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Abstract

Sleep is known to benefit memory consolidation, but little is known about the contribution of sleep stages within the sleep cycle. The sequential hypothesis
proposes that memories are first replayed during nonrapid-eye-movement (NREM or N) sleep and then integrated into existing networks during rapid-eye-movement
(REM or R) sleep, two successive critical steps for memory consolidation. However, it lacks experimental evidence as N always precedes R sleep in physiological
conditions. We tested this sequential hypothesis in patients with central hypersomnolence disorder, including patients with narcolepsy who present the unique,
anti-physiological peculiarity of frequently falling asleep in R sleep before entering N sleep. Patients performed a visual perceptual learning task before and after
daytime naps stopped after one sleep cycle, starting in N or R sleep and followed by the other stage (i.e. N-R vs. R-N sleep sequence). We compared over-nap changes
in performance, reflecting memory consolidation, depending on the sleep sequence during the nap. Thirty-six patients who slept for a total of 67 naps were included
in the analysis. Results show that sleep spindles are associated with memory consolidation only when N is followed by R sleep, that is in physiologically ordered

N-R naps, thus providing support to the sequential hypothesis in humans. In addition, we found a negative effect of rapid-eye-movements in R sleep on perceptual
consolidation, highlighting the complex role of sleep stages in the balance to remember and to forget.

Statement of Significance

Although increasing evidence shows that sleep plays an important role in memory consolidation processes, we do not know whether the
systematically ordered succession of the different sleep stages within the sleep cycle matters for the processing of recent memories. Taking
advantage of a rare disease, narcolepsy, we demonstrate that sleep spindles, an important marker of memory consolidation, are associated
with improved over-nap performances only when the physiological sequence of sleep stages is respected, and not when the order of sleep
stages is reversed. Those results reveal the importance of the physiological sleep sequence for memory consolidation, with sleep stages
playing complementary and sequential roles. They thus provide experimental support to the sequential hypothesis of memory consolida-
tion in humans.
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Introduction

Both nonrapid-eye-movements (N) sleep and rapid-eye-
movements (R) sleep stages have been involved in sleep-
dependent memory consolidation processes [1, 2]. Evidence
points towards a reactivation of neuronal activity during N sleep
through coupled ripples, spindles, and slow waves [3-6], and
changes in synaptic plasticity that associate downscaling and
upscaling processes through both N [7-10] and R [11-13] sleep
stages. Yet, beyond the evidence for distinct memory consolida-
tion roles for each sleep stage, it remains unclear whether the
succession of the sleep stages within a sleep cycle, with N sys-
tematically preceding R in physiological sleep, is critical for ef-
fective memory consolidation.

Although such a crucial role for the orderly succession of N
then R sleep stages was previously hypothesized [14-18], sup-
porting evidence remains scarce. The assumption is mostly
supported by the natural sequence of sleep stages and data sug-
gesting a superior effect of the N-R sequence as compared to an
isolated N sleep stage on learning and markers of synaptic plas-
ticity, both in animals [14, 16, 19] and humans [20-25]. In humans,
support mostly came from perceptual learning paradigms using
a visual texture discrimination task (TDT) [26], which shows a
robust sleep-dependent effect on learning [27, 28]. It was shown
that overnight learning gains best correlate with the combined
proportion of N sleep (especially slow wave sleep, SWS) during
early night and R sleep during late night [22], that a whole night
of sleep was more beneficial than only early sleep [21], or that
having both N (SWS) and R sleep in a sleep nap episode was
better than having SWS only [23]. If those last studies may pro-
vide indirect support for the sequential hypothesis, they do not
control for important factors such as the time spent asleep and
in the different sleep stages or for sleep micro-architecture, and
they do not assess the importance of the sequence order. The as-
sumptions of the sequential hypothesis are indeed hard to test
directly, due to difficulties to evaluate one sleep stage to the ex-
clusion of the other, or to manipulate their order of apparition,
especially in humans. Selective deprivation of one stage or the
other [26], sleep restriction in the beginning or the end of the
night [21], or morning naps protocols (but see [29]) do not enable
either to purely isolate one or the other stage or to properly ma-
nipulate the order of the sleep stages sequences.

We propose here to bypass those difficulties by testing pa-
tients with central hypersomnolence disorder, including pa-
tients with narcolepsy who present the unique peculiarity of
frequently falling asleep in R sleep before entering N sleep, al-
though not systematically. We trained them on a visual percep-
tual discrimination task before and after daytime naps stopped
after one sleep cycle either spent in the physiological N-R order,
or the anti-physiological R-N order. Our aim was then to analyze
the consolidation of perceptual learning across naps according
to the N-R and R-N sequence groups and their sleep patterns.

Methods
Participants

We systematically proposed the study to inpatients aged
18-45 years diagnosed with narcolepsy type 1 (NT1), type 2
(NT2), or idiopathic hypersomnia (IH), according to International
Classification of Sleep Disorders [30] criteria. All patients had
a mean sleep latency to the multiple sleep latency tests (MSLT

[31]) < 8 min, with at least 2 sleep onsets in R sleep for pa-
tients diagnosed with NT1 and NT2. Patients with NT1 also
presented clear cataplexies and were all HLADQB1*0602 posi-
tive. HLADQB1*0602 was positive in 38% of patients with NT2
and 30% of patients with IH. Participants were recruited at
the Sleep and Vigilance department of the Hotel Dieu hospital
in Paris (French reference center for central hypersomnia), on
a voluntary basis and after providing a written informed con-
sent (Ethical Committee 2016-Mars-14180ND). Exclusion criteria
were acute or chronic neurological disorder (other than central
hypersomnia), psychiatric disorder, moderate to severe sleep
respiratory disorder (apnea-hypopnea index > 15/hour), or to
take medications that could modify the sleep architecture (anti-
depressants, hypnotics...). They were requested to stop their
psycho-stimulant treatments before the day of the experiment
for a time of 5 half-lives (i.e., about 75 hours for Modafinil, 60
hours for Pitolisant, and 10 hours for methylphenidate). Patients
treated with sodium-oxybate were asked not to take the medi-
cation the night before the experiment. In total, 41 patients (17
with NT1, 15 with NT2, and 9 with IH) met inclusion criteria
and accepted to participate in the study (out of 94 queried, 19
did not answer solicitation, 34 did not accept participation, see
Supplementary Figure S1).

Procedure

Patients proceeded to a general medical evaluation during the
inclusion visit 4 to 7 days before the day of experiment, and
were asked to fill in questionnaires about their vigilance and
sleep quality (Epworth [32], Karolinska [33], and Fatigue severity
scales [34], Pittsburgh Sleep Quality Index [35], morningness-
eveningness Horne-Ostberg questionnaire [36]), as well as for
depression (Beck Depression Inventory [37]). They were also
tested for verbal long-term memory (RI-48 [38]) and vocabu-
lary (Mill Hill scale [39]). Besides stopping medications that
could interact with sleep and vigilance (see above), they were
asked not to drink any stimulant beverage or alcohol from the
evening before the experiment and to follow a regular sleep-
wake rhythm from the inclusion visit until the experiment (con-
trolled by actimetry—MotionWatch® 8, Camntech—delivered at
inclusion).

The day of the experiment, patients were tested for visual
perceptual learning before and after a nap scheduled two to
three times during the same day (i.e., around 9:00, 12:00 am,
and 3:00 pm). Twenty-one out of the 41 patients only slept for
two naps because they spent too much time being tested and/or
asleep. The average duration of the learning paradigm was about
30 minutes (depending on participant’s performance, cf. below).
Participants performed a PVT (Psychomotor Vigilance Task [40])
and a KSS (Karolinska scale) before the prenap task, Visual
Analog Scales (VAS) for sleepiness, fatigue, and effort after the
prenap task, and again a KSS before the postnap task (see Table
1). Naps (lights off) were started within 15-20 minutes after the
prenap task, and after the calibration of polysomnographic re-
cordings. Once the participants woke up from the nap, they
could walk outside from the room to refresh and release poten-
tial sleep inertia (as evidenced by sleepiness assessments before
starting the postnap task). The postnap task was started after
around 30 minutes post waking. Patients’ naps were categorized
depending on the sequence of sleep states within the nap (N-R
or R-N sleep).
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Learning paradigm: the visual texture
discrimination task (vTDT)

Participants had to discriminate patterns on a visual texture
(target) whose visibility was altered by the presentation of
a visual mask after a short, controlled time interval (Figure
1A), i.e. the stimulus onset asynchrony (SOA) between the
target and the mask (ranging 600 to 40 msec, see below). The
visual texture was made of 19 X 19 horizontal white bars on
a black screen, within which were simultaneously presented
(1) centrally (foveal vision) a rotated T or L and (2) laterally
(peripheral vision) in one visual quadrant a pattern of 3 tilted
lines constituting either a horizontal or vertical orientation.
Stimuli were presented in Matlab R.2014.b [41] using the
Psychtoolbox extensions [42-44]. Participants had to fixate the
center of the screen all along the trial and subsequently report
using the keyboard 1) what letter was presented and 2) what
was the orientation of the 3 oblique bars. The letter detection
task aimed at obliging participants to keep the eyes fixated

Table 1. Clinical and sleep parameters
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on the central point while processing the orientation in the
peripheral visual quadrant. Each block was constituted by 50
trials with the same SOA. The experiment started with a SOA
of 600 ms and on the 3 first trials the target was presented
during 5 seconds to ensure a good understanding of the task
requirements. The following blocks were then presented with
a progressively shortened SOA of 460, 360, 260, 240, 200, 160,
140, 120, 100, 80, 60, and 40 ms. The task was stopped as soon
as accuracy in a block fell below 55% accuracy (hazard level),
computed (in Matlab after each block) as the number of trials
with good responses to the orientation on the total number
of trials with good letter responses. Blocks in which accuracy
for letter detection was below 80% were discarded from the
analysis, as they reflected a poor central fixation. Letters and
orientations were pseudo-randomly presented within blocks.
The oblique bars were presented in a predetermined periph-
eral quadrant for a given nap session (pre and postnap tests),
since improvement in this task has been shown to be visual

N-R (n =18) R-N (n = 20) P-value®

Clinical data
Diagnosis <.001**®

NT1 (n) 2 13

NT2 (n) 9 7

IH (n) 7 0
Age (years) 28 [26-32] 26 [20-35] .57
Body Mass Index (kg/m?) 22.85 [20.1-25.27] 23.4[22-30.4] .26
Sleep evaluation

Epworth Sleepiness Scale 13 [8-16] 15 [11-18] 12

Fatigue Severity Scale 4.2 [3.2-5.6] 3.7 [2.9-4.6] 32

Pittsburgh Sleep Quality Index 5 [3-6] 6 [4-7] 43

Horne and Ostberg questionnaire 40 [36-46] 53 [46-59] <.01*
Psychometric evaluation

RI-48 31.97 [31.73-32.06] 31.82 [30.95-32.21] 76

Beck Depression Inventory 4[1-7] 4 [1-6] .61

Mill Hill Vocabulary Test 11 [7-16] 11 [6-16] .79
Prenap, before task

Karolinska Sleepiness Scale 3[2.5+4] 3 [3-4] .68

PVT 1/RT 3.24 [3.01-3.43] 3.23 [3.04-3.41] 79

PVT lapses 1[0.5-3] 1.5[0.33-3.5] .82
Prenap, after task

Sleepiness VAS 4.5[3.5-5.75] 5 [3.67-5] 59

Fatigue VAS 5.75 [4-6.5] 5 [3.25-6] 32

Effort VAS 5.25 [4-7] 5.5 [4.83-6] 81
Postnap, before task

Karolinska Sleepiness Scale 3[2.5-5] 3[2-4.5] .32
Sleep data
Time spent in (min)

Total sleep 77 [68.6-82] 51.7 [37.1-54.8] <.01"

N1 14 [13.4-18.5] 5.6 [2.3-9.9] <.01*

N2 29.3[22.5-32.5] 13.5 [9.8-15.6] <.01*

N3 11.3 [6.5-18.5] 17.2 [6.6-26.1] .16

R 19.3 [12-25] 10.4 [8-14.5] <.01*
Spindle density (min) 7.2 [5.7-8] 6.7 [4.9-7.6] 71
Spindle duration (s) 0.86 [0.82-0.93] 0.83 [0.80-0.91] .68
SWA (e04 pV?) 12 [5.3-30.2] 5.5 [3.6-8.5] 28
REM density (min) 8.5 [5.1-11] 6.4 [4.4-9.3] 41
Theta activity in R (e03 pV?) 0.23 [0.04-0.79] 1.2[0.744.1] <.01™*

RI-48: cued recall test (indexed recall/ immediate recall). SWA, Slow Wave Activity; REM, rapid eye movement. The values are given as median [p25-p75]. n = number

of subjects.

*Mixed multivariable model with nap number and subject as random variables (except for diagnosis®)
YFisher’s exact test: NT1/NT2: Bonferroni adjusted p=0.06; NT1/IH: adjusted p < .001; NT2/IH: adjusted p = .18.
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Figure 1. Experimental design. (A) Representation of one trial. Participants have
to discriminate within a visual texture 1) the central letter (T or L) and 2) the
orientation of a pattern of oblique bars (vertical or horizontal) presented in one
peripheral quadrant. Perception is made more difficult from one block (50 trials)
to the other with the presentation of a subsequent mask at decreasing stimulus
onset asynchrony (SOA; from 600 to 40 ms). The task is presented before and
after a nap. (B) Hypnograms of two representative naps. Nap sessions are cat-
egorized based on the sleep sequence during the nap: N-R or R-N sleep sequence.

quadrant-dependent [45, 46]. One different quadrant was ran-
domly assigned for each nap session.

Behavioral performance was assessed by the threshold-SOA
for discrimination, defined as the shorter SOA in which both
letter and orientation accuracy was >80%. It was calculated
using a curve fitting relating orientation accuracies and SOA
values in the different blocks to limit the effects of performance
fluctuations in patients [24]. Curve fitting was obtained using the
model y=ax’+c in the Matlab Curve Fitting Toolbox. Perceptual
consolidation over nap was assessed comparing threshold-SOAs
in post and prenap tests (ASOA).

Sleep recording and scoring

During each nap, sleep was recorded using 12 EEG (Fp1, Fp2,
F3, F4, C3, C4, P3, P4, 01, 02, T5, T6) and 2 EOG channels refer-
enced to the contralateral mastoid, and bipolar chin EMG and
EKG derivations (Embla A10 system, Somnologica™ 2 software,
Medcare; Reykjavik, Iceland). Signals were sampled at 200 Hz
and filtered for notch frequency (50 Hz). Sleep recordings were
monitored online to be able to wake up the patient at the end of
the first sleep cycle (N-R or R-N sequence) without letting him
enter the following cycle. Data were subsequently scored off-
line by a sleep expert (MS) using 30 sec. epochs (Noxturnal soft-
ware v5.1) following the international recommendations for
sleep scoring [47]. Naps were categorized a posteriori depending
on the sleep sequence (N-R, R-N sequences, see Figure 1B,
or N and R sleep if the patient woke up before completing a
cycle). Only two patients slept with different sleep sequences
during their naps.

Sleep parameters and spectral measures were analyzed
using the Fieldtrip toolbox [48] in Matlab (R2014b). The fol-
lowing variables were analyzed: Total Sleep Time (TST), Time
spent in N1 (TN1), N2 (TN2), N3 (TN3), N (TN), and R sleep
(TR), spindle density, spindle duration, and slow wave activity
(SWA) in slow wave sleep, rapid-eye-movement (REM) density

and theta activity in R sleep. Sleep spindles in N sleep and
REMs in R sleep were automatically detected by means of
thresholding the z-transformed value of the bandpass filtered
raw data (the threshold was set to 2 for spindles and 5 for
REMs). Spindles were detected in N2 and N3 sleep on frontal,
central, and parietal channels, using a bandpass filter be-
tween 11 and 16 Hz, for a duration of 0.5 to 2 seconds. Spindle
density was computed as the total number of spindles div-
ided by the duration of N2 and N3 sleep (min). Spindle dur-
ation was computed as the mean duration of spindles (sec.).
Rapid eye movements (REMs) were detected in R sleep on EOG
channels using a bandpass filter between 1 and 15 Hz, for a
duration of 0.1 to 1.5 seconds. REM density was computed as
the total number of REMs divided by the duration of R sleep
(min). All events were then visually checked, and manually
corrected if needed. Spectral power analyses for slow wave
activity were performed with a Hanning multitaper filter
between 0.5-4 Hz (0.5 Hz steps) on frontal and fronto-polar
channels and for theta activity in R sleep between 4-8 Hz (0.5
Hz steps) on central channels.

Statistical analyses

Our main aim was to compare consolidation across naps
(ASOA = threshold_SOAPost - threshold_SOApre) in the N-R and
R-N sequence groups, adjusted for their clinical and sleep
parameters. The statistical significance was set at 0.05. The ana-
lyses were performed with Stata/MP 14.1 [49]. Description and
comparison of clinical and sleep characteristics between the
two sequence groups are shown in Table 1. Clinical diagnosis
was compared between groups with the Fisher’s exact test.
The quantitative variables were compared using a mixed linear
model with the sequence group as a fixed factor and the nap
number and subjects as random factors.

We first used repeated measures ANOVA to analyze SOA ac-
cording to session (pre- and postnap) and sequence group. To
further compare consolidation performance between sequence
groups in function of clinical and sleep parameters, we analyzed
ASOA according to the N-R and R-N sequence group and the
following variables: age, diagnosis, TST, TN1, TN2, TN3, TN, TR,
spindle density, spindle duration, SWA, REM density, and theta
activity in R sleep. We first tested the main effects and interaction
term (sequence group + covariate + sequence group*covariate)
for each variable in a univariable mixed linear model with
the sequence group as a fixed factor and the nap number and
subjects as random factors. Next, we performed multivariable
mixed models (multiple independent variables) of ASOA, still
with naps and subjects as random variables, using a stepwise
procedure on the basis of the Bayesian and Akaike Information
Criteria (BIC and AIC) for the selection of explanatory variables.
Only variables that showed a trend to be associated with ASOA
(p < .05 uncorrected) in univariable models were selected for the
multivariable models. We verified that the standardized resid-
uals of our final model were normally distributed with graphic
representations and we used Breusch-Pagan test to verify the
homogeneity of variances. We verified noncollinearity between
predictors with the variance inflation factor (<2.5). Posthoc ana-
lyses of correlations of the selected variables with ASOA within
each sequence group were performed with Spearman tests, and
comparison between correlation scores (rho) with Fisher’s Z
transformation.
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Results
Clinical and sleep data

The 41 included patients slept for a total of 102 naps
(Supplementary Figure S1, flow chart). Naps presenting mixed
sequences of sleep stages (e.g. N-R-N or R-N-R sequences, n = 6)
or isolated N (n = 18) or R sleep (n = 2) were discarded from the
analyses. Nap sessions in which participants did not succeed
to achieve an accuracy > 80% in the first block (600 ms SOA) in
the pre- or postnap test were also discarded (n = 7). Two more
nap sessions were rejected due to technical issues. In total, 5
patients were excluded due to the exclusion of all their naps
(patients performed 2 to 3 naps during the day). Only 2 partici-
pants (patients with NT2) contributed to both the N-R and R-N
groups, that is, they slept one nap with a N-R sequence and an-
other one with a R-N sequence. All other patients presented the
same sleep sequence type during their naps. Analyses were con-
ducted on a total of 36 participants (15 NT1, 14 NT2, 7 IH), with
18 patients (27 naps) in the N-R group and 20 patients (40 naps)
in the R-N group.

The clinical and sleep parameters for N-R and R-N sequence
groups are summarized in Table 1. In both sequence groups,
patients exhibited on average an excessive daytime sleepiness
(Epworth scale > 10) and a tendency for an altered usual night
sleep quality (PSQI = 5, range for N-R group [2-10], R-N group
[3-11]). They presented normal scores to psychometric evalu-
ations. There was a predominance of patients with NT1 (and no
patients with IH) in the R-N group. Patients in the N-R group
showed a slightly advanced chronotype (neutral chronotype
range from 42 to 58) and slept longer than those in the R-N
group, with more N1, N2, and R sleep. There was no difference in
the time spent in N3. Spindles (density and duration), slow wave
activity, and rapid eye movement density were comparable be-
tween sequence groups, although theta activity in R sleep was
stronger in the R-N sequence group.

Behavioral performance and sleep micro-
architecture

Performance was assessed by the threshold-SOA, computed
as the fitted SOA (root-mean-square error for fitting curve:
mean = 0.063, SD = 0.016) to which subject performed at 80% of
accuracy. Sleep-dependent consolidation of perceptual learning
was assessed as the difference between pre- and postnap
threshold SOAs (ASOA = threshold-SOA , - threshold-SOA ),
meaning negative values reflect over-nap performance improve-
ment since threshold-SOA is shorter in the post versus the pre-
nap condition

Performance remained stable after vs. before the nap, and
did not differ between the 2 sequence groups (threshold-SOA
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in pre- and postnap sessions in the N-R group: 146.9-154.4 ms;
in the R-N group: 164.0-167.3 ms; ANOVA(1,75): NS for main ef-
fects of sequence group, session, and interaction sequence group X
session, p = .16, .61, and .84 respectively). However, confounding
factors such as sleep architecture need to be considered when
comparing behavioral performance. Markers of sleep architec-
ture and micro-architecture are precisely the potential factors
influencing memory consolidation. We then compared perform-
ances between sequence groups depending on the different
sleep variables.

We first performed univariable mixed linear models to select
the variables associated to consolidation. Those models showed
a trend for REM density to be negatively associated with con-
solidation (ASOA [IC 95%] = 0.003 [3.28e-4; 0.005], p = .028 uncor-
rected, Supplementary Table S1), and for a differential effect of
spindle duration in function of the sequence group (interaction
spindle duration*sequence group, ASOA[IC 95%] = 0.23 [0.076;
0.50], p = .010 uncorrected, Supplementary Table S1). We then
performed multivariable linear regressions using a step by step
procedure, adding progressively the sequence group, spindle
duration, the interaction spindle duration*sequence group, and
REM density as covariates (see Supplementary Tables S2-S5
for statistical details of each model). The best multivariable
model resulting from the stepwise procedure was the last model
including all those covariates (R? = 0.406, F(4, 62) = 3.05, p = .023,
AIC = -241, BIC = -228, Table 2 and Supplementary Table S5). It
confirmed the significant interaction between spindle duration
and sequence group (p = .023, Supplementary Table S5), with a
main effect of spindle duration in favor of a better over-nap con-
solidation (p =.048), and on the contrary the negative association
of REM density in R sleep with memory consolidation (p = .028).

Posthoc analyses revealed that consolidation performance in-
creased with the duration of sleep spindles in the N-R group but
not in the R-N group, in whom on the contrary analyses showed
a trend for a negative association with consolidation (Figure 2,
coefficients of correlation of spindles duration with perform-
ance in the N-R group: rho, = -0.53, p = .027, R-N: rho_ = 0.43,
p = .059; Fisher test between the 2 rho: z = -2.96, p = .0016).
Spindle density were not associated with consolidation in the
multivariable model, but to further explore the effect of the dif-
ferent characteristics of sleep spindles, we performed the same
analyses on spindle density. There was a similar trend for a
better consolidation in the N-R sequence group than in the R-N
group with the increase of spindle density (Fisher test: z =-1.76,
p = .039, Figure 2). Hence, the effect of spindles on memory con-
solidation appears to be conditioned by the order of sleep stages,
i.e. sleep spindles would be associated with memory consolida-
tion only in the context of the physiological N-R sleep sequence,
providing support to the sequential hypothesis [14]. In posthoc
analyses, the negative association of REM density with consoli-
dation was significant only in the N-R group (tho_ = 0.51,p = .032,

Table 2. Multivariable mixed linear regression model of consolidation (ASOA)

Predictor Estimate SE t P

Sequence group -0.21486 0.09243 -2.32 .023
REM density 0.00249 0.00110 2.25 .028
Spindle duration -0.39670 0.19644 -2.02 .048
Spindle duration * Sequence group 0.24928 0.10694 2.33 .023

Multivariable model with naps and subjects as random variables, and sequence group, spindle duration, interaction spindle duration*sequence group and REM

density as covariates (R? = 0.406, F(4, 62) = 3.05, p = .023, AIC = -241).
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Figure 2). Other sleep parameters such as the time spent in the
different sleep stages, or slow wave and theta activities, were
not associated with consolidation (Supplementary Figure S2).

Discussion

To assess the sequential hypothesis for memory consolidation
[14,50] that postulates a distinct and complementary role of succes-
sive N and R stages in a sleep cycle in humans, we tested patients
with central hypersomnolence disorders on a visual perceptual
learning task before and after naps within which the order of
sleep stages could vary. The evolution of performance from pre- to
postnap performances, reflecting effective consolidation, was com-
pared between naps featuring the physiological N-R versus the re-
versed R-N sleep sequence. Our results show that sleep spindles
in N sleep, a well-known marker of memory consolidation during
sleep, are associated with increased performance after naps only
when they are followed by R sleep, and not when R precedes N
sleep. Those results provide, to the best of our knowledge, the first
direct experimental support to the sequential hypothesis of sleep
for memory consolidation in humans.

The strength of this study is to be able to discriminate be-
tween a simple dual and independent process of N and R sleep
on memory consolidation [51], and a sequential process, in
which sleep stages are not only interdependent but also their
succession order is important [14, 18, 19]. Here, we directly com-
pared the effect of post-training N-R and R-N sleep sequences
on memory consolidation for perceptual learning. Until now,
such a sequential hypothesis was only indirectly suggested
through results based on early versus late night protocols,
featuring respectively more N or R sleep [21, 22], after a night
with disturbed versus preserved sleep cycles [20], or on naps
featuring N sleep versus N-R sleep [23]. However, factors such
as the time spent in the different sleep stages and the micro-
architecture of sleep were not taken into account so far. In night
protocols, the succession of the sleep cycles prevents to con-
trol for one specific sequence compared to the other, and in nap
protocols, contrasting the N-R versus isolated N conditions had
the strong limit to compare a truncated versus the complete

. ——N-R, rho_=-0.53, p=0.027
-80 R-N, rho_=0.43, p=0.059 -80

consolidation

=0.0016

pFlsher

—— N-R, rho_=-0.26, p=0.29
R-N, rho_=0.34, p=0.14 -80

sequence, with thus different sleep stages and time spent asleep
and no possibility to assess the role of the ordered sequence. In
our study, testing patients with central hypersomnolence dis-
orders, and especially narcolepsy, enabled to bypass those limi-
tations. Narcolepsy is a very rare disease (200-500 per million
individuals in Europe and North America) characterized by an
excessive daytime sleepiness and disturbed sleep, with sleep
episodes abnormally starting in R sleep. Studying this popula-
tion, although it is difficult to reach a large sample size due to its
rare prevalence, is then a unique opportunity to directly test the
sequential hypothesis. Here, the sleeping episodes were rigor-
ously stopped after one single N-R or R-N cycle, any occurrence
of sleep spindles after the N-R sequence or of REMs after the R-N
sequence leading to the rejection of the particular nap session.
We also analyzed differences in sleep time and architecture.

Behavioral analyses showed that performances were stable
after post-training naps in both sequence types (N-R or R-N
sleep), suggesting that naps prevented performance deteri-
oration over time, according to previous literature showing a
beneficial effect of sleep in healthy participants to counteract
experience-dependent deterioration of performance over suc-
cessive episodes at wake [22, 28]. Of note, naps were also shown
to increase performance on this task, especially when it was long
enough to feature both N and R within the sleep episode [23]. The
fact that we found here a stabilization rather than an enhance-
ment effect after naps composed of both N and R sleep might be
linked to the too short duration of naps, or to the pathological
status of our patients that might limit their learning capacity,
patients with narcolepsy presenting general lower performances
in pre- and postnap tests for visual perceptual learning [24].
Nonetheless, when taking into account the contribution of the
phasic components of N (i.e., spindles) and R (i.e., REMs) sleep
on over-nap performance changes, we highlighted the effect of
sleep on the consolidation of previous learning, and especially
the role of the sleep sequence.

Critically, we found a different and opposite association be-
tween spindle duration and performance depending on the sleep
sequence, with a positive association only in the N-R condition and
not in the R-N one. The association between sleep spindles, neur-
onal plasticity, and memory consolidation is now well established

——N-R, tho_=0.51, p=0.032
R-N, h0;=0.23, p=0.33
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Figure 2. Phasic events of sleep and performance. Sleep spindles are associated with better consolidation only when N is followed by R sleep. Rapid-eye-movements in
R sleep are negatively associated with consolidation, whatever the sleep sequence. Corresponding multivariable model is described in Table 2. Unlike spindle duration
and REM density, spindle density was not associated with consolidation in the linear regression model and is shown here to illustrate a trend. Posthoc correlations of
selected variables with consolidation were performed using Spearman tests for each sequence group and Fisher tests were used for the comparison between sequence

groups. ASOA = SOA

‘post

- SOA,, in the N-R (cyan) and R-N (red) sequence groups.
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[52]. Especially in visual perceptual learning tasks, the link between
sigma activity, the frequency band associated with sleep spindles,
and memory consolidation has also already been highlighted [53,
54]. However, the interaction with the sleep sequence had not
been explored, R sleep systematically following N sleep in physio-
logical conditions. Our results show that R following N sleep is
needed for the sleep spindles to be efficient in memory consolida-
tion. On the contrary, we observed a trend for a deleterious effect
of sleep spindles on consolidation when occurring after R sleep in
the R-N sequences. Such a negative correlation with performance
and markers of synaptic plasticity was already found in rats when
N sleep was followed by wakefulness and not R sleep [55]. Blanco
et al. [19] also recently showed in rats that the N-R sleep transition
was critical for synaptic restructuring, with a significant increase
in synaptic weight associated with cortical spindles near the N-R
transitions. Altogether, those results suggest that N/SWS sleep and
associated markers would lead to synaptic downscaling without re-
structuring and proper consolidation of newly acquired memories
when not followed by R sleep.

No association was found with slow wave activity in N
sleep, an effect inconstantly found in the literature of percep-
tual learning [53, 56], or with theta activity in R sleep. However,
unexpectedly, we found a deleterious effect of REMs in R sleep
on memory consolidation, independently of the sleep sequence.
While R sleep has been positively involved in perceptual learning
[23, 45, 57, 58], no study analyzed so far the role of REMs. Yet,
recent literature suggests that phasic and tonic R states likely
cover distinctive functions [59], and that R sleep may play an
important role in the active forgetting of memories [60]. Another
explanation could be that REMs and associated activity in visual
cortical areas may interact with mechanisms of synaptic plas-
ticity during sleep and prevent the good consolidation of visual
perceptual learning. Further studies are needed to precise this
effect, but this result highlights the intricate role of sleep stages
in promoting or not memory consolidation.

Our study presents several limitations, mainly driven by the
inherent characteristics of the patient population. First, central
hypersomnolence disorders are rare and the number of patients
in each sequence group was limited. Second, we included patients
with different type of central hypersomnolence disorders and not
only patients with NT1, who are the patients with the most homoge-
neous phenotype, because they fall more frequently asleep in R sleep,
leading to unbalanced sequence groups (in our sample only 2 out
of the 15 patients with NT1 slept in the N-R sequence). We included
patients with both NT2 and HI because of the recognized overlap in
those diseases [61-63]. Then, the characteristic of naps in the physio-
logical N-R sequences differed from the R-N naps with especially a
longer time spent in N2 sleep, probably reflecting an inherent char-
acteristic of the R-N sequence. However, knowing those differences
in clinical and sleep parameters between the sequence groups, we
tested their association with consolidation performances in our stat-
istical models. Diagnosis type was not associated with consolidation,
neither as the time spent in the different sleep stages. Also, sleepi-
ness assessments before and after naps showed that there was no
difference between sequence groups, suggesting that potential sleep
inertia especially seen in patients with IH could have been correctly
released before testing.

As we tested patients with central hypersomnia and not
healthy subjects, we may question the generalization of our
results to the general population. However, no alteration of
N sleep, and especially sleep spindles, was shown in patients
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with NT1 or NT2 [64]. Also, the effect of sleep spindles was pre-
sent in a group of patients pooling different types of central
hypersomnolence disorders, suggesting that it was not specific
to one population or disease type.

Considering patients with narcolepsy, the inversion of the
N-R sleep sequence may be an important factor interacting with
consolidation mechanisms. If memory performance in usual
tests seems to be mainly preserved in patients with narcolepsy
[65-67], hippocampal volume in patients with narcolepsy has
been shown to be decreased compared to control subjects, and
this decreased volume was correlated with shorter R sleep la-
tencies [67]. Moreover, patients with narcolepsy showed poorer
performance when presenting more sleep onset in R sleep in
the same TDT task [24]. We demonstrate here that sleep onset in
R sleep has a direct negative impact on memory consolidation
processes. The succession of sleep cycles along the night may,
however, help to prevent strong memory dysfunction in those
patients.

In conclusion, we show that markers of N sleep involved in
memory consolidation such as sleep spindles are beneficial only
when followed by R sleep, supporting the sequential hypoth-
esis for memory consolidation in humans. The negative effect
of REMs in R sleep on consolidation highlights the subtle and
balanced role of sleep stages both to remember and to forget.
Finally, our results provide insight on how the reversion of sleep
stages in narcolepsy may impair learning and memory pro-
cesses in this population.

Supplementary material

Supplementary material is available at SLEEP online.
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