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Sleep Spindles and Hippocampal Functional Connectivity in
Human NREM Sleep
Kátia C. Andrade, Victor I. Spoormaker, Martin Dresler, Renate Wehrle, Florian Holsboer, Philipp G. Sämann,
and Michael Czisch
Max Planck Institute of Psychiatry, 80804 Munich, Germany

We investigated human hippocampal functional connectivity in wakefulness and throughout non-rapid eye movement sleep. Young
healthy subjects underwent simultaneous EEG and functional magnetic resonance imaging (fMRI) measurements at 1.5 T under resting
conditions in the descent to deep sleep. Continuous 5 min epochs representing a unique sleep stage (i.e., wakefulness, sleep stages 1 and
2, or slow-wave sleep) were extracted. fMRI time series of subregions of the hippocampal formation (HF) (cornu ammonis, dentate gyrus,
and subiculum) were extracted based on cytoarchitectonical probability maps. We observed sleep stage-dependent changes in HF
functional coupling. The HF was integrated to variable strength in the default mode network (DMN) in wakefulness and light sleep stages
but not in slow-wave sleep. The strongest functional connectivity between the HF and neocortex was observed in sleep stage 2 (compared
with both slow-wave sleep and wakefulness). We observed a strong interaction of sleep spindle occurrence and HF functional connectivity
in sleep stage 2, with increased HF/neocortical connectivity during spindles. Moreover, the cornu ammonis exhibited strongest functional connectivity with the DMN during wakefulness, while the subiculum dominated hippocampal functional connectivity to frontal
brain regions during sleep stage 2. Increased connectivity between HF and neocortical regions in sleep stage 2 suggests an increased
capacity for possible global information transfer, while connectivity in slow-wave sleep is reflecting a functional system optimal for
segregated information reprocessing. Our data may be relevant to differentiating sleep stage-specific contributions to neural plasticity as
proposed in sleep-dependent memory consolidation.

Introduction
In functional magnetic resonance imaging (fMRI), spontaneous
signal fluctuations have recently been used to study functional
cerebral connectivity (Fox and Raichle, 2007). Such signal fluctuations are organized in distinct functional resting-state networks (RSNs). Among the various RSNs, the default mode
network (DMN) received particular attention, being linked to
self-referential processes in humans, such as autobiographical
memory and future envisioning (Buckner et al., 2008). It consists
of subsystems in which the hippocampal formation (HF) and the
lateral temporal cortex are involved in memory collection and
building of associations, flexible use of this information to construct mental simulations, and integration of these processes
(Buckner et al., 2008; Buckner, 2010). Also, the posterior nodes of
the DMN (posterior cingulate, precuneus, and inferior parietal
lobules) correspond to regions involved in memory recollection
(Vincent et al., 2006).
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Preserved DMN connectivity was reported in light sleep (Horovitz et al., 2009; Larson-Prior et al., 2009), while the DMN
showed disintegration in slow-wave sleep (Horovitz et al., 2009;
Sämann et al., 2011). More subtle network changes, like a reduced contribution of the HF to the DMN, have also been shown
at sleep onset (Sämann et al., 2011). However, as these studies
focused on the DMN as a whole network, it remained unclear
whether the HF builds up alternative functional connectivities
with brain areas outside the DMN throughout non-rapid eye
movement (NREM) sleep. Such a reorganization of functional
connectivity (fc) may be of interest in light of the proposed role of
sleep for long-term memory consolidation (Sutherland and McNaughton, 2000; Born et al., 2006; Rasch and Born, 2007; Walker,
2009). During sleep, memories initially encoded in the hippocampus may be transferred to the neocortex for long-term
storage (Hasselmo and McClelland, 1999; Squire, 2004; Durrant
and Lewis, 2009; Girardeau et al., 2009; Mölle and Born, 2009). In
the present study, we focused on the hippocampal fc analyzing
fMRI data collected during sleep by using the time courses of
hippocampal subregions as seed regressors. We then analyzed
their fc correlates for wakefulness (W), transitional sleep stage 1
(S1), and the NREM sleep stages 2 (S2) and slow-wave sleep
(SWS); and extracted sleep spindle features from the EEG, probing four specific hypotheses. First, that the HF shows strongest
functional connectivity to the major DMN nodes in wakefulness.
Second, that in stable NREM sleep (stages S2 and SWS), different
functional connectivity should be revealed. Based on the assumption of increased hippocampus-to-neocortical informa-
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tion transfer during sleep, frontal and temporal brain regions
should be more involved. Third, that hippocampal functional
connectivity changes during sleep are hypothesized to be associated with EEG spindle activity, based on the relation of hippocampal ripple and sleep spindle activity in rodents (Sirota et
al., 2003). Fourth, regarding the role of hippocampal subregions
(dentate gyrus, cornu ammonis, and subiculum), we hypothesize
particularly enhanced functional connectivity of the hippocampal output region, the subiculum, during sleep.

Materials and Methods
Subjects
The study protocol was in accordance with the Declaration of Helsinki
and was approved by the ethical review board of Ludwig-Maximilians
University, Munich, Germany. Participants provided written informed
consent after the procedure had been fully explained and were reimbursed for their participation. Subjects underwent a general medical and
structured psychiatric interview, clinical MRI, and EEG to exclude clinical conditions that could interfere with the study protocol. Combined
fMRI/polysomnography was obtained from 25 healthy adults [13 men,
mean (SD) age 24.7 (3.2) years; 12 women, 24.8 (2.5) years]. Participants
were instructed to follow a regular sleep–wake schedule with bedtimes
between 23:00 and 08:00 h during the week before the experiment, documented by sleep diaries. Participants were asked to get up ⬃3 h earlier
on the experimental day to increase the probability of falling asleep in the
MRI scanner. Wrist actigraphy during the night and day before the experiment was used to control subjects’ adherence to the sleep restriction.
Simultaneous EEG/fMRI experiments started round 21:00. After EEG
montage and positioning in the MRI scanner, subjects were informed
that no further active participation was required the following 2–3 h, and
that they could fall asleep.

fMRI and EEG acquisition
Simultaneous polysomnography was comprised of 19 EEG electrodes
placed according to the international standard 10/20 system, electrooculogram, submental electromyography, and an electrocardiogram (sampling rate 5 kHz, EasyCAP modified for sleep; VisionRecorder version
1.03, Brain Products). For noise protection, subjects wore ear plugs and
headphones. fMRI was performed at 1.5 tesla (Signa LX; GE) using an
eight-channel head coil.
One fMRI run consisted of 800 functional whole-brain images (EPI;
repetition time, 2000 ms; echo time, 40 ms; flip angle, 90°; 64 ⫻ 64
matrix; in-plane resolution, 3.4 ⫻ 3.4 mm 2; slices, 25; slice thickness, 3
mm; gap, 1 mm; oriented along anterior commissure–posterior commissure) acquired over 26.7 min. This time restriction originated in an absolute scanner software limitation to continuous acquisition of 20,000
slices at maximum. To allow for vigilance monitoring during the recording session, the sleep stage was determined online with real-time gradient
EEG artifact correction performed using the Vision RecView (version
1.0) software (Brain Products). If the subject was not able to fall asleep,
only reached light NREM sleep stages, or showed an early and rapid
transition to S2 and SWS during the first run, acquisition was repeated in
the same scanning session to increase the probability of recording the
missing sleep stages. In total, 40 fMRI runs (length, 26.7 min) were
acquired from 25 subjects. Graph theoretical analyses and an analysis
focusing on the DMN using this dataset have been published previously
(Spoormaker et al., 2010; Sämann et al., 2011).

Sleep stage rating
EEG data were first corrected for gradient-induced and cardioballistic
artifacts (VisionAnalyzer 1.05; Brain Products). After this, spectral filtering (0.5–30 Hz) was applied. Sleep stage scoring following Rechtschaffen
and Kales (1968) criteria of all 40 fMRI runs was performed in 20 s
windows. The hypnograms of the 40 recorded 26.7 min sessions were
then screened for 5 min intervals of one specific stable sleep stage with a
presence of ⬎85% throughout the epoch, without arousals or movement
artifacts in either EEG or fMRI. This resulted in a total of 93 epochs from
the four vigilance stages (W, 27; S1, 24; S2, 24; SWS, 18). Additional

details about the selected epochs are given in Spoormaker et al. (2010,
their Table 1 and supplemental Table 1).

fMRI analysis
Preprocessing. All fMRI analyses were performed in 64-bit Linux workstations using SPM, version 5 (www.fil.ion.ucl.ac.uk/spm) and in-house
scripts programmed in IDL version 6.3 (www.ittvis.com) and Matlab
version 2008B (MathWorks). The fMRI preprocessing steps consisted of
deletion of the first five volumes to avoid possible nonequilibrium contrasts, slice time correction to account for different acquisition times
between slices, realignment using rigid body transformation of all images
to the first image to correct for head motion (data with head movements
⬎2 mm were excluded) and spatial normalization of the images to a
standard EPI template in MNI (Montreal Neurological Institute) space
(SPM5 distribution) and interpolation to a voxel resolution of 2 ⫻ 2 ⫻ 2
mm 3 using fifth-degree splines.
Removal of artificial signals. To remove artificial components from the
time courses, normalized, spatially unsmoothed images were residualized by multiple regression analysis in the GLM framework against the
following regressors: (1– 6) six parameters derived from the realignment
step, (7–12) their respective first order derivatives, (13, 14) global signals
from white matter (WM) and CSF, and (15, 16) and their respective
first-order derivatives. The resulting residual images, which represent the
error term of the model and therefore only contain signal fluctuations
not explained by motion or WM or CSF regressors, were temporally
(low-pass filter, 0.1 Hz in FSL 3.2; www.fmrib.ox.ac.uk/fsl) and spatially
(isotropic Gaussian kernel, full width half maximum, 6 mm) filtered.
Additionally, data were analyzed without temporal low-pass filtering to
qualitatively assess whether temporal filtering has a strong influence of
the fc analysis (see supplemental Discussion, available at www.jneurosci.
org as supplemental material).
Fixed-effects model. For each subject and sleep stage, residual low-pass
filtered data were then correlated with the corresponding hippocampal
time courses extracted from the very same dataset. Subregions of the
hippocampal formation were defined from probabilistic cytoarchitectonic maps as previously described (Amunts et al., 2005) and implemented in the SPM anatomy toolbox (supplemental Fig. 2, available at
www.jneurosci.org as supplemental material) (Eickhoff et al., 2005).
Time courses were calculated as the mean signal of all voxels inside the
specific region, extracted using the SPM toolbox Marsbar (Brett et al.,
2002). The following bilateral subregions were used: cornu ammonis
(CA), dentate gyrus (DG), and subiculum (SUB), as well as all regions
combined (whole hippocampus). To minimize contamination of the
time courses with CSF contributions, only voxels with a probability
⬍20% of being CSF (according to the SPM probability maps) were extracted from the subregions. For each subject and sleep stage, the mean
time course of each bilateral subregion was regressed on the residual
fMRI images in three separate fixed-effects analyses.
Random-effects model. For analyzing sleep stage influences, second
level random-effects analysis was performed using a two-factorial design
(subregion, three subregions; and sleep, wakefulness and three NREM
sleep stages). A map of the HF fc during wakefulness was generated by a
t test against zero combining all subregions. Effects of sleep and subregion were tested using ANOVA. In addition, independent sample t tests
in both directions were performed (W vs S1, W vs S2, W vs SWS, S1 vs S2,
S1 vs SWS, and S2 vs SWS). Finally, specific subregional contributions
were identified per sleep stage by contrasting each subregion against the
two other subregions combined.
The fc map collected during wakefulness was thresholded at pFWE ⬍
10 ⫺6, extent ⬎150 voxels. For the main effects of sleep and subregion, for
the bidirectional sleep stage comparison, and for the subregional analyses, a cluster collection threshold was defined at p ⬍ 0.001 and significance of the resulting clusters was assessed under consideration of
nonstationary smoothness ( pFWE,cluster ⬍ 0.05) (Hayasaka et al., 2004).
Anatomical images were acquired during the clinical screening session.
All activation maps are shown on the group mean 3D T1-weighted image. All figures are displayed using the neurological convention.
To control for the nestedness in our data due to subjects having epochs
in various sleep stages (Spoormaker et al., 2010, their supplemental Table
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As in Schabus et al. (2007), the power fluctuation in the EEG delta band (0.5– 4 Hz) was added
as a covariate, as spindles are modulated by slow
waves. For this purpose, we extracted the delta
power from Fz per fMRI volume using fastFourier transform (resolution ⫽ 0.5 Hz, Hanning window, 10%) and convolved it with the
hemodynamic response function to account
for the delayed neurovascular response in
fMRI signal fluctuations. For each subject, the
HRF convolved event regressors of fast and
slow spindles and their derivatives, along with
delta power, were regressed against the residual
low-pass filtered fMRI images in a fixed-effects
model.
The total number of superthreshold hits is
constant across epochs (5% of 1450 bins, ⬇73
bins). To determine the number of sleep spindles per 30 s epoch, we used an additional duration criterion on the binary onset regressor,
described above. Only such hits are considered
being part of a true spindle, which are followed
Figure 1. A, Extension of the HF network during wakefulness. Positive functional connectivity of DMN nodes and the HF is
by at least one more superthreshold hit in the
⫺6
shown ( pFWE ⬍ 10 , extent ⬎ 150 voxel). Color coding indicates t values. MNI coordinates of each slice are given. B, Contrast
following 3 s. Doing so, we found the total
estimates ⫾SDs extracted at the peak voxel of the indicated cluster, separated for each sleep stage (W, S1, S2, SWS). MNI
number of spindles (fast and slow) to be 3.23
coordinates (x, y, z) of the cluster peak voxel are provided.
(0.45) [mean (SD)] per 30 s, well in the range
described in literature (Gais et al., 2002).
Second-level analysis was performed on the
S1), we re-ran the analyses with linear mixed models as implemented in
individual contrast images of the canonical regressor. A two-sample t test
SPSS 16.0, correcting for the variable subject ID. The primary regions
(slow and fast spindles) was then performed under consideration of violafrom SPM contrasts in Figure 2 were used for the analysis, in which we
tion of sphericity as implemented in SPM5 (Friston et al., 2005). Individextracted the first eigenvariate of the magnitude values from the firstual T-contrasts of the main effect for fast or slow spindles as well as the
level contrasts. If a cluster was significant in a particular automated anadifferential contrast between spindles types were analyzed. Statistical infertomical labeling (AAL) region (Tzourio-Mazoyer et al., 2002), we
ence was made as described above. Spindle activity was also analyzed without
extracted values from the whole AAL region with SPM5. If a region
temporal low-pass filtering of the fMRI data to assess effects of filtering.
showed a significant difference in the statistical parametric map (which
does not control for nestedness) but not in the linear mixed model
Interaction analysis
(which controls for nestedness), we would conclude that the results were
Psychophysiological interaction analysis (PPI) refers to a method that
confounded by nestedness.
relates the functional coupling between one area and the rest of the brain
to results of psychological tests. More generally, any independent temSleep spindle analysis
poral event regressor, including physiological signals, may be used as
Analysis of sleep spindles and related fMRI activation was based on the proceinteracting events. In our study, we used electrophysiological data, not
duresdescribedbySchabusetal.(2007).IntheEEGdataoftheselectedepochsin
psychological measures, for the interaction analysis, resulting in a physsleep stage 2, occurrence of slow and fast sleep spindles was determined after
iophysiological interaction. PPIs between the EEG fast spindle data and
bandpass filtering of 11–13 Hz (0.0145 s, 48 dB/oct) and 13–15 Hz (0.0122 s, 48
the BOLD signal time courses of the three HF subregions were evaluated
dB/oct), respectively.
to test whether changes in HF fc had an interaction with increased spindle
The spindle frequency range may be affected by residual magnetic field
activity. PPIs were performed for CA, DG, and SUB in three distinct
gradient artifacts at a frequency of ⬃12.5 Hz due to the timing of the
analyses. PPI was set up in the framework of SPM5. Herein, the BOLD
fMRI experiment. We assessed the quality of artifact correction based
signal fluctuations of each of the subregions are deconvolved from the
on the reduction of the higher frequency harmonics of the gradient
HRF effects to get a neural representation of the presumed underlying
artifact in the power spectrum. We found the power for spindles to be
neural activity. In PPI, the resulting regressor was forwarded to convo⬎200 times higher than the power of the remaining artifacts. We can
lution with the binary vector of classified spindles. The three resulting
therefore safely neglect the influence of the residual artifacts on spinregressors were as follows: (1) binary vector of classified spindles, (2) the
dle detection.
neural representation of the fMRI time series, and (3) the binary vector of
The root mean square (rms) of the filtered signal was calculated in time
classified spindles convolved with the neural representation of the fMRI
windows of 200 ms. For slow spindles, EEG data collected at electrode Fz
time series. In the fixed-effects model, these three regressors were evenwere used, as slow spindles are known to be strongest over frontal brain
tually convolved with the HRF to match the hemodynamically delayed
regions; for fast spindles (with parietal dominance), Pz was used (De
fMRI responses. Analysis was performed on the residualized low-pass
Gennaro and Ferrara, 2003). For each recording site, the 5% highest rms
filtered data as described above, and the interaction term (regressor 3,
amplitudes of the respective filtered EEG signal segments were classified
above) was evaluated. Finally, the resulting first-level contrast was foras spindles, leading to a binary vector with value 1 representing a 200 ms
warded to random-effects analysis using a one-sample t test. Again, the
window exceeding the threshold (thus likely representing a spindle
resulting maps were assessed at pFWE,cluster ⬍ 0.05, collection threshold
event), and 0 for a time window with rms values below the threshold. To
p ⬍ 0.001 (Hayasaka et al., 2004).
verify the scalp distribution of the detected slow and fast spindle events,
we analyzed the topography of the power spectra of the corresponding
Results
superthreshold segments (supplemental Fig. 3, available at www.
Subjects adhered to the experimental guidelines and sleep restricjneurosci.org as supplemental material). Finally, the binary vector contion, as shown by sleep diaries and wrist actigraphy. Sleep latency
taining the temporal position of the classified spindles was convolved
(time until first appearance of S2), only considering the first atwith the three basic canonical functions (hemodynamic response functempt of the subject to fall asleep, was 6.7 ⫾ 4.9 min. Over all 40
tion and its time and dispersion derivatives).
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Table 1. HF functional connectivity during wakefulness
Peak voxel

1

L/C/R

2
3
4
5
6
7

R
R
L/R
L
L
R

8

L

Brain region

Brodmann areas

Cluster size (voxel)

t value

MNI coordinates

(Posterior) cingulate, uncus, fusiform gyrus,
precuneus, culmen, claustrum, thalamus,
hippocampus, amygdala
Inferior/middle temporal gyrus
Middle/superior frontal gyrus
Anterior cingulate, medial frontal gyrus
Angular gyrus
Middle/superior frontal gyrus
Middle/superior temporal gyrus, angular gyrus,
supramarginal gyrus
Middle/superior temporal gyrus

R7, L20, 23, 27–31, 34 –36, L37

7548

17.37

28

⫺28

⫺16

21
8
10, 32, L42
39
8
39

322
207
886
305
187
491

10.93
9.72
9.40
9.37
9.23
8.81

50
24
6
⫺44
⫺22
44

2
22
56
⫺70
28
⫺64

⫺32
54
14
30
52
28

21

298

8.25

⫺56

⫺14

⫺14

Clusters resulting from second-level random-effects analysis ( pFWE ⬍ 10 ⫺6, extent ⬎ 150). Regions showing significant functional connectivity with all HF subregions are listed. Sorting is after t values of the cluster peak voxel. Brodmann
areas are identified for clusters covering ⬎3% of the respective area. Coordinates (x, y, z) are given in MNI space. L, Left hemisphere; R, right hemisphere; C, central position.

fMRI runs, the average time spent in W, S1, S2, and SWS were
6.8 ⫾ 5.2 min, 5.9 ⫾ 4.2 min, 10.0 ⫾ 5.4 min, and 4.8 ⫾ 5.8 min,
respectively. Eventually, a closer inspection of hypnograms identified 93 epochs (27, 24, 24, and 18 epochs of W, S1, S2, and SWS
of 15, 18, 10, and 11 subjects, respectively), 5 contiguous minutes
each, with a single prevailing vigilance stage, i.e. ⬍15% of time
spent in flanking sleep stages and without arousals. Assignment
of all 5 min epochs to subjects and runs, including a description
of the prevalence of the different sleep stages per run, was detailed
previously (Spoormaker et al., 2010). Occurrence of REM sleep
was not observed, which is not unexpected as our data were obtained only from the initial part of the sleep cycle and REM sleep
is suppressed in the noisy MR environment (Czisch and Wehrle,
2009). During later processing, one dataset acquired during S1
was found to be corrupted and excluded.
Figure 1 A shows the fc map for HF during wakefulness. HF is
functionally connected, among others, to the major nodes of the
DMN, namely the posterior cingulate cortex/retrosplenial cortex
(PCC/RspC), medial prefrontal cortex (mPFC), bilateral inferior
parietal lobule (IPL), and bilateral middle and superior temporal
gyrus, as well as the thalamus (Table 1). The HF formation is
most strongly connected to the DMN during wakefulness, with
gradually decreasing fc with the DMN in NREM sleep stages, as
illustrated in Figure 1 B for the DMN core regions.
To further examine sleep stage-specific alterations in HF fc, an
F test was performed on the factor sleep (supplemental Fig. 1 A,
available at www.jneurosci.org as supplemental material). We
analyzed the respective changes, comparing wakefulness against
all NREM sleep stages and comparing S2 and SWS, in independent sample t tests (Table 2). Comparing wakefulness with S1,
only the thalamus showed higher fc with the HF during wakefulness. During S1, fc of the HF was generally found to be stronger in
the middle and superior temporal gyrus, occipital cortex, and
inferior parietal lobule (Fig. 2 A). During S2, HF fc to the lateral
temporal and the occipital cortex further increased compared
with wakefulness, while no differences in thalamic connectivity
were visible. In addition, during S2, fc of the HF with the cingulate cortex and superior temporal gyrus were higher compared
with wakefulness (Fig. 2 B). In the comparison between wakefulness and SWS (Fig. 2C), fc of the bilateral IPL, PCC, and mPFC
with the HF was stronger in wakefulness, indicating a sleep stagedependent decrease in the integration of the HF to the DMN. No
regions exhibited stronger fc with the HF during SWS than wakefulness. The comparison between S2 and SWS (Fig. 2 D) revealed
stronger HF connectivity to occipital, lateral temporal, and inferior frontal regions in S2. No clusters were detected that showed

higher fc during SWS compared with S2. Controlling for nestedness of the data did not change the significance of the clusters
reported (supplemental Table 6, available at www.jneurosci.org
as supplemental material).
We further tested specific fc of three HF subregions across
sleep stages. An F test on the main effect of subregion revealed
widespread differences in fc between subregions (supplemental
Fig. 1 B, available at www.jneurosci.org as supplemental material). Independent sample t tests (supplemental Fig. 4, supplemental Table 1, available at www.jneurosci.org as supplemental
material) showed that during wakefulness, fc of the CA was most
robust to the IPL, the midline nodes of the DMN, and the thalamus. The fc with the lateral temporal cortex appears to be strongest in wakefulness and all NREM sleep stages for the CA. In S1,
CA showed unique fc to the primary motor cortex. In S2, SUB
revealed strongest fc to the anterior cingulate cortex/mPFC. Finally, in SWS, the DG showed unique fc to the occipital cortex,
while SUB was most connected with the motor cortex. Results not
restricted to low-frequency BOLD signal fluctuations (⬍0.1 Hz)
showed qualitatively the same pattern as low-pass filtered data.
Furthermore, we generated activation maps related to sleep
spindle activity in sleep stage 2, differentiating between slow and
fast spindles. We were able to reproduce the basic pattern reported by Schabus and colleagues (2007) for fast spindles, with
major clusters in the right thalamus, insula, lateral temporal cortex, cingulate cortex, and motor areas (Fig. 3A; supplemental
Table 2, available at www.jneurosci.org as supplemental material). Notably, no spindle-specific activation was found in the HF,
in accordance with the previous report. However, we observed a
strong overlap between the HF fc map (contrast S2 ⬎ W) (Fig. 2)
and the network associated with fast spindles. No significant activation was found for slow spindles. Fast spindles showed significantly higher activation than slow spindles in the left precentral
and postcentral gyrus. Again, no effect of temporal low-pass filtering was observed.
To investigate whether observed increases in hippocampal fc
during S2 compared with wakefulness are associated with spindle
activity in the EEG data, we performed PPI analyses separately for
the three hippocampal subregions within S2. We observed that fc
of the subiculum increased in parallel with EEG spindle activity
(Fig. 3B) in a network comprising the cingulate cortex, lateral
temporal cortex, motor cortex, SMA, and insular cortex. Spatially
similar, yet less strong spindle-associated fc increases were found
for the CA- and DG-bound network (supplemental Fig. 5 and
supplemental Tables 3–5, available at www.jneurosci.org as supplemental material).
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Table 2. Sleep stage specific functional HF connectivity changes

Wakefulness ⬎ S1
1
Wakefulness ⬍ S1
1
2
3
4
5
6
Wakefulness ⬎ S2
Wakefulness ⬍ S2
1

Brain region

Brodmann areas, deep nuclei

L/R

Thalamus

Ventral anterior nucleus, medial
dorsal nucleus

R
L/C/R
L
R
L/C/R
L

Fusiform gyrus, culmen
Middle/superior occipital gyrus, cuneus
Culmen
Middle temporal gyrus
Precuneus, paracentral lobule
Middle/superior temporal gyrus

L

Transverse/middle/superior temporal gyrus,
inferior frontal gyrus, insula, inferior
parietal lobule
Posterior cingulate, fusiform gyrus, inferior
occipital gyrus, lingual gyrus, cuneus
Transverse/middle/superior temporal gyrus,
postcentral gyrus
Precentral gyrus
Cingulate gyrus, paracentral lobule, medial
frontal gyrus

2

L/C/R

3

R

4
5

L
L/C/R

Wakefulness ⬎ SWS
1
2
3
4
5
6
7
8
9
Wakefulness ⬍ SWS
S2 ⬎ SWS
1
2
3
4
5
6
7
8
S2 ⬍ SWS

L
R
R
L/R
L
L/C/R
L
R
R

Angular gyrus, supramarginal gyrus, inferior
parietal lobule
Middle frontal gyrus
Angular gyrus, supramarginal gyrus, inferior/
superior parietal lobule
Anterior cingulate, medial frontal gyrus
Inferior/medial frontal gyrus
(Posterior) cingulate, precuneus
Inferior/middle frontal gyrus
Inferior/middle frontal gyrus
Inferior/middle/medial fronatl gyrus

Cluster size
(voxel)

Peak voxel
t value

MNI coordinates

270

4.36

4

⫺18

8

291
858
152
271
463
99

5.08
4.69
4.47
4.46
4.45
4.11

44
16
⫺22
42
⫺4
⫺52

⫺38
⫺82
⫺44
⫺68
54
⫺28

⫺24
30
⫺18
8
64
2

13, 21, 22, 29, 38, 40 – 42, 44, 45, 47

2367

6.85

⫺64

⫺8

⫺4

17, 18, L23, 30

2564

6.81

8

⫺88

⫺8

21, 22, 41– 43, 47

1221

5.40

68

⫺18

8

1, 3, 4, 6
23, R24, L31

381
293

5.12
4.68

⫺46
6

⫺6
⫺12

56
36

39, 40

659

5.55

⫺48

⫺70

30

39, 40

89
628

5.50
4.83

42
46

52
⫺66

⫺6
28

744
119
300
60
43
39

4.77
4.64
4.10
3.91
3.84
3.77

10
⫺20
⫺4
⫺32
36
22

48
20
⫺52
32
34
24

⫺10
⫺20
24
⫺18
⫺12
⫺18

21, 22, 29, 41, 47

727

5.30

66

⫺12

⫺6

25, 47
21, 22, 41– 43, 45, 47

249
827

4.89
4.71

⫺28
⫺58

24
⫺22

⫺20
8

30
11
5, 7
L9
3, 4
No suprathreshold cluster

647
263
454
197
462

4.40
4.39
4.33
4.27
4.20

8
8
⫺4
⫺2
62

⫺88
52
⫺52
58
⫺10

⫺8
⫺20
64
32
30

R17–R19
37, 39
5, L7
41
No suprathreshold cluster

10, L32
25, 47
L7, L23, L30, L31
47
No suprathreshold cluster

R
L
L
L/C/R
L/R
L/C
L/R
R

Transverse/middle/superior temporal gyrus,
inferior frontal gyrus
Inferior/medial frontal gyrus
Transverse/superior temporal gyrus, inferior
frontal gyrus
Posterior cingulate, lingual gyrus, cuneus
Orbital gyrus
Precuneus
Superior/medial frontal gyrus
Pre-/postcentral gyrus

Clusters resulting from second-level random-effects analysis ( pFWE,cluster ⬍ 0.05, collection threshold puncorr ⬍ 0.001). Regions showing significant functional connectivity with all HF subregions are listed. Sorting is after t values of the
cluster peak voxel. Brodmann areas are identified for clusters covering ⬎3% of the respective area. Coordinates (x, y, z) are given in MNI space. L, Left hemisphere; R, right hemisphere; C, central position.

Discussion
Our data revealed altered functional connectivity of the hippocampal formation across NREM sleep stages compared with
the waking state. We confirmed the previously reported integration of the HF into the DMN during wakefulness. During
sleep stage 2, the HF was more strongly connected with the
temporal, insular, occipital, and cingulate cortices than during
wakefulness or slow-wave sleep. Spindle-related activity overlapped with the HF connectivity map (contrasting sleep stage
2 with wakefulness). The connectivity pattern of the subiculum to frontal, lateral temporal, and motor cortical regions
and to the insula showed a strong interaction with occurrence
of sleep spindles.

HF connectivity to the DMN
Contribution of the HF to the DMN has been reported earlier
(Vincent et al., 2006; Buckner et al., 2008). Possible functions of
the DMN include internal mentation and autobiographic memory retrieval; in autobiographical memory tasks, the HF, mPFC,
and RspC have been found to be robustly coactivated (Svoboda et
al., 2006). Similarly, episodic memory retrieval is related to activation in regions of the DMN (Wagner et al., 2005). Burianova et
al. (2010) showed that a common neural network, including major DMN nodes, underlies the retrieval of declarative memories
during wakefulness. Recently, Andrews-Hanna et al. (2010)
showed that the DMN is comprised of two interacting subsystems, linked by a common midline core (PCC, mPFC). One of
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these subsystems, which includes the HF
and the IPL, is particularly engaged during construction of mental scenes based
on memory. Together, these reports showed
that the fc of the hippocampus and the
DMN conjointly constitute a network
pivotal for episodic memory retrieval during wakefulness.
We observed only a trend for reduced
coupling of the HF to the DMN in light
sleep stages. In contrast, SWS was characterized by a robust decrease in functional
coupling between the HF and the DMN.
This breakdown of fc between the HF and
DMN occurred in all core nodes of the
DMN (PCC, mPFC, bilateral IPL). Reduced connectivity between the anterior
and the posterior DMN nodes in SWS has
been reported before (Horovitz et al.,
2009; Sämann et al., 2011), while the posterior nodes (PCC, IPL) maintain (Sämann et al., 2011) or even increase
(Horovitz et al., 2009) their connectivity.
Using independent component analysis,
we have shown previously that the HF has
a sleep-dependent functional coupling to
the DMN, significantly reduced already in
sleep stage 1 (Sämann et al., 2011). We
now report a breakdown of functional
contribution of the HF to the DMN by a
seed-based analysis. Reduced fc of the
hippocampus to core DMN nodes (PCC,
IPL) has also been reported for subjects
under anesthesia (Martuzzi et al., 2010),
which may point toward a common neural basis for behavioral similarities during
these stages.
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Figure 2. A–D, Comparison of HF functional connectivity across sleep stages. Data are thresholded at puncorr ⬍ 0.001, with a
variable voxel extent, resulting in pFWE,cluster ⬍ 0.05 (Table 2). Color coding indicates t values. The HF has been masked out to avoid
display of autocorrelations. MNI coordinates of each slice are given.

HF connectivity to neocortex is
generally higher in S2 than in SWS
Our findings should be discussed in the
context of the memory consolidation hypothesis of sleep (Walker and Stickgold,
2004; Diekelmann and Born, 2010). Several studies stress the relevance of SWS for
memory consolidation (Plihal and Born,
1999; Gais and Born, 2004; Mölle et al.,
2004; Peigneux et al., 2004; Rasch et al.,
2007). However, there are reports that S2
may in fact play an equally important role
(Gais et al., 2002; Schabus et al., 2004; Clemens et al., 2007; Nishida and Walker,
2007; Genzel et al., 2009). Furthermore,
some data on the relevance of sleep EEG
macrostructure for memory consolida- Figure 3. A, Activity related to fast sleep spindles in S2 ( pFWE,cluster ⬍ 0.05, collection threshold p ⬍ 0.001) (supplemental Table 2,
tion are derived from animal models, in availableatwww.jneurosci.orgassupplementalmaterial).NotethattheHFisnotpartofthespindlenetwork.MNIcoordinatesofeachslice
which NREM sleep is usually not divided aregiven.B,PPIanalysisfortheinteractionfastspindles⫻SUB( pFWE,cluster ⬍0.05,collectionthresholdp⬍0.001)(supplementalTable
into substages (Ribeiro et al., 2004). Hence, 3, available at www.jneurosci.org as supplemental material). Color coding indicates t values. MNI coordinates of each slice are given.
it is not unambiguously clear, how, within
indicates functionally distinct processes during sleep: increased
NREM sleep, S2 and SWS differentially relate to the hippocamconnectivity in S2 suggests an increased capacity for possible inpal–neocortical dialogue proposed to underlie sleep-related
formation transfer, whereas decreased connectivity between
memory consolidation. Our data show that fc of HF with neocorthese regions in SWS suggests a functional system optimal for
tical regions was higher in S2 than in SWS or wakefulness. This
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segregated reprocessing [in line with our previous findings of
altered whole-brain network properties during sleep (Spoormaker et al., 2010)]; however, such a hypothesis needs affirmation by more fine-grained experimental methods and explicit
memory testing.
Our analysis of subregional contributions to the HF network
revealed that the CA region is driving the fc with the core DMN
nodes (PCC/RspC, IPL, mPFC) during wakefulness, and to the
lateral temporal cortex in all sleep stages. In contrast, mPFC fc is
dominated by the subiculum in S2. In a series of elegant fMRI
studies, sleep has been shown to alter the hippocampal–neocortical interplay, e.g., with the mPFC, underlying memory retrieval
(Gais et al., 2007; Rauchs et al., 2008; Sterpenich et al., 2009;
Takashima et al., 2009; Payne and Kensinger, 2011; Darsaud et
al., 2010, 2011). The classical model of memory consolidation
suggests that information is propagating from the neocortex to
the hippocampus in the waking state while being reversed in sleep
(Hasselmo and McClelland, 1999); however, a recent study
showed more bidirectional coupling with increased influence of
neocortical regions onto the HF toward deeper sleep stages (Wagner et al., 2010). We cannot comment on the direction of information propagation due to intrinsic limitations of fc analysis.
Still, the strong involvement of the subiculum as the major hippocampal output region in S2 may suggest a hippocampal-toneocortical information transfer.

Limitations
While our data provide evidence for generally increased HF fc in
S2 and a relation of the hippocampal functional network and
sleep spindles, we cannot conclusively state a direct link to
memory-related processes. Future studies will need to compare
HF fc in S2 with successful postsleep memory recall after intervention, as has been demonstrated in wakefulness (Durrant and
Lewis, 2009; Takashima et al., 2009). Alternative functional interpretations, such as synaptic downscaling (Tononi and Cirelli,
2003; Axmacher et al., 2009) should also be considered in future
experiments.
It should be noted that fMRI is limited by a lower temporal
and spatial resolution than invasive electrophysiological data accessible in animal models. Therefore, low-frequency BOLD signal fluctuations during several minutes in a stable sleep stage, as
analyzed here, can only provide an indirect measure of the hippocampal– cortical interplay and, especially in respect to memory
processes, our data must be interpreted with caution. However,
He et al. (2010) have recently demonstrated with intracranial
electrophysiological data that the phase of lower frequencies is
modulating the amplitude of higher frequencies. Moreover, He et
al. (2008) showed that low-frequency BOLD signal fluctuations
share a similar correlation structure as higher EEG frequencies.
Following this idea, the reorganization of fc during sleep as detected by fMRI fluctuations may reflect low-frequency brain processes that provide a basis for information transfer during higher
frequency EEG spindle activity.

Increased HF connectivity in S2 interacts with sleep spindles
Connectivity between HF and neocortex showed a strong interaction with fast sleep spindles, which was most pronounced for fc
between the subiculum and the lateral temporal, insular, cingulate, and medial prefrontal cortices. Interestingly, we did not observe significant activation of the HF in direct association with
occurrence of either fast or slow spindles (Fig. 3A; supplemental
Table 2, available at www.jneurosci.org as supplemental material), in accordance with Schabus et al. (2007). This suggests that
spindle activity may enhance fc between the HF and neocortical
regions, but that it is not the sole cause of such connectivity.
Temporal coupling between spindles, hippocampal ripples, and
slow-oscillations has been described before in that during the up
state of cortical slow oscillations, both spindle activity and hippocampal high-frequency ripple activity were increased (Sirota et
al., 2003; Battaglia et al., 2004). The coordinated spindle–ripple
events have been suggested to provide a mechanism for information transfer between hippocampus and neocortex (Siapas and
Wilson, 1998; Sirota et al., 2003; Axmacher et al., 2006), which
could explain that sleep spindles, most pronounced in S2 but also
occurring in SWS (De Gennaro and Ferrara, 2003), are related to
memory consolidation (Gais et al., 2002; Schabus et al., 2004,
2008; Clemens et al., 2005; Fogel and Smith, 2006; Genzel et al.,
2009). At the same time, sleep spindles have been shown to reflect
thalamus-driven cortical inhibition, which may signify a different or double functionality (Steriade et al., 1993; Cote et al.,
2000).
Connectivity between the thalamus and HF was reduced in S1.
This thalamic cluster was located in the nonspecific midline nucleus, known to send input to the hippocampal formation
(Herkenham, 1978; Wouterlood et al., 1990). The finding of reduced HF/thalamus fc is in line with earlier observations of thalamic deactivation at sleep onset (Kaufmann et al., 2006) and
generally reduced thalamic fc in S1 (Spoormaker et al., 2010).

Conclusion
Our data reveal important reorganization of the spontaneous HF
connectivity during NREM sleep. Especially during sleep stage 2
and linked to sleep spindle activity, synchronous activation with
lateral temporal, cingulate, and frontal regions arises that may
represent coordinated neural activity within the memory network. As fMRI functional connectivity allows tracking of memory transfer in wakefulness, these altered functional connectivity
patterns likely reflect differences in information processing, and
possibly in sleep specific plasticity processes.
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