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TEST OF THE REVERBERATORY ACTIVITY HYPOTHESIS FOR

IPPOCAMPAL ‘PLACE’ CELLS
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bstract—One of several tenable hypotheses that can be
roposed to explain the complex dynamics of spatially selec-
ive hippocampal neural activity postulates that the region of
pace over which a given cell receives its external input is
ctually much smaller than the classical ‘place field.’ Accord-
ng to this notion, the later portions of the field reflect some
orm of network hysteresis resulting from ‘reverberatory’ ac-
ivity within reentrant, synaptically coupled cell assemblies
ithin the hippocampus. This hypothesis predicts that tran-
ient, global inhibition, induced after the onset of firing,
ight truncate the remainder of the place field. To test this
ypothesis, principal afferents to the hippocampus were
timulated bilaterally in rats running on a circular track, evok-
ng widespread inhibition throughout the hippocampus, and
bolishing all spike activity from simultaneously recorded
opulations of CA1 pyramidal cells for periods of 150–300
s. Stimulation at any point within the place field of a given

ell suppressed firing only for such brief intervals, followed
y an immediate resumption for the remainder of the field.
hese results suggest that without additional cellular and/or
ynaptic mechanisms, reverberatory activity alone within the
ippocampus does not account for the shape and spatial
xtent of place fields. © 2004 IBRO. Published by Elsevier
td. All rights reserved.

ey words: memory, place cell, cell assemblies, inhibition,
etwork, theta.

espite decades of study, the cellular and network level
ynamics underlying the expression of location-specific
ring in hippocampal neurons (‘place cells’; O’Keefe and
ostrovsky, 1971) remain poorly understood. The simplest
xplanation is that the classical place field is shaped di-
ectly by external sensory input (McNaughton et al., 1983a;
ichenbaum et al., 1989; O’Keefe and Burgess, 1996).
bundant evidence against the sufficiency of such a model
xists (O’Keefe and Conway, 1978; Muller et al., 1987,
994; McNaughton et al., 1989; Quirk et al., 1990; Sharp et
l., 1990; Bostock et al., 1991; Markus et al., 1994; Goth-
rd et al., 1996a,b; Barnes et al., 1997; Knierim et al.,
998; Skaggs and McNaughton, 1998; Wood et al., 2000;
ower et al., 2002; Ferbinteanu and Shapiro, 2003). In
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t
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articular, which hippocampal cells fire in a given sensory
ontext depends strongly on internal state variables such
s distance moved from the last known reference point, the
tate of the head direction system, behavioral set, and
ecent memory.

A second class of models suggests that place cell firing
s in some sense predictive of future locations (Muller and
ubie, 1989). Several models (Jensen and Lisman, 1996;
sodyks et al., 1996; Wallenstein and Hasselmo, 1997)
uggest that the phenomenon of phase precession
O’Keefe and Recce, 1993; Skaggs et al., 1996) is ac-
ounted for by asymmetric connections in the network
Mehta et al., 1997), through which activity is propagated
orward from the current location representation during
ach � cycle. In such models, most of the classical place
eld reflects a network-based prediction of the rat’s arrival
t a point near the end of the place field and is not the
esult of direct sensory input.

A third class of model can be proposed in which the
lassical place field is shaped largely by some form of

reverberatory’ network dynamics (e.g. Hebb, 1949). The
ost general form of such a model would be that the
etermination of which cells fire at a given location is
overned by an interaction between the current state of
etwork activity and the current input to the hippocampus
rom elsewhere in the brain. External information may
rigger the initial firing as the rat enters the field, but,
ccording to this hypothesis, subsequent firing represents
ome form of reverberation, which could be due to either
etwork effects or intrinsic cellular dynamics. For example,
oulakov et al. (2002) have invoked such mechanisms to
odel neural integrator circuits whose activity could persist

ollowing a discrete input. It is possible that, in the hip-
ocampus, a short history of recent experience would be
eplayed during each � cycle. As the rat moves in space,
ew information would be added to the top of the rever-
eration stack and old information would drop off the bot-
om, resulting in the gradual phase shift. Evidence consis-
ent with such a model comes from the observation that, if

rat exits from a variably located start-box, the firing
attern for the first few seconds is independent of the

ocation of the box in the room or of the direction the rat
urns upon leaving the box (Gothard et al., 1996a,b; Re-
ish et al., 2000), indicating that the firing is determined
ntirely by inputs that occurred at an earlier time. Similarly,
lthough firing patterns while running in two directions on a
imple linear track are normally uncorrelated (McNaughton
t al., 1983a), if the rat changes direction abruptly in the
idportion of the track, the currently active cells continue
o fire while the rat begins to move in the opposite direction
ved.
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here the cell normally does not fire (Redish et al., 2000).
n extreme variant of such models is the ‘path integration’
cheme, in which the selection of which cells fire at a given
osition can be completely independent of external input
er se, but may depend only on the earlier state of the
ippocampal network, the pattern of intrinsic connections,
nd the distance and direction that the rat moves (O’Keefe
nd Speakman, 1987; Redish and Touretzky, 1997; Sam-
onovich and McNaughton, 1997).

A recurrent activity-based model would depend either on
ome form of LTP-like associative synaptic coupling of se-
uential network states (e.g. Samsonovich and McNaughton,
997) or on some form of persistent membrane current spe-
ific to the currently active cell assembly (Lisman et al., 1998;
ang, 1999) that would bias the active population such that

t might recover spontaneously and selectively after a period
f inhibition. In the absence of such effects, such a model
redicts that transient but complete inhibition of spike activity

n the network could abolish information about its recent
istory. Thus, when the network is allowed to recover from

nhibition, the nascent activity might either be random, or at
east depend only on the current input. In other words, either

‘remapping’ might be expected as the system recovers, or
t the very least, the cells that were firing in the latter portions
f their place fields at the onset of inhibition would not re-
over. The latter hypothesis is illustrated in Fig. 1. A method
f testing this prediction arises from the fact that electrical
timulation of the hippocampus or its major afferents evokes
owerful, widespread inhibition through feed-forward and
eedback inhibitory pathways (Andersen et al., 1963, 1964;
lger and Nicoll, 1982; Douglas et al., 1983; Buzsáki, 1984;
izumori et al., 1989). The present experiment was designed

o exploit this phenomenon to test the reverberatory activity

ig. 1. Diagrammatic representation of the prediction of the recurrent
ctivity hypothesis in its simplest form. (A) Information (colored ar-
ows) leading to the activation of specific hippocampal neurons arrives
ear the beginning of the place field (colored Gaussians). The remain-
er of the place field is a consequence of network and/or intrinsic
ellular dynamics which cause the firing to persist beyond the initial
oint. (B) Induction of brief but strong inhibition (black rectangle)
bolishes all firing. According to the simplest form of the reverberation
ypothesis (see introduction and Discussion), this should terminate
he firing of place cells responding to earlier inputs, thus truncating the
lace field.
ypothesis. m
EXPERIMENTAL PROCEDURES

urgical procedures

ata were obtained from three male Fisher-344 rats (20–24
onths old, approximately 350 g) that underwent bilateral implan-

ation of bipolar teflon-insulated stainless-steel electrodes (coated
iameter 0.0045 inch) for stimulation of the perforant pathway
8.1 mm posterior to bregma, 4.4 mm lateral to the midline, ap-
roximately 2.5–3 mm ventral to brain surface). The stimulus field

ncluded entorhinal cortical layer II inputs to CA3 and the dentate
yrus as well as direct inputs to CA1 from entorhinal layer III. A

hyperdrive’ containing 12 tetrodes each consisting of four Teflon-
oated 13 �m nichrome wires (McNaughton et al., 1983b; Wilson
nd McNaughton, 1993; Gothard et al., 1996a) was implanted
nilaterally for recording from multiple CA1 neurons in the right
orsal hippocampus (approximately 3.8 mm posterior to bregma
nd 2.5 mm lateral to the midline). Two additional tetrodes served
o record a neutral reference signal in the corpus callosum and an
EG signal from the vicinity of the hippocampal fissure (optimized

or � amplitude). Rats were anesthetized with Nembutal (sodium
entobarbital, 40 mg/kg). Surgeries were conducted according to
IH guidelines and IACUC approved protocols. Efforts were made

o minimize the number of animals used as well as any suffering
otentially associated with the surgery or the experiments.

ehavior and recording procedures

rior to and after surgery, the animals were placed on food
estriction to approximately 85–90% of their ad libitum weight, and
rained to walk around a circular track 1.2 m in diameter, for food
einforcement delivered at random locations, once per lap. The
rack was located in a 4�4 m, sound-attenuating room containing
ultiple visual cues. The track was cleaned between trials. The

ecording instrumentation and computers were located in the ad-
acent room. During recording, the hyperdrive was connected to a

ultichannel, impedance matching, unity gain headstage (Neura-
ynx Inc., Tucson, AZ, USA). The output of the headstage was
onducted via a lightweight multiwire tether and commutator to the
ignal processing amplifiers and Neuralynx ‘Cheetah’ data acqui-
ition system. Light emitting diodes on the headstage were
racked at 60 Hz using a video system (approximately 0.3
m/pixel). Unit activity was filtered with a bandpass of 600 Hz–6
Hz. Spike waveforms above a 40 �V threshold were times-
amped and digitized at 32 kHz for 1 ms beginning near spike
nset, and EEG activity from the hippocampal fissure was re-
orded continuously in the 1–350 Hz band.

Recording sessions included a period of track running flanked
n either side by periods of 15–30 min rest in a nest placed in the
enter of the track. Animals were allowed to run for 40 laps around
he track. During laps 11–20 and 31–40, bilateral perforant path
timulation was delivered every 4 s. The stimulus intensity was
elected so as to maximize the amplitude of the monosynaptically
voked population spikes in the dentate gyrus whose currents can
e detected at the hippocampal fissure and CA1 pyramidal layers
ue to volume conduction. For the first several sessions, stimuli
onsisted of single, 100 �s, 500–800 �A, constant current,
athodal pulses that evoked the maximum short-latency popula-
ion spike. In later sessions, two-pulse bursts were delivered with
n inter-pulse interval of 60 ms in order to maximize and prolong
he duration of inhibition. In order to reduce the possible contribu-
ion of external sensory input to the recovery of firing after inhibi-
ion, some sessions were conducted in complete darkness, under
he control of an experimenter wearing night vision goggles.

Single unit spike trains were extracted from the tetrode spike
aveform data using a combination of BBCLUST (P. Lipa, Uni-
ersity of Arizona) and MCLUST (A. D. Redish, University of
innesota) clustering software. During the period of approxi-

ately 30 ms following each electrically evoked synaptic response
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t was not possible reliably to isolate single units, due to the
ynchronous nature of the population spikes. Although some of
he highest amplitude spike clusters did exhibit some spike events
uring the 10–20 ms time-windows of the population spikes (Fig.
), no reliable estimate of overall unit firing probabilities could be
btained during these epochs.

RESULTS

nalysis of the data from freely moving rats was conducted
oth at the population level and at the level of single units.
or population analysis, spikes from all isolated cells were
ooled and perievent histograms of total pyramidal cell
ctivity were constructed around the perforant path stimu-

us events (Fig. 2). Single pulse stimulation resulted in a
ransient elevation of pyramidal cell firing in the window of
he population spike, followed by complete cessation of all
ecorded pyramidal cell discharge for periods of 130–200
s, followed by gradual recovery. Double-pulse stimula-

ion produced a more prolonged inhibition of spontaneous
ctivity (Fig. 2B, C). Spontaneous activity was suppressed
or periods substantially exceeding the typical duration of
ABAA IPSPs (Dingledine and Langmoen, 1980), includ-

ng the period from about 40 to about 100 ms, during which
voked population spikes typically exhibit a post-inhibitory
acilitation (Austin et al., 1989; Green et al., 1993). Recov-
ry was complete after 500–1000 ms, both when room

ights were on and in total darkness (Fig. 2B vs. C). Be-
ause a large majority of spontaneous spikes occur within
cell’s place field, the data in Fig. 2 reflect the average

ecovery time of place fields irrespective of the position in
he field at which the stimuli were delivered.

A total of 96 of the most well-isolated pyramidal cells
xhibiting clear and stable place fields on the circular track
ere selected for detailed, lap-by-lap analysis. Spike ras-

ers with independent variables of space (Fig. 3) or time
Fig. 4) were constructed on a lap-by-lap basis centered on
he midpoint of the place-field or its crossing time respec-
ively. Those laps in which one or more stimuli occurred
ithin the overall average place field were sorted accord-

ng to the position of the stimulus within the field on each
ap. This enabled the determination of whether there was
ny effect on the recovery time of unit firing depending on
here in the field the stimuli were delivered. The reverber-
tory activity hypothesis elaborated in the introduction pre-
icts that stimulation might result in either termination of
he place field or a complete ‘remapping’ of the place field
istributions. Stimulation at any point within the place fields
esulted in a clear, but transient hiatus in cell firing, but in
one of the recorded cells, including those recorded in
arkness, was there any evidence for either truncation of
he place field after stimulation within it, or remapping. As
ong as the stimulation was delivered within about 200 ms
f the end of the average place field, place-specific firing
ypically resumed within about 200 ms. Recovery of firing
as always observed under these conditions (96/96 neu-

ons). The illustrations in Figs. 3 and 4 are from double-

ulse experiments in which inhibition was maximal. s
DISCUSSION

bundant previous evidence, based on both anatomy and
hysiology, indicates that perforant path or direct hippocam-
al stimulation evokes widespread inhibition throughout the
ippocampus. First, many hippocampal interneurons have
ery extensive axonal arbors, that spread for several millime-
ers in the rostrocaudal axis of the hippocampus (Freund and
uzsáki, 1996) and, in some cases, into the contralateral
ippocampus (Seress and Ribak, 1984; Goodman and Slo-
iter, 1992). These interneurons receive direct projections
rom excitatory afferents and are activated with far lower
timulus intensities than those required to evoke population
pikes (Buzsáki and Eidelberg, 1981; Fox and Ranck, 1981;
izumori et al., 1989). Second, both CA3 pyramidal cells

Henze et al., 1997) and hilar mossy cells (Scharfman et al.,
990; Scharfman, 1991), which project for long distances in

he longitudinal axis of the hippocampus, are activated by
ranule cell output at low threshold and, in turn, activate

nhibitory interneurons at low threshold, providing strong
eed-forward inhibition (Douglas et al., 1983; Buzsáki, 1984)
ver widespread areas of the hippocampus (Lømo, 1968).
nilateral perforant path stimulation that evokes an ipsilateral
opulation spike results in commissural field potentials and
trong inhibition of perforant path evoked population spikes in
he contralateral hippocampus (B. L. McNaughton, unpub-
ished observations), and stimulation at the same coordinates
nd intensities as those used for the unit recording experi-
ents evokes paired pulse inhibition in both dorsal and ven-

ral hippocampus (M.-B. Moser, E. I. Moser, C. A. Barnes,
nd B. L. McNaughton, unpublished observations), suggest-

ng that the inhibition is widespread.
In the freely moving animals, bilateral stimulation of the

ajor hippocampal afferent pathway from the entorhinal
ortex evoked strong postsynaptic inhibition that was suf-
cient to abolish all spontaneous activity in pyramidal cells
ecorded in the dorsal CA1 region, for periods of 130–300
s. Stimulation within the place field of a given cell, how-
ver, failed to disrupt the continuation of location-related
ring more than transiently. In no case was there any
vidence for either a failure of resumption of firing within
he field or a remapping of the place field distribution, even
hen the experiment was conducted in total darkness. The
resent results thus fail to support the simplest form of the
everberatory activity hypothesis, which postulates that fir-
ng in the latter portions of a place field may reflect persis-
ent spiking activity in the hippocampal network related to
nformation received near the beginning of the place field,
ut no longer present at the input stage. We conclude that
he spatial extent of place fields is not disrupted by effec-
ively silencing the network for approximately one � cycle.
hus, in the absence of additional mechanisms discussed
elow, the shape of the place field is unlikely to depend on
simple, short term, reverberatory memory mechanism, at

east not within the hippocampus per se.
Two slightly more complex mechanisms of persistent

ctivity should be considered, which might be more robust
gainst transient inhibition than simple reverberation. A tran-

ient form of associative synaptic potentiation, lasting a few
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ig. 2. Representative perievent histograms showing the population average of CA1 pyramidal cell firing rate (dark blue bars; means�S.E.M.) and
EG (red trace) before and after bilateral stimulation of the perforant pathway with single pulses (A) or double pulses at a 60 ms interval (B, C). The
ata are aligned to the onset of the first stimulus pulse (Time 0). A and B were performed with room lights on; C was performed in total darkness. Stimuli
voked large short latency population spike discharges followed by prolonged, complete inhibition of pyramidal cell discharge. Because virtually all of
he spontaneous firing of the included cells occurs within the cells’ place fields, this population average represents the average recovery time of the

lace fields following stimulation at any point within them. Examples from individual cells are given in Figs. 3 and 4. These results show that CA1 place
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undred milliseconds, might bias the network to return to its
receding state following inhibition, even in the absence of
pecific sensory information. All forms of such transient po-
entiation in hippocampus observed to date, however, involve
on-associative changes in transmitter release probability
nd hence are non-selective (McNaughton, 1980, 1982) and
ould not support the formation of new cell assemblies. Nev-
rtheless, one can postulate a scenario by which non-
elective changes in release probability might bias the net-
ork to reactivate existing cell assemblies that were active
rior to inhibition. If the synapses that support the recurrent
ctivity have undergone a form of LTP that magnifies the
ffect of changes in presynaptic transmitter release (Mc-
aughton, 1982), then a recurrent network might be statisti-
ally biased to reactivate the most recently active cell assem-
ly because its members would have more short-term-

acilitated synapses on average than non-members, and
ould thus be more likely to respond to any random input. To
ur knowledge, such a non-associative mechanism for main-

aining reverberatory activity in a pre-existing cell assembly

ig. 3. Illustrations of stimulation effects on spatial firing of individua
ngular units, centered on the peak firing location. Total spikes (blue h

he top. The middle portion of each figure shows lap-by-lap firing, with
ach example, laps with stimuli are sorted with respect to the position
ere collected in total darkness. These plots show that spatially spec

elds are not significantly truncated by transient, global inhibition an
resented. Note the appearance of � waves in the averaged EEG trac
ime of stimulation in some cases (Givens, 1996). The data in A, B and C are ba
ells, respectively.
as not been carefully explored through simulation. An addi-
ional possible mechanism that has been studied (Lisman et
l., 1998) is the possibility of a persistent depolarization due

o voltage dependent activation of ion channels with long time
onstants, such as the NMDA receptor channel. This mech-
nism was postulated as a solution to the problem of main-

aining reverberatory activity in recurrent networks with
parse connectivity and sparse activity. It is difficult to find
arameters for such realistic networks that sustain reverber-
tion using synapses with time constants comparable to
MPA receptor channels. The non-linearity of the NMDA
hannel (or other voltage-gated, long lasting channel) gener-
tes a persistent depolarization only in those cells that were
ecently activated, biasing them to respond preferentially to
ubsequent inputs. As the authors have pointed out, such a
echanism would also provide a basis for Hebb’s (1949)

nitial assumption that reverberation facilitates the formation
f cell assemblies. There are two arguments against a role of

he NMDA channels underlying the recovery of place fields
rom inhibition in the present case, however. First, at least in

he firing is illustrated with respect to position on the circular track in
s) and occupancy normalized firing rates (green curves) are shown at
dicated by black tic marks and stimuli as red circles. At the bottom of
imulus within the place field. Data in D in this and the following figure
within each lap is not abolished following the period of inhibition.

the results do not support the reverberatory activity hypothesis as
timulation in A, suggesting that � activity may have been reset at the
l cells. T
istogram
spikes in
d hence
e after s
sed on averages of 45, 25, and 18 simultaneously recorded pyramidal
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he presence of external cues, place fields are not truncated
y doses of NMDA receptor activity that block LTP and
ssociative learning (Kentros et al., 1998; Ekstrom et al.,
001), and second, the time constant of the hippocampal
MDA channel does not appear long enough to sustain
xcitability for 150 ms or more.

The 150–300 ms required for the recovery of sponta-
eous activity (Fig. 2) is of interest given the observation,
ased on evoked population spikes, that the hippocampus

s actually in a hyperexcitable state (Green et al., 1993)
uring this period. Presumably, the prolonged silence of
ippocampal principal cells reflects the time necessary for
he propagation of excitatory information to the hippocam-
us from other brain regions. It cannot be ruled out that
ome of these regions may sustain persistent neural ac-
ivity that might lead to restoration of hippocampal place
elds without further external sensory input. Thus, al-
hough in the absence of the additional synaptic mecha-
isms just discussed, recurrent dynamics within the hip-
ocampus itself do not appear to account for the spatial
xtent of place fields, persistent activity propagated from
ther sites cannot presently be excluded. In particular,
iven the equally rapid recovery of spatially selective firing

n total darkness, the present results are consistent with
he hypothesis proposed by Redish and Touretzky (1997)

ig. 4. Stimulation effects on temporal firing dynamics for the same ind
), centered on the moment the rat passed the center of the place field
ortion of each figure shows lap by lap firing, with spikes indicated by
ith stimuli are sorted with respect to the timing of the nearest stimulu

hat firing within each lap is only transiently abolished by the period of in
he average place field.
hat there is a path integration system which is external to
he hippocampus and which does not necessarily rely on
nformation from it. This appears certainly to be true in the
ase of angular path integration. In the present case, due
o the circular nature of the apparatus, position could have
een uniquely predicted from head orientation, and thus

nformation arriving from the head-direction cells (Taube et
l., 1990) may have been sufficient to restore the hip-
ocampal spatial correlate. Nevertheless, the present data
upport the idea that if the spatial extent of place fields is
etermined by recurrent activity mechanism within the hip-
ocampus itself there must be additional mechanisms in-
olved besides mere spike activity.
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he Norwegian Research Council (grant no. 145993/310). We
hank the anonymous reviewers of a previous version of the ms for
elpful suggestions.

REFERENCES

lger BE, Nicoll RA (1982) Feed-forward dendritic inhibition in rat
hippocampal pyramidal cells studied in vitro. J Physiol 328:
105–123.

ndersen P, Eccles JC, Løyning Y (1963) Recurrent inhibition in the
hippocampus with identification of the inhibitory cell and its syn-

ells illustrated in Fig. 3. The firing is illustrated with respect to time (�3
lap. Total spikes (blue histograms) are shown at the top. The middle

marks and stimuli as red circles. At the bottom of each example, laps
crossing time of the place field center on each lap. These plots show
recovering within less than 300 ms, as long as the rat remained within
ividual c
on each

black tic
s to the
apses. Nature 198:540–542.



A

A

B

B

B

B

B

D

D

E

E

F

F

F

G

G

G

G

G

H
H

J

K

K

K

L

L

M

M

M

M

M

M

M

M

M

M

M

O

O

O

O

O

Q

R

R

S

S

E. I. Moser et al. / Neuroscience 130 (2005) 519–526 525
ndersen P, Eccles JC, Løyning Y (1964) Pathway of postsynaptic
inhibition in the hippocampus. J Neurophysiol 27:608–619.

ustin KB, Bronzino JB, Morgane PJ (1989) Paired-pulse facilitation
and inhibition in the dentate gyrus is dependant on behavioral
state. Exp Brain Res 77:594–604.

arnes CA, Suster MS, Shen J, McNaughton BL (1997) Multistability
of cognitive maps in the hippocampus of old rats. Nature
388:272–275.

ostock E, Muller RU, Kubie JL (1991) Experience-dependent modi-
fications of hippocampal place cell firing. Hippocampus 1:193–206.

ower MR, Euston DR, Roop RP, Gebara N, McNaughton BL (2002)
How an ambiguous sequence is learned determines how the hip-
pocampus encodes it. Soc Neurosci Abstr 678.13.

uzsáki G (1984) Feed-forward inhibition in the hippocampal forma-
tion. Prog Neurobiol 22:131–153.

uzsáki G, Eidelberg E (1981) Commissural projection to the dentate
gyrus of the rat: evidence for feed-forward inhibition. Brain Res
230:346–350.

ingledine R, Langmoen IA (1980) Conductance changes and inhib-
itory actions of hippocampal recurrent IPSPs. Brain Res 185:
277–287.

ouglas RM, McNaughton BL, Goddard GV (1983) Commissural in-
hibition and facilitation of granule cell discharge in facia dentata.
J Comp Neurol 219:285–294.

ichenbaum H, Wiener SI, Shapiro ML, Cohen NJ (1989) The orga-
nization of spatial coding in the hippocampus: a study of neural
ensemble activity. J Neurosci 9:2764–2775.

kstrom AD, Meltzer J, McNaughton BL, Barnes CA (2001) NMDA
receptor antagonism blocks experience-dependent expansion of
hippocampal “place fields.” Neuron 31:631–638.

erbinteanu J, Shapiro ML (2003) Prospective and retrospective mem-
ory coding in the hippocampus. Neuron 40:1227–1239.

ox SE, Ranck JB (1981) Electrophysiological characteristics of hip-
pocampal complex-spike cells and theta cells. Exp Brain Res
41:399–410.

reund TF, Buzsáki G (1996) Interneurons of the hippocampus. Hip-
pocampus 6:345–474.

ivens G (1996) Stimulus-evoked resetting of the dentate theta
rhythm: relation to working memory. Neuroreport 8:159–163.

oodman JH, Sloviter RS (1992) Evidence for commissurally project-
ing parvalbumin immunoreactive basket cells in the dentate gyrus
of the rat. Hippocampus 2:13–22.

othard KM, Skaggs WE, McNaughton BL (1996a) Dynamics of mis-
match correction in the hippocampal ensemble code for space:
interaction between path integration and environmental cues.
J Neurosci 16:8027–8040.

othard KM, Skaggs WE, Moore KM, McNaughton BL (1996b) Bind-
ing of hippocampal CA1 neural activity to multiple reference frames
in a landmark-based navigation task. J Neurosci 16:823–835.

reen EJ, Barnes CA, McNaughton BL (1993) Behavioral state de-
pendence of homo- and hetero-synaptic modulation of dentate
gyrus excitability. Exp Brain Res 93:55–65.

ebb DO (1949) The organization of behavior. New York: Wiley.
enze DA, Card JP, Barrionuevo G, Ben-Ari Y (1997) Large amplitude

miniature excitatory postsynaptic currents in hippocampal CA3
pyramidal neurons are of mossy fiber origin. J Neurophysiol
77:1075–1086.

ensen O, Lisman JE (1996) Hippocampal CA3 region predicts mem-
ory sequences: accounting for the phase precession of place cells.
Learn Mem 3:279–287.

entros C, Hargreaves E, Hawkins RD, Kandel ER, Shapiro M, Muller
RU (1998) Abolition of long-term stability of new hippocampal
place cell maps by NMDA receptor blockade. Science 280:
2121–2126.

nierim JJ, Kudrimoti HS, McNaughton BL (1998) Interactions be-
tween idiothetic cues and external landmarks in the control of place

cells and head direction cells. J Neurophysiol 79:425–466.
oulakov AA, Raghavachari S, Kepecs A, Lisman JE (2002) Model for
a robust neural integrator. Nat Neurosci 5:775–782.

isman JE, Fellous JM, Wang XJ (1998) A role for NMDA-receptor
channels in working memory. Nat Neurosci 1:273–275.

ømo T (1968) Nature and distribution of inhibition in a simple cortex
(dentate area). Acta Physiol Scand 74:8–9A

arkus EJ, Barnes Ca, McNaughton BL, Gladden VL, Skaggs WE
(1994) Spatial information content and reliability of hoppocampal
CA1 neurons: effects of visual input. Hippocampus 4:
410–421.

cNaughton BL (1980) Evidence for two physiologically distinct per-
forant pathways to the fascia dentata. Brain Res 199:1–19.

cNaughton BL (1982) Long-term synaptic enhancement and short-
term potentiation in rat fascia dentata act through different mech-
anisms. J Physiol 324:249–262.

cNaughton BL, Barnes CA, O’Keefe J (1983a) The contributions of
position, direction, and velocity to single unit activity in the hip-
pocampus of freely-moving rats. Exp Brain Res 52:41–49.

cNaughton BL, Leonard B, Chen L (1989) Cortical-hippocampal
interactions and cognitive mapping: a hypothesis based on reinte-
gration of the parietal and inferotemporal pathways for visual pro-
cessing. Psychobiology 17:230–235.

cNaughton BL, O’Keefe J, Barnes CA (1983b) The stereotrode: a
new technique for simultaneous isolation of several single units in
the central nervous system from multiple unit records. J Neurosci
Methods 8:391–397.

ehta MR, Barnes CA, McNaughton BL (1997) Experience-
dependent, asymmetric expansion of hippocampal place fields.
Proc Natl Acad Sci USA 94:8918–8921.

izumori SJY, McNaughton BL, Barnes CA (1989) A comparison of
supramammillary and medial septal influences on hippocampal
field potentials and single-unit activity. J Neurophysiol 61:15–31.

uller RU, Bostock E, Taube JS, Kubie JL (1994) On the directional
firing properties of hippocampal place cells. J Neurosci 14:
7235–7251.

uller RU, Kubie JL (1989) The firing of hippocampal place cells
predicts the future position of freely moving rats. J Neurosci
9:4101–4110.

uller RU, Kubie JL, Ranck JB Jr (1987) Spatial firing patterns of
hippocampal complex-spike cells in a fixed environment. J Neuro-
sci 77:1935–1950.

’Keefe J, Burgess N (1996) Geometric determinants of the place
fields of hippocampal neurons. Nature 381:425–381.

’Keefe J, Conway DH (1978) Hippocampal place units in the freely
moving rat: why they fire where they fire. Exp Brain Res
31:573–590.

’Keefe J, Dostrovsky J (1971) The hippocampus as a spatial map:
preliminary evidence from unit activity in the freely-moving rat.
Brain Res 34:171–175.

’Keefe J, Recce ML (1993) Phase relationships between hippocam-
pal place units and the EEG theta rhythm. Hippocampus 3:
317–330.

’Keefe J, Speakman A (1987) Single unit activity in the rat hippocam-
pus during a spatial memory task. Exp Brain Res 68:1–27.

uirk GJ, Muller RU, Kubie JL (1990) The firing of hippocampal place
cells in the dark depends on the rat’s recent experience. J Neurosci
10:2008–2017.

edish AD, McNaughton BL, Barnes CA (2000) Place cell firing shows
an inertia-like process. Neurocomputing 32–33:235–241

edish DA, Touretzky DS (1997) Cognitive maps beyond the hip-
pocampus. Hippocampus 7:1–21.

amsonovich A, McNaughton BL (1997) Path integration and cogni-
tive mapping in a continuous attractor neural network model.
J Neurosci 17:5900–5920.

charfman HE (1991) Dentate hilar cells with dendrites in the molec-
ular layer have lower thresholds for synaptic activation by perforant

path than granule cells. J Neurosci 11:1660–1673.



S

S

S

S

S

T

T

W

W

W

W

E. I. Moser et al. / Neuroscience 130 (2005) 519–526526
charfman HE, Kunkel DD, Schwartzkroin PA (1990) Synaptic con-
nections of dentate granule cells and hilar neurons: results of
paired intracellular recordings and intracellular horseradish perox-
idase injections. Neuroscience 37:693–707.

eress L, Ribak CE (1984) Direct commissural connections to the
basket cells of the hippocampal dentate gyrus: anatomical evi-
dence for feed-forward inhibition. J Neurocytol 13:215–225.

harp PE, Kubie JL, Muller RU (1990) Firing properties of hippocam-
pal neurons in a visually symmetrical environment: contributions of
multiple sensory cues and mnemonic properties. J Neurosci
10:3093–3105.

kaggs WE, McNaughton BL, Wilson MA, Barnes CA (1996) Theta
phase precession in hippocampal neuronal populations and the
compression of temporal sequences. Hippocampus 6:149 –
172.

kaggs WE, McNaughton BL (1998) Spatial firing properties of hip-
pocampal CA1 populations in an environment containing two visu-
ally identical regions. J Neurosci 18:8455–8466.
aube JS, Muller RU, Ranck JB Jr (1990) Head direction cells re-
corded from the postsubiculum in freely moving rats: I. Description
and quantitative analysis. J Neurosci 10:420–435.

sodyks MV, Skaggs WE, Sejnowski TJ, McNaughton BL (1996)
Population dynamics and theta rhythm phase precession of hip-
pocampal place cell firing: a spiking neuron model. Hippocampus
6:271–280.

allenstein GV, Hasselmo ME (1997) GABAergic modulation of hip-
pocampal population activity: sequence learning, place field devel-
opment, and the phase precession effect. J Neurophysiol
78:393–408.

ang X-J (1999) Synaptic basis of cortical persistent activity: the
importance of NMDA receptors to working memory. J Neurosci
19:9587–9603.

ilson MA, McNaughton BL (1993) Dynamics of the hippocampal
ensemble code for space. Science 261:1055–1058.

ood ER, Dudchenko PA, Robitsek RJ, Eichenbaum H (2000) Hip-
pocampal neurons encode information about different types of
memory episodes occurring in the same location. Neuron

27:623–633.
(Accepted 20 September 2004)
(Available online 13 November 2004)


	A TEST OF THE REVERBERATORY ACTIVITY HYPOTHESIS FOR HIPPOCAMPAL ‘PLACE’ CELLS
	EXPERIMENTAL PROCEDURES
	Surgical procedures
	Behavior and recording procedures

	RESULTS
	DISCUSSION
	Acknowledgments
	REFERENCES


