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Sleep-Dependent 6 Oscillations in the Human Hippocampus
and Neocortex
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Hippocampal 6 waves recorded during rapid eye movement (REM) sleep are thought to play a critical role in memory consolidation in
lower mammals, but previous attempts to detect similar 6 oscillations in the human hippocampus have been unsuccessful. Using
subdural and depth recordings from epileptic patients, we now report the first evidence of state-dependent hippocampal 6 waves (4 -7
Hz) in humans. Unlike the continuous 6in rodents, however, these oscillations were consistently observed during REM sleep in short (~1
sec) bursts and during transitions to wake in longer epochs. 6 waves were also observed in the basal temporal lobe and frontal cortex
during transitions from sleep to wake and in quiet wakefulness but not in REM, and they were not coherent with hippocampal 0
oscillations. The absence of functional coupling between neocortex and hippocampus during 6 periods indicates that multiple 6 gener-
ators exist in the human brain, and that they are dynamically regulated by brain state. -y oscillations were also present during REM 6
bursts, but the fluctuations in y power were not associated with 6 phase, pointing out another significant difference between rodent and
human 6 properties. Together, these findings suggest that the generation mechanisms of 6 oscillations in humans might have evolved
from tonic to phasic in hippocampus during REM sleep and extended from hippocampus to cortex, where they appear in certain

wakefulness-related states.
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Introduction

0 oscillations are one of the most prominent electrophysiological
features of the mammalian hippocampus (Whishaw and Vander-
wolf, 1973; Vertes and Kocsis, 1997; Buzsaki, 2002;). They have
been hypothesized to be involved in memory encoding and re-
trieval (O’Keefe and Recce, 1993; Skaggs et al., 1996), locomotor
activities in rodents (Vanderwolf, 1969), sensorimotor integra-
tion (Bland and Oddie, 2001), learning rate (Berry and Thomp-
son, 1978; Seager et al., 2002), and long-term potentiation (Lar-
son and Lynch, 1986; Pavlides et al., 1988; Huerta and Lisman,
1996; Holscher et al., 1997). In lower mammals, hippocampal 6
oscillations have demonstrated to be a reliable correlate of certain
behavioral states, emerging as a fundamental electrophysiologi-
cal feature of rapid eye movement (REM) sleep and specific be-
haviors during wakefulness (Winson, 1972).

Previous studies have reported human hippocampal # modu-
lations related to behavior during wakefulness (Halgren et al.,
1978; Arnolds et al., 1980; Meador et al., 1991). Two of these
studies, performed both with a single case, showed opposite re-
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sults when voluntary motor behaviors were associated with hip-
pocampal oscillations. Thus, Arnolds et al. (1980) found a higher
spectral power within the 0 band linked to certain motor behav-
iors, whereas Halgren et al. (1978) observed hippocampal 6 sup-
pression associated with the movement density. Hippocampal 6
power was also found to be significantly higher during conditions
of resting eyes-closed and learning of word-paired lists, as com-
pared with resting eyes-open and visuospatial learning condi-
tions (Meador et al.,, 1991). Furthermore, task-dependent 6
waves have recently been described in human neocortex and were
implicated in multiple mnemonic functions, including spatial
navigation (Kahana et al., 1999; Caplan et al., 2003) and working
memory (Raghavachari et al., 2001). Interestingly, these neocor-
tical O waves are usually short-lasting (~1-2 sec) and time-locked
to the cognitive task (Rizzuto et al., 2003). In contrast, 6 rthythms
in lower mammals appear tonically in the hippocampus during
periods of waking exploratory movements (Vanderwolf, 1969) as
well as during REM sleep (Winson, 1972) and arousals from sleep
(Green and Arduini, 1954).

Previous research using invasive EEG recordings from epilep-
tic patients have failed to provide evidence of 4—7 Hz 6 activity in
the human brain during sleep, although rhythmic activity from
the 0 range has been found in several studies (Freemon and
Walter, 1970; Bodizs et al., 2001; Uchida et al., 2001). For in-
stance, Bodizs et al. (2001) reported a significant increase in rel-
ative power within the 1.5-3 Hz band in parahippocampal gyrus
during REM as compared with slow-wave sleep (SWS) and wake-
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Table 1. Summary of demographic and clinical information for each patient
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Patient ~ Gender  Age(years)  Seizure type MRI findings Implant type Medication Surgical procedure
1 M 15 Left temporal lobe focus None Subdural plus depth  Antibiotics, anticonvulsives,  Left lateral temporal lobe
analgesics and left mesial tem-
poral lobe resections
2 M 14 Right frontal and temporal ~ Chiari-l malformation Subdural Analgesics, anticonvulsives Anterior right temporal
lobe focus and right frontal
resecctions
3 M 19 Left temporal lobe focus Right choroidal cyst, cerebellar ~ Subdural Analgesics, anticonvulsives Left inferior temporal
tonsils below foramen lobe resection
magnum
4 M 15 Left mesial temporal lobe None Depth Analgesics, anticonvulsives, ~ Small resections of left
focus antibiotics lateral temporal lobe,
hippocampus, and
amygdala
5 M 19 Left occipital focus Left temporoparietal lesions Subdural plus depth  Analgesics, anticonvulsives Left occipital resection
and multiple subpial
transectiopns through
parieto-occipital
regions
6 M 10 Right parietotemporal None Subdural Analgesics, anticonvulsives Left temporal lobectomy
focus and left mesial hip-
pocampectomy
7 M 19 Left parieto-occipital focus ~ Dysplasia in the left posterior Subdural Analgesics, anticonvulsives Left parieto-occipital
frontal lobe resection
8 M n Left frontal focus None Subdural Analgesics, anticonvulsives Left frontotemporal and
anterior frontal resec-
tions
9 M n Left temporal lobe focus None Subdural Analgesics, anticonvulsives Left anterior temporal
resection

fulness. Other authors have found faster activities (10—20 Hz) in
the medial temporal lobe during both wakefulness and REM
sleep but not in SWS (Uchida et al., 2001). Although the behav-
ioral aspects of these findings are similar to the sleep—wake cor-
relates of 6 rhythm in animals, the difference in frequency range
makes it premature to consider human oscillatory activities
within the & (Bodizs et al., 2001) and a-8 (Uchida et al., 2001)
bands equivalent to the animal hippocampal 6 rhythm, or even to
the state-dependent 6 (4-7 Hz) found in human EEG studies
during waking and REM sleep.

To determine whether spontaneous 6 oscillations appear in
the human brain with the same state-dependent features as in
rodents, we recorded electric field potentials across wake—sleep
states from multiple subdural electrodes placed on cortical
surfaces and depth electrodes implanted into the hippocampus.
We found state-dependent 6 oscillations (4—7 Hz) in the unfil-
tered EEG traces from hippocampus and different regions of neo-
cortex. No functional coupling was seen between these two struc-
tures in any brain state, strongly suggesting that human
hippocampus and neocortex have evolved to independent and
state-dependent generators of 6 waves.

Materials and Methods

Nine patients with drug-resistant epilepsy participated in this study (Ta-
ble 1). All patients underwent invasive monitoring to localize the specific
brain regions containing the epilepsy source. Intracranial electrodes were
made from platinum discs (3 mm diameter) and placed on the cortical
surface at 1 cm intervals. Depth electrodes were placed with a spacing of
8 mm. Electrode impedance was typically 60—70 () for both subdural and
depth probes. Six patients had electrode arrays implanted unilaterally in
various regions of the neocortex, two patients had bilateral depth elec-
trodes placed within the hippocampus in combination with neocortical
electrodes, and one patient had only bilateral depth electrodes within the

hippocampus (Table 1). The research protocol was approved by the
Committee on Clinical Investigation at Children’s Hospital (Boston,
MA), and informed consent was obtained from the patients and their
parents.

The location of the electrodes was determined using preoperative
magnetic resonance imaging and was coregistered with postoperative-
computed tomograms by an indirect stereotactic technique (Talairach
and Tournoux, 1988). Figure 1A shows bilateral placement of depth
electrodes within the hippocampal formation in one patient. Electrodes
placed on the epileptic focus, overlying regions of radiographically evi-
dent structural damage, or exhibited epileptiform EEG (i.e., spikes or
sharp waves, as determined by the clinical team) were excluded. When
epochs containing EEG artifacts and epileptic activity were identified in a
specific channel or set of channels, simultaneous EEG segments in the
rest of the channels were also eliminated from additional analysis. To
avoid maximal intromissions of oscillatory epileptic activity or artifact
contamination, both 1 min before and 1 min after each EEG segment
with artifacts and spikes was removed from the entire set of channels.

Intracranial and polysomnographic recordings were performed in the
patient room from 10:00-11:00 P.M. (lights off) to 8:00-9:00 A.M.
(lights on). Behavioral state was continuously monitored using video-
EEG, and additional polysomnographic measurements were recorded
for sleep staging. Data used for analysis were collected a minimum of 5 d
after surgical placement of the electrodes to avoid, as much as possible,
those perturbations associated with the surgery. Signals were amplified,
filtered (band-pass, 0.3—70 Hz), and digitized (256 Hz) with a Bio-Logic
system (Bio-Logic, Mundelein, IL). Scoring of sleep stages was per-
formed according to standard criteria (Rechtschaffen and Kales, 1968). 6
oscillations were clearly visible during spontaneous awakenings and in
REM sleep, as well as during quiet wakefulness, while subjects were sit-
ting or lying in their bed fully alert with eyes open but without apparent
motor behavior (determined by both video-EEG and electrophysiologi-
cal measurements).

To identify EEG segments containing 6 oscillations across brain states,
we first applied discrete-Fourier transform algorithms to the continuous
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raw signal to obtain 0 power values for each consecutive artifact-free EEG
epoch (1 sec) across states. Second, 6 power thresholds in each brain state
were determined by selecting the peak of 6 power per minute and aver-
aging these values. Thus, § power threshold was defined as the average of
0 peaks within a given state. Only EEG segments exceeding that threshold
were included in additional analyses. Spectral power density was esti-
mated using the Welch’s averaged modified periodogram method (1 sec;
linear detrending and Hanning windowing; MATLAB; MathWorks,
Natick, MA) for each EEG epoch selected previously in each wake—sleep
stage and brain region. Partial coherence analysis (Jenkins and Watts,
1968) was computed for all possible combinations of hippocampal and
neocortical electrodes in those 6 segments selected previously by the
discrete-Fourier transform algorithm in quiet wakefulness, transition
from sleep to wake, and REM sleep. This analytic approach allowed us to
discriminate between the portion of the total coherence that is directly
caused by both the coupling of the two specific signals and the common
influence from other neural sources not involved in the analysis (Bendat
and Piersol, 1980).

For analysis of the y component in the human hippocampal EEG and
its relationship to 6 phase, the signals were filtered between 6 (4-7 Hz)
and vy (30-50 Hz) bands using finite impulse response filters, which have
precisely zero phase distortion and magnitude modified by the square of
the magnitude response of the filter (filtfilt procedure, MATLAB; Math-
Works). The y component was then rectified and integrated using a
10-point moving average procedure. The relationship between variations
of 0§ and y power was estimated using coherence and 0-triggered averag-
ing of the v signal. For the latter, the peaks in the 6-filtered EEG were
identified, and both 6 and vy signals were cut into segments representing
one 0 cycle each and resampled (resample procedure, MATLAB; Math-
Works) to standardize the window lengths.

Results

Intracranial EEG recordings were acquired from nine patients
with intractable epilepsy. Three of these patients had depth hip-
pocampal electrodes. Artifact-free EEG segments containing 6
episodes were automatically selected using discrete-Fourier
transform algorithms (see Materials and Methods) applied to the
raw signal across the wake—sleep continuum in each patient. Fig-
ure 1B illustrates locations of recording sites across all nine pa-
tients. Colored symbols represent electrodes showed state-
dependent 6 oscillations.

In all three patients with hippocampal-depth electrodes, tran-
sient bursts of hippocampal 6 waves were identified during REM
sleep (Fig. 2 A, bottom trace) by using discrete-Fourier transform
algorithms (see Materials and Methods). These hippocampal
REM-6 bursts showed maximal spectral power at 5 Hz (mean *
SD, 4.95 = 0.8 Hz), lasted <3 sec (mean = SD, 1.66 * 0.7 sec)
(Fig. 3C), and occurred with a mean density of 10.9 = 7.1 (SD)
per minute. There was no correlation between these 6 bursts and
the phasic appearance of rapid eye movements during REM sleep
(p <0.3). REM-6 bursts did not show temporal association with
any electrophysiological sign of epileptic activity or spatial asso-
ciation with recording sites overlying hippocampal sclerosis. In
addition, no equivalent 6 activity was observed during SWS in
either hippocampal or neocortical regions. Across 30 min of
REM sleep and 30 min of SWS per person, the three patients with
depth implants within the hippocampus showed 35 6 bursts in
SWS, which was <4% of the 896 bursts seen in REM (patient 1,
p < 0.0002; patient 2, p < 10 ~°; patient 3, p < 10 '),

Hippocampal 0 oscillations were also observed during transi-
tions from sleep to waking, but in this case, simultaneously with
neocortical § waves (Fig. 2 A, top trace). These 0 oscillations, seen
in all three patients with hippocampal-depth EEG recordings,
lasted significantly longer (mean * SE, 7.3 = 2.8 sec; unpaired ¢
test, p < 10 ~?) and were slightly faster (mean * SE, 5.4 = 0.8 sec)
than 6 bursts in REM sleep.
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Figure 1. A, High-speed computed tomography view of the bilateral localization of multi-
contact depth electrodes in one of the participants. Aligned white dots correspond with the
positions of the electrodes. B, Locations of recordings sites across all nine participants. These
topographic maps show electrode locations on four views of a standard brain. Top left, Right
lateral view. Top right, Left lateral view. Bottom left, Inferior view. Bottom right, Mid-axial—
hippocampal view. Different shapes denote locations in different participants. Color-filled
shapes indicate electrodes showed state-dependent 6 oscillations. Note that some similar
depth electrodes (bottom right, blue) showed 6 oscillations during both REM and arousals from
sleep.

0 waves also appeared spontaneously in several neocortical
regions during quiet wakefulness (Fig. 4). 6 oscillations were
clearly identified in five patients with subdural electrodes located
in the frontal cortex and basal temporal lobe (Fig. 4A, B). In three
additional patients who had electrodes on the surface of the pa-
rietal cortex, on lateral regions of the temporal lobe, and over
occipital cortex, no spontaneous 6 oscillations were observed as
determined by automatic detection algorithms. Periods of neo-
cortical 0 activity during quiet wakefulness lasted significantly
longer than during REM sleep in the hippocampus (mean = SD,
6.9 = 4.1 sec; unpaired t test, p < 10~7) but were similar in
duration to the neocortical § waves associated with awakening
(unpaired ¢ test; t < 1; NS). In addition, the averaged power peak
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Figure2. Human 6 oscillations generated in the hippocampal formation during awakenings

from natural sleep and during REM sleep in bursts. A, Examples of unfiltered EEG traces contain-
ing hippocampal 6 oscillations associated with awakenings and REM bursts in one patient.
Talairach coordinates (L-R, A-P, I-S) (in mm): (24.0, —26.9, —7.2). Identical findings were
observed in the remaining two patients (Talairach coordinates: 24.0, —32.3, 1.1; and 24.0,
—32.1, —0.8). The same electrodes exhibited maximal & power during awakenings and REM
0. B, Spectra obtained from the EEG segments shown in A (thin lines) and from averaging all 6
segments (thick lines) in the same hippocampal electrode for that patient. Mean frequencies
are shown for averaged segments.

A B c
15% 10*
180
34 8
4
2
g
SWs £
< o x10°
23'41“ T T S RS y
VTP Y i
& s § min —i15s
Figure3.  Comparison of 6-burstactivity in REM sleep and SWS. A, Representative pattern of

6 power within the human hippocampus across 30 min of REM and SWS in a patient with
hippocampal-depth electrodes as determined by the discrete-Fourier transform algorithms.
The horizontal dashed line indicates the spectral power threshold used to quantify the number
of Oburstsin each brain state. The threshold was computed using the averaged peak of 6 power
per minute during the entire period of each cerebral state. Talairach coordinates (L-R, A-P, I-S)
(in mm): (24.0, —32.1, —0.8). B, Enlarged view of 1 min (indicated by the short, thick, black
line under both plots in A) of 6 power across time during REM and SWS, emphasizing the
presence of short 6 bursts selectively during REM sleep. G, Histogram of REM-6 burst durations
computed for the same patient and recording site. Results similar to those shown in A—C were
obtained in the other two patients with hippocampal recordings as well.

of neocortical 0 varied, depending on cortical location (Fig. 4C),
although the maximum spectral power was always within the
classical 6 band in humans (mean = SD, 5.9 = 0.7 Hz; frequency
range, 4—7 Hz). None of the three patients with depth electrodes
showed 6 oscillations in the hippocampus during quiet wakeful-
ness, supporting the hypothesis that the synchronous neuronal
firing associated with neocortical # waves in humans were corti-
cally specific and independent from 0 waves generated within the
hippocampus.

Because spectral energy within the 6 frequency range was pri-
marily absent from the neocortex during REM-6 bursts and from
the hippocampus during quiet wakefulness (Fig. 5B,D), it
seemed unlikely that these brain regions shared a single 6 gener-
ator. However, the similar amounts of 6 power in the neocortex
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Figure4. Human 6 oscillations in different regions of the neocortex during quiet wakeful-
ness. A, Approximate location of the electrodes that showed the maximum amplitude of 6
activity in five of eight patients with neocortical recordings (each symbol denotes a different
patient). Talairach coordinates (L-R, A-P, I-S) (in mm): @, 14.8,13.3,41.2; 4, —20.2,47.7,
8.9; A, —29.0,0.4, —27.4; [0, —60.5, —26.9, —11.4; and x, —44.1, —44.8, —15.7). B,
Unfiltered EEG recordings from locations indicated in A. Note that each EEG trace belongs to a
different patient and is highly representative of the pattern of electrophysiological activity
observed during quiet wakefulness in each individual patient. For each patient, most of the
electrodes placed within the same cortical region showed the same pattern of 6 oscillations
during quiet wakefulness. C, Spectral power density computed for a representative electrode in
each neocortical region involved in 6 generation during quiet wakefulness. Thick lines, Aver-
aged spectra for all 6 epochs; thin lines, spectra for single epochs shown in B. Peak frequencies
are for averaged spectra.

and hippocampus during transitions into waking (Fig. 5B,D)
raised the question of whether a shared generator might in fact
exist. Additional analysis showed that this was not the case.

Ordinary and partial coherence analyses of the EEG wave-
forms from two patients with both hippocampal and neocortical
electrodes yielded identical results (Fig. 5A, C). First, 6 coherence
between the hippocampus and neocortex was absent, regardless
of the brain state (Fig. 5A,C). Second, 6 oscillations within the
hippocampus and neocortex (patient 1, basal regions of temporal
lobe; patient 2, frontal cortex) were highly coherent during
REM-6 bursts, awakenings, and quiet wakefulness, even after re-
moving neocortical and hippocampal influences, respectively
(Lopes da Silva et al., 1980; Kocsis et al., 1999). Thus, even the
small amounts of 6 power and local coherences observed in the
hippocampus during quiet wakefulness and in the neocortex
during REM were not attributable to spreading from other cere-
bral structures that were actively generating 6 waves.

An important feature of 60 states in rodents is that high-
frequency oscillations in the yy range, primarily ~40 Hz, appear in
CAL1 and dentate gyrus, tightly coupled with 6 waves during both
REM sleep and exploration. It was demonstrated in rats (Bragin
et al., 1995; Csicsvari et al., 2003) and mice (Buzsaki et al., 2003)
that the magnitude of y power maintained a phase relationship
with the 6 cycle. To determine whether similar phenomenon
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Figure 5.  Evidence of different 6 generator sources within the human hippocampal forma-
tion and neocortex. 4, Averaged partial coherence results between pairs of electrodes for each
wake—sleep state after removing common influences from other sources. Electrode pairs were
located within the hippocampal formation (hipp— hipp; coordinates: 24.0, —26.9, —7.2; and
24.0, —36.2, 3.1), the basal surface of the temporal lobe (ctx— ctx; coordinates: —29.0, 0.4,
—27.4;and —43.8, —38.3, —14.6), or had one electrode in each structure (hipp— ctx; coor-
dinates: 24.0, —26.9, —7.2; and —29.0, 0.4, —27.4). B, Comparison of averaged 6 power
(47 Hz) within hippocampus and neocortex for each wake—sleep state. Data are from the
same subject as in A. (, Same as A, but for a different patient. Corticocortical coupling in this
patient was determined using a pair of electrodes located in the frontal lobe. Talairach coordi-
nates (in mm): hipp— hipp, 24.0, —32.1, —0.8,and 24.0, —15.7, —12.1; ctx—ctx, 14.8,13.3,
41.2,and 25.0,21.9,31.2; hipp— ctx, 24.0, —32.1, —0.8,and 14.8, 13.3,41.2.D, Same as B, but
for the patient shown in . Results for both partial coherence and spectral analysis were essen-
tially unchanged when other combinations of electrodes were used in each patient.

occurs in the human hippocampus, vy phase synchrony was in-
vestigated as a function of 6 cycle for each EEG epoch containing
REM-6 bursts.

We found that 30-50 Hz oscillations were indeed present in
human hippocampal EEG during 6 states. However, y oscilla-
tions showed no phase modulation triggered by hippocampal 6
cycle (Fig. 6) in any of the three patients, which is in clear contrast
with previous findings reported in rodents (Bragin et al., 1995;
Buzsaki et al., 2003; Csicsvari et al., 2003).

Discussion

The findings reported here reveal that, as in other mammals,
human 6 oscillations (4—7 Hz) observed within the hippocampus
as well as within specific regions of the neocortex are modulated
by brain state, although they also show important differences in
electrophysiological properties as compared with other species.
The absence of coupling between hippocampus and any neocor-
tical region during the emergence of 6 oscillations strongly sug-
gests that these cerebral structures have distinct and independent
0-wave generators, which are activated differently depending on
the ongoing brain state. Furthermore, y amplitude did not ap-
pear to be modulated by 6 cycle within the hippocampus, point-
ing out that generation mechanisms of both cerebral rhythms
may not be shared in humans. Human 6 oscillations were re-
ported previously to be task-modulated in parietoccipital cortex
and basolateral regions of the temporal lobe when patients were
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Figure 6.  Absence of phase relationship between 6 cycle and -y amplitude in human hip-
pocampus. Averaged peak of yamplitude (bottom, thick line) showed an inconsistent relation-
ship with the 6 cycle (top) as revealed by the high variability observed in -y peak (% SD values
represented by thin lines). 6 cycle (top) was obtained after averaging all 6 cycles contained in
REM-6 bursts recorded in three patients with hippocampal implants.

performing a virtual navigation task (Kahana et al., 1999; Caplan
et al., 2001, 2003). However, 0 was also observed at many sites
that were not task-dependent (Kahana et al., 1999; Caplan et al.,
2001). Therefore, our study supports previous findings on the
existence of 0 oscillations in human neocortex during wakeful-
ness, but it also provides the first demonstration of sleep-
dependent 6 oscillations (4—7 Hz) in both human neocortex and
hippocampus.

Tonic oscillations in the 6 range (1.5-3 Hz) have been re-
ported previously to be present in temporolateral regions and
hippocampus during human REM sleep. These oscillations
showed a higher relative power in human REM sleep in compar-
ison with other cerebral states (Bodizs et al., 2001). In contrast,
our results revealed that human 6 oscillations (4—-7 Hz) appear in
short bursts during REM sleep, and no similar electrophysiolog-
ical events were observed in either SWS or wakefulness. The rea-
son for these discrepancies is not altogether clear. Electrodes were
placed in parahippocampal regions and the hippocampus using
different implantation techniques in each study. Thus, our pa-
tients were implanted with multicontact depth electrodes,
whereas foramen ovale electrodes were used in the study by
Bodizs et al. (2001). Although both studies claim that electrodes
were placed within the hippocampus, the exact location is prob-
ably different. This aspect may be especially important because 6
rhythm in lower mammals has been shown to change dramati-
cally in amplitude, depending on the hippocampal subregion or
layer (Buzsaki et al., 1986; Brankack et al., 1993). Another reason
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for this inconsistency might be that phasic 6 activity was never
looked for in previous studies (Bodizs et al., 2001; Uchida et al.,
2001), suggesting that different types of hippocampal slow oscil-
lations might coexist in human hippocampus during REM sleep.

We used partial coherence analysis to investigate hippocam-
pal—cortical relationships in the generation of human 6 oscilla-
tions in different brain states. This analytic approach has been
successfully applied to determine not only the direct correlation
between EEG signals recorded from two different brain regions
but also whether highly coherent oscillations within two struc-
tures are either a property of the system itself or the result of a
third common input (Lopes da Silva et al., 1980; Kocsis et al.,
1999). Thus, whereas the hippocampus appears to be primarily
involved in the generation of REM-6 bursts, both basal regions of
temporal lobe and frontal cortex participate more actively in the
generation of 0 oscillations during quiet wakefulness. Interest-
ingly, cortical and hippocampal generators of 6 oscillations were
equally active during the transition from sleep to wakefulness.
The presence of neocortical 6 oscillations observed here and in
other studies might be mediated by the entorhinal cortex influ-
ence. This cerebral structure has been shown to have widespread
projections to different neocortical regions (Amaral and Witter,
1995), and to generate 6 oscillations (Mitchell et al., 1982).
Therefore, results obtained in this study support the existence of
independent and state-dependent generators of human 6 oscilla-
tions located in the hippocampus and the presence of state-
dependent 6 oscillations in basal regions of the temporal lobe and
frontal cortex. It is relevant to state that rodent 6 rhythms, ob-
served in a variety of species, show significant differences as com-
pared with the electrophysiological features of human 6 oscilla-
tions observed in this study, which suggests that human 6
generators might have evolved and changed their functional roles
as part of the brain evolutionary process.

Hippocampal 6 oscillations observed during transition to
wakefulness are similar to the 3—7 Hz waves reported in the hip-
pocampus of unanesthetized rabbits (Green and Arduini, 1954),
which also lasted for several seconds and were consistently asso-
ciated either with spontaneous awakenings from natural sleep or
with periods of waking with afferent stimulation. The similarity
of these 3-7 Hz oscillations to the 6 oscillations reported here
suggests that 6 activity might also serve as an arousal mechanism
for the transition from sleep to wake, emerging in humans not
only in the hippocampus but in cortical structures as well.

The role of hippocampal 6 in animal cognition is well estab-
lished. Elimination of hippocampal 6 rhythm in rodents results
in deficits in both acquisition (Mitchell et al., 1982) and retrieval
of spatial memories (Winson, 1978). But there is only indirect
evidence, coming from magnetoencephalographic studies, sug-
gesting the possibility of human hippocampal 6 oscillations dur-
ing spatial navigation (De Araujo et al., 2002) and working mem-
ory (Tesche and Karhu, 2000) tasks. Systematic studies are now
needed to determine whether human hippocampal 6 oscillations
are coupled to motor behavior and spatial cognition, because
they are in rodents.

Our findings demonstrate that 6 oscillations are also a proto-
typical feature of human REM sleep, although they appear tran-
siently as compared with other lower mammals, and their ap-
pearance is restricted to the hippocampal formation. The phasic
nature of hippocampal 6 activity seen during human REM sleep
is different from the tonic activity seen in rodents but similar to
the short bouts of f activity recorded from the basal dendritic side
of CA1 in monkeys under urethane anesthesia (Stewart and Fox,
1991), which points again to clear differences between lower and
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higher mammals with respect to the brain mechanisms involved
in the generation of 6 oscillatory activity. It has been suggested
that 0 oscillations enhance the formation of long-term memories
by facilitating the process of long-term potentiation (Larson and
Lynch, 1986; Pavlides et al., 1988; Huerta and Lisman, 1996; Hol-
scher et al., 1997), even when 6 waves and incoming stimuli are
correlated for periods =1 sec. Thus, the relatively brief REM-6
bursts recorded in the human hippocampus are compatible with
a model of potentiated off-line memory consolidation during
sleep. Hippocampal 6 oscillations during REM sleep, together
with intermittent sharp waves initiated in the hippocampus dur-
ing slow-wave sleep, have been proposed as a potential neuro-
physiological mechanism for the preservation of experience-
induced synaptic modifications in rodents (Buzsaki, 1998).
Although speculative, a possible functional role for the human
REM-6 bursts reported here might be the off-line reactivation of
memory traces within the hippocampus, perhaps priming the
memory for replay to the neocortex during other sleep stages or
in association with other electrophysiological events.

As shown in rodents in detail, state-dependent activity of the
hippocampus is controlled by ascending subcortical input, in-
cluding chemical modulatory drives (Vertes and Kocsis, 1997).
During REM sleep, for example, both elevated acetylcholine level
and serotonergic withdrawal exert f-promoting effects that last
throughout the entire state of REM sleep. They activate various
extra- and intra-hippocampal 6 generators, which in turn pro-
duce uninterrupted rhythmic slow oscillations in the hippocam-
pal EEG. The development of these generators through evolution
is unknown. However, short periods of 0 in anesthetized monkey
(Stewart and Fox, 1991) and the transient nature of human
REM-6 bursts shown here point to the role of intrinsic hip-
pocampal generators, which are known to fluctuate in the rat
(Kocsis et al., 1999) and produce intermittent oscillations in slice
preparations in response to administration of cholinergic ago-
nists (Konopacki et al., 1987).

Because epilepsy has been primarily proposed as a disorder of
synchronization, 6 oscillations reported here might be thought to
be a manifestation of such pathology. Several sources of evidence
lead us to believe that our findings of state-dependent 6 oscilla-
tions reflect normal brain activity. (1) Electrodes overlying re-
gions of known lesions or seizure-onset zones were excluded
from analysis. (2) Sites showed 6 oscillations in each cerebral state
with a high degree of spatial localization (Fig. 1 B shows a finding
opposite of what one would expect from an uncontrolled process
like epilepsy). (3) Brain regions showing 6 oscillations in waking
and sleep were quite different, a finding difficult to explain in
terms of epileptic foci. (4) Variants of oscillatory activity present
in epileptic brains have been shown previously to be unrelated to
the pathology. One illustrative example is sleep spindles, which
have been recorded intracranially in epileptic patients and shown
to be similar to normal sleep spindles but unrelated to epilepsy
(Malow et al., 1999). (5) 6 oscillations may actually act to inhibit
seizure onset in vivo (Miller et al., 1994), and 6 in vitro is insensi-
tive to osmolality, a variable that affects patients’ susceptibility to
seizures (Osehobo and Andrew, 1993). (6) None of the partici-
pants showed electrophysiological signs of epileptic activity dur-
ing sleep states. (7) The presence of hippocampal REM-6 bursts
was observed in three of three patients with hippocampal depth
implants. It is important to note that one of these (patient 5)
(Table 1) did not have an epileptic focus within the hippocam-
pus, and the remaining two (patients 1 and 4) (Table 1) did not
show REM-6 bursts in electrodes placed over regions that had
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radiographically evident structural damage or that exhibited ep-
ileptiform activity.

The findings presented in this study support the hypothesis
that hippocampal 6 oscillations are a ubiquitous, state-
dependent, cerebral manifestation maintained across much of
the mammalian class. It is tantalizing to consider the possibility
that the appearance of independent 6 generators in the human
cortex might contribute to our unique cognitive capacities.
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