HIPPOCAMPUS 15:936-949 (2005)

What is the Function of Hippocampal Theta Rhythm?—
Linking Behavioral Data to Phasic Properties of Field
Potential and Unit Recording Data

Michael E. Hasselmo*

ABSTRACT: The extensive physiological data on hippocampal theta
rhythm provide an opportunity to evaluate hypotheses about the role of
theta rhythm for hippocampal network function. Computational models
based on these hypotheses help to link behavioral data with physiologi-
cal measurements of different variables during theta rhythm. This paper
reviews work on network models in which theta rhythm contributes to
the following functions: (1) separating the dynamics of encoding and
retrieval, (2) enhancing the context-dependent retrieval of sequences,
(3) buffering of novel information in entorhinal cortex (EC) for episodic
encoding, and (4) timing interactions between prefrontal cortex and hip-
pocampus for memory-guided action selection. Modeling shows how
these functional mechanisms are related to physiological data from the
hippocampal formation, including (1) the phase relationships of synaptic
currents during theta rhythm measured by current source density analy-
sis of electroencephalographic data from region CA1 and dentate gyrus,
(2) the timing of action potentials, including the theta phase precession
of single place cells during running on a linear track, the context-
dependent changes in theta phase precession across trials on each day,
and the context-dependent firing properties of hippocampal neurons in
spatial alternation (e.g., “splitter cells”), (3) the cholinergic regulation
of sustained activity in entorhinal cortical neurons, and (4) the phasic
timing of prefrontal cortical neurons relative to hippocampal theta
rhythm. ©2005 Wiley-Liss, Inc.

KEY WORDS: EEG oscillations; region CA3; region CA1; spatial
alternation; fornix; septum; theta phase precession; computational
modeling

INTRODUCTION

Electroencephal@phic recordings from the hippocampus and
relatedstrud¢uresshowa prominen, large amplitudeoscilation termed
thetarhythm, which normdly appearsvith a frequencyof 6D7 oscilb-
tions/s(Greenand Arduini, 1954; Vandewolf, 1969; Vandewolf et al.,
1977; Buzsdi et al., 1983; Sewat and Fox, 1990; Bland and Colom,
1993; Buzsd&i, 2002). This falls within the 4D7 Hz range labeledas
@netddin human EEG, but the debniton has been expandd in
anmals to include higher frequenies that appea during running
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(Fox et al., 1986; Braginet al., 1995) aswdl asthe
low frequencis of 3D4 Hz that appearin urethane-
aresthetizet ratsand during Typell atrogne-seasitive
theta (Kramis et al., 1975; Fox & al., 1986; Bland
ard Colom, 1993; Wyble et al., 2000). Consderable
regarch has focusedon the mechaisms of theta
rhythm, but the focusof this paperis the possible
function of thetarhythm: the link betwer physolog-
ical dataand behaviaal function.

This paperreviewsa serie®f computéional models
(Hasselmoet al., 2002b; Hasselmaand Eichenbaum
2005) that addres the quesbn: How are specibc
behaioral functionsof hippocanpal circuitsenhared
by oscilations of physologicalvariabésin the theta
freqiencyrangeRecentmodelsin this seriedirectly
simulde performanceof a virtual rat in behaioral
taskssuch as spaial altanation Rat show impair-
mentsin suchtaskswith lesionsor inactivéion of the
fornix and medial septuin (Givensand Olton, 1990;
Aggléon et al., 1995; Ennaeuret al., 1996), which
also causestrorg reductions in hippocampaltheta
rhythm (Rawins et al., 1979; Buzs&i et al., 1983).
The modelsguide behaviorin thesetasksusing bio-
logically basd netwak simulations which address
featues of physiolgical data on the theta rhythm.
This review will brst addresshehaioral data, then
sumnarize relevantphysological data, and condude
with modelsshowingthe link betwer physiolgy and
behaior.

BEHAVIORAL DATA

Historically behavical datahavebeenusedto sup-
port a role for theta rhythm in one of two main
behaioral functions:(1) voluntay movenent, or (2)
leaning and menory. ResarchersuchasVandewolf
performed studes correléing thetarhythm with spe-
cilkc behaioral stats, and arguedthat theta rhythm
wasparicularly prominert in associan with volun-
tary movement (Vardewolf, 1969; Whishaw and
Vandewolf, 1973; Bland and Oddie 2001). This
movemenincludes freerunning (OOKeefand Nadel,
1978; Skaggset al., 1996) aswell asrunning in arun-
ning wheel(Buzski et al., 1983; Hymanet al., 2003)
or on a treadmill (Fox et al., 1986 Brankacket al.,
1993). The phaseof thetarhythm alsoappees to cor-
relatewith the phase of motor output, including the



timing of snifbng(Macrideset al., 1982), and the timing of
whiskermovement(Sembaand Komisaruk,1984; Lermaand
Garcia-Austt,1985). Considerablalatasupmrt a role of theta
rhythm in the sensgr-mofbr interfae (Bland and Oddie,
2001).Howeer, thetarhythm (albeitat lowerfrequencis) also
appearsduring immohlity in rats and mice during fearcondi-
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PHYSIOLOGICAL DATA

The behavical data suggst a role for theta rhythm in
behavig but it is not yet clearhow thesespeibc behaioral
functions are enhance by oscillatios of physiologial proper-

tioning (Whishaw 1972; Sainsbuy et al., 1987a Seidenbecherties of neuons and netwaks in the theta frequencyrange.

et al., 2003), or attention to predators(Sanskury & al.,
1987b). Theta rhythm alsoshowsup prominertly in immobile
rabbits (Bery and Seager200L; Seeger et al., 2002; Grifbn
et al., 2004) during both aversiveeyeblinkconditioring and
appetitiveconditioring.

Congderdle regarchhasalsofocusd on the correléion of
thetarhythm with leariing and memay (Berty and Thomp-
son,1978; Winson,1978; Givensand Olton, 1990; Vertesand
Kocsis,1997; Bery and Seager2001). An earlystudy showed
that the imparmentin a spaial memoy taskcause by lesions
of the medialseptumwascorrelatedvith the amoun of reduc-
tion of the hippocampathetarhythm (Winson,1978).Lesions
of the medial septumand fornix reducehippocanpal theta
power(Rawins et al., 1979) and causémparmentsin a num-
ber of memoy-guidedtasksjncluding spatialalternation(Giv-
ensand Olton, 1990; Aggléon et al., 1995; Ennaeur et al.,
1996),delayechonmadch to position(Markowskaet al., 1989),
opeant delayedaltenation (Numan and Quaranta,1990), and
spdial revesal(MOHatzi et al., 1987). The impairments appear
specib to recent episalic memoy, as fornix lesionsdo not
impair the initial learningof a goal locdion, but impair the
leaning of reversalMOHaiizet al., 1987), and medial septal
inactivdion doesnot impair refeence memoy, but impars
recem episodicmenory in conthuous condtional discrimna-
tion (Givensand Olton, 1994). The role in learnng is sup-
ported by extensivedatain rabbits. The rate of learningis
fasterin individual rabbitswhen the hippocanpal EEG hasthe
highestamountof thetapower(Berly and Thompson, 1978).
When delivery of the condtioned stimulusis timed to appear
during periodsof thetarhythm, the rateof condtioning to the
stimulus is enhancg in both delayconditioring (Seageet al.,
2002) ard trace condtioning (Grifbn et al., 2004). Theta
rhythm appearso ret its phasdor encodig newstimuli dur-
ing presentabin of visu stimuli in a delayednatchto sample
task (Givens,1996) but not during a referencanemay task,
ard this phaseresettingallows enhancg induction of long-
term potentiation(LTP) (McCartneyet al., 2004). Phaseeset-
ting showsspeddcity for item encodig vs. retrieval probe
phasesn human menory tasks(Rizzuto et al., 2003), suggest-
ing a role for phaseresetin detemining appgopriatedynanics
for encodiig andretrieval.

Althoughthe categdesof voluntary movenent and learring
ard menory appea to be mutudly exdusive the models
revewedherecanlink behaviotto physiolgy without asgyning
such categdes. In these models, perfomance of memay-
guided behaior requires an ongoinginteraction of motor selec-
tion processsand memoy retrievalthat requirethetarhythm
for the syndironizaion and integrationof both of theseappa-
renly sepadite processs.

Modelingdemorstrateshow behavical function in thesetasks
coulddeendupon specik physidogicalphenomenaassociated
with thetarhythm. Thesephysologicaldataon thetarhythm
oscilationswithin the hippocaml formation are reviewedn
this section,and are groupedaccordingo the four hypothese
analyze in the model:(1) sepaation of encodingandretrieval,
(2) contt-depedent retrieval of seqences(3) bufferingin
entohinal cortex (EC), and (4) timing of interactios with pre
frontd corte.

In descihing the link to data it isimportant to notethe dif-
ferat convations for desciing the phaseof theta rhythm.
Many studesfocuson EEG recordingat the locdion of larges
ampliude thetarhythm, at the borderbetweenstratumlacuno-
sum-maeculare of hippocanpal region CA1, and stratim
moleclare of the dentategyrisBbdocdion known asthe hip-
pocanpal PssureSome studesusethe peakof the bssurdeceEG
asphasezero(Fox et al., 1986. Howeer, unit recordingstud-
ies often use theta rhythm recordedin stratum pyramidale,
which hasa phase~180°" differentfrom bsste EEG (Buzs&i
etal., 1983,2002 Leury, 1984; Skaggset al., 1996; Csicsvari
etal., 1999).Here, we will sometime usethe conventionused
in unit recordingstudies,with referencegphasezero nearthe
peakof thetain straum pyramdale (nearthe trough of theta
in the bssur&EQG). It is worth noting that the unblteed EEG
during thetarhythm doesnot havea sinuwsoid shapeput hasa
scallopé shapgBuzski, 2002) that could be more effectiveat
providinglinear read-oti of a sequece (Hasselmand Eichen-
baum, 2005).

Data Relevant to Separation of Encoding
and Retrieval

A rangeof expeimentshavedemorstratedphasicchangsin
physologicalvariabésduring thetarhythm. Thesedatasupport
models that focus on sepaate dynamis of encodingand
retrievh during different phasesof eachtheta rhythm cycle
(Hasselmoet al., 2002b).

Current source density studies of synaptic
transmission

Theta rhythm is assoiated with laminar segregftion of
rhythmic souresand sinksin regionCA1 ard dengte gyrus,
asdescribedisirg currentsourcedensityaralysisof EEG data
(Buzski et al., 1986; Brankacket al., 1993), and summarize:
in Fgure 1. This current sourcedensityanalysisuppats the
mocdel of separatphase®f en@ding and retrieval.The stron
gestinput from EC occursat the trough of Pssurd&eEG, when
there are prominert sinksin straum lacunoem-mdeculare
(Brankaclet al., 1993). This is propogd asthe encaling phase
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FIGURE 1. A: Anatomy of hippocampus showing synaptic inputs

to region CAl that contribute to theta rhythm oscillations in the
EEG. These include input from EC to stratum lacunosum-moleculare
(s.I-m), input from region CA3 to stratum radiatum (s. rad) and input
from medial septum to inhibitory interneurons (int) in stratum pyra-
midale (s. pyr). B: Example of theta rhythm oscillation in the EEG
recorded at the hippocampal fissure. C: Current source density data
adapted from Brankack, Stewart, and Fox (1993), showing rhythmic
changes in current sinks because of synaptic input to different layers
of region CAl. Darker colors indicate stronger inward current sinks.
Current sinks at top indicate summed currents in region CAl s.pyr,
middle sinks are caused by synaptic input from region CA3 to s. rad,
and bottom sinks are caused by synaptic input from ECIII to s. I-m.
D: Simulation of theta rthythmic activity (Hasselmo and Eichenbaum,
2005). Each band shows the sum of rhythmic activity in modeled sub-
regions across two cycles of simulation time plotted horizontally.
Darker colors indicate stronger activity. The top band shows the sum
of region CA1l output, the middle band shows the sum of region CA3
activity, and the bottom band shows sum of EC layer III activity.

(Fig. 2). This stronginput to the derdritescould allow encod-
ing at atime whenthereis little retrievalspikirg activityin the

pyramdal cell layey which at this phaseshowsprominent out-

ward currentsin stratum pyranidale (Brankacket al., 1993)

beauseof strorg inhibition at the cell body (Kamordi et al.,

1998).In contrast,the peakof bPssur&EG (the retrievalphase)
is aseciatedwith prominent sinksin stratm radiatum and

andher sinkin stratim pyramidée, assoiatedwith the greater
Pring of CA1 pyramidalcellsat the pe& of the Psste EEG

(Fox et al., 1986; Skaggset al., 1996; Csicsvariet al., 1999).

As shownin Figure 2, the peakof PssureEEG is assumedo

correspnd to the retrievalphase of network function (Has-
selmoet al., 2002b).

Phasic changes in synaptic transmission

The phasicchangesin currentsinkscould arisefrom differ-
encesn presyapticbringrate,but could alsoarisefrom differ-
encesn presyapticinhibition of synaptidransmision (Wyble
et al., 2000). Recoding of evokedsynapticpotertials at differ-
ent phasesf thetarhythm demorstraesa consstentchangen
magritude of the rising slgpe of synapticpotentals (Wyble
et al., 2000) aswell asin the magritude of evoled population
spike (Rudell et al., 1980, 1984; Buzséi et al., 1981). The
chang in magnitue of synaptictransmision could be dueto
phasicchangesn presyaptic inhibition causedby GABAg

Encoding Retrieval
EEG (flssure)/\!/\/\ /\/'\/\
Entorhinal
input

I Entorhinalcortex EntorhmalcorteJ
LCA3 ? » CAl
“L1P H LTD

Strong entorhinal input
Weak CA3 input
Strong LTP

Weak entorhinal input
Strong CA3 input
LTD or depotentiation

FIGURE 2. Separation of encoding and retrieval during theta
rhythm (Hasselmo et al., 2002b). LEFT: The encoding phase is at
the trough of fissure theta, when synaptic currents arising from EC
are strong (Brankack et al., 1993), because of greater depolariza-
tion of ECIII and greater spread of activity in that structure.
Transmission from CA3 is weak (Wyble et al., 2000), preventing
retrieval, but LTP in these synapses is very strong (Holscher et al.,
1997; Hyman et al., 2003), allowing encoding of associations
between EC inputs. RIGHT: The retrieval phase is at the peak of
fissure theta, when synaptic currents arising from EC are weak, but
synaptic currents arising from CA3 are strong (Brankack et al,,
1993), allowing effective retrieval of previously encoded sequences.
During this phase synapses do not encode the retrieval because
they do not show LTD, instead they show LTD or depotentiation.



recepors (Hasselmand Fehlai, 2001), which appess to have
a sufpcietly rapid time coursein vivo to causethis effect
(Molyneaux and Hasselmo,2002). As discussd late, these
phasic changs could causesynaptictransnissionin stratum
radiatum to be weakwheninduction of LTP is strorg during

encaling, ard then allow strorg transmision during retrieval,
whenLTP isweak(Hasselmet al., 2002b).

Phasic changes in membrane potential

Another factor contributing to the chang in magnitue of
transnissionand populdion spikesis the postsyaptic mem-
brane potential of pyramdal celk in regionsCA1 and CA3.
Intracellularrecordingshave demonstreed phasicchangesn
pyramdal cell depolaization during theta rhythm (Fujita and
Sato,1964; Fox, 1989; Kamond & al., 1998). In pariculag
the sona menbranepotential appearso be hypepolarzedat
the time whendendriesarereceivig the strongesdepdarizing
current input from EC (Kamordi et al., 1998). As discussd
late, this hyperpoladation could preventinterfeencebecause
of retrievalof previouslystoredassoiationsduring encaling of
newassocians (Hasselmet al., 2002b).

Induction of LTP

The sepaation of encodiig and retrievalin thesemodels
dependsupon phasic changesin the induction of LTP during
thetarhythm. Initially, it wasshownin urethaneanesthéted
ras that LTP is more effectivelyinducedin the dertate gyrus
whena tetanuss deliveredn positivephasesf theta(Pavlides
et al., 1988), and similar resultshave beenshownin freely
moving anmals (Orr et al., 2001). Smilar effectsappearin
regon CAL. In sliceprepaationsshowingthetarhythm dueto
cholnergicagonistsstimuldion on the peakof thetarecorded
locally in straum radiatum causg LTP, while stimulationon
the trough causglong-termdepressio(LTD) (HueraandLis-
man, 1995). In urethaneanesthetizk animals, stimulation
deliveredat the peakof the thetawaverecordedocallyin stra-
tum radiatim induces LTP (Holscheret al., 1997), while stim-
ulation deliveredat negativephase®f thetacausesleptentia-
tion. Note that the local peakin stratum radiatumis phase
shiftedfrom PssurdeEG, and would be closerto the encoding
phaseat the trough of PssurdeEG. Recertly, induction of LTP
in regon CAl was aralyzedin awake, behavig animals
(Hymanet al., 2003), showingthat stimulaton on the peakof
local thetainducesL TR while stimulation on the troughindu-
cesLTD (seeFig. 2). Theseresultssuggstthat induction of
LTP in stratumradiatum occursvhentransnissionis weakbut
derdrites are deplarizedby entorhiral input. LTP doesnot
depend on spiking @& the soma,asdendrifc spikes caninduce
LTP evenwhen the somais hyperpoladed (Golding et al.,
2002).

Firing of hippocampal units relative
to theta rhythm

Modelhg has addessedsomeof the data concening the
preferredphase of action potertial bring by differentneuronal
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populaions (Fox et al., 1986; Brankacket al., 1993), which
providesan extensivelatabaséor ptting of functional models.
Hippocampalpyranidal cels tend to Premog frequently near
the positivepeakof the PssurdEEG, while showinglesspring
actiity in phasesear the trough (Fox et al., 1986; Skaggs
et al., 1996; Csicsva et al., 1999). Inhibitory internairons
Preat a differentphaseln aresthetiz# animals, the pring of
interneuronsappeargo be maxinal at the negativephaseof
pssuretheta®180 from the pe& (Buzsk and Eidelberg,
1983; Fox ¢ al., 1986), whereasn awake behaing animals
pring of interneuons appeardo precedethe peak of bsste
theta by abou 50° (Fox et al., 1986; Skaggset al., 1996;
Csicsva et al., 1999). This phaseof interneuon Pring has
bee simulded in detailel biophysicalsimulatims of the hip-
pocanpal formation (Kunecet al., 2005). In this simuldion,
the phaseof bring of one classof internairons, the oriens-
lacunoem-moleculare (O-L-M) celb, might allow selective
inhibition of entohinal input to lacunosurmolealare at a
time when pyranidal cell Pring shouldbe dominatedby stra-
tum radigum input.

Data Relevant to Context-Dependent Retrieval

The aforenentioneddata havebeenusedin suppat of the
sepadaition of encodiig and retrievh Recentmodelshavefo-
cusedon the dynanics of retrievg and mectanismsallowing
selectivecontet-degndent retrieval of sequeces (Haselmo
and Eichenbam, 2005). This model addressethe following
data.

Theta phase precession

Hippocampalplae cels show the phenonenon of theta
phaseprecssion,pbring late in the thetacyclewhena rat pbrst
entersthe placebeldof the cell, and bring at earlierphasesas
the rat movesthroudh the place beld (OOKefeand Recce,
1993; Skaggset al., 1996; Mehtaet al., 2002; Huxter et al.,
2003),asshownin Fgures3 and 4. Retrievabf seqenceshas
bea usedto modelthe phenonenonof thetaphaseprecession
(Tsodykset al., 1996; Jensenand Lisman,1996a;Wallenstein
and Hasselmo,1997). In thesemodels,ently to location 1
causgthe read-outof locdions 2-3-45. As shownin Figure4,
if one obsevesthe respons of a sinde cell (codingfor loca-
tion 5), it will initially occu late in thetaat the end of the
readeut sequenceand as the rat movesthrough the locations
2, 3, and 4, it will moveto earlie phasesntil it is drivenby
sensor input at the start of the cycle.The model presented
late alsoperforns read-outof seqenceshut usesan interac-
tion of forward assoiativeretrieva and contex-dependengat-
ing of retrievalto addressproblemswith the older model. In
particdar, this new model can keepthe input preseh during
the full theta cyde. In addtion, previousmodels could not
accoun for the fact that theta phaseprecssion appearson
late runs on alineartrack but doesnot appearasstrorgly on
the Prstrun of a day (Mehtaet al., 2002), and placecell bPring
peldsshowa backwardshift that occursarew on eah day of
testig (Mehtaet al., 1997).
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FIGURE 3. Theta phase precession of hippocampal place cells.

Al: Experimental data (Skaggs et al., 1996) show that the theta
phase of firing (y-axis) moves to earlier phases as the rat moves
from left to right (x-axis). (Reprinted from Yamaguchi et al., 2002,
J Neurophysiol 87:2629-2642, with permission from The American
Physiological Society.) A2: The simulation shows the same pattern
for activation of a single place cell in different locations as the vir-
tual rat moves in one direction around a rectangular track. Firing
during entry to a place field occurs when it is retrieved as a later
portion of the retrieved sequence at late phases of theta. Firing dur-
ing exit from the place field occurs when afferent input drives spik-
ing activity at early phases of theta. B1: Experimental data (Mehta
et al., 2002) showing that theta phase precession is not strong on
the first pass through a location on a given day (top), but is stronger
on later passes through the same location (bottom). B2: Simulation
showing that absence of temporal context on first pass results in
absence of phase precession on the first pass (top). On later passes
(bottom), temporal context results in increased theta phase precession.
C: Schematic illustration of phase precession. As the rat enters the
place field of a cell, the cell fires at late phases of theta. Firing moves
to earlier phases as the rat moves through the place field.

Splitter cell responses

Hippocampalneurors alsoshowstriking contex-depement
changsin their responsproperteson atrial by trial basisdur-
ing performanceof a conthuousspdial altenation task(Wood
et al., 2000), asshownin Fgure 5. Theseneurors havebeen
called@plitte cels,&thoughthey could alsobe refered to as
@pisodiccells@During perfomanceof a contnuous spaial
altenationtask,theseneurors bPrein atrial selectivenanrer as
the rat runs up the stemof the maze Eventhoughthe rat is
running in the samedirectionin the samespatiallocatio in
the task, thesesplitte cels bre selectidg dependingon the
prior or future responsof the rat. For examge, one particuar
splitte cell may pre only after a right turn respons, but not
after a left turn reponse.Further analys of thesetypesof
neurons in a different task (Ferbinteenu and Shgpiro, 2003) dem-
onstatesthat the selectivityappees to depend more strongly
on the previouslocation(retrospectivaeponse) though some
cdls show dependence on future location (progpective response).

Buffering in EC

The modelspresentetherealsoaddresghysiologial dataon
the EC. This includes data showingtheta rhythm oscilations
in the EC (Alon® and Garcia-Austt,1987ab). In addition
data shows cholinergic modulation of intrinsic propeties
within the EC (Klink and Alonso,1997).In sliceprepaations
of the EC, perfusionwith cholinegic agonistactivatesintrinsc
calciun-sensitiveationcurrentghat causeeach spiketo be fol-
lowedby an afterdepolarizatiofklink and Alonso,1997). The
inBux of calciumduring eachspikeactivate the cation current,
resultig in the afterdepolarizatiothat causesepetitivegenera-
tion of sustaied spikirg in the absace of synapticinput.
This mectanismwas proposedo interactwith thetarhythm to
providea shortterm buffer for input actinty in the Lismanb
Jensenmocdel (Lismanard ldiart, 1995; Jensenand Lisman,
1996b),and hasbeenusedin the modelsdesciiedlate (Fran-
s& e al., 2002; Koeneet al., 2003; Hasglmo and Eichen-
baum, 2005).

Interactions With Prefrontal Cortex

Recentphysologicaldata havedemorstratedthat the bring
of action potentals of neuons in prefrontal cortex showsa
clear phese relatiorship to the hippocampl theta rhythm
(Hyman et al., 2002, 2005; Hyman and Hasselmo,2004;
Mannset al., 2000a,b;Sapaset al., 2005. The computaibnal
mockling of behaior providesa functional framewok for
understandig the necesity of these phase relatiorships
betweenactvity in the hippocanpusand prefront cortex.

MODELS LINKING BEHAVIOR TO PHYSIOLOGY

Linking behavior to physology requires expliat modding of
bath the memory-gudedadionsof ara during behavior, ard the
physologicd medanisnsunderlying theseadions Network smu-



lations of corticd dructures have been usad to guide the move-
ments of avirtud ra in avirtuad ervironmert (Hassmo et al,
2002ac; Cannon et d., 2003, Koene et d., 2003, Haselmo,
2005; Hasdmo and Eicherbaum, 2005; Koere and Has&mo,
2005), in tasksinduding sptid reversd (Hasdmo etal., 2002b)
smid dternaion and linear tracks (Hassdmo and Eichenbaum,
2005), ard ddayed nonmatch to postion (Hassdmo and Zilli,
2005). The behavior in thesemodded tasks has been guided by
nework smulaions which effectively smulate features of the
physologicd datadexribed in the previous ssction.

As shownin Fgure 6, the structre of thesesimuldions is

basedon the amatomy and physiolgy of the hippocampus,

EC, ard prefrantal cortex.Asthe virtud rat moveghroudh the
task, informaion abou its statein the envionment (Pla®)
ard its receip of food reward(Rewad) is sern from the virtual
ret to the neual simulaion. Note that this simplibed virtual
ra doesnot view any stateother than its immediae location,

Multiple cells phase vs. sequence order
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andsoit only detectgewardwhenit is receive (in mog tasks
food rewardis not visibleat a distance)ln the model, the pre-
frontd cortex perfoms goal-direted seletion of next action
(motor output) (Haselmo,2005; Koeneard Hasglmo, 2005),
perfoming functions simila to reinforcemeh learning algo-
rithms (Qutton and Barto, 1998). Adion selectiordepend on

both the cumrent state and episodic retrieval of previous
responss from circuts repreenting hippocanpus and EC

(Hasselmoand Eichebaum,2005).

Thesemodelsextem previouswork that usednetworksimu-
lations of the hippacampalformationto guide the movements
of a virtual rat in spatialtasks(Sharpet al., 1996; Burgess
etal., 1997;Ralishand Touretzky 1998). Theseearliersimula-
tionsdid not includea representatiorof the oscilatory dynam-
ics of hippacampalthetarhythm during the behaviarthough
one model usedassigad phase®f thetabring to entancethe
detail of placecell represeiation (Burgest al., 1997). The
serieof modelsdesctied here haveprogessedhrougha num-
ber of stagesEarlie modelsusedassociationbetween place
celk in the hippocampusand EC to storepathwaysand select
betweenpossiblgpathways(Hasselmeet al., 2002c),simila to
the hypothais that Hebbian modibation between plae cells
could provide a distance metic (Muller and Sead, 1996).
However late versons haveusedprerontal cortial circuts to
perfom the action selectionprocesswhile the hippacampus
itself peforms en@ding and retrievalof epi®des.This focus
on retrievalof episodediffers from modelsfocusedon the
encodig and retrieval of single bxed pattens repesenting
itemssuchaswords(Marr, 1971; Trevesand Rolls,1994; Has-
selmoard Wyble, 1997; Norman ard OOReilly2003), and
builds from previousmodelsfocusd on encodig and retieval

FIGURE 4. A. Simple model of phase precession based on
retrieval of sequences (Tsodyks et al., 1996; Jensen and Lisman,
1996a). Al: Plot of multiple cells shows the retrieval of sequences
of place cell activity over time at each new place in the environ-
ment. At place 1, places 2, 3, 4, and 5 are retrieved. At place 3,
places 4, 5, 6, and 7 are retrieved. Note that the model functions
only if the input I is present only at a single early phase. A2:
When observing a single cell (5), firing initially appears late in the
cycle, and then moves to earlier phases of theta. B: Theory of
phase precession based on context-dependent retrieval of sequences
(Hasselmo and Eichenbaum, 2005). B1: Forward retrieval in EC
that spreads to more neurons as theta phase increases. Note that
input is present at all phases of theta, but the length of forward
spread increases during later phases. B2. Temporal context input
from CA3 gates CAl activity. Temporal context is stronger for
more recent locations (to right), and weaker for more distant pla-
ces (to left). For locations to the left of the dotted line, temporal
context is too weak and CAl activity falls below threshold. This
input also decreases over phases within each cycle, causing activity
to fall below threshold for more locations. B3: CAl activity
depends upon the multiplicative gating of EC input by temporal
context from CA3. The input cue is present in EC and DG during
the full cycle, but only results in retrieval activity in region CAl
when EC input converges with strong temporal context. B4: When
observing a single cell (5), CAl activity appears as wide, slightly
scalloped distribution of spiking activity over phase and position.
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FIGURE 5. Simulation of “splitter cell” response. A: Behavio-

ral context showing two trial types: Al: Post R—return from the
right arm going to left, and A2: Post L—return from left arm
going to right. B. A splitter cell representing the location just to
the right of the choice point will fire as part of sequences retrieved
in the stem after the virtual rat performs a right turn response (left
side), but will not fire after a left turn response (right side). Gray
scale represents number of spikes fired by simulations when virtual
rat is in particular locations. Here, encoding is assumed to be
induced only with dendritic spiking. C: Phase of neuronal firing
for different places during spatial alternation. The splitter response
in the stem occurs at late phases of theta, whereas the spiking
activity during encoding in the response arm occurs at early phases
of theta.

of full sequeces(McNaughbn and Morris, 1987 Lew, 1996;
Jensenand Lisman,1996a; Wallensteinand Hasselmp1997;
Lisman, 199; Haselmoand Eichefaum,2005).

The latest model perfoms adion seletion in prefratal cor-
tex basedon encodingand retrieval of episodicsequeces,

using the primary subegionsof the hippacampalformation
including EC layerll, EC layerlll, the dentategyrus, and
regionsCA3 and CA1 of the hippocampus(Hasselmo and
Eichebaum, 2005). This netwak encalesepisodegonsistig
of sequecesof visitsto differet stategplacs)in the environ-
ment. Thus, encodingis basd on sequetial adivation of
@lace celg®in the hippocampus(OOKeeferd Dostrossky
1971; 0OKeefd,976; McNaughtonet al., 1983; Muller et al.,
1987; Eichenbam et al., 1989 Muller and Kubie 1989; Wie-
neretal., 1989; kaggst al., 1996; Wood et al., 2000; Huxter
etal., 2003)and EC (Barnest al., 1990; Frank et al., 2000).
The constrution of thesemodelsdemorstratesthe potential
functional requirenents for theta rhythm to time activty in
multiple different regioms during the encodig and retiieval
requirgl to perform memay-guded behaviar The following
sedbnswill brieByreviewfour complenentay and interacting
hypothees: (1) theta rhythm provides sepaation between
encodilg and retrieva dynanics (Hasselmeet al., 2002b), (2)
thetarhythm enhawesthe context-depedent retrieva of previ-
ously encodd seqences(Hasselmaand Eichenbam, 2005),
(3) theta rhythm enhawresthe bufferng of new input for
encodig (Lisman and Idiart, 1995; Hasselmeet al., 2002a
Koeneet al., 2003),and (4) thetarhythm timesthe interaction
of prefrontd cortex action selection(Hasselmo2005; Koene
and Hasselmo2005) with hippocampalretrieval (Haselmo
and Eichenbam, 2005).

Separation of Encoding and Retrieval

Episodicmemay function canrun into problens if encod-
ing is not sepaatedfrom retrieval For examplewhenyou park
your carin a largeparkinglot, you might recallparkng your

Integrate-and-

Spatial alternation . .
fire simulation

task Reward
S Prefrontal
/ Place __—W cortex
/ N (state)

4

|_Entorhinal cortex |

iy

Action
AL " 4 A
DG : CA3 9 CAl
FIGURE 6. Overview of the neural simulation guiding actions

of a virtual rat in a virtual spatial alternation task. The simulation
receives input about the state of the virtual rat and its proximity
to food reward, and guides the actions of the virtual rat based on
prefrontal cortex activity. For spatial alternation, the prefrontal
cortex can guide action selection based on selective sequential
retrieval in the hippocampal formation of the previous response
episode in the task. This sequential retrieval involves an interaction
of forward associations in EC layer III (ECIII) that drive activity
in region CAl. The retrieval activity in region CALl is gated by the
temporal context provided by circuits of the dentate gyrus (DG)
and region CA3. This selective retrieval allows correct memory-
guided selection of actions by the prefrontal cortex.



ca in a differentlocdion on a previousday If you encale
your retieval of the previous episodeasif it werenew then
whenyou retun to the parking lot you may go to the old

parkng location. This problem of confourding overlapjng

menvoriescan be preventeddy requring a changen network
dynanicsduring encaing andretrievg asshownin manypre-
vious models(Haselmoet al., 1992; Hasglmo, 1995). Selec-
tive presynapti inhibition of glutanatergictransmision by

muscariniccholnergic recepors at assciation Pber synapss
could providethis mectanism (Haselmoard Schrell, 1994).
The cholnergic supprasion of transmision could suppess
interferencefrom retrieval while simultaneosly enhancig en-
codirg by increasingthe induction of LTP Howe\er, choliner-
gic moduldion hasa time coursethat appearsto be too slow
(Haselmoand Fehlau,2001). Alternaely, the changen rela-
tive strengthof encodingvs. retieval could be provided by

changs in synapticcurrents during eah cycle of the theta
rhythm (Hasselmoeet al., 2002b). This providesone mecla-

nism for sepaation of theseprocessedMany other network
models of associativenemay function haveusedseparately-

namics for encodig and retriev§ usuallyasaming clampng

of actiuty during encodig (Andeson,1972; Grossbergl975;
McNaughtonand Morris, 1987; Trevesand Rolls, 1992).

Fgure 2 summaizeshow eachcyde of the theta rhythm
could containsepaate phase®f encodiig and retrievé These
phasesaredebnd relatve to thetarhythm recadedin straum
laainosum-roleculareof regionCA1 (often refered to as@ps-
surethet&) The encodily phaseoccus during strongsynatic
input from EC, and is therefoe at the trough of Pssureheta.
At this time, syngtic modipation (LTP) is strorg & synapses
betweenneurors in region CA3 ard betwea CA3 and CAL,
but synaptictransmision at thesesamesyn@sess weak.This
preventsretievalof prevouslyencodd associans from caus-
ing spuriousassoci&ns between a new assoiation and ele-
mentsof an old assoiation (Haselmoet al., 2002b).In con-
trad, retrievaloccus during the peakand falling phaseof hip-
pocanpal theta, when afferentinput from EC is relativéy
weak. Retrievalrequires strorg synaptictransnissionat recur-
rent collateralsn regionCA3 and the Schaffercollaeralsfrom
CA3to CA1, but to prewent this retrievalactivty from causing
interferencesynapticnodpbcationat thesesamesynapssmust
be weakduring this phase.The element®f this hypohesisare
consstent with avédlable expeimental data, as sumnarizedin
the sectionon physidogicaldata.

This framewdk can acount for behavical data showing
that fornix lesions (which reduce theta rhythm) causean
increasen the numbe of errorsafterrevesalin a T-mazetask
(MOHarzet al., 1987). Secibc#y, rats with fornix lesiongper-
sistin visiting an arm that waspreviouslyrewaded but is cur-
renty unrewardedThis imparment could resilt from lossof
theta rhythm, allowing the induction of LTP and synapt
transnission in stratum radiatumto be strorg a the same
time. After revesal,the rat makeserroneousrisitsto the previ-
ouslyrewaded location. In this case,strorg syngtic transmis
sion allowsthe rat to retrievepostsynajc adivity correspnd-
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ing to memoy of food at the now unrewardedocation. This
retrieva activity could causefurther LTR and thus strengthen
assoiationswith the menory of food desjite the fact that the
locdion is now unrevardel. This mecharsm could slow the
extirction of the old assocteoon and increasethe peiod of
error generatiorbeforereversa(Hasselmeet al., 2002b). The
behavical debcitsfollowing fornix lesionsmight also result
from loss of slow moduldory effectsof acetylcholia, but
appeato dependon conbined block of both cholinegic and
GABAergicinput (Panget al., 2001).

Context-Dependent Retrieval of Sequences

Episodicmenory requres seletive retieval of one memoy
without interfeencefrom other menories.For examte, if you
parkin the sameparkng garageevey day it become difbcult
at the end of eachday to remenber whereyou parked your
car You must remanber whereyou parked it this moming,
without interfeencefrom multiple other mamoriesof parkng
the carin differentlocaions. The physiolgicalchangesluring
theta rhythm may enhancethe selectivecontex-dependen
retrieva of individual encodd sequencewithout interference
from othersequeces(Sohaland Hasselra, 1998ab; Hasglmo
and Eichenbaum 2005). This hypothesisuilds from earlier
mocels of sequece encodiryg in hippocampalcircuts. Marr
(1971) initially proposedthat exdtatory recurrentconrections
in region CA3 could provide sequetial associationbetween
individual pattensin a sequece,ard this mectanismhasbeen
usedin many models(McNaughtonand Morris, 1987; Blum
and Abbott, 1996; Lew, 1996; Jensenand Lisman, 1996a
Wallenstm and Hasglmo, 1997; Lisman,1999; Hasglmo and
Eichebaum, 2005). During enoding in thesemocdels, each
patten in a seqenceactivate a setof neurors shortly before
the nextpattern and spiketiming dependentplasticly (STDP)
(Levy and Seward, 1983) strengthenssynpsesbetwer the
seqgential patterns.During retrievy input of the brstpatten
will causeadivity to spred acrossstrengtiened synapseso
causeseqgential spiking in other pattens, readingout the full
seqence(Levy 1996; Wallenstem and Hasselmo1997). This
simple sequece retrievaldoesnot haveto occu in region
CAZ3. It could occu in any networkin which retrievaloutput
can cue arother retrieval step. Thus, the samemeclanism
could occu a recurreh synapssin EC layerll or Ill (Has-
selmoard Eichenbaum 2005; Hasselra & al., 2002c) in a
loop involving dentategyrus,region CA3 ard mossycellsin
the hilus (Lisman, 1999),or in a loop involving the full hippo-
campal circuit from EC badk to EC. In addition evidene sug-
geststhat the hippocanpus may encale episalic sequeces,
wherasthe basalgarglia may encale highy familia sequeces
(White and McDonald,2002).

Simplesequece enoding models cannotencale and selec-
tively retrievehighly overlappingsequeces(Levy 199). For
examje, conside the seqence#-B-CD and E-B-C-F Smple
forward aseciationsbetweeneachpatten would reslilt in the
cue @Dretrievihg @EAind @ @bllowedby both @D@ind OFD
asthe Pnalpattern Selectiveretrievalrequires sone addtional
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meclanismfor contet-depedentretrievalof one out of many
highly overlappingeqencesthrouch gatingof retrievaloutput
by additioral synapt activity In one networkmodel of CA3,
disantbiguationof overlappingsequencdsasbeenobtainedby
having retrievalof the end of a sequece dependon synatic
input from persistat bring of additioral CA3 neuronstermel
local contex units (Levy 1996). As an alternatie, context-
dependentretrievalcould alsobe obtainedby gatingthe output
of retrievg with input from anotherregion.For examplethe
retieval of regon CA3 could be gatedby activity from ECII,
or output from CA3 to CAL1 could be gatedby activity from
ECIIl. In the model presentedhere, output from ECIIl to
CAl is gatel by contet actiuty in the dertate gyrus and
regon CA3.

Thesemechanismsof contet-dendentretrievalrequirea
balane betweenthe forward seqenceretrievaland gating by
contet. Theta rhythm could provide a mechanismfor sam-
pling acrosdifferent magnitues of network varables.Once
seqenceretrievalactivity occurs,feedlack inhibition can en-
sue tha the bre, best maching sejuerceis séetively retrieved
Ealy modelsof this proessusedphasicchangsin magritude
of synaptictransmissiorto allow retrievalof singleassociations
beauseof a globalcontex sigral representingspecile environ-
mentd cues selectivefor one episode(Sohaland Hasglmo,
1998ab). The simuldions of episodicretrieva revewedhere
providea more detdled model of the role of thetarhythm in
allowinggloba contet to regulde seletiveretrievh (Haselmo
ard Eichenlaum,2005).

Fgure 7 (and Fg. 4B) summarizehe mectanismin this
mog recentmodel (Hasselmand Eichefbaum, 2005). As an
exampe of overlgping behavical seqencesconside the spa-
tial altenation task.On eah trial, the rat mustretrievemem-
ory of its previousresponsesoasto geneatea reponseto the
opposie arm of the maze.The hippocampalcircut mediaes
encaling and retrievalof the epi®dic memoy of the previous
trial (e.g, previoustrial wasleft), which involves a sequece of
stats, goingfrom the base(B) to the stem(S) to choicepoint
(C) to the left arm (L). Correct behaior requiresthat the
recem segenceB-S-C-Lmust be retrieve sepaatelyfrom the
ealier seqenceB-S-C-Rinvohing the samdocaions but end-
ing in the right arm of the maze When the rat is at location
B, forward associationsn EC will retiieveboth the seqences
endng in L andR. The contex-dependenretievalof a single
epi®de is obtainedby gatingthe retrievh of forward associa-
tions with activity represeing temporalcontext.

The model usesglobal tempor&d contet (Howad and
Kahana2002; Howardet al., 2004) to disambigate the mog
receh sampléerial (e.g.,B-S-C-L)from otherrecenttrials. The
globa tempora contex consistof actinty specibdo individ-
ual segmets of time. The model formsdistinctrepresemtions
for discrée timesin the sequece of behaior and associats
this tempaal contex with prior elemats expeiened during
behaior. For example the temporal contextfor the curent
visit to the base(CB) will form aseciationswith prior states,
ard theseassoiationsare strongerfor more recentlyexpei-
encedstateqe.g.,CB-L > CB-C > CB-S> CB-B > CB-R).

Input (B) Context (B)
B
Early
phase ECII m TC | CA3
S
C R B S C L B
R C L +
Mid-
phase Ecir | Fa TC | CA3
C R B s C L B
Late
phase Ecm |Fa CA3
C R B S C L B
FIGURE 7. Example of context-dependent retrieval. Left: Dur-

ing spatial alternation, the virtual rat moves through the maze
locations designated as base B, stem S, choice point C, and left
arm L or right arm R. Performance depends on retrieving memory
of the prior response. The same input (B, in this example) pro-
vides both the cue for forward associations (FA) and the context
for temporal context (TC). In this example, the rat is at location B
and retrieves B-S-C-L (retrieval of the previously experienced B-S-
C-R would also occur, but is not shown). The width of triangles
indicates the amount of spread of activity through populations of
neurons in each region. Triangles in center indicate retrieval of
forward associations (FA) in EC layer IIT (ECIII). Retrieval of tem-
poral context (TC) in CA3 is represented by triangles on right.
Black triangles indicate CAl activity driven by multiplicative inter-
actions of ECIII and CA3 input to CAl (Spruston, pers. comm.).
Top: At an early phase of theta, forward associations are weak and
temporal context is strong (because of differences in depolarization
in CA3 and ECIII). Their interaction (black) allows retrieval of
the start of the sequence. Middle: Later, the spread across forward
associations becomes stronger allowing retrieval of the middle of
the sequence. Bottom: Near the end of the cycle, FA are very
strong, and context is weaker, allowing retrieval of the end of the
sequence with magnitude similar to activity at the start of the
sequence.

Thus, associains with a particularcontet (e.g.,baseB) are
weakerfor statesexpeiencedat a longe time interval before
the context as shown scheratically in Figures4B2 and 7.
RegionCA1 receivesonvergat input from EC andfrom tem-
poral context medided by dertate gyrus and regionCA3. This
allowsselectiveetiievalof the recentsequece,becausehe for-
ward retrievalof the recentseqencetimescontet, C-L*(CB-
L), hasgrater activty than the other sequece times contex,
C-R*(CB-R). In the mocel, a phasicincreasein forward
retrieva is coupledwith a gradualdecreasén the bakward,
contet-depedent retrievg ensiring that eachelementof the
seqencehasthe sameretrievalstrength(but the more recem
seqenceis consstently strorger than the more distant se-
quence). The® changes can be obtained through phasc charges
in magnitu@ of depolaization and synatic transnission,
which seletivelyallowthe forwardspred of activityto increase
at the sametime that the backwed, context-dpendentspred
of actvity weakens.



Tempoal contex in the model usesdentategyrusandregon
CA3. The dertate gyrws setsup distinct tempora represesat
tions, basedon the highly divergat connectiongrom EC to
dertate gyrus(McNaughton,1991; OOReillyand McClelland,
1994). Thesedistinct denfate representations candrive spiking
of CA3 neurors via the mossybbersThe active CA3 neuons
can then form graded synaptic connetions with neuons
receiuig input via pefforant pathway projections from EC
laye 1l. Theseconnectionganhavegraled strengthbecausef
exporntial falloff of STDP with spikesgeneated at longer
intervalsby the buffer, or by differentbring ratesfor moredis-
tant times. Thesegradedconnedbns can therebyencodean
aseciation betwer the distinct time represemtion and a
gradé representationof previousinput activity STDP could
alsoprovidegradedstrangth of connetionsfrom EC to dertate
gyrws (Levyand Seward, 1983), alloving prior stats to sele-
tively retrievedifferentcontext represeutions.

This processmust deal with the problem that memories
must be retrieve over a rangeof different temporal delays.
The hippocampl theta rhythm providesa solution to this
problen by allowing scanningfor the brd¢ goal match by
phasicallyincreasingcontext input be@useof changesn post-
synapticdepolariz@on (Fox, 1989), or strengthof exdtatory
synaptictransmision (Wyble et al., 2000). The activiy would
then be readeut by a multiplicative interaction of increasig
entohinal input and decrasing CA3 input, resllting in se-
quertial retrievalthat is equivalat in magritude for eachele-
ment of a sequencehut differentin magntude for different
seqencesand strorgestfor the seqencebest matcling the
curent context (Hasselmand Eichenbam, 2005).

Theta phase precession

This model of the contex-dependen retrievalproesscan
redicate a numbe of physiolgical propeties of single unit
reponsesThe retrievalof seqencest eachlocatio of the vir-
tual rat refdicatesthe phenomenm of theta phaseprecsasion
(OOKeefard Recce,1993; Saggset al., 1996). Prevbusly
retievalof sequeceshasbea usedto modelthe phenonenon
of thetaphaseprecssion(Tsodykset al., 1996; Jenserand Lis-
man, 1996a Wallensteinand Hasselmo1997). In thesemod-
els,entty to location1 causgthe readeut of locatbns2-3-4-5.
As shownin Fgure 4, if one obsevesthe respons of a single
cell (coding for locaion 5), it will initially occu latein theta
at the end of the read-outsequenceand as the rat moves
throudh the locatbns2, 3, and4, it will moveto earlie phases
until it is driven by sersol input at the start of the cyde.
Modelsshownin Figure 4A requirethat input for the start of
the seqenceoccursonly at one phaseof the theta cyde. In
contrast, the model of the contextdependenretrieval proess
can keepthe input cuepresentduring the full thetacycle(Has-
selmoand Eichetpaum,2005), asshownin Fgures3 and 4B.
The phaseof pring of regionCA1 neurors in the new model
dependson the relatve strengthof forwardassociain retrieval
(Hg. 4B1) and the backward tempord context retrieva (Fg. 4B2)
at differentphase®f theta,asshownin Figures4B and 7. In
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addtion, the forwad retrieval in EC ocars only during later
phassof the thea cycle During earler phass, EC respnds
primaily to affeent input, resiting in a bring respns for cur-
rent locdion acossa broad rarge of phaes(appeaing asan
increas in phasevaiancein later pottions of the place betl).

As shown in Figure 3B, the contt-dependent retrieval
meclanismautomaticallyaddreses prevously puzzlingprop-
erty of theta phaseprecessignwhich other models do not
address.In experimetal data,thetaphaseprecssionis initially
weakand be@mesmore prominer overinitial trials on each
day (Mehtaet al., 2002).In our simulatims, temporalcontex
is weakon the brstrun be@useof the lack of previousexpo-
sureto the taskon that day The absace of the temporalcon-
textinput from regionCA3 to regon CA1 neuonslearesonly
the input from forward aseciationsin EC. This EC input is
strorgestfor the current input, and therefoe adivity in region
CA1 primaily refRets current input, resultirg in no sequece
retrievé and thereforeno precessiorAs the rat movesthroud
the task, it encouters furthe locationsthat provide stong
temporé context for late trials, resultirg in strongertemporal
contet input to regionCA1 neurors, which allowsseqgential
retrievhin CA1 that causesheta phaseprecssion(Haselmo
and Eichenbaum 2005). This samecontet meclanismcould
underlie the backwed expansn of place beldsobsewed on
eachdayof recording(Mehtaet al., 1997).

As shownin Fgure 5, the model alsosimulateshe phenom-
enon of some @plitter cells@shown in experimetal data,
which bPreon the stemonly for a specib trial (L vs.R) even
though all the cuesare the same(Wood et al., 2000). This
effectappess in the virtud rat becausof selectiveetrievalon
the stemof only the mostrecentlypeformedseqence.In the
mocdel, this occus for neuons that encodea locationin one
arm (e.g.,the right arm). When sequece retrieva of the mog
receih episodeoccus on the stem,the sequece will activate
these neurors selectivg, for example,after a right turn
respons, but not after a left turn respons (Haselmo and
Eichebaum,2005).

The computaional models presentederehavegeneateda
numbe of new predidions aboutthe timing of spikes relative
to hippocampalthetarhythm in behaioral tasks Experimats
currently undemwayin the Hasselmand Eichenbam laborato-
riesaretestirg the predition that splitter cell reponsesccur
during the retrieval phaseof thetarhythm oscilations(Grifbn
et al., 2005), asshownin Figure5C. Thus, they shouldoccur
during the late phasesof thetaduring which precssionoccurs.
In contrast, splitter cellsshouldref3ectactivity encodd in one
arm of the mazeon the precedingtrial, thus, encodimg activity
shouldoccu during the earlyencodig phaseof thetarhythm.
This samepredictionappliego a delayechonmach to position
task,in which pring on the samge trial (forcedchoiceof one
arm) should occur during the encaing phasewheeaskring
on the testtrial (bath ams openfor choi@) shouldoccurdur-
ing the retrievalphaseof thetarhythm. Smulationsalsodem-
onstate an interestingneedto sepagite sequencesf rewaded
behavio into sepaate epodis. This separatiorcould be pro-
vided by the suppressionf thetarhythm during the receiptof
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rewad, which hasbeendescibhed in both operantard spaial
taskqWybleet al., 2004).

The mechanism of theta phase pre@sin ard Flitter cdls
proposed hae stould ako be rdevant to the encoding and
rerievd of sequences of odor simuli. In a spaae project,
recading during an odor ssquence disambiguaton tak (Agger
etd., 2002) will te$ whether individual cdls show theta phag
pre@sion of odor respnse in which the phase of biing of a
neuron will moveto ealier phases of thea asthe ssquence pro-
grese (activity will be plotted vs odor number, rathe than
postion in a place bPdd). In addition, this same task can be used
to teg for golitter cdl phenomena during the overlapping cam-
ponent of the odor sequence, ardogous to splitter cdl phenom-
erae during the ovellapping spaial canporert (the gem) of the
spetid dtemdion tak. In a ddayed matching tak regponsesto
odors should occur on differert phases during the sanple peiod
ard te$ periods or during match trids (which invdve a prev-
ously encountered odor) vs. nonmatch trials The geneaion of
such predctions provides an opportunity to tex ard modify the
modds to addres the full range of experimerta data

Buffering of Input for Encoding

Behaioral transitbnsin the envionmentoccu over a time
cousse of seveal hundrel millisecons or evenseonds. For
exampe, a rat may takeseveal secadsto complee a full trial
in a behaviaal task. The time courseof behavioris much
slowerthan the time intervalsimportent for STDP in the hip-
pocanpus,which resultsin strengthenedsynapssonly whena
presynapticspike preceles a postsyndic spike by lessthan
abou 40 ms. (Levyand Seward,1983; Bi and Poo, 1998). A
rat doesnot movevey farin lessthan40 ms,andsothe input
from the envionmentdoesnot chang vely much, raisingthe
guesion of how a rat could form assoiationsbetweenneuons
spiking & much slowerintervalsduring sequetial visits over
longerperiodsin atask.

To hold informaton about prior locaton over hundredsof
millisecondor longer encodig of sequeresin the modeluses
buffeing of input activity basedon the LismanBensenmodel
(Lismanand Idiart, 1995; Jenserand Lisman,1996b) Smula-
tionshaveshavn how bufferingcout resul from input elicting
sustaied spikingactivty in the EC (Fransa et al., 2002; Has-
selmeetal.,2002aKoeneetal.,2003),wherecholirergicmodu-
lation activées aftedepolaizaton currens (Klink and Alon®,
1997) that allow rhythmc readivation of the elenentsof the
input sequece.Thus,thetarhythmin EC of thesenodelsserves
to timethereadtvation andupdathgof theworkng memonybuf-
fer. This buffer maintans placerepresntatios for a perial of
time sufb@nt for synapseto be modiked betweermplacecells
activéed by adjacenlocatons forming the basisfor episott
memoryof spedpcsequerestravesedthroughtheenvionment.

Action Selection in Prefrontal Cortex

Lesiors that impar hippocampalthetarhythm do not pre-
vent gereral goal-diectedbehavig but only specipally the

menory-guded aspets of behaviar For example,in spatial
reversalfornix lesionsdo not impdr learningof the initial
rewad locaion, but impars learring of the new rewardloca-
tion. Thus, generaproessesf action selectiormust be out-
sideof the hippocampusbut shouldinteract strorgly with hip-
pocanpal function. The prefronta cortec compment of the
model providesa link to data on the assoctgoon of theta
rhythm with voluntaly movement(Bland and Oddig, 2001).
The mocel of prefrantal cortex requiressepaaite phasesfor the
encodilg of new assciationsbetween stats and adions and
for the spred of activty from the goalthroughprevousassci-
atiors during retrieva (Hasselmp2005; Koeneand Hasglmo,
2005). In the spdial altenation task,strengtleningof synaptic
connetionsin the prefrmtal cortexforms assciationsbetween
epsodic mamariesretrieved by the hippocampus and the motor
plansfor specib actionsFor examje, a populationof neuwons
in the prefrontd cortex respond to hippocampaladivity for
the memoy of a previousleft turn, this activity then sprads
acrosstrengthend synapssto activateprefrantal neuronsrep-
reseting a right turn respons, which then activateshe appro-
priate output. Theseinteractioss of hippocampusand prefron-
tal cortexrequre phasidiming of the input from hippocampus
to prerontal cortex Thesetiming requrementscould be pro-
videdby the phasictiming of prefrontal cortex bringrelativeto
the phaseof thetarhythm in the hippccampus(Mannset al.,
2000ab; Hyman and Hasselmp2004; Hyman et al., 2002,
2005; Sapaset al., 2005).
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