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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. VVC 2005 Wiley-Liss, Inc.
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INTRODUCTION

Electroencephalographic recordings from the hippocampus and
relatedstructuresshowa prominent, large amplitudeoscillation termed
thetarhythm, which normally appearswith a frequencyof 6Ð7oscilla-
tions/s(Greenand Arduini, 1954;Vanderwolf, 1969; Vanderwolf et al.,
1977; Buzsa«ki et al., 1983; Stewart and Fox, 1990; Bland and Colom,
1993; Buzsa«ki, 2002). This falls within the 4Ð7 Hz range labeledas
ÔÔthetaÕÕin human EEG, but the deÞnition has been expanded in
animals to include higher frequencies that appear during running

(Fox et al., 1986; Braginet al., 1995) aswell as the
low frequencies of 3Ð4 Hz that appearin urethane-
anesthetized ratsand during TypeII atropine-sensitive
theta (Kramis et al., 1975; Fox et al., 1986; Bland
and Colom, 1993; Wyble et al., 2000). Considerable
research has focusedon the mechanisms of theta
rhythm, but the focus of this paper is the possible
function of thetarhythm: the link between physiolog-
ical dataand behavioral function.

This paperreviewsa seriesof computational models
(Hasselmoet al., 2002b; Hasselmoand Eichenbaum,
2005) that address the question: How are speciÞc
behavioral functionsof hippocampal circuitsenhanced
by oscillationsof physiologicalvariables in the theta
frequencyrange?Recentmodelsin this seriesdirectly
simulate performanceof a virtual rat in behavioral
taskssuch as spatial alternation. Rats show impair-
mentsin suchtaskswith lesionsor inactivation of the
fornix and medialseptum (Givensand Olton, 1990;
Aggleton et al., 1995; Ennaceur et al., 1996), which
also causestrong reductions in hippocampal theta
rhythm (Rawlins et al., 1979; Buzsa«ki et al., 1983).
The modelsguide behaviorin thesetasksusingbio-
logically based network simulations, which address
features of physiological data on the theta rhythm.
This review will Þrst addressbehavioral data, then
summarize relevantphysiologicaldata, and conclude
with modelsshowingthe link between physiology and
behavior.

BEHAVIORAL DATA

Historically, behavioral datahavebeenusedto sup-
port a role for theta rhythm in one of two main
behavioral functions:(1) voluntary movement, or (2)
learning and memory. ResearcherssuchasVanderwolf
performed studiescorrelating theta rhythm with spe-
ciÞc behavioral states, and arguedthat theta rhythm
wasparticularly prominent in association with volun-
tary movement (Vanderwolf, 1969; Whishaw and
Vanderwolf, 1973; Bland and Oddie, 2001). This
movementincludes freerunning (OÕKeefeand Nadel,
1978;Skaggset al., 1996) aswell asrunning in a run-
ning wheel(Buzsa«ki et al., 1983;Hymanet al., 2003)
or on a treadmill (Fox et al., 1986; Brankacket al.,
1993).The phaseof thetarhythm alsoappears to cor-
relatewith the phaseof motor output, including the
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timing of snifÞng(Macrideset al., 1982), and the timing of
whiskermovement(Sembaand Komisaruk,1984; Lermaand
Garcia-Austt,1985). Considerabledatasupport a role of theta
rhythm in the sensory-motor interface (Bland and Oddie,
2001).However, thetarhythm (albeitat lowerfrequencies) also
appearsduring immobility in rats and miceduring fearcondi-
tioning (Whishaw, 1972; Sainsbury et al., 1987a; Seidenbecher
et al., 2003), or attention to predators(Sainsbury et al.,
1987b).Theta rhythm alsoshowsup prominently in immobile
rabbits (Berry and Seager, 2001; Seager et al., 2002; GrifÞn
et al., 2004) during both aversiveeyeblinkconditioning and
appetitiveconditioning.

Considerable researchhasalsofocused on the correlation of
theta rhythm with learning and memory (Berry and Thomp-
son,1978;Winson,1978;GivensandOlton, 1990;Vertesand
Kocsis,1997; Berry and Seager, 2001). An earlystudyshowed
that the impairment in a spatial memory taskcaused by lesions
of the medialseptumwascorrelatedwith the amount of reduc-
tion of the hippocampalthetarhythm (Winson,1978).Lesions
of the medial septumand fornix reducehippocampal theta
power(Rawlins et al., 1979)andcauseimpairmentsin a num-
ber of memory-guidedtasks,including spatialalternation(Giv-
ensand Olton, 1990; Aggleton et al., 1995; Ennaceur et al.,
1996),delayednonmatch to position(Markowskaet al., 1989),
operant delayedalternation (Numan andQuaranta,1990),and
spatial reversal(MÕHarzi et al., 1987). The impairments appear
speciÞc to recent, episodic memory, as fornix lesionsdo not
impair the initial learningof a goal location, but impair the
learning of reversal(MÕHarzi et al., 1987), and medial septal
inactivation doesnot impair referencememory, but impairs
recent episodicmemory in continuous conditional discrimina-
tion (Givensand Olton, 1994). The role in learning is sup-
ported by extensivedata in rabbits. The rate of learning is
fasterin individual rabbitswhen the hippocampal EEG hasthe
highestamountof thetapower(Berry and Thompson,1978).
When delivery of the conditioned stimulusis timed to appear
during periodsof thetarhythm, the rateof conditioning to the
stimulus is enhanced in both delayconditioning (Seageret al.,
2002) and trace conditioning (GrifÞn et al., 2004). Theta
rhythm appearsto reset its phasefor encoding newstimuli dur-
ing presentation of visual stimuli in a delayedmatchto sample
task (Givens,1996) but not during a referencememory task,
and this phaseresettingallows enhanced induction of long-
term potentiation(LTP) (McCartneyet al., 2004).Phasereset-
ting showsspeciÞcity for item encoding vs. retrieval probe
phasesin human memory tasks(Rizzuto et al., 2003),suggest-
ing a role for phaseresetin determining appropriatedynamics
for encoding andretrieval.

Althoughthe categoriesof voluntary movement and learning
and memory appear to be mutually exclusive, the models
reviewedherecanlink behaviorto physiology without assigning
such categories. In thesemodels, performance of memory-
guidedbehavior requires an ongoinginteraction of motor selec-
tion processesand memory retrieval that requirethetarhythm
for the synchronization and integrationof both of theseappa-
rently separateprocesses.

PHYSIOLOGICAL DATA

The behavioral data suggest a role for theta rhythm in
behavior, but it is not yet clearhow thesespeciÞc behavioral
functions areenhanced by oscillations of physiological proper-
ties of neurons and networks in the theta frequencyrange.
Modelingdemonstrateshow behavioral function in thesetasks
coulddependupon speciÞc physiologicalphenomenaassociated
with theta rhythm. Thesephysiologicaldata on theta rhythm
oscillationswithin the hippocampal formation are reviewedin
this section,and aregroupedaccordingto the four hypotheses
analyzed in the model:(1) separation of encodingandretrieval,
(2) context-dependent retrieval of sequences,(3) buffering in
entorhinal cortex (EC), and(4) timing of interactions with pre-
frontal cortex.

In describing the link to data, it is important to notethe dif-
ferent conventions for describing the phaseof theta rhythm.
Many studiesfocuson EEGrecordingat the location of largest
amplitudethetarhythm, at the borderbetweenstratumlacuno-
sum-moleculare of hippocampal region CA1, and stratum
moleculareof the dentategyrusÐÐalocation known asthe hip-
pocampal Þssure. Somestudiesusethe peakof the ÞssureEEG
asphasezero(Fox et al., 1986). However, unit recordingstud-
ies often use theta rhythm recordedin stratum pyramidale,
which hasa phase!1808 different from Þssure EEG (Buzsa«ki
et al., 1983,2002; Leung, 1984;Skaggset al., 1996;Csicsvari
et al., 1999).Here, wewill sometimes usethe conventionused
in unit recordingstudies,with referencephasezero near the
peakof theta in stratum pyramidale (nearthe trough of theta
in the ÞssureEEG). It is worth noting that the unÞltered EEG
during thetarhythm doesnot havea sinusoidshape,but hasa
scalloped shape(Buzsa«ki, 2002) that couldbe moreeffectiveat
providinglinear read-out of a sequence(HasselmoandEichen-
baum, 2005).

Data Relevant to Separation of Encoding
and Retrieval

A rangeof experimentshavedemonstratedphasicchangesin
physiologicalvariablesduring thetarhythm. Thesedatasupport
models that focus on separate dynamics of encoding and
retrieval during different phasesof each theta rhythm cycle
(Hasselmoet al., 2002b).

Current source density studies of synaptic
transmission

Theta rhythm is associated with laminar segregation of
rhythmic sourcesand sinksin regionCA1 and dentate gyrus,
asdescribedusing currentsourcedensityanalysisof EEG data
(Buzsa«ki et al., 1986; Brankacket al., 1993), and summarized
in Figure 1. This current sourcedensityanalysissupports the
model of separatephasesof encoding and retrieval.The stron-
gestinput from EC occursat the troughof ÞssureEEG, when
there are prominent sinks in stratum lacunosum-moleculare
(Brankacket al., 1993).This is proposedasthe encoding phase
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(Fig. 2). This stronginput to the dendritescould allow encod-
ing at a time whenthereis little retrievalspiking activityin the
pyramidal cell layer, which at this phaseshowsprominent out-
ward currentsin stratum pyramidale (Brankacket al., 1993)
becauseof strong inhibition at the cell body (Kamondi et al.,
1998).In contrast,the peakof ÞssureEEG (the retrievalphase)
is associatedwith prominent sinks in stratum radiatum and
another sink in stratum pyramidale, associatedwith the greater
Þring of CA1 pyramidalcellsat the peak of the Þssure EEG
(Fox et al., 1986; Skaggset al., 1996; Csicsvariet al., 1999).
As shownin Figure 2, the peakof ÞssureEEG is assumedto
correspond to the retrievalphase of network function (Has-
selmoet al., 2002b).

Phasic changes in synaptic transmission

The phasicchangesin currentsinkscould arisefrom differ-
encesin presynapticÞringrate,but couldalsoarisefrom differ-
encesin presynaptic inhibition of synaptictransmission (Wyble
et al., 2000).Recording of evokedsynapticpotentialsat differ-
ent phasesof thetarhythm demonstratesa consistentchangein
magnitude of the rising slope of synapticpotentials (Wyble
et al., 2000) aswell asin the magnitude of evoked population
spikes (Rudell et al., 1980, 1984; Buzsaki et al., 1981). The
change in magnitude of synaptictransmission could be due to
phasicchangesin presynaptic inhibition causedby GABAB

FIGURE 1. A: Anatomy of hippocampus showing synaptic inputs
to region CA1 that contribute to theta rhythm oscillations in the
EEG. These include input from EC to stratum lacunosum-moleculare
(s.l-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 CA1. Darker colors indicate stronger inward current sinks.
Current sinks at top indicate summed currents in region CA1 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. l-m.
D: Simulation of theta rhythmic 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 CA1 output, the middle band shows the sum of region CA3
activity, and the bottom band shows sum of EC layer III activity.

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 LTP, instead they show LTD or depotentiation.
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receptors (Hasselmoand Fehlau, 2001),which appears to have
a sufÞciently rapid time coursein vivo to causethis effect
(Molyneaux and Hasselmo,2002). As discussed later, these
phasic changes could causesynaptictransmission in stratum
radiatum to be weakwhen induction of LTP is strong during
encoding, and then allow strong transmission during retrieval,
whenLTP is weak(Hasselmoet al., 2002b).

Phasic changes in membrane potential

Another factor contributing to the change in magnitude of
transmissionand population spikesis the postsynaptic mem-
brane potential of pyramidal cells in regionsCA1 and CA3.
Intracellularrecordingshavedemonstrated phasicchangesin
pyramidal cell depolarization during theta rhythm (Fujita and
Sato,1964; Fox, 1989; Kamondi et al., 1998). In particular,
the soma membranepotential appearsto be hyperpolarizedat
the time whendendritesarereceiving the strongest depolarizing
current input from EC (Kamondi et al., 1998). As discussed
later, this hyperpolarizationcould preventinterferencebecause
of retrievalof previouslystoredassociationsduring encoding of
newassociations(Hasselmoet al., 2002b).

Induction of LTP

The separation of encoding and retrieval in thesemodels
dependsupon phasic changesin the induction of LTP during
theta rhythm. Initially, it wasshownin urethane-anesthetized
rats that LTP is more effectively inducedin the dentate gyrus
whena tetanusis deliveredon positivephasesof theta(Pavlides
et al., 1988), and similar resultshavebeenshown in freely
moving animals (Orr et al., 2001). Similar effectsappearin
region CA1. In slicepreparationsshowingthetarhythm dueto
cholinergicagonists,stimulation on the peakof thetarecorded
locally in stratum radiatum causes LTP, while stimulationon
the troughcauses long-termdepression(LTD) (Huerta andLis-
man, 1995). In urethane-anesthetized animals, stimulation
deliveredat the peakof the thetawaverecordedlocallyin stra-
tum radiatum induces LTP (Holscheret al., 1997),while stim-
ulation deliveredat negativephasesof thetacausesdepotentia-
tion. Note that the local peak in stratum radiatum is phase
shiftedfrom ÞssureEEG, and would be closerto the encoding
phaseat the troughof ÞssureEEG. Recently, induction of LTP
in region CA1 was analyzed in awake, behaving animals
(Hymanet al., 2003),showingthat stimulation on the peakof
local thetainducesLTP, while stimulation on the trough indu-
cesLTD (seeFig. 2). Theseresultssuggest that induction of
LTP in stratumradiatumoccurswhentransmissionis weakbut
dendrites are depolarizedby entorhinal input. LTP doesnot
depend on spiking at the soma,asdendritic spikes caninduce
LTP evenwhen the somais hyperpolarized (Golding et al.,
2002).

Firing of hippocampal units relative
to theta rhythm

Modeling has addressedsomeof the data concerning the
preferredphaseof action potential Þring by differentneuronal

populations (Fox et al., 1986; Brankacket al., 1993), which
providesan extensivedatabasefor Þtting of functional models.
Hippocampalpyramidal cells tend to Þremost frequently near
the positivepeakof the ÞssureEEG, while showinglessÞring
activity in phasesnear the trough (Fox et al., 1986; Skaggs
et al., 1996; Csicsvari et al., 1999). Inhibitory interneurons
Þreat a differentphase.In anesthetized animals, the Þring of
interneuronsappearsto be maximal at the negativephaseof
ÞssurethetaÐÐ1808 from the peak (Buzsa«ki and Eidelberg,
1983; Fox et al., 1986), whereasin awake,behaving animals,
Þring of interneurons appearsto precedethe peak of Þssure
theta by about 508 (Fox et al., 1986; Skaggset al., 1996;
Csicsvari et al., 1999). This phaseof interneuron Þring has
been simulated in detailed biophysicalsimulations of the hip-
pocampal formation (Kunecet al., 2005). In this simulation,
the phaseof Þring of one classof interneurons, the oriens-
lacunosum-moleculare(O-L-M) cells, might allow selective
inhibition of entorhinal input to lacunosum-moleculare at a
time whenpyramidal cell Þring shouldbe dominatedby stra-
tum radiatum input.

Data Relevant to Context-Dependent Retrieval

The aforementioneddatahavebeenusedin support of the
separation of encoding and retrieval. Recentmodelshavefo-
cusedon the dynamics of retrieval, and mechanismsallowing
selectivecontext-dependent retrieval of sequences (Hasselmo
and Eichenbaum, 2005). This model addresses the following
data.

Theta phase precession

Hippocampalplace cells show the phenomenon of theta
phaseprecession,Þring late in the thetacyclewhena rat Þrst
entersthe placeÞeldof the cell, and Þring at earlierphasesas
the rat movesthrough the place Þeld (OÕKeefeand Recce,
1993; Skaggset al., 1996; Mehtaet al., 2002; Huxter et al.,
2003),asshownin Figures3 and 4. Retrievalof sequenceshas
been usedto modelthe phenomenonof thetaphaseprecession
(Tsodykset al., 1996; Jensenand Lisman,1996a;Wallenstein
and Hasselmo,1997). In thesemodels,entry to location 1
causes the read-outof locations 2-3-4-5. As shownin Figure4,
if one observesthe response of a single cell (coding for loca-
tion 5), it will initially occur late in theta at the end of the
read-out sequence,and as the rat movesthrough the locations
2, 3, and 4, it will moveto earlier phasesuntil it is drivenby
sensory input at the start of the cycle.The model presented
later alsoperforms read-outof sequences,but usesan interac-
tion of forwardassociativeretrieval and context-dependent gat-
ing of retrievalto addressproblemswith the older model. In
particular, this new model can keepthe input present during
the full theta cycle. In addition, previousmodels could not
account for the fact that theta phaseprecession appearson
later runs on a lineartrack, but doesnot appearasstrongly on
the Þrstrun of a day(Mehtaet al., 2002),andplacecell Þring
Þeldsshowa backwardshift that occursanew on each day of
testing (Mehtaet al., 1997).
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Splitter cell responses

Hippocampalneurons alsoshowstriking context-dependent
changesin their response propertieson a trial by trial basisdur-
ing performanceof a continuousspatial alternation task(Wood
et al., 2000), asshownin Figure 5. Theseneurons havebeen
calledÔÔsplitter cells,ÕÕthough they could alsobe referred to as
ÔÔepisodiccells.ÕÕDuring performanceof a continuous spatial
alternation task,theseneurons Þrein a trial selectivemanner as
the rat runs up the stemof the maze. Even though the rat is
running in the samedirection in the samespatiallocation in
the task, thesesplitter cells Þre selectively dependingon the
prior or future response of the rat. For example, oneparticular
splitter cell may Þre only after a right turn response, but not
after a left turn response.Further, analysis of thesetypesof
neurons in a different task (Ferbinteanu and Shapiro, 2003) dem-
onstratesthat the selectivityappears to depend more strongly
on the previouslocation(retrospectiveresponse),though some
cells show dependence on future location (prospective response).

Buffering in EC

The modelspresentedherealsoaddressphysiological dataon
the EC. This includes data showingtheta rhythm oscillations
in the EC (Alonso and Garcia-Austt,1987a,b). In addition,
data shows cholinergic modulation of intrinsic properties
within the EC (Klink and Alonso,1997). In slicepreparations
of the EC, perfusionwith cholinergic agonistsactivatesintrinsic
calcium-sensitivecationcurrentsthat causeeach spiketo befol-
lowedby an afterdepolarization(Klink andAlonso,1997). The
inßux of calciumduring eachspikeactivates the cation current,
resulting in the afterdepolarizationthat causesrepetitivegenera-
tion of sustained spiking in the absence of synapticinput.
This mechanismwas proposedto interactwith thetarhythm to
providea short-term buffer for input activity in the LismanÐ
Jensenmodel (Lismanand Idiart, 1995; Jensenand Lisman,
1996b),andhasbeenusedin the modelsdescribedlater (Fran-
se«n et al., 2002; Koeneet al., 2003; Hasselmo and Eichen-
baum, 2005).

Interactions With Prefrontal Cortex

Recentphysiologicaldatahavedemonstratedthat the Þring
of action potentials of neurons in prefrontal cortex showsa
clear phase relationship to the hippocampal theta rhythm
(Hyman et al., 2002, 2005; Hyman and Hasselmo,2004;
Mannset al., 2000a,b;Siapaset al., 2005). The computational
modeling of behavior providesa functional framework for
understanding the necessity of these phase relationships
betweenactivity in the hippocampusandprefrontal cortex.

MODELS LINKING BEHAVIOR TO PHYSIOLOGY

Linking behavior to physiology requires explicit modeling of
both thememory-guidedactionsof a rat during behavior, and the
physiological mechanismsunderlyingtheseactions. Network simu-

FIGURE 3. Theta phase precession of hippocampal place cells.
A1: 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.
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lations of cortical structures have been used to guide the move-
ments of a virtual rat in a virtual environment (Hasselmo et al.,
2002a,c; Cannon et al., 2003; Koene et al., 2003; Hasselmo,
2005; Hasselmo and Eichenbaum, 2005; Koene and Hasselmo,
2005), in tasks including spatial reversal (Hasselmo et al., 2002b)
spatial alternation and linear tracks (Hasselmo and Eichenbaum,
2005), and delayed nonmatch to position (Hasselmo and Zilli,
2005). The behavior in thesemodeled tasks has been guided by
network simulations, which effectively simulate features of the
physiological datadescribed in theprevioussection.

As shownin Figure 6, the structure of thesesimulations is
basedon the anatomy and physiology of the hippocampus,
EC, and prefrontal cortex.As the virtual rat movesthrough the
task, information about its state in the environment (Place)
and its receipt of food reward(Reward) is sent from the virtual
rat to the neural simulation. Note that this simpliÞed virtual
rat doesnot view any stateother than its immediate location,

andso it only detectsrewardwhenit is received (in most tasks
food rewardis not visibleat a distance).In the model, the pre-
frontal cortex performs goal-directed selection of next action
(motor output) (Hasselmo,2005;Koeneand Hasselmo,2005),
performing functions similar to reinforcement learning algo-
rithms (Sutton and Barto, 1998). Action selectiondepends on
both the current state and episodic retrieval of previous
responses from circuits representing hippocampus and EC
(Hasselmoand Eichenbaum,2005).

Thesemodelsextend previouswork that usednetworksimu-
lations of the hippocampalformation to guide the movements
of a virtual rat in spatial tasks(Sharpet al., 1996; Burgess
et al., 1997;RedishandTouretzky, 1998).Theseearliersimula-
tionsdid not includea representationof the oscillatory dynam-
ics of hippocampaltheta rhythm during the behavior, though
one modelusedassigned phasesof thetaÞring to enhancethe
detail of placecell representation (Burgesset al., 1997). The
seriesof modelsdescribedhere haveprogressedthrougha num-
ber of stages.Earlier modelsusedassociationsbetween place
cells in the hippocampusand EC to storepathwaysand select
betweenpossiblepathways(Hasselmoet al., 2002c),similar to
the hypothesis that Hebbian modiÞcation betweenplace cells
could provide a distance metric (Muller and Stead, 1996).
However, later versions haveusedprefrontal cortical circuits to
perform the action selectionprocess, while the hippocampus
itself performs encoding and retrievalof episodes.This focus
on retrievalof episodesdiffers from modelsfocusedon the
encoding and retrieval of single Þxed patterns representing
itemssuchaswords(Marr, 1971;TrevesandRolls,1994; Has-
selmoand Wyble, 1997; Norman and OÕReilly, 2003), and
builds from previousmodelsfocused on encoding and retrieval

FIGURE 4. A. Simple model of phase precession based on
retrieval of sequences (Tsodyks et al., 1996; Jensen and Lisman,
1996a). A1: 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 CA1 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 CA1 activity falls below threshold. This
input also decreases over phases within each cycle, causing activity
to fall below threshold for more locations. B3: CA1 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 CA1
when EC input converges with strong temporal context. B4: When
observing a single cell (5), CA1 activity appears as wide, slightly
scalloped distribution of spiking activity over phase and position.
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of full sequences(McNaughton and Morris, 1987; Levy, 1996;
Jensenand Lisman,1996a;Wallensteinand Hasselmo, 1997;
Lisman,1999; Hasselmoand Eichenbaum,2005).

The latest model performs action selection in prefrontal cor-
tex basedon encodingand retrieval of episodicsequences,

using the primary subregionsof the hippocampalformation,
including EC layer II, EC layer III, the dentategyrus, and
regionsCA3 and CA1 of the hippocampus(Hasselmo and
Eichenbaum,2005). This network encodesepisodesconsisting
of sequencesof visitsto different states(places) in the environ-
ment. Thus, encoding is based on sequential activation of
ÔÔplace cellsÕÕin the hippocampus(OÕKeefeand Dostrovsky,
1971; OÕKeefe,1976; McNaughtonet al., 1983; Muller et al.,
1987;Eichenbaum et al., 1989; Muller andKubie, 1989;Wie-
ner et al., 1989;Skaggset al., 1996;Wood et al., 2000;Huxter
et al., 2003) and EC (Barneset al., 1990;Frank et al., 2000).
The construction of thesemodelsdemonstratesthe potential
functional requirements for theta rhythm to time activity in
multiple different regions during the encoding and retrieval
required to perform memory-guided behavior. The following
sections will brießyreviewfour complementary and interacting
hypotheses: (1) theta rhythm provides separation between
encoding and retrieval dynamics (Hasselmoet al., 2002b),(2)
thetarhythm enhancesthe context-dependent retrieval of previ-
ously encoded sequences(Hasselmoand Eichenbaum, 2005),
(3) theta rhythm enhances the buffering of new input for
encoding (Lisman and Idiart, 1995; Hasselmoet al., 2002a;
Koeneet al., 2003),and(4) thetarhythm timesthe interaction
of prefrontal cortex action selection(Hasselmo,2005; Koene
and Hasselmo,2005) with hippocampal retrieval (Hasselmo
andEichenbaum, 2005).

Separation of Encoding and Retrieval

Episodicmemory function canrun into problems if encod-
ing is not separatedfrom retrieval. For example,whenyou park
your car in a largeparkinglot, you might recallparking your

FIGURE 5. Simulation of ‘‘splitter cell’’ response. A: Behavio-
ral context showing two trial types: A1: 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.

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 CA1. The retrieval activity in region CA1 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.
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car in a different location on a previousday. If you encode
your retrieval of the previous episodeas if it werenew, then
when you return to the parking lot you may go to the old
parking location. This problem of confounding overlapping
memoriescan be preventedby requiring a changein network
dynamicsduring encoding andretrieval, asshownin manypre-
vious models(Hasselmoet al., 1992; Hasselmo, 1995). Selec-
tive presynaptic inhibition of glutamatergic transmission by
muscariniccholinergic receptors at association Þber synapses
could providethis mechanism(Hasselmoand Schnell, 1994).
The cholinergic suppression of transmission could suppress
interferencefrom retrievalwhile simultaneously enhancing en-
coding by increasingthe induction of LTP. However, choliner-
gic modulation hasa time coursethat appearsto be too slow
(Hasselmoand Fehlau,2001). Alternately, the changein rela-
tive strengthof encodingvs. retrieval could be provided by
changes in synapticcurrents during each cycle of the theta
rhythm (Hasselmoet al., 2002b). This providesone mecha-
nism for separation of theseprocesses.Many other network
modelsof associativememory function haveusedseparatedy-
namics for encoding and retrieval, usuallyassuming clamping
of activity during encoding (Anderson,1972;Grossberg, 1975;
McNaughtonand Morris,1987;TrevesandRolls,1992).

Figure 2 summarizeshow eachcycle of the theta rhythm
could containseparatephasesof encoding and retrieval. These
phasesaredeÞned relative to thetarhythm recorded in stratum
lacunosum-moleculareof regionCA1 (often referred to asÔÔÞs-
surethetaÕÕ).The encoding phaseoccurs during strongsynaptic
input from EC, and is therefore at the trough of Þssuretheta.
At this time, synaptic modiÞcation (LTP) is strong at synapses
betweenneurons in regionCA3 and between CA3 and CA1,
but synaptictransmission at thesesamesynapsesis weak.This
preventsretrievalof previouslyencoded associations from caus-
ing spuriousassociations between a new association and ele-
mentsof an old association (Hasselmoet al., 2002b). In con-
trast, retrievaloccurs during the peakand falling phaseof hip-
pocampal theta, when afferent input from EC is relatively
weak. Retrievalrequires strong synaptictransmissionat recur-
rent collateralsin regionCA3 and the Schaffercollateralsfrom
CA3 to CA1, but to prevent this retrievalactivity from causing
interference,synapticmodiÞcationat thesesamesynapsesmust
be weakduring this phase.The elementsof this hypothesisare
consistent with available experimental data,as summarizedin
the sectionon physiologicaldata.

This framework can account for behavioral data showing
that fornix lesions (which reduce theta rhythm) causean
increasein the number of errorsafterreversalin a T-mazetask
(MÕHarziet al., 1987). SpeciÞcally, rats with fornix lesionsper-
sist in visitingan arm that waspreviouslyrewardedbut is cur-
rently unrewarded.This impairment could result from lossof
theta rhythm, allowing the induction of LTP and synaptic
transmission in stratum radiatum to be strong at the same
time. After reversal,the rat makeserroneousvisitsto the previ-
ouslyrewarded location. In this case,strong synaptic transmis-
sion allowsthe rat to retrievepostsynaptic activity correspond-

ing to memory of food at the now unrewardedlocation. This
retrieval activity could causefurther LTP, and thus strengthen
associationswith the memory of food despite the fact that the
location is now unrewarded. This mechanism could slow the
extinction of the old association and increasethe period of
error generationbeforereversal(Hasselmoet al., 2002b).The
behavioral deÞcitsfollowing fornix lesionsmight also result
from loss of slow modulatory effectsof acetylcholine, but
appear to dependon combined block of both cholinergic and
GABAergicinput (Panget al., 2001).

Context-Dependent Retrieval of Sequences

Episodicmemory requiresselective retrievalof one memory
without interferencefrom other memories.For example, if you
park in the sameparking garageevery day, it becomes difÞcult
at the end of eachday to remember whereyou parked your
car. You must remember whereyou parked it this morning,
without interferencefrom multiple other memoriesof parking
the car in differentlocations.The physiologicalchangesduring
theta rhythm may enhancethe selectivecontext-dependent
retrieval of individual encoded sequenceswithout interference
from othersequences(SohalandHasselmo, 1998a,b; Hasselmo
and Eichenbaum, 2005). This hypothesisbuilds from earlier
models of sequence encoding in hippocampalcircuits. Marr
(1971) initially proposedthat excitatory recurrentconnections
in region CA3 could provide sequential associationsbetween
individualpatterns in a sequence,and this mechanismhasbeen
usedin many models(McNaughtonand Morris, 1987; Blum
and Abbott, 1996; Levy, 1996; Jensenand Lisman, 1996a;
Wallenstein and Hasselmo,1997;Lisman,1999;Hasselmoand
Eichenbaum, 2005). During encoding in thesemodels, each
pattern in a sequenceactivates a setof neurons shortlybefore
the nextpattern, andspiketiming dependentplasticity (STDP)
(Levy and Steward, 1983) strengthenssynapsesbetween the
sequential patterns.During retrieval, input of the Þrst pattern
will causeactivity to spread acrossstrengthened synapsesto
causesequential spiking in other patterns, readingout the full
sequence(Levy, 1996; Wallenstein and Hasselmo,1997). This
simple sequence retrievaldoes not have to occur in region
CA3. It could occur in any networkin which retrievaloutput
can cue another retrieval step. Thus, the samemechanism
could occur at recurrent synapses in EC layer II or III (Has-
selmoand Eichenbaum, 2005; Hasselmo et al., 2002c), in a
loop involving dentategyrus,region CA3 and mossycells in
the hilus (Lisman,1999),or in a loop involving the full hippo-
campal circuit from EC back to EC. In addition, evidence sug-
geststhat the hippocampus may encode episodic sequences,
whereasthe basalganglia mayencode highly familiar sequences
(White andMcDonald,2002).

Simplesequence encoding modelscannotencode and selec-
tively retrievehighly overlappingsequences(Levy, 1996). For
example, consider the sequencesA-B-C-D and E-B-C-F. Simple
forward associationsbetweeneachpattern would result in the
cueÔÔAÕÕretrieving ÔÔBÕÕandÔÔCÕÕfollowedby both ÔÔDÕÕandÔÔFÕÕ
asthe Þnalpattern. Selectiveretrievalrequires some additional
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mechanismfor context-dependent retrievalof oneout of many
highly overlappingsequences,through gatingof retrievaloutput
by additional synaptic activity. In onenetworkmodelof CA3,
disambiguationof overlappingsequenceshasbeenobtainedby
having retrievalof the end of a sequence dependon synaptic
input from persistent Þring of additional CA3 neuronstermed
local context units (Levy, 1996). As an alternative, context-
dependentretrievalcouldalsobeobtainedby gatingthe output
of retrieval, with input from anotherregion.For example,the
retrievalof region CA3 could be gatedby activity from ECII,
or output from CA3 to CA1 could be gatedby activity from
ECIII. In the model presentedhere, output from ECIII to
CA1 is gated by context activity in the dentate gyrus and
region CA3.

Thesemechanismsof context-dependentretrievalrequirea
balance betweenthe forward sequenceretrievaland gatingby
context. Theta rhythm could provide a mechanismfor sam-
pling acrossdifferent magnitudes of network variables.Once
sequenceretrievalactivity occurs,feedback inhibition can en-
sure that the Þrst, best matching sequenceis selectively retrieved.
Early modelsof this processusedphasicchangesin magnitude
of synaptictransmissionto allow retrievalof singleassociations
becauseof a globalcontext signal representingspeciÞc environ-
mental cues selectivefor one episode(Sohaland Hasselmo,
1998a,b). The simulations of episodicretrieval reviewedhere
providea more detailed model of the role of thetarhythm in
allowingglobal context to regulate selectiveretrieval (Hasselmo
and Eichenbaum,2005).

Figure 7 (and Fig. 4B) summarizethe mechanism in this
most recentmodel (Hasselmoand Eichenbaum,2005). As an
example of overlapping behavioral sequences,consider the spa-
tial alternation task.On each trial, the rat must retrievemem-
ory of its previousresponse,soasto generatea responseto the
opposite arm of the maze.The hippocampalcircuit mediates
encoding and retrievalof the episodic memory of the previous
trial (e.g., previoustrial wasleft), which involves a sequenceof
states, goingfrom the base(B) to the stem(S) to choicepoint
(C) to the left arm (L). Correct behavior requiresthat the
recent sequenceB-S-C-Lmust be retrieved separatelyfrom the
earlier sequenceB-S-C-Rinvolving the samelocationsbut end-
ing in the right arm of the maze. When the rat is at location
B, forward associationsin EC will retrieveboth the sequences
ending in L andR. The context-dependent retrievalof a single
episode is obtainedby gatingthe retrieval of forward associa-
tionswith activityrepresenting temporalcontext.

The model uses global temporal context (Howard and
Kahana,2002;Howardet al., 2004) to disambiguatethe most
recent sampletrial (e.g.,B-S-C-L)from otherrecenttrials.The
global temporal context consistsof activity speciÞcto individ-
ual segments of time. The model formsdistinct representations
for discrete times in the sequence of behavior and associates
this temporal context with prior elements experienced during
behavior. For example,the temporal context for the current
visit to the base(CB) will form associationswith prior states,
and theseassociationsare strongerfor more recentlyexperi-
encedstates(e.g.,CB-L > CB-C > CB-S> CB-B > CB-R).

Thus, associations with a particularcontext (e.g.,baseB) are
weakerfor statesexperiencedat a longer time interval before
the context, as shown schematically in Figures4B2 and 7.
RegionCA1 receivesconvergent input from EC andfrom tem-
poral context mediated by dentategyrus and regionCA3. This
allowsselectiveretrievalof the recentsequence,becausethe for-
ward retrievalof the recentsequencetimescontext, C-L*(CB-
L), hasgreater activity than the other sequence timescontext,
C-R*(CB-R). In the model, a phasic increasein forward
retrieval is coupledwith a gradualdecreasein the backward,
context-dependent retrieval, ensuring that eachelementof the
sequencehasthe sameretrievalstrength(but the more recent
sequence is consistently stronger than the more distant se-
quence). These changes can be obtained through phasic changes
in magnitude of depolarization and synaptic transmission,
whichselectivelyallowthe forwardspreadof activityto increase
at the sametime that the backward, context-dependentspread
of activity weakens.

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 III (ECIII). Retrieval of tem-
poral context (TC) in CA3 is represented by triangles on right.
Black triangles indicate CA1 activity driven by multiplicative inter-
actions of ECIII and CA3 input to CA1 (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.
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Temporal context in the model usesdentategyrusandregion
CA3. The dentate gyrus setsup distinct temporal representa-
tions, basedon the highly divergent connectionsfrom EC to
dentate gyrus(McNaughton,1991; OÕReillyand McClelland,
1994). Thesedistinct dentaterepresentations candrive spiking
of CA3 neurons via the mossyÞbers.The active CA3 neurons
can then form graded synaptic connections with neurons
receiving input via perforant pathwayprojections from EC
layer II. Theseconnectionscanhavegradedstrengthbecauseof
exponential falloff of STDP with spikesgenerated at longer
intervalsby the buffer, or by differentÞringratesfor moredis-
tant times. Thesegradedconnections can therebyencodean
association between the distinct time representation and a
graded representationof previousinput activity. STDP could
alsoprovidegradedstrength of connectionsfrom EC to dentate
gyrus (Levyand Steward, 1983), allowing prior states to selec-
tively retrievedifferentcontext representations.

This processmust deal with the problem that memories
must be retrieved over a rangeof different temporaldelays.
The hippocampal theta rhythm providesa solution to this
problem by allowing scanningfor the Þrst good match by
phasicallyincreasingcontext input becauseof changesin post-
synapticdepolarization (Fox, 1989), or strengthof excitatory
synaptictransmission (Wyble et al., 2000). The activity would
then be read-out by a multiplicative interaction of increasing
entorhinal input and decreasingCA3 input, resulting in se-
quential retrievalthat is equivalent in magnitude for eachele-
ment of a sequence,but different in magnitude for different
sequences,and strongest for the sequencebest matching the
current context (HasselmoandEichenbaum, 2005).

Theta phase precession

This model of the context-dependent retrievalprocesscan
replicate a number of physiological properties of singleunit
responses.The retrievalof sequencesat eachlocation of the vir-
tual rat replicatesthe phenomenon of theta phaseprecession
(OÕKeefeand Recce,1993; Skaggset al., 1996). Previously,
retrievalof sequenceshasbeen usedto modelthe phenomenon
of thetaphaseprecession(Tsodykset al., 1996;Jensenand Lis-
man, 1996a; Wallensteinand Hasselmo,1997). In thesemod-
els,entry to location1 causes the read-out of locations2-3-4-5.
As shownin Figure 4, if one observesthe response of a single
cell (coding for location 5), it will initially occur late in theta
at the end of the read-outsequence,and as the rat moves
through the locations2, 3, and4, it will moveto earlier phases
until it is driven by sensory input at the start of the cycle.
Modelsshownin Figure4A requirethat input for the startof
the sequenceoccursonly at one phaseof the theta cycle. In
contrast, the model of the context-dependent retrieval process
can keepthe input cuepresentduring the full thetacycle(Has-
selmoand Eichenbaum,2005),asshownin Figures3 and 4B.
The phaseof Þring of regionCA1 neurons in the new model
dependson the relative strengthof forwardassociation retrieval
(Fig. 4B1) and thebackward temporal context retrieval (Fig. 4B2)
at differentphasesof theta,asshownin Figures4B and 7. In

addition, the forward retrieval in EC occurs only during later
phasesof the theta cycle. During earlier phases,EC responds
primarily to afferent input, resulting in a Þring response for cur-
rent location acrossa broad range of phases(appearing as an
increase in phasevariancein later portions of the placeÞeld).

As shown in Figure 3B, the context-dependent retrieval
mechanismautomaticallyaddressesa previouslypuzzlingprop-
erty of theta phaseprecession, which other models do not
address.In experimental data,thetaphaseprecessionis initially
weakand becomesmore prominent over initial trials on each
day (Mehtaet al., 2002). In our simulations, temporalcontext
is weakon the Þrst run becauseof the lack of previousexpo-
sureto the taskon that day. The absenceof the temporalcon-
text input from regionCA3 to region CA1 neuronsleavesonly
the input from forward associationsin EC. This EC input is
strongestfor the current input, and therefore activity in region
CA1 primarily reßects current input, resulting in no sequence
retrieval and thereforeno precession. As the rat movesthrough
the task, it encounters further locationsthat provide strong
temporal context for later trials, resulting in strongertemporal
context input to regionCA1 neurons, which allowssequential
retrieval in CA1 that causestheta phaseprecession(Hasselmo
and Eichenbaum, 2005). This samecontext mechanismcould
underlie the backward expansion of placeÞeldsobserved on
eachdayof recording(Mehtaet al., 1997).

Asshownin Figure 5, the model alsosimulatesthe phenom-
enon of some ÔÔsplitter cells,ÕÕshown in experimental data,
which Þreon the stemonly for a speciÞc trial (L vs. R) even
though all the cuesare the same(Wood et al., 2000). This
effectappears in the virtual rat because of selectiveretrievalon
the stemof only the most recentlyperformedsequence.In the
model, this occurs for neurons that encodea location in one
arm (e.g.,the right arm). When sequenceretrieval of the most
recent episodeoccurs on the stem,the sequence will activate
these neurons selectively, for example,after a right turn
response, but not after a left turn response (Hasselmo and
Eichenbaum,2005).

The computational modelspresentedherehavegenerateda
number of new predictions about the timing of spikes relative
to hippocampaltheta rhythm in behavioral tasks.Experiments
currently underwayin the HasselmoandEichenbaum laborato-
riesare testing the prediction that splitter cell responsesoccur
during the retrievalphaseof thetarhythm oscillations(GrifÞn
et al., 2005),asshownin Figure5C. Thus, they shouldoccur
during the latephasesof thetaduring which precessionoccurs.
In contrast,splitter cellsshouldreßectactivity encoded in one
arm of the mazeon the precedingtrial, thus,encoding activity
shouldoccur during the earlyencoding phaseof thetarhythm.
This samepredictionappliesto a delayednonmatch to position
task,in which Þring on the sample trial (forcedchoiceof one
arm) shouldoccur during the encoding phase,whereasÞring
on the testtrial (both arms openfor choice) shouldoccurdur-
ing the retrievalphaseof thetarhythm. Simulationsalsodem-
onstrate an interestingneedto separate sequencesof rewarded
behavior into separate epochs. This separationcould be pro-
videdby the suppressionof thetarhythm during the receiptof

WHAT IS THE FUNCTION OF HIPPOCAMPAL THETA RHYTHM? 945



reward, which hasbeendescribed in both operantand spatial
tasks(Wybleet al., 2004).

The mechanism of theta phase precession and splitter cells
proposed here should also be relevant to the encoding and
retrieval of sequences of odor stimuli. In a separate project,
recording during an odor sequence disambiguation task (Agster
et al., 2002) will test whether individual cells show theta phase
precession of odor responses in which the phase of Þring of a
neuron will move to earlier phases of theta asthe sequence pro-
gresses (activity will be plotted vs. odor number, rather than
position in a place Þeld). In addition, this same task can beused
to test for splitter cell phenomena during the overlapping com-
ponent of the odor sequence, analogous to splitter cell phenom-
ena during the overlapping spatial component (the stem) of the
spatial alternation task. In a delayed matching task responsesto
odors should occur on different phases during thesample period
and test periods, or during match trials (which involve a previ-
ously encountered odor) vs. nonmatch trials. The generation of
such predictions provides an opportunity to test and modify the
models to address the full range of experimental data.

Buffering of Input for Encoding

Behavioral transitions in the environmentoccur over a time
course of several hundred milliseconds or evenseconds. For
example, a rat maytakeseveral secondsto complete a full trial
in a behavioral task. The time courseof behavioris much
slowerthan the time intervalsimportant for STDP in the hip-
pocampus,which resultsin strengthenedsynapsesonly whena
presynapticspike precedes a postsynaptic spike by lessthan
about 40 ms. (Levyand Steward,1983; Bi and Poo, 1998).A
rat doesnot movevery far in lessthan40 ms,andsothe input
from the environmentdoesnot change very much, raisingthe
question of how a rat could form associationsbetweenneurons
spiking at much slowerintervalsduring sequential visits over
longerperiodsin a task.

To hold information about prior location over hundredsof
millisecondsor longer, encoding of sequencesin the modeluses
buffering of input activity basedon the LismanÐJensenmodel
(Lismanand Idiart, 1995;Jensenand Lisman,1996b). Simula-
tionshaveshown how bufferingcould result from input eliciting
sustainedspikingactivity in the EC (Franse«n et al., 2002;Has-
selmoetal.,2002a;Koeneetal.,2003),wherecholinergicmodu-
lation activatesafterdepolarization currents (Klink and Alonso,
1997) that allow rhythmic reactivation of the elementsof the
input sequence.Thus,thetarhythmin EC of thesemodelsserves
to timethereactivationandupdatingof theworkingmemorybuf-
fer. This buffer maintains placerepresentations for a period of
time sufÞcient for synapses to be modiÞed betweenplacecells
activated by adjacent locations, forming the basisfor episodic
memoryof speciÞcsequencestraversedthroughtheenvironment.

Action Selection in Prefrontal Cortex

Lesions that impair hippocampaltheta rhythm do not pre-
vent general goal-directedbehavior, but only speciÞcally the

memory-guided aspects of behavior. For example,in spatial
reversal,fornix lesionsdo not impair learningof the initial
reward location, but impairs learning of the new rewardloca-
tion. Thus, generalprocessesof action selectionmust be out-
sideof the hippocampus,but shouldinteractstrongly with hip-
pocampal function. The prefrontal cortex component of the
model provides a link to data on the association of theta
rhythm with voluntary movement(Bland and Oddie, 2001).
The model of prefrontal cortex requiresseparatephasesfor the
encoding of new associationsbetween states and actions and
for the spread of activity from the goalthroughpreviousassoci-
ations during retrieval (Hasselmo, 2005; Koeneand Hasselmo,
2005). In the spatial alternation task,strengtheningof synaptic
connections in the prefrontal cortexforms associationsbetween
episodic memoriesretrieved by the hippocampus and the motor
plansfor speciÞc actions.For example, a populationof neurons
in the prefrontal cortex responds to hippocampalactivity for
the memory of a previousleft turn, this activity then spreads
acrossstrengthened synapsesto activateprefrontal neuronsrep-
resenting a right turn response, which then activatesthe appro-
priateoutput. Theseinteractions of hippocampusand prefron-
tal cortexrequire phasictiming of the input from hippocampus
to prefrontal cortex. Thesetiming requirementscould be pro-
videdby the phasictiming of prefrontal cortex Þringrelativeto
the phaseof thetarhythm in the hippocampus(Mannset al.,
2000a,b; Hyman and Hasselmo, 2004; Hyman et al., 2002,
2005;Siapaset al., 2005).
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