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Purpose: Sleep, in particular slow-wave sleep, is beneficial for memory consolidation. In
two recent studies, a hypnotic suggestion to sleep more deeply increased the amount of slow-
wave sleep in both a nap and a night design. In spite of these increases in slow-wave sleep,
no beneficial effect on declarative memory consolidation was found. As coupling of slow-
waves and sleep spindles is assumed to be critical for declarative memory consolidation
during sleep, we hypothesized that the missing memory benefit after increased SWS could be
related to a decrease in slow-wave/spindle coupling.

Participants and Methods: Data from 33 highly hypnotizable subjects were retrieved
from a nap (n = 14) and a night (n = 19) study with a similar design and procedure. After an
adaptation session, subjects slept in the sleep laboratory for two experimental sessions with
polysomnography. Prior to sleep, a paired-associate learning task was conducted. Next,
subjects either listened to a hypnotic suggestion to sleep more deeply or to a control text
in a randomized order according to a within-subject design. After sleep, subjects performed
the recall of the memory task. Here, we conducted a fine-grained analysis of the sleep data on
slow-waves, spindles and their coupling.

Results: In line with our hypothesis, listening to a hypnosis tape decreased the percentage of
spindles coupled to slow-waves. Slow-wave parameters were consistently increased, but
sleep spindles remained unaffected by the hypnotic suggestion.

Conclusion: Our results suggest that selectively enhancing slow-waves without affecting
sleep spindles might not be sufficient to improve memory consolidation during sleep.
Keywords: memory consolidation, learning, SWS, co-occurrence, slow-oscillation,
hypnosis

Introduction

Sleep is beneficial for the consolidation of memory.' In particular deep sleep, also
called slow-wave sleep (SWS) is characterized by cortical slow-waves (measured
with scalp electroencephalogram, EEG) and assumed to play a functional role in
memory consolidation during sleep. According to the synaptic down-selection
theory, neural slow oscillations (<1 Hz) and their excitatory up- and inhibitory
down-states provide the basis for net synaptic downscaling of synapses, thereby
increasing signal-to-noise ratio and improving memory recall the next day.? Thus,
increasing SWS and slow oscillations should lead to a better memory recall the
next day. According to the active systems consolidation theory, slow oscillations
provide a synchronizing time frame for reactivation-related hippocampal sharp
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wave ripples (transient network oscillations with 80-200
Hz) and sleep spindles. Sleep spindles are short bursts
(0.5-3 s) of oscillatory activity (9—-16 Hz) with a waxing
and waning shape in the surface sleep EEG. In particular,
the theory assumes that the interplay and precise timing of
these sleep oscillations is crucial for the beneficial effect of
sleep on memory consolidation.'* > Thus, increasing SWS
and slow oscillations should only lead to a better memory
consolidation during sleep when the precise timing
between spindles, ripples and slow oscillations is also
maintained.

One parameter used to describe the interplay between
these oscillations on the cortical level is slow-wave/spin-
dle coupling (SW/SP coupling). Importantly, several stu-
dies have shown that increased SW/SP coupling is related
to better sleep-mediated memory consolidation, for exam-
ple, in ageing.®’” Pharmacologically increasing coupling
between slow-waves and spindles improved verbal mem-
ory in humans.® In addition, optogenetic induction of
thalamic spindles phase locked to the neural slow oscilla-
tion up-state has been shown to enhance coupling of
spindles, slow oscillations and ripples as well as improve
consolidation of hippocampus dependent memory.”
Furthermore, precision of SW/SP coupling has been
linked to the strength of endogenous memory reactiva-
tions, which were associated with memory consolidation
in an episodic memory task.'® Thus, SW/SP coupling
might be crucial for benefits of sleep on memory
consolidation.

In two of our recent studies, we reported a prolongation
of SWS which did not translate into improvements in
declarative memory consolidation during sleep.'""'? The
increase in SWS was induced in healthy, medium-to-
highly hypnotizable participants using a hypnotic sugges-
tion to sleep more deeply before sleep. One study was
conducted as a midday nap, the other as a nighttime sleep
study. While the increase in SWS was significant in both
studies compared to a within-subject control condition, we
did not find a beneficial effect of the hypnosis tape on the
performance in a declarative paired-associate learning
task. However, no fine-grained analysis on slow-waves,
spindles and SW/SP coupling was conducted. Thus, we
reanalyzed the data of the two studies to examine whether
changes in slow-waves, sleep spindles, and in particular
their coupling, could explain why memory consolidation
was not enhanced after increasing the amount of SWS. We
expect the hypnotic suggestion to not increase SW/SP
coupling in spite of increasing cortical slow-waves.

In line with our hypothesis, we found that the amount
of coupling between both frontal slow spindles and par-
ietal fast spindles with slow-waves was reduced when
subjects listened to a hypnosis tape to sleep more deeply
prior to sleep. Generally, hypnotic suggestions increased
the density of slow-waves and several other slow-wave
parameters, whereas overall spindle density was compar-
able between the two sessions.

Materials and Methods

We used data from two previous studies with a similar
design and procedure. Both studies followed a within-
subject cross-over design to compare the effects of
a deep sleep hypnosis tape vs a control tape on sleep
depth of high and low hypnotizable participants. The first
study was conducted as a midday nap study in German-
speaking females and will hereinafter be referred to as the
“nap study”.'? The second study assessed a full night of
sleep including both sexes and will hereinafter be referred
to as the “night study”.!! For the purposes of this study, we
only analyzed data from the high hypnotizable subjects.

Subjects

In the nap study, 14 healthy, German-speaking young
females (mean age, 23.36 + 2.65 years [M £ SD], age
range 18-29 years) participated in the experiment. In the
night study, 19 healthy, French-speaking young subjects
participated in the experiments (9 males, M = 22.32 + 3.06
years, age range 19-31 years) and mean age was compar-
able between studies (p = 0.14). None of the subjects were
shift workers nor had they been on any intercontinental
flights six weeks prior to the experiment. They neither
took any sleep influencing medication nor reported any
neurological, psychiatric or sleep-related disorders. All
participants refrained from drinking alcohol and caffeine
on experimental days. Subjects were payed 140 CHF in
the nap and 150 CHF in the night study for participation in
all sessions. The studies were approved by the Ethics
Committees of the University of Zurich (nap study) and
Lausanne (night study). Hypnotizability was assessed by
a German version of the Harvard Group Scale of Hypnotic
Susceptibility (HGSHS)'? in the nap study and by
a French version translated by Laurent Rossier,
a German- and French-speaking hypnotherapist, in the
night study."' The HGSHS was conducted in a group ses-
sion prior to the experiment with a cutoff score of >7 for
highly hypnotizable subjects (nap: HGSHS = 7.71 + 0.73;
night: HGSHS = 7.36 + 0.69). The percentage of high
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hypnotizable subjects within the initial screening was 35%
in the nap study and 33% in the night study.

Design and Procedure

The design of the nap study equaled the design of the night
study with the exception of sleep, which either occurred
during a midday nap or during the night.'""'? Subjects parti-
cipated in four sessions, three of which were sleep sessions.
During a first group session, participants were informed that
a hypnosis tape will be used to deepen their sleep and
hypnotizability was assessed using the HGSHS.'"""* After
an adaptation nap or night, participants slept in the laboratory
for two sessions, while polysomnographic data (electroence-
phalography (EEG), electromyography (EMG) and electro-
oculography (EOG)) was recorded. Both experimental
sessions took place on the same weekday, spaced one week
apart. Prior to sleep, a declarative paired-associate learning
task (PAL) was conducted. In a randomized order, partici-
pants listened to either a hypnotic suggestion tape to sleep
more deeply or a control tape about natural mineral deposits
in a within-subject design (see Figure 1A, for an overview of
the procedure). They were asked to listen to the tape but were
allowed to fall asleep at any time. The tape was started with

the lights switched off and subjects were awoken 90 min
(nap) or 8 h (night) later. After sleep, subjects performed
a psychomotor vigilance task, filled out a subjective sleep
quality questionnaire (Schlaffragebogen A)'* and conducted
the recall of the PAL. After the PAL in the nap study parti-
cipants performed a procedural sequence finger tapping task
whereas after the PAL in the night study subjects performed
two declarative verbal fluency tasks.

Hypnosis and Control Tape

The hypnosis text was written by a hypnotherapist treating
sleep problems and sleep disorders with hypnosis (A.
Schlarb).'? The hypnosis text started with focusing the atten-
tion of the listener from the environment to internal processes,
including suggestions to close the eyes and to relax. Next, it
was slowly counted from 1 to 10 with each step indicating
deeper relaxation and leading the listener into the hypnotic
trance state (4 min). Subsequently, the listener was invited to
imagine a picture of a sea and to follow a fish swimming
progressively deeper and deeper into the sea, symbolizing the
depth of sleep (9 min). This was accompanied by suggestions
that swimming deeper and deeper is safe and risk free. When
the fish arrived at the bottom of the sea, the listener was

A Experimental Design
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Figure | Experimental procedure and analysis of sleep-oscillations. (A) Thirty-three high hypnotizable subjects listened to a hypnosis (blue) or a control tape (red) while falling asleep
according to a within-subject design. In both sessions participants either slept during a midday nap (90 min) or during the night (8h). Learning of a declarative paired associate learning task
(PAL) was conducted before sleep and the recall of the same task after sleep. Analyses of slow-waves, sleep spindles and their coupling were conducted using the open-source SpiSOP
tool (www.spisop.org; RRID: SCR_015673). (B) Coupling analyses were performed within the time window starting with the trough of the slow-wave until 1.2 s after this trough for slow
and fast spindles. We identified coupling events where at least one detected sleep spindle trough (maximum negative amplitude) was detected within the specified time window. As
aresult, the number of matches and the percentage of matches relative to the total amount of slow-waves were calculated for each participant and lobe (frontal slow spindles, parietal fast
spindles) during NREM sleep. (C) For detection of slow-waves, the signal was initially filtered between 0.3 and 3.5 Hz in each channel during NREM sleep. Second, all intervals with
consecutive positive-to-negative zero crossings (down — up — down) were marked as putative slow-waves. They were only kept for further analyses, if their durations matched with
a frequency between 0.5-1.1 1 Hz, while down-zero-crossings marked the begin and end of a slow-wave. Possible matches were considered as artifacts and excluded if their amplitude
exceeded 1000 pV, or if both negative and positive half-wave amplitudes lay between—15 and +10 pV. Finally, a slow-wave was identified if the following two criteria were met: the negative
half-wave peak potential (Peough) Was lower than 1.25 x the mean negative half-wave peak of all allegedly detected slow-waves within the respective EEG channel (Threshold 1); the
amplitude (trough to peak) was larger than 1.25 x the mean amplitude of all other allegedly detected slow-waves within this channel (Threshold 2). As a result, number of slow-waves,
density per 30s epoch NREM sleep, mean amplitude, duration, down slope (value of the negative half-wave peak divided by the time from the first zero-crossing to the trough in pV/s) and
up slope (absolute value of the negative half-wave peak divided by the time from the trough to the next zero-crossing in pV/s) were calculated for each participant and channel during
NREM sleep. (D) For the detection of sleep spindles, the EEG signal of each channel during NREM sleep was filtered with the frequency determined by an individual slow- and fast spindle
power peak * | Hz. Next, the root mean square (RMS) signal was computed using a sliding window with a size of 0.2 s and the resulting signal was smoothed in the same window with
amoving average. A spindle was detected when the smoothed RMS signal exceeded an individual amplitude threshold by 1.5 standard deviations (SD) of the filtered channel signal for 0.5
to 3 s at least once. The threshold crossings marked the beginning and end of each spindle event and determined their duration. Amplitude of sleep spindles was defined by the voltage
difference between the largest trough and peak (peak to trough potential). Spindles with an amplitude above 200 uV were excluded. Analysis resulted in data of the number of detected
spindles, spindle density (per 30s NREM sleep epoch), mean amplitude (trough to peak potential), average oscillatory frequency (Avg. Frequency using number of peaks (#peaks) and
number of troughs (#troughs)) and duration for each participant and channel (frontal slow spindles, parietal fast spindles) during NREM sleep. (B-D) Figures were retrieved from www.
spisop.org/documentation/ and adapted with permission from the copyright owner (Frederik D. Weber).

suggested to continue to sleep deeply. Afterwards, the tape
stopped and left the listener in the hypnotic trance, which
invited them to fall asleep. The control text was designed to
match the hypnosis text with respect to length in minutes and
volume and to be as neutral and objective as possible. The

German tapes were spoken and recorded by Bjér Rasch,'? the

French versions were translated, spoken and recorded by
Laurent Rossier et al.'' The hypnosis texts were spoken with
a soft and calming voice, while the control texts were spoken
with an everyday intonation and speed. The tapes are available

on our homepage: https://www.unifr.ch/psycho/en/research/

biopsy/hypnosis.html.

https:
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Paired-Associate Learning Task

A German and a French version of the PAL were con-
ducted similarly to previous studies.'> In the evening,
participants learned 80 semantically associated word
pairs (eg, clock — church) and were asked to memorize
as many pairs as possible. During this learning phase, the
word pairs were presented sequentially for 1000 ms in
black font on a white screen. A blank screen of 200 ms
separated the two words of a word pair. Each trial was
preceded by an interstimulus interval of 500 ms and
a fixation cross of 500 ms. After the learning phase, sub-
jects retrieved the word pairs in a cued-recall task. The
first word of the word pair was presented and they were
asked to name the corresponding second word with unlim-
ited response time; if they were unable to recall the match-
ing word they were asked to click “next”. The first word
was presented in black font on a white screen for 1000 ms
followed by a question mark. The experimenter noted if
the answer was correct without giving feedback to the
participant. Another blank screen of 500 ms preceded the
next trial. Selection of the word list and the order of word
pair presentation was randomized. In the morning, mem-
ory performance was tested a second time using the cued-
recall task without a learning phase. Memory performance
was measured as the percentage of correctly recalled word
pairs before and after the sleep period. To assess relative
overnight memory improvement, pre-sleep performance
was set to 100%.

Polysomnographic Recording

EEG was recorded using a 128-channel Geodesic Sensor
Net (nap, Electrical Geodesics, Eugene, OR) or a 32-
(night,
Herrsching) with a sampling rate of 500 Hz in both

channels Easycap Net Easycap GmbH,

studies. Offline EEG preprocessing was conducted
using BrainVision Analyzer software (version 2.0 in
the nap and 2.1 in the night study; Brain Products,
Gliching, Germany). Data were referenced against con-
tralateral mastoids in the nap study and against average
mastoids in the night study. Standard filter settings sug-
gested by the American Academy of Sleep Medicine
(AASM)'® were applied (eg, EEG 0.3-35Hz) with an
additional notch filter (50 Hz) in both datasets. Sleep
was visually scored offline by two independent sleep
scorers in 30 second epochs, based on derivations F4,
C4, 02, HEOG, VEOG and EMG according to the

AASM standard criteria.'® In case of disagreement,

a third expert was consulted. All scorers were blind to
the experimental condition.

Detection of Spindles, Slow-Waves and
Their Coupling

Analysis of slow-waves, spindles and their coupling was
performed on frontal (F3, F4) and parietal (P3, P4) elec-
trodes using the open-source SpiSOP tool (www.spisop.
org; RRID: SCR_015673) based on MATLAB 2013b
(MathWorks, Natick, USA; RRID: SCR 001622).
Standard settings of SpiSOP were applied based on pre-
viously published algorithms'” and are explained in the
following.

Slow-Wave Detection

First, the signal was first filtered in each channel during
NREM sleep between 0.3 and 3.5 Hz. Second, all intervals
with consecutive positive-to-negative zero crossings
(down — up — down) were marked as putative slow-
waves. They were only kept for further analyses if their
durations matched with a frequency between 0.5-1.11 Hz,
while down-zero-crossings marked the begin and end of
a slow-wave. Possible matches were considered as arti-
facts and excluded, if their amplitude exceeded 1000 uV or
both negative and positive half-wave amplitudes lay
between —15 and +10 pV. Finally, a slow-wave was iden-
tified if the following two criteria were met: the negative
half-wave peak potential was lower than 1.25 X the mean
negative half-wave peak of all allegedly detected slow-
waves within the respective EEG channel (see Figure 1C,
Threshold 1); the amplitude (trough to peak) was larger
than 1.25 x the mean amplitude of all other allegedly
detected slow-waves within this channel (see Figure 1C,
Threshold 2). As a result, number of slow-waves, density
per 30s epoch NREM sleep, mean amplitude, duration,
down slope (value of the negative half-wave peak divided
by the time from the first zero-crossing to the trough in
pnV/s) and up slope (absolute value of the negative half-
wave peak divided by the time from the trough to the next
zero-crossing in uV/s) were calculated for each participant
and channel during NREM sleep.

Spindle Detection

First, individual slow and fast spindle frequency peaks
were visually determined based on the NREM power
spectrum of each dataset. Slow spindle peaks were deter-
mined in frontal channels (F3, F4) and fast spindle peaks
in parietal channels (P3, P4) due to expected power
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maxima over those regions.'® Slow spindle peaks ranged
between 9.5 and 13.2 Hz with an average frequency of
11.99 + 0.79 Hz in the nap and 11.13 + 0.79 Hz in the
night study. Fast spindle peaks ranged between 11.5 and
15.2 Hz with an average frequency of 13.99 + 0.71 Hz in
the nap and 13.46 + 0.40 Hz in the night study.

Second, the EEG signal of each channel during NREM
sleep was filtered with the frequency determined by an
individual slow- and fast spindle power peak + 1 Hz. Next,
the root mean square (RMS) signal was computed using
a sliding window with a size of 0.2 s and the resulting
signal was smoothed in the same window with a moving
average (see Figure 1D). A spindle was detected, when the
smoothed RMS signal exceeded an individual amplitude
threshold by 1.5 standard deviations (SD) of the filtered
channel signal once for 0.5 to 3 s. The threshold crossings
marked the beginning and end of each spindle event and
determined their duration. Amplitude of sleep spindles was
defined by the voltage difference between the largest
trough and peak (peak to trough potential). Spindles with
an amplitude above 200 pV were excluded. Analysis
resulted in data of the number of detected spindles, spindle
density (per 30s NREM sleep epoch), mean amplitude
(trough to peak potential), average oscillatory frequency
and duration for each participant and channel (frontal slow
spindles, parietal fast spindles) during NREM sleep.

Coupling of Slow-Waves and Spindles

After detecting slow-waves and spindles, additional analyses
were conducted to identify the coupling between slow-waves
and spindles (see Figure 1B). These coupling analyses were
performed within the time window starting with the trough of
the slow-wave until 1.2 s after this trough for slow and fast
spindles. We identified coupling events where at least one
detected sleep spindle trough (maximum negative amplitude)
was detected within the specified time window. As a result,
the number of matches and the percentage of matches rela-
tive to the total amount of slow-waves were calculated for
each participant and lobe (frontal slow spindles, parietal fast
spindles) during NREM sleep.

Statistical Analysis

Statistical analysis was performed using RStudio version
1.1.456."° Normality was tested using Shapiro-Wilk’s test.
As slow-wave density (W = 0.99, p < 0.001) and spindle
density (W = 0.98, p < 0.001) were both non normally
distributed, Tukey’s rule®® using the interquartile range
(IQR, [Q; — 1.5 x IQR, Q5 + 1.5 x IQR]) was applied to

detect possible outliers in non-normally distributed data.
Application of this outlier criterion on the slow-wave and
spindle density data of frontal and parietal electrodes from
both studies suggested a slow-wave density range
between —0.10 and —3.83 and a spindle density range
between 0.75 and 3.58. Based on these criteria, three
datapoints were excluded in the spindle and coupling
analysis and replaced with data from the contralateral
hemisphere. The same corrections were applied to the
analyses of all other spindle and coupling parameters.

We analyzed slow-wave density and spindle density as
well as coupling between slow-waves and spindles. Analyses
were conducted separately over the frontal and over the par-
ietal lobes. To compare the results of the nap and the night
study, we only analyzed data within the first hour of sleep in
the night study. We calculated mixed analyses of variances
containing the within subject factors condition (control vs
hypnosis) and hemisphere (left vs right) as well as the between
subject factor study (nap vs night). Post-hoc tests comprised
paired #-tests and Welch #-tests for unpaired data. In case of
significant findings, partial eta-squared (77,,) and Cohen's d are
reported as effect sizes for analyses of variances and #-tests,
respectively. For correlational analysis, we used Pearson pro-
duct-moment correlations. Correlations were compared
according to>' based on single sided testing. The level of
significance was set to p < 0.05.

Results
Slow-Wave Sleep and Memory

Consolidation

In a first analysis, we reanalyzed SWS and memory consolida-
tion data together for both the nap and night study. After
listening to the suggestion to sleep more deeply, participants
spent 29.95 + 2.35% of their total sleep time in SWS, whereas
in the control condition subjects only spent 22.73 + 2.30% of
their total sleep time in SWS. Thus, the hypnotic suggestion
increased the time spent in SWS to 131.76% compared with
listening to the control text (set to 100%; F(1,31)=13.94,p <
0.001, #,, = 0.31). This increase was more pronounced in the
nap compared with the night study (interaction condition x
study: F(1, 31) = 6.77, p = 0.014, #, = 0.18). Adding age as
a covariate yielded the same interaction between condition and
study (£(1, 30) = 10.18, p = 0.003, 7, = 0.25). Moreover, an
interaction between age and condition (F(1, 30) = 5.88, p =
0.022, #,, = 0.16) suggested that the effect of condition was
stronger in younger participants. However, the correlation
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between age and the effect of hypnosis on SWS did not reach
(3H = -028, p = 011
In contrast to this substantial increase in SWS, we did

significance

not observe any effect on declarative memory consolidation
during sleep. Retention performance in the paired-associate
word learning task (with performance during encoding set to
100%) was comparable between the hypnosis condition
(98.44 + 2.07%) and the control condition (99.42 + 2.07%;
F(1, 30) = 0.06, p = 0.81). Furthermore, we observed no
significant interaction between condition and study (nap vs
night; F(1, 30) = 1.58, p = 0.22)). Interestingly, the amount
of SWS showed a trend for a negative correlation between
SWS and memory retention performance in the hypnosis
condition (r(30) =—-0.33, p = 0.061), while no such correla-
tion was found in the control session (#(30) = —0.09, p =
0.61). These correlations were significantly different from
each other (z =-3.87, p < 0.001).
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Figure 2 Results of coupling, slow-wave and spindle analysis. Data are shown separately for the control (red bars) and the hypnosis condition (blue bars). (A and B) Here
provided are the percentages of matches between slow-waves and spindles relative to the total amount of slow-waves in NREM sleep. Listening to a hypnotic suggestion to
sleep more deeply reduced (A) coupling of frontal slow-waves and slow spindles and (B) coupling of parietal slow-waves and fast spindles compared with a control tape.
Listening to a hypnotic suggestion to sleep more deeply increased (C) frontal as well as (D) parietal slow-wave density per 30s epoch of NREM sleep compared with
a control tape. Listening to a hypnotic suggestion to sleep more deeply did neither affect (E) frontal slow spindle nor (F) parietal fast-spindle density per 30s epoch of NREM
sleep compared with a control tape. Values are displayed as mean + SEM. *p < 0.01, *p < 0.05.
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parietal cortex, coupling of fast spindles and slow-waves was
reduced after listening to the hypnosis (12.67 + 0.84%) compared
with a control text before sleep (15.09 + 1.21%; F(1, 30) = 4.58,
p = 0.041, M = 0.13; Figure 2B).

To further examine the underlying mechanisms of the
reduced SW/SP coupling after hypnosis, we analyzed the
density per 30s epoch of slow-waves and sleep spindles sepa-
rately during NREM sleep (stages N2 and N3 combined). In
accordance with the increases in SWS induced by hypnotic
suggestions, slow-wave density over the frontal lobe was
significantly increased in the hypnosis condition (2.00 + 0.11
slow-waves/30s) compared with the control condition (1.76 +
0.12 slow-waves/30s; F{(1, 66) = 6.62, p = 0.015, 7, = 0.18;
Figure 2C). Similarly, over the parietal cortex, participants
showed an increased parietal slow-wave density in the hypno-
sis (1.70 £ 0.10 slow-waves/30s) compared with the control
condition (1.42 + 0.12 slow-waves/30s; F(1, 31) = 9.65, p =
0.004, 7, = 0.24; Figure 2D). Generally, slow-wave density
was higher in the night study compared with the nap study,
over both frontal and parietal regions (both p < 0.001). In
addition to slow-wave density, significant main effects of
condition (control vs hypnosis) were found for all other slow-
wave parameters except the duration of frontal slow-waves
(see Table 1). Listening to a hypnotic suggestion before sleep
significantly increased the number, amplitude, down slope and
up slope of frontal and parietal slow-waves as well as the
duration of parietal slow-waves (all p < 0.038). These
increases were less pronounced over the frontal lobe in the
night study and more consistent across studies over the parietal
lobe (see Table 1). The most robust effects across both studies
were found for the amplitude of parietal slow-waves, which
were significantly increased in the hypnosis compared with the
control condition in the nap (¢2(13) =-3.35, p=0.005, d=0.90)
and in the night study (#(18) = -3.08, p = 0.006, d = 0.71).

In contrast to slow-wave density, we did not observe any
differences between the hypnosis and control condition for
sleep spindles. Both frontal slow spindle density (hypnosis:
2.06 + 0.09 spindles/30s; control: 2.06 + 0.08 spindles/30s;
Figure 2E) and parietal fast spindle density (hypnosis: 2.28 +
0.06 226 + 0.06
Figure 2F), were comparable between the two experimental

spindles/30s; control: spindles/30s;
conditions (both p > 0.55). In addition, and contrary to parietal
slow-waves, listening to a hypnotic suggestion before sleep
decreased the duration of parietal fast spindles (p = 0.033, see
Table 1). Together with the lack of effect on other spindle
parameters and the increases found for slow-wave parameters,
these results might facilitate and explain a reduced coupling of

slow-waves and spindles.

Discussion

In the current study, we show that hypnotic suggestion before
sleep promotes slow-waves, but leaves spindles unaffected
and hence results in a decreased SW/SP coupling during both
a nap and nighttime sleep. Previous research, which experi-
mentally enhanced slow-waves, suggested a causal contribu-
tion of slow-waves to the consolidation of hippocampus-
dependent declarative memory.”>>* Here, we found that
listening to a hypnotic suggestion to sleep more deeply
enhances slow-waves by increasing the number, density,
amplitude, up- and down-slopes in highly hypnotizable par-
ticipants. Despite these improvements, we did not find any
effect on declarative memory consolidation during sleep. The
current findings offer an explanation for this lack of memory
consolidation effect as slow — as well as fast spindles
remained unaffected and coupling between slow-waves and
spindles was decreased in the hypnosis condition.

Sleep spindles are assumed to represent the reinstatement
of a memory trace with reactivation occurring during spindle
events.”> %’ Spindle activity is increased when memory cues
associated with previously learned content are presented dur-
ing sleep.”® During this increase in spindle activity, memory
content associated with the stimuli presented could be reliably
decoded, which further strengthens the view of a reactivation
of memory content during the occurrence of spindles. In
addition, results from a simultaneous EEG and fMRI study
support the notion that cortical reactivation occurs during
spindles.?” Therefore, an invariant amount of sleep spindles
in the control and hypnosis condition might represent similar
amounts of reactivation and consolidation during sleep, and
thereby explain the comparable amounts of memory consoli-
dation in the control and hypnosis condition.

After reinstatement of a memory trace represented by
a spindle event, additional processing is assumed to occur
during a spindle refractory period (3-6 s).*° This refractory
period is thought to be crucial for protecting memory repro-
cessing from interference and spindle refractory periods are
thought to optimize oscillatory interactions supporting systems
consolidation. Increasing slow-waves within these refractory
periods might be ineffective for promoting memory consoli-
dation and possibly even disturb oscillatory interactions favor-
ing memory consolidation.

Besides findings that slow-waves and spindles are relevant
for memory consolidation, SW/SP coupling has repeatedly
been reported to be crucial for the beneficial effect of
sleep.>™'" Animal studies using two-photon imaging have
shown that the co-occurrence of a spindle within the up-state
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Table 1 Coupling, Slow-Wave and Spindle Parameters in the Hypnosis and Control Session for the Nap and Night Study

Parameter Nap Study (n = 14) Night Study (n = 19) p-values
Control Hypnosis Control Hypnosis Main Interaction
Effect Condition %
Condition Study
Frontal coupling
Number matches 24.00 + 4.60 25.00 + 3.8l 35.47 + 3.80 3542 + 417 0.84 0.82
Coupling (%) 19.74 £ 1.33 14.70 £ 1.13* 16.34 + 1.86 14.18 + 1.47 0.001* 0.16
Parietal coupling
Number matches 14.08 + 2.86 16.62 + 2.81 27.29 + 3.04 26.21 £ 243 0.69 0.32
Coupling (%) 15.35 +2.20 13.36 + 1.38 14.91 £ 1.43 12.19 + 1.08* 0.041* 0.74
Frontal slow-waves
Number 130.54 + 25.62 179.18 + 28.33 226.84 + 14.95 248.74 + 11.05 0.032* 0.40
Density (1/30s) 1.22 £ 0.11 1.55+0.11" 2.15 £ 0.08 2.32 £ 0.07 0.015% 0.42
Amplitude (pV) 151.05 * 13.37 175.30 = 11.58* 221.54 + 12.18 226.62 + 9.71 0.003* 0.041
Duration (s) 1.16 £ 0.01 I.16 £ 0.01 1.17 £ 0.01 1.17 £ 0.02 0.68 0.79
Down slope (uV/s) —405.63 + 42.18 | -479.58 % 34.07* | —629.27 + 3897 —632.64 + 33.26 0.031* 0.048*
Up slope (uV/s) 433.29 £ 39.69 | 499.42 * 39.08* 630.02 + 28.92 630.14 + 3291 0.017* 0.017*
Parietal slow-waves
Number 101.42 + 22.45 143.75 £ 23.62 191.13 £ 15.16 217.63 * 8.84" 0.017* 0.47
Density (1/30s) 0.91 £0.14 1.24 £ 0.14" 1.81 £0.12 2.03 £ 0.07* 0.004* 0.58
Amplitude (pV) 116.17 £ 9.62 135.27 * 8.36* 154.83 £ 7.96 166.29 * 7.70* <0.001* 0.25
Duration (s) 1.14 £ 0.01 1.17 £ 0.01" 1.23 £ 0.01 1.24 £ 0.02 0.038* 0.33
Down slope (uV/s) -297.29 + 27.40 | -351.02 £ 22.11* | -405.94 % 23.56 | —-427.09 * 24.68" | < 0.001* 0.12
Up slope (uV/s) 306.29 £ 20.75 339.92 £ 23.72% 362.40 + 18.86 377.25 + 19.93 0.003* 0.22
Frontal slow spindles
Number 190.46 + 25.61 214.64 £ 22.97 215.39 £ 12.40 218.05 £ 13.44 0.27 0.37
Density (1/30s) 2.04 £ 0.13 2.07 £ 0.14 2.07 £0.10 2.04 £0.12 0.93 0.60
Amplitude (pV) 36.17 £ 2.07 36.10 + 2.47 3840 +2.18 38.57 + 2.46 0.95 0.88
Duration (s) 0.87 £ 0.02 0.84 £ 0.02 0.83 £ 0.0l 0.81 £ 0.02 0.13 0.74
Core frequency (Hz) 11.32 £0.35 11.13 £0.29 10.84 £ 0.19 10.84 + 0.18 0.58 0.58
Parietal fast spindles
Number 209.07 £ 29.72 239.86 + 20.49 243.23 + 10.11 241.68 + 9.20 0.24 0.20
Density (1/30s) 2.16 £0.10 2.30 £ 0.10 2.34 £ 0.07 2.27 £ 0.09 0.55 0.090"
Amplitude (pV) 30.03 + 1.45 29.08 + 2.04 27.79 £ 1.53 2745 £ 1.27 0.35 0.66
Duration (s) 0.88 + 0.02 0.84 + 0.01 0.84 £ 0.02 0.82 + 0.02* 0.033* 0.55
Core frequency (Hz) 13.52 £ 0.27 13.72 £ 0.14 13.11 £0.10 13.07 £ 0.11 0.54 0.36

Notes: Means *+ SEM during NREM sleep (stages N2 and N3 combined). Coupling is reported as the absolute number of matches and as the percentage of matches relative
to the total amount of slow-waves in %. For detected slow-waves, slow spindles and fast spindles, the absolute number (number), density per 30 s epoch of NREM sleep,
mean amplitude and duration are given. Additionally, average up and down slope are given for slow-waves and core frequency for slow- and fast spindles. Data of the night
study refers to the first hour of sleep. p-values are reported for the main effect of condition (control vs hypnosis) and the interaction between condition and study (nap vs
night). Bold values indicate significant differences between the hypnosis and control session with *p < 0.10 and *p < 0.05.

of a slow-wave might optimize conditions for synaptic plasti-
city in local cortical circuits by maximizing calcium activity in
excitatory pyramidal cells.”® Thus, one conclusion could be
that enhancing slow-waves or changes in their characteristics
due to hypnotic suggestions alone are not sufficient to benefit
memory if spindles and their coupling are not enhanced in
a similar way. This notion is consistent with the assumption

that the interplay and precise timing between these sleep
oscillations is crucial for the beneficial effect of sleep on
memory consolidation.*

Our interpretation is in line with the active system con-
solidation hypothesis,! which stresses the importance of the
precise timing between different types of sleep oscillations in

the consolidation of memory. In contrast, the missing effect on
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memory consolidation despite increases in slow-waves are
difficult to explain via the synaptic down-selection theory,”
where slow-waves are thought to directly contribute to synap-
tic depression in two possible scenarios: burst firing, which
occurs during transitions between up and down states leading
to enduring depression of excitatory postsynaptic potentials;>’
decoupling through synchronous burst firing during slow-
waves by spike-timing-dependent plasticity mechanisms.*
Within this framework, increasing slow-waves should increase
the activity-dependent down-selection of synapses, decrease
the net synaptic strength, restore cellular homeostasis and
thereby favor memory consolidation during sleep.

Besides the interpretation that spindles and their cou-
pling to slow-waves is essential for improvements in mem-
ory consolidation, another potential factor has been
discussed in the literature. The pre-sleep performance level
in the declarative memory task might have been not optimal
(37.57-43.13%) to profit from sleep dependent memory

31-33

consolidation and an additional recall trial with feed-

back before sleep or repeated learning until reaching 60%

could have benefitted memory consolidation.'>*4

Conclusion

The present study shows that selectively enhancing slow-
waves using a hypnotic suggestion without affecting sleep
spindles is not sufficient to support memory consolidation
during sleep. Our results are in line with the notion that the
interplay and timing between slow-waves and sleep spin-
dles is essential for the beneficial effect of sleep on mem-
ory consolidation. Future studies examining memory
consolidation during sleep have to consider and target
slow-waves in conjunction with spindles and especially
their coupling during sleep.
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