Abstract

Learning-dependent increases in sleep spindle tgyehave been reported during
nocturnal sleep immediately following the learnisgssion. Here, we investigated
experience-dependent changes in daytime sleep E&itya after declarative
learning of unrelated word-pairs. At weekly intdsyahirteen young male volunteers
spent three times 24 h in the laboratory underfalyecontrolled homeostatic and
circadian conditions. Around midday, subjects eariout either one of two word-pair
learning tasks or a matched non-learning conts¥,ten a counterbalanced order. The
two learning lists differed in the level of con@eéss of the words used, resulting in
an easier and a more difficult associative encodingdition, as confirmed by
performance at immediate cued recall. Subjects leea allowed to sleep for 4
hours; afterwards delayed cued recall was testedcomparison to the control
condition, sleep EEG spectral activity in the lopinslle frequency range and the
density of low frequency sleep spindles (11.25-83tHz) were both significantly
increased in the left frontal cortex after the idiift but not after the easy encoding
condition. Furthermore, we found positive correlai between these EEG changes
during sleep and changes in memory performancedagtvpre- and post-nap recall
sessions. These results indicate that, likewisengumocturnal sleep, daytime sleep
EEG oscillations including spindle activity are nifeatl after declarative learning of
word pairs. Furthermore, we demonstrate here beanhature of the learning material

is a determinant factor for sleep-related alteretiafter declarative learning.



Sleep is deemed to play a prominent role in thecgssing of recently acquired
memory traces (Maquet, 2001; Stickgold and WalRéQ5; Walker and Stickgold,
2006). In humans, it has been proposed that spestdep stages are involved in the
consolidation of different memory domains (Smitl)02; Rauchs et al., 2005).
Evidence suggests that rapid eye movement sleegV@REis beneficial for
procedural, non-declarative memory (Plihal and Bd®97; Smith, 1995), whereas
non-REMS (NREMS) participates predominantly in tumsolidation of declarative
memories (Plihal and Born, 1997). In line with tidea that sleep affects memory
consolidation, practice of memory tasks conversdfgcts the architecture of post-
training sleep (Meier-Koll, 1999; Maquet et al.,0BQ Gais et al., 2002; Peigneux et
al., 2003,2004; Huber et al., 2004). In particulsieep electroencephalographic
(EEG) activity in the delta (0.5-4.5 Hz) and spmdl2-15 Hz) range seems to be
implicated in the practice of declarative memorgk&a (Schabus et al., 2004, 2005;
Clemens et al., 2005; Gais et al., 2002). Intenghtj sleep spindles are temporally
related to the occurrence of hippocampal rippleap&@ and Wilson, 1998; Sirota et
al., 2003). Thus, their co-activation is believede important for NREMS-dependent
processes of consolidation (e.g. Buzsaki, 1998)induwhich associative memories
are gradually translated from hippocampal to neozar stores (Chrobak and
Buzsaki, 1996).

An important confounding factor in NREMS and deatare memory studies is that
both EEG delta and spindle activity during sleepeahel on the amount of prior
wakefulness (homeostatic pressure) and of the phfem@dogenous circadian rhythms
(Dijk & Czeisler, 1995; Knoblauch et al., 2003).rthermore, the intrinsic nature of
the memory task might be a determinant factor endtcurrence of post-training EEG

oscillations during sleep. For instance, it was digpsized that learning unrelated



word-pairs depends to a larger degree than relg@ids on newly formed,
hippocampally mediated associations (Stickgold,4200f sleep spindles and co-
occurring hippocampal ripples are important for smlidation, then it can be
hypothesized that memory tasks significantly cmalileg hippocampal activity would
affect post-training sleep EEG oscillations. Weriear out a declarative learning
study in which sleep-wake dependent (homeostatin) eircadian factors were
carefully controlled for, whereas the degree ofareteness of the words constituting
the lists of unrelated pairs to learn was manigdatA manipulation at this level
actually impacts on the associative encoding difficof the word pairs (e.g. Day and
Bellezza, 1983). In a within-subject design, weestigated the repercussions of prior
declarative learning on sleep architecture andpsEEG oscillations, particularly
spindle activity, during daytime sleep (i.e. nagpinand whether the encoding
difficulty of the material modulates this impacturthermore, we tested whether
changes in post-training sleep EEG oscillationsatate with post-napping learning

performance.

Materials and M ethods

Subjects. Thirteen young male volunteers (mean age 24.4 tyéa#8s, range 21-28
years) gave their written informed consent for ipgrating in this experiment
approved by the local Ethical Committee. Exclusioiteria were reports of medical,
psychiatric and sleep disorders, medication or decagsumption, alcohol abuse,
excessive caffeine consumption or physical actjstyift work within the three past
months, transmeridian travel or disturbances in gleep-wake cycle within one
month before the experiment, and extreme morningvening chronotype (defined

by scores <12 or >23 on the Torsvall-Akerstedt rimgevening types questionnaire;



Torsvall and Akerstedt, 1980). Drug-free status veasmtrolled via an urinary
toxicological analysis upon admission to the stgByug screen Card Multi-6 for
amphetamines, benzodiazepines, cocaine, methadpiaes and THC, von Minden
Gmbh). To assess the subject’s rest-activity patemotor activity of the non-
dominant arm was recorded with actimeters (Cambridgurotechnologies, UK) the
week prior and between the sessions along witlpsieke logs.

Sudy Protocol. An overview of the study design is illustrated ilgi¥e 1. Each
subject underwent three 24-h sessions in the cbriology laboratory, separated by at
least 7 days. The precise schedule of each sess®imdividually adapted according
to the subject’s habitual bedtime based on theageetiming of the sleep midpoints,
which were derived from the actimetry data durihg preceding week. Subjects
reported to the laboratory 7 hours before habiights off on day 1 (Figure 1). After
the hook-up of the electrodes, subjects continyoatlyed under constant posture
conditions (semi-recumbent during scheduled wake&g and fully recumbent
during scheduled sleep), in dim light (< 8 lux dgriwakefulness, 0 lux during sleep
episodes) and constant ambient temperature (~21 Siffjjective sleepiness was
assessed every hour using visual analogue scalésS)(\and the Karolinska
Sleepiness Scale (KSS; Akerstedt and Gillberg, 19%®urly collected saliva
samples were assayed for melatonin using a directubld-antibody
radioimmunoassay validated by gas chromatographssnspectroscopy with an
analytical at least detectable dose of 0.65 pgduh{mann Laboratories, Switzerland,;
Weber, 1997). Polygraphic data (see below) werdimaously recorded during each
24-h session. After lights off, subjects were akowto sleep for 8 hours. Three hours
after awakening, they performed one of the threggeamental conditions, i.e. two

different learning tasks and a control task in anterbalanced order across the



subjects. Two hours after the beginning of the arpental task (on average around
midday, see Figure 1), lights were turned off, antjects were allowed to sleep for
another 4 hours. Thirty minutes after lights orkjrtg into account the effect of sleep
inertia on cognition (e.g. Hofer-Tinguely et alQ0®; Jewett et al., 1999), delayed
recall on the two learning tasks was assessed.e&ug cognitive strain,
wearisomeness, and boredom of the task were det-ran five-point scales
immediately after the end of each learning ses@ooording to Gais et al., 2002).
Learning and non-learning tasks. In each of the two learning tasks, subjects had to
learn a randomized list of 154 unrelated word pdiisplayed one by one on a
computer screen using E-Prime software (Psychofagfyware Tools, Inc). The list
was presented twice (inter-presentation interval ahinutes, total duration of the
encoding session ~ 50 minutes). Each pair of wavas displayed on the screen for 3
s, followed by a white centered fixation-cross #ois during which subjects were
instructed to visually imagine a relationship betwehe two words of the pair in the
aim to render mnemonic strategies more comparatriessa subjects (Gais et al.,
2002; Schabus et al., 2004). After five seconts, fixation-cross changed from
white to red (for 2 s) in order to prepare the eabjfor the next word pair.
Immediately after the end of the encoding sessieh3) minutes after the end of the
nap, recall performance for the word pairs wasetesising a cued recall procedure:
The first word of each pair was presented on tiees;; while the subjects were asked
to name the appropriate second word of the paierdtwas no time limit for the
recall. The subject’'s responses were written downpaper by the examiner. The
order of presentation of the word pairs during theall was pseudo-randomized
between subjects (4 possible recall versions).

The non-learning control task, designed accordmgsais et al. (2002), served to



mimic the learning task as much as possible bubowit the intentional learning
component. One hundred fifty-four word pairs wenesgnted using the same
procedure as for the learning condition, but thigjestts were instructed to count all
letters containing curved lines on word pairs.

The words of the 3 lists were initially selected@ling to their length (words of 4 to
12 letters) based on a published database (Hag84).1Unrelated word pairs were
used for all three conditions, i.e. pairs of wofds which automatic pre-existing
associations were not available in memory. Forams¢, semantically highly related
word pairs like “cat-dog” or ’river-ship” were neveresented in any of the
conditions. Emotionality and concreteness of thedsavere rated on a 7-point Likert
scale in a pilot study (n=12 participants not igd in the main experiment). Three
lists of 154 word pairs presenting similar averbyels of emotionality (1.& 0.3 vs.
1.6+ 0.2 vs. 1.6t 0.1, p>0.1) and word length (7#42.8 vs. 7.1+ 2.5 vs. 7.6t 2.1,
p>0.1) were created. The lists differed howeveth@ level of concreteness of the
words composing the associates, in such a wayotatist contained more abstract
words than the other one (3:6.3 for one learning list (A) vs. 2:80.3 for the other
learning list (B) vs. 2.6 0.2 for the control condition, F [2,22] = 19.8;<p0.005;
learning list A > learning list B and learning liat > control list, t-test for paired
samples, both < 0.005). This difference in concreteness wasiogoefl in a post-
hoc analysis of the concreteness ratings givernbystudy participants at the end of
each session (F [2,24] = 16.35; p < 0.0005;4#3®3 for the learning list A, 2.6 0.2
for the learning list B and 2.% 0.2 for the control condition; learning list A >
learning list B and learning list A > control ligtfest for paired samples; botk g
0.005). This manipulation resulted in a more difficand an easier encoding

condition as indexed by the number of correctlyalled word pairs at immediate



recall (see results section).

Polygraphic recordings. Eight EEG channels (F3, F4, C3, C4, P3, P4, 01, 02,
referenced against linked mastoids (A1+A2)), twectkboculograms (EOG), one
submental electromyogram (EMG) and one electroogrdm (ECG) signal were
recorded throughout each 24-h session using th&RORT digital ambulatory sleep
recorder (Vitaport-3 digital recorder, TEMEC Instrents B.V., Kerkrade, The
Netherlands). All signals were filtered at 30 Hxh(4rder Bessel type anti-aliasing
low-pass filter, total 24 dB/Oct.), and a time dam$ of 1.0 s was used prior to on-
line digitization (range 61Q@V, 12 bit AD converter, 0.1mV/bit; sampling rate at
256 Hz for the EEG, EOG and ECG). The raw signasevetored on-line on a Flash
RAM Card (Viking, USA) and downloaded off-line toRC hard drive. Sleep stages
during scheduled naps (Table 1) and the precedomjumal sleep episode were
visually scored on a 20-s epoch basis (VitaporteRaps Sleep Scoring Software)
according to standard criteria (Rechtschaffen aald4 1968).

Quantitative EEG analysis. The EEGs were subjected to spectral analysis usingta fa
Fourier transform (10% cosine 4-s window) resultinga 0.25 Hz bin resolution.
EEG artifacts were detected by an automated artifdetection algorithm
(VITASCORE, CASA, 2000 Phy Vision B.V., Kerkradehd Netherlands). For final
data reduction, the artifact-free 4-s epochs wemraged over 20-s epochs. EEG
power spectra were calculated during NREM sleefhenfrequency range between
0.5 and 32 Hz.

For sleep spindle detection and analysis, the EE&® subjected to instantaneous
spectral analysis using a Fast Time Frequency Toanms(FTFT) (Martens, 1992).
The FTFT calculates instantaneous amplitude, fregpeand bandwidth in 8

frequency bands from 0-4, 4-8, 8-12, 12-16, 1611822, 22-24, 24-28 and 28-32



Hz. Instantaneous bandwidth is computed from th&tamtaneous frequency as
rectified first derivate with respect to time. Téfare, the higher the frequency
variability, the higher the amplitude. Based on théHz range of the filters, the
resolution in time of the above parameters is 0 4&Hnds. Over a moving template
of 1-s duration, thresholds are applied to ampétuféfequency and bandwidth
parameters to differentiate synchronized activitynt ongoing noise as well as to
remove artifacts (Martens, 1999). The thresholdseveketermined empirically on a
learning set of EEG recordings to yield the clogasdsible agreement with visual
scores (Knoblauch et al. 2003a). Incorporatingitiseantaneous bandwidth helped to
achieve a closer agreement in comparison with usmyg an amplitude threshold.
Finally, the optimized settings from the learnireg ef EEG recordings were applied
to the data, focusing on detected synchronizeddipiactivity (Knoblauch et al.,
2003a). Spindles were detected from the outcoméhef8-12 Hz and 12-16 Hz
frequency band, but the frequency and the bandwid#shold for spindle detection
was limited to the range of 11.25-16 Hz. Thesestoélds again were determined
empirically and compared with the visual score.rtfi@rmore, a duration limit-0.5
and <2 s) was applied to the detected spindles. As altrabe automated spindle
detection algorithm allows the investigation of #maplitude and frequency of each
individual spindle at a time resolution of 0.12%Jsing this algorithm, spindle density
was computed as the number of sleep spindles psrefibchs. This technique has
been successfully applied for spindle data analysgior studies (Knoblauch et al.,
2003a, 2003b, 2005). Spindle density values caledlduring a baseline night using
this algorithm were found similar (Knoblauch et 2003) to values reported in other
studies using automated (Dijk et al., 1993; Wealet1999) or visual (De Gennaro et

al., 2000) spindle detection techniques. Additibnal direct comparison between the



detection algorithm and visual scoring discloseghslly higher spindle density values
in the former case, because the human eye oftesem®iperimposed sleep spindles
in the presence of delta waves (Knoblauch et @033)

Satistics. The statistical packages SAYSAS® Institute Inc., Cary, NC, USA,
Version 6.12) and Statisti®gStatSoft Inc. 2000 STATISTICA for Windows, Tulsa,
OK, USA) were used. For spectral data, analysesmoénce for repeated measures
(rANOVA) were performed between the factors ‘lozation’ (F, C, P, O) ‘side’ (left
versus right hemisphere) and ‘condition’ (easy e difficult encoding, control
condition) for each frequency bin (0.75-25 Hz). 8uvés derived from rANOVAS
were based on Huynh-Feldt's (H-F) corrected degodeseedom, but the original
degrees of freedom are reported. fpost-hoc comparisons, paired sample t-tests
corrected for multiple comparisons (Curran-Ever2®)0) were used. rANOVAS and
t-tests for paired samples where also applieddepskpindle data. T-tests for paired
samples were used for the comparison of the memerprmance between the two
learning lists. F-values were reported when tha deached statistical significance.
Post-hoc t-test values are not reported.

The sleep EEG recording at the right occipital \wiron during the nap after the easy
encoding condition was defective for one subjechowvas excluded from the

analyses including this derivation and condition.

Results

Behavioral measures.
All subjects recalled significantly fewer wordseafthe encoding condition with more
abstract words ("difficult encoding condition”) thafter the encoding condition with

more concrete words (“easy encoding condition”; s@gplemental Figure S1), both



during the immediate recall (48435.2% for the difficult encoding vs. 66.@ 5.0%
for the easy encoding condition, t[12] = 11.4; ®0@1) and during the delayed post-
nap recall (48.7= 5.1% for the difficult encodings. 66.1 + 5.0% for the easy
encoding condition; t[12] = 9.0; p < 0.0001). Memoperformance between
immediate and delayed recall did not significathange and remained stable in both
encoding conditions (in both cases p > 0.75; spplsmental Figure S1).

As assessed on a 7-point Likert scale, subjectsdrtte creation of associations
between more concrete words less difficult thamvbeh more abstract words (t[12] =
3.8; p < 0.005; 2.& 0.2 for the easys. 2.1+ 0.2 for the difficult condition).
Subjective ratings (5-point Likert scale) of cogret strain, wearisomeness and
difficulty were not different between conditions ¥p0.8 for all comparisons). While
the easy and the difficult encoding conditions dal differ in the level of boredom
(3.1£ 0.3 vs. 3.1+ 0.3, p>0.05), the easy encoding task was rateddesng than the

non-learning control task (390.2, p<0.05; interaction term F[2,24] = 3.9; p<&).0

Circadian melatonin phase and subjective sleepiness.

Melatonin expression is an important measure becasisepresents the main indirect
marker of the endogenous circadian rhythm in hun@ensit is well known that the

circadian timing system exerts its influence on nitige performance measures,
amongst them also memory performance (e.g. Wya#ll.et1999; Cajochen et al.,

1999; Whright et al., 2002). As we took care to tominfor both homeostatic and

circadian parameters in this study, all subjectsewtested at the same circadian
phase, which was verified post-hoc based on melatalata. There were no

significant interactions between the time course thie conditions (p > 0.75 for KSS

and VAS sleepiness scales, p > 0.2 for salivaryatorln; see supplemental figure



S2) for any of these measures, nor an effect ofctralition (p > 0.2 for salivary
melatonin, p > 0.5 for VAS and KSS values). Post-bstimation of circadian phase
confirmed the individual's time schedule choicenfractimetry data of the preceding
week: the melatonin mid range crossing, an indimetrker of circadian phase

correlated positively with the sleep midpoint ofiaetry data (r = 0.78, p < 0.001).

Seep variables derived from visual scoring and memory performance.
Sleep parameters during the post-training naps (sd#e 1) and the night prior
learning did not differ between the easy and diffiencoding conditions and the

non-learning control condition (alkp 0.2).

EEG Power density during the nap and memory performance.

There was no significant 3-way interaction betwettre factors ‘condition’,
‘derivation’, and ‘brain hemisphere’ (left, righfpr EEG power density in any
frequency bin between 0.75-25 Hz during NREMS st&ye8 and 4. The main factor
‘condition’ yielded significance for the followinfyequency bins: 2, 2.5, 9.5- 9.75,
11.5-12.75, 13.25, 17, 18, 18,25, 18.5 Hz for ES;dnd 2 Hz for C3; 0.75, 1, 1.25,
1.75 Hz for O1 and 1 Hz for O2 (F[2,24] at least, &ll ps < 0.05).

Post-hoc comparisons (t-test for paired samples) showed BB power density
after the difficult encoding condition increasedrsficantly compared to the control
condition in the left frontal derivation (F3) inglow spindle frequency range (11.5-
13.25 Hz, all p< 0.05, figure 2a; see also supplementary Fig@réoE EEG power
density including only stage 2 sleep) and in alsifigegquency bin in the delta range
(0.75 Hz, p < 0.05, Figure 2a). Additionally, wetatded increased EEG power
density in the left central derivation (C3) in sianifrequency bands but only for two

single frequency bins (2 Hz and 13 Hz, p < 0.0%) Tomparison between the easy



encoding and the non-learning control conditionesded an increase in EEG power
density for frequency bins in the alpha (8.75-%-9.75 and 10.75 Hz, allsp< 0.05)
and in the beta (16.25, 16.75, 17 Hz, 17.75, 18;18), 21.5-21.75 and 28.5 Hz, all
ps < 0.05) range for the left frontal derivation (F3, Figu2b). EEG power density
decreased in the occipital derivation for frequehrys in the delta range (0.75 and 1
Hz for O1, p < 0.05; 1 and 1.25 Hz for O2, p <5).@nd increased for a single
frequency bin in the beta range for this deriva(®d.75 Hz for O2; p < 0.05).

After collapsing frequency bins into broader fregcye bands, we observed a
significant increase in the low spindle frequenagge (11.25-13.75 Hz) in F3 (t-test
for paired samples; p < 0.05) for the difficult edmng condition and in the alpha (8-
11 Hz) and beta (17-20 Hz) range for the easy @ngocbndition (t-test for paired
samples; p < 0.05), as compared to the non-leagungol condition.

There was a positive correlation between the oagr-memory performance change
(immediate versus delayed) for the difficult enecagicondition and relative EEG
power density (% of control condition) in the giim frequency range during the
post-encoding nap (C3, r = 0.61, p < 0.05, P3,0:68, p < 0.05, O1r =0.75, p <
0.005 and P4, r = 0.56, p < 0.05 for the low frepyespindle range; C3,r = 0.69, p <
0.01, P3,r=0.69, p<0.01 and O1, r = 0.72,@B&4 for the high frequency spindle
range; 14-16 Hz). For the easy encoding conditi@sults showed a positive
correlation between the over-nap memory performaritange and relative EEG
activity in the theta range in the left frontal idation (F3; r = 0.56, p < 0.05).

Seep spindle activity.

rANOVAs with the factors ‘derivation’, ‘side’ andcondition’ were performed to
compare spindle activity between the three comsticSpindles were grouped into

low frequency spindles (11.25-13.75 Hz) and higtgérency spindles (14-16 Hz).



Sleep spindle density (i.e. the number of sleepdips per 20-s epochs) was
determined during stage 2 sleep after the learaimgnon-learning tasks. There was a
main effect of the factor condition (F[2,24] = 3f»;< 0.05) for the low frequency
spindles.

Post-hoc analyses (t-tests for paired samples) revealeith@ease in low frequency
sleep spindle density in the fronto-central areasnd the nap after the difficult
encoding condition as compared to the control dand(F3: 0.54+ 0.09 versus 0.43
+ 0.08; see Figure 3a; C3: 0.8@.06 vs. 0.2& 0.06, and C4: 0.3#4 0.06 vs. 0.2%
0.06; all s at least < 0.05). No such increase was observeth&easy encoding
condition compared to the control condition, or fliee high frequency spindles after
both encoding conditions. Finally, we found a puesitassociation between over-nap
memory performance change and the density chanigsvifrequency sleep spindles
for the difficult encoding condition when compatedhe control condition in C3 (r =
0.63, p < 0.05, Figure 3b). No such relationshis whserved for the easy encoding

condition.

Discussion

We provide here evidence that declarative learpingr to a daytime sleep episode
leads to increased synchronized EEG oscillationsingu post-training sleep,
particularly in the sleep spindle range. Thus, foudings generalize the phenomenon
of post-learning changes in electrophysiologicdlvdg to daytime sleep episodes.
Most importantly, we could show that the naturetlod declarative material to be
learned and the related encoding difficulty areedatnant factors for EEG changes
during post-training NREMS. After the difficult emding condition, EEG power

density increased in the low spindle frequency iantthe slow wave activity range in



the left frontal location. Consistently, there wassignificant increase in spindle
density for low frequency spindles after the difficencoding condition.

Our aim was to compare two memory tasks that demendhe same declarative
episodic verbal memory system, but differ in thencoding difficulty. This was
achieved by manipulating the concreteness levéhefvord associates, although for
both lists only unrelated word pair associates wesed. Consistent changes in post-
training sleep spindle parameters were only obskeafter the difficult but not after
the easy associative encoding condition. This teisuin agreement with animal
studies, which found alterations in post-trainiigep architecture only when the
training task was difficult enough (Smith and Worid§91). Beyond task difficulty
however, noun concreteness as well as the fanyliafithe word pairs are known to
affect encoding in humans (e.g. Marschark and 8uri®92; Day and Bellezza,
1983). During the learning session, we instructesl subjects to imagine a visual
relationship between the word associates of a gpein Imagery abilities can be
directly affected by the level of concreteness lné twords presented and may
therefore explain the observed difference of pentorice between the more abstract
and the more concrete lists. It has been propdsadirnagery is based on a general
knowledge of how classes of concrete objects intenathe physical world (Day and
Bellezza, 1983). In this framework, when presenteth a word pair containing
concrete nouns such as “peach-chair”, one mightmasily create a visual image of
the scene, because some pre-existing informatiamasable in memory that can help
to relate the two words in the present pair. Wheangting to establish a visual
relationship between more abstract words like “ofate”, one cannot as easily take
advantage of specific experiences and the resultsgociation is therefore

intrinsically more novel. Accordingly, our parti@ipts rated the abstraction level of



the association between words in a pair higher whese words were taken from the
abstract wordlist. A consequential hypothesis wdaddhat the formation of a visual
relationship between words in the difficult encagoondition requires the creation of
entirely new memory associations, whereas buildingsual relationship in a word
pair composed of concrete words would rather relypoe-existing representations
which makes unrelated word pairs in the easy emgocibndition akin to related word
pairs.

Although it has been suggested that the creationeaf associations is especially
contingent upon the activity of the hippocampusicigpld, 2004), and there is
evidence that the hippocampus participates in f@ausihg memory consolidation for
declarative memories (Peigneux et al., 2004, 20G&kashima et al., 2006), the
hypothesis of a prominent role of the hippocamputhe difficult encoding condition
remains to be demonstrated via direct recording, wsing functional brain imaging
studies.

Alternatively, the complementary notion of encodidgpth (Craik and Lockhart,
1972) may account for differences in daytime slE&fs oscillations after the easy
and difficult learning sessions. It is known thaémory encoding is influenced both
by the nature of the to-be-remembered informatiod #the way the information is
processed (e.g. Guo et al., 2004). Craik et ahilC2002; Craik and Lockhart, 1972)
stated that “ ... good memory performance reflecegppde memory processing in the
sense of more abstract semantic analysis (Crai);20.314)". In this perspective,
deep encoding during the difficult condition woudgjuire a more active or elaborated
processing as new memory associations need to itte Burther experiments are
needed to partial out these conjectures, which rhalp to reconcile result

discrepancies between early (e.g. Castaldo et@r4 ; Bertini and Torre, 1973) and



later (e.g. Plihal and Born, 1997; Schabus et241Q4) studies having used similar
kind of declarative learning material. Nonethelasss worth noticing here that we
have also observed changes in post-learning sl&€p fiower density after the easy
encoding condition. Thus, the relationship betwesated word pairs and different
levels of abstraction in the association betwearlated word pairs should probably
be best viewed in terms of a continuum rather thiahotomy.

Likewise during nocturnal sleep (Gais et al., 2002arning dependent EEG changes
during daytime sleep were predominantly seen irsfiiedle frequency range after the
difficult encoding condition, despite the fact tisééep spindles are under particularly
pronounced circadian modulation and exhibit a stgkday-night difference (Dijk and
Czeisler, 1995; Dijk et al., 1997; Wei et al., 19%hoblauch et al., 2003). The
impact of circadian modulation varies between bnagions, but during daytime
sleep, sleep spindles are generally less abunbawg lower amplitude and shorter
duration, and the within-spindle frequency is higaed more variable (Knoblauch et
al.,, 2003). Furthermore, we have found that only lfsequency sleep spindles
increased after learning in the difficult encodit@ndition, with largest increases in
left frontal brain areas. Mean spindle frequencyoiser in frontal than in centro-
parietal brain areas (Scheuler, 1990; Werth et 1897; Zeitlhofer et al., 1997;
Anderer et al., 2001), which led some authors tppse the existence of two distinct
spindle generators: frontal and parietal (Zeitlnadeal., 1997; Anderer et al., 2001).
In this perspective, our data may support the Hgms of a specific functional
implication of fronto-central located spindles iacthrative memory processes, which
may be functionally dissociated from parietal-tgpéndles (Dorran, 2003). It must be
noticed, however, that frequency differences betwskeep spindles recorded at

different brain sites do not necessarily imply fumaally distinct spindle activities. At



the level of rhythmic activity in the brain, spiedhnd faster oscillatory activity have
both been linked to aspects of memory consolidapoocesses (e.g. Siapas and
Wilson, 1998; Steriade and Amzica, 1998; Destexhale 1999; Sejnowski and
Destexhe, 2000; Gais et al., 2002). Spindle osiafia provoke a massive Ca2+ entry
into the spindling cortical cells, and thus coukt $he stage for plastic synaptic
changes that are supposed to be induced duringgudist slow-wave activity (Molle
et al., 2002). Furthermore, sleep spindles are ¢eafly related to the occurrence of
hippocampal ripples (Siapas and Wilson, 1998; &iettal., 2003), their co-activation
is believed to be important for NREMS-dependentcgsses of consolidation (e.qg.
Buzsaki, 1998).

The widespread modifications in EEG power densityirdy NREMS (increase in
alpha and beta range at the left frontal derivationslow-wave activity and beta
range at occipital derivations) found after theyeascoding condition are unlikely
due to inter-individual differences, since we usgedepeated measure intra-subject
design. In contrast with other studies, we cargfationitored the activity of our
participants during 24 hours, including the 18-lise@e before the learning session.
They were tested at the same circadian phase atet equivalent homeostatic sleep
pressure in the three experimental conditions. fig@ous control ensured that post-
training sleep differences cannot be attributeccdofounding effects of circadian
and/or homeostatic factors, which are known to netduperformance in several
memory and vigilance measures (Cajochen et al.,9,198004; Woyatt et
al.,1999;Wright et al., 2002). Accordingly, subjeetcognitive strain, difficulty and
wearisomeness were similarly rated in the lear@ing control tasks. We aimed at
making the control task to resemble the learnisggas much as possible, except for

the intentional learning component. Together witle homeostatic and circadian



control, and the fact that the two learning taskieiced only by the abstraction degree
of the association between word pairs, we are reddyp sure that the observed
effects genuinely represent learning-dependent ggsanmore than a global use-
dependent recovery phenomenon. This does not exthe&lpossibility that increased
EEG spectral power in the delta range after thicdif encoding condition reflects
local post-training recovery in the areas solicitgdthe encoding effort. Finally, we
observed that increased activity in EEG power speict the low spindle frequency
range and spindle density was positively correlat@th changes in memory
performance between pre- and post-sleep recaliossssThis result further suggests
that spindle activity during daytime sleep is inxaad in the consolidation of recently
acquired declarative memories in humans, at leattta difficult encoding condition.
Hence, our results are in agreement with noctuste#p studies using declarative
material (Plihal and Born, 1997, Gais et al., 20@204; Schabus et al., 2004,
Clemens et al., 2005; Peigneux et al., 2004 fotiapapisodic memory), and extend
those findings in showing that learning-related nges in sleep parameters, and
sleep-related consolidation of declarative memoaes contingent upon the nature of

the material to be learned.

References

Akerstedt T, Gillberg M (1990) Subjective and obijee sleepiness in the active
individual. Int J Neurosci 52: 29-37.

Anderer P, Klosch G, Gruber G, Trenker E, PascuateMi RD, Zeitlhofer J,
Barbanjoj MJ, Rappelsberger P, Saletu B (2001)-kesolution brain
electromagnetic tomography revealed simultanecadiye frontal and
parietal sleep spindle sources in the human coexrosciencel03:581-592.

Bertini M, Torre A(1973) REM sleep and memory cdidadion. In: Sleep:
Physiology,

biochemistry, psychology, pharmacology, clinicapiioations (Levin P,
Koella WP



eds.), pp. 453-457.Basel, Switzerland: Karger.

Buzsaki G (1998) Memory consolidation during sleepeurophysiological
perspective. J Sleep Res, 7 Suppl 1, 17-23.

Cajochen C, Khalsa SB, Wyatt JK, Czeisler CA, mMijk(1999) EEG and ocular
correlates of circadian melatonin phase and hurediognance decrements
during sleep loss. Am J Physiol, 277:R640-649.

Cajochen C, Knoblauch V, Wirz-Justice A, Krauchi®aw P, Wallach D (2004)
Circadian modulation of sequence learning unden higd low sleep pressure
conditions. Behav Brain Res, 151:167-176.

Castaldo V, Krynicki V, Goldstein J (1974) Sleepggts and verbal memory.
Perceptual motor skills, 39:1023-1030.

Chrobak, J. J., Buzsaki, G. (1996) High-frequenssillations in the output networks
of the hippocampal-entorhinal axis of the freelydéng rat. J Neurosci,
16:3056-3066.

Clemens Z, Fabo D, Halasz P (2005) Overnight \eriganory retention correlates
with the number of sleep spindles. Neuroscienc2(2)3%29-535.

Craik FIM (2002) Levels of processing: past, présand future? Memory, 10:305-
318.

Craik FIM, Lockhart RS (1972) Levels of processirfgframework for memory
research. Journal of Verbal Learning and VerbalaBeir, 11:671-684.

Curran-Everett D (2000) Multiple comparisons : pedphies and illustrations. Am J
Physiol Regul Integr Comp Physiol, 279:R1-R8.

Day JC, Bellezza FS (1983) The relation betweeunalisnagery mediators and
recall. Mem Cognit, 11:251-257.

De Genarro L, Ferrara M, Bertini M (2000) Effectstdw-wave sleep deprivation on
topographical distribution of spindles. Behav BrRies, 116: 55-59.

Destexhe A, Contreras D, Steriade M (1999) Colliigalduced coherence of a
thalamic-generated oscillation. Neuroscience, 27-43.

Dijk D J, Czeisler C A (1995) Contribution of thizcadian pacemaker and the sleep
homeostat to sleep propensity, sleep structuretrencephalographic slow
waves, and sleep spindle activity in humans. J d&siy 15:3526-3538.

Dijk DJ, Shanahan TL, Duffy JF, Ronda JM, Czeislér (1997) Variation of
electroencephalographic activity during non-rapid mmovement and rapid
eye movement sleep with phase of circadian melatdnithm in humans. J
Physiol, 505: 851-858.



Doran SM (2003) The dynamic topography of individslaep spindles. Sleep
Research Online 5 : 133-139.

Finelli L A, Achermann P, Borbely AA (2001) Inddual ‘fingerprints' in human
sleep EEG topography. Neuropsychopharmacology 575632.

Gaillard JM, Blois R (1981) Spindle density inegpeof normal subjects. Sleep,
4:385-391.

Gais S, Molle M, Helms K, and Born J (2002) Leagadependent increases in sleep
spindle density. J Neurosci, 22:6830-6834.

Gais S, and Born J (2004) Low acetylcholine dusloyv-wave sleep is critical for
declarative memory consolidation. Proc Natl Acadl$8 A, 101:2140-2144.

Hager W, Hasselhorn M (1994). Handbuch deutschbacWort-normen.
Gottingen: Hogrefe, Verlag fir Psychologie.

Hofer-Tinguely G, Achermann P, Landolt HP, Regd| Ketey JV, Durr R, Borbely
AA, Gottselig IM(2005) Sleep inertia: performanbamges after sleep, rest
and active waking. Brain Res Cogn Brain Res, 22328

Huber R, Ghilardi MF, Massimini M, Tononi G (20049cal sleep and learning.
Nature, 430:78-81.

Jewett ME, Wyatt JK, Ritz-De Cecco A, Khalsa SBkmMJ, Czeisler CA (1999)
Time course of sleep inertia dissipation in humariggmance and alertness. J
Sleep Res, 8:1-8.

Knoblauch V, Martens W.L.J., Wirz-Justice A, Kraukh Cajochen C (2003a)
Regional

differences in the circadian modulation of humaseplspindle characteristics.
EurJ

Neurosci 18 : 155-63.

Knoblauch V, Martens W.L.J., Wirz-Justice A, CajenlC (2003b) Human sleep
spindle
characteristics after sleep deprivation. Clin Nebwesiol 114 : 2258-67.

Knoblauch V, Miunch M, Blatter K, Martens W.L.J.,isader C, Schnitzler C, Wirz-
Justice

A, Cajochen C (2005) Age-related changes in thedian modulation of
sleep

spindle frequency during nap sleep. Sleep 28(9341D1.

Maguet P (2001) The role of sleep in learning amanory. Science, 294:1048-1052.

Maquet P, Laureys S, Peigneux P, Fuchs S, Peti&hilips C, Aerts J, Del Fiore G,
Degueldre C, Meulemans T, Luxen A, Franck G, Van[Deden M, Smith C,



Cleeremans A(2000) Experience-dependent changesabral activation
during human REM sleep. Nat Neurosci, 3:831-836.

Marschark M, Surian L (1992) Concreteness effectsee recall: the roles of
imaginal and relational processing. Mem Cognit52@:620.

Martens WLJ (1999) Segmentation of 'rhythmic' arwisy' components of sleep
EEG, Heart Rate and Respiratory signals basedstantanuous amplitude,
frequency, bandwidth and phase. 1st joined BMES/ENBEE Conference,
Atlanta 1999.

Martens WLJ (1992) The fast time frequency tramef@.T.F.T): a novel on-line
approach to the instantaneous spectrum. 14th ktienal Conference of the
IEEE Engineering in Medecine and Biology Societsi$1992.

Meier-Koll A, Bussmann B, Schmidt C, Neuschwandg1B99) Walking through a
maze alters the architecture of sleep. Perceptaamskills, 88:1141-1159.

Molle M, Marshall L, Gais S, Born J (2002). Groupiof spindle activity during slow
oscillations in human non-rapid eye movement slé@dyeurosci 22: 10941-7.

Peigneux P, Laureys S, Fuchs S, Destrebecqz AeiBol, Delbeuck X, Phillips C,
Aerts J, Del Fiore G, Degueldre C, Luxen A, CleaaamA, Maquet P (2003)
Learned material content and acquisition level nietéLcerebral reactivation
during posttraining rapid-eye-movements sleep. biewage, 20:125-134.

Peigneux P, Laureys S, Fuchs S, Collette F, PEfriReggers J, Phillips C, Del Fiore
G, Aerts J, Luxen A, Maquet P (2004) Are spatiahmodes strengthened in
the human hippocampus during slow wave sleep? Nedrb535-545.

Peigneux P, Orban P, Balteau E, Degueldre C, Léxdraureys S, Maquet P(2006).
Offline Persistence of Memory-Related Cerebral vttiduring Active
Wakefulness. PLoS Biology, 4(4), e100.

Rauchs G, Desgranges B, Foret J, Eustache JF (Z&6@5elationships between
memory systems and sleep stages.” J Sleep Res 1280.

Rechtschaffen A, Kales A(1968) A manual of standadi terminology, techniques
and scoring system of sleep stages of human sabpethesda, MD: US Dept
of Health, Education and Welfare, Public Healthvi&er.

Schabus M, Gruber G, Parapatics S, Sauter C, KiI@sénderer P, Klimesch W,
Saletu B, Zeitlhofer J (2004) Sleep spindles awd thignificance for
declarative memory consolidation. Sleep, 27:1478514

Schabus M, HodImoser K, Pecherstorfer T, Kloscl2@$5) Influence of midday
naps on declarative memory performance and motiwagomnologie, 9:148-
153.



Scheuler W, Kubicki S, Scholz G, Marquardt J (199@p different activities in the
sleep spindle frequency band-discrimination basethe topographical
distribution of spectral power and coherence.$feep '90 (Horne J eds.),
ppl3-16. Germany Bochum : Pontenagel Press.

Sejnowski TJ, Destexhe A (2000). Why do we sleefs?rBRes886: 208-223.

Siapas AG, Wilson MA (1998) Coordinated interacticaetween hippocampal ripples
and cortical spindles during slow-wave sleep. Neu2d:1123-1128.

Sirota A, Csicsvari J, Buhl D, Buzsaki G (2003) Goumication between neocortex
and hippocampus during sleep in rodents. Proc A=t Sci U S A,
100:2065-2069.

Smith C, Wong P T (1991) Paradoxical sleep in@gasedict successful learning in
a complex operant task. Behav Neurosci, 105:282-288

Smith C (1995) Sleep states and memory processdsiviBrain Res, 69:137-145.

Smith C (2001) Sleep states and memory processaesnians: procedural versus
declarative memory systems. Sleep Med Rev, 5:4%1-50

Steriade M, Amzica F (1998). Coalescence of stbgiihhms and their chronology in
corticothalamic networks. Sleep Res Online, 1:1-10.

Stickgold R (2004) Dissecting sleep-dependent lagrand memory consolidation.
Comment on Schabus M et al. Sleep spindles anddiggiificance for
declarative memory consolidation. Sleep 2004;2183)9-85. Sleep, 27:1443-
1445,

Stickgold R, Walker MP (2005) Sleep and memorg:dhgoing debate. Sleep,
28(10), 1225-1227.

Takashima A, Petersson KM, Rutters F, Tendolkdehsen O, Zwarts MJ,
McNaughton BL, Fernandez G (2006) Declarative mgneonsolidation in
humans: a prospective functional magnetic resonemaging study. Proc
Natl Acad Sci U S A, 103(3), 756-761.

Torsvall L, Akerstedt T (1980) A diurnal type seaConstruction, consistency and
validation in shift work. Scand J Work Environ H#al6:283-290.

Walker MP, Stickgold R (2006) Sleep, Memory, ataksBcity. Annu Rev Psychol,
57:139-166.

Weber J M, Schwander JC, Unger I, Meier D (199 dir&ct ultrasensitive RIA for
the determination of melatonin in human salivamparison with serum
levels. Journal of Sleep Research, 26:757.



Wei HG, Riel E, Czeisler CA, Dijk DJ (1999) Atterted amplitude of circadian and
sleep-dependent modulation of electroencephalogradep spindle
characteristics in elderly human subjects. Neurbstti 260:29-32.

Werth E, Achermann P, Dijk DJ, Borbely, AA (19%)indle frequency activity in
the sleep EEG: individual differences and topogiagistribution.
Electroencephalogr Clin Neurophysiol, 103:535-542.

Wright KP, Hull JT, Czeisler CA (2002) Relationsliptween alertness,
performance, and body temperature in humans. Ahysi&l Regul Integr
Comp Physiol, 283:R1370-1377.

Wyatt JK, Ritz-De Cecco A, Czeisler CA, Dijk DJ @ Circadian temperature and
melatonin rhythms, sleep, and neurobehavioral fanaéh humans living on a
20-h day. Am J Physiol, 277:R1152-1163.

Zeitlhofer J, Gruber G, Anderer P, Asenbaum S, i8udek , Saletu B (1997)
Topographic distribution of sleep spindles in yolneglthy subjects. J Sleep
Res, 6:149-155.



Tablesand Figurelegends

Table 1: Percent of sleep time spent in each d&mge (mean £ SEM)

Sleep stages

Difficult encoding

Easy encoding

@bntr

w 11.33+£1.27% 10.38+1.48% 11.11+1.49%
S1 14.70 £ 2.05 % 14.82+£1.80 % 17.36 £2.03 %
S2 46.76 + 1.84 % 48.79+1.77 % 48.81 +2.98 %
S3 9.55+1.04 % 8.82+1.26 % 9.09+1.16 %
S4 12.23+1.89 % 10.14 £ 1.58 % 7.86+1.67 %
REM 16.75+2.30 % 17.41+2.53 % 16.88+2.91 %
SWS 21.79+2.03 % 1897 +221 % 16.95+1.97 %
Sleep efficiency 70.14 + 6.68 % 65.70 £ 7.01 % B88:0.48 %
S2LAT (in minutes) 10.97 £ 1.10 min 14.02 + 5.23mi 13.46 £ 2.97 min
Total sleep time (in minute4$8.38 + 16.08 min 159.31 + 16.35 min 163.41 + I5Bn

* All comparisons between the three conditions weye-significant (rANOVA, all p>0.10).
W, Wake; S1-S4, NREM sleep stages 1-4; REM, Rapw Movement sleep
S2 lat latency in minutes to stage 2 onset; Sléfepency (Total Sleep Time/Total Time in Bed)*100

Figure 1

Overview of the protocol design for a subject watthabitual bedtime at midnight.
Dashed lines indicate wakefulness under constaritne conditions and horizontal
black bars scheduled sleep episodes. BL=Baselgtd.rDark grey arrows: difficult
encoding condition, light grey arrows: easy encgdiondition; white arrows: recall
sessions; black arrow: control task.

Figure 2

Relative EEG power density (% of control conditioiying NREM sleep for F3 after
the difficult encoding conditiorfa) and the easy encoding conditi@p). 100 % =
Control condition, black reference line. SEMs dhastrated in dashed lines. Grey
bars indicate the significant increase of EEG powensity after the learning
compared to the control condition (paired t-teghparisons).

Figure 3

(a) Low frequency (12.25-13.75 Hz) sleep spindle dgnfat F3 per 20-s epochs
during stage 2 in the nap sleep episode. Blackd#icult encoding condition; grey
bar: easy encoding condition and white bar: contoridition (+SEM).(b) Pearson

correlation between over-nap memory performance ngda (loglO[delayed

recall/immediate recall]) and changes in low fregpe sleep spindle density
(log10[difficult encoding/control condition]).
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