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The cellular generation
and spatial distribution
of gamma
frequency (40-100
Hz) activity was examined
in the hippocampus of the awake rat. Field potentials
and unit activity
were recorded by multiple site silicon probes (5 and 16-site
shanks) and wire electrode arrays. Gamma waves were highly coherent
along the long axis of the dentate hilus, but
average coherence
decreased
rapidly in the CA3 and CA1
directions.
Analysis of short epochs revealed large fluctuations in coherence
values between
the dentate and CA1
gamma waves. Current source density analysis revealed large
sinks and sources in the dentate gyrus with spatial distribution similar to the dipoles evoked by stimulation
of the
perforant path. The frequency changes of gamma and theta
waves positively
correlated
(40-100
Hz and 5-10 Hz, respectively).
Putative interneurons
in the dentate gyrus discharged at gamma frequency and were phase-locked
to the
ascending
part of the gamma waves recorded from the hilus.
Following bilateral lesion of the entorhinal
cortex the power
and frequency
of hilar gamma activity significantly
decreased or disappeared.
Instead, a large amplitude but slower
gamma pattern (25-50 Hz) emerged
in the CA3-CA1
network. We suggest that gamma oscillation
emerges from an
interaction
between
intrinsic oscillatory
properties
of interneurons and the network properties
of the dentate gyrus.
We also hypothesize
that under physiological
conditions
the
hilar gamma oscillation
may be entrained
by the entorhinal
rhythm and that gamma oscillation
in the CA3-CA1
circuitry
is suppressed
by either the hilar region or the entorhinal
cortex.
[Key words: hippocampus,
gamma oscillation,
40 Hz, theta, unit activity, behavior, hilar region]
The cellular generation of two hippocampal
and sharp waves (SPW), has been studied

EEG patterns, theta
in detail (BuzsBki et

al., 1983, 1986, 1992; BuzsBki, 1986; Fox and Ranck, 1986;
Bland et al., 1990;Brankack et al., 1993).A third known pattern
is the low-amplitude fast activity or gammaoscillation (40-100
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Hz) which occurs with largestpower in the hilus of the dentate
gyrus (Stumpf,

1965; Buzsaki

et al., 1983; Boeijinga

and Lopes

da Silva, 1988; Skaggset al., 1991; Leung, 1992).Synchronous
gamma activity has been extensively studied in several other
structuresof the brain (Freeman and Skarda, 1985;Gray et al.,
1989; Gray, 1993, 1994; Llintis and Ribary, 1993; Freeman
1994; Singer, 1994). It hasbeenhypothesizedthat the temporal
conjunction of sensoryneurons in the gammafrequency range
represents

the subjective

experience

referred to as the percept

(Gray et al., 1989). To date, no function hasbeen assignedto
the gammapattern of the hippocampalhilar region. The dentate
gyrus offers a unique opportunity to study the mechanismsunderlying the generation of this fast rhythm, since the inputoutput and intrinsic connectionsof the dentate circuitry and its
neuronal types are relatively well known.
iments we examined the cellular-synaptic

In the present expergeneration of gamma

activity using multiple site recordings of field potentials and
unit activity in the freely behaving rat. Someof the resultshave
been presentedin an abstract form (Bragin et al., 1993).
Materials and Methods
Animafs and surgery. Forty-five male and female rats (300-450 gm) of
the Sprague-Dawley strain were used in this study. The rats were anesthetized

with

a mixture

(4 ml/kg)

of ketamine

(25 mg/ml),

xylazine

(1.3

mg/ml), and acepromazine (0.25 mg/ml). Pairs of stainless steel wires
(100 pm in diameter) with 0.5 mm vertical tip separation were placed
in the angular bundle on the right or both sides to stimulate the medial
perforant path afferents to the hippocampus (AP = -7.0 mm from
bregma, L = 3.5 mm from midline,
and V = 3.0 mm). Another electrode
pair was placed into the ventral hippocampal commissure (AP = -0.8,

L = 0.5, V = -4.2) to stimulate the commissural afferents to the CAl3 regions

and the dentate

gyrus.

Recordingundduta analysis. Three different recording electrodes were
used: stationary wire electrodes, microelectrode arrays, and 16-site recording
et al.,

silicon

probes,

as described

in the accompanying

article

(Ylinen

1994). Stationary electrodes (two to four 60 pm tungsten wires)
were implanted in the strata pyramidale and radiatum of CA1 and the
molecular layer and hilus of the dentate gyrus bilaterally (AP = - 3.0,
L = 2.6, V = -2.4, -3.0). Microelectrode arrays consisted of four to
eight tungsten wires (20 or 60 pm in diameter). Two or three 20 pm
wires or a single 60 pm wire was inserted into the parallel array of fused
silica tubes with 0.3 mm horizontal separations. The wires protruded
3 to 4 mm from the guiding tubes. The 20 pm wires within a single
silica

tube were

glued

together

with

varnish.

A 3.5 mm by 1 mm

slot

was drilled into the skull above the dorsal hippocampus along the longitudinal or the traverse (dentate-CA3) axis of the structure. For simultaneous recording of field potentials and unit activity in different
layers, silicon probes micromachined with thin-film technology (Wise
and Najafi,

1991)

were

used in 11 rats (for details,

see Fig. 1 of Ylinen

et al., 1994). The parallel wire arrays and silicon probes, attached to a
movable headstage, were inserted into the neocortex or corpus callosum
during surgery. Following recovery, the tips were gradually lowered into
the hippocampus. During the experiment the evoked field potentials
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Figure 1. Gamma activity in the hilar region. Microelectrode recording during exploratory walking (a) and sitting motionless (b). Upper trace,
wide band recording. Middle and lower truces, gamma activity (40-l 50 Hz) and unit firing (500 Hz to 5 kHz), respectively. Note theta- and gammarelated modulation of the isolated neuron. c, Power spectrum of the EEG during walking. Arrow points to the power peak of gamma activity (80
Hz). Power peaks at lower frequencies are clipped. d, Direct (feed-forward) excitation of the interneuron by stimulating the ipsilateral perforant
path (PP). Note short latency discharge of the cell (arrow, 1.7 msec) and occasional late firing (double arrow). e, In response to stimulation of the
contralateral perforant path (CPP) the interneuron fired at the onset of the field response. d and e are seven superimposed, filtered (>500 Hz)
traces.f, Event related average of the wide band activity. The averager was triggered by the peaks of successive gamma waves. Note that the largestamplitude oscillation of gamma occurs on the positive portion of the averaged theta wave. g, Cross-correlogram of unit firing and peaks of the
gamma waves. Note the relationship between averaged field (f) and unit discharges (g).
helped guide the microelectrodes. Two stainless steel watch screws driven into the bone above the cerebellum served as indifferent and ground
electrodes. Recording and data processing methods were the same as
described in detail in the accompanying article (Ylinen et al., 1994).
Spike separation and analysis. A Haar transformation was performed
on the digitally filtered (500 Hz to 5 kHz) traces to locate the occurrence
of spike events (Yang, 1988). The spike events were identified by the
factorial description of their shape (“feature”) characteristics. Event
sorting was carried out by an IBM RS6000 using a perceptron version
of the incremental conceptual clustering procedure (SpikePerceptron,
MUA Technology BT, P&s, Hungary). For visual display, the spike
occurrences within the same target cluster were superimposed and projected relative to the reference event (Ylinen et al., 1994). The crosscorrelograms were calculated from the cumulative number of spikes.
Isolation of single units within and across clusters was verified by clear
refractory periods (2-3 msec) in their interspike interval histograms. In
addition, the temporal dynamics of single cells was examined by constructing “return maps” by plotting the interspike intervals (x,) against
the next interspike interval (x,, , ) (Siegel, 1990).
Several isolated units were identified by physiological criteria. Units
that discharged at a shorter latency than the population spike and responded with two or more action potentials in response to perforant
path or commissural stimulation were classified as interneurons (e.g.,
Figs. ld,e, 6b; Fox and Ranck, 198 1; Buzsaki and Eidelberg, 1982).
These cells typically fired at high rates (> 15 Hz) and discharged in
rhythmic groups at the field theta frequency. Units that displayed spontaneous complex burst patterns were classified as pyramidal cells or
mossy cells (Ranck, 1973; Sol&z et al., 1993). Complex-spike cells
typically fired at less than 1 Hz. Physiological criteria for the identification of granule cells are controversial (Mizumori et al., 1989; Buzsaki
and CzCh, 1992) and no criteria have been established for the separation
of the various cell groups in the hilus (Amaral, 1978).

In some cases field events were also clustered by the SpikePerceptron
sorting program. These field events either served as reference events for
cross-correlation analysis with units or as target events referenced to
other field events (e.g., gamma pattern vs theta).
Entorhinal cortex lesion. In two groups of rats the entorhinal cortex
was removed bilaterally. In the first group (n = 6) the electrodes were
placed first, and the lesion was made after the completion of the physiological tests. In the second group (n = 5), the lesion was made first
and electrodes were implanted 3 months later. The lesion was made
under halothane (2.5%) gas anesthesia. The bone above the entorhinal
and perirhinal cortex was removed, and the dura was cut. The gray
matter and the underlying white matter was aspirated under microscopic
vision. The resulting cavity was filled by Gelfoam and the wound was
closed.
Histologic&procedures.
Following completion of the experiments the
rats were deeply anesthetized and perfused through the heart first with
cacodylate-buffered saline (pH 7.5) followed by a cacodylate-buffered
fixative containing 4% paraformaldehyde and 5.9% calcium chloride
(pH 7.5). Brains were left in situ for 24 hr, removed, and then postfixed
in the same solution for 1 week. The brains were sectioned with the
probes left in the brain on a vibratome at 100 pm in the coronal plane.
The sections were stained with the Gallyas silver method (Gallyas et
al., 1990).

Results
Hippocampal EEG and unit activity wererecordedin the awake
and sleepingrat. Similar to earlier observations, theta activity
occurred during exploratory behaviors, including walking, sniffing and rearing, and the paradoxical phaseof sleep(Vanderwolf,
1969). During awake immobility, drinking, grooming, drowsi-
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Fgure 2. CSD maps of evoked responses (ep) to perforant path stimulation bellow arrow), theta activity at three different frequencies (upper
panels) and correspondmg fast activity (lower panels). Sinks (inward currents) and sources (outward currents) are indicated by cold and warm colors,
respectively. iso, Zero current flow. Note gradually shifting sinks and sources with depth during theta (upper panels). The lower panels are from
the same EEG epochs as theta activity after bandpass filtering (40-150 Hz). Note identical positions of sinks (s) and sources (SO) for the various
frequencies of theta (lo,& and 6 Hz, upperpanels)
and for the corresponding high-frequency oscillations (100,60, and 40 Hz dominant frequencies,
lower panels). Note also the similar direction of changes in frequency for theta and fast activity. p, CA1 pyramidal layer; r, stratum radiatum; /zL
hippocampal fissure; g, granule cell layer.

ness,and slow wave sleeptheta activity wasreplacedby irregular
patterns. Theseincluded slow delta waves, sleepspindles,sharp
waves (SPW), and dentate spikesrecorded from the CA1 and
dentate regions (Buzsaki et al., 1983; Buzsaki 1986; Bragin et
al., 1992).
Gamma oscillations(40-100 Hz) in the dentate gyros and
CA 1 region
Gamma oscillation and theta activity wasrecorded during spontaneouswalking and paradoxical phaseof sleep.Figure 1 illustrates typical recordsof wideband and filtered field patterns and
interneuronal activity in the hilus during exploratory walking
and sitting motionless.During theta-associatedbehaviors, such
as exploration, sniffing, rearing and the paradoxical phase of
sleepthe amplitude of gamma activity was larger than during
sitting still and other consummatory behaviors (Fig. 1a,b). The
activity of putative interneurons in the hilus closely reflected
these field potential changes;they fired rhythmically and at a
higher rate during theta-associatedbehaviors (Fig. la,b, lower
traces). In addition, the filtered high-frequency activity showed

a covariance with theta activity (Fig. lu,b, middle traces, and
Fig. If). Spectral analysis of the field activity confirmed the
visual observations. The power of gammaactivity above 40 Hz
was significantly larger during theta-associatedbehaviors than
during immobility, drowsinessand slowwave sleep(not shown),
confirming earlier observations (Leung et al., 1982; Buzsaki et
al., 1983; Bullock et al., 1990). Subsequentanalysistherefore
concentrated on the gamma frequency band (40-100 Hz) associatedwith theta waves.The depth profiles ofthe power, phase
and coherenceof theta and gamma patterns were different (cf.
Fig. 9, before lesiongraphs).The largestpower of theta occurred
at the level of the hippocampal fissurewith a secondpeak in
the hilus of the dentate gyrus (Fig. 9a). In contrast, the power
of gammaoscillations was severaltimes larger in the hilus than
at any other level (Fig. 9d). Theta washighly coherent throughout the CA 1-dentate axis, whereascoherencevalues of gamma
dropped below significant levels outside the hilar region (Fig.
9b,e). Theta waves showed a gradual phase shift in the CA1
region and a further 30-90” shift betweenthe dentate molecular
layer and the hilus. Gamma waves, on the other hand, displayed
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the latter possibility (seebelow). The extracellular currents discussedhere were consistently present in all 11 animals with
multiple site probes.
In contrast to the largecurrentsassociatedwith gammawaves
in the dentate gyrus, sink-sourcepairs in the CA1 region were
not readily visible in the CSD figures. Cross-correlationof the
hilar gamma waves with simultaneously recorded single units
or multiple units of CA1 neurons resulted in flat correlograms
(n = 3 rats). Coherencevalues betweengammawaves derived
from the hilar areaand the CA1 regionweregenerallylow (~0.3)
when long EEG epochswere analyzed. However, visual inspection of the original EEG records occasionally revealed epochs
with large-amplitude, high-frequency patterns in the CA1 region. Coherencespectra performed on short epochs(1 set) revealed that gamma wave coupling between the dentate hilus
and the CA1 region could be high at times. In the short epoch
comparisonscoherencevalues rangedfrom 0.2 to 0.8. Overall,
these observations indicate that largest-amplitudegamma activity occurs in the hilar region and that coupling betweenthe
dentate and CA1 regionsis a rare event in the intact rat.

Spatial coherence of gamma oscillation
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Figure 3. Coherence of gamma activity in the longitudinal and transverse directions. A, Dorsal view of the hippocampus. Electrodes 2-8
(longitudinal) and l-4 (transversal) are indicated by blackdots.B, Superimposed traces of simultaneously recorded signals from the hilus in
the longitudinal axis (electrodes 2-8 in A). Note similar modulation of
the waveforms. C and D, Power, phase, and coherence of theta and
gamma waves in the longitudinal axis of the hilar region. Arrows indicate
the reference electrode (site 7 in C and site 1 in D). D, Power, phase,
and coherence of theta and gamma waves in the transverse (subiculofimbrial) direction. Note high coherence and near-zero phase shift of
both theta and gamma in the longitudinal axis and the steep decrease
of coherent activity in the transversal direction. Power: integrated 612 Hz and 40-100 Hz. Phase and coherence
values:8 Hz and80 Hz.

a steepphasereversal acrossthe granule cell layer (Fig. SC&.
These changeswere observed in all rats with 16-site silicon
probes(n = 11).
The differencesin the frequency domain analysis were also
reflected by the CSD maps for the theta and gamma patterns
(Fig. 2). In confirmation of previous findings, CSD analysisof
theta waves showedseveral, phase-shifteddipoles in the CA1
region and the dentate gyms (Buzsaki et al., 1986; Brankack et
al., 1993). Analysis of gamma waves (40-100. Hz) revealed a
large inward current (sink) in the middle third of the molecular
layer with an equally large sourcein the granule cell layer (Fig.
2, lower panels).The spatial position of the sink-sourcepair of
the gammaoscillation wassimilar to the dipole representingthe
medial perforant path-induced EPSCsof granule cells (Fig. 2,
ep). The gammaband-concurrent sourceat the level of granule
cell somata may therefore reflect a passive return current associatedwith perforant path induced EPSCs(active sink) and/
or active outward current due oscillatory activity of inhibitory
interneurons. Recordingsfrom identified intemeurons support

In addition to the dorsoventral direction, the longitudinal and
transverse(subiculofimbrial) extent of gamma waves was also
measured(Fig. 3). Simultaneousrecording from four to eight
sitesin the longitudinal axis of the hilus showed very similar
patterns (Fig. 3B). Although the power valuesderived from the
different electrodesvaried somewhat,the shapesof the power
spectrawere virtually identical. The phaseshift remainedwithin
+-20” for all frequenciesup to 125 Hz and coherencevalues
were higher than 0.6 at these frequencies(Fig. 3C). Superimposedrecordsderived from electrodesplaced0.9-2.1 mm from
each other in the hilus displayed very little variability (n = 5
rats). Comparison of the histological location of the electrode
tips with electrical activity suggestedthat vertical or lateral mismatch of the electrodesrelative to the center of the hilus contributed significantly more to the variability than distance.Crosscorrelogramsbetween unit firing and field activity resulted in
strong modulation independent of whether the gamma waves
were derived locally or from a distant hilar electrode(up to 2.1
mm).
In contrast, when the electrodeswerepositioned in the transverse plane electrical patterns derived from those sites were
markedly different. The power of both theta and gammabands
decreasedin the lateral (fimbrial) direction (n = 4 rats). Whereas
coherenceof theta activity remained high, coherencevalues of
gammawavesdecreasedrapidly in the hilus-CA3 axis (Fig. 30).
These observations indicate that gamma oscillation is highly
coherent in the septotemporalaxis of the hilus, but the coupling
betweenthe dentate and CA3 regionsis very low.

Theta modulation of gamma oscillation
Despite the differencesin the laminar profiles of theta activity
and gamma oscillation, the two patterns covaried in several
respects.The frequency of both theta and gamma oscillation
varied over a wide rangeduring both walking and the paradoxical phaseof sleep. When theta epochsof different mean frequencies(6, 8, and 10 Hz) were selectedmanually from long
records, the power peaksin the gamma band correspondedto
50 Hz, 80 Hz, and 100 Hz, respectively. This frequency change
of gammaoscillation is reflected by the longer intervals of the
repetitive the sink-sourcepairs with decreasingtheta frequency
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(Fig. 2, lower panels). Such correlated shifts of theta and gamma
frequencies were made on five additional animals. These observations suggest that similar mechanisms are involved in the
frequency modulation of theta and gamma waves.
The amplitude of gamma oscillation varied as a function of
the theta cycle. Such a cyclic variation of the gamma waves
could often be revealed visually in hilus-derived records (e.g.,
Fig. la). Three different methods were used to quantitatively
evaluate the phase coupling between theta and gamma waves.
First, the digitally filtered gamma waves (40-l 50 Hz) were rectified, smoothed and integrated. The resulting analog curve
(“power” of gamma) was then cross-correlated with the phase
of theta (n = 4 rats). The resulting cross-correlograms revealed
that power peaks of gamma preferentially occurred on the positive phase ofthe local theta waves (data not shown). The second
method cross-correlated the peaks of gamma waves with theta
waves. In one version the peaks of the filtered gamma waves
twice as large as the background “gamma” during immobility
were detected (referenceevents) and the resulting pulseswere
usedto average the wide band signal (n = 24 averagesin 15
rats). As illustrated in Figure lf, this method alsoindicated that
large-amplitudegammawaves occur preferentially on the positive peaks of the theta cycle. In the second version of this
approachgammawaveswere identified by the factorial description of their shapecharacteristicsand clustered into separate
groupsand werecross-correlatedwith the zero-crossingsoftheta
waves(referenceevents). Such comparisonswere carried out in
three animals. In all three casesthe clusters with the largestamplitudegammawaveswereassociatedwith the positive peaks
of locally derived theta (Fig. 46,d). The lack of correlation between small-amplitudeclustersand theta (Fig. 4c) suggests
that
small-amplitudefast waves may have derived from the filtering
procedure or representedextracellular currents generated independently from the larger-amplitude gammapattern. Third,
the wideband field activity wasaveragedby the spikeoccurrence
of fast firing interneurons (n = 8 units in six rats). The spiketriggeredaveragingtechniqueconfirmed the findingsof the previous two methods. Overall, the above analysesrevealed that
(1) the gammaoscillation wasphasicallymodulated by the theta
cycle and that (2) the largestpower ofgamma activity coincided
with the positive portion of the theta waves derived from the
hilus.
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Gamma wave-unit correlations
In order to evaluate the local contribution of neuronal activity
to the gamma field waves, neuronal firing was cross-correlated
with the filtered (40-l 50 Hz) field activity. In the dentate region,
three major classesof neurons can be distinguished: granule
cells, hilar interneurons, and slow firing pyramidal cells and
mossycells. Due to the lack of clear-cut physiological criteria
of the granule cellsin vivo (Mizumori et al., 1979; Buzsaki and
Czth, 1992) our analysiswasconfined to the cell types located
in the hilar region. Cross-correlogramsof multiple unit activity
and singleunit activity in the hilus with gammawaves showed
a strong amplitude modulation. Nine neuronswere physiologically identified as isolated interneurons. These interneurons
fired multiple action potentials in responseto perforant path or
commissuralstimulation (e.g., Figs. I&, 6B) and had a clear
2-5 msecrefractory period in their autocorrelograms.
Interneurons had two preferred frequency rangesin their autocorrelograms: at theta (5-10 Hz) and gamma (40-100 Hz)
bands.All of them dischargedpreferentially on the ascending

Fgure 4. Theta modulation of gamma activity. EEG recorded from
a hilar electrode (arrow in a) was filtered (40-l 50 Hz) and the gamma
waves (20 msec epochs) were clustered, based on their amplitude and
waveshape characteristics. Three averaged clusters are shown right of
the boxed areas in b and c. The resulting independent wave clusters
were then cross-correlated with theta waves (d). Individual wave events
are represented as dots above the cross-correlograms in panels b and c.
Note that the large-amplitude cluster (a) was phase locked to the positive
portion of the locally derived theta pattern (d).

(negativeto positive) phaseofthe locally derived gammawaves.
In the experiment shownin Figure 5, unit and field activity was
recorded simultaneouslyat three different sites in the dentate
gyrus. Gamma waves were clustered into four groups, as de-
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Figure 6. Intemeuronal activity in relation to EEG waves. A, The
recording site in the molecular layer (ml) of the ventral leaf is indicated
by a black dot. B, Low intensity stimulation of the perforant path (pp)
evoked multiple discharges of the intemeuron. C and D, Autocorrelograms of the unit activity at two different time scales. Arrowheads indicate peak frequencies at around 90 Hz (C) and 8 Hz (D). Note also
refractory period of 3-l msec around the action potential (C). E, Wide
band (above) and filtered unit activity (below). Note time locked firing
of the cell to both theta and fast waves. F, Spike-triggered (spike-trtg)
averages of wide-band activity. Note that unit firing (arrow) correlated
with the negative-going phase of the fast waves (arrowheads). random,
Average obtained by randomly shuffled pulses.
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Figure 5. Relattonshtp between gamma waves and unit activity in the
dentate hilus. A-D, The EEG, recorded from site 2 in G, was filtered
(40-l 50 Hz) and the resulting signals were clustered into four amplitude
groups (A-D). The peaks of the clustered waves were then used for
averaging the wide band signal (continuous line) and for the superimposition of the discriminated units (tick). The number of repetitions
are indicated below the field averages. Neurons 1.1 to 3.1 were recorded
from sites 1, 2, and 3, indicated in F. Site 2 yielded three separate units
(2.1-2.3). Neuron 2.3 fired prior to the population spike in response to
perforant path stimulation (not shown). Neuron 3.1 was a putative
pyramidal neuron (complex-spike cell) and was silent during the recorded epochs. Neuron 1.1 recorded from the granule cell layer was also
silent. Note increasing modulation of units with increasing amplitude
of gamma waves (A to D). E, Unit firing histogram of unit 2.3 (above)
and averaged wide field activity (bottom; SE, + SEM). Only epochs
from C and D were used. Contmuous line superimposed on the correlograms represents Gabor function (Engel et a., 1990). Note maximum
discharge of the hilar interneuron on the ascending phase of gamma
waves (dotted lines). F, Spike return map of intemeuron firing (unit 2.3).
Note high density of dots at 10 msec (100 Hz gamma) and 100 msec
(10 Hz theta).

layer) fired very seldom during the analyzed epoch (1 min),
although they dischargedin the absenceof theta waves.Two of
the three isolated units (units 2.1 and 2.3) recorded from the
hilus proper by the middle electrode fired at high rates (lo-90
Hz), whereasthe remaining cell (unit 2.2) was much slower.
Unit 2.3 respondedat 2.2. mseclatency to perforant path stimulation, that is, earlier than the granulecell population response.
All three hilar units dischargedphaselocked to the ascending
portion of the local gammawaves.Phaselocking of the neurons
becametighter with increasingamplitude of the local gamma
waves (Fig. 5A-D). The interspike intervals of the fast hilar
neuronscovaried with the frequency of the locally derived gamma waves.Cross-correlationwith the wide band signalrevealed
that theseneuronswere phase-lockedto the positive phaseof
the hilar theta, aswell. The remainingeight physiologicallyidentified interneurons in other rats showedidentical relationship
to both gamma and theta waves. Twenty additional putative
interneurons from the hilus in 15 rats also dischargedon the
ascendingphaseof the locally derived gammawaves.
One physiologically identified mtemeuron was found in the
molecularlayer (Fig. 6). The autocorrelation functions (e.g.,Fig.
6C,D) of the unit indicated that the cell oscillatedat both theta
(8 Hz) and gamma field frequencies(60-80 Hz). The neuron
fired preferentially on the descendingportion of the locally de-
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Figure 7. Entorhinal cortex lesion. A,
Ventrolateral view of the brain showing
the extent of the lesion, including the
whole extent of the entorhinal cortex,
part of the perirhinal cortex and part of
the occipital cortex. c, Cerebellum; b,
brainstem; cx, neocortex. B, Coronal
section of the brain shown in A. C, Terminal degeneration ofthe petforant path
fibers in the molecular layer of the dentate gyrus and in the stratum lacunosurn-moleculare of CA 1 and CA3 regions
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8. Field activity recorded from 16 sites in the CAl-hilus axis during walking before and 10 d after bilateral removal of the entorhinal
cortex (EC lesion). Wide band traces (1 Hz to 5 kHz). The third truce is from the CA1 pyramidallayerand the bottom three truces arefrom the
hilar region.Note gradualphaseshift of the slowthetawaves(arrowheads) betweenstratumoriens(0) and the hippocampal
fissure(hf) in the
intact animal(before). Note alsothat large-amplitude
gammawaves(60-90Hz) are confinedto the hilusbeforethe lesion(bottom three truces).
After thelesiontheamplitudeof thetaactivity (arrowheads) decreased
andgammaactivity (30-60Hz) became
largestin the CA1stratumradiatum
after the lesion(truces 6-8). Arrows in the insetsindicatedominantgammafrequency.Powerin the lowerfrequencyband(~20 Hz) is clipped.
Approximateanatomical
layersareindicatedbetweenthetwosetsof traces.Thepreciserelationship
betweenrecordings
sitesandelectricalparameters
is shownin Figure9. p, CA1 pyramidallayer; r, stratumradiatum;g, granulecelllayer.
Figure

rived gammaactivity (Fig. 6F). Given the 180” phasereversal
of the gamma waves acrossthe granule cell layer (cf. Fig. 9f)
this phaserelationship correspondedto the ascendingportion
of hilar gammaactivity.
Gamma wave modulation of complex spike cells (putative
pyramidal cells or mossycells) was more difficult to establish
becauseof their very low firing rates. However, when multiple
units wererecorded by 60 pm electrodesin the pyramidal layer
of the CA3c subregionphase-lockingof multiple unit discharges
to the hilar gamma waves was observed. In three experiments
hilar gamma activity was recorded simultaneously with pyramidal neurons of the CA3c-CA3b axis. Gamma wave modulation of units decreasedin the hilus proper-CA3c-CA3b axis,
with essentiallyno modulation in the CA3b region. Overall, this
findings indicate that putative interneurons in the hilar region
are phaselocked to the local gamma waves, and that many
interneurons follow the frequency shifts of gamma field oscillation in a one-to-one manner.
Efect of entorhinal cortex lesionon theta and gammafield
activity
Hippocampal theta and gamma activity was monitored daily
from 1 hr to 3 weeksafter the entorhinal cortex lesion in the
short-term group. Histological analysis of the brains revealed
that in five of the six rats the entorhinal cortex was removed
completely (Fig. 7). In all casesthe extent of the lesionwaslarger
than the boundariesof the entorhinal cortex and involved damage to the perirhinal and/or occipital cortical areas, as well.
Degeneratingterminals of the perforant path, but not other
afferents, demonstratedthe specificity of the lesion (Fig. 7C).

The occasionalvertical shift of the silicon probe after entorhinal cortex lesionwasdetermined by the evoked potential profiles and unit firing in the CA1 pyramidal layer. No spontaneous
afterdischargesor other aberrant patterns were present immediately after bilateral aspiration of the entorhinal cortex. However, largeinterictal spikes(> 5 mV) occurred occasionallyduring immobility and slow wave sleep l-3 d after the lesion in
most rats. In addition, double pulse stimulation of the commissural path at moderate intensities induced afterdischarges
in two rats. Evoked responsesfrom both perforant path and the
commissuralinputs decreasedimmediately after (1-5 hr) the
lesion but they recovered to normal values 24 hr later. The
thresholdof the perforant path responseincreasedprogressively
day by day, but small-amplitude evoked field patterns were
observedfor 5-l 0 d. Importantly, the small-amplitudedentate
potentials were coupled by augmentedtrisynaptic responsesin
the CA1 region. The long latency (10-20 msec)CA1 responses
were present in every rat, even when virtually no evoked potentials were visible in the dentate region (seeFig. 1le).
Theta activity was present immediately after the lesion (l24 hr) during explorative walking (Fig. 8) and the paradoxical
phaseof sleep. However, the amplitude of theta was reduced
by 50-70%. The reduction was most prominent at the level of
the hippocampal fissureand the hilar region (Fig. 9a). In the
CA1 region theta waves showeda steepphasereversal across
the pyramidal cell layer (Figs. 8, SC).
The large-amplitude gammaactivity in the hilus, prominent
in intact rats, decreasedsignificantly. In fact, EEG recordsderived from the dentate molecular layer and the hilus were no
longer obviously different by visual inspection (Fig. 8). In con-
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Figure 9. Depthprofilechanges
of power,coherence
andphaseof thetaandgammawavesafter entorhinalcortex(EC)lesion.a, Depthprofiles

of thetapower(integrated6-12 hz) beforeand after lesion.Note lack of powermaximumat the hippocampalfissureafter the lesion.b and c,
Coherence
andphasevalues,respectively,asa functionof the recordingdepthagainsta hilar referencesite(horizontal arrows). d, Powerof the
gammawaves(integrated40-l 00 Hz) at differentdepths.Notedecreased
powerin the hilar regionanda newpeak in theCA 1stratumradiatum.
e andf, Depthprofilesof coherence
andphase.Note highercoherence
valuesafterthe lesionat all depthsandrapidphasereversals
of the gamma
wavesacrossthegranulecell layerandthe CA1 pyramidallayerbeforeandafter the lesion,respectively.Theelectrodeshift aftersurgery( 100pm
deeper)wascompensated
for by shiftingthe postoperativeplotsupward.Coherence
andphasevalueswereplottedat 80 Hz and40 Hz beforeand
after the lesion,respectively.The differenthippocampallayersareindicatedleft of the ordinatesin a andd. o, stratumoriens;p, CA1 pyramidal
layer; r, stratumradiatum;hL hippocampalfissure;M, molecularlayer;g, granulecell layer; h, hilus.
trast, large-amplitude (0.2-0.8 mV) gamma oscillations were
presentin the CA1 region with their amplitude/power peaksin
the stratum radiatum (Figs. 8, 9~‘). Whereas before the lesion
gamma waves reversed acrossthe granule cell layer, after the
lesionsucha reversalwasabsent.Instead, a sharpphase-reversal
of gammawaves occurred acrossthe CA 1 pyramidal layer (Fig.
9f). The frequency of this novel gammaoscillation was significantly lower (40-60 Hz) than that of the hilar gammarhythm
in the intact rat. Similar to the normal animal, the power of
gamma waves in the entorhinal cortex-deafferented rats was
significantly larger during theta-associatedbehaviors than during immobility. When the amplitude of theta increasedto its
maximum level (e.g., during running or large-amplitude theta
burstsduring paradoxical phaseof sleep),gammawaves, however, were attenuated. The above observationswere consistent
in all six rats with entorhinal cortex lesion. Pyramidal cellsand
putative intemeuronsrecorded from the CA 1 region of a single
rat displayed a strong modulation of these cells by the local
gamma field oscillation (Fig. 10).
The above observationssuggestedthat a main sourceof fast
wavesin the entorhinal cortex damagedrat is the associational
input from the CA3 region. This hypothesis wasconfirmed by

the CSD analysisof the fast activity (Fig. 11). Immediately after
the lesion a new large sink emergedin the stratum radiatum
with a concurrent source in the pyramidal layer of the CA1
region. The CSD profile of the gammawavesin the CA1 region
was virtually identical with the CSD mapsof sharp wavesand
the evoked responsesmediated by the Schaffercollaterals(Fig.
11e-h). The distribution of sinksand sourcesin the CA 1 region
were similar in all rats after the entorhinal cortex lesion. In two
rats, a smaller sink-sourcepair was also presentin the dentate
gyrus in a position similar to the prelesionsink-sourcedipole.
In the long-term group examination of the electrical activity
was carried out 3-4 months after the entorhinal cortex lesion.
Sincetheserats were suppliedwith only wire electrodes,no CSD
profiles were obtained. However, during exploratory activity
and paradoxical phaseof sleep large-amplitude gamma oscillation in the CA1 region was also present in these long-term
animals. The fast oscillation often appearedas seriesof sharp
spikeson the positive peak of theta waves recorded below the
CA 1pyramidal layer. Thesespike-like gammawaveswere most
prominent when theta wasof relatively low amplitude and slow
(< 7 Hz). When the amplitude of theta increasedto its maximum
level (e.g., during fast walking) gammawaves were attenuated.

56

Bragin

et al. * Gamma

Oscillation

in the Hippocampus

a

-

l.INT
1.1
1.2
2.1
3.1
3.2
3.3

n=l57

b

C

Time [msec]

Figure 10. Gamma frequency modulation of CA1 pyramidal cells 7
d after removal of the entorhinal cortex. a, Averaged field potential (n
= 157)and superimposed unit activity recorded from the stratum oriens
(1.INT, intemeuron and units 1.l-l .2) and pyramidal layer (units 2. l3.3) of the CA1 region. Units 1.1-3.3 are pyramidal cells recorded from
three sites with 100 pm intervals. b, Cross-correlogram of the field and
intemeuronal activity. c, Cross-correlogram of the field and summed
pyramidal cell activity (1.1-3.3). Note the gamma wave modulation of
both neuronal types. The lines superimposed on the correlograms represent Gabor functions that were fitted to the data to assess the depth
of modulation (Engel et al., 1990).
Thus, these experiments indicate that CA3-CAl circuitry have
the capacity to oscillate at gamma frequency and this propensity
is expressed immediately after removal of the entorhinal cortex.
At the same time the hilar gamma oscillator disappears or remains strongly attenuated.

Discussion
The main findings of the present experiments are that (1) the
largest amplitude of gamma oscillation occurs in the dentate
region, (2) gamma waves are coherent along the longitudinal
axis of the hippocampus, (3) an important electromotive force
for the fast activity is the entorhinal input, (4) gamma patterns
are modulated by theta activity, and (5) the dominant source

of gamma activity after removal of the entorhinal input is the
CA3 region.
Afferents to the middle and outer thirds of the molecular layer
of the dentate gyrus arise from the layer II stellate cells of the
medial and lateral entorhinal cortex, respectively (Steward, 1976).
CSD analysis of gamma waves identified a distinctive sink in
the middle third of the molecular layer during theta-associated
behaviors. The power and frequency of gamma activity substantially decreased in the dentate gyrus following surgical removal of the entorhinal cortex. On the other hand, high-frequency activity in the hilar region survived after septal lesion
(Stumpf, 1965) and after the transection of the fimbria-fomix
(Buzsaki et al., 1987) despite complete elimination of theta activity. These findings are compatible with the view that the
perforant path synapses on the dendrites of granule cells and
hilar neurons play an important role in the generation of gamma
field activity. In line with this suggestion are the observations
that gamma field oscillation and associated firing of neurons are
present in the superficial layers of the entorhinal cortex of the
anesthetized rat (Charpak et al., 1992) and awake cat and rat
during theta behaviors (Boeijinga and Lopes da Silva, 1988;
Chrobak et al., 1993). However, other findings of the present
experiments argue against a single rhythm generator (entorhinal
cortex)-passive follower (hippocampus) model of gamma oscillation (see below).
Extracellular currents associated with gamma oscillation
Based on the close correspondence between extracellular negativity and a large sink of the gamma oscillation in the middle
molecular layer, we assume that extracellular negativity at this
level reflects synchronous depolarization of granule cells by the
entorhinal input. In principle, some of our unidentified neurons
could have been activated granule cells which, in turn, recurrently excited hilar interneurons. Based on such a scenario it is
expected that interneurons should discharge after the maximum
depolarization and discharge of granule cells, that is, on the
positive peak or the descending part of the hilar gamma waves.
In contrast to this model, all putative interneurons in our study
fired on the ascending part of gamma waves, that is prior to the
discharge of granule cells. These neurons could therefore be
driven monosynaptically by layer II stellate cells of the entorhinal cortex. Indeed, several hilar cells extend dendrites into the
molecular layer ofthe dentate gyrus (Amaral, 1978) and putative
basket cells and hilar intemeurons responded earlier and at a
lower current threshold than the granule cell population spike
evoked by stimulation of the perforant path. The feed-forward
activation of intemeurons (Buzsaki and Eidelberg, 1982) is further supported by the neuron recorded in the molecular layer
which fired at the same phase of gamma waves as the putative
interneurons in the hilus and was shown to be directly excited
by perforant path stimulation. Since axon collaterals of granule
cells do not return to the molecular layer (Amaral, 1978; Claiborne et al., 1986) a likely driving source of this neuron is the
perforant path.
Independent of whether basket cells and hilar interneurons
are activated by the perforant path, granule cells, or by other
means, their terminals on the somatic/perisomatic
region of
granule cells will produce periodic inhibition of the latter neurons. In accordance with this suggestion, several types of hilar
neurons are known to provide inhibition on the somata, proximal dendrites and axon initial segment of the granule cells
(Ramon y Cajal, 19 11; Halasy et al., 1993; Han et al., 1993).
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Figure II.
CSD maps of evoked and spontaneous field patterns before (u-d) and 2 d after (e-h) bilateral lesion of the entorhinal cortex. Arrows,
Stimulation of the perforant path (PP) and commissural (corn) inputs. Beforethelesionstimulationof thecommissural
fiberstriggereda polysynaptic
(CA 1-subiculum-entorhinal
cortex) response in the dentate gyrus (sink 1 in b) which is missing even at twice the stimulus intensity after the lesion
(j). The monosynaptic dentate response to PP is attenuated after the lesion but polysynaptic activation of the Schaffer collaterals (sink 3 in e and
j) is accentuated. SPWs have the same sink-source positions (2 and 3) before and after EC damage. In contrast, gamma wave (filtered 40-l 50 Hz
in d and 30-90 Hz in h) current distribution is different. Note the newly emerged sink-source pair in the CA1 region after the lesion (2 and 3 in
h). Note also the similar laminar distribution of sink-source pairs in the CA1 region for gamma activity (d), SPW (g) commissural stimulation (j)
and polysynaptic activation of the Schaffer collaterals (e) after the lesion. Color scaling is the same before and after the lesion. o, Stratum oriens;

p, CA1 pyramidallayer; r, stratumradiatum;hJ;hippocampalfissure;m, molecularlayer; g, granulecell layer.
A logical progressof thought from theseobservations is that at
least part of the extracellular current flow, associatedwith the
sourcein the granulecell layer, arisesfrom synchronously active
IPSCson the granulecells.Sinceall fast firing interneurons were
phaselocked to the ascendingportion of the hilar gammawaves,
it is expected that they provide a concerted inhibition
to their
main targets, that is, the granule cells, mossy cells and CA3
pyramidal cells (Han et al., 1993). This would explain why
complex spike neuronsin the hilar region (putative mossycells
and pyramidal cells) were mostly silent during theta-associated
gamma oscillation. In line with this suggestion,it was shown
recently that pyramidal neuronspossess
Cl--mediated rhythmic
IPSPs phaselocked to the hilar fast activity in ketamine anesthetized rats (Solteszand Deschenes,1993).Overall, thesefindings suggestthat the extracellularly observed gammawaves reflect summation of rhythmic EPSPsby the perforant path input
at the dendrites (active inward currents) and IPSPs by the oscillating interneurons at the somata (active outward currents)
of the orderly alignedgranulecell population. Given the spatial

segregationof the inward and outward currents (dendrites vs
somata), theseactive currents would summatein the extracellular space.
Emergenceand spatial coherenceof the hippocampalgamma
rhythm
As discussedabove, severalof our observationsare compatible
with the view that the entorhinal input to the dentate gyrus
plays a pivotal role in both the rhythm and current generation
of gamma oscillation. However, the findings that removal of
the entorhinal cortex enhancedthe power of oscillationsin the
CA3-CA1 circuitry and that at least some gamma oscillation
survived in the dentate hilus arguesagainstthe hypothesisthat
the entorhinal cortex simply imposesits rhythm on a passive
network in the dentate gyrus. Putative interneurons of the hilar
region dischargedcoherently with the fast gammafield and contributed actively to the extracellular currents. The rhythmic discharge of these neurons may have resulted from either their
network-driven excitation, intrinsic oscillatory propertiesor both.
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It has recently been shown that the membrane potential of
sparsely spiny inhibitory intemeurons in cortical layer IV can
sustain a 40 Hz oscillation by sequential activation of a persistent sodium current followed by a slowly inactivating potassium
conductance (Llinas et al., 199 1; Wang, 1993). Intrinsic oscillatory properties have also been shown in the intralaminar thalamocortical neurons (Steriade et al., 1993) and GABAergic cells
of the nucleus reticularis thalami in viva (Pinault and Deschenes,
1992). Although neurons with similar intrinsic oscillatory properties have yet to be demonstrated in the hippocampus, it may
be hypothesized that tonic depolarization of intemeurons would
give rise to intrinsic oscillation at 40-100 Hz during theta activity. Candidate depolarizing inputs during theta activity are
the septohippocampal cholinergic fibers and the perforant path.
Cholinergic fibers have been shown to terminate on both principal cells and intemeurons (Leranth and Frotscher, 1987) and
ACh is known to excite intemeurons (cf. McCormick, 1992).
The importance of the excitatory perforant path is demonstrated
by the findings that the power of gamma oscillation in the hilus
decreased significantly after bilateral removal of the entorhinal
cortex but survived after surgical removal of the subcortical
inputs to the hippocampus (Buzslki et al., 1987). Another important input to the hippocampal intemeurons is the septohippocampal GABAergic pathway. These GABAergic fibers terminate exclusively on intemeurons and each fiber can contact
the postsynaptic targets by several synapses (Freund and Antal,
1988). Since this pathway provides a rhythmic hyperpolarization of the intemeurons at theta frequency (Stewart and Fox,
1990), the hypothesized voltage-dependent gamma oscillation
of hippocampal intemeurons will be periodically interrupted.
Such an interaction of the depolarization forces and rhythmic
inhibition can explain the observed phase locking of intemeurons to both theta and gamma oscillations. Such coupling has
two advantages. First, the oscillatory process will keep the principal cells in a “readiness” state by keeping their membrane
potential close to, but below, the threshold for action potential
generation. Second, by the periodic modulation of the membrane potential the slow and intermittently firing principal cells
can be activated in a time-locked manner by relatively weak
excitation.
A striking finding of the present experiments was the highly
coherent theta and gamma activity in the hilus along the longitudinal axis of the hippocampus. This can be contrasted with
the fast decay of coherence from the hilus towards the CA3
region or upward above the granule cell layer. Phase locking of
spatially distributed intemeurons into the network oscillation
can occur via reciprocal connections between intemeurons, hilar
mossy cells and CA3 pyramidal neurons. Both mossy cells and
pyramidal cells of the CA3c subregion project their axons in the
longitudinal direction and establish numerous contacts with each
other as well as with the interneuron population of the hilar
region (Amaral, 1978; Li et al., 1994). In turn, axon collaterals
of some hilar intemeurons span 400-800 pm in the longitudinal
axis (Han et al., 1993; our unpublished findings). Despite the
significant conduction delays in these collaterals, synchronization with zero average phase lag can be brought about by reciprocal interactions of the participating neurons. When a critical number of spatially distributed intemeurons discharge at
approximately 40-100 Hz during gamma oscillation, they will
affect the timing of the action potentials in their common mossy
cell and pyramidal cell targets. In turn, the concurrently discharging few mossy cells and/or pyramidal cells will reset the

phase of the intrinsic oscillation of their common target interneurons in the next cycle(s), thereby establishing a highly coherent, spatially distributed rhythmic inhibition in a large number of granule cells. Thus, by means of spatial divergence and
converging overlap of connections between mossy cells and intemeurons phase locking of intemeuronal action potentials can
be established. In this scenario no particular site is leading the
oscillation, since intemeuronal synchrony is not determined by
location or a rhythmic perforant path drive but by the temporal
coincidence of the discharging mossy/pyramidal cells.
Activity in perforant path fibers can have two interdependent
effects on the gamma oscillation in the dentate gyrus. First, by
providing a diffuse “background” excitation the depolarization
level of the intemeurons is increased, resulting in higher frequency firing and recruitment of more intemeurons into the
oscillatory mode. The consequence is a larger power and faster
gamma oscillation. The observation that both the power and
frequency of gamma oscillation decreased significantly after bilateral removal of the entorhinal cortex supports such a view.
Second, the rhythmic output from the entorhinal cortex can
entrain the dentate oscillator into a phase locked, coherent oscillation. This second mechanism is likely since neurons in layer
II of the entorhinal cortex significantly increase their firing rates
during theta-associated behaviors and fire rhythmically at gamma frequency (Charpak et al., 1992; Quirk et al., 1992; Chrobak
et al., 1993). Thus, it appears that the dentate circuitry is tuned
to oscillate best in the frequency range it naturally receives from
its entorhinal input.
Gamma oscillation in the CA3-CAl network is a rare event
in the intact animal, as evidenced by the lack of a significant
gamma dipole in the CA1 region and the low coherence values
between the dentate hilus and CA3-CA1 regions. That the latter
network can display oscillation in the gamma frequency range
is illustrated by the high power of gamma and phase-locked
discharge of CA1 neurons to the gamma waves following the
entorhinal cortex lesion as well as the transient increases of
coherence between the hilar and CA1 regions in the intact rat.
These observations suggests that under physiological conditions
the hilar region output exerts a tonic inhibitory influence on the
CA3 network and thereby prevents the emergence and maintenance of gamma oscillation in the CA3-CA 1 circuitry.
Possible physiological function of gamma activity
Synchronous gamma activity has been extensively studied in
various structures ofthe brain (Freeman and Skarda, 1985; Gray
et al., 1989; Gray, 1993, 1994; Llinas and Ribary, 1993; Freeman, 1994; Singer, 1994). Mainly in association with visual
processing, it has been hypothesized that binding and segmentation in perception are dynamically encoded in the temporal
relationship between coactivated neurons. The basic tenet of
the temporal binding hypothesis is that temporal conjunction
of neurons activated by the various aspects of visual modality
(shape, color, position, direction of movement, etc.) represent
the subjective experience referred to as percept (Gray et al.,
1989). If gamma oscillations in the neocortical areas and the
hippocampal gamma pattern are related, we may hypothesize
that coherent oscillation of neocortical and hippocampal neurons may reflect the fusion of currently perceived and stored
attributes of objects and events. In this context, the gamma
pattern is viewed as a carrier wave which ensures the temporal
conjunction of the aperiodically active, slow discharging principal cells of the hippocampus and neocortex. Such temporal
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coherence of neuronal firing in neocortical and limbic areas
could explain how sensory cues can assist memory retrieval as
well as how perceived and stored features of the external world
can be linked.
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