
The Journal of Neuroscience, February 1, 1996, 76(3):1247-i 259 

Altered Inhibition of Dentate Granule Cells during Spatial Learning 
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To investigate the extent to which inhibitory interneurons con- 
trol impulse flow through the dentate gyrus during spatial learn- 
ing in an exploration task, dentate field potentials were re- 
corded in response to paired stimulation of the pet-forant path 
while rats rested or explored. Recurrent inhibition of the granule 
cells was measured as the reduction of the second waveform 
when a population spike was present in the first. Both the 
population spike and the field EPSP (f EPSP) were suppressed 
at interstimulus intervals shorter than -40 msec. 

Consistent differences were observed between potentials 
recorded at equivalent brain temperature in the exploration and 
resting (reference) conditions. During exploration, the f  EPSP of 
the second (test) waveform was reduced further compared with 
reference potentials with a similar response to the first (condi- 
tioning) stimulus. This reduction was observed only when the 

first pulse elicited a population spike. The population spike of 
the second waveform was facilitated compared with reference 
potentials with similar f  EPSP slopes. These observations sug- 
gest that exploration is coupled to increased inhibition on the 
perforant-path terminals or the dendrites of the granule cells, 
whereas the inhibition on the somata is decreased. The two 
phenomena were not correlated and followed different time 
courses. The suppression of the fEPSP decayed gradually, 
although it was still present at 15 min, whereas the facilitation of 
the population spike was stable. Together, these changes, 
which likely involve different populations of interneurons, may 
focus and amplify incoming signals from the entorhinal cortex. 
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Convergent evidence from electrophysiological and lesion studies 
suggests that the hippocampus participates in spatial learning or 
formation of cognitive maps (O’Keefe and Dostrovsky, 1971; 
O’Keefe and Nadel, 1978; Olton et al., 1978; Morris et al., 1982, 
1990; Jarrard, 1993). Much of the processing necessary for estab- 
lishing memory traces is likely to take place in the dentate gyrus. 
Although the entorhinal cortex has powerful direct connections 
with each of the hippocampal subfields (Steward, 1976; Witter et 
al., 1988; Yeckel and Berger, 1990), spatial learning requires that 
the dentate gyrus be intact (Sutherland et al., 1983; Walsh et al., 
1986; McNaughton et al., 1989; Armstrong et al., 1993; Conrad 
and Roy, 1993). 

Excitatory synapses in the dentate gyrus have significant capac- 
ity for change (Bliss and Lomo, 1973). During spatial learning in 
an exploration task, transmission across the perforant-path syn- 
apses of the dentate granule cells is enhanced temporarily (Moser 
et al., 1994). However, the output from the granule cells is 
controlled by an extensive network of heterogeneous interneurons 
in the hilus and the dentate gyrus (Amaral, 1978; Han et al., 1993), 
mediating both recurrent (Andersen et al., 1966) and feedforward 
(Buzsaki, 1984) inhibition. The axons of these interneurons di- 
verge extensively, contacting hundreds or thousands of granule 
cells across a significant part of the septotemporal axis of the 
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dentate gyrus (Andersen et al., 1966; Struble et al., 1978; Scharf- 
man, 1991; Halasy and Somogyi, 1993; Han et al., 1993; Buckmas- 
ter and Schwartzkroin, 1995). Many of the interneurons have 
axons terminating on the somatic region of the granule cells; 
others make synapses primarily with the more distal parts of the 
granule-cell dendrites. 

It is possible that the inhibitory control of the impulse flow 
through the dentate gyrus is altered when unfamiliar informa- 
tion enters the hippocampal formation. Relaxed inhibition 
would enable maximal postsynaptic depolarization, and possi- 
bly NMDA receptor-mediated synaptic modifications, in rele- 
vant target cells. Alternatively, increases in inhibition of the 
principal cells might ensure that input is provided to a quies- 
cent network, which may be necessary to avoid interference 
between preceding activity and the incoming signals (Mc- 
Naughton and Morris, 1987). 

In the present study, inhibition of the granule cells was mea- 
sured by recording dentate field potentials in response to paired 
stimulation of the perforant path while rats explored an unfamil- 
iar environment. The relative size of the second of two consecu- 
tive waveforms reflects two opposing factors: (1) facilitation 
caused by residual calcium in the nerve terminals when the second 
impulse arrives (Katz and Miledi, 1968; Lomo, 1971; Creager et 
al., 1980; Wu and Saggau, 1994); and (2) inhibition caused by 
activation of inhibitory interneurons that feed back on the granule 
cells (Andersen et al., 1966; Lomo, 1971). The latter component is 
expressed only if granule cells are discharged by the first stimulus. 
The two factors can be dissociated by analyzing the relationships 
between the field EPSPs (fEPSPs) and population spikes of the 
two responses separately below and above the spike threshold of 
the first response. 
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MATERIALS AND METHODS 
Surgery. Twenty-five male Long-Evans rats (250 -500 gm) were anesthe- 
tized with urethane (1.5 gmikg, i.p.; acute experiments) or Equithesin 
(165 mg of chloral hydrate, 84 mg of magnesium sulfate, and 40 mg of 
pentobarbital/kg body weight; chronic experiments). The animals were 
mounted in a stereotaxic frame. A bipolar stimulation electrode (SNEX 
100, Rhodes Medical Instruments, Woodland Hills, CA) was positioned 
in the right angular bundle (anteroposterior, 7.5-8.0 mm; mediolateral, 
4.3 mm, relative to bregma), and an insulated tungsten recording elec- 
trode was lowered into the ipsilateral dentate hilus or granule cell layer 
(anteroposterior, 4.0 mm; mediolateral, 2.6 mm, relative to bregma) until 
a positive-going f EPSP was elicited by stimulation in the angular bundle. 
Two stainless steel screws serving as indifferent and ground electrodes 
were fixed to the frontal bones. A precalibrated thermistor (0.5 mm 
diameter, resolution < 0.07”C; 111-802 EAJ-BOl, Fenwal Electronics, 
Milford, MA) was placed in the cortex of the contralateral hemisphere 
just above the dorsal hippocampus. In the chronic experiments, the leads 
from electrodes and thermistors were connected to a socket, the array 
was encased in dental acrylic, and the rats were given >l week for 
recovery before any electrophysiological testing began. 

Electrophysiology. Dentate field potentials were recorded in response to 
paired stimulation of the perforant path at 0.2 Hz (rectangular pulses, 
50-1000 PA, 100 psec). The interval between the conditioning and test 
volleys was varied between 5 and 250 msec, but most behavioral experi- 
ments were conducted at 20 msec. The pulse intensity was varied across 
a broad range, usually with the two volleys at similar intensity. In a subset 
of 14 experiments (acute and chronic), the intensity of the test pulse was 
fixed, either below or above the threshold for a population spike in the 
first waveform, whereas the conditioning pulse was varied systematically. 

The chronically implanted rats were connected to the recording equip- 
ment via a small preamplifier and a counterbalanced cable. All potentials 
were amplified 200-1000 times, filtered at 1 Hz (high pass) and 10 kHz 
(low pass), and sampled at 35 kHz by a computer. Brain temperature was 
recorded simultaneously with each f EPSP in all experiments. 

fEPSP slopes were measured using linear regression between two fixed 
time points on the early rising phase of the f EPSP (when the amplitude 
is less than one-third of the maximum before the population spike). The 
population spike amplitude was taken as the vertical distance between the 
peak and a joint tangent to the preceding and succeeding positivities. At 
interstimulus intervals of 5-10 msec, the rising part of the second poten- 
tial overlapped with the falling phase of the first response. In these cases, 
averaged unconditioned waveforms were subtracted from the mixed 
potentials to enable the fEPSP and the population spike of the second 
potential to be measured in isolation. Inhibition of the fEPSP was 
expressed either as the ratio between the fEPSP slopes of the second and 
the first potential (paired-pulse ratio) or as the ratio between the fEPSP 
of the second and the population spike of the first waveform. Inhibition 
of the population spike was estimated by contrasting the population 
spikefEPSP slope ratio of the first and the second potentials. 

Behavioral tusks. Field potentials and brain temperature were recorded 
in two situations in all animals as follows: (1) while the rat was exploring 
novel objects in an open field, and (2) while the same rat was resting at 
decaying brain temperature in its home cage (reference situation). With 
this procedure, potentials taken during exploration could be compared 
with potentials recorded at the same brain temperature (?O.O7”C) during 
rest (reference session), thereby avoiding any temperature-related effects 
(Moser et al., 1993a). 

Exploration. In the exploration task (Moser et al., 1994) the rats 
explored novel objects in an open field for 15 min. The rat was placed 
with its home cage into a hole in the center of a plywood open-field 
apparatus (96 X 96 X 56 cm”). The rim of the home cage was 2-3 cm 
above the floor level, allowing the rat to enter the outer part. Six novel 
landmarks (diameter, -20 cm; height, -15 cm) were placed in the field. 
The position of the rat was tracked at 10 Hz, and the area (number of 3 
x 3 cm2 squares) visited was calculated for each 1 min block of each trial. 
Throughout one set of exploration sessions, potentials were sampled in 
response to a series of pulses at five intensities repeated continuously in 
ascending order. Only one intensity was used in experiments addressing 
the time course of the field potential changes. In the latter tests, explo- 
ration was preceded by 5 min of baseline recording with the rat resting in 
its shielded home cage (see below). 

Reference tusk. Two reference sessions were conducted daily, one 
before and one after the exploration. Reference potentials were sampled 
at a wide range of brain temperatures while the rat was resting in its home 
cage inside a black, sound-attenuated box twice as high as, but not deeper 

or wider than, the home cage. Brief handling of the rats was sufficient to 
attain a high brain temperature at the start of these sessions. The brain 
temperature decayed slowly in this condition, usually covering the entire 
range of temperatures measured during exploration within 1 hr. Input- 
output relationships of dentate field potentials were determined once or 
twice at the end of each reference session. At this stage, the brain 
temperature declined very slowly, and potentials sampled across a wide 
range of closely spaced pulse intensities still were within a narrow window 
of temperatures. The pulse intensity ascended from well below to well 
above the spike threshold. 

The behavior was monitored continuously during the reference record- 
ings. Signals occurring during locomotion and during rapid eye movement 
sleep periods were not used as reference records. Slow-wave sleep epi- 
sodes were retained, because fEPSPs during slow-wave sleep (curled 
posture and closed eyes) do not appear to differ from potentials sampled 
at comparable brain temperatures during immobile resting in awake rats 
(Cain et al., 1994). Data collected according to similar criteria (E. Moser, 
unpublished data) confirm this impression (sleep-awake ratio: f EPSP 
slope, 0.97 + 0.05; population spike amplitude, 1.02 + 0.06; n = 7). 

Comparison ofpotentials. The reference potentials (sampled at various 
levels of intensity) were sorted according to the fEPSP slope or the 
population spike amplitude of the first or the second potential. This gave 
fairly continuous distributions covering the entire range of values re- 
corded during exploration. The close spacing allowed test fEPSPs re- 
corded during exploration to be compared with test fEPSPs of reference 
pairs with similar fEPSP slopes or spike amplitudes in the first response 
(i 10%; average difference, (0.5%). Moreover, population spikes of test 
potentials sampled during exploration could be compared with pairs of 
reference potentials in which the second waveform had a similar f EPSP 
slope (*lo%; average difference, <O.l%). 

Because only potentials recorded at similar brain temperature were 
compared, the matching procedure (see above) was restricted to poten- 
tials taken during the first 3-4 min of exploration, when the brain 
temperature was within the window at which the input-output functions 
were determined during the reference session (?O.l5”C). Estimates of 
the additional time course of changes in paired-pulse ratios during 
exploration had to rely on temperature matching alone. In analyses of the 
time course of the changes in inhibition, pairs of reference potentials 
from the two resting sessions were sorted according to temperature and 
mean values were calculated for each 0.07”C step. Potentials sampled 
during each 1 min block of the exploration session then were compared 
with potentials taken at the same (or the closest) brain temperature 
during the reference sessions. 

Statistical analyses. f EPSP slopes and spike amplitudes from the explo- 
ration session were expressed as ratios of the matched reference values. 
In the time-course experiments, sessions with a population spike in the 
conditioning response (n = 34) were analyzed separately from those with 
stimulation below the spike threshold (n = 12). Quantification of changes 
in spike amplitudes was limited to cases with clear population spikes 
(>0.5 mV). Experiments with thermistor failure (n = 6) or baseline 
fEPSP values exceeding 10% of the temperature-matched reference 
values (n = 1) were discarded from the analysis. Five experiments were 
excluded because the rat failed to rest during the determination of 
input-output relationships in the reference condition. The results were 
evaluated with repeated-measures ANOVA, two-tailed Student’s t tests, 
or Pearson’s product-moment correlations. 

RESULTS 

Suppression of the test response in anesthetized and 
resting animals 
Background 
Synaptic transmission and discharge probability in dentate gran- 
ule cells are modified by a conditioning pulse to the perforant 
path (Lomo, 1971). Volleys preceding the test stimulus by <200- 

300 msec potentiate the fEPSP. This facilitation is relatively 
independent of the pulse intensity. The effect is opposed by a 
concomitant reduction of the test potential lasting loo-150 msec 
(Andersen et al., 1965; Lomo, 1971). The latter effect is expressed 
only if the granule cells discharge in response to the first pulse, 
which suggests that the recurrent inhibitory circuit is activated 
(Andersen et al., 1966). In exposed hippocampi of rabbits, only 
the population spike, but not the fEPSP, of the test potential was 
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Figure 1. Suppression of the population spike and the fEPSP of the second 
(test) potential during paired stimulation of the perforant path (interstimulus 
interval, 20 msec).A, Simplified diagram of inhibitory circuitry of the dentate 
gyms. Perforant-path fibers (parallel horizontal lines) cause discharge in gran- 
ule cells (Gr) which, in turn, activates inhibitory interneurons (In). A major 
group of the intemeurons feeds back on the somatic region of the granule 
cells (I). Other interneurons project back to the dendrites of the granule cells 
(2). Activity in these two types of interneurons may inhibit the population 
spike and the f  EPSP, respectively, of the second response. The two classes of 
interneurons may be modulated by different external inputs (gruy and black 
terminals on the interneurons). B, Averages of pairs of potentials recorded at 
two intensities (with and without population spike) in the molecular layer of 
a urethane-anesthetized animal. C, Magnification of the initial parts of the 
first (stippled) and the second (solid) response (superimposed). Note suppres- 
sion of the second fEPSP in the bottom trace. D, Similar to B, but with 
records from the granule cell layer. E, Magnification of the early parts of the 
potentials in D (as in C). 

reduced (Lomo, 1971). This implies that the axons of a majority of 
active hilar and dentate interneurons feed back on the somatic 
region of the granule cells (I in Fig. M). However, recent work 
has demonstrated a dense innervation of the molecular layer by 
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local interneurons (Bakst et al., 1986; Halasy and Somogyi, 1993; 
Han et al., 1993; Buckmaster and Schwartzkroin, 1995) that are 
contacted by mossy fibers (Leranth et al., 1990; Baude et al., 1993) 
(2 in Fig. 1A). The suppression of dentate EPSPs and population 
spikes by a conditioning pulse to the perforant path, therefore, 
was reinvestigated in intact rat brains. 

Effect of stimulation strength 
When the first stimulus evoked a population spike, field potentials 
in the dentate gyrus were suppressed in response to a perforant- 
path stimulus given 20 msec later (Figs. l&E, 2A-C). Both the 
fEPSP and the population spike then decreased regardless of 
whether the test intensity was constant (Fig. 2A) or matched the 
intensity of the first pulse (Fig. 2B,C). The suppression increased 
with increasing conditioning population spikes. Conditioning 
pulses stronger than those eliciting maximal population spikes 
failed to suppress the test responses further (Fig. 2A). fEPSP 
reduction did not require a population spike in the test response. 
The decrease in the fEPSP never was sufficient to explain the 
spike reduction of the second wave (Fig. 2B,C). Below the spike 
threshold, the fEPSP was not suppressed, and a slight facilitation 
could be observed (Fig. 2A,B). The same pattern of effects was 
recorded in the molecular layer (515 experiments; Fig. lB,C) as in 
the granule cell layer (64/67 experiments; Fig. lD,E). Recordings 
from anesthetized rats and freely moving rats during rest showed 
similar results. 

Effect of pulse interval 
Both the test fEPSP and the test population spike were inhibited 
at intervals from 5 to 40 msec or more, with the greatest inhibition 
occurring at 5 msec (fEPSP slopes, ~50%; n = 12; Fig. 20). At 
20 msec, the test fEPSP was 10.6 i- 3.1% smaller than the fEPSP 
of the conditioning response (pulse 1 and 2 had similar strength). 
The time courses of the f  EPSP and spike reduction were remark- 
ably parallel (suppression lasting 40 and 50 msec, respectively; 
median values). Both the magnitude and the duration of the 
inhibition likely were underestimated because of the simultaneous 
facilitation of the perforant-path signals (peaking at 15-20 msec in 
experiments conducted below the spike threshold) (see also 
Lomo, 1971). 

Thus, the suppression of the test f  EPSP and population spike is 
correlated strongly with the presence of a population spike in the 
preceding conditioning response. Both types of reduction are 
limited to the time window during which most of the inhibition is 
likely to take place, because IPSPs recorded from granule cells 
last <loo-150 msec (Andersen et al., 1966; Fournier and Crepel, 
1984). These observations suggest that the suppression of the test 
response reflects recurrent inhibition, acting either on the 
perforant-path terminals or the granule-cell dendrites (fEPSP) or 
on the somatic region of the granule cells (population spike). 

Relationship between test response suppression and 
brain temperature 
An analysis of changes in paired potentials during exploration 
requires knowledge of their sensitivity to changes in brain tem- 
perature. Rising brain temperature during exploration increases 
the f  EPSP slope, decreases the amplitude of the population spike, 
and decreases the latency of all components of single perforant- 
path granule-cell field potentials (Moser et al., 1993a). In the 
present study, the ratio between the fEPSP slopes of the condi- 
tioning and test response decreased when the brain was warmed 
in awake but resting rats (median correlation, rczSj = -0.68 for 
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Figure 2. Relationship between intensity of the first stimulus and suppression of fEPSP and population spike of the second response during urethane 
anesthesia. A, Spike amplitude of the first potential and f  EPSP slope and spike amplitude of the second potential (mean i SEM), expressed as a function 
of the strength of the conditioning pulse. The intensity of the test pulse was kept constant. B, Relationship between the fEPSP slopes of the first and the 
second response in an experiment in which the two pulses had similar intensity. Similar slope values fall on the straight line. Each circle represents a single 
response. Note suppression of the second f  EPSP above a threshold at 0.5-0.7 mV/msec. The threshold for a population spike in the first waveform was 
-0.3 mV/msec (see C). C, Relationship between fEPSP slope and spike amplitude for each of the waveforms (same experiment as in B). The population 
spike of the second waveform clearly is reduced. D, Effect of interstimulus interval on the fEPSP slope and the spike amplitude of the second potential 
at an intensity that elicited a population spike in the first potential (mean -C SEM). All error bars are too small to be seen on the figure. 

experiments with a population spike in the first response and r(,) 

= -0.46 for recordings below the spike threshold; the paired- 
pulse ratio decreased 4.3 i- 0.8 and 1.6 ? 4.6%/YZ, respectively). 
Because the relationship appeared to be independent of discharge 
in the granule cell population, the‘effect may reflect changes in the 
perforant-path synapses themselves. When the temperature rises, 
the synaptic release process is speeded up (Katz and Miledi, 
1965), and it is possible that the nerve terminals contain less 
residual Ca2+ after arrival of the second pulse. This will result in 
decreased paired-pulse ratios at high temperatures. 

Temperature also influenced the relationship between the 
fEPSP and the population spike of the conditioning and test 
responses. fEPSPs of a given magnitude elicited progressively 
smaller population spikes as the brain temperature increased 
[median correlation between temperature and spike amplitude- 
fEPSP slope ratio, r = -0.90 (conditioning response) and r = 

-0.48 (test response); II = 171. The reduction in spike amplitude- 
fEPSP slope ratio was similar for the conditioning (27.7 t- 8.5%/ 
“C) and the test (18.9 + 6.8%/C) responses, which suggests that 
intracellular factors such as membrane hyperpolarization and 
increased input resistance (Hodgkin and Katz, 1949; Thompson et 
al., 1985) are involved. 

Because the brain temperature generally increases l-2°C dur- 
ing an exploration session (Moser et al., 1993a), the above anal- 
yses suggest that changes in the relationship between paired 

responses during behavioral tasks be compared with control po- 
tentials sampled at closely similar brain temperatures. 

Strategy for detecting changes in paired responses 
during exploration 

Changes in inhibitory control of perforant-path granule cell trans- 
mission during a spatial learning episode were studied by letting 
rats explore new landmarks in an open field with their home cage 
as a base. fEPSPs were recorded in response to two consecutive 
stimuli, usually of equal intensity. To avoid interference from 
discharge-related aftereffects in the granule cells (Fournier and 
Crepel, 1984), the interstimulus interval was set to 20 msec in 
most cases. 

More interneurons likely are activated before the second than 
before the first of the two perforant-path stimuli. Thus, any 
change in inhibition on the granule cells is likely to affect the 
second response preferentially. Inhibition-related effects will be 
expressed in paired potentials only if granule cells are discharged 
by the first stimulus, however. To determine whether exploration 
is associated with such alterations in the second response, 
perforant-path granule-cell potentials were recorded in response 
to five stimulus pairs of increasing intensity (Fig. 3). One intensity 
was well below the threshold for eliciting a population spike. The 
sequence was repeated throughout the exploration session. Po- 
tentials at each intensity were compared with reference potentials 
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Figure 3. Suppression of the second fEPSP during exploration. A, Superimposed averages of pairs of potentials (I and 2) taken during the first minutes 
of an exploration episode (solid line) or at the same brain temperature in the reference task (stippled line). A population spike was evoked consistently 
in the conditioning response. The early rising parts of the first (I) and the second (2) responses are magnified (I’ and 2’, respectively) to the right. Vertical 
arrows indicate positions for fEPSP slope measurement. B, Similar to A, but the stippled lines represent the averages of temperature-matched reference 
pairs in which the f EPSP slopes of the first response were similar to the f EPSP slope of the averaged first response during exploration. C, Similar to A, 
except that the stippled lines represent the averages of reference potentials in which the first response had a population spike amplitude (rather than 
f EPSP slope) similar to the averaged first response of the exploration period. Note that the reduction of the f EPSP slope of the test potential (2’) also 
is present in B and C. D, E, Suppression of the slope of the second fEPSP as a function of the fEPSP slope (D) or the spike amplitude (E) of the first 
response (unaveraged data). The data are from an experiment in which the stimulation was varied continuously among five levels of pulse intensity during 
exploration (same experiment asA-C). Reference data (black) are taken from input-output series conducted at the end of the resting sessions, when the 
brain temperature was low and changed at a slow rate. The exploration data (red) were sampled during the first minutes of the exploration session, when 
the brain temperature still was within the temperature range of the input-output recordings in the control sessions. Test fEPSPs of the same magnitude 
as the conditioning fEPSPs fall on the straight line in D. The spike threshold was reached at an fEPSP slope of -0.5 mV/msec in the first response. F-H, 
Average data showing relationship between stimulation intensity and suppression of the slope of the second fEPSP in experiments in which the pulse 
intensity was varied continuously among five intensity levels during exploration. Intensity I always was below the threshold for a population spike in the 
first response; intensities 2-5 gave population spikes of increasing amplitude. F, Mean amplitude (iSEM) of the population spike elicited in the first 
potential at each intensity. G, Relationship between intensity level and fEPSP slope of the second waveform during the first minute of exploration. The 
test f EPSP slope is expressed as a fraction of the test f EPSP slope of reference pairs with a similar f EPSP slope value in the first response. H, Similar 
to G, but with the fEPSP slope of the second pulse expressed as a ratio of reference potentials with similar population spike amplitudes in the first 
response. Reference potentials were temperature-matched in both G and H. 

recorded at a similar brain temperature when the rat was resting 
in its home cage inside a black, shielded chamber. 

As reported previously (Moser et al., 1993b, 1994) exploration 
was associated with an enhanced fEPSP slope of unconditioned 
dentate field potentials (Fig. 3A). Test potentials collected during 
exploration, therefore, were compared with the subset of 
temperature-matched reference potentials for which the condi- 
tioning responses had similar fEPSP slope values (average differ- 
ence, <O.l%). 

The fEPSP of the test response is reduced more 
during exploration 
During exploration, the suppression of the test fEPSP slope 
compared with the conditioning fEPSP slope was enhanced. The 
test fEPSP slopes of potentials sampled during exploration were 
reduced more than those of reference potentials sampled at a 
similar brain temperature with a similar fEPSP slope in the 
conditioning response (Fig. 3B). However, the suppression re- 

quired that a population spike be elicited by the first stimulus, and 
the effect was expressed only if there also was some fEPSP 
reduction at the same intensity in the reference condition (Fig. 
30). At lower conditioning strengths, the test fEPSP did not differ 
in the exploration and resting conditions. ANOVA comparing the 
test fEPSP slopes elicited at each intensity during exploration 
with reference test fEPSP slopes of pairs with a similar condition- 
ing fEPSP slope (mean fEPSP slope difference, <O.l%) revealed 
a significant task X intensity effect for the data in Figure 30 

(FC4,240j = 2.98,~ < 0.05). The analysis applies to the initial 3-4 
min of exploration, for which temperature-matched control re- 
sponses with conditioning fEPSPs of similar magnitude were 
available. 

Similar results were observed when the experiments were aver- 
aged (Fig. 3G). Intensities below the population spike threshold 
were not associated with a decrease of the test f  EPSP slope (mean 
change + SEM, +2.0 2 3.0%). In all categories above the spike 
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threshold, however, the test fEPSP slope was reduced significantly 
relative to temperature-matched reference potentials with a 
nearly identical fEPSP in response to the first stimulus (-5.9 ? 
0.4%, t(T) = 4.3, p < 0.001). The suppression did not increase 
significantly with elevated pulse intensity (Fc3,2,j = 1.69,~ > 0.05; 
suprathreshold intensities only). The accuracy of the temperature 
matching did not differ below and above the spike threshold 
(average error, <O.O8”C). 

Exploration suppressed the fEPSP of the test response also when 
the amplitude of the conditioning population spike was similar in the 
two conditions (Fig. 3C). In the resting condition, the test fEPSP 
slope generally increased with increasing spike amplitude in the first 
response, although population spikes of >3 mV were not associated 
with additional enhancement of the test fEPSP slope (Fig. 3E). 
During exploration, the test fEPSP slopes were smaller, except at 
intensities for which no population spike was elicited or for which the 
test fEPSP was maximal (population spikes of >4 mV). ANOVA of 
the data in Figure 3E showed significant effects of Task (Fc1,240j = 
12.9, p < 0.001) and task X intensity (Fc4,24,jj = 8.47, p < 0.001). 
Comparisons across experiments were made by expressing the 
f  EPSP slope of the test response during exploration as a fraction of 
the test fEPSP slope of reference pairs with a similar population 
spike amplitude (average difference, <OS%) in response to the first 
volley (Fig. 3H, initial 3-4 min only). These analyses showed an 
overall reduction of the mean test fEPSP slope of 13.1 -t 3.0% 
during exploration (t(,) = 4.41, p < O.OOl), although there was no 
suppression at the highest intensity (intensity effect, FC3,2,) = 5.95,~ 
< 0.005). 

A similar discharge-dependent f  EPSP reduction was observed 
in three exploration experiments in which the test stimulus was 
kept constant while the strength of the conditioning pulse was 
varied. Below the threshold for a population spike in the first 
response (three intensity levels), the test fEPSP slope increased 
between 11 and 19% during exploration (means of initial 3 min) 
compared with temperature-matched reference values. At an in- 
tensity slightly above the threshold, the mean increase was re- 
duced to 4.9%. At the strongest intensity, the test fEPSP slope 
decreased in all cases (mean, -23.7%). 

Experiments in which the interstimulus interval was varied (n = 
3) showed that test fEPSPs recorded during exploration were 
reduced compared with the reference test potentials only at in- 
tervals in which some attenuation also was observed in the control 
condition. The additional suppression in the exploration condition 
was 17.5% at 10 msec and 22.4% at 20 msec (means, suppression 
in three of three cases). There was no consistent change at 100 
msec (mean change, +8.4%). 

The population spike of the test response is facilitated 
during exploration 
In the control condition, the population spike of the test response 
was suppressed significantly compared with the spike of the con- 
ditioning response (Fig. 4). This suppression was weaker during 
exploration. Compared with temperature-matched reference po- 
tentials, the test population spike of an exploring rat was en- 
hanced across nearly the entire range of test fEPSP slope values 
(Fig. 4E,H). On average, the amplitude of the population spike of 
the test potential increased by 65.1 ? 16.8% (mean ? SEM of 
intensities evoking a population spike; t(,) = 3.9; p < 0.01) 
compared with reference potentials with a similar test fEPSP 
slope (average slope difference, ~0.1%). 

The enhanced fEPSP-spike relationship was specific to the 
second potential. The mean change in the first response was only 

1.8 -C 7.5%, but the effect was greater at maximal stimulation 
intensities (Fig. 4D,G). ANOVA including the four intensities 
above the spike threshold showed a significant effect of intensity 
for the first (but not the second) response (FC,,,,) = 14.6, p < 
0.001). 

As with the fEPSP slope reduction, the facilitation of the test 
population spike appeared to be specific to short interstimulus 
intervals (n = 3). There was a consistent increase at 20 msec 
(mean change, +34%), but no reliable change at 100 msec 
(-16%). The effect could not be determined at 10 msec (no 
population spike in the test response). 

Relationship between changes in test fEPSP and test 
population spike 
The exploration-related facilitation of the test population spike 
was independent of the reduction of the test fEPSP. There was no 
significant correlation at any pulse intensity (correlation between 
mean changes across four intensities: y(S) = 0.05, p > 0.05) (test 
spike amplitude: ratio of reference potentials with a similar test 
fEPSP slope, and test fEPSP slope: ratio of reference potentials 
with a similar fEPSP slope in the first response). 

The suppression of the test f  EPSP decays 

To determine the time course of the changes in paired potentials, 
the means of the values recorded during each 1 min block of the 
exploration session were compared with potentials taken at the 
closest possible brain temperature in the resting condition. Be- 
cause the pulse intensity was not varied during the highest brain 
temperatures in the reference condition (when the temperature 
dropped rapidly), corrections for differences in the size of the 
conditioning potentials could not be made for the later parts of 
the exploration test. However, the difference in reduction of the 
test fEPSP caused by increasing conditioning fEPSPs from the 
reference condition to the magnitude of conditioning fEPSPs 
recorded at similar brain temperature during the early phase of 
exploration was small (-1.3 + l.l%, t(,,,) = 1.2, p > 0.05), 
suggesting that a possible overestimate does not invalidate the 
estimated time course of the fEPSP suppression. 

With the matching procedure (see above), the suppression of 
the test fEPSP slope appeared to be greater at the start of the 
exploration session (Figs. 5, 6A). The suppression was fairly 
constant during the first 5 min, when the paired-pulse ratio was 
reduced by 6-6.5%. The reduction then decayed to 3-4% at the 
termination of the exploration (time effect: FC,4,3h4j = 4.10,~ < 
0.001). The ratio did not change with time in experiments in which 
no population spike was evoked (Fc,4,,54j = 1.03, p > 0.05; Fig. 
6B). 

During the first minute of the exploration session, fEPSPs 
usually could be compared with reference potentials matched for 
both brain temperature and fEPSP slope of the first response 
(average difference, <0.15%). As in the other experiments ana- 
lyzed in this way (Fig. 3) there was an increased suppression of 
the test fEPSP during exploration (paired-pulse ratio, -4.1 i- 
1.5%, t(,,,) = 2.73,~ < 0.02), provided that a population spike was 
elicited by the first pulse (Fig. 6A,C). When the first volley failed 
to evoke a population spike (Fig. 6B), the second fEPSP was not 
altered (paired-pulse ratio, +1.2 -t 1.7%, p > 0.05; difference 
from suprathreshold experiments: t(,,) = 4.10, p < 0.001). Above 
the spike threshold, the test fEPSP suppression increased with 
increasing pulse intensity (Fig. 6C) (correlation between condi- 
tioning spike amplitude and test f  EPSP slope suppression: I = 
0.481, p < 0.05; suprathreshold experiments only). The suppres- 
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Figure 4. Facilitation of the population spike of the second response during exploration. A, Superimposed averages of pairs of potentials sampled during 
the first minutes of an exploration episode (solid line) or at the same brain temperature in the reference task (stippled line). B, Magnification of the early 
parts (indicated by black bars in A) of these responses. C, Relationship between fEPSP slope and population spike amplitude for the first @lied triangles) 
and the second (open triangles) response in the reference condition (representative experiment). D, E, Effect of exploration on the relationship between 
fEPSP slope and spike amplitude in the first (0) and the second (E) waveform (same experiment as in C). F-H, Average of experiments for which the 
pulse intensity was varied continuously among five intensity levels during exploration. Intensity I always was below the threshold for a population spike 
in the first response; intensities 2-5 gave population spikes of increasing amplitude. F, The spike amplitude of the first response during the exploration 
episode (mean + SEM). G, H, Spike amplitude of the first (G) or the second (H) potential during exploration, expressed as a ratio of the mean spike 
amplitude of temperature-matched reference pairs with a similar fEPSP slope in the first (G) or the second (I?) response. 
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EXPLORATION sion during exploration also depended on the amount of suppres- 

q ,, j, intensiqr 

sion at the test intensity in the reference condition (paired-pulse 
ratio at test intensity-paired-pulse ratio at lowest subthreshold 

: (19j = 0.56,~ < 0.01). Cases with no suppression in the 
control task failed to show suppression of the test fEPSP during 
exploration (mean change, t-3.1%; n = 4). Taken together, these 
correlations suggest that the more interneurons were discharged 
by the granule cells, the greater the inhibition of the test fEPSP 
was during the early minutes of the exploration session. 

]Ig r’\ ~~ 

Some of the difference between records taken below and above 
the spike threshold could be attributable to differences in the condi- 
tioning response. However, the increase in the unconditioned fEPSP 
compared with temperature-matched reference values (Moser et al., 
1994) was similar in experiments conducted with and without a 
population spike in the first response (7.7 + 1.2 and 9.0 t 2.3%, 
respectively; difference: t(,,) = 0.55,p > 0.05). The enhancement was 
greatest during the first minute of exploration in both cases (11.3 + 
1.3 and 17.9 t 3.9%, respectively; time effects:p < 0.01). Supra- and 
subthreshold experiments also were comparable with respect to the 
intensity of exploration (257.4 t 19.8 and 271.6 +- 44.7 cm’, respec- 
tively; t(,,) = 0.34; p > 0.05; Fig. 6A,B). The mean accuracy of the 
temperature-matching (mean difference between the temperatures 
associated with potentials recorded during exploration and matched 
reference potentials) was 0.006”C. 

The facilitation of the test population spike is stable 
Estimates of the time course of the population spike facilitation 
were based on comparisons of the spike amplitude-fEPSP slope 
ratio of each potential during exploration and at similar brain 
temperature in the resting condition. The ratio is sensitive to 
increases in the first potential during exploration, but the effect of 
an fEPSP slope enhancement of lo-20% in the first potential is 
marginal (Fig. 4C), suggesting that the procedure gives a reason- 

+- Temp reference able estimate of the time course. 
* Temp and 1st The analyses showed that the facilitation of the test popula- 

ulse reference tion spike was maintained throughout the exploration task (Fig. 
7). The fEPSP-spike relationship in the early part of the 
exploration was enhanced for both the conditioning and the 
test responses, but with a larger increase for the latter (first 
response, 8.7 + 7.8%; second response, 59.3 2 18.2%; differ- 
ence: t(,,) = 2.6, p < 0.02). Whereas the population spike- 
fEPSP slope ratio of the first potential decayed slowly (F(,,,,,,) 
= 1.92,~ < 0.05), the relative facilitation of the test population 
spike showed a slight increase in the middle of the session (time 

effect: (Fc14,224j = 1.93, p < 0.05). The exploration intensity 
(area covered/min) did not change significantly over time 
(F’C14,224j = 1.73, p > 0.05), and the temperature-matching was 

1 I I I 1 accurate throughout the session (mean difference, O.OOYC). 
-5 0 5 IO 15 The facilitation of the population spike of the test response 

(compared with the fEPSP slope) correlated neither with the 
Time (min) spike amplitude of the first response (r(,,) = 0.24) nor with the 

suppression of the test fEPSP (rClsj = -0.27, p > 0.05). 

Figure 5. Comparison of pairs of field potentials sampled during exploration 
and at the same brain temperature (LO&X) in a resting condition (single The test potential changes are not related to the 
experiment). Stimulation evoked a population spike in the first response. The 
brain temperature, the area covered, the fEPSP slope of the first and the 

amount of motor activity 

second waveform, and the ratio between the slope values of the two responses The exploration-induced suppression of the test potential may be 
(2nd/lst potential) are shown for blocks of 1 min during exploration (shaded related to the level of motor activity and the tightly associated 
area) and during the resting baseline condition (mean t- SEM, filled circles). hippocampal theta rhythm (Vanderwolf, 1969). Thus, the median 
Open circles indicate mean values (ISEM) of potentials sampled in the 
reference condition at a similar temperature (not chronological). Triangles 

value of the area/min measure was calculated for the entire set of 

(1st potential and Zndllst potential) show temperature-matched reference experiments. For each experiment, the field potential values of 

potentials in which the f  EPSP slope value of the first response was similar to each 1 min block of the exploration session then were divided into 
that of the first response in the exploration condition. two categories: signals taken in blocks when the rat covered an 
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Figure 6. Average time course of changes in paired-pulse ratio (fEPSP slope 2NDIlST EPSP) during exploration (shaded area). A, Experiments in which 
the stimulation intensity was sufficiently high to elicit a population spike in the first response. The ratio between the EEPSP slopes of the second and the 
first response is shown as a function of time, with the data grouped into blocks of 1 min (mean t SEM) and expressed as a ratio of the mean value of 
potentials recorded at a similar brain temperature (-CO.O4”C) in the reference situation. Open triangles show comparisons in which the potentials recorded 
during exploration have been exchanged with temperature-matched reference potentials having similar fEPSP slopes in response to the first pulse. Area 
coveredimin also is indicated. B, Similar to A, but at stimulation intensities that failed to evoke a population spike in the conditioning potential. C, 
Relationship between intensity of stimulation and suppression of the fEPSP slope of the second response during exploration. The test fEPSP slope is 
expressed as a fraction of the value recorded at similar brain temperature in reference pairs with responses of similar magnitude (fEPSP slope) to the 
first volley. Below the threshold for a population spike in the first potential, pairs are sorted according to the magnitude of the maximum rising fEPSP 
slope of the first response during baseline recording (open circles). This value is expressed as the percentage of the maximum fEPSP slope at the spike 
threshold. Above the threshold (filled circles), potentials are sorted according to the amplitude of the population spike of the conditioning potential. Each 
circle represents the mean value (ISEM) of the first 5 min of the exploration test. 
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F&z~re 7. Changes in population spikes of paired potentials during exploration. A, Single experiment. The spike amplitude-fEPSP slope ratios of the 
first and the second waveform, as well as the area covered, are shown for blocks of 1 min (mean 2 SEM). Values of potentials recorded during the 5 min 
baseline period and the subsequent 15 min exploration session (shaded area) are indicated by filled circles. Upen circles indicate the means (+SEM) of 
potentials sampled in the reference condition at a similar temperature (not chronological). B, Average of all experiments. The values of each 1 min block 
are expressed as ratios of the corresponding values of reference potentials recorded at a similar brain temperature. 

area smaller than the group median value (117 ? 8 cm”/min), and 
signals taken in periods when the rat covered a larger area (455 -C 
20 cm”/min). To allow sampling from the entire exploration ses- 
sion, potentials from the exploration and reference sessions were 
matched only with respect to temperature. 

The slope of a single fEPSP is reduced by motor activity (Green et 
al., 1990; Moser et al., 1994). In the present study, the fEPSP slope 
of the first response was increased by 10.0 t: 0.5% compared with 
temperature-matched reference potentials in the low-activity condi- 
tion, but only 5.3 ? 0.6% during high activity. The fEPSP slope of 
the second response was increased 4.4 ? 0.4% during high activity, 
but decreased 0.3 + 0.5% during low activity. The decrease of the 
paired-pulse ratio (2nd/lst fEPSP slope) was similar at low (-5.3 -C 
0.6%) and high levels of movement (-5.0 t 1.1%; difference: t(,,) = 

0.25, p > 0.05; Fig. 8). Motor activity also failed to alter the facilita- 
tion of the spike amplitude-fEPSP slope ratio of the test response 
(high activity, +73.7 ? 26.5%; low activity; +34.1 t 18.2%; differ- 
ence: t(,,) = 1.23,~ > 0.05). The brain temperature matching of the 
data sets did not differ (mean differences, 0.005C). Thus, it is 
unlikely that the alterations in the test response are related to 
variations in the activity level of the rats. 

DISCUSSION 
Exploration was associated with increased suppression of the f EPSP 
and decreased suppression of the population spike evoked by the 
second of a pair of stimuli to the perforant path. The decrease of the 
test fEPSP slope may be attributable to an increase in inhibition on 
the perforant-path terminals or the dendrites of the granule cells, 
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Figure 8. Effect of motor activity on paired potentials recorded during 
exploration, averaged across experiments. The area covered, the ratio 
between the fEPSP slopes of the second and the first potential, and the 
spike amplitude-fEPSP slope ratio of the second response are shown for 
each 1 min block of the exploration session (shaded area) and for the 
preceding baseline period. Data recorded at speeds above and below 250 
cm’/min are displayed separately. All of the data are expressed as ratios of 
the corresponding values of potentials recorded at a similar temperature 
in the resting session (see Fig. 6). 

whereas the relative facilitation of the test population spike likely 
reflects a decrease in inhibition proximal to the somata of the granule 
cells. The changes in fEPSP and population spike of the test re- 
sponse were not correlated and followed different time courses. The 
fEPSP suppression decayed, whereas the spike facilitation was sta- 
ble. Thus, dendritic and somatic inhibition of dentate granule cells 
may be regulated independently during exploration. 

Interpretation of test response changes in the 
control condition 
The present data do not show directly that suppression of the test 
response (fEPSP slope and population spike amplitude) in the 
control condition is attributable to recurrent inhibition of the 
granule cells. The interpretation is plausible, however, for the 
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following reasons: (1) the suppression was observed only with a 
population spike in the first response; (2) the magnitude of the 
suppression followed the amplitude of the population spike; and 
(3) the duration was within the time window of granule cell IPSPs 
(Andersen et al., 1966; Fournier and Crepel, 1984). Discharge- 
dependent suppression of the test fEPSP was not observed in 
anesthetized rabbits by Lermo (1971) but it appears to have been 
recorded previously in chronically implanted rabbits (Bliss and 
Gardner-Medwin, 1973; their Fig. la) and anesthetized rats 
(Steward et al., 1976). 

In an anatomical context, it is not surprising that the test fEPSP 
was reduced. The axons of many dentate and hilar interneurons 
ramify preferentially in the perforant-path terminal field of the 
molecular layer, where they establish synapses with the granule 
cell dendrites (Bakst et al., 1986; Leranth et al., 1990; Halasy and 
Somogyi, 1993; Han et al., 1993; Buckmaster and Schwartzkroin, 
1995). One group of, such interneurons, colocalizing GABA and 
somatostatin (Somogyi et al., 1984; Bakst et al., 1986), constitutes 
as much as 30% of the hilar interneuron population in rats (Rapp 
and Amaral, 1988). These cells receive input from mossy fibers 
(Leranth et al., 1990; Baude et al., 1993) and may be part of an 
extensive feedback loop back to the dendrites of the granule cells. 
With terminals primarily on the dendritic shaft of the granule cells 
(Leranth et al., 1990; Halasy and Somogyi, 1993), the hilar inter- 
neurons are well positioned to shunt excitatory currents from the 
perforant-path synapses (Koch et al., 1983; Staley and Mody, 
1992), although they also may generate large IPSPs in depolarized 
dendrites. The burst-like discharge of hilar interneurons after a 
perforant-path volley (Fox and Ranck, 1981; Buzsaki and Eidel- 
berg, 1982) may increase the overlap between inhibitory and 
excitatory conductances. 

Interpretation of test response changes 
during exploration 
The increased suppression of the test fEPSP during exploration may 
reflect increased inhibition in the dendritic region of the granule 
cells. This is consistent with the following: (1) the fEPSP suppression 
during exploration was specific to the second potential; (2) it re- 
quired a population spike in the first response; (3) it occurred only if 
the test fEPSP also showed some decrease compared with the first 
potential in the control recordings; and (4) the test fEPSP of explor- 
ing rats was reduced 10 and 20 msec, but not 100 msec, after the 
conditioning stimulus. Because the reference potentials were 
matched with respect to the amplitude of the conditioning popula- 
tion spike, the effect did not reflect EPSP spike potentiation within 
the granule cells. 

The facilitation of the test population spike during exploration 
likely reflects decreased inhibition in the somatic region of the 
granule cells. Like the test fEPSP suppression, the spike facilita- 
tion was specific to the test response and was observed at 20 msec 
but not at 100 msec intervals. 

The assumed changes in dendritic and somatic inhibition during 
exploration were not correlated with respect to magnitude or time 
course, which suggests that they reflect the activity of different and 
independent sets of interneurons-one set with terminals in the 
molecular layer, the other with terminals in the hilar or granule 
cell region. The dendritic fields of such classes of interneurons 
appear to be segregated (Han et al,, 1993) which suggests that the 
two sets of interneurons are modulated by different afferent fiber 
systems. The present experiments do not address the origin of any 
modulatory fiber systems, but both subcortical fibers and the 
perforant-path input itself could be involved. 
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It is not unlikely that the modulation of the dentate interneu- 
rons during exploration is altered tonically. Tonic changes would 
affect both the conditioning and the test response, but these would 
be suppressed equally only if a similar number of inhibitory 
interneurons were active at the delivery of the first and the second 
volleys. Because the conditioning stimulus activates a significant 
proportion of the interneuron population via the granule cells, a 
higher number of interneurons may be discharging during the 
second pulse. The difference in the number of firing interneurons 
probably is amplified by the burst-like discharge of the these cells 
in response to perforant-path stimulation (Fox and Ranck, 1981; 
Buzsaki and Eidelberg, 1982). With such a difference, it is likely 
that any tonic change in action potential-dependent inhibition is 
expressed primarily during the second volley. During the first 
response, positive influences might over-ride the effects of the 
altered inhibition and give a net potentiation (Moser et al., 1994). 

Changes in afterpotentials during exploration could cause test 
potential alterations similar to those observed. The test fEPSP 
would be suppressed and the population spike would be facilitated 
if the discharging granule cells were depolarized during the sec- 
ond volley. However, afterpotentials in granule cells are brief (3-S 
msec) (Fournier and Crepe& 1984) and unlikely to affect postsyn- 
aptic currents in the outer dendrites 20 msec after discharge. The 
lack of correlation between the fEPSP and population spike 
alterations argues further against a role for global factors intrinsic 
to the discharging cells. 

Relationship with learning 

The suppression of the test fEPSP is maximal when exploration 
starts and decays with a half-time of lo-15 min. Because prefer- 
ential inspection of novel landmarks is limited to the first 5 min 
(Moser et al., 1994), the greatest suppression occurs when the 
learning is most intense. Therefore, the effect may reflect pro- 
cesses involved in forming representations of the novel environ- 
ment (O’Keefe and Nadel, 1978). The time course suggests that it 
does not reflect movement or a state shift per se. 

Facilitation of the test population spike has been reported 
previously during voluntary or forced movement (Austin et al., 
1989; Green et al., 1993). It is uncertain to what extent novel 
information was acquired in these situations. In the present study, 
the facilitation was stable and outlasted the preferential inspec- 
tion of novel landmarks, suggesting that it is not related primarily 
to information sampling. 

Theta activity 
The power of hippocampal theta rhythm has been shown previ- 
ously to be relatively stable in the present exploration paradigm 
(Moser et al., 1993b), similar to the motor activity and the spike 
facilitation. The test fEPSP suppression decayed, however, sug- 
gesting that it does not depend on the presence of theta activity. 
Further studies are required to determine how the changes in 
paired potentials are related to the theta rhythm. 

Possible roles of altered inhibition 
The axons of many hilar interneurons diverge extensively, and 
each axon contacts hundreds or thousands of granule cells 
(Struble et al., 1978; Han et al., 1993; Buckmaster and Schwartz- 
kroin, 1995). Thus, when impulses are transmitted from the en- 
torhinal cortex to the granule cells, the number of inhibited 
granule cells (via the recurrent circuit) may be greater than the 
number of excited cells (via the perforant path). I f  this is the case 
during acquisition of information in a novel environment, en- 

hanced dendritic inhibition might operate like lateral inhibition in 
sensory systems: nonexcited cells are kept relatively silent, 
whereas the perforant path-activated cells, receiving excitation in 
addition to the inhibition, still respond to the strongest inputs. 
Thus, the enhanced inhibition might attenuate background noise 
and, together with the facilitation of excitatory transmission onto 
the granule cells (Moser et al., 1994), improve the signal-to-noise 
ratio for input from the entorhinal cortex. 

The synaptic and dendritic effects were accompanied by a 
reduced suppression of discharge in the granule cells. By itself, 
this suppression might cause a general amplification of signals 
entering the dentate gyrus. However, because of the enhanced 
inhibition in the dendrites during the early part of the exploration 
episode, the effect may be limited to the strongest perforant-path 
signals (presumably conveying information regarding the ongoing 
external events). In this way, enhanced dendritic inhibition and 
decreased somatic inhibition together may focus and amplify 
incoming input from the entorhinal cortex. The enhanced dis- 
charge of selected mossy fibers may cause increased depolariza- 
tion of CA3 pyramidal cells which, in turn, may cause associative 
modifications (BuzsBki, 1989; Zalutsky and Nicoll, 1990; Treves 
and Rolls, 1992). 
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