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Entorhinal Cortical Activity

David Sullivan,1 Jozsef Csicsvari,1,2 Kenji Mizuseki,1 Sean Montgomery,1 Kamran Diba,1,3 and György Buzsáki1
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Hippocampal sharp waves (SPWs) and associated fast (“ripple”) oscillations (SPW-Rs) in the CA1 region are among the most synchro-
nous physiological patterns in the mammalian brain. Using two-dimensional arrays of electrodes for recording local field potentials and
unit discharges in freely moving rats, we studied the emergence of ripple oscillations (140 –220 Hz) and compared their origin and
cellular–synaptic mechanisms with fast gamma oscillations (90 –140 Hz). We show that (1) hippocampal SPW-Rs and fast gamma
oscillations are quantitatively distinct patterns but involve the same networks and share similar mechanisms; (2) both the frequency and
magnitude of fast oscillations are positively correlated with the magnitude of SPWs; (3) during both ripples and fast gamma oscillations
the frequency of network oscillation is higher in CA1 than in CA3; and (4) the emergence of CA3 population bursts, a prerequisite for
SPW-Rs, is biased by activity patterns in the dentate gyrus and entorhinal cortex, with the highest probability of ripples associated with
an “optimum” level of dentate gamma power. We hypothesize that each hippocampal subnetwork possesses distinct resonant properties,
tuned by the magnitude of the excitatory drive.

Introduction
Large-amplitude local field potentials [“sharp waves” (SPWs)]
occur irregularly in the hippocampal CA1 stratum radiatum
when the animal has minimal interaction with its environ-
ment, such as immobility, consummatory behaviors, or slow-
wave sleep (Buzsáki et al., 1983; Suzuki and Smith, 1987).
SPWs are associated with fast-field oscillations (�140 –200
Hz), or “ripples” (SPW-Rs) in the CA1 pyramidal cell layer
(O’Keefe and Nadel, 1978; Buzsáki et al., 1992; Csicsvari et al.,
2000; Ylinen et al., 1995). In the time window of SPW-Rs
(50 –150 ms), 50,000 to 100,000 neurons (10 –18% of all neu-
rons) discharge synchronously in the CA3–CA1 subicular
complex/entorhinal cortex (Chrobak and Buzsáki, 1996;
Csicsvari et al., 1999a), representing a several-fold increase of
population synchrony compared to theta oscillations (Csics-
vari et al., 1999a). Neuronal participation in the population
discharge of SPW-R is biased by previous experience of the
animal (Buzsáki, 1989; Wilson and McNaughton, 1994; Sk-
aggs and McNaughton, 1996; Kudrimoti et al., 1999; Nadasdy

et al., 1999; Lee and Wilson 2002; Foster and Wilson, 2006;
O’Neill et al., 2006, 2008; Diba and Buzsáki, 2007; Karlsson
and Frank, 2008, 2009; Singer and Frank, 2009; Dupret et al.,
2010). Mostly because of the behaviorally relevant spike con-
tent and the large gain in network excitability (Csicsvari et al.,
1999a), SPW-Rs have been postulated to play a critical role in
consolidating memory traces within the hippocampus and in
transferring memories from the hippocampus to the neocor-
tex (Buzsáki, 1989, 1996; Wilson and McNaughton, 1994; Mc-
Clelland et al., 1995; Siapas and Wilson, 1998; Ji and Wilson,
2007; Axmacher et al., 2008; Eschenko et al., 2008; Mölle et al.,
2009; Ramadan et al., 2009; but see Lubenov and Siapas, 2008).
In support of this hypothesis, selective elimination of SPW-Rs
during postlearning sleep results in impairment of memory
(Girardeau et al., 2009; Ego-Stengel and Wilson, 2010; Nokia
et al., 2010). The importance of SPW-R is further illustrated by
the observation that the temporal patterning of ripples is al-
tered in epilepsy; in human temporal lobe epilepsy, the super-
fast ripples that emerge are pathognomonic (Bragin et al.,
1999a,b; 2000; Staba et al., 2002; Jiruska et al., 2010).

A related hippocampal pattern in the absence of the theta
rhythm is the gamma oscillation. Gamma oscillations are sup-
ported by multiple mechanisms (Bartos et al., 2007; Wang 2010)
and occur in at least two varieties: gamma (or low-frequency
gamma; 30 –90 Hz) and fast or “high” gamma (�90 Hz) (Csics-
vari et al., 1999b; Canolty et al., 2006; Colgin et al., 2009), which
occupy different frequency bands and possibly use different
mechanisms. Whereas the origin and mechanisms of “slow”
gamma oscillations are relatively well characterized (Csicsvari et
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al., 2003; Mann et al. 2005; Whittington et
al., 2011), the mechanisms supporting fast
gamma oscillations and especially their
relationship to SPW-Rs are not well un-
derstood (Csicsvari et al., 1999b). In the
present experiments, we investigated the
physiological features of SPWs, ripples,
and fast gamma oscillations in the CA1
and CA3 regions of the hippocampus and
the impact of the activity in the dentate
gyrus and entorhinal cortex on these
rhythms in the sleeping rat.

Materials and Methods
Animals and surgery. Ten male Long–Evans
(5– 8 months old) and two male Sprague Daw-
ley rats (350 –500 g; 5– 8 months) were used in
these experiments. Behavioral training, surgery
details, and data obtained from subgroups of
the present rats have been reported previously
(Csicsvari et al., 2003; Diba and Buzsáki, 2007;
Montgomery et al., 2009; Mizuseki et al.,
2009). After maze training, recording and
stimulation electrodes were implanted. In six
rats, a 96-site silicon probe was implanted in
the right hemisphere parallel to the transverse
axis of the hippocampus (45° parasagittal).
These probes had recording sites spaced regu-
larly over a 1.5 � 1.5 mm area with six shanks
spaced at 300 �m, each with 16 recording sites
at 100 �m spacing. A bipolar stimulating elec-
trode was implanted into the angular bundle
(perforant path) at 1.0 mm anteroposterior
(AP) and 1.0 mm mediolateral (ML) from the
junction between lambda and the right lateral
ridge, and 3.5 mm dorsoventral from the dura.
Another stimulating electrode was implanted
in the ventral hippocampal commissure at 1.2
mm AP and 1.0 mm ML from bregma and 3.8
mm from the dura (Csicsvari et al., 2000;
Montgomery et al., 2009). Three other rats
were implanted with 32- and/or 64-site silicon probes in the left or right
dorsal hippocampus. The silicon probes, consisting of four or eight in-
dividual shanks (spaced 200 �m apart), each with eight staggered record-
ing sites (20 �m spacing), were lowered to CA1 and CA3 pyramidal cell
layers (Diba and Buzsáki, 2007) and dentate gyrus. An additional three
rats were implanted with a four-shank silicon probe in the right dorso-
caudal medial entorhinal cortex (EC) (Hafting et al., 2005) and another
four- or eighth-shank probe into the CA1– dentate axis (Mizuseki et al.,
2009). All silicon probes were attached to a microdrive, which allowed
precise positioning of the probe tips into the desired layer. Two stainless-
steel screws inserted above the cerebellum were used as indifferent and
ground electrodes during recordings.

Postmortem electrode location was verified using thionin, fluorescent
Nissl (Invitrogen), or DAPI (Invitrogen) staining in combination with
DiI-labeled (Invitrogen) electrode tracks. The histological reconstruc-
tion of the electrode tracks is available from Montgomery et al. (2007,
2008). All protocols were approved by the Institutional Animal Care and
Use Committee of Rutgers University.

Data collection. After recovery from surgery (�1 week), physiological
signals were recorded in the home cage and included waking immobility
and sleep epochs. During sleep, the rat curled up in one of the corners
with eyes closed. Rapid eye movement (REM) and slow-wave sleep ep-
ochs were separated as described previously (Montgomery et al., 2008).
During the recording sessions, neurophysiological signals were amplified
(1000�), bandpass filtered (1 Hz to 5 kHz), and acquired continuously at 20
kHz on a 128-channel DataMax system (RC Electronics) or at 32.5 kHz on a
128-channel Digital Lynx system (Neuralynx). After recording, the local field

potential (LFP) was downsampled to 1250 Hz for additional analysis. For
offline spike sorting of unit activity, the wideband signal was digitally high-
pass filtered (0.8–5 kHz). Spike sorting was performed automatically, us-
ing KlustaKwik (http://klustakwik.sourceforge.net), followed by manual
adjustment of the clusters (using “Klusters” software package; http://
klusters.sourceforge.net). Neurophysiological and behavioral data were
explored using NeuroScope (http://neuroscope.sourceforge.net) (Hazan
et al., 2006). Additional details of recording and unit separation and
cell type classifications have been described previously by Csicsvari et
al. (2003), Diba and Buzsáki (2007), and Mizuseki et al., (2009). For
the entorhinal unit data here (used exclusively for the purpose of
detecting UP–DOWN state transitions), putative interneurons and
principal cells were classified according to the procedure described by
Mizuseki et al. (2009). Because of the low number of simultaneously
recorded hippocampal units in animals implanted with 96-site
probes, we used a simplified method for classification of hippocampal
units based on the shape of spike autocorrelograms; units with a
characteristic “bursty” autocorrelogram were classified as principal
cells, and units lacking a “bursty” autocorrelogram with mean firing
rates �5 Hz were classified as putative interneurons. Hippocampal
units with mean firing rates �0.5 Hz were discarded from the data set.
Recording site irregularities (including cross talk and excessive im-
pedances) were a priori identified and removed from analysis using
measures of coherence and normalized power similarity (Diba et al.,
2005). Current source density (CSD) was calculated by standard
methods (Mitzdorf, 1985). Only CSD calculations centered on three
consecutive good channels were used. CSD calculations that would

Figure 1. Ripples and fast gamma oscillations. A, Example trace of wide-band (1 Hz to 10 kHz) CSD traces of ripple and fast
gamma oscillations from the CA1 stratum pyramidale (pyr) and radiatum (rad), CA3 pyramidal layer, and dentate granule cell layer
(DG S. gran) in a sleeping rat, overlaid on their respective wavelet spectrograms. B, Distribution of the peak spectral frequency
(calculated via FFT) of oscillatory high-frequency episodes detected in the CA1 and CA3 pyramidal layers (mean � SEM; n � 9
animals). Dashed lines represent minima at 80 –90 Hz separating gamma and fast gamma oscillations, and at 140 Hz separating
fast gamma (�90 –140 Hz) and ripple (�140 Hz) oscillations in CA1. C, Ripple-triggered averages of simultaneously recorded CSD
traces from CA1 and CA3 pyramidal layers. For clarity, the amplitude of the CA3 traces has been doubled. Superimposed traces are
from four different animals. Note the consistent CA1 versus CA3 phase relationships across animals, despite different oscillatory
frequencies. D, Group mean power spectra of ripple and fast oscillation episodes.
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require use of a recording site displaying an irregularity were excluded
from additional analysis.

Detection of ripples and fast gamma oscillations. The procedures for
detection were based on those described previously (Csicsvari et al.,
1999b), but with additional refinements to minimize false-positive de-
tections and align detected oscillatory events to the peak of the CSD
source in the CA1 pyramidal layer. First, the LFP signals from one or
more selected channels from the CA1 pyramidal layer were filtered be-
tween 50 and 250 Hz, rectified, smoothed with a three-sample uniform
kernel, and then z-score normalized. Candidate oscillatory events (ep-
ochs during which this normalized signal exceeded a 2 SD threshold)
were detected first. Each candidate event was aligned to the nearest peak
of the CA1 pyramidal CSD signal within a �25 ms window around the
midpoint of the detected suprathreshold epoch. Because this alignment
procedure can result in the same oscillatory event being detected multi-
ple times, we edited the realigned candidate oscillatory events to enforce
a minimum 50 ms spacing between events, deleting all but the event with

the highest CSD peak when multiple events oc-
curred within a 50 ms time span. Spectral anal-
ysis using multitaper FFT on the wideband LFP
and CSD signals (Mitra and Pesaran, 1999) (see
below, Multitaper FFT) was then performed on
each remaining candidate oscillatory event to
remove false positives. We required that each
oscillation in the final data set have a spectral
peak at any frequency between 120 and 200 Hz
that is at least 2 SDs above the SWS background
for that frequency, for power spectra com-
puted using both the LFP and CSD. The fre-
quency at the spectral peak of each remaining
oscillatory event was then calculated. If this
peak frequency was under 140 Hz, we catego-
rized the oscillatory event as “fast gamma” for
the purposes of our analysis; otherwise the
event was categorized as a ripple.

Detection of UP and DOWN states in dentate
gyrus and entorhinal cortex. Down states in the
dentate gyrus (DOWNDG) were detected from
the CSD trace in the molecular layer of the den-
tate gyrus. The trace was bandpass filtered be-
tween 50 and 100 Hz, rectified, smoothed using
a 40 ms uniform kernel, and then normalized.
DOWNDG states were defined as periods where
the processed normalized signal was at least
0.75 SDs below the mean for at least 100 ms.
The remaining epochs were considered UP
states. Only slow-wave sleep episodes were in-
cluded for the detection of UP–DOWN states.
The DOWNEC–UPEC transitions in EC were
detected by using the spiking activity of EC
neuron populations. All isolated (clustered)
neurons were combined as a single multiple-
unit (MU) train and smoothed with a 10 ms
Gaussian kernel. The DOWNEC–UPEC transi-
tions were determined by the following crite-
ria: (1) the smoothed MU activity reached
above the UPEC state threshold, defined to be
the geometric mean of all nonzero MU firing;
(2) the mean MU activity in a 150 ms window
before candidate onset of UP state was below
the DOWNEC state threshold, which was de-
fined as 0.2 times UP state threshold; and (3)
the mean MU activity in a 200 ms window
after the onset of the candidate UP state was
above the UPEC state threshold (Isomura et
al., 2006; Sakata and Harris, 2009). In previ-
ous studies, the DOWNEC–UPEC transitions in
population firing were strongly correlated with
increased gamma power and large membrane
potential shifts of intracellularly recorded neu-

rons (Isomura et al., 2006; Mukovski et al., 2007).
Multitaper FFT. For spectral analysis of oscillatory patterns, we used a

modified version of the multitaper FFT MATLAB package by Mitra and
Pesaran (1999). Using an FFT window length of 100 ms, over frequencies
ranging 50 – 400 Hz, spectra of individual events contained power esti-
mates over 35 discrete frequency bins. Power spectra were z-score normal-
ized. These z-scored power measurements indicate the number of SDs by
which power in a given 100 ms window (e.g., a ripple oscillation) differs from
average background power during SWS. The normalizing means and SDs
used in calculating the z-score were derived by randomly triggering at 20,000
different points within slow-wave sleep, computing the raw FFT at each of
these points, and then calculating the mean and SD of power at each fre-
quency; this procedure was performed independently for every animal and
channel analyzed, for both CSD and LFP.

Wavelet algorithm. For wavelet analysis, the discrete wavelet transform
(65 levels, 1–300 Hz) was computed by using a MATLAB wavelet soft-

Figure 2. Characteristics of ripples and fast gamma oscillations. A, Normalized distribution of SPW sink magnitudes during fast
gamma, ripple oscillatory (90 –250 Hz) episodes. B, Correlation between sink (CA1 stratum radiatum) and source (CA1 pyramidal
layer) magnitudes during fast gamma and ripple episodes. C, Magnitude of SPW source during fast gamma and ripple oscillations.
D, Distribution of SPW sink duration in stratum radiatum for ripple (top) and fast gamma (bottom) oscillations. Sink duration was
defined as the time period around the detected oscillation where the normalized CSD signal is �0.5 SDs below the mean. E, Fast
oscillation frequency in CA1 and CA3 pyramidal layers as a function of SPW sink magnitude in stratum radiatum. Note the resonant
peak in CA1 at 200 Hz (inverted-U relationship). Error bars indicate mean � SEM (n � 6 animals for CA1; n � 4 for CA3). *indicates
statistically significant difference (p � 0.00001).

Figure 3. Dynamic of oscillatory episodes, illustrated by averaged wavelet spectrograms from a single animal, triggered
by ripple peaks and fast gamma oscillation peaks, respectively, in the CA1 and CA3 pyramidal layers and dentate granule
cell layer.
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ware package provided by C. Torrence and G.
Compo (http://paos.colorado.edu/research/
wavelets/software.html). Each level (i.e., frequency)
of the wavelet transform was individually normal-
ized by the mean and SD of wavelet power during
slow-wave sleep episodes. Although the wavelet
data for the entire session were normalized,
only data from slow-wave sleep epochs were
used to calculate the normalizing factors to
avoid bias deriving from differing proportions
of slow-wave sleep and other behaviors in re-
cording sessions.

Results
As described previously, the in situ re-
cording sites in the various anatomical re-
gions and layers could be determined with
high spatial resolution (�30 �m) using a
combination of spontaneous LFP pat-
terns, multiple-unit activity, evoked po-
tentials in response to perforant path
and/or commissural stimulation, and post
hoc histological identification of the ana-
tomical position of each recording shank
(Csicsvari et al., 2003; Montgomery and
Buzsáki, 2007).

Segregation and definition of ripple and
fast gamma oscillations
Figure 1A illustrates wide-band (1 Hz to 5
kHz) CSD traces superimposed on time-
frequency spectra in CA1 and CA3 stratum pyramidale, CA1 stra-
tum radiatum, and the granule cell layer during non-REM sleep.
In the absence of theta oscillations, LFP patterns in the CA1 py-
ramidal layer are characterized by relatively silent periods alter-
nating with fast oscillatory events. These transient rhythms can
take the form of a faster or slower oscillation in the frequency
range of 50 –250 Hz, associated with sinks of varying magnitude
in CA1 stratum radiatum. To segregate and group these oscilla-
tions objectively, oscillatory episodes were detected from the 50 –
250 Hz filtered CA1 stratum pyramidale LFPs, and the frequency
of the peak power was determined for each of the detected events.
In the CA1 region, the frequency distribution of the LFP oscilla-
tory episodes was characterized by a definable dip between 130
and 150 Hz, surrounded by distinct peaks at 170 –180 and 110 Hz
(Fig. 1B). An additional dip at 80 –90 Hz was also present in
several animals, reflecting a putative boundary between gamma
and fast gamma oscillations (Csicsvari et al., 1999b; Canolty et al.,
2006; Colgin et al., 2009). Using these boundaries, we defined
ripples as fast oscillatory events with peak power �140 Hz and
events with peak power within the 90 –140 Hz band as fast
gamma (Csicsvari et al., 1999b). During oscillatory episodes (de-
tected in CA1), the distribution of peak frequencies in CA3
showed a similar bimodality, but the main peak occurred in the
fast gamma oscillation band, rather than at ripple frequency. In-
terestingly, similar frequency boundaries between gamma, fast
gamma, and ripple oscillations have been described in the human
brain as well (Canolty et al., 2006; Le Van Quyen et al., 2010). The
slower oscillation frequency in the CA3 region, relative to CA1,
was also apparent in ripple peak-triggered averages of filtered
(50 –250 Hz) CA1 pyramidal-layer CSD traces (Fig. 1C). Re-
markably, the phase of the CA3 traces was consistent across
rats, an indication of cross-frequency phase coupling (n:m)
(Tass et al., 1998; Pikovsky et al., 2001).

The distinct frequencies of the CA1 oscillatory episodes (i.e.,
ripple and fast gamma) (Fig. 1D) were exploited to examine the
potential differential contribution of hippocampal regions to
these rhythms. Examination of the magnitude of SPW sinks in
CA1 stratum radiatum showed a unimodal distribution (Fig.
2A). The magnitude of SPW sink in mid-stratum radiatum and
the source in the CA1 pyramidal layer were strongly correlated
for both ripple events and fast oscillations (Fig. 2B) (r � 0.63 in
six of six animals; p � 0.00001). This high correlation justified the
use of SPW source magnitude for further comparisons in all rats,
including those in which electrodes were placed only in CA1
pyramidal layer. Both ripples and fast gamma episodes were as-
sociated with SPW sources in the CA1 stratum pyramidale, but
ripple-associated sources were of larger magnitude (n � 11; p �
0.00001; Wilcoxon rank sum) (Figs. 2C, 3). In addition, the mean
duration of SPW sinks was significantly longer for ripple than for
fast gamma episodes (mean duration, 51.8 and 41.8 ms, respec-
tively, n � 6; p � 0.00001; Wilcoxon rank sum) (Figs. 2D, 3).
Comparison between the magnitude of SPW CSD source in the
pyramidal layer (i.e., the driving excitatory “force”) and oscilla-
tory frequency revealed an inverted-U relationship in CA1.
Small-amplitude SPWs were associated with fast gamma oscilla-
tions, and medium-size SPWs with either 140 –170 or �190 Hz
ripples, whereas the largest-amplitude SPWs consistently co-
occurred with 170 –180 Hz ripples (Fig. 2E). The SPW magnitude
dependence of the oscillation frequency was much weaker in CA3
(Fig. 2E).

Wavelet analysis of the CSD traces showed that immediately
before the peak of the CA1 ripples, in CA3 there was elevated
spectral power over a wide range of frequencies (�60 –250 Hz),
but there was no single dominant frequency within this range,
indicating that the early part of the CA3 oscillation during ripples
lacks consistent rhythmicity (Fig. 3). During the latter part of the

Figure 4. Regional distribution of currents associated with ripple and fast gamma oscillation. CSD maps (1 Hz to 10 kHz) in two
different animals with the average LFP waveforms superimposed (gray traces). Maps were constructed by triggering on the peaks
of ripple and fast gamma episodes. Asterisks indicate reference sites. Note strong SPWs (sinks) in the stratum radiatum of CA1 and
CA3 and the inner molecular layer of the dentate gyrus during ripples and weaker sinks but with similar spatial distribution during
fast gamma oscillations. Sinks in the inner molecular layer of the dentate gyrus possibly reflect activation of excitatory inputs from
hilar mossy cells. The most lateral shank in the rat with CA3 sites (bottom) was in the fimbria (data not shown).
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oscillation in CA3, spectral power showed
higher concentration in frequencies around
100 Hz. In the DG, the dominant frequency
was about 50 Hz lower than in CA1. Addi-
tionally, power was lower in the DG, reflect-
ing less consistency in its coactivation with
CA1. Strong power was present at �10
Hz, especially in CA1, reflecting the dura-
tion of the SPW source in the pyramidal
layer (Fig. 3). During fast gamma oscilla-
tions, the frequency difference between
CA1 and CA3 regions was rather small,
although still apparent (Fig. 3). Both rip-
ples and fast gamma episodes displayed a
relatively steady frequency oscillation in
the first half of the event, followed by a
marked frequency deceleration to �110
Hz during the second half (Fig. 3) (Pono-
marenko et al., 2008; Nguyen et al., 2009),
thus reducing the frequency difference
between CA1 and CA3 oscillations.

Using the peaks of the ripple and fast
gamma episodes (see Materials and Meth-
ods), we constructed CSD maps (Fig. 4),
which revealed strong ripple-associated
SPW sinks in stratum radiatum of both
CA1 and CA3 regions and smaller ones in
the inner molecular layer of the dentate
gyrus. The peak of SPW occurred earlier
in CA3 than in CA1 by 4.46 ms on average
(n � 5 animals; SEM, 1.14 ms; p �
0.00001 in five of five animals). SPW-
associated current sinks were frequently
(but not always) observed in the dentate
inner molecular layer. In two of four ani-
mals with simultaneous CA1 and DG re-
cordings, the peak of the dentate sink
occurred significantly later than the peak
of the CA1 radiatum sink by 5.34 ms
(SEM, 1.48 ms; p � 0.00001 in two of four
animals), supporting the CA3 origin of
SPWs (Buzsáki et al., 1983; Buzsáki 1986).
In the other two animals, there was no
significant difference between the timing
of dentate and CA1 CSD sink peaks. This
inconsistency may be attributable to the
relatively crude spatial resolution (100
�m electrode spacing) of the inner molec-
ular layer. The correlation between SPW
sink magnitudes in CA1 and CA3 stratum
radiatum was strong (r � 0.58, 0.51, 0.65,
0.74, and 0.69; p � 0.00001 in five of five
animals) and weaker between CA1 stra-
tum radiatum and the dentate inner mo-
lecular layer (r � 0.13, 0.30, 0.27, 0.48; p �
0.00005 in four of four animals). SPW
sink magnitudes in CA3 radiatum and the
dentate molecular layer were moderately
correlated during ripples (n � 3; p � 0.01;
r � 0.10, 0.27, and 0.29), but were weakly
correlated during fast gamma oscillations
(n � 3; p � 0.01 in two of three animals;
p � 0.05 in one of three animals; r � 0.1

Figure 5. Similar and distinct features of ripple and fast gamma oscillations. A, Filtered CSD maps of ripples and fast gamma
oscillations from a single animal. Maps were constructed by filtering the CSD signal (50 –250 Hz) and then averaging this filtered
CSD, triggering on the peaks of ripple and fast gamma episodes. Average filtered (50 –250 Hz) LFP traces are overlaid in gray. Note
faster oscillations in the CA1 compared to CA3 and dentate gyrus. B, Normalized power distribution of ripples (measured at 175 Hz)
and fast gamma oscillations (110 Hz) in the cell body layers (n �10 animals). Histology and CSD information from each animal was
used to best align the recording sites from different animals to an idealized hippocampal section perpendicular to the long axis of
the hippocampus. The size and color of circles indicate the magnitude of power. C, Regional distribution of phase coherence with
the CA1 pyramidal layer. In each animal, coherence values were calculated for all sites in a principal cell layer versus the most medial
CA1 pyramidal layer site available. D, Region dependence of frequency variability of ripple and fast gamma oscillations. Note the
stronger power and larger CA1–CA3 difference of coherence and smaller variability of ripples compared to fast gamma episodes.
Error bars indicate mean � SEM.

Sullivan et al. • Hippocampal Ripples and Fast Gamma Oscillations J. Neurosci., June 8, 2011 • 31(23):8605– 8616 • 8609



where correlation was significant); given the small number of
observations, these data should be interpreted with caution. Im-
portantly, the magnitude of the SPW sink in CA1 stratum radia-
tum was significantly correlated with ripple power in the CA1
pyramidal layer (r � 0.47; range, 0.30 to 0.55; p � 0.01 in each of
six animals). In summary, although CA1 ripples and SPWs are
distinct physiological patterns, they are strongly coupled under
physiological conditions (Ylinen et al., 1995; Chrobak and Buz-
sáki, 1996; Csicsvari et al., 2000; Buhl and Buzsáki, 2005).

Filtered (50 –250 Hz) CSD maps of ripples and fast gamma
oscillations showed additional quantitative differences between
these two types of events (Fig. 5A). Sinks in proximal CA1 radia-
tum reflected return currents of the sources in the pyramidal
layer. In mid-radiatum, however, the frequency of oscillation was
slower, reflecting the oscillation frequency of the CA3 input. To
quantify the frequency and power differences, the power of LFP
traces at 175 and 110 Hz was determined for ripple and fast
gamma episodes, respectively, and data from multiple animals
(n � 10) are displayed on the approximate anatomical locations
of the recording sites (Fig. 5). As expected (Fig. 5B,C), LFP power
was significantly different across regions (p � 0.0001; CA1, CA3,
dentate gyrus) and across oscillation types (p � 0.0005; ripples vs
fast gamma), with a significant region by oscillation type interac-
tion (p � 0.00001; ANOVA followed by Tukey’s test). The post-
ANOVA tests also showed that CA1 power was significantly
higher during ripples than fast gamma episodes (p � 0.0001), and
CA1 power was stronger for both oscillation types compared to
CA3 or dentate gyrus (Fig. 5B). Phase coherence within the ripple
band (measured at 175 Hz) was relatively high for sites within the
CA1 pyramidal layer (mean, 0.60; SEM, 0.026; n � 40 recording
channel pairings). In contrast, phase coherence between the CA1
and CA3 pyramidal layers (mean, 0.25; SEM, 0.003; n � 17 re-
cording site pairings) and between CA1 pyramidal layer and
granule cell layer (mean, 0.27; SEM, 0.005; n � 14 recording site
pairings) was significantly lower (p � 0.00001; ANOVA). The
general pattern of coherence during fast gamma episodes was
similar to that of ripples (Fig. 5C). However, coherence for fast
gamma was significantly higher than for ripples both within CA1
sites (0.68 for fast gamma vs 0.599 for ripples; p � 0.00001; t test)
and between the CA1 pyramidal layer and granule cell layer (0.35
for fast gamma vs 0.266 for ripples; p � 0.01; t test), but was not
significantly different between CA1 and CA3 pyramidal layers.
To examine region-dependent variability of peak frequency, the
SD of log peak frequency was calculated for each recording site in
the cell body layers for both ripple and fast gamma episodes (Fig.
5D). Log frequency variation was significantly smaller in CA1
during both ripples and fast gamma episodes than in the CA3
pyramidal layer and granule cell layer (p � 0.0005; ANOVA). In
addition, the log frequency main effect showed a significantly
smaller variation during ripples compared to fast gamma epi-
sodes (p � 0.0001). The log frequency variation was similar in
CA3 and dentate gyrus (p � 0.05) and was not significantly dif-
ferent between ripples and fast gamma oscillations (p � 0.05).

To further examine the role of the CA3 region in generating
ripples and fast gamma oscillations, coherence between CA1 stra-
tum radiatum and the CA3 pyramidal layer CSD traces was cal-
culated (Fig. 6). The coherence between these two regions/layers
was low for both ripples and fast gamma oscillations (c � 0.4). In
contrast, the coherence between CA1 pyramidal layer and radia-
tum was significantly higher for both ripples and fast gamma
(Fig. 6) (n � 4; p � 0.00001; ANOVA). These observations show
that ripple and fast gamma oscillations in the CA1 region are not
“transferred” from the upstream CA3 network wave by wave.

Although ripples and fast oscillations were not highly coher-
ent across hippocampal regions, power changes at different fre-
quencies may covary (Fig. 3), and such correlations can be
revealed by power comodugrams (Buzsáki et al., 2003a; Mitra
and Bokil, 2007). Power–power correlations showed differences
between ripples and fast gamma oscillations, showing minima at
130 –140 and 90 Hz, respectively, for CA1–CA1 site correlations
(Fig. 7A,B). Power correlations during ripples were high within
the CA1 pyramidal layer in the 140 –250 Hz band, although the
strength of the correlation decreased with distance (from 0.9 to
0.5 over a 1.5 mm distance in the mediolateral direction) (Fig.
7A). Power correlations between CA1 and CA3/DG were consis-
tently low in the ripple band (�0.2). During fast gamma epi-
sodes, high power correlations were also confined to the CA1
region (0.6 – 0.9), associated with a weak increase of power in
CA3/DG in the �100 Hz band (Fig. 7B). At times of ripple events,
the maximum power correlation in the ripple band was accom-
panied by a minimum power correlation in the fast gamma band
(Fig. 7, compare A, B), indicating that fast gamma and ripple
oscillations are competing patterns and do not occur together in
the same region at the same time. Overall, these findings demon-
strate that although ripples and fast gamma oscillations share the
same anatomical substrates and related physiological mecha-
nisms, they also display distinct features.

Neuronal discharges associated with ripple and fast
gamma oscillations
In agreement with previous studies, the majority of CA1 pyrami-
dal cells were significantly phase locked to the trough of locally
recorded ripple (p � 0.05; 38 of 54 neurons in four animals;
Hodges–Ajne test for nonuniformity of circular data) (Buzsáki et
al., 1992), and fast gamma (38 of 54 neurons) (Csicsvari et al.,
1999b; Colgin et al., 2009) oscillations (Fig. 8). Similarly, eight of
the nine putative CA1 interneurons were also phase modulated
by both ripples and fast gamma, and the phase preference of the
interneuron population was delayed 60° to 90° relative to the
peak firing of CA1 pyramidal neurons (Fig. 8A,F, corresponding
to 1.3 and 2.0 ms delays for ripples and fast gamma, respectively)
(Csicsvari et al., 1999a). Phasic modulation of CA3 pyramidal
cells was conspicuously absent during ripples, but three of the 60
CA3 pyramidal cells showed significant modulation with CA1

Figure 6. Coherence with CA1 stratum radiatum. During both ripple and fast gamma oscil-
lations, the CA1 radiatum is more coherent with the CA1 pyramidal layer than the CA3 pyramidal
layer. For each animal with simultaneous recordings of CA1 and CA3 pyramidal layers as well as
CA1 radiatum (n � 4), average coherence spectra were calculated for both CA1 and CA3 pyra-
midal layers versus a CA1 radiatum channel, for both ripple and fast gamma oscillations, using
CSD. Curves plotted here reflect the mean of these averaged spectra across animals. Error bars
indicate SEM.

8610 • J. Neurosci., June 8, 2011 • 31(23):8605– 8616 Sullivan et al. • Hippocampal Ripples and Fast Gamma Oscillations



fast gamma oscillations. Five of the seven putative CA3 interneu-
rons were significantly phase locked to both ripples and fast
gamma, although their depth of the modulation (mean resultant
vector length) was low (Fig. 8A,G). The phase preference of the

majority of neurons was similar during ripples and fast gamma
oscillation (Fig. 8F). In addition, the depth of the modulation
(i.e., the mean resultant length) remained similar across the two
rhythms (Fig. 8G). Overall, these unit findings show that al-

Figure 7. Interregional power correlations during ripples and fast gamma oscillations. A, Comodugrams during ripples between a reference site (red dot) and other sites in the cell body layers
(black dots). Each comodugram plots the matrix of correlation coefficients (r) between the spectral power at the reference site (red dot; x-axis) and power at the target site (black dot; y-axis) for each
pairing of frequencies. Note high power correlations in the 140 –250 Hz band between CA1 sites and corresponding power increase at �130 Hz in the CA3 and dentate regions. The white arrow
indicates correlation discontinuity. B, Same as in A but during fast gamma events.

Figure 8. Phase locking of neurons to ripples and fast gamma oscillations. A, Periripple histograms of four simultaneously recorded CA3 and CA1 pyramidal cells and putative interneurons in a
representative animal. The discharge of the CA1 pyramidal cell and both interneurons (but not the CA3 pyramidal cell) was significantly phase locked to ripple oscillations (p � 0.05; Hodges–Ajne
test for nonuniformity of circular data). B, D, Group histograms for the four neuron types during ripples (B) and fast gamma oscillations (D). C, E, Group histograms confined only to significantly
phase-locked neurons during ripples (C) and fast gamma oscillations (E). F, Phase relationship of different neuron types during ripples and fast gamma oscillations. G, Relationship between
phase-locking magnitude (mean resultant length) of different neuron types during ripples and fast gamma oscillations. Only neurons with significant phase locking during both ripples and fast
gamma oscillations are included.
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though CA3 fast gamma oscillations may
contribute to the timing of CA1 neurons,
ripples are not “transferred” wave by wave
from the CA3 region to CA1. Instead, the
buildup of convergent excitation on the
dendrites of CA1 neurons produces de
novo CA1-specific oscillations.

Contribution of the dentate gyrus
to SPW-Rs
A striking difference between SPW-
Rs observed in vivo and in vitro is the
strong frequency and amplitude regula-
rity of SPW-R events in the slice prepa-
ration (Traub and Bibbig, 2000; Kubota
et al., 2003; Maier et al., 2003; Colgin et
al., 2005; Behrens et al., 2007; Foffani et
al., 2007) compared to the irregularly
occurring SPW-R in the intact brain
(Buzsáki et al., 1983, 1992; Buzsáki
1986; Ylinen et al., 1995; Csicsvari et al.,
2000; Nguyen et al., 2009; Le Van Quyen
et al., 2010). The pattern difference may
arise from the influence of networks af-
fecting the CA3 region in vivo (Bragin et
al., 1995; Ylinen et al., 1995). A candi-
date dentate event that may exert such
an influence is the neocortical slow os-
cillation, dominant during slow-wave
sleep (Steriade et al., 1993; Sirota et al.,
2003; Battaglia et al., 2004; Isomura et
al., 2006).

To detect the effect of neocortical in-
fluence on the hippocampus, the CSD
trace recorded in the dentate molecular layer was filtered (50 –100
Hz) and rectified, and epochs longer than 100 ms with at least
0.75 SDs below the mean power were classified as DOWNDG

states (Fig. 9A) (Isomura et al., 2006). The validity of this arbi-
trary measure was justified by the correlation of the LFP
DOWNDG–UPDG changes with unit activity recorded from the
dentate gyrus, CA3, and CA1 regions (Fig. 9B) (n � 4 animals).
During DOWNDG states, neurons recorded from the dentate
granule cell layer were either silent or fired at a significantly re-
duced rate relative to baseline (p � 0.00001 in five of five animals;
Wilcoxon signed rank test). This same finding also applied to
neurons recorded in the CA1 pyramidal layer and stratum oriens
(p � 0.05 in three of three animals) as well as the CA3 pyramidal
layer (p � 0.01 in four of four animals), although the effect was of
smaller magnitude in CA3, likely because of the presence of
gamma oscillation bursts in the DOWNDG state (Isomura et al.,
2007). The temporal distribution of DOWNDG states showed a
Poisson-like distribution with a peak between 0.5 to 1 Hz (Fig.
9C), possibly reflecting the influence of cortical slow oscillation
(Steriade et al., 1993), mediated by the EC. In addition, the den-
tate UPDG–DOWNDG fluctuations and correlated ripple events
had an ultraslow recurrence component between 5 and 15 s (data
not shown) (Leopold et al., 2003; Sirota et al., 2003). Dentate
gamma power was positively correlated with the occurrence fre-
quency of ripple oscillations (Fig. 9D) (n � 4 animals; r � 0.19,
0.25, 0.25, and 0.33; p � 0.00001) as well as fast gamma oscilla-
tions (Fig. 9D) (n � 4 animals; r � 0.28, 0.50, 0.31, and 0.26; p �
0.00001). Both ripple and fast gamma oscillations occurred at a
lower rate in the 250 ms interval preceding DOWNDG–UPDG

transitions than in the 250 ms interval after such transitions (Fig.
9E) (n � 4; p � 0.05; t test).

Contribution of the entorhinal cortex to SPW-Rs
Previous work has suggested that “silent” epochs in the dentate
gyrus reflect slow oscillation-related changes in the neocortex,
conveyed by the EC (Wolansky et al., 2006; Hahn et al., 2007;
Isomura et al., 2007). In support of those previous findings, the
DOWNDG-to-UPDG shift-triggered CSD demonstrated strong
sinks in the molecular layer of the dentate gyrus and a weaker and
delayed sink in the CA1 stratum lacunosum moleculare, the main
target layers 2 and 3 of the EC, respectively (EC2 and EC3, respec-
tively) (Fig. 10A). Conversely, by defining DOWN states in the
EC as nonspiking epochs of �150 ms in EC2 and EC3 neurons
(Fig. 10C) (Isomura et al., 2006), simultaneous recordings of LFP
from the dentate gyrus and unit activity in the EC confirmed that
silent epochs in the entorhinal cortex (DOWNEC) and dentate
gyrus DOWNDG were correlated with each other (Fig. 10B). After
establishing a reliable relationship between silent states in the EC
(DOWNEC) and the dentate gyrus (DOWNDG), we examined the
relationship between DOWNEC–UPEC shifts and CA1 ripples and
fast oscillations. In each rat with both CA1 and EC electrodes
(n � 3), the probability of ripple oscillations was significantly
lower during DOWNEC states compared to UPEC states (Fig.
10D) (p � 0.01; t test). The same relationship held for fast gamma
oscillations in two of three animals. In summary, the EC, directly
or by way of the dentate gyrus, can strongly affect the timing of of
ripples and fast gamma oscillations.

Figure 9. Influence of dentate gyrus on CA1 SPW-R. A, Short epochs of wide-band CSD traces (raw, 1 Hz to 5 kHz) and their
filtered derivatives recorded simultaneously from the CA1 pyramidal layer (CA1 PYR), outer molecular layer (DG OML), and granule
cell layer (DG GCL) of the dentate gyrus. The horizontal bar indicates a DOWN state, defined by the decreased power of gamma band
(50 –100 Hz) power (see Materials and Methods). B, Relationship between dentate DOWN states (DOWNDG) and unit discharges of
CA1 and CA3 pyramidal neurons (pyr) and putative dentate granule cells (DG granule). The end of the DOWN state (i.e., DOWN–UP
transition) was used as the reference event (time 0). Note the strongly decreased discharge activity in the dentate gyrus during
DOWNDG. C, Distribution of inter-UP state intervals, determined from DOWNDG–UPDG transitions. D, Occurrence (events per second,
counted in 5 s bins) of fast gamma and ripple episodes as a function of normalized dentate gamma band power. Note the
inverted-U relationship. E, Cross-correlogram between DOWNDG and the probability of CA1 ripple/fast gamma occurrence. Error
bars indicate mean � SEM (n � 4 animals). Note the low incidence of ripples and fast oscillation episodes during DOWNDG (i.e.,
before time 0).
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Discussion
Our findings show that (1) although hippocampal ripples and
fast gamma oscillations are distinct patterns, they share multiple
physiological mechanisms and anatomical substrate; (2) during
both rhythms, the oscillation frequency in CA1 is faster than in
CA3, indicating different network resonance in these respective
circuits; and (3) activity patterns in the EC and dentate gyrus bias
the occurrence of both ripples and fast gamma oscillations.

Sharp waves, ripples, and fast gamma oscillations are
distinct events
SPWs in stratum radiatum reflect the depolarization of the apical
dendrites of CA1 and CA3 pyramidal cells, because of the syn-
chronous bursting of CA3 pyramidal cells. The population bursts
are supported by the spread of excitatory activity in the recurrent
CA3 collateral system at times when the burst-suppressive effects
of the subcortical inputs are reduced (Buzsáki et al., 1983; Has-
selmo and Bower, 1993). The CA3 pyramidal cells, recruited into
a SPW event, can broadcast their collective excitation over a large
volume of the CA3 and CA1 region (Ylinen et al., 1995). The CA3
output also discharges various interneurons (Csicsvari et al.,
1999a; 2000; Klausberger et al., 2003; Klausberger and Somogyi,
2008; Ellender et al., 2010), and the interaction between pyrami-
dal cells and interneurons is believed to trigger the ripple oscilla-
tion (Buzsáki et al., 1992; Ylinen et al., 1995; Csicsvari et al., 2000;
Brunel and Wang, 2003; Klausberger et al., 2003; Foffani et al.,
2007). Additional mechanisms, such as gap-junction-mediated
effects (Ylinen et al., 1995; Draguhn et al., 1998; Traub and Bib-
big, 2000; Schmitz et al., 2001; Traub et al., 2002; Traub 2003) and
ephaptic entrainment of neurons by the large SPW field (Anas-
tassiou et al., 2010) may also contribute to the localized ripple
episodes (Chrobak and Buzsáki, 1996; Csicsvari et al., 2000). In
summary, although the spatially widespread SPWs and the local
ripples/fast gamma bursts are strongly linked, they are distinct
physiological events and can be dissociated in both normal tissue
and pathology (Bragin et al., 1999a,b; Csicsvari et al., 2000;
Leinekugel et al., 2002; Buhl and Buzsáki, 2005; Nakashiba et al.,
2009).

Ripples and fast gamma oscillations share mechanisms
We found that in the absence of theta oscillations, CA1 can re-
spond in two different ways to CA3 inputs: fast gamma oscillation
(�80 –140 Hz) or ripple (�140 –220 Hz). Their emergence can
be intuitively understood as follows. The CA1 and CA3 networks
can be conceived of as voltage-controlled oscillators with differ-
ent response/resonant properties. The coherent SPWs provide
the depolarization force and both networks can resonate at either
110 or 170 Hz. Whereas the CA3 region preferentially resonates
at �110 Hz, the CA1 favors 170 Hz, likely because of its stronger
gain properties, as demonstrated here (Fig. 1D). Under this hy-
pothesis, weaker excitation would generate �110-Hz resonance
in both regions. Because the oscillations may emerge indepen-
dently in CA1 and CA3, their frequencies might not perfectly
match as shown by the low CA3–CA1 coherence. Nevertheless,
because of the small frequency difference, transient phase cou-
pling between the two regions is possible, as demonstrated by the
phase-entrainment of individual neurons in both regions (Csics-
vari et al., 1999b). At stronger excitation, the CA1 network re-
sponds with faster (ripple frequency) oscillation than CA3,
because of its steeper input excitation versus frequency gain.

Anatomical information supports the differential level of ex-
citation in the CA1 and CA3 regions. The axon collaterals of all

Figure 10. Influence of the entorhinal cortex on CA1 SPW-R. A, DOWNDG-triggered CSD map.
Note strong sink in the molecular layer (and CA1 stratum lacunosum moleculare), likely reflect-
ing excitatory inputs from the EC. B, C, Relationship between DOWN–UP transition in EC, de-
fined by onset of unit firing in EC2–EC3 after 150 ms silence (C) (see Materials and Methods),
and normalized dentate gamma band (50 –100 Hz) power. Note correlated decrease of dentate
gamma power and EC unit discharge. D, Cross-correlogram between DOWNEC and probability of
CA1 ripple/fast gamma occurrence. Error bars indicate mean � SEM (n � 3 animals).
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pyramidal neurons of the CA3a, CA3b, and CA3c subregions
target both CA3 and CA1 populations. In contrast, the CA3c
subregion sends only limited numbers of collaterals to other CA3
neurons (Ishizuka et al., 1990; Li et al., 1994; Wittner et al., 2007).
Therefore, during a CA3 population burst, CA1 neurons are
more strongly excited, because of the stronger convergence of
CA3 afferents. Another mechanism of the excitatory gain may
include inhibition. Previous work has demonstrated that with
increasing magnitudes of ripples, the recruitment of CA1 pyra-
midal cells is more effective than that of interneurons (Csicsvari
et al., 1999b). The above hypothesis predicts that excessive exci-
tation of the CA3 network should also generate ripples at the
same frequency as in CA1. In support of this prediction, the CA3
region also oscillates at ripple frequency under challenged condi-
tions in vitro and in the epileptic hippocampus in vivo (Draguhn
et al., 1998; Bragin et al., 1999a,b, 2000; Dzhala and Staley, 2004;
Behrens et al., 2005; Both et al., 2008; Liotta et al., 2011; Taxi-
dis et al., 2011). The paucity of recurrent excitatory collaterals
of CA1 neurons may be an important factor for the observed
resonance at ripple frequency (Memmesheimer 2010). In re-
currently connected network models, the propagation delays
introduce temporal subclustering of neurons, and in turn, the
resulting disorganization generates a broadband spectrum
(Ibarz et al., 2010), as shown here in the CA3 region. The
absence of subclustering mechanisms in CA1 would favor the
integration of temporally offset CA3 inputs into a coherent
oscillation (Memmesheimer 2010). The dynamically changing
balance between excitation and inhibition may also contribute
to the ripple band resonance. Overall, our observations sug-
gest that ripples are generated de novo in the CA1 region of the
intact hippocampus (Buzsáki et al., 1992, 2003; Ylinen et al.,
1995; Csicsvari et al., 2003).

Role of dentate gyrus and entorhinal cortex in timing
of SPW-Rs
SPW-like bursts have been also observed in isolated CA3 slices
(Papatheodoropoulos and Kostopoulos, 2002; Kubota et al.,
2003; Maier et al., 2003; Behrens et al., 2005; Papatheodoropou-
los and Koniaris, 2010), and under in vitro conditions, they are
super-regular at 2 to 4 Hz (Traub and Bibbig, 2000; Kubota et al.,
2003; Maier et al., 2003; Pais et al., 2003; Colgin et al., 2004, 2005;
Dzhala and Staley, 2004; Behrens et al., 2005, 2007; Wu et al.,
2005; Foffani et al., 2007; Both et al., 2008; Reichinnek et al.,
2010), in contrast to the irregular SPW-R intervals in vivo. The
rhythmic recurrence of SPW-Rs in the CA3 network may be ex-
plained by an underlying slow relaxation oscillator (Pikovsky et
al., 2001; Sirota et al., 2003; Buzsáki, 2006), in which the occur-
rence of the SPW burst can be advanced by weak inputs in a time-
and input-magnitude-dependent manner. Our experiments
show that inputs from the dentate gyrus and EC time bias the
occurrence of SPW-Rs. We hypothesize that phasic inputs, such
as slow oscillations or sleep spindles (Sirota et al., 2003; Isomura
et al., 2006; Mölle et al., 2006, 2009; Clemens et al., 2010) can
effectively trigger a SPW-R. In support of this hypothesis, slow
oscillations were associated with strong sinks in the dentate mo-
lecular layer and increased probability of SPW-Rs (Battaglia et al.,
2004; Isomura et al., 2006).

The hypothesized influence of EC can contribute to the irreg-
ular nature of SPW-Rs in vivo. The surge of activity from the EC
during UP states can either advance or delay the next SPW-R
event, depending both on the timing and on the relative domi-
nance of excitation versus inhibition. Such external perturba-
tions can effectively generate irregular patterns because of the

interference between the hypothesized SPW-pacing oscillator in
the CA3 network and the EC-mediated inputs. Finally, fluctua-
tion of the strength of subcortical inputs may also contribute to
the irregular nature of SPW-Rs (Buzsáki et al., 1983; Buzsáki
1989).
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Buzsáki G (2006) Rhythms of the brain. New York: Oxford UP.
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8614 • J. Neurosci., June 8, 2011 • 31(23):8605– 8616 Sullivan et al. • Hippocampal Ripples and Fast Gamma Oscillations



Fine-tuned coupling between human parahippocampal ripples and sleep
spindles. Eur J Neurosci 33:511–520.

Colgin LL, Kubota D, Brucher FA, Jia Y, Branyan E, Gall CM, Lynch G (2004)
Spontaneous waves in the dentate gyrus of slices from the ventral hip-
pocampus. J Neurophysiol 92:3385–3398.

Colgin LL, Jia Y, Sabatier JM, Lynch G (2005) Blockade of NMDA receptors
enhances spontaneous sharp waves in rat hippocampal slices. Neurosci
Lett 385:46 –51.

Colgin LL, Denninger T, Fyhn M, Hafting T, Bonnevie T, Jensen O, Moser
MB, Moser EI (2009) Frequency of gamma oscillations routes flow of
information in the hippocampus. Nature 462:353–357.

Csicsvari J, Hirase H, Czurko A, Mamiya A, Buzsáki G (1999a) Oscillatory
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oscillations in the hippocampal CA1 region of the behaving rat. J Neurosci
19:RC20.

Csicsvari J, Hirase H, Mamiya A, Buzsáki G (2000) Ensemble patterns of
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Somogyi P (2003) Brain-state- and cell-type-specific firing of hip-
pocampal interneurons in vivo. Nature 421:844 – 848.

Kubota D, Colgin LL, Casale M, Brucher FA, Lynch G (2003) Endogenous
waves in hippocampal slices. J Neurophysiol 89:81– 89.

Kudrimoti HS, Barnes CA, McNaughton BL (1999) Reactivation of hip-
pocampal cell assemblies: effects of behavioral state, experience, and EEG
dynamics. J Neurosci 19:4090 – 4101.

Le Van Quyen M, Staba R, Bragin A, Dickson C, Valderrama M, Fried I, Engel J
(2010) Large-scale microelectrode recordings of high-frequency gamma os-
cillations in human cortex during sleep. J Neurosci 30:7770–7782.

Lee AK, Wilson MA (2002) Memory of sequential experience in the hip-
pocampus during slow wave sleep. Neuron 36:1183–1194.

Leinekugel X, Khazipov R, Cannon R, Hirase H, Ben-Ari Y, Buzsáki G (2002)
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