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Themedialtemporallobe (MTL) hasbeenstudiedextensiely at all levels of analysisyetits

function remainsunclear Theoryregardingthe cognitive function of the MTL hascentered
along3 themesDifferentauthorshave emphasizetherole of the MTL in episodicrecall, spa-
tial navigation,or relationalmemory Startingwith thetemporalkontext model(M. W. Howard

andM. J.Kahana2002),adistributedmemorymodelthathasbeenappliedto benchmarldata
from episodicrecalltasks,the authorsproposethatthe entorhinalcortex supportsa gradually
changingrepresentationf temporalcontet andthe hippocampugproperenablegetrieval of

thesecontextual states. Simulationstudiesshav this hypothesisexplainsthe ring of place
cellsin the entorhinalcortex and the behaioral effects of hippocampalesionin relational
memorytasks. Theseresultsconstitutea rst steptowardsa uni ed computationatheory of

MTL functionthatintegratesneurophysiologicaheuropsychologicaindcognitive ndings.

Themedialtemporallobe (MTL) is aregionthatincludes
the hippocampugroper the subicularcomple< andparahip-
pocampalcortical regions, including entorhinal,perirhinal,
and parahippocampal/postrhinabrtices. A greatdeal of
data from neuropsychology(e.g. Eichenbaum& Cohen,
2001;Scaville & Milner, 1957;Squire,1992)andfunctional
imaging (e.g. FernandezEffern, Grunwald, et al., 1999;
Stern,Corkin, Gonzalez et al., 1996; Wagneret al., 1998)
hascorvergedontheideathatthe MTL isimportantin learn-
ing andmemory In orderto bridgethe gapbetweencogni-
tion and cellularlevel physiology we needa mechanistic,
mesoscopidescriptionof MTL computationafunction. We
alreadyhave several successfuverbally-formulatedheories
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of the cognitive function of the MTL. Theseare described
in turnin thefollowing subsectionsThis paperwill attempt
to draw thesemultiple verbaltheoriestogetherinto a single
computationaframawork thatis consistentvith known neu-
rophysiologicalindneuroanatomicalata.

Episodicrecall

All of thediverseskills andfactsthatdifferentiateanadult
from aninfantmustbe someform of memory—wesaythat
onelearnsto ride a bike, or rememberghe alphabet.In the
early part of this century memorytheorystrove to describe
generallaws that would presumablyapply to all thesedif-
ferenttypesof learning(e.g. Estes,1950; Osgood,1949).
Recentdecadesave seenthis unitary approachto memory
fragmentinto the cateyorizationof multiple typesof mem-
ory, typically with separableneuralsubstrate$or each(e.g.
Eichenbaum& Cohen,2001; Nadel & Moscovitch, 1997;
Tulving & Schacter1991). Oneof themostfruitful of these
distinctionshasbeenthatof episodicmemory

Episodicmemoryrefersto the ability to rememberspe-
ci ¢ eventsfrom one's personalexperience(Tulving, 1983,
2002). For instance,one might have an episodicmemory
of having eatena bananaat breakfst. The memoryfor this
episodeperhapsvith detailsabouttheotherobjectsandpeo-
ple presentat breakbst, with the tasteof the bananathe
soundsandsmellsthatwere presentin theroom,is in prin-
ciple quite distinct from othertypesof memoryone might
have for bananas For instance one could remembemary
things about bananas—thathey are yellow, that they are
goodto eatthatpeopldik eto eatthematbreakbst—without
memoryfor ary speci ¢ experiencewith a banana.Recent
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work hasamuedthat episodicmemoryrelieson the MTL,
in particularthe hippocampugNadel & Moscovitch, 1997;
O'Keefe & Nadel,1978;Tulving & Markowitsch,1998).

A numberof behaioral taskstestepisodicmemory For
example,in the freerecalltask,the subjectis presentedvith
a list of stimuli, typically words. The taskis to recall as
mary words as possiblefrom the list, with the subjectfree
to determinethe order of recall. Freerecallis an episodic
taskin that performanceaequiresthat the subjectrecall the
wordspresentedn a particularepisodicsetting. Freerecall
is sufciently sensitveto MTL damagehatit canbeusedas
adiagnostictool for MTL damagen clinical settings(Graf,
Squire,& Mandler, 1984).

Spatialnavigation

O'Keefe and Nadel (1978) proposedthat the primary
function of the hippocampusds to constructand read out
“cognitive maps. In thefollowing years however, thistheo-
retical approacthasfocusedon therole of the hippocampus
andrelatedstructuresn learningandnavigatingthroughspa-
tial environments. The mostremarkablepiece of evidence
supportingthis view is the existenceof placecells (O'Keefe
& Dostrossky, 1971). Pyramidalcells within the hippocam-
pus,recordedrom ratsmoving throughoutan ervironment,
re selectvely whenthe animalis in one particularregion
of the ervironment. In openervironments this doesnt de-
pendon the directionthe animalis facing(Muller, Bostock,
Taube & Kubie,1994),and ring persistsn thedark(Quirk,
Muller, & Kubie, 1990),ruling out an explanationbasedon
simplevisualstimuli correlatedwith place.

Thereis an extensve literaturedescribingcharacteristics
of placecellsin dorsalCA1 (e.g. Muller & Kubie, 1987;
O'Keefe & Burgess,1996; O'Keefe & Dostrovsky, 1971;
Wilson & McNaughton,1993). Lessis known aboutthe
placecodein otherMTL structures.It is known that there
are place cells in the entorhinalcortex (EC, Barnes,Mc-
NaughtonMizumori, Leonard,& Lin, 1990;Frank,Brown,
& Wilson,2000;Quirk, Muller, Kubie,& Ranck,1992),are-
gion of cortex thatprovidesinputto thehippocampugroper
The placeresponseén EC differsin somerespectdrom the
placecodeobsenedin CA1, indicatingthat the hippocam-
pusperformssigni cant computation®ntheincomingplace
representationNonethelessit is clearthatwe cant have a
meaningfulunderstandingf the function of the hippocam-
pus performsuntil we have a correctunderstandingf the
natureof theentorhinalplacecode.

Transitiveassociationgandrelationalmemory

Datafrom olfactorylearningin therat(Bunseg/ & Eichen-
baum, 1996; Dusek & Eichenbaum,1997) hasbeenused
to arguethat the hippocampusthe centralstructureof the
MTL, enabledransitve associationsa function believedto
beimportantin relationalmemory In theseexperimentsrats
learnedassociationsr relationshipdetweenarbitrarystim-
uli. For instance,in the study of Bunsg and Eichenbaum
(1996),ratswith hippocampalesionswereableto learnas-
sociationsbetweenodors A and B, and betweenB and C.

Unlike normalrats, however, lesionedrats did not shov a
transitve generalizatiorfor theassociatio®d  C. Although
the lesionedanimalswere ableto learnsimple associations
betweerthe stimuli, Bunsg andEichenbaun{1996)argued
thatthey did not learnthe relationshipsamongstimuli that
werent presentedogether(seealsoDusek& Eichenbaum,
1997).

Themnemoniade cit exhibitedby hippocampal-lesioned
animalscannotapparenthbedescribedasade cit in thede-
velopmentof simple stimulus-responsassociations.How-
ever, when comple relationshipshetweenstimuli mustbe
learned,the MTL, and the hippocampusn particular ap-
pearto be critically involved. This emphasison relational
memoryis not at all contradictoryto a role for the MTL in
episodicmemory After all, memoryfor anepisoddnvolves
drawing togetherthe mary differentstimuli presentwithin
theepisodejn auniquecon guration.

Toward a uni ed framewvork

These three theoretical approacheso MTL function,
episodicrecall,spatialnavigationandrelationalmemory are
not mutually contradictory As mentionedoreviously, mem-
ory for an episodeshouldinclude memoryfor the con gu-
ration of stimuli presenin thatepisode.Similarly, O'Keefe
andNadel(1978) pointedout thata cognitive mapcould be
usedto encodetherelationshiphetweemnon-spatiaketsof
stimuli, resultingin bindingitemsto atemporal-spatiaton-
text, supportingepisodicmemory(ch 14 O'Keefe & Nadel,
1978). Becausdhe neurobiologyof the MTL is suchanin-
tenselystudiedsubject,thereis a tremendousncentie to
constructa modelthat canaddresgjuestiondrom all three
domains.

The goal of the presentpaperis to presentthe begin-
ningsof atheoreticaframework thatbeginsto draw together
thesethreedisparateapproachesThis will beaccomplished
within thestructureprovidedby theTemporalContext Model
(TCM, Howard& Kahana2002a),developedto explain ex-
perimental ndings from freerecall,an episodicrecall task.
TCM describesa setof rulesthat governthe behaior of a
distributedrepresentationf temporalcontext. We will shav
thattheequatiorgoverningcontextual drift, takenasamodel
of temporal-spatiatontext, canexplain the primaryfeatures
of the entorhinalplace code,a phenomenorcentralto the
MTL's supportfor spatialfunction. We will then demon-
stratethat the equationgoverning retrieved temporalcon-
text, a kind of plasticity postulatedo explain propertiesof
episodicassociationcansupporta moregeneraffunctionin
extracting the temporalstructureof experience. This pro-
videsaframawork for modelingthedissociatiorbetweerre-
lationallearningandsimplepairwiseassociation.

Receng andContiguity: TCM
andFundamentaPropertief
EpisodicRecall

TCM wasdevelopedto describewo fundamentaproper
tiesof episodicmemory Thereceng effect (Bjork & Whit-
ten,1974;Howard & Kahana,1999; Murdock, 1963b;Rat-
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cliff & Murdock,1976)is thetendeng for morerecentitems

to be recalledbetterthanlessrecentitems. Associatve ef-

fects(Howard & Kahana,1999,2002b;Kahana,1996)de-

scribethe developmentof episodically-formedconnections
betweenitems. This sectionwill rst review prior work

on TCM, describingthe structureandreasoningoehindthe

model.Following this, we will describealinking hypothesis
betweenTCM andthe brain, with a specialemphasion the

medialtemporallobe.

An episodicrepresentation

Context, in oneform or anotherhaslong beenanimpor-
tantcomponenbf modelsof episodicmemoryperformance
(e.g. Anderson& Bower, 1972; Raaijmalers & Shiffrin,
1980; Mensink & Raaijmalers, 1988; Yntema & Trask,
1963). Thebasicapproachof TCM hasbeento take a partic-
ular formulationof context, referredto astemporalcontext
anduseit asthe solecuefor recall of item representations.
Becauseontet changegraduallyovertime TCM canpre-
dict forgettingover long time scales.Unlike someprior for-
mulations(e.g. Mensink & Raaijmalers, 1988), however,
TCM alsoexplicitly modelscontext that changeggradually
within alist of items. This assumptiorenablesa description
of receng effectswithin lists, aneffectwhich hasoftenbeen
attributedto short-termmemory(e.g. Atkinson & Shiffrin,
1968;Raaijmalers& Shiffrin, 1980). Themostradicalpoint
of departureof TCM from prior modelsof episodicrecall,
however, is the assumptiorthat context senes as the sole
cuefor episodicrecall. In TCM, obsenedepisodicassocia-
tionsbetweerntemsarea consequencef effectsitemshave
on context, eliminatingthe needfor directitem-to-itemasso-
ciationsin describingepisodically-formedassociations\We
will describeTCM in more detail in the following subsec-
tions. Thistreatmenteviews prior work (Howard& Kahana,
2002a;Howard, Wing eld, & Kahana,n revision; Howard,
2004). Readersalreadyfamiliar with TCM as a model of
episodicrecall may wish to advanceto the subsectiorenti-
tled “A mappingbetweenTCM andthe MTL.”

Tempoal contet and items The centralassumptiorof
TCM is thatthereis a distinctionbetweentemporalcontext
andto-be-recalledtems. The currentstateof temporalcon-
text at time stepi is referredto ast;. We assumehatt; is
a vectorin a high-dimensionakpace;typically anin nite-
dimensionakpacefor simplicity. Theitem presentedttime
stepi is referredto asf;. We assumethat the item repre-
sentationg arevectorsin aseparatdigh-dimensionaspace,
typically in nite for simplicity. We assumehatitem repre-
sentationsdo not changeover the courseof a typical recall
experimentandthat they are orthonormal. Thatis, we as-
sumethatthereis no overlap betweenitem representations
andthatthelengthof eachitem vectoris one.

Activationof an item representationcorrespondgo per
ception The currentstateof theitem vectorcorresponds$o
theitem currentlybeingexperienced.For instance anitem
representatiomaybeactivatedon the basisof externalstim-
uli during presentatiorof a list of items. Similarly, anitem

representationmay be activated by meansof an “internal

stimulus” during the recall process. No matterthe source,
the consequencef activating an item representatioris the

perceptionof the correspondingtem. Howard andKahana
(2002a)assumedhatonly oneitem representatiogould be

activatedat arny onetime. Although not a fundamentahs-
sumptionof TCM, we will alsoassumehatatmostoneitem

representatiors active at atime throughouthe currentms.

Contet cuesitems In TCM, the currentstateof context,
ti, is usedto cuerecall of itemsin semantionemory Each
item in semanticmemoryis activatedby a stateof context
to the extentthatthatstateof context resembleshe contexts
in which it waspresentedThis canbeimplementedisinga
Hebbianouterproductmatrix connectingstatesof context t
with patterndn semantianemory f;

MIF MR it 1)
wherethe prime denoteghe transposeWhenM TF is multi-
plied from theright with a context vector t, this resultsin a
superpositiomf patternsn semantianemory eachweighted
by their similarity betweertheir context andthe cuecontext.
Thatis

MTFtJ' é fi tit; (2)
|

which follows immediately from the de nition of MTF
(Eq. 1) andbasicpropertiesof vector arithmetic. The key
hereis thet;t; term. Thetranspos®f a vectormultiplied by
anothewectoris ascalareferredto astheinnerproduct.For
the presenfpurposesthis is the sameasthe dot productand
canalsobe written t; t; 1 We canseethat whenthe item
layeris cuedby a stateof context, theresultis acombination
of item representationsA particularitem entersthis combi-
nationin away thatis proportionalto the similarity (quanti-
ed by thedot product)of thecontetsit hasbeenpresented
in to the cuestateof context.

Mapping activationsonto probability of recall. Howard
and Kahana(2002a)assumedhat this combinationof item
representationgasunstable Dueto attractordynamicsthe
superpositiorof item representationthatresultsfrom cuing
with astateof context would collapsento oneparticularitem
representatioifor perhapsa null statein which all elements
of the vectorwentto zero). Let usde ne theactivationof a
particularitemi by a particularstateof contextt as

a: fMTFt ()

! Forthepresenpurposeswe cande ne theinner, or dotproduct

as

vw 4 v, w,
i

wherethe ; operatorrefersto theith elementof the vectortaken
asits amgument.Thedot productis positive if thetwo vectorspoint
in similar directions(if they arecorrelated). It is negatie if they
pointin oppositedirection. Importantly the dot productis zeroif
thetwo vectorsareorthogonal.
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Usingthisde nition (andtheassumptiorthattheitemrepre-
sentationareorthonormal) thenthe scalara; just measures
the extentto which the superpositiorpointsin the direction
of theword correspondingo f;. The probability of recalling
itemi givent canbegivenby the Lucechoicerule:

Pfit — 4

This canbe conceved of asthe probability of the superpo-
sition collapsingto a particularstate. Howard and Kahana
(2002a)took the sumin the denominatoof Eq. 4 to be over

potentialrecallsin thelist. This equationis notafundamen-
tal partof TCM. The importantpropertiesof this equation
aresimply thatit providesa non-lineamappingbetweerac-

tivationsandrecall, andthatit is a competitive recall rule.

Thatis, the probability of recallingitem i dependsiot only

ontheactivationa;, but alsothe activation of the otheritems
a;. Thismakesit a usefulequationfor describingsituations
in which we areinterestedn the relative probability of re-

callinganitem.

Itemsretrievecontext. In muchthesameway thattempo-
ral context canbe usedto provide aninputto theitem-space,
items provide the input to the context-space. Howard and
Kahana2002a)proposedhatamatrixM™T providesacon-
nectionsuchthattheinputto thecontet layerattime stepi,
ti'N, is aconsequencef theitem presentedttime stepi:

N M (5)

Thevectort!N will sometimese referredto asthe “context
retrievedby itemi” to emphasiz¢he effectof itemrepresen-
tationson contextual states Theform of MFT wasderivedin
suchaway to implementa functionalrule thatwill beintro-
ducedater(Eq.9 below). Theform of MFT is rathercompli-
catedandprobablydoesnot correspondgimplyto ary single
structurein the brain. For this reasorwe will not discusst
further here,but rathertreatthe functionalrule asthe basic
descriptiorof retrievedcontext for the presenins. However,
we stronglyasserthe centralpoint of retrieved context that
itemscausecontectual input patterns.

Recencycrosstimescales

At eachtime step, the stateof contet at time stepi, t;
is formed from the prior stateof contet t; ; andan input
vectort!N accordingto:

toriti 1 bth ri: 1 (6)

When appliedto list-learning applications,we have previ-

ouslyassumedhatthetime-stepsorrespondo the timesat
which list itemsare presented We will assumgfor corve-
nience)thatthe input vectors,t{N, arealwaysof unit length
( t'N 1 foralli). Thevectort!N is weightedby thescalar
b. This parameteis generallyestimatedrom thedataandis

constrainecsuchthat0 b 1. We canseethatEq. 6 adds

inputvectorsto the stateof t. To ensurethatthelengthof t;
doesnotgrow withoutbound we assumehatthescalar ; is
choserto ensurghatthelengthof t; remainsunity:  t; 1.
This constraintmeansthatt; changesasa function of input
to thesystemratherthanthe passagef time per se(Waugh
& Norman,1965). This canbe seenclearlyif oneassumes
thatatsometime stepi, theinputvectorisempty t!/N 0.
In this case
ti riti 1 bO @)

requiresthatr; 1. Thisis consistentith the ndings of
Baddele andHitch (1977),who arguedthatthereceng ef-
fectwasunafectedby additionof anun lled delayattheend
of thelist.

If the systemis presentedvith an in nitely long series
of orthonormalt'N's, then the value of r; will stabilizeat

r: 1 b2.2 Underthesecircumstancest becomegos-
sible to conciselydescribethe similarity relationshipsbe-
tweent; andthe stateof context at someothertime, j, tj:
tt; r'! (8)
Fromthisit is clearthatt changegraduallyovertime. Any
particularcomponentf t; decaysexponentiallyaslong as
orthonormalnputsarepresented.

In sum, contextual evolutionin TCM is characterizedy
severalimportantproperties:

1. For agivenvalueof b, whengivena seriesof orthogo-
nalinputs,thesimilarity of thecurrentstateto aninitial state
decaysexponentially

2. Thechangen context dependontheinput.

3. Whenno input is given, the stateof context doesnot

change.
Becaussd; is the functional cue for recall, andt; is an ef-
fective cue for recall of item j to the extent that t; over
lapswith tj, the propertythatt; decaysgraduallynaturally
provides a basisfor the the principle of receny (Howard
& Kahana,2002a),which is obsened in all of the major
episodionemoryparadigmgHoward& Kahana1999;Mur-
dock,1962,1963b;Neath,1993;Ratcliff & Murdock,1976).
AppendixA illustratesthis principlewith aworkedexample
thatdemonstratethereceng effect.

Long-term Recencyand Buffer Models of Short-term
Memory For mary years the corventionalwisdomwasthat
thereceng effectin free recall re ected the operationof a

2Underthesecircumstancet!N t; 1 Oand

2 rft 2 p2gh?

Because t!N 1 Dby assumptiorand t; 1 1 becausef the
conditiononr; 1, we nd thatthe conditionthat t; 1implies
that

1 r?2 b2

whichimpliesthatr ; 1 b2 Moregenerallywhent!N t; 1
0, a quadraticequationin r; is obtained,which canbe solved by
elementarymethods.
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short-termmemorybuffer (Atkinson& Shiffrin, 1968;Raai-
jmakers & Shiffrin, 1980). Indeed,detailedsearchmodels
basedon a short-termmemorybuffer candescribestandard
freerecallin considerablaletail (Kahana,1996; Raaijmak-
ers & Shiffrin, 1980, 1981; Sirotin, Kimball, & Kahana,
submitted). The receng effect in immediatefree recall is
eliminatedby a distractorat the end of the list (Glanzer&
Cunitz, 1966; Postman& Phillips, 1965), presumablybe-
causethe distractorremovesitems from the end of the list
from STS.However, whena distractoris alsopresentede-
tweeneachlist item, this resultsin anincreasedeceng ef-
fect over delayedfreerecall (Bjork & Whitten, 1974;Glen-
bem et al., 1980; Glenbeg, Bradley, Kraus, & Renzaglia,
1983; Howard & Kahana,1999; Nairne, Neath, Serra, &
Byun, 1997; Thapar& Greene,1993; Watkins, Neath, &
Sechley 1989). This presentatiorschedulds referredto as
continuous-distractdreerecall;thereceng effect obsened
in continuous-distractdreerecallis referredto asthelong-
termreceny effect. Howard and Kahana(2002a)t TCM
to the probability of rst recall, a sensitve measureof the
receng effect (Howard& Kahana,1999;Laming,1999),to
datafrom immediate delayedandcontinuous-distractdree
recall(seeFigurel).2 TCM accuratelypredictstheexistence
of areceng effectin immediatefreerecall,thedisruptionof
receng in delayedfreerecallandtherecovery of receng in
continuous-distractdreerecall.

Although contextual drift in TCM canaccountfor much
of thefunctionof STSin freerecall,thereis of coursemuch
moreto the conceptof short-termmemorythanarehearsal
buffer. Atkinson and Shiffrin (1968) emphasizedhe im-
portanceof control processesn stratgyically manipulating
the informationin the buffer. This themehaspersistechot
only in the emphasi®of the working memoryframework in-
troducedby Baddelg andHitch (1974)on executie func-
tion, but alsoin morerecentmodelsof executive functioning
in prefrontalcortex (e.g Rougier& O'Reilly, 2002; Braver
etal., 2001, for anintegrative review, seeMiller & Cohen,
2001).Althoughwe arguethatt; captureghecritical storage
processe®f short-termmemoryessentiafor generatiorof
the receng effect, we make no claim whatever thatit de-
scribescontrol processesr executive function—thesdunc-
tionsclearlyrequiresomethingexternalto TCM.

Retrievedtempoal contet and episodicassocia-
tion

In free recall, the canonicalepisodicmemorytask, sub-
jects recall multiple words from a list without concernto
word ordet A greatdealof evidenceindicatesthatthe order
in which theitemsarerecalledre ects the associatie struc-
ture of memory For instancewhenallist of wordsfrom dif-
ferentnaturalcategoriesis presentedwordsfrom the same
catgyory will tendto be recalledtogether evenif presenta-
tion orderis randomizede.g. Bousfeld,1953;Pollio, Kass-
chau,& DeNise,1968). This tendeng for adjacentrecalls
to comefrom the samecateyory canbe taken asa measure
of strongerassociationdetweenwordsfrom the samecate-
gorythanbetweenvordsfrom differentsemanticategories.

In this case,outputorderin free recall presumablyreveals
somethingaboutthe structureof semanticmemory In ad-
dition to semanticpr structuralsourcef associationasso-
ciationscanalsobe formed rapidly amongitems presented
in temporalproximity. If freerecallis indeeda consequence
of an episodicrepresentationthentemporally-de nedout-
put order relationshipsshouldreveal the propertiesof this
episodicrepresentation.

We can de ne the associatiorbetweentwo items func-
tionally as the tendeng of one item to causeproduction
of the other To measureassociationsn episodicmemory
Kahana(1996) developedconditional responseprobability
(CRP)curves. CRPcurvesmeasurehe probability of mak-
ing a transitionfrom oneitem to anotherin free recallasa
functionof the distancebetweerthemin thelist. CRPshave
now beencomputedor datacollectedunderawide varietyof
situationg(Howard & Kahana,1999;Kahana,1996;Kahana
& Caplan,2002; Kahana,Howard, Zaromb, & Wing eld,
2002;Klein, Addis, & Kahana,n press;Ward, Woodward,
Stevens,& Stinson,2003). Consideratiorof thesedatacon-

rm two very generalpropertiesof episodically-formedas-
sociationsamongitemsin aseries:

1. Contiguity. Strongerassociationgreformedbetween
stimuli thatoccurneareachotherin time thanbetweerthose
thatareseparatedby a greaterinterval.

2. Asymmetry Forward associationsare strongerthan
backwardassociations.

Both of thesepropertieshave beenobsered in immediate
(Howard& Kahana1999;Kahana1996;Wardetal.,2003),
delayedHoward & Kahana1999;Kahanaetal., 2002)and
continuous-distractdree recall (Howard & Kahana,1999),
aswell asserialrecall (Kahana& Caplan,2002; Raskin&
Cook,1937).

Becauseéhe currentstateof context is alwaysthe cuefor
episodicrecall, associatie effectsin TCM are mediatedby
the effectsitemshave on the stateof contect. Thisis possi-
ble because centralpostulateof TCM is that the input to
Eq. 6 is causedy the presentatiomf items? In TCM items
causeaninput, t!N, thatis partof tj. Because is the cuefor
episodicrecall, associatie effectsbetweenitems are medi-
atedby the effect they have on t—by the contextual inputs
thoseitemsevoke, andthe similarity of thoseinputsto states
of t in which otheritemswereencoded TCM produceson-
tiguity effectsbecaus@&emsretrieve contextualelementghat
were presentwhenthe items were initially presented.Be-
causecontext changegradually(Eq. 6), thesecontextual el-

% Details of the procedurecanbe found in Howard andKahana
(2002a).

4 Although this might not seemsucha radicalassumptionser-
eralmemorymodelshave includedmechanismef contectual drift
in whichthechangen contectual elementss assumedo bea con-
sequencef stochastic uctuations that are not underexperimen-
tal control (Estes,1955;Mensink& Raaijmalers,1988; Murdock,
Smith, & Bai, 2001). Anothersetof modelsdevelopedto explain
performancen short-termserialrecalltaskshave explicitly decou-
pled contetual representationfrom item recall, while not neces-
sarilyassuminghatcontext uctuatesrandomly(Brown, Preece&
Hulme,2000;Burgess& Hitch, 1992,1999;Henson,1998).
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—C— Predicted

Delayed

Probability of First Recall

Continuous Distractor
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Figure1l. TCM describesthe recencyeffectin immediate, delayed and continuous-distractor fr eerecall. Experimentahndpredicted

valuesof theprobabilityof rst recall,asensitve measuref thereceng effectacrosglelayschedulesa. In immediatefreerecall, therecall

testfollows immediatelyafterthe presentatiorof thelastitem. b. In the delayedcondition,sixteensecond®f a distractortaskintervened
betweerpresentatiorf thelastlist item andtherecalltest. Accordingly thereceng effect, the advantagefor recallof thelastitemsin the

list, wasgreatlyreducedc. In continuous-distractdreerecall, sixteensecond®f distractorintervenedbetweerthelastitem of thelist and

therecalltest,but alsoin betweeneachitem of thelist, effectively “stretchingout” thelist while preservinghe relative temporalspacing
of thelist. Underthesecircumstancegshereceng effect wasmuchlargerthanthatobsered in delayedrecall. Becausénformationthat
enterst; decaysgradually TCM, whencoupledwith a competitve retrieval rule, candescribethe persistencef the receng effect across
time scalesModel resultsarefrom Howard andKahana(2002a). The experimentaldatais takenfrom HowardandKahana(1999).

ementswill tendto overlapwith “nearby” statesof context.
Becausea stateof context cuesa givenitem for recallto the
extentthatit overlapswith the context(s) in which the item
waspresentedEqgs.1, 3), theseretrievedcontextualelements
will favor recall of nearbyitems. TCM predictsasymmetry
becausef thedetailedassumptionaboutthe natureof these
retrievedcontextual elements.

Two componentsof contetual retrieval. Becausere-
trieved context providesthe basisfor associationdetween
items, the form of MFT is clearly very important. Howard
and Kahana (2002a) hypothesizedthat retrieved context
shouldbe a combinationof prior contextual statesand the
contet initially retrievedby anitem. Let usreferto theith
time stepat which stimulusA is presentedsA;. Theinput
causedy stimulusA changedrom presentationo presenta-
tion accordingto

txi\l N aot}{i\' anta (9)
whereao determineghe level of retrieval of old contextual
associationsand ay determinesthe level of new item-to-
context associations. This is a critical further assumption
beyondEq.5 thatallowedthespeci cationof alearningrule
for MFT (Howard & Kahana,2002a)® The valuesof ao
and ay are calculatedon eachlearningtrial suchthat the
lengthof the retrieved contet vectoron subsequenpresen-
tationsof Awill beone(seeAppendixB for details).Howard
andKahana(2002a)derivedalearningrulefor M7 to allow
the modelto simultaneouslysatisfy Eqs.5 and9. The ma-
trix MFT probablydoesnot correspondsimply to a single
brain structure,so herewe will simply take the functional
descriptionof contextual retrieval, Eq. 9, asthe basiclevel
of descriptiorfor changesn contextualretrieval. Equation9
statesthatwhenitem A, initially presentedat time A; is re-
peatedateronattime A; 1, theinputto Eq.6, t'A'i_\l L will bea

combinationof two components:

1. Theinputfrom the original presentationl;x_\‘, weighted
by ao.

2. The context, ta;, that was presentwhenthe item was
initially presentedweightedby ay.
The ratio of thesetwo componentds controlledby a free
parameteg: ayn ao. Thesetwo componentgive riseto
qualitatively differentassociatie effects.

Two componentslescribeepisodicassociation TCM de-
scribesasymmetricassociationdetweerstimuli in episodic
recall (Howard & Kahana,1999; Kahana,1996; Kahana&
Caplan,2002)as a consequencef the combinedeffects of
the two componentf Eq. 9. Onecomponent,t}{i\‘, is the
sameinput patternthat was evoked by A whenit was ini-
tially presentedBecauseI',if doesnot contribute to conte-
tualstateghatprecededy;, but doescontrituteto subsequent
statef context (seeEq. 6), t'A'i\l providesanasymmetriccue
thatfavorsforwardrecalls.The otherretrieved context com-
ponentty,, is the contet thatwaspresentwhenA waspre-
sentedpreviously. Becauseeachstateof context in a list of
non-repeateitemsis assimilar to its predecessaasit is to
the statesthatfollow, ta, providesa symmetricretrieval cue
that favors nearbylist itemsin both the forward and back-
ward directions(seeEg. 8). In concert,thesetwo retrieval
cuesprovideanasymmetriaetrieval cuethatfavorsrecall of

®The notationusedhereis slightly differentfrom that usedin
Howard andKahana(2002a). Thereap wasreferredto asA; and
an wasreferredto asB;j. The notationusedhereis consistentvith
thatusedin Howardetal. (In revision).

%In treatingthe effect of normalagingon episodicassociation,
Howard et al. (In revision) introduceda third componenta noise
vectorweightedby a parameteth to Eq. 9. The function of this
termwasto provide anineffectualretrieval cuethatcouldtradeoff
with the othertwo componentdo modelthe age-relatedie cit in
associatie processesThe interestedreadershouldbe aware that
theversionof Eq. 9 usedhereis notthemostgenerakase.
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Figure 2. TCM providesa naturalexplanationof asymmetricassociatiorin freerecall. a. In TCM therearetwo sourcesof associatie
effects. Onesourcerelieson the ability to retrieve contextual elementsonsistentlyfrom presentatiorio presentatiorof anitem. The cue
strengthderived from these‘old” item-to-contat associationprovidesan asymmetriaccuethatonly helpsrecallitemsforwardin the list.
The othersourceis the ability of anitem to retrieve contectual elementshat were alreadypresentwhenthe item is presented.The cue
strengthderived from these'new” item-to-contgt associationprovidesa symmetriccuethathelpsbothforwardandbackwardrecalls.The
combinationof thesetwo cuesleadsto the characteristichapeof the CRP. After Howard andKahana(2002a).b. The combinationof an
asymmetriaetrieval cueanda symmetricretrieval cueis anasymmetriaetrieval cue. Thisresultsin goodquantitatve ts to obsered CRP
cunes. Theleft panelshavs datafrom a delayedfree recall studyof youngeradultsalongwith predicteddatafrom TCM. Theright panel
shavs analogousunvesfrom olderadults. The decreasén associatie tendenciegor older adultswas modeledasa resultof including a
noisetermin Eq.9. Thisdatawasoriginally presentedh Kahanagtal (2002). Themodelingof theolderadults'datais explainedin greater

detailin Howardetal (in revision).

nearbyitems.

Figure 2a shows a plot of the cue strengthfrom the two
component®f contet retrieved by anitem at the centerof
the curve to its neighbors. The curve labeled“Old” shaws
the cue strengthof the old context tx_\‘ to the neighborsof
A. The cuestrengthis large for itemsthatimmediatelyfol-
lowed A, andfalls off with temporaldistance.The old cue
strengthis zerofor itemsthat precededA. This, combined
with thenon-zerocuestrengthto itemsthatfollowed A leads
to an associatie asymmetry The curve labeled“New” in
Figure2ashowsthe cuestrengthfrom the new context com-
ponentt,. Thiscomponenprovidesa cuestrengththatcon-
tributesto both forward and backward recalls. Combining
thesetwo componentén anappropriateatio shovs a strong
correspondenc® theshapeof obsened CRPs,a measuref
temporally-de nedassociation®bsenedin free recall (see
Figure2b). AppendixC shavs a worked exampleof a sim-
ple calculationof episodically-formedassociationshatmay
help to illustrate in more detail why thesepropertiesarise
from themodel.

By varyingtherelative contritutionsof ap anday tot'N,
we can modulatethe directionality of association. When
g 0,t'N doesnotchangdrom presentatioro presentation.
Underthesecircumstancesso 1landay O ateachtime
step.Thereis a strongforwardassociatiorandno backward
association. Of particularinteresthereis the fact that the
backward associatioris completelydependenbn the value
of an. If we weresomehav ableto selectvely disruptnew
item-to-contet learningsothatay 0, we would obsene
temporally-de nedassociationwith a form like the curve
labeled'Old” in Figure2a. Thisability to dissociatdorward
from backwardassociationss consistentvith neuropsycho-
logical results. Bunseg/ and Eichenbaum(1996) found that

rats with hippocampaldamagewere ableto learn forward
associationaswell ascontrolrats,but did not generalizdo
abackwardassociation.

We saw in theprevioussubsectiorthat TCM candescribe
thelong-termreceng effect. Thisis aconsequencef agrad-
ually decayingstrengthprovided by a contextual cueanda
competitive retrieval processlf receng effectsandassocia-
tive effectscamefrom a commonsource this would predict
that associatie effects, like receng effects, should persist
acrosstime scales. In a continuous-distractoexperiment
with greatcaretakento avoid interitem rehearsalHoward
andKahana(1999)obsenedno reliablechangan the shape
or magnitudeof the CRP functionsusedto describeassoci-
ationsin free recallwith inter-item distractorintenvalsup to
16 s. Howard and Kahana(2002a)shoved that TCM pre-
dicts the persistenceof both contiguity and asymmetryas
the length of the inter-item distractorinterval is increased.
Howard (2004)providesa morecompletesetof quantitatve
predictionsfor the behaiior of TCM coupledwith Eq. 4 for
calculatingprobabilityof recallasthetime scaleisincreased.

A mappingbetweenT CM andthe MTL

TCM hasbeenshavn to describefundamentaproperties
of episodicrecall performance.MTL damageis known to
affect episodicrecall (Graf et al., 1984). If TCM provides
arealisticdescriptionof episodicrecall performancethenit
oughtto be possibleto make a mappingof TCM onto the
anatomyof the MTL. In this subsectiorwe presenta coarse
pictureof sucha mapping.Theremaindeof this papereval-
uateghis mappingby examiningtheability of TCM with this
linking hypothesigo explain the entorhinalplacecodeand
consequencesf hippocampalesionson relationalmemory
performancan rats. It shouldbe notedthat the resultsin
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theselater sectiongprovide muchof thejusti cation for the
particularmappingproposedere.

Three stagesof processingrelevant to the functioningof
the MTL. Herewe brie y summarizethe large-scaleorga-
nization of the MTL andrelatedstructures.This presenta-
tion draws heavily onreviews by Burwell (2000)andSuzuki
and Eichenbaun(2000). The hippocampugroperconsists
of the CA sub- elds andthe dentategyrus. The hippocam-
pusrecevessubcorticainputfrom themedialseptunvia the
fornix. This input from the septumis essentiafor the nor-
mal operationof thetaoscillations,which hasan extremely
importanteffect on the normalfunctioningof the hippocam-
pus(e.g. Holscher Anwyl, & Rowan, 1997;Huerta& Lis-
man, 1993; Wyble, Linster, & Hasselmo,2000). We will
not explicitly modelthetahere,althoughthetais almostcer
tainly essentialfor a detailed physiologicaldescriptionof
mary of thephenomenadiscussedhere(HasselmoBodebn,
& Wyble, 2002; HasselmoHay, Ilyn, & Gorchetchnikv,
2002). However, the septo-hippocampadathway is not be-
lievedto carrydetailedinformationaboutto-be-remembered
stimuli. Detailedstimulusrepresentationarebelievedto be
corveyed to the hippocampusvia the perforantpath from
EC, which providesthe primary informationalinput to the
hippocampugproper

Theentorhinalcortex is reciprocallyconnectedo perirhi-
nal andpostrhinal/parahippocampebrtex.” Thesethreere-
gions,collectively referredto astheparahippocampakgion,
provide the cortical inputsto the hippocampusroper and
are,in turn, reciprocallyconnectedo a wide variety of neo-
cortical associatiorareas. Theseneocorticalassociatiorar
easdraw on every sensorysystemof the brain as well as
higherordermultimodalassociatiorareas.

In summarytherearethreestageof informationprocess-
ing relevant to the large-scalestructureof the MTL. Corti-
cal associatiorareasgatherhigherorder information from
the cortex andprovide inputto the MTL via parahippocam-
pal regions. Parahippocampategions, including entorhi-
nal, perirhinalandpostrhinal(parahippocampaborticesare
reciprocallyconnectedand provide input to the hippocam-
pusproper primarily throughEC. The hippocampugroper
then, receves input from essentiallythe entire brain in a
smallnumberof synapses.

Mapping TCM ontothe three stages We will arguethat
the three large-scalestagesdescribedabore correspondo
structuregndfunctionswithin TCM. Wewill arguethatitem
representationd, correspondo cortical associatiorareas,
that the context vector, tj, residesin parahippocampatle-
gions,including in particularEC, andthata function of the
hippocampusproperis to affect new item-to-contat learn-
ing, correspondindo a nonzerovalueof ay in Eg. 9. This
correspondso a reconstructiorof patternsof actiity in EC
thatwerepresentwhenanitemwasinitially presented.

Item representationsre activatedwhen an item is per
ceived, whetherasa resultof externalstimulationor recall
of anitem by meansof connectionsrom the context layer.
Generaperceptiorandcognitionis generallynot affectedby

evenextensive MTL lesions(seeCorkin, 2002, for arecent
review). This leadsus to hypothesizethat the item repre-
sentationsthe f vectors,resideoutsideof the MTL, in the
corticalassociatiormreaghatprojectto the parahippocampal
region.

In this ms we adwvancethe hypothesisthat t; residesin
parahippocampalegions. Before laying our the reasoning
for this hypothesiswe rst considerthe evidencefor theal-
ternative hypothesishat t; residesin the prefrontalcortex.
Changesn the context vectort; areassociatedvith the re-
ceng effect,therecengy effectis associateavith short-term
memory(e.gAtkinson & Shiffrin, 1968). Short-termmem-
ory is associatedvith working memory (Baddelg, 1986;
Baddelg & Hitch, 1974) and working memoryis associ-
atedwith prefrontalcortex (PFC).Thereis indeedampleevi-
dencehatthe PFCis involvedin workingmemorytasks(e.g
Goldman-Rakic,1996; Rypma& D'Esposito,1999; Smith
& Jonides,1999). Working memoryinvolvesa greatmary
cognitive functionsbeyondthosenecessaryo supporta re-
ceng effect,notablyexecutve andattentionafunctions.Al-
thoughfrontal regions participatein encodingandretrieval
into episodicmemory(for recentreviews seeRugg,Otten,&
Henson,2002; Simons& Spiers,2003),this doesnotimply
thatthelocusof tj is in PFC,evenif onegrantsthatTCM is
an accuratedescriptionof episodicrecall. For instanceen-
coding and retrieval relatedactivationsin PFC may re ect
a gating function allowing selectve accessto tj. Indeed,
a number of computationalmodels have emphasizedhe
executive and organizationalpropertiesof PFCin working
memorytasks(Becker & Lim, in press;Botvinick, Braver,
Barch,Carter & Cohen,2001;Dehaen& Changeux]1997;
Rougier& O'Reilly, 2002).

Thereis good evidence (beyond the simulationsof en-
torhinal place cells that will be reportedin the following
section)to supportthe hypothesighatt; residesn parahip-
pocampalregions, including EC. As discussedabove, t;
functions very much like a short-term memory store in
non-spatialtasks. There is strong evidence that extra-
hippocampaMTL structuresincluding EC, have properties
consistentith a role in non-spatiaimemoryover the scale
of tensof seconds Giventhatanimalscannotdo freerecall
of words, the bestanalogueof the receng effectin freere-
callis theforgettingobsenedwith recognitionof non-spatial
stimuli overtensof seconds.

Thereis evidencefor a role of parahippocampalegions
in suchtasksfrom both single-unitand lesion studies. In
a delayedmatchto sample(DMS) task using odor stim-
uli in the rat, Young, Otto, Fox, and Eichenbaum(1997)
shavedthatresponsesf parahippocampateurons;nclud-
ing thosein the lateral EC, exhibited stimulus-specicr -
ing thatpersistednto thedelayinterval. Suzuki,Miller, and
Desimong1997)extendedhisresultto demonstratéhatthis
stimulus-speci cring persistecacrosanultiple intervening
stimuli. Buffalo, Reber andSquire(1998)shavedthat peo-

"The nomenclaturepostrhinalcortex is usedin rats, whereas
the homologougegion is referredto asparahippocampatortex in
monlkeys.
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ple with lesionsto the perirhinal cortex shoved de cits of
recognitionmemory over delaysas shortas6 s. Mumby
andPinel(1994)shovedthatratswith damageo entorhinal
and perirhinal cortex were impairedon delayednon-match
to sample(DNMS) of trial-uniqueobjectat delaysasshort
as15s. Otto andEichenbaun{1992)shovednode cit in a
continuousdelayednon-matchtaskfrom fornix transection,
but shavedade cit from combinedperirhinal/entorhinale-
sionsat delaysof 30 s. This not only pointsto a role for
the parahippocampalegionsin memoryon the time scale
of thereceng effectin free recall, but aguesagainsta role
of the hippocampusn suchprocessesMurray andMishkin
(1998),shavedthatlesionsto the amygdalaand hippocam-
pusthatsparedhinal cortex did nothave aneffecton DNMS
performancewhereasa comparablestudy shaved a severe
impairmentfrom rhinal cortex lesionsat delaysas shortas
tensof secondg{Meunier, Bachealier, Mishkin, & Murray,
1993).

Statesof context t; alsoinclude contectual input patterns
t!N (seeEq. 6). The hypothesigthatt; residesin parahip-
pocampalregions brings with it the corollary thatt!N also
residesin parahippocampalegions. As we have seen,t}N
is causedby the particularitem presentedo the network at
timei (Eq.5). In this way, we canthink of t!N asa higher
order stimulus representatiordriven by item presentation.
The newly-activatedcontextual elementgt!N would depend
on the item presentedndits prior history Theseelements
would be presenin abackgroundf activity t; 1 thatin turn
dependon the prior itemspresented@ndtheir history.

If t; residesin parahippocampakgions,thenwhatis the
function of the hippocampusproper? The rst suggestion
comesfrom the nding thathippocampablamagéas associ-
atedwith a disruptionof memoryfor itemsfrom the early
part of the serial position curve. Studiesof epileptic pa-
tients who receved anteriortemporallobectomiesthat in-
cludedhippocampatesectiorshav a de cit in memorythat
is largestfor items from early and middle serial positions
(Hermann,Seidenbeg, Wyler, et al., 1996; Jones-Gotman,
1986). Thesestudiesboth suggestedhat damageto the
hippocampustself was responsiblefor the de cit. Jones-
Gotman(1986)shaved that performancevasrelatedto the
extentof thedamageo theright hippocampug memoryfor
visualmaterials.Hermanretal. (1996)shavedthatmemory
for verbalmaterialswas more affectedby the lobectomyin
patientswho did not have hippocampakclerosisin the left
hippocampussuggestinghat the non-sclerotichippocam-
puswas contrikbuting to recall of pre-receng itemsprior to
the operation. Lesion studiesin rats also supportthe view
thatmemoryfor the earlyandmiddleitemsin alist depends
onanintacthippocampugKesneyrCrutcher & Beers,1988;
Kesner& Novak, 1982). Althoughit is not asclearthatthe
hippocampusn particularis implicated, studiesof human
amnesichave alsoarguedfor a dissociatiorbetweerthere-
ceng portionandpre-receny portionsof the serialposition
curve (Baddelg & Warrington, 1970; Carlesimo,Mar a,
Loasses& Caltagirone1996).

In TCM, recallof itemsfrom theendof thelist is predom-

inantly aresultof therecengy effect causedy usingend-of-
list context asa cue. In contrastrecall of non-receng items
is predominantlya consequencef contextual retrieval giv-
ing rise to temporally-de nedassociationsIndeedKahana
etal. (2002)shavedthatthemnemoniade cit in normalag-
ing, which maybeassociatedvith MTL dysfunction(Grady
etal., 1995)resultsin normalreceny effects,accompanied
by reducedtemporally-de nedassociationsyhich can be
explainedwithin TCM asa disruptionof the procesf con-
textual retrieval (Howardetal., In revision).

If damageo the hippocampugroperresultedn adisrup-
tion of contectual retrieval, this would manifestasa de cit
for pre-receng items. However, a completedisruption of
contextual retrieval, with sayt!N 0, would resultin a dis-
ruptionof thereceng effectaswell, becaus¢herateof con-
textual drift dependson the amountof input provided. In
ary event,the stateof temporalcontet t; in parahippocam-
pal regionsshouldbe ableto be affectedby input from item
representations neocorticalassociatiorareas.Thesecon-
siderationdeadusto hypothesizehatthehippocampuss re-
sponsiblefor a moresubtleaspecbf contectual retrieval. In
thismanuscriptve explorethehypothesighatthehippocam-
pusis responsibldor learningnew item-to-contet associa-
tions. Hippocampalesionswill bemodeledby settingay to
zero.More concretelywe hypothesizehatthehhippocampus
functionsto recoverthe stateactive in EC whenanitemwas
previously presentedFigure3).

The hypothesigthat the hippocampusaffects associatie
memoryby recovering statesof actiity in EC is consistent
with the nding thathippocampatiamageesultsin ade cit
for backward associations.In the Bunseg/ and Eichenbaum
(1996) experiment,ratslearnedsomethingik e a pairedas-
sociatetask.In acuephasetheanimalswerepresentedvith
anodor. In achoicephasethey hadto selectwhich of two
scentedcupscontaineda food reward. The odor presented
in the cue phaseof the trial predictedwhich of the scents
containedhereward. Correctperformancelependecen the
formationof somesortof associatiometweereachcueodor
andthecorrectchoiceodor. Animalswith hippocampatiam-
agewere ableto performthe choiceaswell asunlesioned
animals.In a secondphaseof the experiment,animalswere
testedontheirgeneralizatiorio the backwardassociationin
thisphasetheodorsfrom thechoicephasenerepresente@ds
cuesto selectamong.Control-lesionedatsselectedhe odor
consistentvith thepresencef abackwardassociationThat
is, afterlearningto chooseB whencuedwith A, controlrats
choseA whencuedwith B. Despitetheir ability to learnthe
forwardassociatioraswell ascontrolrats,thehippocampal-
lesionedratsshavedno developmenbf abackwardassocia-
tion. In TCM, this nding of impairedbackwardassociations
andintact forward associationss what onewould expectif
thehippocampusvasnecessaryo makeay O.Ifay O,
thenthis “lesioned” modelwould be ableto make forward
associationsput would not supportbackward association;
the lesionedmodel would shav associationdik e the curve
labeledold” in Figure2a.

ThemappingbetweenT CM andtheMTL describes pro-
cessof memoryencodingandretrieval. Item presentation
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Encoding (intact)

Retrieval (lesioned)

QH

Figure 3. A linking hypothesisbetweenTCM and the MTL a. “ltems” are patternsof activity in semanticnemory(SM), which is
presumedo residein corticalassociatiorareas.Theseareagrojectto parahippocampdPH) regions,includingatleastEC, which support
a stateof contet tj which senesasthe cuefor episodicrecall. Presentatiomf anitem in semantionemorycallsup a setof elementsti' N
in PH. The stateof contet alsoincludespatternsactivatedby previousitem presentationgthe red andgreenpatterns).The setof elements
activatedby theitem causes setof elementsn the hippocampugH) to be activated,perhapsiasedby the othercontectual elementsactive
in EC and/ortheprior stateof activationin H. Hebbianassociatiorfindicatedby thethin solid lines)takesplacebetweerthe stateof context
in PHandthe statein semantianemoryto allow contextual stateso cuetheitemin semantianemory b. Repetitionof theitem in semantic
memoryreactiatesthe stimulus-speci celementsn PH. Becausehestimulus-speci celementsemainedactive in PH following theinitial
presentatiomf thestimulus,theirreactvationsenesasa cuefor itemsthatfollowedtheinitial presentationc. Theproposedunctionof the
hippocampuss to allow retrieval of contextual statesuponre-presentationf anitem. In this casewhentheitemis re-presenteth semantic
memory it againactivatesthe setof stimulus-selectie elementsn PH, asin b. However, H functionsto reinstatethe entirecontectual state
that obtainedwhenthe stimuluswas originally presented Becausehis stateincludeselementderived from items presentedrior to the

Retrieval (intact)

original item presentationthis “retrieved context” functionsasa symmetriccuefor recall of otherstimuli.

correspondgo activationof anappropriatgatternin cortical
associatiorareas. Theseprovide aninput to EC and other
parahippocampakgions. Thesenewly-active patternsof ac-
tivity decayover time as new items are presentedactivat-
ing otherpatternsof input. At arny time, the stateof activity
in parahippocampakgionsis the cuefor episodicretrieval.
Repeatinganitem representatiohasaneffecton the pattern
of activity in parahippocampakgions. If the hippocampus
is functioning properly, it enablesrepetitionto resultin the
recovery of otherpatternsof actiity thatwerepresentvhen
the item was initially presented. Disruption of hippocam-
pal function doesnot preventan item from activating a pat-
ternin parahippocampalegions. However, it doesprevent
item presentatiorfrom reconstructingother patternsof ac-
tivity in parahippocampakgions.Figure3 attemptdo illus-
tratethesepropertiesin thisview, the hippocampusloesnot
“contain” memorieger se Ratherit operatego changehe
patternof actiity in EC, which cuescortical regions. Suc-
cessfullyactivationof corticalregionscorrespond$o the act
of remembering.Insofar as the function of the hippocam-
pusandMTL is to drav togetherifferenttransientlyactive
corticalrepresentationi bearsa strongresemblancéo hip-
pocampalndexing theory(Teyler & DiScennal1985,1986).

Preview. In theremaindeof this ms,we will explorethe
value of the linking hypothesisdescribedabore by arguing
thatTCM describedocation-speci c ring characteristicef
cellsin EC andby shaving thatdisruptingcontectual learn-
ing candescribecharacteristieffectsfrom relationallearn-

Tablel

Parametes usedin simulations. The parametes b and g
are intrinsic to TCM. b contmls the rate of contextual drift
(Eq. 6). gcontmols the ratio of new to old retrieved contet
(theratio an ao, EQ. 9). In the relational memorysimu-

lations,b wassetto 1 r2, withr 09. Thelarge dif-
ferencebetweenb in the spatial applicationsand the non-
spatial applicationsis appropriate given the different time
scaleof contextual evolution (seetext for details). s is spe-
ci ¢ to the spatial applicationsand determineghe width of
the tuning curvesfor the headdirectioninputsto the place
cells. Thevalueof p 6 wastakento be coarselyconsistent
with experimental ndings for theheaddirectionsystemt is
usedin thetransitivity simulationsand determineshe sensi-
tivity of therecallrule (Eq.4).

Parameter
Intrinsic Application-speci ¢
Simulation b g S t
Openeld 0.01 0 p 6
W-maze 0.01 0 p 6
Transitivity 0.435 01 1
Memoryspace 0.435 0/1

ing experiments. Table 1 summarizeghe valuesof the pa-
rametersusedin the simulations. TCM itself contributes
two parameters. The value of b, from Eg. 6, determines
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how rapidly context changegjivena particularsetof inputs.
Largervaluesof b mearthatcontext changesapidly; smaller
valuesmeana more slowly-changingt;. The differencebe-
tweenthe valuesof b acrossapplicationsshouldnot be too
troublinggiventhedifferencan thetime-stepsThatis, b de-
terminesthe changebetweertime stepi 1 andtime stepi.

In the spatialapplicationsthetime stepscomeat 50 Hz (for

theopen eld) and30Hz (for theW-mazedata).In contrast,
thetime differencebetweert; andt; 1 in therelationalmem-
ory applicationsis much slower, correspondingo the time
betweensamplingof odors,on the scaleof second$. The
valueof gis justtheratioay ao; thisdeterminesherateof

changeof t'N acrosdifferentpresentationsf thesametem.
Thevalueof gis differentin thespatialcomparedo thenon-
spatialapplications. This reasondor this arerathersubtle
andarediscussea@xtensvely in theGeneraDiscussion.The
othertwo parameterarespeci c to thesubjectareasovered
in thisms. Thespatialapplicationsncludeaparametes that
controlsthewidth of thetuningcurvesof simulatedheaddi-

rectioncells. The value of this parametemwas taken to be
roughly consistentwvith publishedpropertiesof actualcells
(Taube,1998). The parametet (Eq.4) is necessaryo map
activity onto probability of recall. This wasusedpreviously
in modelingfree recall (Howard & Kahana,2002a)and is

usedherein the simulationof transitive associations.

The EntorhinalPlaceCodeand
Contectual Drift

The most striking pieceof dataimplicatingthe MTL in
spatialnavigationis the nding that cellsin the hippocam-
pus re in responséo the animal's locationwithin an envi-
ronment. This phenomenomwas rst reportedby O'Keefe
andDostrossky (1971)andhassubsequentlypeenexplored
extensiely by numerougesearchersrhisresearcthascen-
teredon the response®f cells within sub eld CA1 of the
dorsalhippocampuge.g. Muller & Kubie, 1987; O'Keefe
& Burgess,1996; Shapiro, Tanila, & Eichenbaum,1997;
Thompson& Best, 1989; Wilson & McNaughton,1993),
althoughother sub elds and MTL regions have also been
explored (Barneset al., 1990; Frank et al., 2000; Gothard,
Hoffman, Battaglia, & McNaughton,2001; Jung, Wienet
& McNaughton1994;Phillips & Eichenbaum1998;Quirk
etal., 1992; Sharp& Green,1994; Skaggs,McNaughton,
Wilson, & Barnes,1996). Giventheimportanceof the hip-
pocampusn learningand memoryand the replicability of
the placecell phenomenatherehave beenseveral attempts
to model the computationalorigin of the place code (e.g.
Burgess& O'Keefe, 1996; Doboli, Minai, & Best, 2000;
Hartley, Burgess,Lever, Cacucci,& O'Keefe, 2000; Het-
herington& Shapiro,1993; Kali & Dayan,2000; O'K eefe,
1991; Redish,1999; Samsonwich & McNaughton,1997;
Sharp,1991;Sharp Blair, & Brown, 1996;Touretzky & Re-
dish, 1996; Zipser, 1985,1986). Oneohviousreasonhow-
ever, thatthereis a placecodein the hippocampuss thatit
recevesinputfrom the EC,whichitself shavs place-speci ¢
ring. The computational/cognitie origin of the hippocam-
pal placecodeis apparentlynot in the hippocampus.If we

nd asatishctoryexplanationof theactity of EC cells,we
will beonestepcloserto understandingheorigin of thehip-
pocampabplacecode.

EC place-speci cactivity in the open eld. Cellsin EC
exhibit severalpropertieghatarenot sharedwith hippocam-
pal placecells. Hippocampablacecellstypically show very
compactdistinctplace elds. Cellsthat re robustly ( 10
Hz) in onelocationwithin the open eld will typically be
completelysilentwhenthe animalis outsidethe place eld
(Thompson& Best,1989). In contrast,EC placecellstyp-
ically re throughoutopenervironments. Firing for these
entorhinalcells is reliably modulatedby the animal’s posi-
tion (Quirk etal., 1992),but in amuchmorenoisyway than
hippocampatells. In additionto this quantitatve difference,
qualitatve differencesare obsenedin the ring properties
of entorhinalvs hippocampalplace cells. After repeated
exposureto multiple ervironments(Lever, Wills, Cacucci,
Burgess,& O'Keefe, 2002), the hippocampalplace code
“remaps”from oneervironmentto another If ananimalis
obsenedafterextensve experiencan two distinctspatialen-
vironments say a cylindrical enclosureanda squareenclo-
sure,the place elds obseredin the one environmentwill
be uncorrelatedvith the place elds obsenedin the other
ervironment. Thatis, if a particularhippocampaplacecell
shavsaplace eld in the Northwestcornerof the squareen-
closure this doesnot predictits responsienessn the cylin-
drical enclosure;in the cylindrical enclosureit may have a
place eld in a completelydifferentlocationor stop ring
altogether(Muller & Kubie, 1987). During the initial ex-
posurego unfamiliar ervironments,the hippocampabplace
code,like the entorhinalplacecode,shows similar ring in
both ervironments. In contrast,EC placecells shav corre-
lated ring acrosservironmentsthat persistseven after ex-
tensve training (Quirk et al., 1992). Thatis, an EC place
cell thatis morelikely to re in the Northwestquadrantof
the squareenclosurewill alsobe morelikely to re in the
Northwestquadranbf thecylindrical enclosure.

EC place-speci cactivity onthelinear track. A key fea-
ture of Eq. 6 is thatt; is sensitve to the history of inputs
leadingupto time stepi. To malethisPointmoreconcretely
it is clearfrom Eq. 6 thatt; includestiN andt; 1. However,

becausd; 1 containst!N,, this meansthatt; also contains

t}Nl. We cancontinuingthis procesof “unwinding” inde -
nitely. In thiswaywe nd thatthe context vectort; depends
on the history of stimuluspresentationgeadingup to time
stepi. Recentevidencefrom placecell studiesindicatesthat
the entorhinalplace codealso exhibits history-dependence.
Franketal. (2000)recordedrom placecellsin ECandCA1
while animalstraverseda W-shapednaze.Theanimals'task
wasto repeatedlyisit thearmsof themazein sequencésee
Figureda). Of particularinteresthereis aphenomenonalled
retrospectie coding.

8 Given the de nition of b, it is alsoreasonabléo assumehat
someclassesof inputs, like odors, might producea strongerre-
sponsén EC cellsthanothers.
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Figure 4. Retrospectie encodingrequiresan imperfect spatial representation.a. Simpleschematianodelof the pathstaken by the
animalin theW-maze.Theanimalrepeatedlyraveledthe path1-2-3-4-...-10-11-12-1-2-3... Initially theanimaltraveledfrom thecenter
armto the left arm, a centerleft trip (stepslabeled1-3), followed by a left-centertrip (4-6), followed by a centerright trip (7-9) anda
right-centertrip (10-12). A differentrepresentatiomn step6 comparedo step12 is evidencefor retrospectie coding. b. A simpli ed
versionof the TCM context evolution equationwaspresentedvith velocity vectorscorrespondingo the seriesof movementgo generatex
positionalrepresentatiop. We de ned retrospectie encodingasl peg p12 . Thisre ects the degreeto which pg andp, aredifferent
from eachother Retrospectie codingis plottedasa functionof r in a generalintegrationschemewherep; rp; 1 vi. Whenr 0,
p is justthe mostrecentmovementandthe modelprovidesa “pure headdirection” representationWhenr 1, p re ects the sequencef
all prior movementsandthe modelprovidesa perfectplacerepresentationAt both of theseextremes the modelfails to shav evidencefor
retrospectie coding. In contrastfor intermediatevaluesof r, the modelshaws retrospectie coding,asseenin EC andthe hippocampus
(Frank,etal, 2000).Althoughthisis animperfectrepresentationf Euclideanspaceit is in somesensesuperiorno a perfectrepresentation,

in thatit discriminatedifferentepisodeshathapperin the samelocation(Woodetal, 2000).

In theW-maze theanimalvisitsthemiddlearmfollowing
visits to eitherthe left armor theright arm (steps6 and 12
in Figure4a). In thesesituations the animal's location,and
heading,aswell asall availablevisual cuesare presumably
identical. Thesevisitsdiffer, hawever, in thehistoryof move-
mentdeadingup to them. This providesusanopportunityto
distinguishbetweena “pure placecode’; which would pre-
dict thatcells shouldnot distinguishbetweert and12 anda
“history-dependerpseudo-placeode; whichwould. Frank
etal. (2000)foundthatsomecellsin EC reliably differenti-
atedthesevisits,aphenomenothey referredto asretrospec-
tive coding. Wood, Dudchenlo, Robitsek,andEichenbaum
(2000)obsereda similar phenomenonin their task,thean-
imal repeatedlyranin a gure-8 patternaroundan elevated
track. As theanimalranup the centralstemof themaze the

ring of somehippocampakells dependedn whetherthe
animalwasaboutto turn ontotheleft or theright arm. This
nding providesclearevidencethat“place cells” respondo
variablesother than physical location in the ervironment.
In particular this result shavs that the hippocampalplace
codedistinguisheamongseparablepisode®ccurringatthe
samelocation—apropertythatwould certainlysene it well
in memorymoregenerally(Eichenbaum2001;Woodetal.,
2000). However, becausdhe animal always alternatedbe-
tween“loops” of the 8, it wasunclearfrom thetaskwhether
the cells were codingfor the sequencef prior movements
or the sequencef future movementsn thatexperiment.In-
terestingly Franketal. (2000)obsenedretrospectie coding
in cellsin super cial EC, which providesinput to, but does
notreceve outputfrom the hippocampusThis suggestshat
this history-dependenda theentorhinalplacecodedoesnot
dependon the functioning of the hippocampusproper® In

contrast,cells shaving prospectie coding that shaved dif-
ferential activity basedon wherethe animal was going to
go on trips up the centerarm (see Figure 4a) were most
robustly obsened in deeplayersof EC, that receive input
from the hippocampus Retrospectie and prospectie cells
werefurther differentiatedby the spatialdistribution of dif-
ferential ring. Retrospectie cells were found that distin-
guishedthe prior history of movementsalongthe length of
thecenterarm. In contrastprospectre codingwasmostfre-
quently seencloseto the choice point wherethe pathsdi-
verged(Franketal., 2000). This suggestshatperhapsome
sort of posturalrealignmentin preparationof a turn con-
tributesto prospectie coding. Recentstudieshave further
illustratedthe somavhat controversialrelationshipbetween
retrospectie and prospectie coding (Lenck-Santini,Save,
& Poucet2001;Ferbintean& Shapiro,2003).

In thissectionwedemonstratéhatEq. 6 is sufcient tode-
scribekey featureof theentorhinaplacecode,givenstrictly
a velocity, i.e. speedplus allocentricheaddirection,asin-
put. In this sectionwe will demonstrat¢hatin theopen eld
Eq. 6, when provided with velocity vectorsasinput, gives
rise to simulatedcells with noisy place elds thatare con-
sistentfrom environmentto ervironment,in correspondence
with availabledata(Quirk etal., 1992). We will alsodemon-
stratethat this minimal modelis sufcient to describekey
featuresof the entorhinalplacecodein the W-maze,includ-
ing the history-dependendbustratedby thephenomenomwf
retrospectie coding. We startwith somebroadtheoretical
considerationbeforepresentinga cellularsimulationimple-

°It is of coursepossiblethat super cial layersof EC acquire
thesepropertiesasa consequencef indirectconnectiongrom the
hippocampus.
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mentingtheimportantpropertieof Eq. 6.

Animperfecintegrator andretrospectiveoding How do
wekeeptrackof ourlocationaswe move aroundourernviron-
ment?0Oneway mightbeto continuouslyupdateour position
by orientingoursehesrelative to salientlandmarks.This is
undoubtedlyoneway in which we, andotheranimals know
our position. But whataboutwhenno suitablelandmarksare
available. Whatif we areat seaon a cloudy night? Under
thesecircumstancesye might, asancientsailorsdid, adopt
astratgyy of deadreckoning.

Deadreckoningrefersto thestratgy of guring outwhere
we are basedon the movementswe have made. If we start
outin aspeci ¢ locationandthenmake somemovementwe
can gure out wherewe are after the movementif we add
the movementto our initial location using vector addition.
For instancejf we startout at somelocationpg, andmove
dueEastalongsomevectorvi, de ned in allocentricspace
then our location after the movementis justp; po Vi.
If we make anothermovementalongsomeothervectorvo,
thenour new locationis p2  p1 V2. In generaldenoting
the movementtaken at time i asv;, andthe positionat the
conclusionof thatmovementasp;, we cankeeptrackof our
positionusing

Pi Pi1 Vi (20)

In thisway, we canalwayskeeptrackof ourlocationrelative
to our startingpoint pg. Although the preciseform of our
placerepresentatiowill dependnthechoiceof startinglo-
cation,thekey featureis thatthe spatialrelationshipsamong
thep'sis perfectlypresered©
Comparingthe contextual evolution equation(Eq. 6) with
the deadreckoning equation(Eq. 10), we seethat the con-
textual evolution equationis alsointegratingits inputs, t!N;
theevolution equationhowever, is performinganimperfect,
leaky, integration. Because ; is typically lessthanone,the
contetual evolution equationgradually “for gets” inputs as
moreinformationis presented.For the sale of the follow-
ing illustration, let uswrite anintegratorequationsimilar to
Eq.6:
Pi rpi1 Vi (11)

This is similar to the context evolution equation(Eqg. 6) ex-
ceptthatr doesnot changefrom time-stepto time-stepto
enablenormalizationandthereis no b to parameterizehe
magnitudeof the input. Let's considerthe behaior of this
modelwith variousvaluesof r. If r 1, this modelgives
riseto the perfectpathintegratordescribedabove. If r 0,
on the other hand,thenthe representatiom is identicalto
the currentvelocity vector: p;  v;. In this case,p is more
like a representatiomf headdirection, if oneignoresvari-
ationin the speedof movement. As r increasegrom zero,
notonly thecurrentvelocity vectorcontritutesto p;, but pre-
vious velocity vectorscontritute aswell. Thatis, whenr

is intermediatebetweenzeroandone, p is not the resultof
pathintegration,nor is it a representatiof headdirection.
It lies somevherein between,a weightedsum over recent
movementssomethingnorelike a trajectory Thesetrajec-
toriesshouldbe sensitve to the headdirectionof the current
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movementaswell asto thedirectionat precedingime steps.

A weightedsum over recentmovementsis ideal for de-
scribingthe phenomenaf trajectorycodingandretrospec-
tive coding,whereaseithera perfectpathintegrator(r 1)
nor a representatiorof headdirection(r ~ 0) canaccom-
plish this. To demonstratéhis propertyFigure4b shavs the
resultof a simple calculation. Equation11 was repeatedly
presentedvith velocity vectorscorrespondindo the appro-
priatestageof the paththroughthe W-maze.For instancey
wasthe sameasv, andre ected a movementto the North.
We assumedhatthevelocityvectorswvereorthogonato each
other To getanintuition asto whatthis meanswe assumed
that“South” is not the oppositeof “North,” but ratheranen-
tirely differentdirection. The sameholdstrue for Eastand
West. After presentingmary circuits aroundthe maze,v1,
Vo, ... V12, thesimilarity matrix of the p vectorscorrespond-
ing to the differentstagesof the pathwas constructed.We
thentookl pg p12 asameasuref retrospectiecoding.
This re ects the degreeto which pg and p12 are different
from eachother Figure 4b shaws this quantity as a func-
tion of r. Althoughthereis no retrospectie codingfor the
extremesvherer Qorr 1,thereis retrospectie coding
for intermediatevaluesof r .1* We concludefrom this that
thata leaky, or “pseudo™intgratoris more appropriatefor
describingthe phenomenorf retrospectie codingthanis a
perfectintegrator

In spatialnavigationtasks,we will assumehatthe dom-
inantsourceof inputto Eq. 6 is provided by informationre-
latedto movement.Speci cally, we will assumehatthein-
putto Eg. 6 consistsexclusively of velocity vectorsderived
from the headdirection system,modulatedby the animal's
speed

tN v (12)

wherev; is the velocity vectorat time stepi. We implement
this modelusinga cellularlevel simulationthatwe will now
describe.

Medanismf contextual evolutionin EC

AnatomicalandelectrophysiologicallataindicatethatEC
haseverythingit would needto implementthe sourceof the
entorhinalplacecodepostulatechere. Threemajor compo-
nentsarenecessaryo accomplishthis; accesgo arepresen-
tation of velocity, the meango addvectorsusingvectorad-
dition, anda mechanisnto normalizethe context vector

0 Actually, anadditionalnecessityfor “perfect” pathintegration
is the presenceof an additive inverseon the v's. Let's suppose
you startat positionpstart. You make aneasterlymovementof one
unit followed by a westerlymovement. You end up in the same
position.Now, whatwould a perfectpathintegratormodelpredict?
Well, your positionafterthemovementss pend  Pstart VE = Vw-
The integrationis only successfuif vg vw. This neednotbe
thecaseas,for instancejn the simulationsbelow.

" Thevaluesofr plottedin Figure4bshouldnotbedirectlycom-
paredto valuesof 1 b2 takenfrom the valueof b usedin the
cellularsimulation,later. The differencebetweenthetime stepsof
the cellular simulationis several ordersof magnitudesmallerthan
thetime stepbetweerstepsonthe W-mazeasde ned by Figure4a.
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Headdirectionsystem The MTL hasaccesdo arepre-
sentatiorof headingfrom the headdirectionsystem(Taube,
1998). Cellsin the headdirectionsystemrespondpreferen-
tially whentheanimal's headis pointedin a particulardirec-
tionin allocentricspace Forinstancepneheaddirectioncell
might respondbestwhen the animal is pointedtoward the
North endof theroom,independenof theanimal'slocation.
Anotherheaddirectioncell mightrespondestwhentheani-
malis pointedtowardthe SoutheastA largenumberof such
cellswould provide very preciseinformationaboutthe ani-
mal's heading.If theinputsof thesecellsto the MTL were
gatedby informationaboutrunningspeed? this would pro-
vide the necessaryelocity signalasinput for Eq. 6. There
is ampleevidenceto suggesthatthe headdirectionsystem
contritutesto the maintenancef the placecode. Perhaps
mostcompellingly, disruptionof thevestitular sensalisrupts
the headdirectionsystemandalsohasa profoundeffect on
the hippocampaplacecode(Russell Horii, Smith, Darling-
ton, & Bilkey, 2003;StackmangClark, & Taube,2002).

Integrator cells Cells in EC have precisely the elec-
trophysiologicalpropertiesnecessaryto implementEg. 6.
Egorov, Hamam Fran€n,HasselmoandAlonso (2002)ob-
senedcellsin EC layerV that performedanintegrationon
theirinputs. Thesecellswereableto adoptastablering rate
in the absencef externalinputs. In the absencef external
inputs (!N 0), t remainsconstant. In this case,ri 1
andt; t; 1. The existenceof a stable ring ratein the
absencef input obsened by Egoror etal. (2002) provides
the capabilityto implementthis property Further Egoros
etal. (2002)obsenedthatthesecellsrespondo subsequent
suprathresholdnputs by adoptinga new stable ring rate
(seeFigure5). Depolarizing(positive) inputsresultedin a
higherstable ring rate. Hyperpolarizing(negative) inputs
resultedin a lower stable ring rate. This would enablethe
cellsto performthe vectoradditionnecessaryo implement
Eq. 6 whent!N is of non-zerolength. It is worth noting
thatneuroanatomicatudieshave demonstratethatthe pre-
subiculum,which containshead-directiorcells, projectsto
EClayerV cells(Haeften Wouterlood,& Witter, 2000).

Normalizinggainmodulation Theothermainpropertyof
Eq. 6, is an exponentialdecayin the presencef additional
inputs. This would requirethat the ring rate of a decay-
ing cell be multiplied by a scalarlessthanoneat eachtime
step. This amountsto a gain control on the internalcurrent
thatallows integratorcellsto sustainring in theslice. Gain
modulationhasheenwidely obsenedin diversecorticalsys-
tems(for areview, seeSalinas& Thier, 2000). Thisin itself,
however is not sufcient to enableus to implementthe im-
portantpropertief Eq.6. A constangainwould causd; to
decayevenwhentherewasno input provided,in contrasto
oneof themainpropertieof Eq.6. To implementEq. 6, the
gainshouldbeinverselyrelatedto the total network activity.
Thatis, whenthe network is more active, the gain should
be lower; whenthe network is lessactive, the gain should
be higher Chance Abbott, andReyes(2002) measuredhe
gain of culturedsomatosensorgells. They injecteda con-
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Figure5. Cellsin layer V EC integrate their inputs. Recordings
weremadefrom slicesbathedin a solutionincluding low concen-
trationsof the cholinegic agonistmuscarinea. Cellsfrom layerV,
whenpresentedvith a depolarizinginput, began ring at a stable
rate(epochl). As subsequentlepolarizinginputswere presented,
the cell adopteda new, higher stable ring rate. c. Analogously
whenthe cell is at a high ring rate, hyperpolarizingnputscause
thecell to adopta lower, stablering rate.b. Shawvs power spectra
for the epochdabeledin a (left) andb (right). From Egorov, et al
(2002).

stantamountof currentand measuredhe cell's ring rate.
They took the slopeof output ring rateto input currentas
a measuref the cell's gain. In additionto the driving cur-
rentChanceet al. (2002)alsoinjecteda currentdesignedo
mimic synapticcurrentsfrom somenumberof other cells.
Thesenputsbalancedxcitatoryandinhibitory input, sothat
thenetcurrentwaszero.As the numberof simulatedsynap-
tic inputswasincreasedsimulatinga higherlevel of overall
network actiity, the target cells' gain factor was reduced.

20ne candidatefor this “movementgating signal” is the hip-

pocampalthetarhythm. The presenceor absenceof type | theta
during navigationis closelyyoked to the animal's movement. The
signalformedfrom movementdirectioninformationderived from

the headdirectionsystem,coupledwith theta-dened speednfor-

mationwould provide a representationf velocity. In fact, Vertes,
Albo, andVianaDi Prisco(2001)have pointedout thatthe regions
with headdirectioncellsarealwaysadjacento regionswhich con-
tain theta ring cells. Verteset al. (2001) note further that these
populationsdon't appeato have reciprocalconnectionsasif their
functionwasto cooperatrely representelocity to dowvnstreanre-

gions.



TCM, THE PLACE CODEAND RELATIONAL MEMORY 15

With a populationof integratorcells,gainmodulationof this
type could causethe network to maintaina stablelevel of
activity, implementingsomethinglike normalization'® In
additionto providing new insightinto a basicprinciple of
cortical information processingthe resultof Chanceet al.
(2002)providesevidencefor a procesghatshouldenableus
to implementthe key propertiesof Eq. 6.

Cellular SimulationMethods

Herewe will introducemethodsfor the cellular simula-
tion, whichwill beappliedto theopen eld andtheW-maze.
Thusfar we have usedsubscriptsto refer to the time step.
For instancewe have usedt; to referto thetemporalcontext
vectorat time stepi. It is necessaryo introducesomenen
notationin orderto talk aboutindividual cells,analogougo
theelement®f avector In thesesettingswe will denotethe
time steps asan argumentand usethe subscriptto referto
the cell number Using this notation,the ring rateof each
simulatedcell attime steps wascalculatedas

ts rsts 1 btNs (13)
wheret!N s is theinputto cell i attime s. Theform of the
input will be discussedelon. The quantityr s is herea
gainmodulationfactor We have assumedhatr s isafunc-
tion of thetotal network actiity, nottoo dissimilarto thein
vitro resultsof Chanceet al. (2002). At eachtime stepr s
wascalculatedaccordingo

12
rs Qts 1°2
i

(14)

Inclusionof thefactorr s constitutesaform of divisive in-
hibition (e.g.Chance& Abbott,2000). Equationsl3and14
bearmorethana passingesemblancéo Eq.6. Asin Eq. 6,
r s functionsto keepthelengthof t; (nearly)constant.

The cellularlevel simulation captureskey propertiesof
Eq. 6. This canbe seenin Figure 6. Figure 6a shaws the

ring rateof onecell asafunctionof time step.After time O,
eachof the othercellsin the network wasturnedon oneat a
time with aninput of b for onetime stepeach. The activity
of the cell decaysexponentiallyasa function of time. The
time constantof this decaydependon b. Figure6b shavs
explicitly thatthe amountof decaydependon theinputto
thenetwork. Whenno inputis givento the network, thereis
no decay(time-steps0-100andaftertime-step200).

In the simulationsreportedhere,we used220 integrator
cells. Eachcell receved aninput givenby a Gaussiarfunc-
tion representinga headdirection cell with a preferreddi-
rectionf; andstandarddeviation s, weightedby b. To do
thiswe rst took the minimum absolutedifferencebetween
the actualheaddirectionat time s, f s, andthe preferred
directionof celli, fi:

fs fi

diff « .
i s 2p fs f

This de nes the minimum angulardistancebetweerthe ac-

tual headdirection and the cell's preferreddirection. Pre-

ferred directionsfor the differentcells were evenly spaced
each2p 220 radians. We can write an expressionfor the

inputto celli attimes:

1 ot g 2

I
s ps 1 ps s 2_pexp 552 (16)

where p s is the rat's obsered position at time s and

ps 1 ps isjustthedistanceheratmovedbetween
successie obsenations. The valueof s wassetto p 6 for
eachcell. This valuewaschosento be roughly consistent
with obsenedheaddirectioncells,whichhavebeenshavnto
have atuning curve thatfalls to baselindevelswith a width
of about100 (Taube,1998). The Gaussiarexpressiorgen-
eratesatuning curve for eachcell asafunctionof thatcell's
preferreddirectionf ;. This directinput from headdirection
cells predictsthat entorhinalplacecells shouldshaw selec-
tivity in theopen eld. Acrosscellsthisinputis sensitve to
speecandheaddirectionin suchaway thatit canbereferred
toasavelocityvector In thisway, thecellularsimulationcan
be saidto implementEq. 6 with velocity vectorsprovidedas
input (Eq. 12).

In thefollowing two subsectionsye will usethe cellular
simulationto demonstrat¢hat Eq. 6, coupledwith a veloc-
ity vectorasinput (Eq. 12), is ableto describecharacteristic
propertieof theentorhinalplacecodeobsenedin two broad
domainsof experiments Firstwe will treatthe propertiesof
entorhinalplacecellsin the open eld. After that, we will
treatphenomenabsenedon the W-maze.

Applications: Theopen eld

Entorhinalcells exhibit seseral key propertieswhile ani-
mals move throughthe open eld. First, EC cells do shov
place-speci ¢ ring, althoughthe place-modulations con-
siderablywealerthanhippocampatellsin comparableéasks
(Quirk etal., 1992). The place-modulatediing of cellsin
EC is also comparableacrosssimilar ervironments. This
meanghatif anentorhinakelltendsto re in, say theNorth-
westcornerof a squareenclosureijt will alsotendto re in
the Northwestquadranof a circularenclosurgQuirk etal.,
1992).%4

Equation6 with Eq. 12 predictsboth of theseproperties.
The existenceof a placecodeis a consequencef the fact
thatthe setof pathsthe animaltakesto getto a givenplace
shoulddependon wherethe animalis within an enclosure.

8 Gaincontrollike thatdescribedn Chanceet al (2002)operat-
ing onasetof integratorcellsshouldkeepsomemeasuref network
activity nearlyconstanbvertime. However, preciseEuclideamor
malizationwould requirea very speci ¢ relationshipbetweengain
andinputs.

1 This propertyis also obsered for hippocampakells early in
the animal's experiencewith differentenvironments(Lever et al.,
2002), althoughwith a sufcient amountof experiencering be-
comesuncorrelatedacrossenclosureof differenttype (Muller &
Kubie, 1987).
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Figure 6. The cellular simulation implementskey propertiesof Eq. 6. A network of 300integratorcellswasprepared.These gures
shaw the ring rateof cell 1 asa function of time. a. At time 0, aninput of b wasprovided sequentiallyto eachof the othercellsin the
network, oneat eachtime step. The solid line wascalculatedwith b 0 2. Thedashedine wascalculatedwith b 0 1. The ring rate
of cell 1 decaysexponentially with atime constanthatdepend®n thevalueof b. b. At time steps0-50and100-200,input wasprovided
sequentiallyto eachcell in the network, one at eachtime step. At the othertimes(time steps50-100and  200), no input was provided.
Asin a, cell 1's ring ratedecaysexponentiallywhenthe othercellsarebeingdriven (notethe logarithmicscalewhich makesexponential
decayappeatinear). However, thedecayof cell 1's ring ratestoppedvhenno inputwasprovided.

Figure 7. A weightedsumover recentmovementspredictsplace-
speci ¢ codingasaconsequencef thekinematicconstraintof the
enclosure.The setof pathsthatleadto a positionon the Western

wall of theenclosuras differentfrom the setof pathsthatleadto a
pointon the Easternwall of theenclosure.

The similarity of the placerepresentationacrossdifferent
ervironmentgfollowsif thesetof pathsleadingto analogous
positionsin analogougnclosuresresimilar (seeFigure7).

OpenField Methods The cellular simulationwas pre-
sentedseparatelyith a seriesof positionsand headdirec-
tions collectedby Lever et al. (2002)in a cylindrical ervi-
ronmentandin a squareervironment!® Positionand head
directionweresampledat 50 Hz for tenminutes.Place eld
mapswerethencalculatedor the cylindrical andsquaresn-
closuresusingthe simulatedring rates.

Simulatedcells showedocation-speci ¢ ring . Figure8
shaws placemapsfor four representatie simulatedcellsin
boththecircularandsquareervironments.Thesegures rep-
resentring rateasa function of positionaveragedover the
timestherat spentexploring the ervironment. Darker areas
indicatehigheraveragering rates.Simulatedcells shoved
regionsof place-speci c ring thatextendedover large sec-
tions of the ernvironment. Theseregions were irregularly
de ned and apparentlyconsiderablymore noisy than hip-
pocampalplace elds. This nding of noisy place-specic

ring is consistenwith ndings regardingplacecellsin EC
in theopen eld (Quirk etal., 1992).

Topolagically similar place elds acrossenclosues The
otherprimary nding of thesimulationwasthatcellsshaved
place elds in similar locationsof topologicallysimilar en-
vironments. That is, if a cell shaved elevated ring in
the Northwestquadrantof the circular ervironment,it also
shaved elevated ring in the Northwestquadrantof the
squareervironment. This property hasalso beenreported
for cellsin EC (Quirk et al., 1992). Topologically similar
place elds acrosservironmentshave alsobeenobsenedin
thehippocampusarlyin training(Leveretal.,2002).After a
sufcient amountof experiencehowever, hippocampatells
will shav place elds thatareuncorrelatedcrosenclosures
(Lever et al., 2002; Muller & Kubie, 1987; Quirk et al.,
1992). Thereasondor this arenot clear but entorhinalcells
with topologically similar place elds have beenobsened
under conditionsthat also produceremappechippocampal
cells(Quirk etal., 1992),suggestinghatremappingloesnot
take placein EC.

The simulatedcells shaved place elds in awide variety
of locations.The only differencebetweercellswasthe pre-
ferreddirectionof their input. In all caseghe preferreddi-
rectionof the cell pointedin thedirectionof thecell's place
eld. Forinstancesimulatedcell 170shovnin Figure8a has
aplace eld alongtheEasterredgeof thecircularandsquare
ervironments,and a preferreddirection that points toward
the East. This is a consequencef the kinematicconstraints
of the ervironment. The Westernwall of the ervironment
cannotbe reachedusing Easterlymovements—thiswvould
requiretheanimalto walk throughthewall of theenclosure.
This propertydependgo someextenton the valueof b. If

15 As a checkon the recordedheaddirections,we redid the sim-
ulationswith headdirectioncalculatedrom sequentiamovements
andobtainedthe samepatternof results.
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The cellular simulation shows place elds that are topologically similar in similar environments. Four representadie

cells from the simulationof motionin the open eld. Pathswere generatedising positionsand headdirectionsfrom an experimental
sessiorpresentedn Lever etal (2002). The vastmajority of cells shaved apparentocation-speci c ring in boththe circularandsquare
enclosuresLike cellsin EC describedoy Quirk etal (1992),the simulatedcells shaved large irregular place elds with ade nite spatial
correlate. Further the simulatedcells, like entorhinalcells obsered by Quirk et al (1992), shaved a high correlationbetweenthe place
elds obsered in the circular environmentandin the squareenvironment. The locationof the place eld is determinecby the preferred
directionof theinputto the cell andthe movementdakenwithin theenvironment.a. Simulatedcell 170 (preferreddirectionEast).This cell

res preferentiallyin the Eastof the circularandsquareervironments.b. Simulatedcell 48 (W) red preferentiallyin the Westernedgein

bothervironments.c. Simulatedcell 20 (SW) red in thesouthwesbf bothervironments.d. Simulatedcell 75 (NW) red in thenorthwest

of bothenvironments.

b goesto one, the modelshouldbehae like a setof head
directioncells. In this casethe cellswould re preferentially
in whateverlocationtheanimalassumedé particularheaddi-

rection. Presumablytheanimalwould belesslik ely to point
towardthe Eastwhenpositionedalongthe Easterrwall.

Applications:TheW-maze

In the previous subsectionwe sawv that a representation
of temporalcontet (Eq. 6), if drivenby self-motioninfor-
mationasinputs,cancapturekey propertieof theentorhinal
placecodein theopen eld. The“place code”derivedfrom
Eq. 6 did not directly represenplace,per se but ratherre-
ected a sensitvity to the sequencef movementsleading
up to the currentposition. This treatmentof the open eld
leadsto strongpredictionswhenthe sequencef movements
leadingto a particularpositionis carefullycontrolled.These
predictionscanbe readily testedwithin the mazeparadigm
usedby Franketal. (2000).

The W-maze(seeFigure 4a) enablesoneto examinesit-
uationswherelocation (and heading)are controlledbut the
sequencef movementdeadingup to that positionare var
ied. Underthesecircumstancesa large proportionof en-
torhinalcellsshaw retrospectiveeoding differentiatingthese
two caseslt is alsopossibleto comparesituationsin which
a similar seriesof movementsoccurin differentspatiallo-
cations.A sizableproportionof entorhinalcells exhibit tra-

jectory coding shawing similar ring in responseo similar
sequencesf movements.Both of theseeffectsare consis-
tent with an entorhinalrepresentationthat respondso the
sequencef movementsleadingup to the presentiocation,
ratherthanplace,per se Herewe make explicit thatthese
experimentallyobsened phenomenare indeedpredictions
of Eq.6.

W-maze Methods The cellular simulation was driven
with positionsand headdirectionsfrom a segmentof data
lastingalittle overtwentyminutes samplecat 30 Hz.18 This
datawasincludedaspartof the studyof Franketal. (2000).
After the simulationwas completed we calculatedthe r -
ing ratemapsseparatelyor four typesof trips namedon the
basisof the arm of the W-mazethe trip startedand nished
on: centerleft, left-centerright-centerandcenterright. Trip
identity was provided at eachtime step, so that the values
wereidenticalto thoseusedn Franketal. (2000). Threetrips
in which the animal startedon the centerarm and crossed
overto thewrongarmbeforereversingwereeliminatedfrom
the path analysegqalthoughnot from the simulationitself).
Two centerleft trips andonecenterright trip wereexcluded

6 This samplingrateis differentthanthatusedin the open eld
data.Althoughwe might have down-sampledheopen eld datato
equalizethe samplingrateacrosssimulationsthis is nota concern
becausdhe changein the contet (place)vectoris driven by the
animal's movementsratherthantime per se
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Figure 9. Trajectory codingin the cellular simulation. Averagering rateasa function of positionfor differenttrips in the W-maze.
Thetrip eachmapcorrespondetb is indicatedat the top of eachcolumn. Positionsthe animaldid not visit on a particulartrip arecolored
grey. a-d. Simulatedcell 64 (preferreddirectioneast) red preferentiallyon left-centerandcentetright trips. The scalebar for this cell is
shavn to theright of d. e-h. Simulatedcell 155 (preferreddirectionNorthwest) red preferentiallyonright-centerandcenterleft trips. The

scalebarfor this cell is shavn to theright of h.

in thisway. In addition,therewere somesmall gaps(typi-
cally oneor two samples)n thepositionrecord. Thesewere
lled in with linear extrapolationof both positionandhead
direction.

Trajectorycoding Numeroussimulatedcellsshavedev-
idencefor trajectorycoding. Figure9 shavs two examples.
The gure shawvs ring rate mapsseparatelyfor four dif-
ferenttrips. The cell in the top row (a-d) had a preferred
direction closeto due East,suchthatit red on left-center
and centerright trips. The cell on the bottom (e-h) hada
preferreddirectiontowardthe Southwestind red on right-
centerand centerleft trips. In general,almostall the cells
obsenedshaved sometype of trajectorycoding. Cellswith
preferreddirectionstowardthe North or Southshovedplace
elds that extendedalongthe length of the armson appro-
priate paths. This nding is consistentwith the obsera-
tion that place elds obsenedin EC arelongerthanthose
in the hippocampugFranket al., 2000),andthat elongated
elds tendedo be obseredonthelong armsof the W-maze
(L. Frank,personatcommunication).

Retiospective/prspectivecoding To determineif the
modelshovedretrospectie andprospectie codingin away
thatis comparableo the available data,we alsoundertook

an analysisclosely analogousto that usedby Franket al.
(2000)in classifyingcells asretrospectie or prospectie. In
additionto actualposition,we were provided with position
projectedontoallinearpathalongthetrack. We rst madea
ring ratemapwith binsof 6 cm asa functionof linear po-
sition, usingthe ring ratesfrom the actualnavigationdata.
We thenplottedeachmean ring rate asa function of dis-
tancefrom the startof thetrip. In accordancevith methods
usedn Franketal. (2000),we constructe@nanaloguef the
Franketal. (2000)study's Figure4. Thatstudyuseda Gaus-
siankernelwith a standarddeviation of one bin to smooth
the curves. We smoothedisinga moving window of 4 bins.
Figure10shownsrepresentatieretrospectie andprospectie
cells from this analysis. All of the cells that shaved retro-
spectve or prospectre codingalsoshaved evidencefor tra-
jectorycoding.

Many cells shoved retrospectie coding. Many of these
cellsonly shoveda differencen ring in regionsof thecen-
ter arm nearthe choicepoint. Figure 10ashaovs an exam-
ple of sucha cell. This cell hada tuning curve with a pre-
ferreddirectionthat pointedtowardthe SouthEast. The ani-
mal's headfrequentlypointedin this directionjust beforethe
choicepoint on the left-centerpath (top). This elevated r -
ing persistsalongthe centerarm becausef the exponential
decayof actiity. Thetuningcurve of this cell wassuchthat
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Figure 10. The cellular simulation shaved retrospective and prospective cells. Firing rateis shavn asa function of distancefrom
the endof the centerarmfor differenttrips in the W-maze. Thelabel“CP” indicatesthe locationof the choicepoint de ned by Franket
al (2000).Panelsa andc shaw retrospectie cells. Panelsb andd shawv prospectie cells. a. Simulatedcell 30 (preferreddirectionE) shaved
apeakin ring just afterthe choicepoint for left-centertrips. This cell shaved differential ring after the choicepoint, but comparable
ring towardthe endof thecenterarm. b. Simulatedcell 130 (NNW) shaved elevated ring alongmostof the lengthof the centerarmon
bothjourneysto theright armandjourneysto theleft arm. On centetleft trips the cell shaved elevated ring thatbeganshortly beforethe
choicepoint. In contrastthecell shaveddepresseding justbeforethe choicepoint on centerright trips. The cunesdivergeabout10cm
beforethe choicepoint. c. Simulatedcell 50 (ESE)shaveda peak ring rateshortly beforethe choicepointfor left-centerpaths.Elevated
ring lastedmostof thelengthof thecenterarm.d. Simulatedcell 83 (NNE) shaveda patterncomparableo cell 130, exceptthe elevation

in ring cameon centefright trips.

it overlappedslightly with the headdirectionassociategvith
“Southward” travel down the centerarm. This resultedin a
gradualbuildup of ring rateon the right-centerpath (bot-
tom). As a consequencehe ring ratewassimilar across
pathstowardthefood endof thecenterarm (towardtheright
endof the gure). The cell in Figure 10b shows a cell that
alsoshaved retrospectie coding, but with a somevhat dif-
ferentpro le. The preferreddirectionof this cell wastypi-
cally obtainedslightly furtherfrom the choicepointthanthe
cell in Figure 10a. As a consequenceherewasmuchless
overlap with the headdirectionstypically obtainedon the
centerarm,sothattherewasno visible elevationin ring on
theright-centerpaths.As a consequencehis cell shoveda
higher ring ratefor left-centerpathsthanright-centempaths
over mostof thelengthof the centerarm. A smallernumber
of cells shawved this type of retrospectie codingcompared
to the patternillustratedin Figure10a. We obsenedcompa-
rablenumbersof retrospectie cellsthatpreferredeft-center
trips andright-centertrips. This was predictablegiven the
evenspacingof preferreddirectionsacros<ells.

A small numberof cells also shoved someevidencefor
prospectre coding. Thecellsshavn in Figure10c-darepar
ticularly strongexamplesof thesecells. Thesecells shav

a peakin ring alongoneof the two armsafter the choice
point. However, the increasein ring leadingto the peak
startsreliably beforethe choicepoint whenapproachinghe
areaof the peak, and decreaseseliably when approach-
ing the arm without the peakin ring. We only obsened
prospectie codingimmediatelyprior to the choicepoint.

Prospectie codingis somethingof a misnomerfor this
model. The TCM evolution equation(Eq. 6) containsno in-
formation aboutfuture events. It is somavhat paradoxical
thatthesecellscanshow ring thatdivergesbasedonwhatis
aboutto happenThesesimulatedcellsareactuallyrespond-
ing to smallvariationsin headdirectionthat happenshortly
beforethechoicepoint. Thesesimulatedcellshave preferred
directionsthat point alongthe “curve” in the pathbetween
arms.Thisis why the peakof ring is obsenedononearm.
As canbeseenn thesecells,thereis also ring onthecenter
armfor bothpaths.Thisis sobecaus¢hetuningcurve over
lapssomavhatwith the“due north” directionassociategvith
moving up the centerarm. Relatively smallchangesn head
directionprior to the choicepointcomein a partof the tun-
ing curve thatis relatively steepresultingin relatively large
changesn simulatedcellular activity from smallchangesn
headdirection.
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Trajectorycodingandretrospectie codingwererobustly
obsenedin the simulation. In contrastthe prospectie cod-
ing we obsened was considerablymore fragile and even
the bestprospectie cellswe found (Figure 10c-d)werenot
nearlyasimpressve asthestriking prospectie codingshavn
by the deepEC cell shovn in Figure 4 of the Franket al.
(2000) paper A larger b resultedin more cells shaving
prospectre coding,asb controlsthe time constantfor the
risein ring aswell asthe decay Also, cells with more
robust prospectie coding were obsened when the tuning
curves were mademore narrav. This was not adoptedto
keepwith experimentalndings aboutthewidth of thetuning
cunvesin headdirectioncells(Taube,1998).However, some
sortof lateralinhibition processcouldresultin a sharperef-
fective tuning curve for entorhinalcells. If so, this would
amplify the “prospectve” coding generatedoy this purely
retrospectie model.

Discussion

We shavedthatthe sameequationghatgoverntheevolu-
tion of temporalcontext in amodelof humanepisodicmem-
ory performancealsodescribeheactiity of cellsin EC dur-
ing spatialnavigation. We shaved a consisteng between
the simulatedcells and entorhinalcells during navigation
throughtheopen eld andin the W-maze.In theopen eld,
simulatedcells hadlarge, noisy place elds thatwere con-
sistentacrosstopologicallysimilar environments(Figure8).
Thisis consistentvith whatis known aboutentorhinalcells
in theopen eld (Quirk etal., 1992). In the W-maze,simu-
latedcells shaved evidencefor trajectorycoding(Figure9),
aswell asretrospectre andprospectie coding (Figure 10).
Theseareconsistentvith obsenationsof entorhinalcellsin
theW-maze(Franketal., 2000).

This theoreticalconnectiorbetweerhumanmemoryand
the placecell literatureis especiallytimely in light of recent
ndings that suggestplacecells exist in humans. Ekstrom
etal. (2003)examinedthe activity of singleunitsat various
locationsin patientsbeingtreatedfor pharmacologicallye-
sistantepilepsyduring performanceof a virtual navigation

task. A numberof cellsshaovedvirtual-place-speci cring.
Notably, thesecells were clusteredn the hippocampusnd
therhinal cortex. These ndings supportthe view thatthere
is morethana computationasimilarity betweerthe EC func-
tion of ratsandhumans.

Waysin which thesimulationcouldbemorerealistic The
cellular simulationis remarkablysimple—it only includes
enoughdetailto implementtheimportantpropertiesof Eq.6
givenvelocity vectorsasinput. Nonethelesst is apparently
sufciently rich to robustly describethe major phenomena
demonstratedor entorhinalcells during navigation through
spatialervironments.Herewe discusssomestraightforvard
additionsthatwould make the simulationmorerealistic.

Our implementatiornof integrator cells waslimited in at
leasttwo respects.First, Egorov et al. (2002) shaved that
their integrator cells did not initiate sustainedring with a
sufciently smallinput. Similarly, if sufciently hyperpolaf
ized, integrator cells shutoff andremainedoff. The simu-
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lated integrator cells usedheredid not include this type of
thresholdingbehaior. If thresholdingwereincludedin the
simulationsit would addto the realismof the modelby pre-
venting situationswhere a long-lastingperiod of low acti-
vation was produced(e.g. the ring on the centerarmin
Figure 10c-d). Anotheraspectof the Egorov et al. (2002)
studythatwe neglectedwasthe rateof changeof ring rate
in respons¢o aninput. Herewe assumedhattheresponsef
theintegratorcellsto aninput wasessentiallyinstantaneous.
While this probablywould not have hada negative effecton
theopen eld results,or on the phenomenaf trajectoryor
retrospectie coding,this couldhave hada negative effecton
theability of themodelto generatgorospectie coding.

Prospectie codingcould be a consequencef hippocam-
pal inputsto EC, which were completelyneglectedin the
currenttreatment. Consistentwith this view, Frank et al.
(2000)suggestedhat prospectie codingwasmorefrequent
in EC layer V (which receves hippocampainput) thanin
super cial layers(which do not). Indeed,Muller andKubie
(1989)arguedthat the hippocampugloesnot actually code
for the animal's currentposition, but ratherits positionap-
proximately120msin thefuture (but seeBreese Hampson,
& Deadwyler 1989). Prospectre coding could have been
easilyandrobustlyimplementedf theinputsto thesimulated
entorhinalcellsincludedinformationfrom corticalareaghat
containednformationaboutfuture movements.

Anothersimpli cation in the currentsimulationwasthe
lack of ary inputs other than velocity information. It is
clearly within the framawork of the currentmodelthatnon-
spatialstimuli shouldcontrituteto ring in EC. Forinstance,
we assumehatt; is drivenby non-spatiainputst!™ in both
episodicapplications(Howard & Kahana,2002a; Howard
etal., In revision; Howard,2004)andin therelationalmem-
ory simulationspresentedn the next sectionof this ms. Al-
thoughthe factthatthe current,highly simpli ed, treatment
of the EC did remarkablywell in describingthe basicphe-
nomenaof the entorhinalplacecode thereareseveral situa-
tions whereincluding othertypesof stimuli could have im-
provedthemodel's performanceFor instancethesimulated
trajectory coding cells occasionallyshoved elevated ring
nearthe food wells (e.g. Figure9). Although not explicitly
addressedh Franket al. (2000), noneof the representatie
place eld mapspresentedn thatstudyshaved suchan ef-
fect. In themodel, ring nearthefoodwell is aconsequence
of thewide rangeof directionstheanimalassumessit turns
around.This elevated ring ratewould have beenattenuated
if we hadincludedcellstunedfor proximity to food reward.
These“chocolatemilk cells” would have beenstrongly ac-
tivatedand inhibited (divisively) other cells receving head
directioninput whennearthefood wells. Along theselines,
Gothard, Skaggs,and McNaughton(1996) reported“goal
boxcells”in thehippocampushat red astheratapproached
amovablegoallocationon alineartrack.

Another, extremely importantaspectof the functioning
that we have ignored hereis the basisof the headdirec-
tion system. The model's descriptionof topologically sim-
ilar place elds in circularandsquareervironmentsis only
valid insofar ascells in the headdirection systemmaintain
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the samepreferreddirectionacrossenclosuresThe empiri-
cal situationwith regardsto thisis somavhatunclear Taube,
Muller, and Ranck(1990) reportedthat 3/8 headdirection
cells studiedin both the cylinder andthe squareenclosures
shaved a changein their preferreddirection of more than
48 acrosenclosuresGolobandTaube(1997)reportedhat
only 2/11 cells(in animalswith lesionsto the hippocampus)
reporteda changeof greaterthan 18 , and concludedthat
in generaiminimal changesake placeacrossylindrical and
squareenclosuresa conclusiorthatthey regardedasconsis-
tentwith the Taubeet al. (1990)results. In ary event, the
presentreatmenbf the placecodepredictsthatthe entorhi-
nal placecodeshouldrotatein registerwith the headdirec-
tion cellsthatprovideits input.

For the presentmodelto make ary predictionsat all, it
is necessaryo rst specifythe actvity of theheaddirection
system. This requiresthat the headdirection systemaccu-
ratelyintegratesrom momentto momentwithin anerviron-
ment,a processelieved to rely on attractordynamics(Re-
dish,Elga,& Touretzky, 1996;Zhang,1996).Thisisin sharp
contrastto the “pseudo”integratorproposechereto support
theentorhinalplacecode.Further theheaddirectionsystem
is reorientecby manipulation®f visualstimuli (Taubeetal.,
1990),a procesdelievedto resultfrom a sufciently diver
gentvisualinput causinga resetof the attractometwork into
a statedistantfrom its predecessdiSkaggsKnierim, Kudri-
moti, & McNaughton,1995,seechapter5 of Redish,1999,
for areview anddiscussion).

Deepvs super cial cortical layers. We implementedhe
cellular simulationof Eq. 6 usingknown propertiesof cells
in EC layerV (Egorov etal., 2002),the deepcortical layer.
Thesecellsreceve inputfrom, but do not projectto, the hip-
pocampusproper In additionto layerV cells,EC alsocon-
tainsprincipal cellsin layersli/lll, the super cial layersof
EC. Layerll cells projectdirectly to the hippocampusAl-
thoughthey do not receve input from the hippocampugli-
rectly, they doreceveinputfrom layerV cellsin EC, sothey
areindirectly connectedo hippocampus.

Thecellsreportedin theopen eld by Quirk etal. (1992)
wereidenti ed asbeingfrom super cial layersof EC.In that
study a small numberof layerV cells from deeplayersof
EC were obsenred, but the spatial ring characteristicof
thesecellswerenot described.Thereare seseralissueshat
have bearingonthevalidity of “mixing layers”acrossxper
iments. Thereis no publisheddataon EC layerV cellsin
theopen eld. However, Franket al. (2000)shoved similar
gualitative propertiesfor deepandsuper cial layersof EC,
althoughsuper cial cellsshavedlesspositionalinformation
(werenoisier)and may have shovn lessprospectie coding
thandeepcells. This qualitative similarity suggestshat per
hapssimilar propertiesvould obtainfor deepandsuper cial
cellsin theopen eld aswell.

Similaritiesin the ring propertiesof deepand super -
cial cellscouldre ect a directphysiologicalconnectioror a
parallelcomputationafunction. As pointedout earlier EC
layersll/lll receveinputfrom layerV, soperhapshisis the
origin of the spatialpropertiesof super cial EC. Although
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cellsin the super cial layersof EC do not shaw the striking

integratorcell behaior obsenedin layerV in vitro, cellsin

super cial EC do shav plateaupotentialsin responséo in-

putsthatpersistfor a relatively long time (Klink & Alonso,
1997). Theseplateaupotentialshave beenarguedto sup-
port cellular response®bsened in DNMS tasks(Frangn,
Alonso, & Hasselmo2002)andcould be sufcient to sup-
portsomethingsufciently similarto Eq.6 toresultin similar
place-speci cactiity. Therearemay alsobe othermecha-
nismsby which a leaky integratorcould be implementedn

super cial EC.

CanEq.6 supportthehippocampaplacecode? Thehip-
pocampuss saidto supporta representationf placeinsofar
ascellsin the hippocampugorrelatewith the animal's lo-
cation. If the actiity of thesecells correlatedperfectlywith
theanimal'slocationin allocentricspacethenthis represen-
tation could be saidto be a perfectrepresentatiomf place.
Therepresentationalchemepursuedhereis not a “perfect”
representatiorof place, but then again neitheris the hip-
pocampabplacecode.Directional ring of cellsonthelinear
track (McNaughton,Barnes,& O'Keefe, 1983)area clear
exampleof a situationin which placecells' responsesre
differentdespitethe animalbeingin the sameplace. Path-
dependencérranketal.,2000;Woodetal.,2000),including
retrospectie coding,is anothersuchexampleof a situation
wherepositionis not sufcient to predictthe ring of “place
cells” Similarly, the nding thattheresponsesf placecells
dependon the behaioral context (Markus, Qin, Leonard,
etal.,1995)andthe nding thatsimilarresponsetake place
in differentervironmentgLeveretal., 2002)argueagainsta
perfectlyaccuratéhippocampaplacecode.

Having saidthat, the hippocampuganshowv remarkable
spatial precision. The location of the animal in a famil-
iar openervironmentcan be reconstructedrom examining
place cell activity to a precisioncomparableto the error
in recordingthe animal's position (Wilson & McNaughton,
1993). Exceptionally good positional reconstructioncan
be found when recordingfrom cells during navigation on
the linear track (Jensen& Lisman, 2000). Can the pre-
cision of the hippocampalplace code be derived from the
systematically-imperfeatepresentationf placethatresults
from Eq. 6? A de niti ve answermustawait further exper
imentalandtheoreticalinvestigation. However, the present
treatmenbf the entorhinalplacecodepredictsthatit should
be possibleto reconstrucpositionto sufcient precisionus-
ing the history-dependenting schemepresentedere. On
alineartrackwheremovementsarerelatively constrainedit
shouldbe possibleto getvery good precision. In the open
eld, verygoodreconstructioris theoreticallypossiblef the
decayof velocity informationis sufciently slow.

Although positionis a correlateof thecellsin the simula-
tion presentedhere,it would befair to saythatEq. 6 doesnt
reallysupportapositionalrepresentatioatall. Theweighted
sumover recentmovementof Eq. 6 shouldretainsensitvity
to headdirectionspeci cally, andtrajectorymoregenerally
in theopen eld. To be explicit, the presentmodel predicts
thatthe ring of entorhinalplacecells shouldbe modulated



22

by notonly theheaddirection,but precedindgheaddirections
aswell. At the valuesof b usedhere, we also obsened
thatcells' preferreddirectionspointin the directionof their
place elds. Thiswould bea marker of a history-dependent
pseudo-placeodelik etheonewe have hypothesizedesides
in entorhinalcortex.

A numberof modelsof hippocampafunctionassumehat
entorhinalplacecells shouldbe directionalin the open eld
(e.g. Brunel & Trullier, 1998; Kali & Dayan,2000). These
propertiedor entorhinalplacecellswould needto berecon-
ciled with the lack of a strongdirectionally selectve signal
in hippocampaplacecellsin the open eld. Although hip-
pocampalplacecells shav directionalselectvity (e.g. Sk-
aggs,McNaughton,Gothard,& Markus,1993),this canbe
accountedor by takinginto accounthe differentamountof
time the animal spendsn differentlocationswith different
headdirections(Muller et al., 1994). Onepossibility is that
the hippocampusransformglirectionalinputsin suchaway
thatit shawvs omnidirectionalplace elds in the open eld.
Mechanismdor this have beenproposedby other authors
(Brunel& Trullier, 1998;Kali & Dayan,2000;Sharp,1991).

An intriguing possibility is that the hippocampalplace
codereally is dependenbn headdirection, but thatit is not
re ectedin ring rate.Directionalitycouldberetainedatthe
ensembldevel if thetaphaseis taken into account. Theta
phaseprecessionO'Keefe & Recce,1993) has beenob-
senedin theopen eld (Skaggsetal., 1996). Phasepreces-
sionrefersto the nding thatwhentheanimalinitially enters
acell'splace eld, it res atalaterphaserelative to the hip-
pocampakhetarhythmthanit doesasit movesthroughthe
place eld. This can,in principle at least,be usedto recon-
structvelocity aswell asposition, asthe following thought
experimentwill illustrate.

Imaginetwo hippocampalcells with place elds in an
openenclosure Cell A andcell B have symmetricoverlap-
ping place elds. Thecenterof eld A isduewestof eld B.
BurgessRecceandO'K eefe(1994)shavedthatplacecells
in the open eld re at a late thetaphasewhen the cells'
eld centeris in front of the rat, and at early phasesvhen
thecells' eld centeris behindtherat. Let's assumehatthe
animalmovesWestto Easton a paththatcrosseshroughthe
centerof eld A andthenthecenterof eld B. Considetthe
thetaphaseof A andB at the halfway point. Cell A should

re atanearly phasebecauseahe centerof its place eld is
behindthe animal. On the otherhand,cell B should re ata
late phasebecauséts eld is in front of theanimal. Whatif
theanimalmalkesthetrip in theoppositedirection?Now, the
movesfrom Eastto West,passingrst throughthe centerof
eld B andthenthecenterof eld A. In thiscasethe phaseof
thecellsatthemidpointwill bereversedNow, cell A should
re atalatephasebecausehecenterof eld A isin front of
the animal,whereasB should re atanearly phasebecause
thecenterofits eld is behindtheanimal. Thephaseof ring
of thesecellsis reversedelative to thesituationin which the
animalmoved Westto East,despitethe factthatthe animal
is in theexactsameposition. Whatdiffersin thesetwo cases
is the animal's velocity. We concludethatthetaphasecould
in principle be usedto reconstrucielocity in theopen eld.
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It shouldbe pointedout, however, that the mechanismby
which integratedheaddirectioninputsin entorhinalcortex
couldgive riseto thetaphasecodingof movementdirection
is notatall clearatthistime.

We mentionedpreviously that the model presentechere
predictsthat ring of entorhinalplacecellsshoulddependn
therecenthistory of movementsn the open eld. An anal-
ogouspredictioncanbe maderegardingnon-spatiaktimuli.
In ahomogeneousst of to-be-rememberedon-spatiaktim-
uli, ring of entorhinalcells shoulddependnot only on the
currentstimulus, but alsoon prior stimuli aswell. In fact,
Suzukiet al. (1997) shaved that stimulus-speci centorhi-
nal cells red acrossseveral interveningstimuli in a work-
ing memorytask,supportingatleastthe generakhrustof the
prediction. The predictionsof the model, however, canbe
quanti ed andextendto experimentakituationan whichthe
stimulusin questionwould not be expectedto be actively
maintainedn working memory

Therole of thehippocampusn
relationalmemory

The previous sectionarguedthat a componentof TCM,
Eq. 6, describesa key computationalfunction of the en-
torhinal cortex, and perhapsother extra-hippocampaMTL
structuresaswell. In this sectionwe arguethatnew item-to-
context learningis supportedy the hippocampusAs men-
tionedearlier this processesultsin reinstatememf patterns
in parahippocampakgionsin responseo theitem beingre-
peated(Figure 3). We will seethatdisruptingnew item-to-
context learning predicts neuropsychologicatlissociations
obsenedwith hippocampatlamageln themodel,new item-
to-contet learningalsocausesepresentationalhangeshat
have beendirectly obsenedin extrahippocampaWTL areas
andthatmayresultfrom hippocampafunction. We will dis-
cussthe utility of representationthatresultfrom new item-
to-contet learningin capturingrelationshipsbetweentem-
porally disparatestimuli. This correspondso the develop-
ment of a higherorder stimulusrepresentationn parahip-
pocampalegions.

ModelingtransitiveassociatiorusingTCM

Eichenbaumand colleagueshave argued that the hip-
pocampussupportsrelationalmemory(Cohenet al., 1997;
Eichenbaum2001). In contrastto extrahippocampaéareas
that are said to be capableof forming simple pairwise as-
sociationsthe hippocampusupportshe ability to discover
and encodehigherorderrelationshipsamongstimuli. The
canonicalexampleof this proposechippocampafunctionis
the formation of transitiveassociationsetweenitemsthat
were never pairedduring training (Bunse/ & Eichenbaum,
1996).

Bunsg and Eichenbaum(1996) examinedthe effect of
hippocampatiamagentransitve associationsln theirtask,
animalswere rst presentedvith a cue odor. The identity
of the cue odor predictedwhich of two choiceodorswould
be pairedwith reward. Thereweretwo cue odors,eachof
which predictedrewardfor oneof thetwo choiceodors(see
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Figure1l Schematiof thetransitive associatiorexperimentused
by Bunsg andEichenbaun{1996).In aninitial learningphasean-
imalslearnedo choosebetweerchoiceodors(B andY) depending
on which cue odor was presented.The effect of this training was
to form an associationwithin eachof the pairs, indicatedby the
arraws. In asecondearningphasethe choiceodorsfrom the rst
learningphasebecamecuesusedto discriminatebetweenanother
pair of odors. In a third phase the animalswere testedfor their
generalizatioracrosslearningphases.In this transferphase ani-
malsweregivencuesfrom the rst stageandchoicesfrom the sec-
ondstage.Animals weretested,n the absencef reward, for their
preferencef thechoicethatwould resultif they formedatransitve
associatiomcrosphasegarrav with questiormark). Althoughan-
imalswith hippocampatiamagdearnedaswell ascontrolsoneach
of thelearningphasesthey wereimpairedat thetransferstage.

Figurell). Two associationsA BandX Y werethus
simultaneoushestablishedluringthe rst stageof learning.
Following the rst stageof learning,the choice odorsbe-
camecue odorsfor a secondpair of associations.In this
secondstage,association®8 CandY  Z weretrained.
In a nal stage,transitve associationwas probed;the an-
imals were presentedwvith a cue from the rst stage,and
testedfor their preferencdor the choicesfrom the second
phase.This probephasetestedfor the existenceof anasso-
ciationthat“bridged” acrossB from A to C. Althoughrats
with hippocampatlamagdearnedeachof the premisepairs,
A BandB C, they shoved no evidencefor a transi-
tive associatiofrom A C. Thisis consistentvith the hy-

pothesighatthe hippocampuswhile notrequiredfor simple
pairwiseassociationsis requiredfor higherordertransitive
associationsThe hippocampusvasapparentlyimportantin

learningtherelationshipbetweem andC, whichwerenever
actually presentedogethey but were presentedn the same
temporalcontext, B.

Herewe will showv that usingthe theoreticalframewnork
offered by TCM, transitve associationsan be selectvely
impaired,while leaving the ability to learnpairwiseassocia-
tionsintact. Thisis accomplishedby disruptingthe ability of
the modelto bind itemsto their temporalcontext; by setting

an to 0.

Of key interestis the effect of the relative contribution of
old andnew context to Eq. 9. We will examinetwo extreme
valuesfor theratiog: an aop. In the“intact” caseg 1.
For theintactcasepld andnew retrieved contextual compo-
nentscontributeequallyto t'N. Thisis in therangeof values
that have beenusedin the pastto describehumanepisodic
recall datal’ In the “lesioned” case,representinghe hy-
pothesizeceffect of hippocampalesions,g 0. Although
the magnitudeof t'N is the samein both casesthey differ
in that the intact caseallows new item-to-contet learning
(an  0),whereagheimpairedcasedoesnot(an 0).

Previously we arguedthat simulatinga hippocampale-
sion by settingay 0 would selectvely impair backward
associationgseeFig. 2a). In factBunseg and Eichenbaum
(1996)foundthathippocampalesionsdo selectvely impair
backward associationsIn this section,we areinterestedn
the ability of the modelto develop andutilize transitive as-
sociations.To ensurghatneitherreceny effectsnor across-
pairtemporalassociationgnterinto theseanalysesandsim-
ulations,we will assumehatanin nitely long delayinter
veneshetweerpairs,andbetweenstudyandtest,effectively
isolatingthe pairsfrom therestof experience.

Considerthe casein which a pair of stimuli A B is pre-
sented thena pair B C is presented.If ay is greaterthan
zero,thenwhenB is presentedhe secondtime, it will re-
trieve elementsof the context retrieved by A. As a conse-
quencewhenlearningB C, themodelis alsoin effectlearn-
ing A C aswell. If ay 0, however, t\N canstill beassoci-
atedto B, andtlN canbeassociatetb C. However, therewill
be no transitve associatiorbetweenA andC. AppendixD
explicitly derivesthe cue strengthbetweenA andC when
A is presentediuring a recall testafter presentatiorof A B
andB C. FromAppendixD we nd thatafterboth stageof
learningthe cuestrengthto item C givenA is givenby:

ac anr?b agh an (17)
We canseefrom this expressiorthatthe cuestrengthis zero
if an is zero. Thetransitve associatiorfrom A to C, items
that were never presentedogether dependson a non-zero
valueof an, which we hypothesizecorrespondso anintact
hippocampusln contrastasderivedin AppendixD, we nd
that the cue strengthdrom A to B andfrom B to C do not
dependon anon-zerovalueof ay. Thisis possiblebecause
forward associationslo not dependon new item-to-contet
learning(seethe curve labeled‘old” in Figure2a).

As a complementto the derivation presentedin Ap-
pendix D, we also carriedout a simulation. The goals of
the simulationareto demonstrat¢he ability of this theoreti-
cal framenork to describethe dissociatiorbetweerearning
of pairwise associationgrom transitve associationgnore
detailandundermorerealisticconditions.

ln somecases,g hasbeen x ed at one (Howard & Kahana,
2002a) whereasn othercasesghasbeenallowedto vary asafree
parametefHowardetal., In revision).
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Transitivity SimulationMethods

The equationdor t; andt{N aretypically assumedo de-
scribein nite-dimensionalvectors.How shouldwe go about
implementingan in nite-dimensionalvectorspace?0n the
one hand, we might have chosensome large numberto
representhe dimensionalityof the spaceand chosenran-
dom vectorsto describethe t!N's whenitemsare rst pre-
sented. Thesevectorswould have beenasymptoticallyor-
thogonalif the numberof dimensionshadbeenmuchlarger
thanthe numberof vectors. To eliminateary concernghat
mightarisefrom randomvariability in choosingpatternsye
adoptedan alternatve approachthat hasbeenusedin pre-
vious simulationsapplyingTCM to humandata(Howard &
Kahana2002a;Howardetal., In revision). Thetruedimen-
sionalityof thespaces thedimensionalityof theactualinput
vectors,which canbein nite. However, if theinitial input
vectorsti'N are orthogonal,thenthey canbe usedas basis
vectorsto spanthe relevant partsof the space.In the simu-
lations,we express; andt}N asvectorsof coefcients of the
basisvectors.This greatlyreduceghe dimensionalityof the
simulations.It alsomakesit particularlyeasyto introducean
in nite delay To introduceanin nite delay all thatneedgo
be doneis sett; to onetimesa basisvectorthathasnot yet
beenused.

Matrices correspondingo MTF and MFT were main-
tained. Thematrix M TF wasupdatedvhena particularitem
waspresenteagimply by addingthe currentstateof t; to the
appropriatecolumnof MTF. The matrix MFT was some-
what more complicated. First ay and ap were calculated
accordingo the procedurén AppendixB. Then,aftert; was
calculatedV ™" wasupdatedaccordingto

for (i =0 ; i <curentdim ; i++){

MFT[item][i] = aold * MFTJitem][i] + anew * {[i];

where‘item” is theindex of the stimuluspresented;cur-

rentdim” is the numberof basisvectorsthathave beenpre-
sentedup to thattime and“anen” and“aold” arecalculated
accordingto the assumptionsf the simulationandthe con-
straintthatthe Euclideanlength of “MFT[item]” shouldbe
one after the updating. This enablesM™T to implement
Eq.9. Notethat“synapses'thatdo notconnecto thecurrent
item areunafected.

Learning. The modelwas presentedvith two phasesof
learning. During the rst phaseA or X werepresentedan-
domly, andthe modelhadto chooseeitherB or Y asare-
sponse. If A wasthe cue stimulus,thenB was considered
the correctresponse.Similarly, if X wasthe cue stimulus,
thenY wasconsideredhe correctresponse Although only
onecupwasbaitedwith afood reward, Bunse andEichen-
baum (1996) allowed the animalto dig in the othercup if
it initially dug in the incorrectcup (althoughthe rst cup
was countedasthe responsdor thattrial). Usinga similar
procedure,f the model madethe correctchoice,thenthe
stimuluscorrespondindo the correctchoicewas presented
to themodelandthetrial ended.If themodelmadeanincor
rect choice,thenthe stimuluscorrespondingo that choice

waspresentedo themodel.Beforethetrial ended however,
thecorrectchoicestimuluswaspresentedo the model. This
simulatesthe experimentalmethodthat allowed the animal
to dig in the correctcup after choosingincorrectly (Bunsey
& Eichenbauml1996). For A trials, therearethereforetwo
possibilities.If theanimalchosecorrectly A waspresented,
followed by B. If the animalchoseincorrectly A was pre-
sentedfollowedby Y andthenB. In bothcasesthereis an
incrementto the cue strengthfrom A to B, but only when
thereis anincorrectresponsés thereanincremento thecue
strengtfrom AtoY. Asaconsequencaslongastheanimal
choosesnoreor lessrandomlyduring theinitial of learning
trials, A B developsmorestronglythanA Y. Similar
reasoninglescribeghedevelopmeniof X Y overX B,
andalsoappliesto the secondstageof learning.

Choicesituations. Themodelwaspresentedvith choices
duringeachtrial of learningandduring probetrials. At each
choice, the probability of recalling the choice stimuli was
calculatedusing Eq. 4. The sumin the denominatomwent
over the two choicestimuli. Thetwo choiceswereB andY
in the rst stageof learningandC andZ in the secondphase
andin the probetrials.

Probetrials. After eachten learningtrials in phasetwo,
ten probetrials were presented. In theseprobetrials, t'N
was calculatedgiven either A or X asa stimulus. That s,
t wasresetwith anin nite delayandthenupdatedwith t'N
setto MFTfa or MFTfy, asappropriate.A choicewasthen
madebetweerC andZ. However, neitherof the associatie
matricesMTF nor MFT, wereupdatedeitherwhenthe cue
stimuluswaspresentedpor whentheresponsevasselected.
In this way, a probetrial would not affect eithersubsequent
learning of the premisepairs, nor subsequenprobetrials.
Nonethelessye couldobsenetheprocesf learningin this
situation,ratherthanjust recordinga singlevalueat the end
of eachsimulationrun.

Results

For eachsetof parametersye repeatedhe simulationfor
1000randompresentatiororders. Therewasno systematic
searchof the parameteispace. Rather an informal search
wasundertalento nd asetof valueshatshovedreasonable
learningcurvesfor A BandB C. Whenthis condition
wasmet,theintactmodelalwaysoutperformedhelesioned
modelonA  C andthelesionedmodelnever deviatedsig-
ni cantly from chance.If t wassettoo low, the modelre-
memberedvhaterer choiceit happenedo malke on the rst
trial, evenif it wasincorrect. The parametewvaluesusedthe
simulationwerelistedin Table1. Figure 12 shows results
of the simulation. Figure 12a-b shavs performancédor the
intact and lesionedmodelon rst and secondstagelearn-
ing. Both the intact and the impairedmodel shoved good
learningon the premisepairs,A B andB C, with re-
sponsegsendingtoward perfectperformancdor both stages
andbothmodels.Figurel2c shavsperformancén the probe
trials. Whereasthe intact model shaved generalizatiorto
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Figure 12 Impairment of new item-to-context learning speci cally affects development of transiti ve associations.Performances

a function of learningis shawn for the differentstagesof the Bunsg/ andEichenbaun{1996)study In all threepanels the intact model,

with g 1is shavn with solid symbols;the lesionedmodel,with g

0 to simulatehippocampatlamageis shavn with opensymbols.a.

Probabilityof acorrectresponseluringthe rst phaseof learning.Boththeintactandlesionedmodelslearnedhe A BandX Y pairs.
b. Probabilityof a correctresponsaluring the secondphaseof training. Both the intactandlesionedmodellearnedB  C andY  Z.

c. Performanceon the probetrials, A C andX

Z. Probetrials were performedat eachstageof learning,but in a way that neither

subsequensecondohasetrials nor subsequenprobetrials wereaffected. While the intact modeldevelopsatransitve A C association,
thelesionedmodeldoesnot. Thisis consistentvith the effectsof hippocampalesionobsered by Bunse andEichenbaun{1996).

A C,thelesionednodeldid not. Whereagheintactmodel
shavedadramatidmprovemenin thetransitve association,
theimpairedmodeldid notdeviatesigni cantly from chance,
evenwith enoughlearningtrials to acquirenearperfectper
formanceon the premisepairs. From this we concludethat
TCM providesameango dissociatesimplepairwiselearning
from relationallearning,asevidencedoy the phenomenowof
transitive associationsThisresultalsosupportourhypothe-
sisthatthefunctionof thehippocampuss to allow repetition
of anitemto allow therecoveryof entorhinalctiity patterns
thatwerepresentwhentheitemwaspreviously presented.

Rapiddevelopmenbdf an intermediaterepresenta-
tion

Eichenbaum(2001, 2000) hypothesizedthat the hip-
pocampuscould accomplishmary of the functionsascribed
to it by forming a “memory spac€. If the hippocampus
could supportthe rapid developmentof a stimulus repre-
sentationthat captureghe temporaland contectual relation-
shipsamongstimuli, this representatiomvould presumably
be extremelyusefulin the“ e xible re-expression”of mem-
ory (Eichenbaum@Qtto, & Cohen,1994; Cohen& Eichen-
baum,1993). Herewe shaov that binding item representa-
tions to their temporalcontext, shovn in the previous sub-
sectionto subsere backward associationsindtransitve as-
sociations,resultsin the rapid developmentof an interme-
diate representatiothat captureshigherorderrelationships
amonghestimuli. ThemappingbetweerifCM andtheMTL
argueghatthisintermediateepresentatioshouldbelocated
in parahippocampakgions.

Recweryof contetual statesin parahippocampategions
resultsin a compessedtimulusrepresentation

In TCM, theinputsto Eq.6,t!N, arecausedy theparticu-
lar item presenteattime stepi. We canthink of ti' N asanin-

termediataepresentationf the nominalstimuluspresented
attime stepi (e.g. theword ABSENCE). We will explorethe
developmentof this representatiom capturinghigherorder
relationshipsamongstimuli. As before wewill consideitwo
extremecases.In thelesionedcasewe will letag 1 and
an 0. In theintact case,asin the previous subsection,
ao Aan-
In thelesionedmodel,
tIN

IN.
A1 Uaps

(18)
the input evoked by anitem never changes.In the lesioned

caset'N islikeamirror thatsimplyre ectstheitemcurrently
beingpresentedf;. In theintactcase however, tk’i\' L is com-

posedof both t}{i\‘ andty,; ratherthansimply mirroring the

stimulusbeingpresented;}{i“ changesvertimetore ect the
temporalcontexts in which item A is presentedThis results
in a“mixing” of the representationsf the studyitemswith
learning.

The binding of itemsto the temporalcontexts in which
they werepresentednableg'N to becomea representation
that can capturehigherorder relationshipsamong stimuli.
To demonstratéhis, we calculatedstimulussimilarities, e.g.
tN tiN after the modelwas presentedvith a setof stimuli
thatincludedchainsof transitve associationse.g. A B,
B C,...E F. Thislist structurereferredto asa dou-
ble function list, becausatems sene as both cuesandre-
sponseswas rst introducedo the studyof memoryby Pri-
moff (1938). Performancen doublefunctionlists is worse
thanon regular lists of pairedassociatesSlamecka(1976)
arguedthat this is dueto backward andremoteassociations
amongthe items. TCM sharesthis prediction, which has
beendirectly obsenedin nal freerecallof doublefunction
lists (Howard & Jing,2003).

Despitetherandomorderof presentationf thepairs,dou-
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Figure 13. Rapid developmentof a “memory space”in TCM with an intact hippocampus. The network was presentedvith the
doublefunctionpairsA B, B C etcin 1,000differentrandomorders,intermixed with a parallelseriesof X  Y,Y  Z, etc,pairs.

Eachpanelshaws the similarity matrix amongt'AN, tg\‘, etc.,at variousstageof learning. For instancethe color of cell D F indicatesthe

valueof tY tiN. Black indicatesa value of one,white indicatesa valueof zero. Thetop row of matricesis for the “intact” model. The
bottomrow is for thelesionedmodel. Parametervaluesarethe sameusedin Figure12. Theintactandimpairedmodelboth startwith an
orthonormarepresentationf thet'N's. This canbeseerby thevalueof onefor all thecellsalongthediagonalandzerosfor all off-diagonal
cells on the left-mostpanels.With learning,however, the intact modeldevelopsa similarity structurethatcomesto re ect the “distance”
within the doublefunctionlist. This canbe seenby the developmentof non-zerooff-diagonalcellswhosemagnitudefalls off with distance
from thediagonal. Thisis whatenablegheintactmodelto “generalize”associationso pairsthatwerenever presentedogether In contrast,
the lesionedmodelalwaysevokesthe samet!N in responséo eachstimulus. This preventsthe lesionedmodelfrom generalizingalthough

A B C D E F

theorthonormat'N representatiomay beassociatedo ary presentedtimulusto supportaforwardassociation.

ble functionlistsinducea higherorderstructure:

A B C D E F (29)
In this structure B is closerto D thanit is to E. If thet'Ns
have cometo capturethis higherorder structure then after
learningwe shouldobsenethat

g tp g (20)
In generaljf t'N is arepresentatiothatre ects higherorder
relationshipsamongthe stimuli, thenthe similarity between
the t'Ns evoked by ary two stimuli oughtto be inversely
proportionalto their distancein the structureillustratedby
Eq.19.

Memory spacesimulation methods. We examinedtheef-
fectof learningon the similarity relationshipsamong5 pairs
structuredaccordingto Eq. 19. The pairs were presented
in arandomorder, with presentatiorof anotherparallelse-
riesof pairs(i.e. anX Y series)intersperseadandomly
For eachlevel of learning, 1000replicationswith a differ-
entrandompresentatiororderwere averaged.The value of
b wasthe sameasthoseusedpreviously in the simulation
shawvn in Figure12. Both thelesionedmodelandtheintact
modelwererun for 1-5 trials. In both caseswe assumed
that initially the t'Ns were orthonormalprior to learning:

tk% tg:)‘ dag.

Results. The stimulus similarities for the intact and le-
sionedmodelat variousstagesof learningareillustratedin

Figure13. On theleft, we canseethatbeforelearningboth
the lesionedmodel and the intact model start with an or-
thonormalstimulusrepresentationThisis justanexpression
of our assumptionsboutthe initial conditionsusedin the
simulation. With repeatedpresentationsf the linked lists,
thelesionedmodeldoesnot changeits stimulusrepresenta-
tion. Thisis aconsequencef Eq. 18;the similarity relation-
shipsamongthe t'Ns do not changefor the lesionedmodel
because)l! t)' . Theintactmodelhowevershavsamore
interestingpatternof results.First, we notethatthe stimulus
representatiof membersof the samepair becomesimilar
to eachother; althought{N andt} areinitially completely
dissimilar they quickly cometo have somesimilarity. Com-
paringtherightmostpanelwith themiddle panel we seethat
this similarity increasesvith subsequenearningfor thein-
tactmodel.

Moreover, theintactmodeldevelopsa stimulusrepresen-
tation that re ects the higher order structureof the linked
list. Looking attheright of the gure, we seethatafter ve
learningtrials the similarity of t' to t})! is higherthan it
was at the start of learning. Stimuli B and D were never
presentedogether but were both presentedvith C. The
modelshows stimulusgeneralizatioramongarbitrary stim-
uli asafunctionof the similarity of thetemporalcontextsin
which they were presented.This stimulusgeneralizatioris
thepropertythatallows the developmenbf transitve associ-
ationsseernin thesimulationsof theBunsey andEichenbaum
(1996)experiment(Figure12). In additionto allowing asso-
ciationsbetweenstimuli thatwere never presentedogethey
this stimulusgeneralizatioralsocomesto re ect the higher
orderstructureof thelist. For exampleti\ andtl) aremore
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similar to eachotherthanaretlN andtN. Similarly, t}¥ and
ttN aremoresimilar to eachotherthanaretN andt}N. The
similarity betweenary two input patternscomesto re ect
their “distance”in thelinked-liststructure.

Discussion

Transitve associationdink items that were not actually
pairedtogetherduring study but rather are associatedy
meanof having beenpresentedh the contect of someother,
commonelement. We shoved that one componentof re-
trievedcontet, weightedoby ay, is responsibldor backward
and transitive associationhallmarksof relationallearning
(Figure 12). We alsoshaved thatin TCM this ability is a
consequencef thedevelopmenbf anintermediatestimulus
representatiothat comesto re ect the temporalcontext in
whichitemswerepresented.

TCM developedatwo-componenaccounbf associations
to describeghecharacteristishapeof CRPcurves(Figure?).
It is striking thatthis two-componentaccountalsoturnsout
to provide an accountof the dissociationsbetweentransi-
tive and pairwiseassociationshat resultfrom hippocampal
damagdBunse & Eichenbaum1996). Thetwo-component
accountalsopredictsthathippocampafunctionis important
in properdevelopmentof intermediaterepresentationsec-
essanyfor relationallearning.

TCMand“tr ansitiveinference”.

If youtell a schoolagechild that Alexanderis taller than
Betsy andBetsyis taller thanCatherinethatchild shouldbe
ableto tell you, without being explicitly instructedso, that
Alexanderis alsotaller than Catherine. In this example of
transitive inference,the child is able to infer from her ex-
periencewith the world that the propertyof heightobeys a
transitve relationshipif A BandB C,thenA C. The
cognitive processthat enablesoneto reachthe conclusion
thatA Cisreferredto asatransitveinference.

In the animal cognition and neuropsychologyiterature
therehasbeenconsiderablattentionpaid to a relatedtask,
in whichanimaldearnpreferenceelationsbetweerarbitrary
stimuli. This hasbecomeanissuein describinghippocam-
pal function becausef the nding thatMTL damageselec-
tively disrupts‘transitiveinference. DusekandEichenbaum
(1997)trainedratson a seriesof conditionaldiscriminations.
When presentedvith a pair of odorsA and B, one of the
odors,A, wasalways pairedwith reward andthe otherwas
not. To receve a food reward, the animalwould chooseA
when presentedwvith the pair A B. Several suchpairs, e.g.
B C andsoon, up to D E were presentedvith the stim-
ulus with the label appearingearlierin the alphabetpaired
with reward. After learningall of thesepremisepairs, the
animalsweretestedon novel stimuluspairings. The novel
end-anchoregairing A E shouldbe relatively easy;A was
alwaysrewardedand E never wasrewarded. However, the
pairing of B D cannotbe solved simply on the basisof re-
ward valence. Control animalspreferredB whenpresented
with the B D pairing, asif they had learnedrelationships
like A B, B C andsoon from the premisepairs and
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performeda transitve inferencewhen presentedvith B D.

Interestingly Dusekand Eichenbaunm(1997)found that an-
imalswith lesionsintendedto disrupthippocampafunction

(eitherfornix lesionsor entorhinallesionsintendedto deaf-
ferentthehippocampuslearnedhe pairwisediscriminations
aswell asintactanimals. LesionedanimalsalsoselectedA

as often as control animalswhen presentedvith the end-
anchoredpairs. However, unlike the control animals,they

selectedB and D equally often when presentedwvith B D.

Hippocampalesionsspeci cally disruptedperformanceon

the novel stimuluspairingsthat were presumablysolved by

meanf transitive inference.

Referringto performancentheB D pairasaninference
may be somethingof a misnomer;it is not necessaryo as-
sumethatthe animalhasactually performeda logical infer-
enceto explainthis behaior asthetaskcanbeperformedon
a purelyassociatie basis.RecentlyWan Elzakler, O'Reilly,
andRudy (2003)did anexperimentthatthey arguedcontra-
dicted an inferential explanationof the transitive inference

ndings of DusekandEichenbaun{1997). Ratherthanpre-
sentingfour pairs,asin the studyof DusekandEichenbaum
(1997),they presented ve pairs, referringto the additional
pairasg F. Thisenabledhemto compardransitive choices
whentheanimalwaspresentedvith novel pair combinations
of differing lags. For instancepnly oneitem intervenesbe-
tweenB andD, whereadwo itemsintervenebetweerB and
E. Thelogic of their experimentwasthatif the choiceon
novel pairs was madeon the basisof a logical inference,
thenB D shouldbeeasiethanB E, becausdewer premises
mustbe combinedto make the judgment.In fact, VanElza-
kker etal. (2003)foundthat performancevasbetteron B E
thanon B D. This nding is consistentwith an associatie
account. In the experimentof Van Elzakker et al. (2003),
stimulusA wasalwaysrewarded wheread- neverwas. If a
stimulussimilarity gradientis establishedasin Figure13),
thenstimuli closerin the chainto A would be morestrongly
associatedb food thanitemsfurtheraway in the chain.

The nding thathippocampatiamageselectvely disrupts
performancen novel stimuluspairingsthatcouldbe solved
on the basisof a transitve inferencehas beenextensvely
coveredrecentlyby modelsof hippocampafunction (Frank,
Rudy, & O'Reilly, 2003; O'Reilly & Rudy 2001; Levy,
1996;Wu & Levy, 1998,2001).For themostpart,modelsof
therole of the hippocampusdn transitive inferencehypothe-
sizethatthehippocampusupportoverlappingstimulusrep-
resentationshatcanbe usedto performthetask!® Thisis a
role thatis wholly consistentvith therole for the hippocam-
pus proposedhere. Franket al. (2003) hypothesizedhat
thereweretwo stagesn makinga responsevhenpresented
with apair of stimuliin achoicesituation.Iln a rst stagethe
animalselectedvhich of thetwo odorsto approactbasecn
an associatie gradientfrom reward to eachof the stimuli.
After selectinga stimulusto approachthe animalthen ei-

18 Although it hasnot beendirectly appliedto the transitive in-
ferencetask, this propertyis also sharedby the Gluck and Myers
(1993) model of hippocampalassociatie learning (seeGluck &
Myers, 1997 ,for areview).
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ther selectedthat odor on the basisof a recall-like process
or it switchedto the otherodor. Transitve inferenceswere
a consequencef an associatie gradientacrossthe stimuli
to the “dig” response.The ComplementaryearningSys-
temsmodel (O'Reilly & Rudy, 2001) postulateghat transi-
tive performances aconsequencef overlappinghippocam-
pal stimulusrepresentationgn thatmodel,however, correct
respondingdependson network dynamicsto affect pattern
completion.As aconsequencd;ansitve performancés sen-
sitive to the detailedstructureof the learningepisode.Sim-
ilarly, in the Wu andLevy (1998,2001) modelof transitve
inferenceperformancethe extentto which the hippocampal
representatiorevoked by the B D probeoverlapswith the
representatiorvoked by C correspondsvith network per
formanceon the transitive inferenceproblem(Wu & Levy,
1998). This apparentlysupportsa representatiotthat cap-
turesthe “distance”betweenthe stimuli in the higherorder
structure,resultingin the network shaving a symbolicdis-
tanceeffect (Wu & Levy, 2001).

An intermediatestimulus representatiorlike that de-
scribedhere could be usedto constructan associatie gra-
dient to performthe transitive inferencetask, in muchthe
sameway thatthe Franket al. (2003) modeldid. However,
theintermediatestimulusrepresentatiodoesnot necessarily
imply a purelyassociatie accounbf thetransitive inference
task.Quitethecontraryif anintermediatestimulusrepresen-
tationis developedthatplaceghestimuliin orderalongarel-
evant,albeitabstractdimensionthenthis informationcould
be usedto inform alogical inference jn muchthe sameway
that an inferenceabouta physicaldimension,like location
or height,canbe performed.For instance a differentlevels
of associatiorbetweenstimuli and a food reward could be
usedto generatean abstractdimensionlike “foodliness. It
is clearfrom Figure 13 thatthe similarity of itemsnearbyin
thehigherorderstructurds higherthanfor itemsfarapartin
thehigherorderstructure Fromthisit is clearthatthisrepre-
sentatiorhasextracteda dimensionanalogougo “position”
from the higherorderlist structure.This could, in principle
at least,be usedas the basisfor a non-associatie, logical
decision.

Thehippocampusndsemantidearning.

In contrastto episodicmemory semanticomemoryrefers
to generaknowledgeaboutthe world without referenceor
speci ¢ events. For instanceour knowledgeaboutbananas
must have beenlearnedas a result of someinstructionor
experience but it is not necessaryo rememberany one of
thoselearningeventsto remembetthat bananasre yellow,
or thatthey are goodto eat. The default hypothesisuntil
quite recently hasbeenthat semanticmemorydependson
episodicmemory Theideais that we experiencea number
of speci ¢ episodegpertainingto the samesubject(bananas
in this case). Perhapghe brain managego graduallybuild
up arepresentatiothat extractsthe commonalitiesof these
experiencesothatit no longerrequiresary of theindivid-
ual episodege.g. Marr, 1971;McClelland,McNaughton &
O'Reilly, 1995).

The belief that learning of semanticmemory depends
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on episodic memory is consistentwith ndings showing
thatsomeMTL amnesicshave not learnedthe meaningof
wordsthatenteredhe lexicon afterthe incidentthat caused
theiramnesigOstegaard,1987;Gabrieli,Cohen& Corkin,
1988). More recently the dependencef semantianemory
on episodicmemoryhasbeencastinto doubtby the nd-
ing that patientswith substantiahippocampaldamageac-
quiredatavery earlyageshav no evidencefor ary episodic
memory but nonethelesshave acquiredenoughsemantic
memory to perform at a normal level in school (Vargha-
Khademetal., 1997). Subsequerdtudieshave purportecto
shav someacquisitionof post-morbidvocalulary in adult
amnesicqgKitchener Hodges,& McCarthy 1998; Linden
etal., 2001;Schmolck KensingerCorkin, & Squire,2002).
Thesendings have led someto proposealternatve relation-
ships betweenepisodicand semanticmemory (Tulving &
Markowitsch, 1998; Vamgha-KhademGadian, & Mishkin,
2001).Othershave arguedthat,evenif thedatais to betaken
atfacevalue,the obsened semanticknowledgeof thesepa-
tientsis a consequencef somepreseredepisodicmemory
or is perhapshe resultof somereomganizationavailableto
thedevelopingbrainthatdoesnotre ect normaladultfunc-
tion (e.g. Squire& Zola, 1998). This positionis supported
by evidencethat severedamagdimited to the hippocampus
resultsin measurablele cits in post-morbidvocahulary ac-
quisition (Cipolotti etal., 2001;Nadel& Moscovitch, 2001;
Spiers, Maguire, & Burgess,2001; Verfaellie, Kosef, &
Alexander 2000).Othersnotethatwhile MTL amnesic&an
acquirefamiliarity for new words, and even learnto recite
their de nitions, their semantidknowledgefor thesemateri-
alslackstheinter-relatedrichnessof normalsubjecty\West-
macott& Moscovitch, 2001).

Vocahulary acquisitioncan be seenas a specialcaseof
semanticlearning. A dictionary describeghe meaningof
eachword simply in termsof otherwords. Learningthe
meaningof aword canin somesensebe describedasa pro-
cessof placing the word in the properrelationshipto the
otherwordsin thelexicon. TCM describegpisodicassocia-
tion andtransitive associationsn the basisof retrieved con-
text. Recentmodelsof vocalulary acquisitionusingrealistic
databasesf naturallyoccurringtext describesemantiaela-
tionshipsamongwordsby extractinginformationaboutthe
words' contextual relationshipqGrif ths & Steyvers,2002;
Landauer& Dumais,1997). In muchthe way that associ-
ationsin TCM canbe seenasa retrieved context model of
episodicassociationthesemodelscanbe seenasretrieved
context modelsof semantiassociation.

Latent SemanticAnalysis (LSA Landauer& Dumais,
1997)is a well-studiedcomputationaimodel that hasbeen
shavn to describesomethingof humanvocahulary acquisi-
tion. It expressearepresentationf thesemanticstructureof
thelanguageby extractingusefulinformationfrom thetem-
poral co-occurrenc@ropertiesof thelanguageasmeasured
by large bodiesof naturally-occurringext (for instancean
eng/clopedia).Thisis possiblebecaus®f regularitiesin the
useof language.Wordsthat are similar to eachothertend
to occurin the samecontext. For instancewordsthatrefer
to similar objects like “table” and“chair,” will tendto occur
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togetherin discussion®f, say seatingarrangementsr fur-
niture. It is easyto extract this type of information—it can
beaccessedsingasimpleco-occurrencenatrix. Thisinfor-
mationis analogougo pairwiseassociationdetweenvords
in atransitve associatiorexperiment.But LSA goesfurther,
Wordsthatreferto the sameobjectarenot necessarilyik ely
to occurin thesamecontext, butwill tendto appeain similar
contts. Thisis oftenthe casewith synoryms. If “sofa” and
“couch” meanvery nearlythe samething, anauthoris likely
to chooseoneor the other, but not both, for a givenpassage.
LSA is ableto extract the similarity thatcanbe inferredin
this way by meansof dimensionateduction.This processs
analogougo the transitve associationslescribechere. The
endresultof thesecomputationss thatthe representationf
the wordsin the corpuscomesto re ect with some delity
thesemanticstructureof English. As evidencefor thisclaim,
LSA canachiere a passingscoreon the Testof Englishasa
ForeignLanguagd TOEFL Landaue& Dumais,1997).

To summarize LSA provides a descriptionof semantic
relationshipghat relieson two processesone processhat
associategemsbasedntheirtemporalco-occurrencanda
secondprocesghatdiscoverstransitive associationbetween
itemsbasedon the contexts in which they occur Theseare
analogougo the two componentgjiving rise to associations
in TCM. Oneprocessansupportassociationbetweeritems
that actually co-occur like A B in the Bunsg and Eichen-
baum (1996) experiment. The other can supporttransitive
associationbetweeritemsthat never occurredtogetherbut
thatoccurredn similar contets, like A andC in the Bunse
and Eichenbaum(1996) experiment. If TCM can provide
a descriptionof semanticlearning,andif the mappingbe-
tweenhippocampafunctionand TCM is the way we have
hypothesizedhere,thenthis suggestsa way to reconcilethe
con icting dataregardinghippocampalnvolvementin new
semantidearning. Perhapghe presered semantidearning
with hippocampatlamagecanbe describedargely by a se-
riesof pairwiserelationships.

Physiolaical evidencefor a stimulusrepresentatiorthat
re ectstempoal context.

In thismswe have arguedthatthe hippocampugunctions
to reconstructhe stateof actity in entorhinalcortex when
anitemis repeatedFigure3). We have shavn thatthis abil-
ity to make new item-to-contet associationgeadsto anin-
termediatestimulusrepresentatiothat re ects the temporal
contets in which anitem is presenteqFigure 13) and ar
guedthat this representatiorcan supporttransitive associa-
tions (Figure 12). We have arguedthat this representation
shouldresultfrom hippocampafunction and shouldbe lo-
catedin parahippocampalegions. Thereis strongphysio-
logical evidencethattheMTL in factdoesin factsupportthe
developmentof anintermediatestimulusrepresentatiothat
comego re ect temporalcontext with learning.

Miyashita (1988) usedabstractvisual patternsas stimuli
in a delayedmatchto sample(DMS) experiment.In his ex-
periment,monkeys were presentedvith mary learningses-
sions.In eachsessionthe orderof samplestimuli remained
constantThesamplestimuli evokedsustainedring in some
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Figure 14. The stimulus representationof arbitrary stimuli

comesto re ect temporal contextin theinferior temporal cortex

of monkeys. Singleunits wererecordedrom areaTE of theinfe-

rior temporalcortex of macaquenonkeys while they performeda
delayedmatchto sample(DMS) taskusingabstractvisual stimuli.

They-axis shaws the correlationcoefcient calculatedfor pairsof

stimuli. High valuesof thecorrelationcoefcient mearthatneurons
tendedto re selectvely in responsdo both stimuli. The correla-
tion coefcient, then, provides a measureof the overlap between
the patternsof neuralactvity correspondingo different stimuli.

The cuesconstitutingthe DMS taskwere presentedn a x ed or-

der The lled symbolsshav the correlationcoefcients for stimuli

asafunctionof their distancewithin a“list” of DMS trialsthatwas
presentednary times. The opensymbolsarefor anunfamiliar list.

The correlationcoefcient falls off with distancefor the familiar

list suchthatremotepairsare no more correlatedthanby chance,
or for pairsfrom thenew list. For stimuli thatwerepresenteanary

times, the representatiomf stimuli that were presentedn similar

temporalcontexts becomesnoresimilar. Graphbasedn datafrom

Miyashita(1988).

subsebf the neurondn areaTE, aninferotemporakreare-
ciprocally connectedo the perirhinal cortex, an extrahip-
pocampaMTL region. Accordingto the mappingbetween
TCM andthe MTL setout at the beginning of this ms, TE
could be part of an item representation.Miyashita (1988)
found that after mary sessionf learning, but not after a
single sessionneuronsthat respondedo the ith samplein
thesessioralsotendedo respondo respondo sampleghat
were presentedat nearbypositionsin the session(seeFig-
ure 14). Subsequengxperimentalvork extendedthis nd-
ing to shav “pair-selectve” neurongthatrespondedo both
memberf a pair of stimuli thatwererepeatediypresented
togetherin an analogueof a paired-associateask (Sakai&
Miyashita,1991).

Thereis good evidencethat this effect, rst obsenedin
TE, is in fact a consequencef MTL functioning. Pair-
coding neuronsare obsened in perirhinal cortex (Erick-
son & Desimone,1999; Messinger Squire, Zola, & Al-
bright, 2001), which, like the entorhinalcortex is an extra-
hippocampaMTL area.Further thetime courseof activity
following anindividual stimuluspresentatioshovs associa-
tive effectsin perirhinalcortex about100 ms earlierthanin
TE (Naya,Yoshida& Miyashita,2001).Naya,Yoshidaand
Miyashita(2003)shavedthat pair-codingneuronsaremore
prevalentin perirhinal cortex. Thesedatasuggesthat the
temporalstimulusgeneralizatioreffect obsenedin TE is ac-
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tually aconsequencef MTL functioning.

The nding of pair-selectve cells is perfectly consistent
with theresultsfor theintactmodel(ay  0) shown in Fig-
ure 13 (top). Similarly the lesionedmodelwould not show
suchan effect (Figure 13, bottom). Higuchi and Miyashita
(1996)trainedmonkeys on a setof pairedassociateto a cri-
terion. Thepairswereeachpresentedeveralhundredimes.
After training, the monkeys receved iboteniclesionsto the
entorhinalandperirhinalcortices disconnecting E from the
backward signalfrom the MTL. After the lesionthe mon-
keys weretrainedon a new setof stimuli. Pair codingwas
abolishedin TE for both the old and new stimuli after the
lesion, while general ring propertiesof the neuronswere
unchangedSimilar resultshave beenfoundin anotherstudy
(Miyashita, Kameyama, Hasgjava, & Fukushima,1998).
Thisresult,in conjunctionwith the datareviewedabove, ar
guesstronglythat the pair-coding phenomenorependon
input from MTL. The fact that paircoding was abolished
by lesion,even after several hundredtrials suggestshatthe
pair-coding phenomenordoesnot resultfrom a changein
theitem representatioper se but ratherfrom directinputs
from anactivatedMTL representationThatis, theobsened
pair codingin TE could resultfrom input analogougo the
mixtureof item representationthatresultsirom M TFt. This
mappingpredictsthat pair-coding shouldbe dependenbn
hippocampalesions andthepair-codingshouldbeobsened
in parahippocampaiTL regionsafterrelatively little train-
ing comparedo extra-MTL regions.

GeneraDiscussion

TCM describesa distributed representatiorof temporal
contet that was arguedto mediateperformancen free re-
call, an episodicmemorytask. By demonstratinghat the
sameequationusedfor contextual drift, Eq. 6, canbe used
to describeheentorhinalplacecodewhenprovidedwith ap-
propriateinputs,the modelbecome®neof ajoint temporal-
spatialcontext. Indeed,if episodicmemoryis de ned to be
memorythat refersto a speci ¢ eventin time and place, it
is reasonablgo hypothesizethat a joint representatiorof
temporal-spatiatontet contributesto this cognitive func-
tion.

A key componenbf TCM (Howard& Kahana2002a)is
a form of short-termmemory t;, thatvariesaccordingto a
simpleequation(Eq.6). We implementedhekey featuresof
Eq.6 (Figure6) usingamodelintendedo represenEC. The
simulationwas populatedof integrator cells modeledafter
thosein EC layerV (Egorov etal., 2002)andprovidedwith
input from the headdirection system(Taube,1998), which
areknown to synapseon EC layerV (Haeftenetal., 2000).
Normalizationof the integrator cell populationwasaccom-
plishedby meansof a gain modulationwherethe gainvar
ied inverselywith the activity in the network (Chanceetal.,
2002).

This cellularsimulationwasessentialhjust Eq. 6 with in-
put from velocity movements.This simplemodeldescribed
much of the placecodeobseredin EC. In the open eld,
thesefeaturesinclude a representatiorthat correlatedwith

spatialpositionandwas consistenticrossdifferenterviron-

ments(Figure8). In the W-maze we shavedthatthisrepre-
sentationmaturallyaccountdor history-dependerphenom-
ena,includingretrospectie (Figure10) andtrajectorycoding
(Figure8), obsenedin entorhinalplacecells. This closecor

respondencbetweerthepredictionsof Eq.6 andtheactivity

of entorhinakellsduringspatialnavigationis consistentith

thehypothesighatt; residesn parahippocampakgions,in-

cludingEC.

We explored the ability of TCM to organically explain
neuropsychologicalissociationsssociateavith hippocam-
pal damageWe hypothesizedhata primaryfunction of the
hippocampusvasto allow repetitionof anitemto reconstruct
thestateof t; in EC thatwaspresentvhenthatitem wasini-
tially presentedFigure 3). In TCM, a parameteray, de-
scribeghis ability. We shavedthatsettingay to zero,corre-
spondingto no reconstructionpreventstransitve andback-
ward associationsvhile pair-wise associationsemainintact
(Figurel2). Thesdlissociationiave beerreportedwith hip-
pocampabdamaggBunseg & Eichenbaum1996),andhave
beentakento be hallmarksof relationalmemory We then
illustratedthat the ability to reconstructstatesof t; in EC
allows the developmentof an intermediatestimulusrepre-
sentatiorthatcaptureghe higherorderstructureof the stim-
uli, consistentwith the “memory space”idea advancedby
Eichenbaun{2000,2001) (Figure 13). We alsoarguedthat
a memoryspacecould be usefulin describingperformance
in so-calledtransitive inferencetasksin a way broadlycon-
sistentwith existing modelsof the hippocampusndtransi-
tiveinferenceperformanceNeurophysiologicatesultsfrom
primate studieshave shavn direct evidencefor a stimulus
representatiothat comesto re ect the temporalcontext in
which itemswere presentedErickson& Desimone,1999;
Messingeletal., 2001;Miyashita,1988;Sakai& Miyashita,
1991). The developmenibf this intermediatestimulusrepre-
sentatioris alsoknownto beaconsequencef MTL function
(Higuchi & Miyashita, 1996; Miyashitaet al., 1998; Naya
etal.,2001).

Our hypothesesegardingthe entorhinalplace code and
relationalmemorywerebothsupportedy substantie phys-
iological evidence. We arguedthat EC supportsa leaky in-
tegratorfunctioninglik e short-termmemory(Eqg. 6). We ar-
guedfor the plausibility of this hypothesisusingdetailedin-
tracellularexperimentsEgorov et al., 2002),neuroanatomy
(Haeftenet al., 2000),andphysiology(Chanceetal., 2002).
Using this implementatiorwe demonstratea close corre-
spondencdetweersimulatedneuronsanddatafrom single
entorhinalunitsduringspatialnavigation(Quirk etal., 1992;
Franketal., 2000).In treatingrelationalmemory we argued
thatthe MTL, in particularthe hippocampugproper causes
the developmentof anintermediatestimulusrepresentation
thatre ects temporalcontext (Eq. 9). Thereis considerable
evidencefor just this phenomenorin the primate (Higuchi
& Miyashita,1996;Messingeletal.,2001;Miyashita,1988;
Nayaetal.,2001).
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Relationshigo otherwork

The presentwork draws togetherthoughton MTL func-
tion in apparentlydisparatedomains. In doing so, it builds
on extensive work in eachof thesedomains. The relation-
ship of the model presentechereto other modelsof rela-
tional memory in particularmodelsdevelopedto describe
the effect of hippocampalesionson the so-calledtransitive
inferencetask,wasdiscussedbove. We discusgherelation-
shipof TCM to othermodelsof episodicmemoryandplace
cellshere.

Retrieved context modelsof memory In the domain of
episodicrecall TCM can be seenas a descendanof the
stimulus-samplingnodel (Estes, 1950, 1955), which was
subsequentlgastasa modelof temporaleffectsandforget-
ting in pairedassociatdearning(Mensink & Raaijmalers,
1988, 1989). The importantdifferencebetweenTCM and
theseprior modelsis the natureof contextual drift. Whereas
thoseotherworksassumedhatcontectualdrift wasarandom
processTCM assumeshatcontextual drift is aconsequence
of elementsetrievedby thenominalstimuli presenteduring
learning.

TCM's focus on contetual processingin describing
episodicrecall hasparallelsin otheraspectsof memoryre-
search.As mentionedearlier, retrieved context modelshave
alsomadeconsiderabléneadvay in describingthe structure
of semanticnemory(Grif ths & Steyvers,2002; Landauer
& Dumais,1997). Retrieved context hasalsobeenproposed
as the basisfor episodicrecognitiondecisions(Dennis &
Humphres,2001). Whenpresenteavith a probeitem, Den-
nisandHumphreg/s (2001)proposedhatit is usedto retrieve
a superpositiorof context vectorscorrespondingdo the state
of contextsin which theitemwaspreviously presentedThis
retrieved context is thencomparedo a representatioof list
contet. Thisapproachwhich successfullyexplainsthe bulk
of the extant recognitionmemorydata,represents& depar
turefrom mary previousmodelsof recognitionmemory(e.g
Murdock, 1982; Shiffrin & Steyvers, 1997). Recentyears
have seenthe developmentof a neuroanatomicamodel of
two-procesgsecognitionmemoryin which the hippocampus
properis responsibldor episodicrecollection,whereascor
tical regionswithin the MTL areresponsibldor a scalarfa-
miliarity signal (Davachi, Mitchell, & Wagner 2003; Nor-
man& O'Reilly, 2003;Rugg& Yonelinas2003;Yonelinas,
Kroll, Dobbins,Lazzara,& Knight, 1998; Yonelinaset al.,
2002). This view of the hippocampusn recognitionmem-
ory is quite consistentwith the view expressedhere—that
thehippocampuss responsibléor reconstructingpatternsof
context presenin entorhinalcortex. Reconstructiomf these
patternss aplausiblecandidatdor recollection(Polyn,Nor-
man,& Cohen2002).If thisis thecaseandcontet changes
graduallyin entorhinalcortex, ashypothesizethiere thenone
would expectto seeassociatie effectsasa consequencef
successfutecollectionduringarecognitiontest.

It is striking that retrieved context has been proposed
in the cognitive literature, more or less independentlyas
a mechanismfor performancein three diverse classesof
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tasks: episodicrecall (Howard & Kahana,2002a),recog-
nition memory (Dennis& Humphregs, 2001), and seman-
tic learning (Grif ths & Steyvers, 2002; Landauer& Du-

mais,1997). Thesimilaritiesof thesethreeclasse®f models
represent unique opportunityfor theoreticalcorvergence.
The presentvork suggestshata uni cation would haverel-

evancefor understandinghefunctionof themedialtemporal
lobe.

Pathintegrationmodelsoftheplacecode TCM describes
the entorhinalplacecodeasa joint expressionof temporal-
spatialcontet. That this might provide an explanationof
the MTL's importancein both episodicmemoryandspatial
navigation hasbeenproposedby otherauthors(e.g. Levy,
1989).0Ouremphasi®ninputscorrespondingo information
aboutphysicalmotionin spaceplacesthe presentreatment
in thetraditionof “pathintegration”modelsof theplacecode
(McNaughtonBarnesGerrardetal., 1996;Samsonwich &
McNaughton,1997; Redish& Touretzky, 1997). Much like
the presentireatmentthesemodelspostulatethat the place
coderesultsfrom updatinga representatiorof position by
operatingoninputfrom theheaddirectionsystem.n partic-
ular, the treatmenif Redishand Touretzk/ (1997, seealso
Redish,1999)postulatedhat pathintegrationtakesplacein
theEC.In thepresentreatmentwe have arguedthataleaky,
“pseudo’integratorresidesn EC.

The mostobvious differencebetweenprior pathintegra-
tion placecell modelsandthe presentreatments the level
of neuralsophisticatiorthosemodelsbroughtto bearon the
problem. Therelative simplicity of the presentreatmentis
a consequencef several factors. Oneis therelatively lim-
ited scopeof of thecurrentireatmentrestrictingourattention
to the propertiesof the entorhinalplacecodeandngglecting
suchimportantfactorsasthe meansof operationof thehead
direction systemandthe hippocampaplacecode. Another
is the recentdiscovery of “integrator cells” in the EC that
integratetheir inputsin the absencef synapticconnections
(Egorov et al., 2002). This remarkable nding simpli es
considerablythe neuralhardwarerequiredto implementan
integrator Of coursethe intracellular machinerythat sup-
portsthe propertiesof thesecells is of tremendousnterest
(FransenEgorov, Hasselmo& Alonso,2003).

On a computationallevel, the currenttreatmentdiffers
from prior work on path integration modelsof place cell
formation by postulatingthat path integrationis “leaky”—
ri is lessthanone (seeFigure4), meaningthat integration
is not perfect. In contrast,prior modelshypothesizedhat
integration was not leaky, but perfect. The “leakiness), or
forgetting,in the currenttreatmentvasoriginally introduced
to TCM asaway of modelingreceng andcontiguity effects
in episodicmemoryperformance However, the assumption
of forgettingin deadreckoning simpli es considerablythe
computationatequirement®f the system.

In deadreckoning, the currentpositionis derived from
the prior positioncombinedwith the currentmovement. If
thereis ary errorin the estimationof the currentmovement,
thiswill leadto anerrorin the subsequengstimateof posi-
tion. Thiserrorwill accumulatén a perfectintegrator—with
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moremovementsthe amountof uncertaintyin positionwill
grow without boundasmoreandmore movementsareinte-
grated. Previous pathintegrationmodelshave devotedcon-
siderableeffort to errorcorrectingmechanismgo counter
actthistendeng (e.gRedish& Touretzky, 1997). However,
whenr 1, tis notsubjectto cumulative error. Theamount
of “error,” while decidedlynon-zero,is stablewith time. It
is anopenquestiorwhetherthe systematialiscrepanciebe-
tweenthemodel'srepresentatioandaperfectrepresentation
of placearereasonablgiventhe obserneddata. At leastin
the caseof retrospectie coding,an “error-free” representa-
tion of placeis unableto describethe obsered data(Fig-
ured).

Receptiveeld place cell models The otherlarge class
of modelsof placecell formationcanbe referredto as“re-
ceptive eld models”(Brunel & Trullier, 1998; Burgess&
O'Keefe, 1996; Hartley et al., 2000; Kali & Dayan,2000;
Sharp,1991; Sharpet al., 1996). Thesemodelsmake two
broadassumptionsboutthe basisof the placecode. Oneis
thatthe hippocampusecevesinputsfrom the EC thathave
aspatial-geometricharacterThe secondassumptions that
the hippocampusupportsa conjunctive codingof thesein-
puts,resultingin a sharpermorefocusedspatialrepresenta-
tion.

In onepopulartheory(Burgess& O'Keefe,1996;Hartley
et al., 2000), entorhinalcells are assumedo codefor the
distanceto a particularlandmark,suchasa wall, within the
ervironment. Hippocampakellsreceve input from a num-
berof entorhinalcells,resultingin arelatively focusedplace
eld. Forinstancepneentorhinalcell mightrespondprefer
entially whene&rerthe animalis 10 cm from the Easternwall
of anenclosureresultingin aplace eld shapedikea“strip”
runningNorth-South10 cm from the Easternwall. Another
entorhinakell mightrespondreferentiallywheneerthean-
imalis 8 cmfrom theNorthernwall of theenclosureln other
treatmentgBrunel & Trullier, 1998; Kali & Dayan,2000),
the entorhinalinputsareassumedo retaindirectionality as
well assensitvity to the distanceof landmarks.Theinclu-
sionof directionalityis consistentvith anencodingof “local

view” information.

Receptve eld modelsrely on a conjunctive codeof en-
torhinal representations For instance,Brunel and Trullier
(1998) and Kali and Dayan (2000) shaved that by means
of conjunctive coding, broad, directionally-sensitie place
elds in EC cangive rise to focused,non-directional elds
in thehippocampusConjunctive codingfrom multiple, non-
speci ¢ entorhinalcells cangive riseto a morespeci ¢ hip-
pocampakepresentationTo usethe exampleabove, a hip-
pocampatell might receve input from thesetwo entorhinal
cellsandhave a place eld thatis in the North-Eastquad-
rantof theenclosure 10 cm from the Easterrwall and8 cm
from the Northernwall. In this example,the hippocampus
providesa more focusedspatial representatiothan EC by
meansof a conjunctive representation.This is quite con-
sistentwith recent ndings of AndersonandJefery (2003)
that somehippocampablace elds were modulatedby the
presencef non-spatiakenvironmentalstimuli in a conjunc-
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tive fashion.The combinatiorof spatial-geometrimputand
conjunctiveencodingdeadsto someveryspeci ¢ predictions.
Forinstancejf theinputsto hippocampaplacecellsarecod-
ing for distancego the boundaryin an ervironment, then
hippocampalplace cells should deform in a very specic

way asthe ervironmentis stretched.Thesepredictionshave
beendirectly obsenedin quitedramaticfashion(O'Keefe &

Burgess,1996).

The presentreatmentjn focusingexclusively onthe en-
torhinal place code, is completely mute on the issue of
whetheror notthehippocampugenerateaconjunctivecode
of its inputs. The other main assumptiorof receptve eld
modelsof the hippocampusds that cells in EC provide a
spatial-geometricodeasinput to the hippocampusAt rst
glance,it might seemthat this is in direct contrastto the
weightedsum over recentmovementsexplored here. This
contrastcould be more apparentthan real. It is possible
that the weighted sum over recentmovementspostulated
here approximateshe spatialassumption®f the receptve

eld modelssufciently closelyto resultin comparablgre-

dictionsif similar assumptionsboutthe hippocampusare
made.For instance a weightedsumover recentmovements
shouldweightrecentmovementsstrongly resultingin a di-

rectional selectvity, as assumeddy somerecentreceptve

eld models(Brunel& Trullier, 1998;Kali & Dayan,2000).
Similarly, a weightedsumover recentmovementsmnight be

able to approximatethe speci cation that entorhinalcells

codefor distanceo awall of anenclosure.

This paperhastried to explain the entorhinalplacecode
usingsolely self-motioninformationasinputto Eq. 6. This
shouldnot be taken as a statementhat t/N should contain
only self-motioninformationin spatialapplicationsBecause
ti re ects atemporal-spatiaihtegrator, ajoint representation
of temporal-spatiatontect, we would expectthat exposure
to salientnon-spatiaktimuli during explorationwould con-
tribute to tj. Thereis thereforeno fundamentaldif culty
in modeling“receptive elds” de ned by a relationshipto
a landmark. Inputst/N correspondingo landmarkstimuli
shouldbe ableto be “droppedin” to t; in the sameway as
retrieved temporalcontect from wordsare. In this way, ar
gumentsaadwancedn thecurrentmsis not necessarilyncon-
sistentwith hippocampaplacecellsthatappeaito be bound
to landmarksor conjunctionsof landmarks(e.g. Gothard,
SkaggsMoore, & McNaughton1996).

Contectual retrieval in spatialnavigation

In treatingrelationalmemorywe emphasizedhe impor-
tanceof new item-to-contet learningin establishinganin-
termediatestimulusrepresentation.We arguedthat a non-
zerovalueof ay meantthatthe hippocampusvasfunction-
ing normally andallowed anitem to reconstructhe stateof
contet in EC that was presentwhenthe item was initially
presentedIn thatsection,we arguedthatsettingay to zero
provided a goodmodelof hippocampalesionsin transitive
associatior(Figure 12). In contrastwhenwe weretreating
theentorhinaplacecode wesetay to zerothroughoutHow
is it thatthe actiity of cellsin EC duringspatialnavigation,
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believedto bethe mostcharacteristicallynippocampafunc-
tion (O'Keefe & Nadel, 1978) can be describedundercir-
cumstancethatcorrespondetb a hippocampalesionin our
treatmenbf relationalmemory?

Althoughwe initially setgto zeroin treatingthe entorhi-
nal placecodeout of corvenienceijt is clearthatincluding
item-to-contet learningin spatialnavigation would require
someelaboratiorof the model. Whatwould happenf gwas
setto anon-zerovaluein the spatialnavigationapplications?
The rst decisionthat needsto be madeis what constitutes
an“item” to de ne item-to-contet learning(asin Eq. 9). If
we simply de ne eachheaddirectionasan“item” thisleads
to a very interesting,but suboptimalsituation. A thought
experimentshouldsufce toillustrate.

A thoughtexperimentin which headdirectionsretrieve
context. Considerthe situationin which we have a seriesof
four movementsthat repeatin sequencesthe animalruns
arounda squaremaze. We have four orthonormal‘items;’
v0, vP 2, vP and v 2 correspondingo movementsin the
four cardinaldirections. Theseare repeatedlypresentedn
order We canthen describethe behaior of t in termsof
thesefour basisvectors.If thereis no item-to-contet learn-
ing, therewill be somethinglike a place code—t; will be
differenton the four sidesof the square.Let us denotethe
activity ontheith sggmentof the Nth traversalof themazeas
tin. Letus“turn on” new item-to-contet learningwithg 1
andconsiderthe asymptotichehaior asN getslarge. After
asufciently longtime,t}ly shouldnolongerchangewith N,

sothatt!\, ,  ti{. Forthisto bethecasesubstitutingnto

Eq.9tellsusthat

6\ 1 Btn N g (21)

For this to be true, tjy mustlie in the samedirection as

t, ;. Butty includesatermt'N . This meansthat
t'N |\ theinputvectorfrom the previousdirectionhasto lie

in thesamedirectionast!\). Thesteadystateof this systemis

for thet vectorscorrespondingdo all four stagesof the path
andall four inputvectorst'N to pointin thesamedirection®

This meansthat the spacespannedy t; afterlearninghas
collapsednto a single point. Thereis no longerary place-
speci ¢ ring underthesecircumstancesAfter sufcient ex-

periencetheplace eld for every simulatedcell would cover
the entiremaze. We concludefrom this thoughtexperiment
that self-motioninformation can not retrieve contet in the
sameway thatnon-spatialtemsdoin Eq. 6.

Elaborationsof the contextual retrieval rule. We justsav
thatit is insufcient to treatvelocity vectorsas “items” in
engagingthe contectual retrieval rule (Eg. 9). How might
TCM beelaboratedo accountor hippocampafunctiondur-
ing spatialnavigation?Onepossibilityis thatfor an“item” to
engagehe new item-to-contet learningrule (Eq. 9) it must
have certainpropertiesthat are not met by input from the
headdirection system,but that are met by wordsin a ran-
domly assembledist and other non-spatialstimuli. There

are several propertiesthat distinguishtheseclassef stim-
uli. For instanceit is possiblethatthe anatomyand/orphys-
iology of the MTL is suchthat headdirection inputs can-
notengagaew item-to-contet learningwhereasion-spatial
stimuli can. It is possiblethatto engagenew item-to-contet
learningit is necessaryo have a rapid changein the item
representationThisis moreplausiblefor non-spatiaktimuli
thanfor headdirection—physiceandtheinherentoverlapin
thetuningcurvesof headdirectioncellsmeanghatyou cant
“turn on” oneparticularheaddirectionall at once. If thisis
the casethena high-passlter attheinput endof the hip-
pocampugperhapghe dentategyrus)couldaccomplistthis
task.Anotherpossibilityis thatnew item-to-contet learning
could only be engagedby items with sufciently low fre-
queng. Theheaddirectionsystemis active moreor lessall
the time, whereaghe typesof non-spatialstimuli typically
usedin memoryexperimentsareinfrequentlyencountered.

If the hippocampusdoes not associatehead directions
to positionalrepresentationduring spatialnavigation, then
whatdoesit do? Redish(1999)hassuggestedhat the hip-
pocampugplaysarolein spatialnavigationby retrieving con-
text to help orientthe animalwhenit entersa new erviron-
ment. Anotherpossibility is thatthe hippocampusloesper
form new item-to-contet learningduring spatialnavigation,
but that this processis restrictedto salientervironmental
stimuli. This could be importantin associatingnon-spatial
stimuli to spatiallocations(Burgess,Maguire, & O'Keefe,
2002; Gilbert & Kesney2002). Recently Burgessand col-
leagueqBurgess,2002; Burgesset al., 2002) have hypoth-
esizedthatwhenpresentedvith itemsencounteredn a vir-
tual ervironment, the hippocampusplays a key role in re-
trieving the spatialcontext theitem waslearnedn. This hy-
pothesids supportedy bothneuropsychologySpiersetal.,
2001) and functional imaging (Burgess, Maguire, Spiers,
& O'Keefe, 2001). Contextual retrieval of salientstimuli
could alsobe importantin supportingbehaioral pathinte-
gration. To returnto the homecage,the rat must presum-
ably recover the spatial representatiorof the home cages
location. If presentingthe item “home cage” as a probe,
thenretrieved context would be the location of that object.
This interpretationis consistentwith lesion studiesof be-
havioral pathintegration,which shav thatanimalswith hip-
pocampabamagecannotreturndirectly to their startingpo-
sition (Maaswinlel, Jarrard,& Whishav, 1999; Whishaw,
McKenna,& Maaswinlel, 1997; Whishav & Maaswinlel,
1998but seeAlyan & McNaughton,1999). The nding that
hippocampabplace elds in blind ratsonly becomealigned
afterthe rst experiencewith a distinctive landmarkobject
(Sare, CressantThinus-Blanc& Poucet]1998)is alsoquite
consistentvith theideathatcontetuallearningandretrieval
only engagesufciently distinctive stimuli.

At the very leastthe mesoscopicomputationabpproach
takenherehasenabledisto framethequestiorof hippocam-
palfunctionin awaythat,if satis ed,will besimultaneously
consistentvith considerationfrom multiple domains If one

91f we have four orthonormalinput vectorsinitially, the steady
stateis the vectorwith all four componentsetto 1 2.
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canmodelhippocampabplacecell behaior in away thaten-
ablesthe hippocampugo reconstructhe stateof EC when
presentedvith a repeatechon-spatialkstimulus,thenthe re-
sulting physiologicalmodel would be able to explain data
from abroadvariety of cognitive memorytasks.

Conclusions

The TemporalContett Model (TCM), developedto de-
scribe essentialpropertiesof episodicrecall, captureskey
propertiesof both the entorhinalplace code andrelational
memory It doesso by proposingthe existenceof a leaky
integrator, and changesn stimulusrepresentationgespec-
tively. Both mechanismsare consistentwith obsened
cellularlevel data. TCM canaddressiataacrossa wide va-
riety of tasks,providing a rst steptowarda uni ed compu-
tationalaccountof MTL function.
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AppendixA: A workedexample
lllustratingthereceny effect

Table2 shavs aworked examplethatillustrateshow con-
textualdrift resultsn receng in TCM. In thisexample jitems
A, B andC werepresentedttimesl, 2, and3, respectiely.
In the example an immediaterecall test was presentecdat
time-step4. In this case,therewasno item presentedand
thusno contectual drift sothattt  t3.2° At the endof the
list,

MIF MgF Aty B, g (22)
whereM[F is the stateof the matrix beforethe list is pre-
sented We will assumdor simplicity thattherearenoterms
in M involving theitem representationsf theitemsin the
list.?! Let us explicitly calculatethe cue strengthbetween
tr anditem B. This cuestrengthis f8 M1 tr. First, let us
calculatef® MTF:

B MIF 8 MmJIF At 1B, fCrg
BmIF BfAy BB, BCt
0 O0t; 1t, Ot
to (23)

Thethird line follows from our assumptiorthattheitemrep-
resentationgreorthonormal. Multiplying M TFfrom theleft
with the item representatiori® has“picked out” only the
termsin M TFinvolving f8. Fromthis, we seethata; for item
B is justt,tt. Thisis illustratesthe statementmadeearlier
thatthecuestrengthbetweeranitem anda stateof context is
the similarity of the cuecontet to the statesof context that
obtainedwhentheitem waspresented—irhis casetg.

Let usexplicitly calculatethis quantity usingthe factthat
tt in this exampleis justts:

to rtz btd

IN
rto to  bto tcl
r 1 b O

ag 12 13

Wherethelastline follows from the constrainthat t; 1
for all i andthe assumptiorthatinitially all the input vec-
torst!N from a randomword list are orthonormal. The last
columnin Table2 givesthe probabilitythatthe rst itemre-
calledwith tt asacuewill beA, B orC. Thesevaluesaddup
to one,whichis consistentvith thede nition of theprobabil-
ity of rst recall(Laming,1999; Howard & Kahana,1999).

It is importantto notethatwhile TCM hasbeenappliedex-

tensiely to freerecall, it doesnot containary of the sam-
pling andrecovery rulesthatwould be necessaryo produce
acompletedescriptionof thetask(suchasthosespeci edby

SAM Raaijmalers& Shiffrin, 1980,1981).

AppendixB: Calculationof ag
andap on eachtrial

Whenitemsare presentedn contets that are similar to
theinputpatternghey evoke (i.et!N tj 1 0),theconstraint
that t{N 1 requiresthatap anday bedifferenton such
trials comparedo trials wherethereis no suchsimilarity. If
ap anday werenotableto changevaluefrom trial to trial to
enforcetheconditionthat t!N  1,thenEq.9 couldenable

t'N to grow without bound,or decayto zerowith repeated
item presentations Eachtime an item is presentedt time
stepi, the constrainthatthelengthof theinput patternwhen

thatitem is repeatedattime stepr is unity, t!N 1, leads
to theequation,
1
2
a SN 24
O gz 2£ﬁi ti|N 1 ( )

If thereis nosimilarity betweert!N andt; 1, thent; t/N b
from Eq. 6. The valueof ap canbe determinedrom this
equationgiveng. Wheng 0,ap 1for all presentations.
Wheng 0, asin theintactcasethevalueof ag depend®n
thesimilarity of theinputpatterrt}N tothecontextual pattern
tj. Onceavaluefor ag is calculateday is thendetermined
from the de nition of g We assumehat the initial inputs
evokedbythestimuliareorthonormal;t'A'\ll tgj dag, Where

dagisoneif A B andO otherwise.

AppendixC: A workedexample
illustratingassociatre effects

Table3 shavs a worked exampleillustrating the associa-
tive effectsattributedto the two componentsin this exam-
ple, veitems,AthroughE arepresentedh sequencattime
stepsl through5. We assumehatanin nitely longdelayin-
terveneseforetherecalltest,suchthattt ; tj Ofor all the
itemsin thelist. To illustratethe associatie effectscaused
by retrieved contet, at the time of testT, we presentitem
C asa cuefor recall of the otheritemsin thelist. In treat-
ing freerecall, previous studies(Howard & Kahana,2002a;
Howard et al., In revision; Howard, 2004) have presentec
just-recalleditem to the network as a cue to retrieve other
itemsto generatea CRPfunction. Equation9 tells usthatthe
contet retrievedby C whenit is presentedhe secondime,
asa cue,will beacombinationof the stateinitially evoked,
plus the stateof contet that obtainedwhenC wasinitially
presented:

tlcl\zl a(_)tlcl\ll antc, (25)

2 Under somecircumstancesit might be desirableto consider
thatthe“recall signal”itself causesomedegreeof contectual drift.

2 We could also assumehat therewas no overlap betweenthe
pre-listcontets andthetestcontext.
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Table2

Worked exampleshowingthe valuesof variousquantitiesnecessaryo calculateprobability of recall for several items.In this
example itemsA, B andC are presentedht timesl, 2, and3 respectivelyTherecalltestwasgivenattimeT. For corvenience
t hasbeensetto 2. Thelast columnshowsthe probability of recallingeaditem r stifr  07.

i fi ti DM TF a Pitr
0 0 fo 0

1 fA rto bt faty tp tg r? 0.26
2 fB rty btlBr% fat, totg r 0.32
3 fc rtz bt fcty t3 t3 1 0.43
T 0 t3 0

Table3

Worked exampleshowingthe valuesof variousquantitiesnecessaryo calculateprobability of recall for several items.In this
example itemsA, B, C, D andE are presentedt timesl, 2, and 3 respectivelyAfter a verylong delay itemC waspresented
asacuefor arecalltestattimeT. For corveniencet hasbeensetto 2, andgsetto one Thelastcolumnshowsheprobability
of recallingead itemin responséo C asacueforr 07.

i fi tj DMTF a Pitt
0 0 to 0

1 A rto bt'IAN fAtl t1 tt  banr 2 0.22
2 fB rtq btg\]l th2 to tt  banr 0.23
3 fc rty btg\]‘ fcty

4 i rta btll:)'\ll fct3 t4 tt br an bao 0.29
5 fE rtg thE'\i[ fct3 ts tr br 2 an bao 0.26
T fc rtr 1 bt ty

For this example,we assumédhatg 1, meaningthatap baots, t{:'\l‘ banta, tc,

an. We alsoassumehatall of theinitial inputsareorthonor bas O bant rt bt
mal,andorthogonato to andtt 1. Now, the stateof context o NAL T RBr BRG
usedto cuerecallof A, B, D andE is just banta, © rta, bty btd

tr ftr 1 bt{:';‘ bay r?2 1 br 0 b 0
rtr 1 b aot'c'\ll antc, We seefrom this thatthe cuestrengthof A, theitem two be-
fore thecue,is alsozeroif ay 0. Whennot zero, it lower
First, let's explicitly calculatethe cuestrengthof tr to B: thanthecuestrengttfor B, becausit includesanextrafactor
of r. This illustratesthe contiguity effect—itemscloserto
as tg, tr the cuehave a highercuestrength(andarethusmorelikely
tg, rtr 1 thC';l to berecalled).

In the forward direction,not only doesthetc, termfrom

IN
ts, rtr 1 baolg anig t) contritute to the cuestrength,but so doesthe t term.

rtg, tr 1 baotg, t{:'\l‘ bants, tc, This is so becausehe context from itemsthat followed C,
. . |N .
f 0 bao O bants, rts, bt{;'\l' includeatermwith tc. For instance,
banr tp, rtc, btp,
In particular the last line takes advantageof the fact that rrig, bt'c'j bt'D'\i

ts, t{:'\l‘ 0. Notethatif ay O, thenag 0—thecue _ _
strengthof the item immediatelyprecedingthe cuegoesto ~ Wherethe secondiline follows from the rst by expanding
zero.Now let's calculatethe cuestrengthof t1 to A, Picking e USINgEQ. 6. Fromthis we canseethattp, t¢, rb. As
thederivationup furtherin thanthelastone,we nd aconsequence,

an  ta tr ap bto, td,
ta b aoté:Nl antc, thl aoté:Nl antc,
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IN
b aotp, tC1 antp; tg
b aprb rany
br apb ap

We canseethatthisis greatetthanag if ap 0. Thisimple-
mentsassociatie asymmetry The cue strengthto E is just
this expressiorwith anadditionalfactorof r :

ag rap (26)

shaving evidencefor contiguity.

AppendixD: Derivationof
transitve associations

The following derivation assumeshatin a rst stageof
learning, A  Bis presentedfollowedby B Cinasecond
stageof learning. Each pair is presentedust oncein this
derivation. We will referto the stateof context prior to pre-
sentatiorof A in the rst stageof learningast; andthestate
prior to the presentatiorof B in the secondstageast,. We
assumehatthedelaybetweerphase®f learningisin nitely
longsothatt; t; 0. So,itemAis presente@ttime stepAy,
item B is presentecttime stepB;, andthenlaterattime step
B>, anditem C is presentedttime stepC,. We assumehat
theinitial inputsfrom eachitem (t)Y, t! andt(, but notty)
areorthonormalmeaningorthogonalandof unit length),as
well asorthogonato theinitial contextst; andt,. We denote
thetime of test,whenoneof theitemsis repeatedisa cueas
time stepr. We assumehatthereis anin nite delayprior to
testsothatt, 1 tc, 0.2

For the rst stageof learningwe have:

ta, rty bt

tg, rta, btg
During thesecondstageof learningwe have:

ts, rt; bty

tc, rts, bt

The stateof context at time of test, t;, senesasthe re-
trieval cue. This will include the input from the cue item
(for instancet!\N if item A is the cue),aswell asthe stateof
conttt, 1 priorto presentatiof thecue.Thiscomponent
could be responsibldor areceny effect (Murdock, 1963b,
1963c¢,1963a),but we have assumedhatthereis anin nite
delaysothatt, 1 is notan effective retrieval cuefor ary of
thestimuli. In this casethecuestrengths solelydetermined
by the input pattern(e.g. t'A’:‘) retrieved by the cueitem. If
item A is presentedas a cue at time-stepA;, thenthe cue
strengthof item B is

bt te, ts, (27)

Similarly, the cuestrengthfrom A to C afterlearningis just

btp! tc, (28)

Thecuepatternt'A’:‘ will beafunctionof t}{\l‘ andta,, accord-
ing to Eq. 9. To determinethe valuefor eachof thesecue
strengthswe just needto expandthe t's far enoughusing
Eqgs.6 and9 sothattheir relationshipto t){ andt,, is made
clear

Firstwe will shav thatwhenA is presentedsa cue,the
cuestrengthto B is non-zeroevenwhenay is zero. Thecue
strengthfrom A to B is proportionalto

Elo'[lAl\ll anta;
rta, btg rta bty

th te, tg,

IN
aotAl anta;
IN IN
ria, stl rto b a(_)tB1 antp,
IN 2
aortAl ta, anrta, ta; athAl tg;
r aobh an a&b

Thisvalueis non-zeroevenwhenay
strengthfrom B to C is proportionalto:

0. Similarly, thecue

IN
aoth ants, ftc,
apbr anr

tg' tc,

Again, this is non-zeroevenif ay 0. Learningof the
premisepairscanproceedevenin the absencef new item-
to-contet learning.

In contrast,a non-zerotransitve associatiorbetweenA
andC dependsompletelyon the existenceof new item-to-
contet learning.The cuestrengthfrom Ato C is givenby:

th tc, aoty, anta, rts, btd
a th t b IN b IN
olp, anta r rtp th tCZ
aotkNl anta;
rrtoc b aotg\ll antp,; btg

aopanrb t'IANl tg; aﬁrb ta, 1B,

aoanr2b? agr?b
anr?b agh ay

Thelastline is Eq. 17 from the maintext. Clearly this cue
strengthgoesto zeroif a0, demonstratinghattransitive
associationslependbn new item-to-conte&t learning.

Within this framework, transitve associationslevelopbe-
causeof the context retrievedduringthe secondoresentation
of B. WhenB becomedoundto contetual elementfrom
A, theseelementdorm partof the contextual representation
associateavith C, leadingultimatelyto thetransitive associ-
ation. To make this explicit, whenB is presentedhe second

2 Thesesimplifying assumptiongnableus to avoid changesn
ap anday thatwould occurasa consequencef the assumption
that t!N . If thereis similarity betweertheinputt!N andthe prior
contet tj, thenag anday mustbe adjusted.Seethe discussiorof
normalizationin the descriptionof the simulationfor more infor-
mation.
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timeaspartof B C,
tg\zl aotg\ll antp, (29)

This seconderm,tg, overlapsconsiderablywvith the contex-
tual elementgetrievedby A:

te, rta bty (30)

The contectual stateassociatedwith C, tc,, includesty).
Whenay 0, the context retrieved by B on its secondpre-
sentationincludest, andtk'\l‘. In the presencef new item-
to-contet learning,contextual elementsoriginatingfrom A
areassociatedio C. In the absencef item-to-contet learn-
ing (i.e. whenay 0), thenonly a stimulus-speci crepre-
sentatiorfrom B contributesto C's context. In this casethere
will benoA  C association.
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