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Study Objectives: Sodium oxybate (SO) is a GABA; agonist used to treat the sleep disorder narcolepsy. SO was shown to increase slow wave
sleep (SWS) and EEG delta power (0.75-4.5 Hz), both indexes of NREM sleep (NREMS) intensity and depth, suggesting that SO enhances recu-
perative function of NREM. We investigated whether SO induces physiological deep sleep.

Design: SO was administered before an afternoon nap or before the subsequent experimental night in 13 healthy volunteers. The effects of SO
were compared to baclofen (BAC), another GABA; receptor agonist, to assess the role of GABA; receptors in the SO response.

Measurements and Results: As expected, a nap significantly decreased sleep need and intensity the subsequent night. Both drugs reversed this
nap effect on the subsequent night by decreasing sleep latency and increasing total sleep time, SWS during the first NREMS episode, and EEG
delta and theta (0.75-7.25 Hz) power during NREMS. The SO-induced increase in EEG delta and theta power was, however, not specific to NREMS
and was also observed during REM sleep (REMS) and wakefulness. Moreover, the high levels of delta power during a nap following SO administra-
tion did not affect delta power the following night. SO and BAC taken before the nap did not improve subsequent psychomotor performance and
subjective alertness, or memory consolidation. Finally, SO and BAC strongly promoted the appearance of sleep onset REM periods.
Conclusions: The SO-induced EEG slow waves seem not to be functionally similar to physiological slow waves. Our findings also suggest a role

for GABA; receptors in REMS generation.
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INTRODUCTION

Sodium oxybate (SO, sodium salt of y-hydroxybutyric acid
[GHB]) is an endogenously produced fatty acid, recently ap-
proved for the treatment of narcolepsy with cataplexy.! GHB
has been shown to increase slow wave sleep (SWS) and EEG
delta power (0.75-4.5 Hz), in a dose-dependent manner in
healthy subjects®® and in patients with narcolepsy and fibro-
myalgia.>” The physiological increase of SWS and EEG delta
power is proposed to represent cortical recovery from prior
wakefulness.®® Like other restorative functions, sleep is homeo-
statically regulated. Sleep loss produces proportional increase
in the tendency to fall asleep'® and in the EEG delta power
during recovery sleep.!" Conversely, an afternoon/evening nap
reduces the SWS duration and EEG delta power during the sub-
sequent nocturnal sleep.'> EEG delta power varies as a function
of the sleep-wake history in a highly predictive manner not only
in humans but in all mammalian species studied so far, and is
therefore widely used as a marker of sleep need/intensity.'*'s
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We recently reported that the increase in EEG delta power
produced by y-butyrolactone (GBL), a GHB-precursor, did
not affect physiological sleep regulation in mice.'® This find-
ing is supported by others describing paradoxical EEG delta
waves induced by GHB and GHB precursors in waking hu-
mans*'7 and animals,'®' thus challenging the claimed physi-
ological sleep-promoting effects of GHB. The first aim of
this study was to investigate whether pharmacological en-
hancement of EEG delta power and SWS duration with SO
affects the homeostatic regulation of sleep in humans. The
second aim was to better understand the role of GABA, re-
ceptors in response to GHB by comparing SO with another
GABAj receptor agonist; i.e., baclofen (BAC). To this end,
we used an afternoon nap protocol to decrease sleep pressure
during the subsequent night and investigated how EEG delta
power and increased SWS duration, induced by GHB and
BAC, modulate sleep need/intensity. If SO and BAC indeed
produce physiological deep sleep, then naps under these
drugs would be expected to show an increased SWS dura-
tion and a higher EEG delta power compared to a placebo
(PL) condition, and sleep need during subsequent nighttime
sleep would be expected to be lower than in a PL condition.
On the other hand, when taken before nighttime sleep (i.c.,
after a PL nap), SO and BAC would be expected to counter
the nap’s effects by producing more EEG delta power and
SWS duration. Besides sleep and EEG, psychomotor vigi-
lance, subjective alertness and memory were also assessed
to further test whether the recuperative value of sleep is in-
creased by SO and/or BAC.
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Figure 1—Schedule of a typical study session. Each subject performed
5 sessions, which differed only by the drug treatment condition that they
received. Sessions were separated by one week. Subjects started a
session with an 8-h habituation night (not shown), spent the day outside
the lab, and came back for an 8-h baseline (BLN) night. Before the BLN
night, subjects performed vigilance tasks (PVT and KSS, black arrows).
The following day, they stayed in the lab executing vigilance tasks every 2
h and 3 memory tasks (blue arrows) before and after a 2-h nap opportunity
starting at 15:00. Finally, they spent a last 8-h experimental (EXP) night
and left the lab in the moming after having performed the last vigilance
tasks. Gray bars indicate times of scheduled sleep periods, and black bars
depict mealtimes. In each session, subjects received either 2 placebos
(PL) or a placebo and a drug (sodium oxybate [SO] or baclofen [BAC]).
Drugs could be administered either before the nap (SO-nap or BAC-nap)
or before the EXP night (SO-exp or BAC-exp) (red triangles and lines).

METHODS

Subjects and Procedures

Participants were healthy, right-handed Caucasian males
(n = 13; mean age: 23.5 + 1.6 years; age range: 20-26 years;
body mass index range: 18.5-24.8 kg/m?) recruited by a public
advertisement at the University of Lausanne (Switzerland) and
the Centre Hospitalier Universitaire Vaudois (CHUV, Laus-
anne, Switzerland). Subjects were paid for participation in this
study. They reported no personal or family history of neurologic,
psychiatric, or sleep disorders, no recent stressful life events,
transmeridian flight, and no medication or illicit drug intake > 2
months before the study. All were nonsmokers or “light” smokers
(£ 5 cigarettes per day), GHB-naive, and reported no excessive
consumption of alcoholic beverages and stimulant drinks (e.g.,
coffee, tea, cola, or energy drinks). Subjects had to be able to
refrain from drinking any of these beverages during study days
without problem and were allowed to smoke < 3 cigarettes per
day, but to refrain from smoking > 3 h before sleep periods. Four
subjects out of 13 were light smokers. Their sleep, anxiety and
depression questionnaires revealed that they were good sleep-
ers with regular bedtime (23:00-00:00), no subjective sleep dis-
turbance, no anxiety and depression (normal score at: Epworth
sleepiness scale, Horne and Ostberg questionnaire [neutral type],
and Beck anxiety and depression inventories). Upon reception
of their written informed consent, they were screened by brief
medical history, physical examination, blood test, and wrist ac-
timetry for 2 weeks, and also for chronic or acute cardiovascular,
respiratory, hepatic, or renal diseases. They first performed an
assessment session during which they spent 2 nights and a day in
the sleep laboratory for diagnostic polysomnography to rule out
sleep disorders such as sleep apnea and/or periodic limb move-
ments in sleep (PLMS), and to assess their ability to nap at 15:00.
Subjects with an apnea-hypopnea index and/or a PLMS index >
5/h, sleep efficiency < 85%, disturbances in sleep architecture, or
unable to nap > 30 min were excluded.

The local ethics committee for research on human sub-
jects and the Swiss federal agency for therapeutic products,
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Swissmedic, approved the study protocol, which was carried
out in accordance with the declaration of Helsinki. The study
included 5 weekly sessions of 3 consecutive nights. In each
session, the first and the second night served as habituation
and baseline (BLN) nights, respectively (Figure 1). The day
following the BLN night, subjects stayed in the lab and were
instructed to take a nap at 15:00. The third night, referred to
as the experimental (EXP) night, concluded each session. For
each night, bedtime was scheduled from 23:00 to 07:00. The
nap lasted a maximum 2 h but was stopped at the first appear-
ance of REMS after one NREMS episode. If REMS appeared
before SWS (stages 3 and 4), the nap was not terminated. If
the nap lasted < 30 min and/or did not include SWS, the nap
and the subsequent night were excluded from analysis. These
criteria served to reduce nap variability. REMS occurrence was
minimized because NREMS regulation was the main focus of
this study. Standardized meals containing normal fat levels
were served to the subjects at specific hours when they were
in the lab (Figure 1). No food intake was allowed 2.5 h before
nap and nighttime sleep, but a light snack was offered after the
nap. During each night and nap, electroencephalogram (EEG),
electromyogram (EMGQG), electrooculogram (EOG), and elec-
trocardiogram (ECG) were recorded. Vigilance and memory
were assessed as illustrated (Figure 1).

Drugs

A dose of 30 mg/kg of SO (Xyrem, oral solution, 500 mg/
mL, USB-Pharma SA, Bulle, Switzerland) and a dose of 0.35
mg/kg of BAC (oral suspension prepared from tablets of Lio-
resal 10 mg, Novartis-Pharma, Basel, Switzerland) were given
once; either before the nap or before the EXP night according
to a randomized, placebo-controlled, double-blind, crossover
design. Thus, per session subjects received either one drug and
one PL or 2 PLs. Specifically, the 5 sessions were abbreviated
PL, SO-nap, BAC-nap, SO-exp, and BAC-exp, where the suffix
“—nap” and “—exp” were used when the drug was administered
before the nap or before the EXP night, respectively. Drugs and
PL were taken 5 min before the nap and 5 min before the EXP
night of each session (Figure 1).

To avoid side effects occurring minutes after drug admin-
istration (i.e., dizziness, sleepiness, nausea and vomiting) as
well as side effects occurring hours after drug administration
(i.e., sleepiness and drowsiness after the nap), we chose rela-
tively low doses that are nevertheless known to affect sleep.**
In healthy adults, the half-life and the median T,,,, of SO (oral
solution) are 30-50 min and 30-60 min,”' respectively, and of
BAC (tablets) 3.8-4.0 h** and 1.8 h,* respectively.

Vigilance Assessment

Psychomotor vigilance task (PVT) is a simple visual reaction
time task with no learning and virtually independent of apti-
tude.?* Ten-minute PVT (PVT-192 Psychomotor Vigilance Task
Monitor, Ardsley, NY) were performed 15 min before the BLN
night, every 2 h during the following day starting at 09:00, and
around 1 h after the wake-up time of the EXP night. Before
and after a PVT, subjects carried out a Karolinska sleepiness
scale (KSS). The KSS is a 9-point rating scale which provides a
subjective and momentary measurement of alertness/sleepiness
(1 = very alert, 9 = very sleepy).”
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Memory Assessment

An unrelated word-pair associate learning task and a 2-D
face-location memory task were used to assess declarative
memory, while a finger sequence tapping task evaluated proce-
dural memory. The memory test battery was initiated at 14:00.

The unrelated word-pair learning task would benefit particu-
larly from SWS.228 Five sets of 36 different French word-pairs,
one per session, were chosen randomly from a list of 866 con-
crete and high imageable French words.”? Words consisted of
4-10 letters and pairs were of low semantic relatedness. They
were presented on a computer screen. Subjects were instructed
to learn 36 word-pairs by forming a mental association between
the two images corresponding to each word-pair. Each pair was
presented once for 4 s with an inter-stimulus interval of 100
ms. Immediately after the first run, subjects performed a cued
recall; i.e., the first word of each pair was presented for 10 s and
they were instructed to type the second word. Visual feedback
was given in each case by presenting the correct second word
for 2 s independent of their response, to enable re-encoding
of the correct word-pair. The first word of the next pair was
shown after an inter-stimulus interval of 3 s. At retrieval testing
at 20:00, the same cued recall procedure was used as during the
encoding phase.

The 2-D face-location memory task was based on a simi-
lar task used in a previous study.”’” Performance on this type of
task relies on temporal lobe structures including the hippocam-
pus®®3!; the word-pair learning task benefits from SWS.?” Here
we used 10 card-pairs showing pictures of faces (Karolinska
Directed Emotional Faces System, KDEF).** One set of 10 dif-
ferent face-pairs was chosen randomly from the KDEF for each
session. Throughout the task, all 20 possible spatial locations
are shown in a 4 x 5 matrix as gray squares (i.e., “the back of
the cards”) on a computer screen. Subjects were instructed to
memorize the 2 locations associated with each individual face.
The first face of each face-pair was presented alone for 1 s fol-
lowed by the presentation of both faces for 4 s. After an inter-
stimulus interval of 1 s, the next face-pair was presented in the
same way. The whole set of face-pairs was presented once. Af-
ter this first run, immediate recall of the spatial locations was
tested using a cued recall procedure; i.e., the first face of each
pair was presented and the subject had to indicate the location
of the second face with a computer mouse. Visual feedback was
given in each case by presenting the second face at the correct
location for 2 s independent of the response, to enable re-en-
coding of the correct location. After presenting a face-pair, both
faces were replaced by gray squares again, so that guessing
probability remained the same throughout the run. Feedback
was given about the number of correctly recalled face-pairs. At
retrieval testing at 20:00, the same cued recall procedure was
used as during the encoding phase.

The finger sequence tapping task was adapted from previ-
ous studies that indicated a robust sleep-dependent improve-
ment on this motor skill learning task, especially REMS
and stage 2.%335 It requires the subject to press repeatedly
one of five 5-element sequences (“1-2-4-3-1,” “2-1-3-4-2.”
“3-4-2-1-3,” “4-1-3-2-4,” or “2-3-1-4-2”) on a keyboard with
the fingers of the non-dominant hand as fast and as accurately
as possible for 30-s epochs interrupted by 30-s breaks. The
numeric sequence remained on the screen during the whole
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experimental session to keep working memory demands at a
minimum. Each 30-s trial was scored for speed (number of
correctly completed sequences) and error rate (number of er-
rors relative to total number of tapped sequences). Subjects
completed twelve 30-s trials. The average score for the last
3 of these trials was used to indicate performance at training.
At retest subjects performed another 3 trials, and performance
was computed by averaging these 3 trials.

The order of memory tasks at encoding and retest as well
as the different sets of word-pairs, face-pairs, and tapping se-
quences was counterbalanced across subjects and sessions. E-
Prime software (Psychology Software Tools, Pittsburgh, PA)
was used to design and run word-pair memory task and face-
location memory task, while the finger-tapping task was per-
formed using MATLAB R2007a (The MathWorks Inc, Natick,
MA). Memory performance on the 3 tasks was calculated for
retrieval performance (after the nap) as a percentage of learning
performance (before the nap) set to 100%.

Polysomnographic and Actigraphic Recordings

Six EEG channels (F3, C3, Ol and F4, C4, O2 referenced
against linked mastoids A2 and Al respectively), 2 EOG (one
to each outer cantus), 2 surface submental EMG electrodes, and
one ECG signal were recorded throughout each night and nap
of each session in individual bedrooms using Embla N7000 re-
cording system (Embla Systems, Broomfield, CO). Only data
from C3-A2 EEG derivation are reported here. Signals were
filtered by a high-pass filter (EEG and EOG: —3 dB at 0.5 Hz;
EMG: 10 Hz; ECG: 1 Hz), a low-pass filter (EEG: =3 dB at
35 Hz, EMG: 70 Hz), and a notch filter at 50 Hz. Signals were
recorded at 100 (EEG, EOG, and ECG) or 200 Hz (EMGQG). In-
frared video was also simultaneously recorded. Raw signals
were stored on-line on a computer hard drive and off-line on
DVDs and a hard disk. Sleep stages during nights and naps
were visually scored by a registered PSG technologist on a 20-s
epoch basis (Somnologica Software, Embla systems, Broom-
field, CO) according to standard criteria.** EEG power spectra
for consecutive 20-s epochs (average of five 4-s epochs, fast
Fourier transform routine, Hamming window, frequency reso-
Iution 0.25 Hz) were calculated using MATLAB R2007a (The
MathWorks, Natick, MA) and matched with the sleep scores.
Movement- and arousal-related artifacts were visually identi-
fied and excluded. If > 50% of a 20-s epoch contained artifacts,
the entire epoch was removed from the spectral analysis.

NREMS-REMS cycles were defined according to the crite-
ria of Feinberg and Floyd.*”” For the completion of the first and
the last cycle, no minimal criterion for the REMS duration was
applied. Sleep-onset REM period (SOREMP) was defined as
> 1 20-s epoch of REMS occurring within the first 18 min of
sleep (NREMS stage 1, 2, 3, 4, and REMS). The SOREMP did
not contribute to sleep cycle length; i.e., when a SOREMP was
present, the first cycle started after the SOREMP according to
above-mentioned criteria (succession of a NREMS episode and
a REMS episode). At least 3 NREMS-REMS cycles were com-
pleted in all night recordings.

Ten days, at least, before the assessment session, 7 days be-
fore the beginning of the study and throughout the entire study,
an Actiwatch (Mini-Mitter, Bend, OR) was worn by subjects
on their left wrist, and a sleep agenda was filled out to control
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Table 1—Sleep variables during the nap after placebo (PL), baclofen
(BAC), or sodium oxybate (SO) administration

Variables PL BAC SO
TIB (min) 722+22° 69.8 + 2.6 95.5+7.0°
TST (min) 576212 60.0 2.9 84077
SE (%) 80.0 + 1.6 85.7£1.8° 86.9 £3.0°
SL (min) 1.4+£09 86+12 9.1+12
REMSL (min) 444 + 4.0 31.8+8.1° 18.9+5.8°
WASO (min) 32+08 1.3+04 24+16
S1 (min) 10.7 £ 0.6 74+0.7° 6.5+1.2
S2 (min) 21.6+1.2 19416 224+3.0
SWS (min) 275+ 1.6° 29.9+29® 374+55
REMS (min) 3.0+ 0.4 72+15° 211£50°
MT (min) 04+0.0 0.3+0.0 04+0.0
SOREMP (#) 0.2+0.12 04+0.1° 06+0.1°
SOREMP (min) 1.1£0.4 47+1.7° 18.6 £ 5.5

Mean values (+ SEM) from lights off to lights on (time in bed [TIB]). All
naps were stopped after one NREMS episode from the first appearance
of REMS except if a sleep onset REM period (SOREMP) appeared.
Total sleep time (TST), sleep latency (SL; first epoch of S2 or REMS
from lights off), REMS latency (REMSL), wakefulness after sleep onset
(WASO), stage 1, stage 2 (S1-S2), slow wave sleep (SWS; Stage 3+4),
REMS, movement time (MT) and duration of SOREMP were expressed
in min. Sleep efficiency (SE) was calculated by dividing TST by TIB (%).
*\/ariables for which mean values significantly differed do not share
the same character (1-way mixed-model ANOVA for factor “treatment”;
Tukey-Kramer test, P < 0.05). Values not significantly different from zero:
italic. For SO, BAC and PL, N = 13, 12, and 36, respectively.

their sleep schedule (23:00-07:00), their sleep quality, and their
activity. The Actiwatch sampled activity once per 30 s.

Data Analyses and Statistics

The effect of treatments and nap on sleep variables, the EEG
in REMS, NREMS (stage 2 and SWS) and waking, sustained
vigilant attention (PVT), subjective alertness (KSS), and mem-
ory were analyzed in 13 subjects. Of these, one took antihista-
mine medication for a rash provoked by a soap allergy. The 2
affected sessions of this subject were excluded (sessions: SO-
exp and BAC-nap; for study design see Figure 1). Because of
insufficient sleep during naps (< 30 min), 2 sessions of another
subject were also excluded from analysis except sleep and EEG
data for the 2 baseline nights (sessions: BAC-exp and PL). Fi-
nally, the last night of one subject was excluded due to adverse
effects provoked by SO (dizziness and anxiety) at the beginning
of the night (session: SO-exp). However, after a negative gen-
eral clinical exam, the subject slept and reported a good night of
sleep (monitored). Thus, for the following analysis, we includ-
ed n=13,12, 11, 12, and 12 for SO-nap, BAC-nap, SO-exp,
BAC-exp, and PL, respectively; and for analysis including only
the nap without the EXP night, n =13, 12, and 36 for SO, BAC,
and PL, respectively. In addition, for all variables tested below,
the BLN nights of the 5 conditions (PL, BAC-nap, SO-nap,
BAC-exp, and SO-exp) did not significantly differ (P > 0.05).
The same was true for the 3 placebos administered before the
nap (PL, SO-exp, and BAC-exp), which allowed us to group
them as the “PL” condition. Spectral analysis was performed
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on C3-A2 derivation. Due to large extent of artifacts on A2 for
one subject, the trace was not included in the following analy-
sis, reducing the number of subjects for spectral analysis to 12.

To approximate a normal distribution, absolute power densi-
ties were log-transformed before statistical tests. The SAS 9.1
statistical software (SAS Institute, Cary, NC) was used. The ef-
fects of nap and treatments on sleep variables and the EEG were
assessed by a 2-way mixed-model analysis of variance (ANOVA)
with the within-subject factors “treatment” (PL, BAC-nap, SO-
nap, BAC-exp, and SO-exp) and “night” (EXP and BLN). Sleep
cycle and treatment effects on SWS and REMS duration, and
EEG frequency ranges were estimated by performing a 2-way
mixed-model ANOVA with the within-subject factors “treat-
ment” and “cycle” (1¥-3™) on the BLN and EXP night or on the
ratio EXP/BLN (see Results). One-way mixed-model ANOVA
with the within-subject factor “treatment” (PL, BAC, and SO)
served to evaluate effects of treatment on sleep variables and the
EEG during the nap and on memory tasks. Finally, to estimate
treatment effects on sustained vigilant attention and subjective
alertness, a 2-way mixed-model ANOVA for the within-subject
factors “treatment” (PL, BAC, and SO) and “time” (time points
when tasks were performed) and a one-way mixed-model ANO-
VA with the within-subject factors “treatment” at specific time
points were used. The significance level was set at P < 0.05.
To localize differences within subjects, paired 2-tailed #-tests,
Tukey-Kramer tests, or Dunnett-Hsu tests (control = PL) were
performed only if main effects or interactions of the ANOVA
were significant. Most statistics are indicated in figure legends.
EEG power was computed for consecutive 0.25-Hz bins and for
specific frequency bands. The frequency bins and bands are in-
dicated by the encompassing frequency ranges (e.g., 0.75-4.5
Hz band denotes 0.625-4.625 Hz).

RESULTS

SO Strongly Affects Nap Sleep

During the scheduled nap, subjects had a sleep episode be-
tween 42 and 116 min with an average of 30.1 + 1.7 min of
SWS (range = 3-73 min). Compared to the PL condition, naps
under SO showed an increase in total sleep time (TST), sleep
efficiency, SWS, and REMS, as well as a decrease in REMS
latency and light sleep (NREMS stage 1) (Table 1 and Figure
3C, D). Naps under BAC were intermediate between the PL and
SO conditions for sleep variables including SWS (Table 1 and
Figure 3C). Moreover, like SO, BAC increased sleep efficiency
and decreased light sleep compared to PL (Table 1). These re-
sults confirmed previous nap results in drug-free conditions'?
and suggest that SO, during the nap, promotes deep sleep, while
there is only a tendency for BAC.

Interestingly, several cases of SOREMP (i.e., REMS latency
<18 min) were observed particularly under drug treatment (SO:
8/13 naps [62%], BAC: 5/12 naps [42%], and PL: 7/36 naps
[19%]). The subjects exhibiting a SOREMP were allowed to
sleep until the beginning of the following REMS episode or un-
til the end of the 2-h sleep opportunity. For 4 naps out of a total
of 61, subjects had to be awakened without having terminated
a complete NREMS episode. All 4 had a long SOREMP (30-
50 min) and were under SO. These naps were included in the
analysis because subjects slept efficiently with a sufficient SWS
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duration (sleep latency: 7-8 min, SWS duration: 36-73 min, and
sleep efficiency > 92%).

The number and duration of SOREMPs were higher in naps
under SO than PL. Number of SOREMPs in naps under BAC
was intermediate between the 2 other treatments, whereas dura-
tion of SOREMPs was lower in the BAC and PL conditions than
in the SO condition (Figure 2B, C and Table 1). As a result, av-
erage REMS latency was lower in the SO condition than in the
BAC and PL conditions. It is noteworthy that REMS duration
during these naps reflects the duration of SOREMPs because
naps were stopped at the end of the first NREMS episode at the
first appearance of REMS (Figure 3D and Table 1). Moreover,
the SOREMPs were not entirely responsible for the longer time
in bed (TIB) or TST observed in the SO condition compared to
the PL condition, because naps under SO showed also a signifi-
cantly longer SWS duration than naps under PL (Table 1).

SO and BAC Counteract the Effects of a Nap on the Following
Night Sleep

As expected, an afternoon nap under PL condition decreased
TST, sleep efficiency, and SWS, but increased sleep latency,
arousal variables, and light sleep (wakefulness after sleep on-
set and NREMS stage 1) during the subsequent nighttime sleep
(EXP night; Table 2 and also'?). SO administered before the EXP
night (SO-exp) and BAC before the nap (BAC-nap) induced
very similar changes during the EXP night. Sleep latency in the
SO-exp condition was not increased compared to the BLN night,
and the BAC-nap condition showed the same tendency (Figure
2A). TST during the EXP night in the BAC-nap condition was
unchanged compared to the BLN night and significantly higher
to all other treatments except SO-exp (Tukey test, P < 0.05; Ta-
ble 2). The decrease of SWS in the first cycle of the EXP night
found in the PL condition was not present in the SO-exp and
BAC-nap conditions (Figure 3A). Together, this suggests that
the 2 conditions (BAC-nap and SO-exp) not only countered the
effect of the nap on sleep latency but also on TST and SWS in
the first cycle of the EXP night. Although BAC administered be-
fore the EXP night (BAC-exp) did not significantly affect SWS
in the first cycle compared to the PL condition, it increased SWS
over the entire night (Table 2). Moreover, BAC effects on sleep
administered before the nap (BAC-nap) were only minor during
the nap but strong during the subsequent night (Table 1), and
BAC administered before the night (BAC-exp) had no effect at
the beginning of the EXP night (sleep latency and SOREMP)
but increased SWS duration and tended to increase TST and
sleep efficiency in the whole night (Table 2). Together, these ob-
servations suggest that BAC has a delayed action.

Additional evidence for delayed action of BAC was obtained
when comparing the effects of SO and BAC treatment on the
duration and dynamics of REMS during the EXP night. BAC
administered either before the nap or before the EXP night in-
creased REMS duration during the entire EXP night compared
to the BLN night (significant for both treatments if REMS is
expressed as a percentage of TST, see also Table 2). In the
BAC-nap and BAC-exp conditions, the difference between the
EXP and BLN nights appeared 30 and 90 min after sleep onset,
respectively, and at the end of the sleep period (accumulation of
REMS 6.5 h after sleep onset); this difference in REMS dura-
tion reached an average of 20 and 29 min, respectively (data
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Figure 2—Condition and treatment effects on sleep parameters. (A) The
afternoon nap increased sleep latency during the following night (EXP
night) compared to the baseline (BLN) night in all treatment conditions
(left panel: 2-way mixed-model ANOVA for factors “night” P < 0.0001,
“treatment” P < 0.0001, and their interaction P < 0.0001; connected lines:
Tukey-Kramer test by treatment, P < 0.05). However, this increase was
strongly reduced when BAC was administrated before the nap or SO before
the EXP night (connected lines: Tukey-Kramer test by night, P < 0.05). This
treatment difference was not seen during the nap (right panel: 1-way mixed-
model ANOVA for factor “treatment,” P = 0.1). During nights, number (B)
and duration (C) of sleep onset REM periods (SOREMPs) were affected
both by drug treatment condition and night (left panel: 2-way mixed-model
ANOVA for factors “night” P < 0.0001, “treatment” P < 0.0006, and their
interaction P < 0.0003). Only BAC administrated before the nap (BAC-nap)
and SO given before the EXP night (SO-exp) showed significant occurrence
and increased duration of SOREMPs during the EXP night (paired t-tests
P < 0.05, star). Moreover, they showed, respectively, a significant increase
in number and a longer duration of SOREMPs compared to the PL
condition as well as the BAC-exp and SO-nap conditions (Tukey-Kramer
test, P < 0.05). During the nap, number and duration of SOREMPs were
affected by the treatment conditions (right panel: 1-way mixed-model
ANOVA: factor “treatment,” Tukey-Kramer test, P < 0.05). SO significantly
augmented SOREMP number and duration compared to PL, and PL and
BAC, respectively. For all panels, bars depict the mean (+1SEM, n = 12-
13) values of each variable, connected lines result from Tukey-Kramer
test, P < 0.05 and the BLN night of each treatment condition did not differ
significantly for any of the variables.
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Table 2—Sleep variables in baseline (BLN) and experimental (EXP) night for the 5 different treatment conditions
BLN night EXP night
Variables All PL BAC-nap SO-nap BAC-exp SO-exp

TST (min) 4536 +2.1 4144 £7.21 4515+ 3.4 412.7 £ 7.5 427.6 £ 5.9 437.8 £5.0

SE (%) 945+04 86.3 + 1.5 94.1%0.7¢ 86.0 £ 1.6 89.1+ 1.2 912+ 1.0

SL (min) 122+1.0 40.0 £ 541 19.8 + 3.6 39.3+£5.2 40.6 £5.9° 175+2.2*

REMSL (min) 61.0+17 63.3+5.0 25.6 £9.2% 647148 49.1+6.3 26.0 £ 8.6™

WASO (min) 143+1.8 25.6 £ 5.6 8.7+1.3f 28177 11.8+3.2 247 £53t

S1 (min) 35017 4151421 23.1+£22% 433145 26.1+£2.3% 452 +6.0

S2 (min) 199.7 £ 3.8 185.2+7.8 199.3+£6.5 199.3+£9.3 183.8 £10.8 186.2 £ 8.2

SWS (min) 98.8+25 725+ 541 86.3 + 6.6 66.9 + 5.3 87.0+7.0™ 87.9+ 481

REMS (min) 1225+22 119.6 £6.0 1438 £5.1% 106.8 £4.5 135.1£54 120.2+5.0

MT (min) 21+0.2 1.7+0.3 27+05 2103 19+04 18105

SOREMP (#) 0.0+0.0 0.0+0.0 06+0.1™ 0000 02+0.1 0.5+0.2%

SOREMP (min) 0.1+0.1 0.0£0.0 10.0 £ 4.0 0.0+0.0 34+32 182+ 5.71
Mean values (+ SEM) from lights off to lights on (8 h = 480 min). BLN night: for clarity, the BLN night of the 5 sessions was averaged, although for statistical
analysis each subject’s EXP night was compared to its corresponding BLN night. EXP night: treatment intake before the nap and before the EXP night (5
treatment possibilities: (1) placebo [PL] administrated before the nap then PL administered before the EXP night; (2) baclofen [BAC] then PL (BAC-nap);
(3) sodium oxybate [SQO] then PL [SO-nap]; (4) PL then BAC [BAC-exp]; and (5) PL then SO [SO-exp]). For variable definition see Table 1. The EXP night
significantly different from the BLN night: TP < 0.05. Treatment condition significantly different from the PL condition: *P < 0.05. Values not significantly different
from zero (paired t-test: P > 0.05): italic.

not shown; note that SOREMPs were included). On the other
hand, SO-exp condition significantly increased REMS duration
at the beginning of the night (SOREMPs; Figure 2C), but then
decreased it (cycle 1 and 2; Figure 3B). Thus, the overall mean
REMS duration did not differ (Table 2; no significant difference
also if REMS is expressed as a percentage of TST or if its accu-
mulation is calculated 6.5 h after sleep onset [data not shown]).

The BAC-nap and SO-exp conditions significantly induced
SOREMPs in the beginning of the EXP night compared to the
BLN night (paired #-test: P <0.05) and the PL condition (Figure
2B, C and Table 2). Moreover, in the EXP night, the SO-exp
condition significantly increased the duration of SOREMPs
compared to the PL condition (Figure 2B, C and Table 2). This
increase of SOREMPs after the SO-exp and BAC-nap condi-
tions was also reflected in the decrease of REMS latency (Table
2). Although few SOREMPs were found in the BAC-exp con-
dition, the number and duration did not significantly deviate
from zero. A total absence of SOREMPs was found only in the
PL and SO-nap conditions (number of SOREMPs by treatment
condition: SO-nap, 0/13 [0%]; PL, 0/12 [0%]; BAC-exp, 2/12
[17%]; SO-exp, 6/11 [55%]; BAC-nap, 7/12 [58%]; for statis-
tics see Figure 2). In contrast, only 1 of the 63 BLN nights ex-
hibited a short SOREMP (9 min; PL [1/12]), and the overall
number of SOREMPs in the BLN night did not differ from zero
(Table 2). Thus, our study clearly demonstrates that both SO
and BAC induce SOREMPs.

Note that for all sleep variables tested during the EXP night,
the SO-nap condition did not significantly differ from the PL
condition, suggesting that the strong SO effects on sleep during
the nap did not affect subsequent nocturnal sleep.

SO and BAC Significantly Affect NREMS EEG
To characterize the effects of naps and drug treatments on
sleep quality and on the homeostatic regulation of sleep, the
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spectral composition of the EEG in NREMS (stage 2 and SWS)
was quantified. Only results on low frequencies (i.c., delta, theta,
and sigma power: 0.75 to 15 Hz), which were most relevant for
this study, are discussed here. A nap under placebo reduced EEG
power in delta and theta frequency ranges (0.75-7.25 Hz) and
enhanced EEG power at 12.5 Hz (i.e., in the sigma range) dur-
ing the subsequent night (Figure 4A). The largest differences
were present in the first cycle for delta, theta, and sigma power
(cycle 1: Figure SA-C). According to the homeostatic process of
sleep,'? delta but also theta power decreased within the course of
sleep for both the BLN and EXP nights. Delta and theta power
were reduced in the EXP night due to the nap, while sigma pow-
er was increased during the first cycle (Figure 5C). Overall, the
results in the PL condition were expected and are supported by
previous nap studies performed without drug administration.'>¥

To evaluate the effect of SO and BAC on the EEG, all drug
treatment conditions were compared to the PL condition (ratio
EXP/BLN of each drug treatment condition was expressed as
a percentage of the ratio EXP/BLN of the PL condition; Figure
4C). During the EXP night delta and theta power increased in
the SO-exp, BAC-nap, and BAC-exp conditions (0.75-7.25,
0.75-9.25, and 1.25-9.25 Hz, respectively). Moreover, the
BAC-nap condition also decreased sigma power at 13.5 Hz.

To access the EEG dynamics during NREMS in the 3 fre-
quency ranges, changes in delta, theta, and sigma power were
analyzed during the first 3 cycles. The largest drug effects were
present in the first cycle. The BAC-nap and SO-exp conditions
significantly enhanced delta and theta power, while reducing
sigma power during the first cycle (P < 0.05; Figure 6A-C).
Already in the second cycle, effects of treatment conditions
no longer differed from the PL condition. It is, however, in-
teresting to note that delta power in the second cycle tended to
increase (though not reaching significance levels) in the BAC-
exp condition, suggesting that BAC took longer to affect the
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Figure 3—SWS and REMS during the three first sleep cycles of the nighttime sleep and during the nap. (A) During the 1¢ cycle of the EXP night, SWS
was decreased in the PL, SO-nap and BAC-exp conditions, but did not differ from the BLN night in the BAC-nap and SO-exp conditions (left panel: 2-way
mixed-model ANOVA for factors “night” P = 0.0001, “treatment” P < 0.03, and their interaction P = 0.05; connected lines: Tukey-Kramer test by treatment
for factor “night” P < 0.05). Moreover, SWS was significantly higher when SO was given before the EXP night compared to the PL condition. Overall, during
the 2" and the 3" cycle, SWS was significantly lower in the EXP night compared to the BLN night (2-way mixed-model ANOVA for factors “night” P < 0.05,
“treatment” P > 0.1 and their interaction P > 0.6; paired -test: factor “night” P < 0.05). (B) REMS was significantly higher in the EXP night compared to the BLN
night for the 1%t cycle only (left panel (1% cycle): 2-way mixed-model ANOVA for factors “night” P < 0.0001, “treatment” P > 0.4, and their interaction P > 0.4).
Interestingly, the SO-exp condition was the unique condition which did not show a significant increase in REMS during the EXP night compared to the BLN
night (Tukey-Kramer test by treatment for factor “night” P < 0.05). Moreover, in the 2" cycle, this same treatment condition exhibited a shorter duration of
REMS than the BLN night (1-way mixed-model ANOVA for the PL-SO condition: factor “night” P = 0.002). (C) During the nap, SO increased SWS compared
to PL but not compared to BAC (1-way mixed-model ANOVA for factor “treatment” P < 0.03; Tukey-Kramer test P < 0.05). (D) Naps were stopped when REMS
was visually identified except when it was a SOREMP (see Materials and Methods and Figure 2). Only SO and BAC treatments showed a significant increase
of REMS duration (paired t-tests P < 0.05:*) due to SOREMPs. SO induced a longer duration of REMS than BAC and PL (1-way mixed-model ANOVA for
factor “treatment” P < 0.0001, Tukey-Kramer test P < 0.05). For all panels, bars depict the mean values of each variable (mean + SEM; n = 12-13).

EEG than SO (Figure 6A). As in the sleep duration analysis
(see above), spectral analysis supports the notion that BAC has
a delayed action.

During the nap, SO, but not BAC, differed from PL. SO en-
hanced delta and theta power (0.75-10.0 Hz) and reduced sigma
power (13.75-14.75 Hz; Figure 4E). The strong effects of SO
on delta and theta power and SWS duration during the nap did
not alter subsequent nocturnal sleep, suggesting that the ho-
meostatic regulation of sleep was not affected by SO, and thus,
that SO did not produce physiological sleep.
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SO and BAC Significantly Affect REMS and Waking EEG

Similar to NREMS, a spectral analysis was performed for
the REMS EEG. Overall, in the PL condition, a nap did not
affect the REMS spectral profile (Figure 4B). In the EXP
night, the SO-exp, BAC-nap, and BAC-exp conditions in-
creased delta and theta power (2.5-6.75, 0.75-8.25, and 1.25-
8.25 Hz, respectively) during REMS as compared to the PL
condition (Figure 4D). During the first cycle, delta power
was enhanced in the SO-exp condition, while in the BAC-
exp condition, delta power was increased during the second
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Figure 4—EEG power spectra of NREMS and REMS during nighttime sleep and during the nap. (A) To quantify the effect of a nap on the subsequent
sleep (the EXP night), the ratio of absolute NREMS spectra in the EXP and BLN nights for the PL condition (EXP/BLN) was calculated yielding to a relative
NREMS spectrum where 100% represents the BLN night. Relative NREMS spectrum differed significantly among nights and frequencies (2-way mixed-model
ANOVA for factors “night” P < 0.05, “frequency bin,” P < 0.0001, and their interaction P = 1.0. Low frequency bins (0.75-7.25 Hz) were significantly lower
and a bin from the sigma band (12.5 Hz) as well as overall high frequency bins (17.5-25 Hz) were significantly higher during the EXP night compared to the
BLN night (black triangles: one-way mixed-model ANOVA by “frequency bin” for factor “night” P < 0.05) (B) The REMS ratio EXP/BLN in the PL condition.
Relative REMS spectrum did not differ significantly between nights (2-way mixed-model ANOVA for factors “night” P > 0.1, “frequency bin” P < 0.0001, and
their interaction P = 1.0). (C, D) To illustrate the comparison of each treatment condition to the PL condition, relative NREMS and REMS spectra of each drug
treatment condition (EXP/BLN) were expressed as a percentage of relative NREMS spectrum of the PL condition depicted in A and B, respectively. Relative
NREMS and REMS spectra during the EXP night were affected by treatment condition and by frequency bin (2-way mixed-model ANOVA: factors “treatment”
P <0.0001, “frequency bin” P < 0.0001, and their interaction P < 0.0001). Overall, the BAC-nap, BAC-exp and SO-exp conditions differed significantly from
the PL condition, while the SO-nap condition did not (Dunnett-Hsu test [control = PL] P < 0.05). Colored triangles depict frequency bins for which power
differed significantly from the PL condition (Dunnett-Hsu test P < 0.05, blue: BAC-nap [Bn], gray: BAC-exp [Be] and red: SO-exp [Se]). (E) During the nap
relative NREMS spectra after the SO and BAC treatments were expressed as a percentage of the PL treatment. Overall, relative NREMS spectrum of the SO
treatment was different from that of the PL treatment, while that of the BAC treatment did not differ from the 2 others (2-way mixed-model ANOVA for factors
“treatment” P < 0.0001, “frequency bin” P < 0.0001, and their interaction P = 0.016; Dunnett-Hsu test P < 0.05). Triangles illustrate frequency bins for which
power differed significantly from the PL treatment (Dunnett-Hsu test P < 0.05, red: SO [Sn]). For each panel, lines depict the mean values (+ SEM; n = 12).

and the third REMS episodes (Figure 6D). The SO-exp and
BAC-exp conditions showed similar effects on theta power as
on delta power. The BAC-nap condition showed a significant
increase in theta power compared to the PL condition in the
first cycle and a similar tendency for the second and third
cycles (Figure 6E). This suggests, once more, that BAC had
a delayed and long-lasting effect (Figure 6D, E), and that the
drug-induced increase in theta and delta power was not spe-
cific to NREMS.

To verify whether drug treatments also affected the waking
EEG, spectral analysis was performed for the waking epochs
recorded during the EXP nights and were then compared to the
PL condition. As for the NREMS and REMS EEG, delta and
theta power in several frequency bins was increased in SO-exp
and BAC-nap conditions, again indicating that the EEG effects
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of both drugs were not restricted to NREMS (supplementary
data, Figure S1).

The spectral results discussed above were based on the central
EEG derivation C3-A3, the most common derivation analyzed
in sleep studies. Analyses of frontal and occipital derivations
(F3-A2 and O1-A2) yielded similar results (data not shown),
indicating that the findings shown were not site specific.

Sustained Attention and Subjective Sleepiness Are Not Affected
by SO and BAC

Laboratory experiments have indicated that afternoon naps
improve subjective alertness and cognitive performance in
young adults.*® Thus, to quantify the effects of a nap with or
without drugs on sustained attention and alertness, we com-
pared the trial performed just before the BLN night with that
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just before the EXP night (Figure 7A, C and Figurel). Mean
and the 10% fastest PVT reaction times (RTs) and the KSS
scores were decreased during the trial performed just before the
EXP night (Figure 7A, C, only a tendency for mean RT). By
comparing each treatment separately, this increase of alertness
and attention was significant for the 10% fastest RT in all treat-
ment conditions, and for the KSS scores for the BAC condition
only. Therefore, in general the nap increased sustained attention
and subjective alertness late in the evening independent of the
drug treatment during the nap.

To evaluate the effects of a nap under SO or BAC on sus-
tained attention and subjective alertness compared to those of
a nap under PL, we analyzed the time course of the mean and
the 10% fastest RTs, and KSS scores starting with the trial per-
formed just before the nap and ending with the trial performed
just before the EXP night (Figure 7B, D and Figurel). Variables
quantifying sustained attention (10% fastest RTs) and subjec-
tive alertness (KSS) differed by trial but not by treatment (2-
way mixed-model ANOVA). Overall, the data indicated a fast
increase in attention and alertness just after the nap, followed
by a plateau and then a slow and slight decrease until the end
of the evening. Interestingly, by comparing the 3 treatments ad-
ministered before the nap for each trial separately, only the trial
after SO nap differed significantly for mean on PVT as well as
the KSS scores (Figure 7B, D). Thus, the nap under SO did not
show the increase of sustained attention and subjective alert-
ness associated with the nap in the other conditions (P < 0.05,
but note that for the KSS score only PL differed significantly
from SO; see Figure 7). However, 2 hours later this effect disap-
peared, suggesting that SO only slightly and transiently nega-
tively affected sustained attention and subjective alertness.

Even though the trial after the nap was performed > 15 min
after awakening, naps under SO were significantly longer than
naps under BAC and PL (see Table 1), and increased sleep in-
ertia might have contributed to the lower psychomotor perfor-
mance and subjective alertness under SO.* This possibility was
tested by correlating TST during the nap with the PVT mean
RTs (the most affected variable). No correlation was found ex-
cept for the BAC condition (R*=0.47, P = 0.01). It is notewor-
thy that the number of lapses was also analyzed for the PVT but
no significant difference was found among treatments.

A Nap with or without SO or BAC Improves Memory
Performance

Growing evidence demonstrates that sleep plays an impor-
tant role in the consolidation of both procedural and declara-
tive memories.**? Not only nocturnal sleep but also daytime
naps can improve memory performance.***#* On average, for
each task, subjects reached ~60% of correct responses at initial
encoding and there was no significant difference among treat-
ments (BAC, SO, and PL; data not shown). As expected for the
PL condition,”* performance on the unrelated word-pair task
and the finger-sequence tapping task was increased after the nap
(P < 0.05; Figure 8A, B), while for the face-location memory
task, subjects did not show any improvement (P > 0.05; Figure
8C). Accuracy (error rate) of the finger-tapping task was similar
during training and retest (data not shown). A nap under SO or
BAC did not differently affect any of the tested memory vari-
ables compared to a nap under PL (Figure 8 A-C).
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Figure 5—Absolute EEG delta, theta and sigma power in NREMS during
the three first cycles of nighttime sleep in the PL condition. To quantify
the nap effects on the subsequent nighttime sleep (EXP night) in the PL
condition, absolute power derived from the average of 0.25 Hz bins included
in the specific frequency range, i.e., delta (0.75-4.5 Hz), theta (4.75-8 Hz),
and sigma (12-15 Hz), was calculated in the BLN and EXP nights (mean +
1SEM: n=12). (A) Absolute delta power of NREMS during the 3 first cycles
of the BLN and EXP nights for the PL condition differed significantly between
nights and cycles (2-way mixed-model ANOVA: factors “night’ P = 0.0038,
“cycle” P < 0.0001, and their interaction P > 0.5). (B) As delta, absolute
theta power of NREMS differed significantly between nights and cycles (2-
way mixed-model ANOVA for factors “night” P = 0.007, “cycle” P < 0.0001,
and their interaction P > 0.4) (C) Similar result for absolute sigma power of
NREMS (2-way mixed-model ANOVA for factors “night” P = 0.0002, “cycle”
P <0.0001, and their interaction P > 0.1). For each panels, connected lines
depict differences among cycles (1, 2, 3; Tukey-Kramer test P < 0.05) and
between nights (BLN, EXP: paired t-test, P < 0.05).

DISCUSSION

To evaluate the potential of SO to promote deep sleep, we
used a nap study to challenge sleep pressure and intensity. We
showed here that SO decreases sleep latency under reduced
sleep pressure conditions, produces SOREMPs, and strongly in-
creases EEG delta and theta power in NREMS, REMS, as well
as in wakefulness. SO countered the reduction of sleep pres-
sure induced by an afternoon nap. Moreover, the SO-induced
increase in EEG delta power during the nap, did not affect EEG
delta power the following night sleep, suggesting that the delta
activity produced by SO does not interfere with the homeostatic
regulation of sleep. Thus, SO-induced slow waves seem to func-
tionally differ from those produced during physiological sleep.

The unexpectedly large delayed action of BAC did not allow us
to conclude whether or not BAC affects the homeostatic process
of sleep. However, results showed that the effects of BAC and
SO were similar for most EEG and sleep variables, particularly
obvious when the BAC-nap condition was compared to the SO-
exp condition. As BAC is a specific agonist of GABAj receptors,
these results strongly suggest that the effects of SO in humans
depend primarily on GABA, receptor stimulation. Differences
in action dynamics and affinity for GABAj receptors with their
auxiliary subunits'®4>% may explain the differences observed be-
tween the two drugs. Indeed, GHB is a full, low-affinity agonist
and BAC a full, high-affinity agonist of GABA,, receptors.*

Although increases in SWS and delta power are associated
with increased performance in declarative memory task,” we

GABA; Agonist, Sleep, and the EEG—Vienne et al
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Figure 6—EEG delta, theta, and sigma power in NREMS and EEG delta and theta power in REMS during the first three sleep cycles: drug treatment
conditions vs. placebo. Relative EEG delta (0.75-4.5 Hz), theta (4.75-8 Hz), and sigma (12-15 Hz) power (mean + SEM; n = 12) correspond to the EXP/BLN
night ratio of each drug treatment condition expressed as a percentage of the EXP/BLN night ratio of the PL condition in the 3 first cycles of nighttime sleep.
This illustrates the difference between each drug treatment condition and the PL condition for specific frequency ranges. (A, B, C) Only in the 1% cycle, the
BAC-nap and SO-exp conditions showed increased relative delta and theta power and decreased relative sigma power compared to the PL condition, except
for the BAC-exp condition which showed a significant increase of theta power in the 34 cycle (1-way mixed-model ANOVA by cycle for factor “treatment”
P < 0.05; Dunnett-Hsu test [control = PL] P < 0.05: star). (D) In REMS, compared to the PL condition, relative delta power for the SO-exp condition increased
during the 1% cycle, while it increased for the BAC-exp condition during the 2 cycle and 3" cycle (one-way mixed-model ANOVA by cycle for factor
“treatment” P < 0.05; Dunnett-Hsu test [control = PL] P < 0.05: star). (E) Relative theta power in REMS increased for the BAC-nap and SO-exp conditions
during the 15 cycle and increased for the BAC-exp condition during the 2" and 3" cycles (for statistical tests see D).

did not find any change in memory consolidation with a nap
under either SO or BAC when compared to PL. Similarly, sub-
jective and objective vigilance were improved by a nap, but
not affected by the two drugs, although SO blocked slightly
and transiently the increase of vigilance observed after the nap.
This transient effect seems inherent to SO rather than mediated
indirectly through sleep inertia. Thus, overall, memory, neu-
robehavioral performance, and subjective alertness were not
affected by SO and BAC, which may further support the “non-
physiological” sleep produced by both drugs.

Our findings imply that induction of physiological deep sleep
does not seem to be the mechanism by which SO improves
narcolepsy symptoms such as decreasing daytime sleepiness.
However, it cannot be excluded that narcolepsy subjects may
respond differently than healthy volunteers, and that a chronic
administration of higher doses of SO may differ from our acute
administration of a relatively low dose of SO.

SO Strongly Affects the EEG But Does Not Induce Physiological
Sleep

SO given before the EXP night strongly decreased sleep
latency and increased TST, sleep efficiency, and SWS in the
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first cycle compared to PL. Except for the effects on sleep la-
tency, these findings are very similar to the results obtained
during the nap under SO. Also, the EEG was similarly affected
by SO under both conditions. The observed increase in EEG
delta and theta power in NREMS is consistent with a recent
report.*” We found, however, that these effects were not spe-
cific to NREMS but also present in REMS and, to some extent,
in wakefulness. This suggests a pharmacological EEG effect
of SO rather than an induction of physiological SWS, with a
high prevalence of delta and theta waves restricted to NREMS.
Moreover, the enhanced EEG delta power induced by SO dur-
ing the nap did not affect post-nap sleep. Although this lack of
effect of a nap under SO on the subsequent sleep might be due
to a floor effect (i.e., EEG delta power in the EXP night could
not be reduced more than that reached in the PL condition),
this possibility seems unlikely because delta power during the
subsequent night showed the typical decline across cycles, in-
dicating that lower levels can be reached. Furthermore, even
after a 2-h nap ending only 3 h prior to bedtime (instead of the
6 h in the present study), the dynamics of EEG delta power
during subsequent nighttime sleep did not show any evidence
for such floor effect.'?
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Figure 7—Effects of nap with or without drug on sustained attention and
subjective alertness. Objective measurement of cognitive performance
was assessed by 10min psychomotor vigilance task (PVT) and subjective
alertness by Karolinska Sleepiness Scale (KSS). (A) Mean and the 10%
fastest reaction times (RT) are plotted for the trial performed 15 min before
bedtime for the BLN and EXP nights (upper and middle panel, respectively).
The 10% fastest RT were affected by the nap but not by treatment (2-way
mixed-model ANOVA for factors “trial” P < 0.0001, “treatment” P = 1.0, and
their interaction P > 0.1). A trend was also observed for the mean RT (factor
“trial” P = 0.07). Black connected lines depict RT difference before the BLN
and EXP nights (1-way mixed-model ANOVA for factor “time” by treatment;
paired t-test P < 0.05). (B) Mean and the 10% fastest RT were plotted at 5
consecutive trials with the first trial performed just before the nap (hour 0) and
the last trial just before the EXP night (hour 8). Generally, sustained attention
was not affected by treatment, but was affected at the time the trial was
carried out (for the 3 panels: 2-way mixed-model ANOVA for factors “time”
P <0.0002, “treatment” P > 0.5, and their interaction P > 0.3). However, by
analyzing each trial separately, SO treatment differed significantly from the
2 other treatments only at the trial just after the nap (1-way mixed-model
ANOVA for factor “treatment” by trials; Tukey-Kramer test P < 0.05: black
star). Colored connected lines show RTs, that are significantly different within
the same treatment (Tukey-Kramer test P < 0.05): black: PL, blue: BAC and
red: SO). (C) Although independently of the treatment, the KSS score was
increased during the trial performed just before the EXP night compared to
the trial performed just before the BLN night (2-way ANOVA for factors “trial”
P =0.001, “treatment” P > 0.6 and their interaction P > 0.1). Analysis done by
treatment separately showed that only BAC treatment exhibited a significant
increase of subjective alertness (black connected lines: 1-way mixed-model
ANOVA for factor “time” by treatment; paired f-test P < 0.05). (D) Similar to
results obtained with PVT, subjective alertness obtained by KSS was not
generally affected by treatment, but by trial time (2-way mixed-model ANOVA
for factors “time” P < 0.0001, “treatment” P > 0.1, and their interaction P =
0.9). Moreover, alertness after the nap was also transiently altered by SO
compared to PL (red star: 1-way mixed-model ANOVA for factor “treatment”
by trial; Tukey-Kramer test P < 0.05). However, this was not significantly
different between SO and BAC treatments P > 0.1. For all panels, bars depict
the mean values of each variable (mean £ SEM; n = 12-13).

Thus, although SO acutely consolidates and deepens sleep
these effects have no bearing on the homeostatic regulation
of sleep. This is consistent with what we recently reported in
mice.'® Interestingly, our results in mice and humans contrast
with a recent study*’ showing that administration of SO dur-
ing sleep restriction decreased the rebound of EEG delta power
during recovery night, leading to the conclusion that SO is in-
volved in the homeostatic process of sleep. This discrepancy
might be due to the differences in experimental conditions (low
vs. high sleep pressure). Moreover, only the NREMS EEG
spectrum was analyzed in that study, and therefore the specific-
ity of the effects could not be addressed.

SOREMPs Are Induced by Drugs Targeting GABA; Receptors
An effect shared by BAC and SO was the increased oc-
currence of SOREMPs. First, although somewhat unusual for
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healthy volunteers, SOREMPs were found also under the PL
condition, mainly during the nap. The occurrence of SOREMPs
in healthy volunteers has been reported by others.!>#-! The
factors influencing the occurrence of SOREMPs in the general
population are scarcely studied and deserve to be investigated,
because SOREMPs are generally believed to be pathologic.*
During the nap, the incidence and duration of SOREMPs was
increased with SO compared to the PL condition. During the
EXP night, both the BAC-nap and SO-exp conditions showed a
higher SOREMP incidence with a longer duration compared to
the BAC-exp condition and the BLN night with a SOREMP. As
a result, REMS latency was reduced with SO treatment during
the nap and for EXP night following the SO-exp and BAC-nap
conditions. This confirms a delayed effect of BAC and the simi-
larity between SO-exp and BAC-nap conditions. To our knowl-
edge, increased incidence of SOREMPs has not been reported
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Figure 8—S0O and BAC do not affect global memory performance.
Improvement in performance on the finger sequence tapping task (A),
the unrelated word-pair learning task (B), and the 2-D face-location
memory task (C) is shown for the 3 different treatments administered
before the nap: BAC, SO, or PL. None of these tasks shown significant
difference among treatments (1-way mixed-model ANOVA for “treatment”
P > 0.05). For all panels, bars depict the mean values of each variable
(mean +1SEM). Memory performance on the 3 tasks is calculated as
percentage of performance at retrieval, with performance at encoding
before the nap set to 100%.

previously, and SOREMP observation after SO administration
has been rare.>'” Thus, stimulation of GABAj receptors seems
to induce SOREMPs, perhaps by modulating the dopaminergic
system,*>** which is known to play a role in REMS.>* However,
SOREMPs induced by both SO and BAC may differ from nor-
mal REMS and reflect a specific pharmacological state.

BAC Has a Delayed Action and Shares Most of the Sleep and
EEG Effects of SO

BAC shares many of the effects of SO on sleep and the EEG,
albeit with a delayed action, which is consistent with our pre-
vious findings in mice.'®* BAC taken before the nap tended to
increase SWS and TST during the nap, but these effects were
far more pronounced during the subsequent nighttime sleep
when sleep latency was decreased and TST, sleep efficiency,
and SWS in the first NREMS episode were increased. SO in-
duced very similar effects only when administered immediately
prior to sleep. The delayed effect of BAC was also evident at
the EEG level; when administered before the nap, it slightly
affected the NREMS spectrum during the nap, but had strong
effects on delta and theta activity during subsequent sleep simi-
lar to the EEG changes induced by SO during the nap and SO
during the EXP night. Consistent with a delayed action of BAC,
EEG delta and theta power were also increased in the BAC-exp
condition but tended to be more pronounced from the second
cycle of the sleep episode, and TST, sleep efficiency, and sleep
latency were less affected than BAC-nap. Interestingly, despite
the strong hypnotic-like effects of the BAC-nap condition ob-
served during the EXP night, neither vigilance nor memory was
reduced during the waking period between the nap and the EXP
night. Together, the properties of BAC on sleep and EEG appear
to be of clinical relevance for the treatment of several sleep dis-
orders, including insomnia and deserve further investigations.

GABAergic Receptors Play a Key Role in EEG Slow Wave
Generation

Interestingly, the delayed action of BAC on sleep duration
does not seem to be GABA—receptor mediated, since similar
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findings were observed in GABA—receptor deficient mice.'s
This effect is not readily explained since BAC is nearly com-
pletely excreted unchanged except for small amounts of a
metabolite (i.e., P-(p-chlorophenyl)-y-hydroxybutyric acid)
without known pharmacological activity.”>” Concerning the in-
volvement of other receptors, selective GABA , agonists, such
as gaboxadol® and the GABA uptake inhibitor tiagabine, also
induced increases in SWS duration and EEG delta and theta
power during NREMS.**! In addition, gaboxadol decreased
EEG activity in sigma frequencies in NREMS and increased
EEG delta and theta power in REMS.%® Gaboxadol also coun-
teracts the disrupting effects of a nap on subsequent sleep by
promoting SWS, EEG delta and theta power in NREMS and
by decreasing sleep latency.® These effects closely match those
evoked by both SO and BAC, also suggesting that gaboxadol
exhibits significant hypnotic actions under conditions of re-
duced sleep pressure and in part mimics sleep and EEG modi-
fications seen during recovery sleep after sleep deprivation.®6*
Although it was shown that BAC and GHB do not directly bind
to GABA, receptors,® they may share effects on neuronal
processes underlying the generation/synchronization of slow
waves. However, not only drugs promoting GABAergic sig-
naling have been shown to increase deep sleep and EEG delta
power. For instance, the serotonergic system seems to be also
involved in the generation of EEG slow waves.®"%® Interesting-
ly, both BAC and GHB affect the serotonergic system, appar-
ently through GABA,, receptors.®"

Several physiological and behavioral processes, including
cognition, anesthesia, coma, and sleep, are closely linked with
slow wave generation/synchronization. Therefore, further in-
vestigations into molecular actors such as GABA; receptors
may improve the treatments of various central nervous system
disorders beyond narcolepsy.

ABBREVIATIONS

2-D, two-dimensional

BAC, baclofen

BAC-exp Condition, BAC administrated before EXP and
PL before nap

BAC-nap Condition, BAC administrated before nap and PL
before EXP

Be, BAC-exp

BLN, baseline night

Bn, BAC-nap

EEQG, electroencephalogram

EMG, electromyogram

EOQG, electrooculogram

EXP, experimental night = postnap night

GABA, gamma-aminobutyric acid

GBL, gamma-butyrolactone

GHB, gamma-hydroxybutyrate

KDEF, Karolinska Directed Emotional Faces System

KSS, Karolinska sleepiness scale

MT, movement time

NREMS, non-rapid eye movement sleep (stages 2-4)

PL, placebo

PVT, psychomotor vigilance task

REM, rapid eye movement

REMS, rapid eye movement sleep
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REMSL, REMS latency

RT, reaction time

S1, Stage 1

S2, Stage 2

S2, Stage 3

S4, Stage 4

Se, SO-exp

SE, sleep efficiency (TST/recording time)

SL, sleep latency

Sn, SO-nap

SO, sodium oxybate

SO-exp Condition, SO administrated before EXP and PL
before nap

SO-nap Condition, SO administrated before nap and PL
before EXP

SOREM, sleep onset REMS

SOREMP, sleep onset REMS periods

SWS, slow wave sleep

TIB, time in bed

TST, total sleep time

WASO, wakefulness after sleep onset
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SUPPLEMENTAL MATERIAL
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Figure S1—EEG power spectra of waking during nighttime sleep. (A) To quantify the effect of a nap on the subsequent sleep (the EXP night), the ratio
of absolute waking spectra in the EXP and BLN nights for the PL condition (EXP/BLN) was calculated yielding a relative waking spectrum where 100%
represents the BLN night. Waking spectra did not differ significantly between nights (2-way mixed-model ANOVA for factors “night” P > 0.1, “frequency bin”
P <0.0001, and their interaction P = 1.0). (B) To illustrate the comparison of each treatment condition with the PL condition, relative waking spectra of each
drug treatment condition (EXP/BLN) were expressed as a percentage of relative waking spectrum of the PL condition. Relative waking spectrum during the
EXP night was affected by treatment condition and by frequency bin (2-way mixed-model ANOVA: factors “treatment” P < 0.0001, “frequency bin” P < 0.0001
and their interaction P < 0.0001). Overall, the BAC-nap, BAC-exp, and SO-exp conditions differed significantly from the PL condition, while the SO-nap
condition did not (Dunnett-Hsu test [control = PL] P < 0.05). Colored triangles depict frequency bins for which power differed significantly from the PL condition
(Dunnett-Hsu test P < 0.05, blue: BAC-nap [Bn], gray: BAC-exp [Be] and red: SO-exp [Se]). For each panel, lines depict the mean values (+ SEM; n = 12).
Note that in average 67% * 2% (mean + SEM) of the waking was artifacted and nights with less than 2 min of artifact free waking or for which artifacted
waking represented more than 90% of total waking were not included in the analysis (17%).
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