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Statement of Significance
Sleep in mammals comprises the core sleep stages of slow-wave sleep (SWS) and rapid eye movement (REM) sleep which are thought of as
unitary phenomena expressing themselves in a coherent way throughout the brain. We compared the occurrence of sleep and sleep stages in
electroencephalogram recordings of cortical activity and local field potential recordings from prefrontal cortex and hippocampus. Although
SWS congruently occurred in signals covering neocortical and hippocampal activity, REM sleep often started substantially earlier in the
hippocampus than in neocortical networks. The findings indicate a region-specific regulation of REM sleep with implications for the functions
commonly attributed to this stage.

Introduction

Classically, sleep and its composing sleep stages have been thought of as homogenous states that capture the whole organism, or at least the whole
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Mammalian sleep comprises the stages of slow-wave sleep (SWS) and rapid eye movement (REM) sleep. Additionally, a transition state is
often discriminated which in rodents is termed intermediate stage (IS). Although these sleep stages are thought of as unitary phenomena
affecting the whole brain in a congruent fashion, recent findings have suggested that sleep stages can also appear locally restricted to specific
networks and regions. Here, we compared in rats sleep stages and their transitions between neocortex and hippocampus. We simultaneously
recorded the electroencephalogram (EEG) from skull electrodes over frontal and parietal cortex and the local field potential (LFP) from the
medial prefrontal cortex and dorsal hippocampus. Results indicate a high congruence in the occurrence of sleep and SWS (>96.5%) at the
different recording sites. Congruence was lower for REM sleep (>87%) and lowest for IS (<36.5%). Incongruences occurring at sleep stage
transitions were most pronounced for REM sleep which in 36.6 per cent of all epochs started earlier in hippocampal LFP recordings than in the
other recordings, with an average interval of 17.2 ± 1.1 s between REM onset in the hippocampal LFP and the parietal EEG (p < 0.001).
Earlier REM onset in the hippocampus was paralleled by a decrease in muscle tone, another hallmark of REM sleep. These findings indicate a
region-specific regulation of REM sleep which has clear implications not only for our understanding of the organization of sleep, but possibly
also for the functions, e.g. in memory formation, that have been associated with REM sleep.
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brain. Based on such concept, sleep was defined using behavioral criteria, such as physical quiescence and increased arousal thresholds. The most
widely accepted approach to characterize sleep is polysomnography which includes the simultaneous recording of electroencephalographic (EEG) and
electromyographic (EMG) recordings and, additionally in humans, electrooculographic recordings [1, 2]. These signals allow us to differentiate in
mammals the two principal sleep stages of slow-wave sleep (SWS) and rapid eye movement (REM) sleep [3, 4]. Additionally, in rodents and cats, a
transition state between SWS and REM sleep can be discriminated which is called intermediate stage (IS) [5–7]. Although all these sleep stages are
considered as global phenomena, in recent years evidence has accumulated suggesting that sleep and sleep stages might not congruently take place in
the whole brain, but can also locally occur restricted to specific networks and regions [8]. For example, in human neocortex, local activations were
recorded while SWS was simultaneously present in other regions [9]. In mice, intrusions of sleep-like activity patterns were observed in local
neocortical networks during prolonged wake periods and immediately after spontaneous awakening [10, 11]. In simultaneous scalp and intracranial
recordings in human patients, most slow waves and spindles hallmarking the EEG during SWS were found to occur only in local neocortical networks
[12].

The findings of these studies mostly examine activity within neocortical networks, underlining the local nature of phenomena defining sleep stages like
spindles and slow waves. However, much less is known about the congruence in the occurrence of entire sleep stages between different brain
structures. This is important, on the one hand, because the different sleep stages are often thought to fulfill specific functions. For example, “dual
process theories” of memory formation during sleep assume that SWS supports consolidation of declarative memory, whereas REM sleep supports
consolidation of procedural memory [13, 14]. On the other hand, the functions allocated to the different sleep stages are typically not established
within only a single structure such as the neocortex, but rely on interactions between cortical and subcortical interactions. Thus, memory formation
during SWS is assumed to involve the co-ordinate dialogue between neocortex and hippocampus [15, 16]. Indeed, consistent with a region-specific
organization of sleep stages, intracranial recordings in human patients revealed that spindles occur in the hippocampus several minutes before sleep
onset [17]. In a recent first systematic examination of sleep stages in the rat neocortex and hippocampus, both regions were found to concurrently be
in different sleep stages nearly as often as they were in the same [18]. In light of the strong implications of these findings for the understanding of
sleep and its functions, we here sought to confirm and extend those previous experiments. In rats, we recorded the EEG via skull electrodes over the
frontal and parietal cortex and, additionally, local field potentials (LFPs) from medial prefrontal cortex (mPFC) and dorsal hippocampus (dHC). Our
results reveal a high congruence in the occurrence of SWS at the different recording sites, which was decreased with regard to REM sleep. In many
cases, the hippocampus appeared to enter REM sleep, together with a decrease in muscle tone, substantially earlier compared with the other
recording sites.

Materials and Methods

Animals
The recordings were performed in five male Long Evans rats (Janvier, Le Genest-Saint-Isle, France, 280–340 g, 14–18 weeks old). Animals were
kept on a 12 hr/12 hr light/dark cycle with lights off at 19:00 hr. Water and food were available ad libitum. All experimental procedures were
approved by the University of Tübingen and the local institutions in charge of animal welfare (Regierungspräsidium Tübingen).

Surgery
Standard surgical procedures were followed as described previously [19]. Animals were anesthetized with an intraperitoneal injection of fentanyl
(0.005 mg/kg of body weight), midazolam (2.0 mg/kg), and medetomidin (0.15 mg/kg). They were placed into a stereotaxic frame and were
supplemented with isoflurane (0.5%) if necessary. The scalp was exposed and five holes were drilled into the skull. Three EEG screw electrodes
were implanted: one frontal electrode (AP: +2.6 mm, ML: −1.5 mm, with reference to Bregma), one parietal electrode (AP: −2.0 mm, ML: −2.5 mm),
and one occipital reference electrode (AP: −10.0 mm, ML: 0.0 mm). Additionally, two platinum electrodes were implanted to record LFP signals: one
into the right mPFC (AP: +3.0 mm, ML: +0.5 mm, DV: −3.6 mm) and one into the right dHC (AP: −3.1 mm, ML: +3.0 mm, DV: −3.6 mm). Electrode
positions were confirmed by histological analysis. One stainless steel wire electrode was implanted in the neck muscle for EMG recordings.
Electrodes were connected to a six-channel electrode pedestal (PlasticsOne, USA) and fixed with cold polymerizing dental resin and the wound was
sutured. Rats had at least 5 days for recovery.

Electrophysiological recordings
Rats were habituated to the recording box (dark grey PVC, 30 × 30 cm, 40 cm high) for 2 days, 12 hr per day, before actual recordings started.



Experimental recordings were performed for 12 hr during the light phase, starting at 7:00 hr. The rat’s behavior was simultaneously tracked using a
video camera mounted on the recording box. EEG, LFP, and EMG signals were continuously recorded and digitalized using a CED Power 1401
converter and Spike2 software (Cambridge Electronic Design, UK). During the recordings, the electrodes were connected through a swiveling
commutator to an amplifier (Model 15A54, Grass Technologies, USA). The screw electrode in the occipital skull served as reference for all EEG,
LFP, and EMG recordings. Filtering was for the EEG between 0.1 and 300 Hz, for LFP signals a high-pass filter of 0.1 Hz was applied, and for the
EMG between 30 and 300 Hz. Signals were sampled at 1 kHz.

Histology
After the last recording session, electrolytic lesions were made at the tip of the electrodes to verify their precise location (dHC and mPFC). Rats
were deeply anesthetized with a lethal dose of fentanyl, midazolam, and medetomidin and intracardially perfused with saline (0.9%, wt/vol) followed
by a 4 per cent paraformaldehyde fixative solution. After extraction from the skull, brains were post-fixed in 4 per cent paraformaldehyde fixative
solution for 1 day. Brains were then sliced into coronal sections (70 μm) and stained with 0.5 per cent toluidine blue (Figure 1).

Sleep stage characterization
The sleep stages (SWS, IS, and REM sleep) and wakefulness were determined offline for subsequent 10 s epochs through visual inspection. For
classification of sleep stages, standard criteria were followed as described by Neckelmann et al. [2] and Bjorvatn et al. [20]. Accordingly, the wake
stage was characterized by predominant low-amplitude fast activity associated with increased EMG tonus. SWS was characterized by predominant
high-amplitude delta activity (<4.0 Hz) and reduced EMG activity, and REM sleep by predominant theta activity (5.0–10.0 Hz), phasic muscle
twitches, and minimum EMG activity. IS was identified by a decrease in delta activity, a progressive increase of theta activity and the presence of
sleep spindles (10–16 Hz). Sleep stage classification was independently performed for the frontal and parietal EEG signals and the mPFC and dHC
LFP signals. Each single EEG and LFP record was independently classified (together with the associated EMG record) by two experienced
experimenters (interscorer agreement > 89.9%). Consensus was achieved afterwards for epochs with discrepant classification. In addition to the
classical scoring based on subsequent 10 s intervals, we rescored recordings using 2 s intervals, to examine dissociations of sleep stages at a finer
temporal resolution. Analyses based on the scoring of 2 s intervals confirmed essential all results of the classical 10 s scoring and will not be reported
here in detail.

Data analyses
Time spent asleep and in the different sleep stages, number of episodes, and average duration of an episode in each sleep stage was calculated for
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Electrode positions. (A) Schema of recordings. For EEG recordings, two skull electrodes were placed above the frontal and parietal
lobe, respectively, of the left hemisphere; for LFP recordings, electrodes were inserted in the mPFC and dHC, respectively, in the right
hemisphere. An EMG electrode was implanted into the neck muscle. The reference for EEG, LFP, and EMG recordings was a screw
electrode placed above the occipital lobe. (B) Coronal histological sections showing electrode implantation sites (arrows) in the mPFC
(left top) and dHC (left bottom). (C) Maps of electrode positions for mPFC (top) and dHC (bottom) LFP recordings (3.0 and −3.22 mm
anteroposterior referenced to Bregma, respectively) across five animals. EEG = Electroencephalogram; LFP = Local field potential;
EMG = Electromyogram; mPFC = Medial prefrontal cortex; dHC = Dorsal hippocampus.
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the whole 12 hr recording period. Also, for each sleep stage, the co-occurrence between any two recording sites was calculated by determining the
percentage of 10 s epochs with co-occurrence of the specific sleep stage with the number of epochs with occurrence of this sleep stage in at least
one of the recordings set to 100 per cent. This report is limited to the congruence between the frontal EEG signal which we used as reference (as it is
most commonly used in rodent sleep research) and the three other recording sites.

To examine whether the timing of transitions into or out of specific sleep stages systematically differed between recording sites, we calculated
average “delay times” for each recording site. For this purpose, the signal at the four recording sites was scanned, and whenever a transition into the
sleep stage of interest occurred at one site, this time point was set to zero. Then, the transition delays for all the remaining channels were calculated
based on the difference relative to this reference time point. For each recording site, the delay times to enter a specific sleep stage were averaged
across all transitions into this sleep stage.

To characterize sleep stage transitions, power spectra were calculated based on MATLAB (Mathworks, USA) algorithms and the FieldTrip toolbox
[21]. To this end, fast Fourier transformation (FFT) was applied to Hanning tapered blocks of 10,000 data points (corresponding to 10 s epochs), to
calculate the single-sided amplitude spectrum within 0.1–25 Hz, before and after the onset of a sleep stage of interest. Power values were also used
to generate time-frequency plots. Phase coherence between the dHC signal and the signal in each of the three other channels was calculated based
on the frequency domain of each signal’s Fourier representation computed with FieldTrip (ft_freqanalysis). To calculate EMG amplitude, the signal
was root mean squared (rms), then filtered using a third-order low pass Butterworth filter of 0.2 Hz, and down-sampled to a rate of 100 Hz.

Statistical analyses
Kolmogorov–Smirnov test was used to assure normality of the distribution for each parameter. Differences in sleep stage classifications between
recording sites were assessed using repeated measures analyses of variance (ANOVA) with a recording Site factor (frontal EEG, mPFC LFP,
parietal EEG, dHC LFP) which was followed by post hoc paired sample t-tests, to specify significant differences between any two of the recording
sites. For comparisons of mean power spectra, mean coherence, and mean EMG rms amplitude measures over time, nonparametric permutation tests
were used with 2000 iterations [22]. A p-value of <0.05 was considered significant.

Results

Characterization of sleep stages from skull EEG and cortical and hippocampal
LFP recordings
Sleep architecture was determined using the frontal EEG and EMG recordings. During the 12 hr recording period, the rats spent (mean ± SEM) 262.4
± 14.0 min (corresponding to 36.3 ± 5.0% of the recording time) awake and 458.7 ± 13.8 min (63.7 ± 1.9%) asleep, with 364.1 ± 14.0 min (50.5 ±
5.0%) spent in SWS, 15.6 ± 2.1 min (2.2 ± 0.3%) in IS, and 79.0 ± 3.3 min (11.0 ± 0.5%) in REM sleep (Table 1). Figure 2A shows example
recordings from the different recording sites for one animal. We took the frontal EEG signal as reference and determined the congruence (i.e. co-
occurrence) of sleep stages between the frontal EEG and each of the three other recording sites (i.e. the parietal EEG and the LFP signals from
mPFC and dHC). The congruence in wake and sleep stage occurrence during the total 12 hr period was high for time in wake (>92.0%) and SWS
(>96.5%), somewhat lower for REM sleep (>87.0%), and distinctly lower for IS (<36.5%) where congruence was lowest for the mPFC LFP
recordings (2.5 ± 1.6%, Figure 2B).

Table 1.

Sleep architecture during the 12 hr recording period based on the frontal EEG recordings



Sleep architecture during the 12 hr recording 

Stage Latency (min) No. of episodes Time in min Time in % 

Wake 0 ± 0 161.4 ± 15.1 262.4 ± 14.0 36.4 ± 5.0 

SWS 34.7 ± 4.8 172.6 ± 15.0 364.1 ± 14.0 50.5 ± 5.0 

IS 118.1 ± 18.6 49.8 ± 5.1 15.6 ± 2.1 2.2 ± 0.3 

REM sleep 120.0 ± 17.0 47.8 ± 5.0 79.0 ± 3.3 11.0 ± 0.5 

Latency is given with reference to start of the recording period. Average time spent in the different sleep stages is given in minutes and
per cent of total 12 hr recording time. n = 5.

SWS = Slow-wave sleep; IS = Intermediate stage; REM = Rapid eye movement.

View Large

The time spent awake and in the different sleep stages for each of the recording sites was then subjected to ANOVA which revealed significant
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Sleep stage characterization in EEG and LFP recordings. (A) Examples of 10 s epoch recordings of (from top to bottom) frontal EEG,
mPFC LFP, parietal EEG, and dHC LFP during wakefulness (top left), SWS (top right), IS (bottom left), and REM sleep (bottom right).
(B) Comparison of sleep stage occurrence in the different recordings. Occurrence of sleep stages in mPFC LFP, parietal EEG, and
dHC LFP signals is expressed as percentage of congruence with the occurrence of the sleep stages in the frontal EEG signal used as
reference. (C) Distribution of time spent awake, in SWS, IS and REM sleep and (D) average duration of episodes awake, in SWS, IS,
and REM sleep for the different recording sites. Box-whisker plots indicating median, upper quartile and lower quartile, top and bottom of
the box, respectively. *p < 0.05; **p < 0.01; ***p < 0.001 for pairwise comparison. EEG = Electroencephalogram; LFP = Local field
potential; EMG = Electromyogram; mPFC = Medial prefrontal cortex; dHC = Dorsal hippocampus; SWS = Slow-wave sleep; REM =
Rapid eye movement; IS = Intermediate stage.
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differences among the recording sites for time awake (F(3, 12) = 4.02, p = 0.034), time in IS (F(3, 12) = 11.95, p = 0.001), and in REM sleep (F(3,
12) = 5.66, p = 0.012), whereas time in SWS did not differ among recording sites (F(3, 12) = 2.26, p = 0.134; Figure 2C). Post hoc analyses of wake
time indicated slightly longer wake times in mPFC than dHC LFP recordings (t(4) = 2.91, p = 0.044). Time in IS was longer in both frontal and
parietal EEG signals compared with both mPFC and dHC LFP signals (t ≥ 5.8, p ≤ 0.05, for all comparisons, Figure 2C). IS was not detectable in
mPFC recordings in three animals, and in dHC recordings in one animal. Time spent in REM sleep was longer in dHC than in mPFC LFP recordings,
and also longer than in parietal EEG recordings (t ≥ 2.96, p ≤ 0.041, for all comparisons).

There were also distinct differences between the recording sites in the average duration of SWS periods (F(2.81, 2930.4) = 60.2, p < 0.001) and
REM sleep periods (F(3, 759) = 14.1, p < 0.001, Figure 2D). SWS periods were generally longer in the EEG than LFP signals, and shortest in the
mPFC LFP signal (t ≥ 13.3, p ≤ 0.03, for respective comparisons). REM sleep duration was also shortest in the mPFC signal (t ≥ 4.9, p ≤ 0.001, for
all comparisons).

Wake–sleep transitions
Generally, the disparate appearance of sleep stages at the different recording sites concentrated on periods of transition between sleep stages. To
examine whether the timing of wake-to-sleep transitions depended on the recording site, we analyzed in which of the four recording sites an ongoing
wake epoch ended first (set to t = 0), and determined for each of the remaining recording sites the time interval it took to also finish the wake period
and to enter sleep. The main result of this analysis was that the frontal EEG transited from wake into sleep significantly earlier than all other
recording sites (F(2.629, 1614.2) = 27.64, p < 0.001, for ANOVA Site main effect, t ≥ 7.14, p ≤ 0.001 for respective pairwise comparisons, Figure
3A). However, although significant, the time differences were overall moderate (on average < 3.5 s) and below the 10 s resolution of visual sleep
stage scoring. A corresponding analysis for sleep-to-wake transitions revealed that the frontal EEG was also the first to transit from sleep into
wakefulness with this effect reaching significance for the comparisons with the mPFC LFP and parietal EEG signals (F(3, 2022) = 9.09, p < 0.001,
for Site main effect, t ≥ 4.34, p ≤ 0.001, for pairwise comparisons).

Figure 3.
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Transitions into and out of sleep and REM sleep. Timing of (A) wake-to-sleep (left) and sleep-to-wake transitions (right) and (B) of
transitions into REM sleep (left) and out of REM sleep (right) at the different recording sites (frontal EEG, mPFC LFP, parietal EEG and
dHC LFP). In these analyses, the earliest transitions into the specified brain state occurring at a certain recording site were set to 0 s
and, then, the delay time was calculated till this transition occurred at each of the other recording sites. The y-axes indicate the mean
(±SEM) delay time (across all detected transitions) for each recording site. Note, overall short delay times for wake-to-sleep transitions
with the frontal EEG indicating first signs of sleep following a wake period. Note also that in dHC LFP recordings REM sleep is entered
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Appearance of IS and REM sleep
IS episodes were overall rather short (0.31 ± 0.04 min) and most often identified in the frontal EEG recordings (Figure 2C). IS preceded REM sleep
epochs in 71.9 ± 5.1% (frontal EEG), 3.45 ± 2.18% (mPFC LFP), 61.7 ± 7.5% (parietal EEG), and 18.6 ± 11.8% (dHC LFP) of all REM sleep
epochs. We determined for the periods when the frontal EEG indicated IS, the occurrence of SWS and REM sleep at the other recording sites.
During these periods (with the frontal EEG indicating IS), at the other recording sites, overall more SWS than REM sleep occurred, with no
significant difference in SWS percentage among the recording sites (p > 0.75, for Site main effect, Figure 4B). On the other hand, the percentage of
REM sleep during these periods was highest in the dHC recordings, and significantly higher when compared with the mPFC LFP and parietal EEG
(F(2, 8) = 10.20, p = 0.006, for Site main effect, t ≥ 4.35, p ≤ 0.012 for respective pairwise comparisons).

substantially earlier than at all other recording sites. **p < 0.05; **p < 0.01; ***p < 0.001 for pairwise comparisons. EEG =
Electroencephalogram; LFP = Local field potential; mPFC = Medial prefrontal cortex; dHC = Dorsal hippocampus; REM = Rapid eye
movement.

Figure 4.
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Appearance of REM sleep. (A) Example recordings of frontal EEG, mPFC LFP, parietal EEG, dHC LFP, and EMG signals over three
consecutive 10 s intervals. Note, while REM sleep (as identified by high theta activity) is present in dHC LFP recordings already in the
first 10 s interval, at the other sites consolidated REM sleep is reached not until the third 10 s interval. EMG activity decreases already
during the first 10 s interval. (B) Percentages of SWS (left) and REM sleep (right) at the different recording sites, for intervals of IS in the
frontal EEG. (C) Percentages of SWS (left) and IS (right) at the different recording sites, when REM sleep had started already in dHC
LFP recordings. Means (±SEM) across all epochs are indicated. *p < 0.05; **p < 0.01 for pairwise comparison. EEG =
Electroencephalogram; LFP = Local field potential; EMG = Electromyogram; mPFC = Medial prefrontal cortex; dHC = Dorsal
hippocampus; SWS = Slow-wave sleep; REM = Rapid eye movement; IS = Intermediate stage.
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To directly examine sleep stage dynamics at the transition into REM sleep, we identified REM sleep onsets in any of the four recording sites and
assessed how long it took in the respective three other recording sites to enter REM sleep (Figure 3B). This analysis revealed that REM sleep started
overall substantially earlier in the dHC recordings compared with all other recording sites, with the greatest difference between REM sleep
occurrence in dHC and parietal EEG recordings where REM sleep occurred with an average delay of 17.2 ± 1.1 s (with reference to dHC REM
onset; F(2.53, 387.2) = 38.21, p < 0.001, for ANOVA Site main effect, t ≥ 4.23, p ≤ 0.001, for all pairwise comparison with dHC recordings, see
Supplementary Figure S2 for results from an analysis based on the more fine-grained scoring of 2 s epochs). In 36.6 per cent of all REM sleep
episodes detected (53 cases of 145), REM sleep onset in dHC recordings preceded that at all other sites (whereas in only eight cases REM sleep
started simultaneously at all sites) and in 16.5 per cent of all REM sleep episodes detected (24 cases of 145), REM sleep in the dHC LFP started
later than in one of the other sites. In addition, REM sleep occurred significantly earlier (by on average 8.8 ± 1.3 s) in the frontal than in the parietal
EEG (t(153) = 6.81, p < 0.001). A corresponding analysis of transitions out of REM sleep revealed that REM sleep, on average also ended earliest in
dHC LFP recordings. Although the respective time difference was rather small (on average < 5 s), the effect reached significance in comparison
with the mPFC LFP and parietal EEG signal (F(2.74, 421.7) = 4.29, p = 0.007, for Site main effect, t ≥ 2.05, p ≤ 0.042, for respective pairwise
comparisons Figure 3B).

We further analyzed the sleep stages in the other recordings sites when REM sleep had started first in dHC recordings. The frontal EEG indicated IS
during almost 80 per cent of this time, whereas the LFP from mPFC indicated SWS most of the time, and in the parietal EEG IS and SWS each
covered about half of the time (see Figure 4C also for pairwise statistical comparisons). Finally, we examined the time course of the dissociation
between REM sleep onset in cortical EEG and dHC LFP recordings across the 12 hr recording period (summarized in Supplementary Figure S1).
These analyses revealed that the number of REM epochs increased across this period. However, the number of REM sleep epochs with an earlier
onset in dHC LFP than cortical EEG recordings remained constant and, accordingly, the proportion of such epochs with an earlier onset in
hippocampal LFP recordings decreased across this time (H(2) = 6.36, p = 0.042, for Kruskal–Wallis one-way ANOVA effect of time).

Theta activity and muscle atonia at early hippocampal REM sleep onsets
We further examined those transitions into REM sleep (n = 53) which occurred earlier in dHC LFP recordings than at the other recordings sites. For
these cases, we calculated average power spectra for EEG and LFP signals, for 10 s intervals before and after REM sleep onset, respectively.
Averaging was done either time-locked to REM onset as identified in the dHC LFP recordings or time-locked to REM onset as identified in each of
the respective other three recording sites (Figure 5A–C). Comparing these two ways of time-locking revealed distinct differences for the frontal and
parietal EEG, i.e. power was higher in a broad frequency range including delta (1.0–4.0 Hz) and spindle (10–16 Hz) frequencies before and (though
less consistently) also after the REM onsets when these REM onsets were determined in the respective EEG recordings in comparison to the spectra
aligned to REM onset as defined in dHC LFP recordings. Notably this increase spared the 5.0–10.0 Hz theta band. Moreover, analyzing the
coherence between recordings for cases where dHC LFP entered REM sleep first in the same way revealed a significantly reduced coherence in
theta activity, particular between the dHC LFP and frontal EEG, when recordings were time-locked to the REM onset in the dHC recording (Figure
5D). Together these findings suggest that during the intervals of early local REM sleep in dHC recordings, there is also high theta activity in the
cortical EEG activity that is synchronized to the hippocampal theta. However, the detection of REM sleep in the EEG signal is hampered by strong
concurring SWS-related oscillatory activity.

Figure 5.
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For the cases where REM sleep onset in dHC recordings preceded REM onset in the three other recording sites, we also assessed the time course of
muscle atonia as another hallmark of REM sleep. Generally, root mean square (rms) EMG activity, as expected, distinctly decreased from the 10 s
interval before REM sleep onset to the 10 s interval after REM sleep onset. In the cases with an earlier REM sleep onset in dHC recordings, this
decrease from before to after REM sleep onset was significantly higher when the rms EMG signal was time-locked to the onset as determined in the
dHC recordings, compared with time-locking the signal to REM sleep onset as determined in any of the other recording sites (F(2.2, 84) = 9.74, p <
0.001, for Site main effect, t ≥ 6.6, p ≤ 0.03 for pairwise comparisons, Figure 5E). Thus, earlier REM onsets in dHC recordings were also
accompanied by earlier muscle atonia. A complementary analysis on the cases where REM sleep occurred in dHC LFP recordings occurred later
than at least one of the other three recording sites, did reveal hints that in these cases atonia is specifically coupled to REM occurrence in the

View large Download slide

Early transitions into REM sleep at dHC LFP recordings. (A, B) Average time-frequency plots (power—color coded) in the different
frequency bands for frontal EEG, mPFC LFP, parietal EEG, and dHC LFP signals, during a ±20 s interval around REM sleep onset (“0
s”) for the cases when REM sleep started first in dHC LFP recordings (n = 53). Averages in (A) are time-locked to REM onset as
identified in dHC LFP recordings, and in (B) to REM onset as identified in each of the other three recordings sites. (C) Power spectra for
10 s epochs before (left) and after (right) REM sleep onset for the cases when REM sleep started first in dHC LFP recordings, time-
locked to REM onset as identified in dHC LFP recordings (black lines), and time-locked to REM onset as identified in each of the
respective other three sites (frontal EEG, mPFC LFP, and parietal EEG; grey lines). (D) Coherence between the dHC LFP signal and
the frontal EEG for 10-s epochs before (left) and after (right) REM sleep onset for the cases when REM sleep started first in dHC LFP
recordings, time-locked to REM onset as identified in dHC LFP recordings (black line) and time-locked to REM onset as identified in the
frontal EEG (grey). (E) Upper panel: Average EMG root mean square signal during a ±20 s interval around REM sleep onset (“0 s”) for
the cases when REM sleep started first in dHC LFP recordings (n = 53). Averages were either time-locked to the REM sleep onset as
determined in dHC LFP recordings (black solid line) or to the REM sleep onset as determined in the parietal EEG (grey line). (C, D, and
E) Significant differences in power, coherence, and EMG rms, respectively, are indicated by horizontal thin (p < 0.05) and thick (p <
0.01) red lines. Bar graph below shows mean differences in EMG rms activity between the 10 s intervals before minus after REM sleep
onset for these cases, with REM sleep onset determined either in frontal EEG, mPFC LFP, parietal EEG, or dHC LFP recordings. Note,
highest value, i.e. strongest decrease in EMG activity for defining REM sleep onset with reference to dHC LFP signal (black bar). *p <
0.05; ***p < 0.001 for pairwise comparisons. EEG = Electroencephalogram; LFP = Local field potential; EMG = Electromyogram;
mPFC = Medial prefrontal cortex; dHC = Dorsal hippocampus; rms = root mean square.
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hippocampal recording (Supplementary Figure S3).

Discussion

We compared in rats the expression of sleep stages in EEG recordings over frontal and parietal cortex and in LFP recordings from mPFC and dHC,
and found distinct differences between cortical and hippocampal signals that mainly pertained to the timing of REM sleep. In dHC LFP recordings,
REM sleep epochs in many cases started substantially earlier than at the other recording sites preferentially covering neocortical activity, which
confirms recent findings by Emrick et al. [18]. The early start of REM sleep in hippocampal recordings, moreover, was accompanied by a REM
sleep-typical decrease in muscle tone. We also found differences in the occurrence of SWS at the different recording sites. However, compared with
those found for REM sleep, these were overall marginal. In fact, determination of SWS in neocortical and hippocampal signals was hallmarked by a
very high congruence of greater than 95 per cent. Our findings underline that differences in the regional expression of sleep stages need to be
considered when it comes to characterizing the function of sleep stages, especially of REM sleep.

The high congruence of SWS at the different recording sites with no differences in the time spent in SWS in neocortical and hippocampal signals
suggests that SWS reflects a rather unitary phenomenon that catches widespread areas of the brain. Classification of SWS relies mainly on the
occurrence of slow waves including the <1.0 Hz slow oscillation. These oscillations are generated in thalamo-cortical networks [23–26]. Beyond
synchronizing activity in these regions, the oscillations are also known to synchronize activity in several other brain regions including the hippocampus,
thereby allowing precisely timed interactions between these regions [19, 27–29]. However, despite the high congruence in the occurrence of SWS at
the different sites, there were subtle differences. At a first glance, it appears surprising that in the mPFC LFP signal the mean duration of SWS
epochs was on average slightly shorter than at the other sites, because the prefrontal cortex is thought to be a major source of slow waves [30].
However, an LFP recording from deep layers of the mPFC is expected to be most sensitive to and to pick up only locally generated slow potential
changes, whereas the amplitude of slow wave potentials originating from other sites is comparatively low at this site. By contrast, skull EEG
electrodes, although receiving an overall diminished potential, pick up slow-wave signals from rather broad cortical areas. Consistent with this
explanation, we found that the prefrontal EEG signal was the first to indicate the occurrence of SWS. Again, it is to emphasize that these differences
were marginal and appear to mainly reflect the different sensitivity of LFP and EEG recordings to the slow-wave signal.

Contrasting with the SWS-related findings, the observed differences in REM sleep occurrence appeared to reflect a disparate regulation of this sleep
stage in neocortical and hippocampal networks, which were most obvious at the transition into this sleep stage. This was evident already in the
analyses of IS which in rats is defined as a transition stage between SWS and REM sleep, mainly characterized by the simultaneous occurrence of
spindle-like activity and theta activity. Apart from the fact that co-occurrence of IS at the different sites was quite low (<37%), we found that IS
epochs mainly occurred in EEG recordings covering frontal cortical signal, and that while the frontal cortex was in IS, the hippocampal LFP signaled
already the presence of REM sleep much more often than the other recording sites (Figure 4B). Conversely, during early REM sleep onsets in
hippocampal LFP recordings, the frontal EEG signaled the presence of IS in almost 80 per cent of the cases (Figure 4C), altogether suggesting that
the spread of hippocampal theta activity might contribute to classification of IS in the cortical signal. Indeed, due to its amalgamate nature and the
resulting difficulties to determine this sleep stage, in many studies IS is not considered as a separate stage from SWS.

The view of a disparate regulation REM sleep in hippocampal and neocortical networks is corroborated by our finding that REM sleep onset in
hippocampal LFP recordings on average substantially preceded REM onsets at the other recoding sites. This finding confirms and extends findings
from a previous study [18], which overall reported an even stronger asynchrony in the occurrence of REM sleep comparing skull EEG recordings
with dorsal hippocampal LFP recordings. Of note, in that study hippocampal LFP recordings were referenced to an electrode in neocortical deep
white matter, which contrasts with the present recordings employing an occipital skull electrode. Although widely used in standard LFP recordings,
such reference electrode might bias hippocampal LFP recordings due to EEG activity picked up from underlying cerebellum [31]. However,
comparing our present dHC LFP recordings with those in other studies using different electrode montages did not reveal obvious alterations, e.g. with
regard to the occurrence of spindles and theta activity. Also, theta activity (used as core signal for the determination of REM sleep) showed up in
very much the same way when, for exploratory purposes, we re-referenced the dHC LFP signal to the medial prefrontal LFP electrode.
Nevertheless, although a substantial bias seems unlikely, the precise contribution of cerebellar EEG activity during sleep to the dHC LFP signal using
an occipital skull reference is presently unclear. It is hence the more important that the central findings of our study quite well agree with those of
Emrick et al., despite their use of a rather different reference for LFP recordings. Note, our findings exclude an independent regulation of REM sleep
in the hippocampus because in the hippocampus REM sleep much more often preceded that followed the occurrence of REM sleep in neocortex.
The signal hallmarking REM sleep is 5.0–10.0 Hz theta activity which, however, also occurs during (active) wakefulness [32, 33]. Generation of the
theta rhythm involves the medial septum along with the diagonal band of Broca which directly projects to the hippocampus, with the hippocampal
network representing the major theta current generator [33, 34]. In this way, the first appearance of REM sleep in hippocampal networks and before
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the appearance in neocortex might partly be a consequence of this direct innervation of the hippocampus from theta generating structures. However,
the early appearance of REM sleep in hippocampal recordings, in our study, was also coupled to a distinct decrease in muscle tone (Figure 5E),
another major feature of REM sleep, with this coupling pointing to the involvement of brainstem mechanisms in the disparate regulation of
hippocampal REM sleep. The meso-pontine area of the brainstem, including REM-off and REM-on networks, has been proposed as a switch
between REM sleep and SWS [35]. Different populations of the REM-on network project to the basal forebrain (including theta generating structures
of the medial septum and diagonal band of Broca) and to medullary nuclei and the spinal cord where they contribute to establishing muscle atonia
[35–37]. Thus, projections of these brainstem REM-on networks are likely capable of mediating a concurrent increase in hippocampal theta activity
and muscle atonia.

Interestingly, in the cases where REM sleep occurred earlier in hippocampal networks, our spectral analyses of the EEG signal during this interval
revealed enhanced power in wide frequency ranges including the 0.5–4.0 Hz slow wave activity and the 10–16 Hz spindle activity ranges
characteristic for SWS, but sparing the 5.0–10.0 Hz theta range (Figure 5C). Notably, this increase spared the 5.0–10.0 Hz theta range reflecting that
the EEG recordings at that time also expressed high theta activity which—as revealed by coherence analyses—appeared to be synchronized in phase
with the hippocampal theta rhythm (Figure 5D). Thus, when REM sleep occurs earlier in the hippocampus than neocortex, this appears to be due to
SWS-related activity still capturing neocortical networks, in the presence of REM-related theta activity that in the EEG, at that time, probably
represents volume-conducted hippocampal activity [38, 39]. This conclusion is further supported by our analysis of the time course in dissociation of
cortical and hippocampal REM sleep onset, indicating enhanced proportion of REM sleep epochs with earlier onset in hippocampal networks in the
beginning of the recording (light) period when sleep and pressure were high. Thus, the expression of theta activity per se in the cortical EEG during
this time of local hippocampal REM sleep appears not to be hindered by the simultaneous appearance of slow wave and spindle frequency activity
[40]. The mechanisms that then, with some delay, make neocortical networks to ultimately synchronize to the hippocampal theta rhythm remain to be
clarified.

In sum, our data are consistent with the concept that sleep and SWS for the most part present as global phenomena with a common impact on
different brain regions. However, the occurrence of REM sleep underlies region-specific regulatory mechanisms, in as much this sleep stage in many
cases begins substantially earlier in hippocampal than neocortical networks. Future studies need to characterize the mechanisms mediating this
dissociation between hippocampal and neocortical networks, and the question to what extent this dissociation might become stronger with increased
propensity of sleep and SWS. Whatever the case, the present findings might be also of relevance for the understanding of the functions (like memory
formation) that have been associated with the stage of REM sleep and involve respective structures of interest [41, 42].
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