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Gamma oscillations (40 -120 Hz), usually associated with waking functions, can be recorded in the deepest stages of sleep in animals. The full
details of their large-scale coordination across multiple cortical networks are still unknown. Furthermore, it is not known whether oscillations
with similar characteristics are also present in the human brain. In this study, we examined the existence of gamma oscillations during poly-
somnographically defined sleep-wake states using large-scale microelectrode recordings (up to 56 channels), with single-cell and spike-time
precision, in epilepsy patients. We report that low (40 - 80 Hz) and high (80 -120 Hz) gamma oscillations recurrently emerged over time windows
of several hundreds of milliseconds in all investigated cortical areas during slow-wave sleep. These patterns were correlated with positive peaks
of EEG slow oscillations and marked increases in local cellular discharges, suggesting that they were associated with cortical UP states. These
gamma oscillations frequently appeared at approximately the same time in many different cortical areas, including homotopic regions, forming
large spatial patterns. Coincident firings with millisecond precision were strongly enhanced during gamma oscillations but only between cells
within the same cortical area. Furthermore, in a significant number of cases, cortical gamma oscillations tended to occur within 100 ms after
hippocampal ripple/sharp wave complexes. These data confirm and extend earlier animal studies reporting that gamma oscillations are tran-
siently expressed during UP states during sleep. We speculate that these high-frequency patterns briefly restore “microwake” activity and are

important for consolidation of memory traces acquired during previous awake periods.

Introduction

Emerging evidence shows that sleep and wakefulness are not
simply opposing brain states (Sejnowski and Destexhe, 2000; Ste-
riade, 2000). In particular, gamma oscillations (40—120 Hz), usu-
ally associated with waking functions such as sensory binding
(Singer and Gray, 1995), attention (Fries et al., 2001), encoding
and retrieval of memory traces (Montgomery and Buzsaki, 2007),
are also present during slow-wave sleep (SWS). In vivo (Steriade
etal., 1996; Grenier et al., 2001; Isomura et al., 2006; Mukovski et
al., 2007; Mena-Segovia et al., 2008) and in vitro (Dickson et al.,
2003; Compte et al., 2008) recordings in the neocortex indicate
that gamma oscillations occur during “UP” states, i.e., rhythmic
cycles of suprathreshold membrane potential depolarizations
occurring synchronously in large neuronal populations and re-
flected on electroencephalography (EEG) recordings as large-
amplitude slow waves (Steriade et al., 1993). Network dynamics
during UP states have been proposed to be equivalent to those

Received Oct. 9, 2009; revised March 11, 2010; accepted April 6, 2010.

This work was supported by National Institutes of Health Grants NS 02808 and NS 33310.

Correspondence should be addressed to Michel Le Van Quyen, Centre de Recherche de I'Institut du Cerveau et de
la Moelle Epiniére INSERM Unité Mixte de Recherche en Santé 975—Centre National de la Recherche Scientifique
Unité Mixte de Recherche 7225, Hopital de la Pitié-Salpétriere, 47 Boulevard de I'Hopital, 75651 Paris Cedex 13,
France. E-mail: lenalm@ext.jussieu.fr.

DOI:10.1523/JNEUR0SCI.5049-09.2010
Copyright © 2010 the authors ~ 0270-6474/10/307770-13$15.00/0

observed during the waking state (Destexhe et al., 2007; Luczak et
al., 2007; Haider and McCormick, 2009). In particular, during
these highly dynamic states, gamma frequency fluctuations in
inhibitory and excitatory synaptic potentials determine the timing of
action potential generation at the millisecond level (Nowak et al.,
1997; Hasenstaub et al., 2005), confirming that these oscillations
may control the flow of communication across remote subpopula-
tions of cells (Chrobak and Buzsaki, 1998; Salinas and Sejnowski,
2001; Fries, 2005; Haider and McCormick, 2009). Despite consider-
able understanding of cellular/synaptic mechanisms underlying
gamma oscillations (Bartos et al., 2007), in vivo studies at the large-
scale level are still necessary to further characterize the full details of
their local and long-range synchrony across vast cortical territories.

Studying large-scale functional dynamics of cortical networks
in vivo is challenging and requires simultaneously recording local
field potentials from multiple brain areas along with concur-
rently recorded neurons from each of these regions (Buzsaki,
2004). This system-level analysis of large-scale neuronal cooper-
ation has only lately been able to be achieved, largely due to the
technical difficulties. With recent advances in bioengineering,
chronically implanted arrays of microelectrodes are an increas-
ingly common tool for recording many neurons from various
mammalian species (Fried et al., 1997; Nicolelis et al., 2003;
Buzséaki, 2004; Cash et al., 2009). Nevertheless, the small size of a
rat, for example, has greatly constrained the expanse of different
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cortical sites that can be studied using traditional microelectrode
arrays. Furthermore, there is a paucity of data that exists between
the levels of analysis that include single-unit ensemble recordings
in animals and human scalp EEG.

In this study, believed to be the first quantitative, large-scale
microelectrode recording in human cortex, we examined gamma
patterns during sleep using multiple microwires (up to 56) in
patients with epilepsy who required presurgical clinical evalua-
tion. These microelectrodes provided a unique opportunity to
study gamma oscillations directly adjacent to local cortical gen-
erators together with multiunit and single-unit activities, all in
parallel with macroscopic scalp EEG. Furthermore, multiple sites
can be arranged over larger distances, thus allowing for the simul-
taneous recording oflocal fields and units across multiple cortical
regions.

Materials and Methods

Database. Subjects were nine patients with pharmacologically intractable
epilepsy who were implanted with 8—14 intracranial depth electrodes to
localize epileptogenic regions for possible resection (supplemental Table
1, available at www.jneurosci.org as supplemental material). The place-
ment of the electrodes was determined exclusively by clinical criteria
(Fried et al., 1997). Extending beyond the tip of each electrode was nine
Pt-Ir microwires (40 wm diameter) that protruded ~4 mm into the
target tissue. Microwire tips randomly spread out into the target tissue in
a cone shape with a minimal intertip spacing of 500 uwm. The first eight
microwires were insulated except for their tip and were used to record
single-unit action potentials and local field potentials (LFPs). The ninth
microwire had its insulation stripped for ~1 cm and served as the record-
ing reference for the other eight microwires on that depth probe. Signals
from each microwire were amplified (gain = 10,000), digitally sampled
at 27.8 kHz, and bandpass filtered between 1 Hz and 6 kHz (Cheetah
recording system, Neuralynx). Spatial localizations were determined on
the basis of postimplant computed tomography scans coregistered with
preimplant 1.5 T MRI scans. Our results are based on microelectrode
recordings located in the following cortical areas: posterior parahip-
pocampal gyrus (n = 136 channels in 8 subjects), posterior and anterior
cingulate cortex (n = 68 channels in 5 subjects), entorhinal cortex (n =
48 channels in 4 subjects), superior and anterior occipital cortex (n = 32
channels in 2 subjects), superior temporal gyrus (n = 16 channels in 2
subjects), orbitofrontal cortex (n = 16 channels in 2 subjects), and sup-
plementary motor area (n = 8 channels in 1 subject). To examine the
impact of hippocampal discharges (epileptic spikes or sharp waves), re-
cording sites within hippocampus were selected in five subjects (1-3, 6,
and 8), ipsilaterally to side of seizure onset (n = 48 channels). Spikes, by
definition, have a duration shorter than 70 ms, whereas sharp waves have
a duration between 70 and 200 ms (de Curtis and Avanzini, 2001). In
three of these subjects (1-3), simultaneous EEG recordings of the epilep-
tic hippocampus and parahippocampal gyrus were performed using in-
tracranial macroelectrodes with individual contact area of 6.5 mm? and
a sampling rate of 2000 Hz to characterize epileptiform spikes with stan-
dard clinical criteria. EEG, electrooculogram, and chin electromyogram
activity were concurrently monitored and used to classify the different
sleep states (Rechtschaffen and Kales, 1968). The recording states were
quiet wakefulness, slow-wave sleep (stages 1-4), and rapid eye move-
ment (REM) sleep. With the exception of three patients (subjects 1, 7,
and 8), seizures did not occur within 12 h (or more) of the start of the
sleep recordings (supplemental Table 1, available at www.jneurosci.org
as supplemental material).

Automatic detection of high-frequency oscillations. Channels demon-
strating oscillations with large-amplitude sinusoid-like waves with fre-
quencies between 40 and 120 Hz that were discernable above background
were selected for analysis. An automatic detection of gamma episodes
was then achieved as described previously (Staba et al., 2004). In brief, we
defined oscillatory events by detecting significant deviations of the enve-
lope in the high-frequency range, longer than a minimal duration. The
Hilbert transform was used to calculate the envelope of the filtered sig-
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nals between 40 and 120 Hz. The duration threshold was set to 100 ms
(i.e., 4—8 cycles of gamma oscillations) and the amplitude threshold was
set to 3 SDs of the envelope calculated over the entire length of the signal.
All the traces are then aligned at the beginning of the oscillation episode
defined where the envelope crossed a threshold at 3 times the SD. The
qualitative nature of our results was insensitive to the precise choice of
thresholds from 3 to 5 SDs. With the current application, false-positive
detections can be generated by harmonics of lower-frequency activities
or by sharp components of action potentials that usually induce a broad
band increase in the high-frequency range that obscured oscillation de-
tection. For this purpose, we developed a custom graphical user interface
(MATLAB) to visually screen candidate gamma oscillations. This interface
permits us to display simultaneously raw signal, the bandpass-filtered sig-
nals, and a time—frequency map using a wavelet decomposition for fre-
quency from 20 to 160 Hz (see next paragraph). Using this interface, we
selected gamma events according to following criteria: (1) gamma oscilla-
tions had to be visually detectable on the unfiltered signals as sinusoidal
waves; (2) the time—frequency map of a gamma oscillation had to show a
primary peak in the frequency range 40—130 Hz; and (3) gamma oscillations
were not associated with epileptiform activity (chronic focal slowing or in-
terictal spikes) in the same channel or a neighboring channel within a time
window of 200 ms. For the detection of ripples (130-250 Hz) and fast ripples
(250-600 Hz), the same strategy was applied separately on 14 subsequent
sub-bands of 40 Hz steps, ranging from 40 to 600 Hz. In the cases of hip-
pocampal recordings, interictal discharges (epileptic spikes or sharp waves)
were not discarded to examine their temporal relationship with the detected
high-frequency oscillations.

Oscillation analysis. A wavelet time—frequency analysis was used to
determine precisely the mean frequency, the beginning, maximum am-
plitude, and onset and offset of each oscillation. The wavelet decompo-
sition tool works as a mathematical microscope (Le Van Quyen and
Bragin, 2007) that dissects the instantaneous frequency content of signal
and enhances short-duration, low-amplitude activities, often masked by
high-amplitude, low-frequency, and large-scale integrated field activity.
The Morlet wavelet was here applied that uses a wave-like scalable func-
tion that is well localized in both time and frequency (see supplemental
material, available at www.jneurosci.org). As a criterion of the signifi-
cance for the time—frequency representations, we required the time—
frequency peak energy to exceed the mean + 3 SDs of baseline.

Spike sorting. All channels were high-pass filtered at 300 Hz and were
visually examined for the presence of unit activities. In those microwires
with clear unit activities, we performed spike detection (>4:1 signal-to-
noise ratio) to obtain multiunit activities (MUAs). Single-unit activities
were extracted with spike sorting using KlustaKwik 1.7 program (Harris
et al.,, 2001) (software: http://klustakwik.sourceforge.net/), which
employs the 10 principal components of the spike shape and an un-
supervised CEM (conditional expectation maximization) clustering
algorithm. After automatic clustering, the clusters containing nonspike
waveforms were visually deleted, and then the units were further isolated
using a manual cluster cutting method. Only units with clear boundaries
and <0.5% of spike intervals within a 3 ms refractory period are included
in the present analysis. Typically we isolated one or two distinct neurons
from each microwire, but in several cases, we observed up to four distinct
neurons from a single microwire. The instantaneous spike frequency was
measured by convolving the timing of each unit with a Gaussian function
of an SD of 20 ms.

Phase locking between spikes and field oscillations. To analyze the phase
locking between single units and field oscillations, we used a recently
published procedure (Jacobs et al., 2007). We first downsampled record-
ings to 2 kHz. To minimize the contribution of low-frequency compo-
nents of spikes toward spectral calculations, the samples from 2 ms
before to 8 ms after each spike were replaced with a linear interpolation of
the underlying field signal. Then, we computed oscillatory phase and
power of the field potential using Morlet wavelets at frequencies be-
tween 30 and 240 Hz. We considered a neuron phase locked at a
particular frequency if the hypothesis of circular uniformity for its
field phase distribution could be rejected at p < 0.001 using a
Bonferroni-corrected Rayleigh test (Fisher, 1993) (see supplemental
material, available at www.jneurosci.org).
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Gamma patterns recorded during sleep stage 3. 4, Slow waves, fulfilling standard polysomnographic criteria of duration (a) and amplitude (b, ¢; see text) were recorded from several

scalp EEG channels (here (3, (4, and Pz following the 10-20 international system of electrode placement, subject 1). B, Gamma episodes (black triangles) simultaneously recorded across 30
microelectrodes (Micro) in the right and left parahippocampal gyri (PHG; ant, anterior part; post, posterior part). One channel (white triangle on right side of traces) was selected for oscillation
detections. In most of the cases, these oscillations were not associated with interictal discharges recorded with microelectrodes (white triangles) or intracranial EEG electrodes (A) in the left
epileptogenic hippocampus (Hip). Bottom, Envelope amplitudes of the filtered LFPs in the gamma range. Note that gamma activities formed large spatial patterns occurring almost simultaneously
between all recorded cortical sites and were temporally correlated with positive peaks (i.e., up deviations) of EEG slow waves (asterisks in 4). Strong MUAs were observed during gamma episodes.
G, Display of a single gamma episode appearing simultaneously, in either the raw signals or those filtered between 40 and 120 Hz (top), in the right and left posterior parahippocampal gyri.
D, Corresponding wavelet transforms of two homotopic sites revealing nearly simultaneous gamma oscillations with distinct narrow band frequencies around 70 — 80 Hz (green arrows).

Spike synchronization. A statistical strategy was used to assess temporal
structure in spike trains (Hatsopoulos et al., 2003). Each spike in each
neuron in the original dataset was randomly and independently per-
turbed (or “jittered”) on a uniform interval of [—2.5, +2.5] ms to form a
surrogate dataset. By repeating the procedure 1000 times, the 99.9%
confidence intervals for each bin ( p = 0.001) is calculated. Coincident
firings were determined to be statistically significant if the original cross-
correlogram deviated from cross-correlogram constructed from the jit-
tered datasets.

Results

Gamma oscillations during UP states in SWS

Episodes of gamma activity were automatically identified using
previous methodology (Staba et al., 2004) and were visually con-
firmed. Figure 1B illustrates typical patterns of detected gamma
activities recorded across 30 microelectrodes in the right and left
posterior parahippocampal gyri (subject 1, sleep stage 3). In ei-
ther the raw signals or those filtered between 40 and 120 Hz,
large-amplitude fast sinusoidal waves appeared in many channels
as discrete events that were clearly distinguishable from back-
ground activity (Fig. 1C). As best seen in the envelope amplitude

of the filtered signals in the gamma range (Fig. 1 B, bottom), these
occurrences of gamma activity appeared simultaneously between
homotopic sites, forming large spatiotemporally coherent pat-
terns of increased activity separated by equally coherent periods
of little activity. The wavelet transformed-energy scalogram,
which represents the spectral energy with respect to time and
frequency, more clearly illustrates gamma activity in homotopic
parahippocampal sites between hemispheres (Fig. 1 D). Promi-
nent gamma frequency oscillations, with distinct narrow band
peaks centered around 70—80 Hz, were observed lasting a few
hundred milliseconds. These oscillations were recorded from a
patient with mesial temporal lobe epilepsy who had seizures
starting from the left hippocampal formation. In this patient,
short interictal discharges (epileptic spikes or sharp waves), char-
acterized by high amplitude (>50 uV) and <200 ms duration,
could simultaneously be identified on both intracranial EEG and
nearby microelectrode recordings of the hippocampus (Fig.
1A,B). As seen in a large percentage of cases (88%), and also in
other patients with mesial temporal lobe epilepsy (n = 3 subjects
with simultaneous intracranial EEG and microwires recordings),
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Figure2. Gamma and scalp EEG patterns during polysomnographically defined sleep—wake states. A, All-night detections of gamma patterns (here recorded in the posterior parahippocampal

gyrus, subject 3) during all physiological stages from quiet wakefulness, sleep stage 1-4 and REM. The number of detected gamma patterns per minute was indicated in colors a function of sleep
stages. Note the increased occurrence of slow oscillations as sleep deepens. B, Mean number of gamma patterns per minute as a function of sleep stages for one subject and in average over six
subjects. €, Distribution of interdetection intervals measured during sleep stages 3 and 4. The distribution peaks at 1.7 s (red line), indicating that the main frequency of gamma oscillation occurrence
during deep sleep was ~0.6 Hz. D, Gamma oscillations can appear during wakefulness without clear EEG waves in scalp EEG but have a tendency to emerge most frequently and with higher
amplitude during SWS and were temporally correlated with positive peaks of EEG slow waves (subject 1, electrodes (3, (4, and Pz following the 10-20 international system). E, Bottom, Gamma
events during SWS were aligned on their initiation and the mean wavelet transforms of one LFP channel is illustrated, showing gamma-frequency components (green arrow). Middle, Gamma
oscillation start-time-triggered frequencies of MUAs. Top, Gamma oscillation start-time-triggered EEG averages. The mean wavelet transforms of one EEG channel (Pz) is depicted, showing
low-frequency components in the averaged signals. Note that the gamma events were correlated with positive slow waves of scalp EEG and an increase in the frequency of MUAs (subject 1).

gamma oscillations in the parahippocampal gyri were not coin-
cident with these discharges (within a time window of 200 ms)
(Fig. 1C), suggesting that they can arise independently from syn-
chronous activities of the epileptogenic hippocampus.

Time series analysis of gamma episodes in relation to the
sleep—wake cycle revealed that gamma was present across all
stages of vigilance (Fig. 2A). Gamma was less frequent during
wakefulness, stage 1, and REM (Fig. 2B), and more prominent
during stage 2, and high rates occurred during sleep stages 3 and
4. Across six subjects, the mean number (*SD) of gamma epi-
sodes recorded in the parahippocampal gyrus was 13.3 * 6.4 per
minute in sleep stages 3 and 4. During these deeper stages of sleep,
the gamma patterns often emerged in rhythmical sequences (for
examples, see Figs. 1A, 2 D) with a main interepisode interval of
1.7 = 0.5 s (n = 6 subjects) (Fig. 2C), corresponding to a fre-
quency of ~0.6 Hz, suggesting that they were associated with
macroscopic slow-wave oscillations.

Analysis of scalp EEG during SWS showed that local gamma
oscillations at deep sites were temporally correlated with the

surface-positive components of large-amplitude slow waves. Fig-
ure 1 A shows a typical example of these slow waves during stage
3. Over four subjects, gamma oscillation onset-triggered EEG
averages confirmed that gamma bursts were associated with the
surface-positive peak of slow waves (Fig. 2E). We asked whether
these waves represent genuine sleep slow waves (SW). First, most
of these waves (~80% in 4 patients) fulfilled the following stan-
dard criteria for SW (Massimini et al., 2004) (see Fig. 1A and
supplemental Fig. 1, available at www.jneurosci.org as supple-
mental material): (1) a negative-slope zero crossing and a subse-
quent positive-slope zero crossing separated by at least 300 ms (in
average over all detected events: a = 487 = 120 ms at Pz), (2) a
negative peak between the two zero crossings with voltage <80
uV (b =100 = 37 uV), and (3) a negative-to-positive peak-to-
peak amplitude >140 pwV (¢ = 170 £ 45 uV). Second, during
stage 2, the corresponding surface-positive portion of the wave
was often associated with spindles at ~7-14 Hz, suggesting that
they were K-complexes (Amzica and Steriade, 1997) (supple-
mental Fig. 1, available at www.jneurosci.org as supplemental
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Spatial distribution of gamma patterns. A, Examples of spatial distribution of 5 individual gamma patterns (subject 2). Note the strong variability of involved electrodes and location of

the starting site (green triangle). B, Number of active microelectrodes for each gamma pattern detected over the all-night recording session of the same subject. Right histogram, Distribution of
event sizes as a function of the number of electrodes expressing them. (, Location of starting sites for each gamma patterns detected over the entire recording session. Right histogram, Distribution

of starting locations.

material). Third, for patients with mesial temporal lobe epilepsy
(n = 4), simultaneous recordings of the epileptogenic hippocam-
pus [for example, the left hippocampus in subject 1 (see Fig. 1)]
revealed that scalp slow components were not reflecting epileptic
spikes emerging from the epileptogenic zone and spreading to
distant nonepileptic regions. In particular, epileptic spikes had
markedly different temporal dynamics with extremely fast tran-
sients (<70 ms). Finally, as demonstrated by animal studies
(Steriade et al., 1993), a general increase in cellular discharges is
associated with the surface-positive portion of SW, referred as UP
state. Consistent with another recent human study using micro-
electrode and macroelectrode intracranial arrays (Cash et al.,
2009), simultaneous recordings of MUA confirmed that a signif-
icant number of neurons increased their rate of discharge during
superficial positive slow components (Figs. 1A,B, 2E). In sum-
mary, our observations suggest that gamma oscillations during
SWS were reliably associated with normal UP states.

Spatial components of SWS gamma oscillations

During SWS, gamma episodes were observed in all investigated
cortical areas (9/9 subjects). While gamma episodes were re-
corded in a variety of cortical locations (superior temporal gyrus:
16/16 channels in 2/2 subjects, posterior cingulate cortex: 8/8 in
1/1 subjects, the supplementary motor area: 8/8 channels in 1/1

subjects), the strongest rates of detection and the highest ampli-
tudes in gamma power occurred in the posterior parahippocam-
pal gyrus (90/136 channels found in 8/8 subjects; 40 * 35 uV
peak-to-peak amplitude) and entorhinal cortex (32/48 in 3/4
subjects; 21 = 13 uV). Less frequently and of smaller amplitude,
gamma activities were detected in orbitofrontal cortex (8/16
channels in 1/2 subjects), anterior cingulate cortex (8/52 in 1/4
subjects), and occipital cortex (8/32 channels in 1/2 subjects).
To further investigate the spatial distribution of gamma pat-
terns, we quantitatively examined how gamma episodes fluctu-
ated in both space and time. For each discrete gamma incidence
during SWS, we recorded the number and location of the chan-
nels where the gamma power attained a value over a given thresh-
old (>3 SD from baseline mean). We defined the number of
active microelectrodes and the duration during which they re-
mained above threshold. In four of nine subjects, gamma epi-
sodes (lasting for an average period of 580 * 88 ms) remained
local and involved all eight channels within a single cortical re-
gion (the parahippocampal gyrus in three of four subjects; and
the entorhinal cortex in one of four subjects) without affecting
other sites. In five of nine subjects, gamma episodes had a more
complex spatiotemporal distribution and often occurred in mul-
tiple cortical areas at approximately the same time (see individual
events in Fig. 3A). Figure 3B plots the number of active micro-
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Figure4. Frequency components of gamma oscillations. A—C, The power spectra of individual gamma oscillations (i-iii) and global means (bottom) recorded in the parahippocampal gyrus of

three subjects. The spectra of eight individual channels are depicted by different colors in the left panels. The time—frequency maps of one particular channel are illustrated in the right panels. D—F,
Average time—frequency maps of gamma events in the parahippocampal gyri of six subjects (D), posterior cingulate cortex of one subject (), and entorhinal cortex of another subject (F).

electrodes for each gamma event detected across the entire re-
cording session of one subject. Frequently (in 70% of cases), these
patterns involved only a single local cortical area or extended to
only one adjacent area (<16 channels) (see Fig. 3A, event 3).
Occasionally (in 30% of cases), these patterns involved a large
number of channels (ranging from 16 to 32) (see Fig. 3A, events 1,
2, 5), with a broad distribution of events across all microelec-
trodes. The duration of these events was highly variable (range
280—820 ms with 681 £ 210 ms on average in five subjects) (for
examples, see Fig. 34, events 1, 2).

For each gamma episode, we also evaluated the microelec-
trode at which it was recorded first to determine whether gamma
activity originated predominantly at specific locations. For one
subject, Figure 3C plots the earliest activations for each gamma
pattern detected across the all-night recording session. As also
observed in four of five subjects, although gamma patterns could
occasionally appear at multiple locations (e.g., cingulate cortex,
orbitofrontal cortex, superior temporal cortex) (see Fig. 3A,
event 5), a hot spot of early activation was centered in the para-
hippocampal gyrus. These large-scale gamma patterns often
occurred bilaterally and could originate in either hemisphere
(supplemental Fig. 2C, available at www.jneurosci.org as sup-
plemental material). For patients with mesial temporal lobe
epilepsy (n = 4), visual assessment revealed that large-scale
gamma patterns were not coincident (within a time window of

200 ms) with interictal spikes emerging from the epileptic
hippocampal formations and spreading to lateral or contralat-
eral brain regions (Fig. 1).

Frequency components of SWS gamma oscillations

Our next step was to characterize the frequency components of
SWS gamma activities using continuous wavelet transform. For
our group analysis, we focused on patterns occurring in the para-
hippocampal gyrus (Fig. 4A-D). On average over six subjects,
quantitative analysis revealed that a broad range of activity from
40 to 120 Hz increased by >300% compared to control periods of
0.5 s before gamma oscillations (Fig. 4 D). As well, when looking
at individual subjects and single detected events (Fig. 4A-C), it
was apparent that gamma activity often corresponds to discrete
oscillatory bursts appearing in narrow frequency bands. In six of
six subjects, two main power peaks can be seen in the low-gamma
range around f; = 40-50 Hz and f, = 70—80 Hz. These oscilla-
tions could appear independently at overlapping locations (de-
tection rates of 21% for f; and 17% for f, over all events) (see
individual events i and #i in Fig. 4A,B) but most of the time
emerged together in mixed spatiotemporal patterns (detection
rate of 62%) (see individual event iii in Fig. 4A,B). This latter
pattern was associated with, on average, a broad band activity
between 40 and 80 Hz (means in Fig. 4A, B). In all cases, these
low-gamma oscillations involved all eight channels over the para-
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High-frequency oscillations in the parahippocampal cortex and hippocampus. A, Detection times and mean frequencies of high-frequency oscillations (gamma, ripples, and FR)

between 40 and 600 Hz (three individual channels are depicted by different colors) for a single subject (subject 1). B, Frequency histogram over five subjects in the hippocampus (Hip) and adjacent
parahippocampal gyrus (PHG). Note, in the hippocampus, a multimodal distribution in the high-frequency range with three main peaks in the gamma, ripples, and fast ripple range. In contrast, in
the parahippocampal gyrus, only one single-frequency band was dominant in the gamma range between 40 and 130 Hz. €, Inindividual events i and i, hippocampal ripple/sharp wave complexes
and parahippocampal gamma oscillations (gamma 1) were not coincident within a time window of 100 ms. Nevertheless, in event ii, parahippocampal gamma oscillations (gamma 2) immediately
followed hippocampal ripple/sharp wave complexes. D, Average time—frequency maps of gamma events not following (n = 115 events, gamma 1) or following (n = 43 events, gamma 2)
ripple/sharp waves in three subjects. E, Ripple onset-triggered histograms of gamma oscillations (n = 288 ripples in 5 subjects).

hippocampal gyrus (Fig. 44, B, left). In two of six subjects, in
addition to low-gamma oscillations, two other peaks could be
detected in the high-gamma range around f; = 90-100 Hz and
fs = 100-120 Hz. These high-gamma oscillations could appear
independently at discrete locations involving two to three chan-
nels (detection rates of 31% for f; and 24% for f,) (see individual
events i1 and 77i in Fig. 4C) but, most frequently, emerged together
with low-gamma oscillations (detection rate of 45%) (individual
event iv in Fig. 4C; see also supplemental Fig. 3, available at www.
jneurosci.org as supplemental material), giving on average the
appearance of a broad band spectrum between 40 and 120 Hz
(mean in Fig. 4C). Similar narrow band oscillations at low- and
high-gamma frequencies also occurred in other cortical locations
(e.g., entorhinal cortex, posterior cingulate cortex, orbitofrontal
cortex, and superior temporal cortex) (see Fig. 4E, F).

High-frequency oscillations in the parahippocampal cortex
and hippocampus

Ripples (100-250 Hz) and fast ripples (FR, 250—-500 Hz) have
been previously identified with microelectrodes in human hip-

pocampus (Bragin et al., 1999, 2002) and were more prominent
during non-REM sleep (Staba et al., 2004). FR occurrences are
significantly associated with seizure-generating areas (Bragin et
al., 2002; Engel et al., 2009). For investigating differences between
these fast oscillations and gamma, we have systematically
detected during SWS, ipsilateral to side of seizure onset, all high-
frequency oscillations between 40 and 600 Hz in the hippocam-
pus and adjacent parahippocampal gyri of five subjects. In the
hippocampus, analysis of frequencies at maximum power
showed a multimodal distribution in the high-frequency range
with three main peaks around 50, 190, and 360 Hz (occurrence
times for a single subject in Fig. 5A, and histogram over all sub-
jects in Fig. 5B). On the basis of these data, and results from our
previous studies, subsequent analyses of gamma, ripples, and FR
were based on the following classification: events between 40 and
130 Hz were labeled gamma oscillations, whereas events within
the frequency bands of 130-250 Hz and 250—600 Hz were la-
beled ripples and FR, respectively. As previously reported, both
ripples and FR were strongly expressed in the epileptogenic hip-
pocampus during SWS (ripple rate of 2.8 = 2.3 per minute; FR
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rate of 1.3 = 1.1 per minute). Ripples and FR could appear inde-
pendently at a few discrete locations and, in a large percentage of
cases (~85%), were associated with sharp waves. At a very low
rate (0.27 * 0.12 per minute), oscillations in the gamma range
can also be identified in the hippocampus of all investigated sub-
jects. These gamma oscillations were dominant in the low fre-
quency range with a main peak around 50 Hz and possessed
larger spatial profiles than ripples (supplemental Fig. 4, available
at www.jneurosci.org as supplemental material), suggesting that
they were generated by different neuronal sources. In contrast, in
the parahippocampal gyri of all investigated subjects, only one
single-frequency band was dominant in the gamma range be-
tween 40 and 130 Hz (Fig. 5A, B). In two of five cases (subjects 1
and 2), consistent with the spatial extent of seizure onset zone
(supplemental Table 1, available at www.jneurosci.org as supple-
mental material), ripples and FR occurred at a low rate (1.13 =
0.58 per minute) at discrete locations involving one to two channels
(for an example, see Fig. 5A) and were often temporally corre-
lated with the occurrences of gamma oscillations (supplemental
Fig. 4, available at www.jneurosci.org as supplemental material).
The absence of FR in three of five subjects suggests that the
investigated parahippocampal gyri were not involved in pri-
mary epileptogenic regions, suggesting that the reported gamma
oscillations are not a product of pathological hypersynchroniza-
tion. Our final step was to examine time relations between hip-
pocampal ripples/sharp wave complexes and parahippocampal
gamma oscillations. On the basis of their oscillation frequency
(130-250 Hz) and wave duration (70-200 ms), we visually iso-
lated ripples/sharp wave complexes in the hippocampus (n = 288
in 5 subjects) and examined their temporal correlation with
gamma oscillations in the adjacent parahippocampal gyrus. As
described previously on the basis of their underlying cellular fir-
ing patterns (Le Van Quyen et al., 2008), these ripple oscillations
can be considered normal electrographic phenomena in the hip-
pocampus. Most of the time (~90%), hippocampal ripples and
parahippocampal gamma oscillations were not coincident within
a time window of 100 ms, suggesting they were independent phe-
nomena (Fig. 5C, examples i and ii). Nevertheless, in a significant
number of the cases (~10%), we found that parahippocampal
gamma oscillations immediately followed hippocampal ripple/
sharp wave complexes (Fig. 5C, example iii). No significant dif-
ference was found in magnitude, frequency, or duration between
gamma oscillations following ripple/sharp wave complexes and
gamma in the absence of ripple/sharp waves (n = 3 subjects) (Fig.
5D). Ripple onset-triggered histograms of gamma oscillations
confirmed that, in a statistical sense, the number of parahip-
pocampal gamma oscillations within a time window of 100 ms
after hippocampal ripple/sharp wave complexes was greater than
chance (i.e., exceeded the 99th percentile of the distribution,
computed 100 times from randomly and independently shuffled
ripples, p < 0.01) (Fig. 5E). This suggests that at least a fraction of
the ripples/sharp waves were coupled with gamma oscillations
and these coincidences may play a coordinating role in the
hippocampo-neocortical interactions during SWS.

Short-range intracortical coherence of SWS

gamma oscillations

Although gamma episodes frequently occurred almost simulta-
neously between distinct cortical sites during SWS (see Fig. 1),
cross-correlogram functions suggested that the spatial extent of
cortical foci oscillating in phase was only local (Fig. 6). Locally,
cross-correlograms between filtered (40—120 Hz) traces revealed
that gamma activities are strongly phase locked in a majority of
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case (95%) with near zero phase lag (time lags of 0—3 ms) between
different sites separated by ~500 wm over the same cortical area (see
Fig. 6A, cross-correlogram 1-2 between two microelectrodes
within the right posterior parahippocampal gyrus). As well, no
phase reversal of gamma could be detected on multiple record-
ings of single cortical regions (supplemental Fig. 5, available at
www.jneurosci.org as supplemental material). Since we used
multichannel bundles of microelectrodes randomly spanning
different cortical layers, this suggests that gamma oscillations are
in phase across the cortical depth. On a larger spatial scale, phase
locking fell off quickly when computed between different adja-
cent neocortical sites [see Fig. 6A, cross-correlogram between
microelectrode 1 (right parahippocampal gyrus, posterior part)
and 3 (right parahippocampal gyrus, anterior part)]. No reliable
differences in short- or long-distance coherence were observed
between low- and high-gamma frequency bands. Similar results
were found in five of five subjects exhibiting large-scale spatial
patterns of gamma activity (see Fig. 6C for the averaged results in
three subjects). Although gamma generally occurred almost si-
multaneously between the homotopic sites, there was no strict
phase correlation across the hemispheres [see Fig. 6 A, cross-
correlogram between 1 (right posterior parahippocampal gyrus)
and 4 (left posterior parahippocampal gyrus)]. Occasionally (in
two of five subjects), coherent gamma oscillations were observed
between adjacent cortical areas over short distances (<10 mm)
[see Fig. 6 B, cross-correlogram between 1 (right posterior para-
hippocampal gyrus) and 3 (right superior temporal cortex), Fig.
6C for averaged results; see also supplemental Fig. 6 (available at
www.jneurosci.org as supplemental material) for details].

Gamma oscillation-related discharge of neurons

Consistent with a switch to the UP state, recordings of multiunit
activity indicate that a significant number of neurons increased
their discharge frequency during occurrence of gamma oscilla-
tions in SWS (Figs. 1A, 2E, 7A). To gain further insight into
single-unit discharges, we examined the discharge characteristics
of putative single neurons (supplemental Fig. 7, available at www.
jneurosci.org as supplemental material). A total of 206 single cells
were detected and selected for analysis in seven subjects (n = 93
in the parahippocampal gyrus; #n = 35 in the posterior and ante-
rior cingulate cortex; n = 49 in the entorhinal cortex; n = 17 in
the orbitofrontal cortex; n = 8 in the superior temporal cortex;
n = 4 in the supplementary motor area). For the cells in the
parahippocampal gyrus, the mean firing rate was 3.54 = 2.19
spikes per second, the mean burst rate was 9.62 = 4.4 bursts per
minute and most of the investigated cells (73%) fall within the
nonepileptic category (Staba et al., 2002). When gamma episodes
were detected on a microelectrode, the majority of corresponding
single neurons (70%) exhibited a significant increase in spike
discharges compared to control periods of 0.5 s before gamma
oscillations (Fig. 7B, top, an example of 23 simultaneously re-
corded cells) with a large proportion (21%) firing at high fre-
quency between 20 and 40 Hz (Fig. 7B, bottom). Nevertheless,
during a given gamma event, individual neurons participate
sparsely in the population rhythm: cell discharges do not typically
show a clear rhythm, but their timing is significantly phase locked
to the population oscillations.

To quantitatively analyze the phase relationships between unit
discharges and local gamma activity, we evaluated the phase val-
ues of spikes relative to the field using a wavelet decomposition
(Jacobs et al., 2007; Le Van Quyen et al., 2008). We found that
33% of the cells were significantly phase locked to the local
gamma oscillations (p = 0.01). Figure 7Ci illustrates the phase
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Spatial coherence of large-scale gamma oscillations. 4, B, Single gamma pattern involving several spatially separated microelectrodes (1-4) (top) and their corresponding mean
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gamma oscillations were occasionally observed between adjacent cortical areas over short distances (<10 mm) (patients 2 and 3, blue arrows).

locking of a single unit within the range of high-gamma frequen-
cies around 90 Hz. Phase-related firing was also confirmed by
spike-triggered averages of the LFP during gamma oscillations
(Fig. 7Ci, top). For each neuron, spikes were phase locked most
coherently in a narrow band of a particular gamma frequency,
but over all recorded cells, multiple peaks of spike-LFP coherence
could be observed across the whole gamma range (Fig. 7D). Fur-
thermore, for the group of phase-locked cells, the distribution of
their phases revealed that they fired preferentially during the
troughs of the local field gamma oscillations (mean firing phase:
0.5 = 0.9 rad) (Fig. 7Cii,E).

Synchronization of units during SWS gamma patterns

Cross-correlograms were computed between all possible pairs of
simultaneously recorded neurons during gamma oscillations in
SWS. In order not to overestimate the number of random syn-
chronous spikes due to the elevated firing rate, we used jitter
techniques to infer millisecond-precise temporal synchrony
(Hatsopoulos et al., 2003). Because the jittered datasets preserve
firing rates on timescales much broader than that of the jitter
interval (in this case, 5 ms), the overall effect of the analysis is to
identify those pairs that showed excessive cofiring at short latencies
that cannot be accounted for by firing rates varying at timescales
of tens of milliseconds. Figure 8 A illustrates all the neuronal pairs
that showed significant coincident firing (p = 0.001) during

gamma oscillations for a single subject. Despite the strong in-
crease in all cellular discharges during gamma oscillations, only a
very specific subset of cells (18 of 560 pairs in Fig. 8 A) (~2-3%
on average over four subjects) showed significant coincident fir-
ing during gamma oscillations. In four investigated subjects with
a large number of single units (>15) over several cortical struc-
tures (>2), significant coincident firing could only be detected
among neurons located within the same cortical area, corre-
sponding to different microelectrodes emanating from the same
electrode probe (separated by at least 500 wm, therefore record-
ing non-overlapping cell populations). We performed the same
analysis for baseline periods taken several seconds before the
gamma oscillations and observed that a lower number of pairs
exhibited significant coincident firing (10 of 560 pairs in Fig. 8 B).
Over all investigated subjects, the number of pairs exhibiting
synchronized activity was significantly increased, from 30% up to
200%, during gamma oscillations compared with those of base-
line periods (Fig. 8C). Overall, this suggests that patterns of neu-
ronal synchronization between specific cells are significantly
enhanced within a same cortical area during gamma oscillations.
For pairs that showed significant coincident firing, we analyzed
the corresponding phase relations of the LFP in the gamma range
when cofiring occurred. Figure 8, D and E, indicates that cofiring
mostly occurred when both cells fired around the troughs of the
field gamma oscillations. This further suggests that the phase of
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Gamma oscillation-related discharge of neurons. 4, Strong MUAs were observed during gamma oscillation in LFPs. Note that spikes occurred preferentially around the troughs of the

field gamma oscillations (subject 1, parahippocampal gyrus). B, Single-neuron firings of 23 cells in different cortical sites during gamma oscillations (subject 1). Note that the majority of single
neurons exhibited a strong increase in spike discharges. The instantaneous frequencies of four cells (depicted with different colors) superimposed in the mean time—frequency map of the
corresponding LFPs (bottom). Ci, Phase locking around 90 Hz between discharges from a single neuron and LFP oscillations. This phase locking was also confirmed by spike-triggered averages of the
LFP during gamma oscillations (top). Gii, Phase distribution of the same neuron for each LFP frequency. D, Group distribution of preferential LFP frequencies of phase-locked neurons in the gamma
range (7 subjects). E, Group distribution of preferential firing phases of phase-locked neurons in the gamma range. Note the tendency to fire preferentially during the troughs of the field gamma

oscillations (7 subjects).

gamma oscillation may be a critical constraint for the dynamic
coupling of interacting neurons.

Discussion

The present study explored the involvement of gamma oscilla-
tions in the human cortex using large-scale microelectrode re-
cordings during the different stages of wakefulness and sleep. We
reported that distinct narrow band oscillations in the low (40—80
Hz) and high (80-120 Hz) gamma ranges were strongly ex-
pressed during SWS and often emerged at approximately the
same time in multiple cortical areas over time windows of several
hundreds of ms. These patterns were correlated with positive
peaks of EEG slow oscillations and marked increases in local
cellular discharges, suggesting that they were associated with cor-
tical UP states.

Multiple narrow-band gamma oscillations in the human
cortex during sleep

One important finding of our study is that gamma oscillations
between 40 and 120 Hz, generally regarded as characterizing
states of brain arousal, also appear during natural sleep in the
human cortex. The highest rates of oscillation detections were
obtained in SWS, while the lowest rates were observed during
waking. At first glance, our findings appear to contradict previous

EEG studies in both humans (Gross and Gotman, 1999; Cantero
et al,, 2004) and animal (Maloney et al., 1997) reporting that
gamma activity is highest during wakefulness and REM, and lowest
during SWS cycle. The most likely explanation for this discrep-
ancy is the difference in methodology. First, we used microelec-
trodes that can record from local cortical generators rather than
EEG recordings, which reflect the synchronization of large neu-
ronal populations. Second, in previous studies, averaging of spec-
tral activity over several minutes of recording cannot detect
transient changes in oscillatory activities. Overall, our findings
are consistent with other i1 vivo observations in animals (Steriade
etal., 1996; Grenier et al., 2001; Isomura et al., 2006; Mukovski et
al., 2007; Mena-Segovia et al., 2008), reporting neuronal re-
sponses in the beta/gamma bands (>20 Hz) during the depolar-
izing phase of slow sleep oscillations. Interestingly, in these
animal studies, no discrete spectral peaks were reported in the
high-frequency band, but rather a broad band continuum of ac-
tivity in the low-gamma frequency range (20— 60 Hz) (Steriade et
al., 1996) and higher (80-200 Hz) (Grenier et al., 2001). Here, in
contrast, we found that several discrete spectral peaks can be
systematically identified in the low- and high-gamma ranges.
These narrow-band oscillations could appear independently at
overlapping locations but, most of the time, emerged together in
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both cells fired around the troughs of the field gamma oscillations.

mixed patterns. This suggests that independent gamma genera-
tors may exist within the human cortex. These findings may also
relate to the proposal that, in the neocortex of human (Edwards et
al., 2005) and monkey (Ray et al., 2008), low gamma (30—80 Hz)
and high gamma (80—140 Hz) may reflect independent physio-
logical mechanisms associated with different functions.

Relations of gamma oscillations to epilepsy

The present results were obtained in individuals with epilepsy, who
may have abnormal synchrony during seizure-free periods in their
global activity patterns. In particular, epileptiform discharges are
often not limited to the primary epileptogenic region but can arise
from larger areas that were recruited in previous seizures (de Curtis
and Avanzini, 2001). Epileptic processes are also well known to be
characterized by a general tendency of hypersynchronization and
exaggeration of normal oscillations, as seen for example in the epi-
leptic facilitation of sleep spindles (Steriade et al., 1994) or ripples
(Clemens et al., 2007). However, epilepsy is unlikely to be the main
source of the observed oscillations for the following reasons. First,
gamma oscillations were associated with typical EEG slow waves
fulfilling standard polysomnographic criteria. Second, in a majority
of cases, cortical gamma oscillations were not coexistent with patho-
logic high-frequency oscillations >250 Hz (Engel et al., 2009).

Third, for patients with mesial temporal lobe epilepsy, gamma oscil-
lations were not temporally correlated with hippocampal interictal
spike discharges.

Large-scale spatial distribution of gamma patterns

We reported that gamma oscillations can be recorded in all in-
vestigated cortical areas. Especially during SWS, gamma activities
appeared at approximately the same time across many cortical
regions and in homotopic sites forming large spatially coherent
patterns. Because they were temporally correlated with positive
peaks of EEG slow waves, this strongly suggests that this activity is
partially synchronized with the cortical slow oscillation known to
be synchronous over wide cortical territories and to involve multiple
subsets of cortical structures (Massimini etal., 2004; Volgushev et
al., 2006; Murphy et al., 2009). Consistent with this role, coherent
slow fluctuations of gamma activity have been reported in the
human sensory cortex that is significantly correlated across the
two hemispheres (Nir et al., 2008).

Local cortical coherence of gamma patterns

In cats, coherence of high-frequency activity during slow oscilla-
tions was observed at distances between closely located cortical
sites over a few millimeters with near zero phase lag but fell off
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then rapidly with distance greater than 5 mm (Steriade et al.,
1996). In a similar way, we reported that gamma oscillations can
be correlated with near zero phase lag (<3 ms) within a single
cortical area (<10 mm) but long-range (between cortical re-
gions) coherence fell off rapidly with distance. In particular,
although gamma activities generally occurred almost simulta-
neously between the homotopic sides, there was no strict phase cor-
relation across the hemispheres. As proposed before (Destexhe et al.,
2007; Haider and McCormick, 2009), this short-range spatial
confinement of fast rhythms during SWS likely exhibits char-
acteristics similar to those observed during the waking state. Con-
sistent with this hypothesis, neuroimaging studies (Dang-Vu et
al., 2008) and high-resolution EEG imaging (Murphy et al., 2009)
recently reported in humans that the response pattern related to
SWS waves is close to the waking default mode network. These
findings, together with our data, suggest that transient activa-
tions, especially in the gamma frequency range, during cortical
UP states restore brief epochs of “microwake”-like activity pat-
terns. These patterns could reflect recalled events experienced
previously, which are “imprinted” in the network via synchro-
nized network events that appear during sleep slow-wave com-
plexes (Ji and Wilson, 2007; Luczak et al., 2007).

Precise spike synchronization during gamma oscillations

In the mammalian brain, synchrony of neuronal firing has been
often observed to be associated with gamma oscillation during
sensory information processing such as visual pattern recogni-
tion (Gray et al., 1989) or odor encoding (MacLeod and Laurent,
1996). Also, experimental findings demonstrated that the gamma
frequency band of ongoing activity in the cortex could provide
short “windows of opportunity” for interactions across remote
subpopulations of cells (Chrobak and Buzsaki, 1998; Salinas and
Sejnowski, 2001; Fries, 2005; Womelsdorf et al., 2007; Haider and
McCormick, 2009). In particular, the negative phases of gamma
activity provide temporal windows for putative interactions be-
tween interconnected neurons (Fries et al., 2007). Here, very sim-
ilarly, our observations suggest that gamma oscillations during
sleep may also briefly enhance local cortical communication by
an increased millisecond precision of spike synchronization.
These synchronizations may increase their output onto postsyn-
aptic neurons, triggering precise firing sequence through local
cortical networks (Luczak et al., 2007).

The function of gamma coherence in sleep

Slow-wave sleep, and particularly the cortical slow oscillation, is
important for consolidating memory traces acquired during
waking (Huber et al., 2004; Marshall et al., 2006). Gamma oscil-
lations during sleep might also support these consolidation pro-
cesses (Molle et al., 2004), thus complementing the roles of
gamma oscillations in encoding and retrieval of memory traces
during wakefulness (Sejnowski and Paulsen, 2006; Montgomery
and Buzséki, 2007). Consistent with this, we reported that cofir-
ings with millisecond precision between particular groups of cells
are enhanced by gamma oscillations and provide means to initi-
ate neuronal discharges on targets that would induce spike-time-
dependent plasticity in neocortical networks that may contribute
to stabilize memories (Sejnowski and Paulsen, 2006). Further-
more, consistent with unit studies in animals (Isomura et al.,
2006; Wolansky et al., 2006) or functional neuroimaging in hu-
mans (Dang-Vu et al., 2008), we also reported that gamma pat-
terns have their strongest rates of detection and earliest
activations in the parahippocampal gyrus. As a major relay be-
tween the hippocampus and the neocortex (Mohedano-Moriano
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etal., 2007), the parahippocampal cortex may play a critical role
in sleep-associated consolidation of memory by transferring in-
formation between hippocampus and neocortex (Clemens et al.,
2007, Axmacher et al., 2008). Indeed, we reported evidence of a
probabilistic coupling between parahippocampal gamma oscilla-
tions and hippocampal ripple/sharp wave complexes, known to
reactivate stored patterns of hippocampal activity (Wilson and
McNaughton, 1994). In particular, in a significant number of
cases, cortical gamma oscillations tended to occur within 100 ms
after hippocampal ripple/sharp waves, suggesting an information
flow from the hippocampus to the cortex. These observations are
consistent with others reporting a temporal association between
sharp waves and cortical slow waves in rodents (Battaglia et al.,
2004) or humans (Clemens et al., 2007; Axmacher et al., 2008),
suggesting a common driving influence of the slow oscillation on
both hippocampal ripples and cortical gamma oscillations. We
hypothesize that cortical gamma oscillations starting in corre-
spondence with ripple/sharp wave complexes may be influenced
by the reactivated information carried by the hippocampal sharp
waves and could elicit coordinated retrieval of corresponding
activity configurations stored in the cortex, especially in parahip-
pocampal areas, that are indexed by the hippocampal cue.
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