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ABSTRACT

Increasing evidence suggests that sleep spindéesanlved in memory consolidation, but few
studies have investigated the effects of learning@in responses associated with spindles in
humans. Here we used simultaneous electroencephplog (EEG) and functional magnetic
resonance imaging (fMRI) during sleep to assessnbdgnamic brain responses related to
spindles after learning. Twenty young healthy pgyéints were scanned with EEG/fMRI during
(i) a declarative memory face sequence learninky (@3$ subsequent sleep, and (iii) recall after
sleep (learning night). As a control condition aentical EEG/fMRI scanning protocol was
performed after participants over-learned the feeguence task to complete mastery (control
night). Results demonstrated increased responséseiriusiform gyrus both during encoding
before sleep and during successful recall aftapslm the learning night compared to the control
night. During sleep, a larger response in the dusifgyrus was observed in the presence of fast
spindles during the learning as compared to therabnight. Our findings support a cortical
reactivation during fast spindles of brain regignmeviously involved in declarative learning and
subsequently activated during memory recall, thernetomoting the cortical consolidation of

memory traces.
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INTRODUCTION

There is now a large body of evidence that sleepetits memory consolidation.
Numerous studies have shown that sleep stabilizeary traces and reduces forgetting of
newly encoded information (for review, see (Diekatm S and J Born 2010; Rasch B and J Born
2013; Stickgold R 2013)). The underlying neurobjgidal processes still remain a topic of
intense investigation. Beyond the effects of thdfedént stages of sleep on memory
consolidation, an increasing emphasis has beeeglac specific oscillatory patterns that can be
associated with “offline” neuronal plasticity. Imaficular, sleep spindles have been consistently
related to cognitive abilities and memory consdlaa (Schabus M et al. 2006; Fogel SM and
CT Smith 2011; Luthi A 2014).

Spindles are thalamocortical rhythms detected aip9EEG during stages N2-N3 of non-
rapid-eye-movement (NREM) sleep as waxing-and-wgosrcillations at 11-16 Hz (Iber C et al.
2007). They are generated through the interplayden the thalamic reticular nucleus and
thalamocortical neurons, which project their atyivio cortical neurons from which EEG
spindles can be recorded (Steriade M et al. 133)ndles are subcategorized into slow and fast
spindles, with the slow (< 13Hz) predominating ofrental EEG derivations and the fast (> or =
13Hz) over centroparietal derivations (De Gennarand M Ferrara 2003; Schabus M et al.
2007).

A role for spindles in sleep-related memory corgaiion has been suggested by studies
showing that learning increases spindle activityirdusleep. For example, in humans, intense
verbal learning of word pairs increased spindlavagtduring subsequent sleep (Gais S et al.
2002), which was associated with a better memarglrafter sleep (Schabus M et al. 2004). In
rats, an increase in spindle activity was obseafegt an odor-reward association task (Eschenko

O et al. 2006). In addition, several studies showed experimental manipulations enhancing



spindle activity — for instance with transcranii€eating current stimulation (Lustenberger C et
al. 2016; Ketz N et al. 2018) or transcranial direarrent stimulation (Marshall L et al. 2004;
Koo PC et al. 2018) — also increased memory reftdlr sleep. These studies add more causal
evidence that sleep spindles (as well as slowlasoihs) play a role in the offline consolidation
of memory traces.

To better understand the neural processes undgrifi@ generation and properties of
sleep spindles, brain responses during spindles imgestigated using simultaneous EEG/fMRI,
showing increased responses in the thalamus aretadesortical areas in line with spindle
generation mechanisms (Schabughal.2007; Andrade KC et al. 2011; Caporro M et al. 201
When contrasting slow and fast spindles, only $pgtdles were found associated with responses
in the hippocampus and medial prefrontal cortexhébas Met al.2007). In addition, functional
connectivity between the hippocampus and neocow@s enhanced during fast spindles
(Andrade KCet al. 2011). These findings are in line with the incegh<oupling between
spindles and hippocampal ripples found after datlag learning both in humans and animals
(Sirota A et al. 2003; Molle M et al. 2009). Suciterplay might promote the consolidation
during NREM sleep of declarative memories, throdigh transfer of reactivated information
from hippocampal to neocortical sites during fgshdles (Rasch B and J Born 2013).

There is yet little evidence in humans to supporaetual reactivation of learning-related
areas during sleep or sleep spindles, with somebi®exceptions (Peigneux P et al. 2004; Rasch
B et al. 2007; Fogel S et al. 2017). To our knogksdnly one neuroimaging study has assessed
brain responses to spindles in relation to learetlatative material. In that study on 9
participants after partial sleep deprivation, l@agmrior to sleep was associated with larger brain
responses in the hippocampus and task-relateccabragions during fast spindles (Bergmann

TO et al. 2012). These responses were observedsociation with fast spindle amplitude and



correlated with learning performance before sleep ot with memory change over sleep.
Therefore it was unclear whether these spindleesst®al brain activations actually promoted the
overnight consolidation of memory traces or ratiheicated a relation of spindles with general
memory aptitude or “intelligence” (Wislowska M dt 2016). In addition, sleep restriction prior
to learning might have affected the observed result

Our objective was to further investigate the nearathanisms of spindle-related memory
consolidation using EEG-fMRI during sleep after ldeative learning in a sample of non-sleep
deprived individuals. Participants were scanndadgusimultaneous EEG/fMRI during 2 nights
separated by a 1-week interval, with the first high the learning night and the other as the
control night (Fig. 1). In both nights, participantvere scanned 1) while encoding a face
sequence learning task (Kumaran D and EA Magui@P®) during subsequent sleep, 3) and
during a recall after awakening. During the 1-wedkrval, participants were trained daily on the
identical learning task but outside the scanneactueve over-learning and complete mastery of
the task. The repeated training allowed participaatreach by the time of the control night a
level of task exposure at which they had no relevafiormation left from the task to learn or
consolidate, while being exposed to the exact ssimilus material as during the learning night.

Our main analysis assessed the changes in braponsss to spindles between the
learning and control nights, with a focus on th#edential response between fast and slow
spindles as only fast spindles have previously b&eywn to recruit hippocampo-neocortical
networks (Schabus Mt al.2007). We hypothesized that fast spindles compareatbw spindles
would be associated with increased responses in tegions involved in prior encoding of the
task before sleep and in successful recall of #s& after sleep. In addition, we sought to test
whether these spindle-related changes in brairoresgs would be associated with the overnight

consolidation of declarative memory. We hypothasitteat overnight memory change would be



related to spindle-associated reactivations, thelieking brain activity during spindles with the

offline consolidation of memory traces.

MATERIALS AND METHODS

Participants

20 young, healthy, non-sleep deprived, right-handed participants (10 females, age
range 19-27) gave their written informed consent and received financial compensation for
their participation in this study, which was approved by the Ethics Committee of the Faculty
of Medicine of the University of Liege, Belgium. 14 of them were included in the final
analyses, as 6 participants had to be excluded due to technical issues or inability to reach
stable sleep in the scanner in one of the two nights of the protocol. Participants were free of
any history of medical, traumatic, psychiatric or sleep disorder, as assessed by a semi-
structured interview. All participants were non-smokers, moderate caffeine and alcohol
consumers. None were on any medication. They were not sleep-deprived, as they were
instructed to follow a regular sleep-wake schedule assessed by wrist actigraphy (Actiwatch,
Cambridge Neuroscience, UK) and sleep diaries starting 4 days prior to first visit at the
laboratory and continuing throughout the whole duration of protocol. None had worked on
night shifts during the last year or travelled through more than one time zone during the
last 2 months. Participants were requested to refrain from all caffeine and alcohol-
containing beverages and intense physical activity for 3 days prior to the first visit at the

laboratory and throughout the whole study.



Experimental design

A schematic of the protocol is illustrated in figure 1. Participants were scheduled for
simultaneous EEG-fMRI recordings in the laboratory during 2 visits at a 1-week interval. At
each of these visits, they reported to the MRI laboratory at the Cyclotron Research Centre
(University of Liege, Belgium) at 8pm and both visits followed the same sequence of events
and scanning sessions. First, actigraphy and sleep diaries were checked for compliance with
the regular sleep schedule and the absence of sleep deprivation. Then the MRI-compatible
EEG cap was set up and participants were installed in the MRI scanner in order to start the
simultaneous EEG-fMRI acquisitions. In both visits, EEG-fMRI acquisitions included three
consecutive sessions, taking place during the first half of the night: 1) a learning session
during which participants performed a declarative task, which consisted of remembering
the order of neutral faces presented in pairs of overlapping sequences (Kumaran D and EA
Maguire 2006), with an immediate recall to assess pre-sleep learning performance; 2) a
sleep session during which participants slept in the scanner (for a maximum of 3 hours); 3)
a delayed recall session to evaluate post-sleep memory retention. Between the two visits,
participants were instructed to come to the lab every day at the same time in the late
afternoon for a short learning session outside the scanner. During these daily sessions,
participants performed the same declarative learning task with the same sequences of faces
as during the initial visit. This protocol was designed to allow participants to achieve
complete learning of the task before their second EEG-fMRI visit. Therefore the first
overnight visit served as the learning night, while the second overnight visit - one week
later - was used as a control night given that participants had no new relevant material to

learn while being exposed to the same tasks and stimuli during the night.
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Figure 1. Experimental protocol.

All participants completed two nights of EEG/fMRI recordings during which they were exposed to a face
sequence learning task with immediate (pre-sleep) recall, followed by a sleep period in the scanner and then
a delayed (post-sleep) recall upon awakening. The two nights were separated by a 1-week interval during
which participants returned to the lab daily for re-exposure to the same learning task. The first EEG/fMRI
night was thus used as a learning condition, while the second EEG-fMRI night was used as the control
condition given the exposure to the same material without additional learning.




Declarative lear ning task

The task was based on a declarative learning garathiat was previously used in fMRI
(Kumaran D and EA Maguire 2006) (figure 1). Durithgg encoding session, participants were
instructed to remember sequences of faces thatpvesented on a screen while lying on the MR
scanner table in the evening of the first nighthia laboratory (see Supporting Information, S,
for details). An immediate recall followed the peatation of each sequence of faces, and the
average performance (pre-sleep) was calculatedsa@equences for a maximal score of 18.
Participants then slept in the scanner, and dftesteep session, they had a break of 30 minutes
outside the scanner during which they were expaseoright light. They were then installed
again on the MRI scanner table for a delayed resgkion (i.e., post-sleep), and the post-sleep
recall performance was likewise computed. The dbfiee in recall performance between the
delayed (post-sleep) and immediate (pre-sleep)lireas calculated to provide a score of
overnight change in recall performance, reflectmgmory retention after sleep. From day 1 to
day 7 following the first night at the laboratoparticipants came back to the laboratory every
day during the afternoon to perform the same emgpdession (and immediate recall) with the
same face sequences as during the first nightrbat@mputer outside the MRI scanner. During
night 8 (control night), the same series of taskssesting of the same face sequences were used

in the MRI scanner as during night 1 (learning tigimd served as a control condition.

EEG acquisition and analysis
During both learning and control nights, EEG was recorded simultaneously with
fMRI using two MR-compatible 32-channel amplifiers (BrainAmp MR plus, Brain Products

GmbH, Gilching, Germany) and a MR-compatible EEG cap (BrainCap MR, Falk Minow



Services, Herrsching Breitbrunn, Germany) including 64 ring-type electrodes (see SI for
details). The recording setup was similar to our previous EEG-fMRI studies (Schabus M et
al. 2007; Dang-Vu TT et al. 2008; Dang-Vu TT et al. 2011). For analysis, EEG were first
cleaned for scanner gradient artifacts and ballistocardiogram artefacts (Allen PJ et al. 2000;
Leclercq Y et al. 2009; Leclercq Y et al. 2011). Sleep staging followed standard criteria (Iber
Cetal 2007) and identified periods of stages N2-N3 sleep, free of any artefact, arousal or
shifts in vigilance states, during which the EEG and fMRI data were analyzed. In these
epochs, slow and fast spindles were automatically detected on Fz, Cz and Pz, using an
algorithm adapted from Moélle and colleagues (Molle M et al. 2002) and used in our previous
studies (Schabus M et al. 2007; Dang-Vu TT et al. 2011). In the same epochs, slow wave
activity was also computed as the square root of the energy of the signal in the 0-5-4 Hz
frequency band averaged within temporal windows of 2.46s, corresponding to each

repetition time of the fMRI sequence.

fMRI data acquisition and analysis

Multislice T2*-weighted fMRI images were obtained using a 3 Tesla MR scanner
(Allegra, Siemens, Germany), with a gradient echo-planar sequence using axial slice
orientation and reduced slew rate for efficient gradient artefact rejection and reduced
acoustic noise (32 slices; voxel size: 3.4x3.4x3mm?3; matrix size = 64x64x32; TR = 2460ms;
TE = 40ms; flip angle = 90°; delay = 0). Slices were acquired sequentially in an ascending
order. Subjects were scanned during encoding, immediate (pre-sleep) recall, sleep and
delayed (post-sleep) recall sessions of nights 1 and 8, while fMRI and EEG data were

acquired continuously. During the sleep session, they were asked to relax and try to sleep in

10



the scanner. The sleep session was stopped when the participant indicated by button press
the wish to leave the scanner, or for a maximum of 4000 scans (about 164 min). A
structural T1-weigthed 3D MP-RAGE sequence (TR = 1960ms, TE = 4.43ms, inversion time
= 1100ms, FOV = 230x173mm?, matrix size = 256x192x176, voxel size = 0.9x0.9x0.9mm?)
was also acquired in all subjects for display of results.

Functional volumes were analyzed using Statistical Parametric Mapping 8 (SPM8 -
http://www.fil.ion.ucl.ac.uk/spm/software/spm8/) implemented in MATLAB (version
2010b, MathWorks Inc, Natick). Functional MRI time series were corrected for slice timing,
rigid head motion, spatially normalized (voxel size = 2x2x2 mm?3 resampled using spline
interpolation) to an echo planar imaging template conforming to the Montreal Neurological
Institute (MNI) space, and spatially smoothed with a Gaussian Kernel of 8 mm full width at
half maximum (FWHM). The analysis of fMRI data, based on a mixed effects model, was
conducted in two successive steps, accounting respectively for intra-individual (fixed
effects, first-level) and inter-individual (random effects, second-level) variance. The
analysis aimed at: 1) characterizing brain responses associated with task encoding before
sleep and recall after sleep; 2) characterizing the effect of learning on brain responses
associated with sleep spindles. For each participant, brain responses were modelled at each
voxel using a general linear model.

In order to assess the fMRI responses to task encoding and recall, four trial types
were modelled (visualisation of face sequences, fixation cross, pre-sleep recall, post-sleep
recall) across the encoding and recall sessions of learning and control nights for each
subject, convolved with the haemodynamic response function (HRF), and used as

regressors of interest in the individual design matrix. The contrasts of interest were those
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related to task encoding (visualisation of face sequences) and differences in task recall after
sleep (contrasting post-sleep versus pre-sleep recalls), during the learning night as
compared to the control night.

For the assessment of spindle responses, the vectors including the onsets of detected
fast and slow spindles were first convolved with the three canonical basis functions (HRF,
its derivative and dispersion as suggested in (Friston K] et al. 1998)) across the sleep
sessions of learning and control nights for each subject, and then used as regressors of
interest in another individual design matrix. In the latter, two additional regressors,
convolved with the HRF, were included as confounding variables of no interest: one
containing slow wave activity as we aimed at identifying responses to spindles over and
above those to slow waves, and another including R-R intervals derived from ECG to take
into account the artefacts related to the cardiac cycle. Note that the regressor containing
slow wave activity was removed in an additional analysis, exploring the responses to
spindles regardless of the presence of concurrent slow waves. The sleep contrasts were
focused on responses to fast spindles when compared to slow spindles, as the differential
response to fast versus slow spindles was found to recruit both hippocampal and cortical
responses in our previous studies (Schabus M et al. 2007). Contrasting these two spindle
subtypes also allowed a direct comparison of spindle responses between learning night and
control night, by subtracting the potentially confounding effect of baseline activity from the
comparison between the 2 nights. In order to estimate the effects of learning on spindle
responses, the main contrast for the sleep session thus consisted of responses to fast
spindles minus slow spindles for the learning night compared to fast minus slow spindles

for the control night in each subject.
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For all analyses, movement parameters estimated during realignment (translations
and rotations around x, y, and z axes) and a constant vector were included in the matrix as
confounding regressors of no interest. All analyses also included a high-pass filtering using
a cut-off period of 128 s. to remove low frequency drifts from the fMRI time series. Serial
correlations in fMRI signal were estimated with an autoregressive (order 1) plus white
noise model using a restricted maximum likelihood (ReML) algorithm to estimate the noise
model.

All individual contrast images were then smoothed (6 mm FWHM Gaussian kernel,
leading to an overall smoothing equivalent to a single 10 mm FWHM Gaussian kernel) and
entered in second-level analyses: one-sample t-tests for the encoding and recall contrasts
and ANOVAs for the spindle contrasts. For the sleep sessions, the canonical basis set (3
levels corresponding to the HRF mode, its derivative and dispersion) was entered as factor
to estimate changes in fast versus slow spindles across subjects and across the three basis
functions. In order to evaluate the effects of sleep-related memory consolidation in these
different contrasts, task performance results were entered as covariates in the second-level
analyses. Task performance results consisted in differences between learning and control
nights in delayed (post-sleep) minus immediate (pre-sleep) recall performance values. For
completeness, we also used differences between learning and control nights in pre-sleep
recall performance for supplementary analyses evaluating the effects of pre-sleep learning
performance on brain responses to encoding and spindles. The error covariance was not
assumed independent between regressors and a correction for non-sphericity was applied.
The resulting set of voxel values constituted maps of t [SPM(t)] or F statistics [SPM(F)]. To

correct for multiple comparisons, statistical inferences were reported in regions of interest
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(ROIs) previously identified in neuroimaging studies of face learning (Clark VP et al. 1998;
Vuilleumier P et al. 2001; Pourtois G et al. 2005; Kumaran D and EA Maguire 2006) and
sleep spindles after learning (Bergmann TO et al. 2012; Fogel S et al. 2017) using spherical
volumes (10mm radius sphere, i.e. ~4000 mm?; small volume correction [SVC]), and a
threshold of p < 0.05 corrected for multiple comparisons at the voxel level. For the learning
and recall contrasts, these ROIs included the fusiform gyrus (x =44, y=-54, z=-20; x=-36, y=-
74,7=-19; x=-45, y=-51, z=-27), inferior frontal gyrus (x=-45, y=21, z=24) and hippocampus
(x=21, y=-33, z=-12). For the spindle contrasts, ROIs included the fusiform gyrus (x=44, y=-
66, z=-20), thalamus (x=2, y=-18, z=17) and hippocampus (x=21, y=-33, z=-12). An
additional correction, using Bonferroni, was applied to take into account the number of
ROIs investigated for the learning and recall contrasts, and the number of ROI(s) potentially

reactivated from learning to spindles.
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RESULTS

Out of 20 participants who entered the protocol, 4 were not able to reach stable
sleep in one of the two EEG/fMRI sessions and data from 2 participants could not be used
for technical reasons (with MRI scanner or EEG recording). Thus data from 14 subjects
were used for subsequent data analysis. For the sleep EEG-fMRI sessions, only epochs of
stage N2 and N3 were considered for analyses, as the study focused on spindles. There was
no difference in the duration of N2 or N3 between the 2 nights (paired t-tests, p>0.05),
although participants spent more time in the scanner and slept longer overall during the
control night as to be expected with the habituation to the scanner environment. Fast and
slow spindles were detected offline on these N2-N3 epochs, and no significant difference
was found in the number or density (nb of spindles/minute) of fast and slow spindles
between nights (paired t-tests, p>0.05) (Table 1).

At the behavioural level, subjects showed an immediate (pre-sleep) recall
performance score of 15.23 + 1.42 (mean * SD) and a delayed (post-sleep) recall score of
15.1 £ 1.8 during the learning night. After one week of repeated practice, during the control
night, participants displayed a pre-sleep recall performance of 17.79 + 0.24 and a post-sleep
recall score of 17.76 £ 0.34, thus reaching or closely approaching the maximum score of 18
(all scores during the control night ranged from 17 to 18), as expected from the over-

learning paradigm (Fig. 2).
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TABLE 1. Demographic and sleep characteristics of participants

Learning Night Control Night p-value
14
Sample size Same N/A
(6F and 8M)
Age (years) 22+1.1 Same N/A
Time in scanner (min) 124.94 (+35.8) 141.18 (+39.38) 0.02
Sleep duration (min) 64.54 (+43.9) 90.53 (+38.95) 0.02
Stage N1 duration (min) 5.35 (£8.45) 14.23 (+18.19) 0.05
Stage N2 duration (min) 40.38 (+37.8) 55.89 (+32.61) 0.09
Stage N3 duration (min) 18.81 (+25.4) 20.41 (+26.56) 0.35
Number of fast spindles 119.14 (+147.4) 120.43 (+119.66) 0.49
Number of slow spindles 21.36 (x27.4) 22.86 (+34.18) 0.43
Fast spindle density (nb/min) 1.44 (+0.96) 1.31 (+0.99) 0.31
Slow spindle density (nb/min) 0.28 (+0.21) 0.26 (+0.33) 0.36
Fast spindle duration (sec) 1.7 (+0.37 1.63 (+0.2) 0.53
Slow spindle duration (sec) 1.46 (+0.48) 1.28 (+0.40 0.31

This table lists the demographic information of the participants as well as the characteristics of their sleep sessions during the
EEG-fMRI recordings for both the learning and the control nights. Values correspond to means (+ standard deviations).
Differences between nights were tested by paired t-tests, and the p values for these comparisons are displayed in the right
column. F=female; M=male; N/A=non applicable; min=minutes; nb=number

16
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Figure 2. Behavioral performances.

This box plot shows the recall performance scores (median, upper/lower quartiles) before (immediate) and after
(delayed) sleep, during the learning night and the control night. Note that scores reached or approached the maximum
recall performance of 18 during the control night, demonstrating full mastery of the task as expected from the
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To assess the effects of learning, we comparech esponses during the encoding of
face sequences between the learning and control. Aigere was a significantly larger response
in the fusiform gyrus bilaterally (extending to thieinity of the parahippocampal gyrus) during
pre-sleep task encoding of the learning night caegbéo the control night (Table 2, Figure 3A).
In addition, responses in the fusiform gyrus aniérior frontal gyrus during encoding were
positively correlated with pre-sleep recall perfame (Table S1 in Supporting Information, Sl).
To assess the effects of task recall after sleepthen compared brain responses between post-
sleep and pre-sleep recall, during the learningtndg compared to the control night, including
the corresponding performance change as a covaVisgdound a significantly larger response in
the fusiform gyrus, extending to the parahippocdngyaus, during the post-sleep versus pre-
sleep recall of the learning compared to contrghfjiwhich was positively correlated with the
corresponding change in recall performance (Tabkdure 3B). The result indicates that higher
fusiform gyrus activation during recall after sleapas associated with better retrieval
performance.

Our main analysis evaluated changes in brain resgsoduring spindles of N2-N3 sleep of
the learning versus control night, comparing fasslow spindles as previous EEG/fMRI studies
linked fast spindles to regions involved in dedi@alearning (Schabus Mt al.2007; Bergmann
TO et al. 2012). Fast spindles compared to slow spindle® vassociated with a significantly
larger response in the right fusiform gyrus durthg learning versus control night (Table 3,
Figure 4A). In addition, we found a trend for aglar response in the left thalamus using the same
contrast (Figure 4A). During fast (versus slow)nsiés of the learning compared to control
night, responses in the thalamus were positivetyetated with pre-sleep learning performance

(Table S2 in SI).
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TABLE 2. Brain responses to task learning and task recall

Encoding
(learning — control night)

Recall (learning — control night),
modulated by Recall Performance
(post-sleep — pre-sleep)

Region Side | x y z  Zscore Py, X y z  Zscore Py,
R 49 -50 -15 4.19 <0.01* 46 -64 -11 3.15 0.04
Fusiform gyrus
(Clark VP et al. 1998; Vuilleumierp | R |39 47 -13 327 003
et al. 2001; Pourtois G et al. 2005) R 42 -50 -15 3.31 0.03
L 40 -74  -11 3.39 <0.01* | -40 -47  -19 3.37 0.01*
Inferior Frontal gyrus L |0 15 24 340 0.03

(Kumaran D and EA Maguire 2006)

This table lists: (left) the brain responses to task encoding, i.e. visualization of face sequences during the learning night (night 1) as
compared to the control night (night 8); (right) the responses to task recall, i.e. recall of the face sequences after sleep (delayed
recall) compared to before sleep (immediate recall), during the learning compared to the control night, and modulated by the
overnight change in recall performance (post-sleep recall minus pre-sleep recall, of learning night minus control night). Only
responses that were significant at p <0.05 after correction for multiple comparisons are listed (SVC, small volume correction on 10-
mm radius spheres centered on published coordinates as indicated for each region), and those surviving an additional Bonferroni
correction are marked (*). The x, y, z values are coordinates (in mm) in the standard Montreal Neurological Institute (MNI) space.
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FIGURE 3

A. Brain responses to task encoding (before sleep, learning — control night)
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Figure 3. Brain responses to task encoding and task recall.

(A)

(B)

Brain responses to task encoding (visualization of face sequences) during the learning night as compared to the control night.
Significant responses were located in the fusiform gyrus bilaterally (white arrows) (p < 0.05 after correction for multiple
comparisons, SVC). Results are displayed at an uncorrected p < 0.02, on the mean structural MRI image, and shown on transverse
(left), coronal (middle) and parasagittal (right) sections (x, y and z levels indicated for each section). Bar graphs represent the
contrast between average responses in the right fusiform gyrus during task encoding in the learning vs control night.

Brain responses to task recall following sleep (delayed recall) as compared to before sleep (immediate recall) during the learning
compared to control night, and modulated by the overnight change in recall performance (post-sleep minus pre-sleep recall, of
learning night minus control night).

(Left panels) Significant responses were located in the fusiform gyrus bilaterally (white arrows) (psyc < 0.05 corrected for multiple
comparisons). Results are displayed at an uncorrected p < 0.02, on the mean structural MRI image, and shown on transverse (top)
and coronal (bottom) sections (y and z levels indicated for each section).

(Right panel) Scatter plot illustrating the effects reported in the left fusiform gyrus (x=-40, y=-47, z=-19) for this contrast: response
changes (in arbitrary units, a.u.) in this region during post-sleep (versus pre-sleep) recall of the learning (vs control) night were
positively correlated with the overnight change in recall performance. The coefficient R for this correlation was 0.79, for an
uncorrected p value (Pyncorr) < 0.001, corresponding to a corrected psyc = 0.01 (see table 2, right column).



When recall performance change (post- minus prep3le/as included as a covariate, we

found a trend for a larger response in the rigippbcampus in association with fast spindles

(minus slow spindles) (learning-control night), walini was positively correlated with the

corresponding change in memory recall performantés result suggests that better retrieval

(i.e., less forgetting) after sleep could be asgedi with larger fast spindle-related hippocampal

responses during sleep (Table 3, Figure 4B). Thegs no significant response with fast

compared to slow spindles between nights when si@wve activity was removed from

covariates.

TABLE 3. Brai [ ndles after learni

Sleep Spindles (fast — slow,
learning night — control night)

Sleep Spindles (fast — slow, learning
night — control night) modulated by
Recall Performance (post-sleep — pre-
sleep recall)

(Fogel S et al. 2017)

Region Side | x y z Zscore  Po. | x y z  Zscore P
Fusiform gyrus

(Bergmann TO et al. 2012) Ro[42 64 -l 3.02 0.04

Thalamus L |6 -19 20 308 006

Hippocampus
(Kumaran D and EA R
Maguire 2006)

22 -26 -7 2.87 0.06

This table lists: (left) the brain responses to fast spindles as compared to slow spindles, during the learning night (night 1) as compared
to the control night (night 8); (right) the responses to fast versus slow spindles during learning compared to control night, and
modulated by the overnight change in recall performance (post-sleep recall minus pre-sleep recall, of learning night minus control
night). Responses were corrected for multiple comparisons on 10-mm radius spheres (SVC) centered on published coordinates as
indicated for each region. Only responses that remained significant (p < 0.05) or were marginally significant (p < 0.1) after correction
. The x, y, 7 values are coardinates in the MNI space.

are listed

the
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FIGURE 4
A. Brain responses to fast spindles compared to slow spindles after learning

B. Brain responses to fast spindles compared to slow spindles, modulated by overnight
change in recall performance
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Figure 4. Brain responses to sleep spindles after learning.

(A)

Brain responses to fast (versus slow) spindles during the learning compared to the control night: (fast spindles — slow
spindles)ieaming night — (fast spindles — slow spindles)control night- A larger response was found in the right fusiform gyrus (white
arrow; psyc < 0.05 corrected for multiple comparisons), with a trend for a larger response in the thalamus (arrow head, psyc
=0.06). Display at p < 0.02 uncorrected, on the mean structural MRI.

Brain responses to fast (versus slow) spindles during the learning compared to the control night and modulated by
overnight change in recall performance (post-sleep minus pre-sleep recall of learning minus control night).

(Left panels) A trend for a larger response was observed in the right hippocampus (red arrows) (psyc = 0.06 corrected).
Results are displayed at an uncorrected p < 0.02, on the mean structural MRI image, and shown on parasagittal (top) and
coronal (bottom) sections (x and y levels indicated for each section).

(Right panel) Scatter plot illustrating the effects reported in the right hippocampus (x=22, y=-26, z=-7) for this contrast:
response changes (in arbitrary units, a.u.) in this region during fast (versus slow) spindles of the learning (vs control) night
were positively correlated with the overnight change in recall performance. R coefficient for this correlation was 0.71, for
Puncorr < 0.01, corresponding to corrected psyc = 0.06 (table 3, right column).
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DISCUSSION

Using simultaneous EEG/fMRI, we assessed the nalreesponses to fast spindles
during sleep following learning of a new declaratmemory task consisting of face sequences. A
control condition consisted of the identical leamtask, which was learnt daily across a week to
reach a ceiling effect in performance. This re-expe was aimed at providing a control
condition in which participants would be exposedh® exact same set of stimuli before sleep on
the control night of the study protocol, yet with relevant information left to learn. As expected,
participants reached by the second EEG/fMRI sesaisoore that was at (or very close to) the
maximum (Fig. 2), in line with our assumption thedk learning was fully (or almost) completed
before the control night.

Ouir first finding was the involvement of the fusiio gyrus not only in encoding the face
sequence task, but also in the successful rec#ti®task after sleep. This region of the fusiform
gyrus encompassed the fusiform face area, knovbetselectively involved in face perception
and identification (Kanwisher N et al. 1997; Gfpector K et al. 2004). Interestingly, our
findings also showed that the stronger this regias activated during post-sleep recall the better
the memory performance was after sleep (Fig. 3) @ain results then showed increased
responses in the fusiform gyrus with fast spindlessus slow spindles) during the learning as
compared to the control night (Fig. 4A). TogethHese results indicate that overlapping cortical
regions were activated (i) when subjects learntesv rdeclarative task consisting of face
sequencebefore sleep(ii) during subsequent sleep whiast sleep spindleswere presentand
(i) when participants successfully recalled thdaee sequenceafter sleep(Fig. 5). These
repeated cortical activations in similar regionsggast the presence of “offline” replay
mechanisms during fast spindles, which translatéd stronger fusiform response during fast

spindles after learning. Note that all these effawtre contrasted against a control night during
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which subjects followed an identical study protoaad were exposed to the same stimuli but
with no new learning for the participants, whichpgarts the specificity of these findings in
relation to the learning paradigm. Thus, our figdirprovide evidence for memory reactivation
during fast spindles in cortical regions that wereviously involved in learning the task and
subsequently involved in successful recall, in limigh a role for fast spindles in the offline
consolidation of declarative memory traces. Givéat tspindle activity has shown to be
modulated by the phase of the slow oscillation (MdW et al. 2002; Molle M et al. 2011),
spindle-related reactivation could have been likewdependent on ongoing slow oscillations.
However, the reported effects were found after sleave activity was included as a covariate.
This suggests that brain reactivations with fashdips were observed above and beyond the
effects of slow waves. Accordingly, no significaesponses were found with fast spindles when
the slow wave activity regressor was removed frbmanalysis. Our findings therefore suggest
that sleep spindles not phase-locked to slow as$idis might also contribute to the
reorganization of memory traces after learning.

It has been hypothesized that the role of spinttiedeclarative memory consolidation
involves the transfer of information from hippocahpo neocortical regions (Rasch B and J
Born 2013). In line with this model, we found a gaignificant correlation (p = 0.06 corrected
for multiple comparisons) between hippocampal a@gtauring fast spindles of the learning night
(as compared to the control night) and the ovetnitjlange in recall performance (Fig. 4B). In
other words, over and above a general reactivaifaime fusiform gyrus that was consistently
observed after learning during fast spindles, weeoled a trend for a more specific increase in
the hippocampus during fast spindles, which wasdoonly for those individuals who improved
(or forgot less) overnight. Together these findipgst to the importance of the hippocampus for

an efficient transfer of information to long-tertoage during the offline memory consolidation.
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According to this interpretation, a reactivationtie® hippocampus during fast spindles facilitates
a more efficient redistribution of memory tracesnfr the hippocampus to long-term storage in
the neocortex, which in turn improves memory recatid the stabilization of memory

representations.

FIGURE 5

Brain responses?s to task encoc

Brain responases to fast spindles compared to
spirdlrees~&ner learning

Brain responsises to task recall, modulater
vverriigrit ¢nange in recall performance

Figure 5. Brain responses recruited by task encoding, fast spindles after encoding and task recall.

This map combines the brain responses to task encoding (in red, similar to figure 3.A), the responses to fast spindles as
compared to slow spindles (in blue, similar to figure 4.A), and those to task recall after sleep compared to before sleep and
modulated by the overnight change in recall performance (in green, similar to figure 3.B), during the learning compared to
the control night. Note the overlap between these three contrasts in the fusiform gyrus, as delineated by the black dotted
circles. Displayed at p < 0.02 uncorrected, on the mean structural MRI. The color bars indicate the range of Z scores for each
contrast.
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A previous EEG/fMRI study showed a positive cortiela between fast spindle-related
responses in the hippocampus and immediate ddekanacall performance prior to sleep in
sleep-restricted individuals, suggesting that tmeownt of learning achievetbefore sleep
modulated the interaction between sleep spindldshggpocampal responses (Bergmann &0
al. 2012). However, no relationship was observed betweppocampal activity during spindles
and overnight changes in memory recall in that\stétere we found a trend for a relationship
with pre- to post-sleep changes in memory recalhdcordance with the hypothesis that neural
processes in the hippocampus during fast spindlegghtnmodulate the consolidation of
declarative information. Several differences betwear study and that previous one should be
noted in that regard: sample sizes (14 subjectsuinfinal sample, 9 in previous study), sleep
pressure (participants were not sleep-restrictddrédearning in our study), tasks (previous
study used a visuomotor task as control), and aralycontrast between the occurrence of fast
and slow spindles in our study to control for dileces in baseline activity between nights;
responses related to fast spindle amplitude withemrttrasting between spindle subtypes in
previous study).

In addition to hippocampal and neocortical regjoms also found a trend for increased
responses in the thalamus during fast spindleh@fléarning night. The thalamus is a critical
structure for the generation of sleep spindless@adles have been shown to arise from the
interactions between reticular thalamic neuronstaathmo-cortical neurons, the latter entraining
cortical pyramidal neurons in spindle oscillatigB¢eriade Met al.1993). Previous fMRI studies
consistently reported an association between dpepulles and thalamic activity (Schabuse#
al. 2007; Caporro Met al.2012). The present findings suggest that thisathal activity could be
further enhanced following the encoding of new deative learning. Interestingly these changes

in thalamic responses with fast spindles during k&ning night were not reflected by
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corresponding enhancements in spindle density €Tapl Our results might thus indicate an
increase in spindle-generating processes aftenitegr possibly facilitating spindle-mediated
cortical reorganization, but not of a magnitudgptoduce a consistent increase in the number of
generated spindles.

There are some limitations to our study. In patic a possible confound inherent in our
design was a potential order effect as the overlegrcontrol condition always followed the
initial experimental learning session. However, @da a cross-over design in which half of the
participants would have overlearned a face-sequseicas a control condition before the learning
session on a different face-sequence set, woulce hrandered the design to investigate
interference learning rather than memory consabdabnly. Indeed, an overlearned face-
sequence control prior to the learning sessiomtgfést would have resulted in a strong memory
representation interfering with the subsequentniegr of a new face set. Furthermore, in our
study, the fact that we observed a response ifuiBorm gyrus not only during task encoding
and fast spindles but also during task recall afteluding the difference in recall performance
between the learning and control nights as a caterargues against the possibility of a non-
specific order effect. Such order effect would hdeen most likely insensitive to learning
performances.

In summary, our results demonstrate increased beaponses in the fusiform gyrus both
during declarative learning as well as during fapindles of the subsequent sleep period
following learning. This finding provides evidenfor a cortical reactivation during fast spindles,
especially in regions involved in prior learningdre sleep. Importantly, these regions were also
activated during recall after sleep, suggesting thase patterns of cortical activation and
reactivation promote the offline consolidation oémmory traces. In addition, during fast spindles

after learning, there was a trend for a larger aasp in the hippocampus in proportion to the
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overnight memory change, suggesting that spindéte@ hippocampal reactivation might
facilitate the cortical consolidation and recalld&clarative memories. These findings contribute
to the increasingly large body of evidence linkislpep spindles to the stabilization and

integration of declarative information into longftememory.
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TABLE 1. Demographic and sleep characteristics of participants

Learning Night Control Night p-value
Sample size 14 Same N/A

(6F and 8M)
Age (years) 22+1.1 22+1.1 N/A
Time in scanner (min)  124.94 (+35.8) 141.18 (+39.38) 0.02
Sleep duration (min) 64.54 (+43.9) 90.53 (+38.95) 0.02
Stage N1 duration (min) 5.35 (+8.45) 14.23 (+18.19) 0.05
Stage N2 duration (min) 40.38 (+37.8) 55.89 (+32.61) 0.09
Stage N3 duration (min) 18.81 (+25.4) 20.41 (+26.56) 0.35
Number of fast spindles 119.14 (+147.4) 120.43 (+119.66) 0.49
Number of slow spindles 21.36 (+27.4) 22.86 (+34.18) 0.43
::;;::L")d'e density 1 44 (+0.96) 1.31 (+0.99) 0.31
?r"‘;‘;’r:fr:;‘d'e density 55 (+0.21) 0.26 (+0.33) 0.36
:::E)Spi"d'e duration o (10.14) 0.65 (+0.08) 0.53
f:::‘)’ TAMEISCIEEEN 5 = 00 90 0.51 (0.16) 0.31

This table lists the demographic information of the participants as well as the characteristics of their sleep sessions during the
EEG-fMRI recordings for both the learning and the control nights. Values correspond to means (+ standard deviations).
Differences between nights were tested by paired t-tests, and the p values for these comparisons are displayed in the right
column. F=female; M=male; N/A=non applicable; min=minutes; nb=number; sec=seconds.



TABLE 3. Brain responses to sleep spindles after learning

Sleep Spindles (fast — slow,
learning night — control night)

Sleep Spindles (fast — slow, learning
night — control night) modulated by
Recall Performance (post-sleep — pre-
sleep recall)

Region Side | x 'y z Zscore Py, | x y z  Zscore Poc
Fusiform gyrus
R 42 64 -11 3.02 0.04%*
(Bergmann TO et al. 2012)
Thalamus L |6 -19 20 3.08  0.06

(Fogel S et al. 2017)

Hippocampus
(Kumaran D and EA R
Maguire 2006)

22 -26 -7 2.87 0.06

This table lists: (left) the brain responses to fast spindles as compared to slow spindles, during the learning night (night 1) as
compared to the control night (night 8); (right) the responses to fast versus slow spindles during learning compared to control
night, and modulated by the overnight change in recall performance (post-sleep recall minus pre-sleep recall, of learning night

minus control night). Responses were corrected for multiple comparisons on 10-mm radius spheres (SVC) centered on published
coordinates as indicated for each region. Only responses that remained significant (p < 0.05) or were marginally significant (p <

0.1) after correction are listed, and those surviving an additional Bonferroni correction are marked (*). The x, y, z values are

coordinates in the MNI space.




