which it is shown that the effectof scopdamineis to delay the onsetof
corditioning, ratherthanprewveningit. (B) Learnng curvesfor threedifferert hippocampl learring
ratesin the Myersetal (1996) mocel shaving how loweredlearring ratesshift the acqusition curve
to the right, delaying the orsetof learring, muchas seemn Figure 9A.

tioning or probabilstic patternclassification Many recentqualitativetheories
andseveralcomputatbnal modelshavefocusedon possibleinformationproc
essingrolesfor the hippocanpal regionthat are mostevidentfrom studying
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complex training procedurein incrementallyacquired learning (Buhus
Schmajuk1996; Eichenbaunet al 1992b;Gluck & Myers 1993,1995,1996;
Hirsh 1974;Moore & Stickney1980; Schmajuk& DiCarlo 1992; Sutherland
& Rudy 1989).More recentmodelirg efforts haveattemptedo makecloser
contactwith the underlyirg anatomyandphysiolayy. Thisincludesmodelsof
parahippocampdiunction (Myers et al 1995, Schmajuk& Blair 1993) and
modelsof the subcorticalinfluencesof cholinergic modultion (Buhusi &
Schmajukl996,Myers et all 996).

In reviewing thesepsychobblogical modelsof hippocampalfunction in
learningand memory,threemajor themeshaveemergedFirst, we haveseen
how computatimal modelscan provide the “glue” to bind togetheranalysis
and dataat multiple levels of analysisincluding cellular, physiologtal, ana
tomical, and behaviorallevels.In particular,we notedhow somemodelsare
developedn atop-downfashion,beginnirg with detailedbehavioralanalyses
andthenseekinga mappingto underlyingbiological substratesOthermodels
aredevelopedn a morebottomup fashion,beginningwith biological details
and, via computaional simuations, seekingto identify emergentfunctional
propertiesof thesesubstrategfor further discussionof thesedistinctionsin
learningmodels see Gluck& Granger 1993).

A secondthemethat emergedwas the importanceof modelsastools to
integratedatafrom bothanimaland humarstudiesof hippocampafunctionin
learningandmemory.Althoughthesetwo bodiesof researcthaveoftenbeen
quite separateanddisconnected} seemslearthat ultimately they mustcon
vergeso that eachbody of literatureandtheory caninform the other,which
will hopefullyleadto a moregeneralandbroadlyapplicableunderstandingf
the hippocamal regionin all species.

Finally, a third themethat emergedfrom reviewing thesemodelsis the
importanceof relating currentcomputatbnal modelsto earlier traditions in
memoryresearchespeciallythe many earlierpsychologcal modelsthat cap
tureimportantbehavioralprinciplesof memory.In drawingtheseconnections
betweencurrent models,and earlier qualitatve theoriesin psycholoy and
neurobiology,one can seeto what extentthe modelsrepresentcumulative
progress.

All themodelsreviewedhererepresenpreliminary attemps to incorporate
both biological dataand behavioralanalysiswithin formal compuationally
definedtheories Crudeapproximationsat best,the value of thesemodelswill
becomemostclearly apparenif theyleadto importantnew empiricalstudies
thatwill inform and constraifiuture generationsf modelsand theories.
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