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Abstract

Background: Sleep disorders can profoundly affect neurological function. We investigated changes in social and anxiety-
related brain functional connectivity induced by sleep deprivation, and the potential therapeutic effects of the general
anaesthetics propofol and sevoflurane in rats.

Methods: Twelve-week-old male Sprague—Dawley rats were subjected to sleep deprivation for 20 h per day (from 14:00 to
10:00 the next day) for 4 consecutive weeks. They were free from sleep deprivation for the remaining 4 h during which
they received propofol (40 mg kg ' i.p.) or sevoflurane (2% for 2 h) per day or no treatment. These cohorts were
instrumented for EEG/EMG recordings on days 2, 14, and 28. Different cohorts were used for open field and three-
chambered social behavioural tests, functional MRI, nuclear magnetic resonance spectroscopy, and positron emission
tomography imaging 48 h after 4 weeks of sleep deprivation.

Results: Propofol protected against sleep deprivation-induced anxiety behaviours with more time (44.7 [8.9] s us 24.2 [4.1]
s for the sleep-deprivation controls; P<0.001) spent in the central area of the open field test and improved social pref-
erence index by 30% (all P<0.01). Compared with the sleep-deprived rats, propofol treatment enhanced overall functional
connectivity by 74% (P<0.05) and overall glucose metabolism by 30% (P<0.01), and improved glutamate kinetics by 20%
(P<0.05). In contrast, these effects were not found after sevoflurane treatment.

Conclusions: Unlike sevoflurane, propofol reduced sleep deprivation-induced social and anxiety-related behaviours.
Propofol might be superior to sevoflurane for patients with sleep disorders who receive anaesthesia, which should be
studied in clinical studies.
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Editor’s key points

e Sleep deprivation might contribute to adverse
neurological events in the perioperative period.

e General anaesthetics might contribute to periopera-

tive sleep disruption.

Propofol protected against sleep-deprivation in

contrast anxiety relative to sevoflurane.

Propofol also increased postoperative functional

connectivity and glucose metabolism in medial pre-

frontal cortex by brain imaging.

Brain health requires efficient glucose metabolism and
regional (e.g. medial prefrontal cortex [mPFC]) functional
integrity and connections,? and these are affected following
sleep deprivation.® Sleep disorders are a public health problem
globally,” and are also common in surgical patients.”® Indeed,
sleep disturbance has been found to be prevalent in post-
operative patients, with an incidence up to 64.9%, which is
caused by a variety of factors such as surgical trauma, pain,
stress, and environmental noise.® *° Poor sleep quality is
highly correlated with delayed recovery and cognitive function
impairment as well as adverse cardiovascular events.”
Therefore, reducing sleep disturbance, especially in patients
before or following surgery, is urgently needed.

Previous studies have suggested that propofol anaesthesia
facilitates recovery from rapid eye movement (REM) and non-
REM (NREM) sleep deprivation'’; however, this was not the
case during or after sevoflurane anaesthesia.’” Propofol was
reported to increase glutamatergic excitatory synaptic trans-
mission in the lateral habenula region and the spontaneous
discharge rate of dopamine neurones in the ventral tegmental
area, which potentially contributed to euphoric moods.*®* It
is possible that propofol modulates emotion-related behav-
iours by improving both REM homeostasis and glutamatergic
neuronal activity. Sleep deprivation considerably affected the
functional connectivity in the mPFC.> The prelimbic cortex
and the anterior cingulate cortex as mPFC subregions have
long been thought to play a critical role in emotional and social
processing. We hypothesised that enhancing REM sleep by
propofol treatment during recovery from REM sleep depriva-
tion is related to increased mPFC functional connectivity.

We carried out a series of studies, including analysing an-
imal behaviours, EEG/EMG recordings, resting-state functional
MRI (fMRI), and [*®F]-fluorodeoxyglucose positron emission
tomography imaging (*®F-FDG-PET) to explore the effective-
ness of anaesthetic (propofol us sevoflurane) treatment on the
restoration of neurological function after chronic sleep depri-
vation. Our aim was to understand the potential usefulness of
propofol for improving sleep disorders of surgical patients
whose sleep is commonly deprived. Our findings raise the
possibility of using propofol to treat and facilitate recovery
from chronic sleep disorders.

Methods
Animals

All animal procedures were approved by the Animal Ethics
Committee of Wuhan University (WP2020-08075), and followed

the ARRIVE (Animal Research: Reporting of In Vivo Experi-
ments) guidelines. Twelve-week-old male Sprague—Dawley
rats were purchased from Liaoning Changsheng Biotech-
nology Co. (Liaoning, China) (No: 110324200102912763). They
were group-housed, five per cage, under controlled tempera-
ture (23°C [sp 1°C]), a 12-h light—dark cycle, and with free access
to food and water. Rats that were exposed to vehicle or 60% O,
served as the treatment controls; these treatments did not
affect their sleep architecture (Supplementary Fig. S1). There-
fore, these two control groups were omitted from further
studies. Animals were randomly divided into four groups and
used in the rest of the formal experiments, as follows: (1) naive
control group (ad libitum sleep—wake, Con group); (2) 4 h of
natural sleep after 20 h of continuous sleep deprivation
(CSD+NS); (3) propofol treatment after 20 h of continuous sleep
deprivation (CSD+Pro) and (4) sevoflurane exposure after 20 h
of continuous sleep deprivation (CSD+Sev).

REM sleep deprivation

REM sleep deprivation was accomplished using the modified
multiple platform technique.’®'” The sleep deprivation tank
(815x570x505 mm) consisted of 20 pedestals (OD 6 cm) ar-
ranged ~7 cm apart. The tank was filled with water up to ~1 cm
below the top of the pedestals, which allowed movement of
the rat between pedestals but decreased sleep (Fig. 1). The
control cage consisted of a wire grid elevated over the water.
Rats were placed in the sleep deprivation tank for 20 h per day
(from 14:00 to 10:00 the following day) and allowed sleep re-
covery ad libitum for 4 h (from 10:00 to 14:00) of the rest of the
day for 4 weeks, as reported previously.” The timeline of the
experiment is shown in Figure 1.

Administration of anaesthetics

The rats in the CSD+Pro group were treated with a bolus in-
jection of propofol (i.p. injection 40 mg kg !, AstraZeneca,
Cambridge, UK) once a day for 4 continuous weeks following
sleep deprivation, which induced loss of righting reflex (LORR)
for about 1 h and sleep for another 1 h. The rats in the
CSD+Sev group were exposed to sevoflurane (Maruishi
Chemical Pharmaceutical Co., Ltd., Tsurumi-ku, Osaka, Japan)
following sleep deprivation according to our previous study.'®
Briefly, they were exposed to ~2.0% sevoflurane (~1 inspired
minimum alveolar concentration values'®) mixed with 60% O,
balanced with nitrogen in an anaesthesia chamber (30x30x20
cm) for 2 h, once/day, for 4 continuous weeks. The ‘equi’
potent dose of sevoflurane and propofol was noted with
similar onset time (400—500 s) of LORR (Supplementary Fig. S2),
and similar sedative duration

(2 h) and EEG delta/theta power ratio (Supplementary Fig. S3).
Controlled body temperature (between 36.5°C and 37.5°C) was
maintained by a heat pad. The physiological states of the rats
were recorded using an animal monitoring system (Physi-
oSuite, Kent Scientific Co., Torrington, CT, USA). Their body
temperature, heart rate, sevoflurane concentration, and oxy-
gen saturation measured by pulse oximetry of the toe (SpOy)
were continuously monitored throughout anaesthetic-
induced sedation (Supplementary Fig. S4).

EEG and EMG recording and analysis

Four stainless steel screws with wire leads and two Teflon-
coated stainless steel wires were used as the electrodes for
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Fig 1. Illustration of the experimental design. Four different groups were involved: (1) naive control group (ad libitum sleep—wake, Con
group); (2) 4 h of natural sleep after 20 h continuous sleep deprivation (CSD+NS); (3) propofol treatment after 20 h continuous sleep
deprivation (CSD+Pro); and (4) sevoflurane exposure after 20 h continuous sleep deprivation (CSD+Sev). The model and treatment regimen
continued for 28 days. Rat sleep states were investigated by EEG/EMG, the glucose metabolism by [*®F]-fluorodeoxyglucose positron
emission tomography imaging (**F-FDG-PET), the functional connectivity calculation in the whole brain by functional MRI (fMRI) and
behavioural tests including open field test (OFT) and three-chamber social test (TCT) on day 31; and the metabolic kinetics study by 'H-

NMR on day 32. SD, sleep deprivation.

EEG and EMG recordings, respectively (see Supplementary
material).

Animal behavioural studies

The rats received the open field test and three-chambered so-
cial test on day 31 (see the Supplementary material).

18F-FDG PET scanning

After 48-h recovery from sleep deprivation, rats fasted for 12 h
and were subjected to PET-CT scan (Raycan Technology Co.,
Ltd., Suzhou, China) (see Supplementary material).

fMRI data acquisition

Rats in all groups were scanned on a 7.0-T animal MRI scanner
(Bruker Biospin GmbH, Germany) under 1.0-1.5% isoflurane
light anaesthesia without cardiorespiratory depression. The
detailed scanning procedure was described previously.?’
Detailed scanning protocol and data acquisition and process-
ing are presented in the Supplementary material.

Proton nuclear magnetic resonance spectroscopy

The animals were used for the proton nuclear magnetic
resonance spectroscopy (‘H-NMR) study to investigate the
metabolic kinetics in the frontal, parietal, and temporal cortex,
striatum, thalamus, occipital cortex, hippocampus, hypothal-
amus, midbrain, and pons. Brain sample preparation, NMR
spectra acquisition, and data processing are presented in the
Supplementary material.

Statistical analysis

The sample size was calculated based on our preliminary data,
which showed that REM sleep deprivation caused hallmark
symptoms of anxiety, as evidenced by decreased time spent in
the central area of the open field test to 20 (4) s. If treatment
improves anxiety by 40—45%, with a desired power of 80% and
type 1 error set at 0.05,°' then n=6—7/group was required.
Therefore, n=6—8/group was used subsequently for experi-
ments. For PET scanning, a minimum of n=3 is required as
reported?? and also confirmed in our study with G*Power
analysis (see Supplementary Fig. S5). Data were tested for
normality using the Shapiro—Wilk test and are presented as
mean (SD) and dot plot to facilitate visual comparisons. Data
were analysed with SPSS 20.0 (SPSS Inc., Armonk, NY, USA).
One- or two-way analyses of variance were performed fol-
lowed by Tukey’s post hoc test and Bonferroni corrections for
multiple comparisons where appropriate. A P-value less than
0.05 was considered to be of statistical significance.

Results

All animals went through the whole study, and no deaths
occurred during the experiments.

Propofol reduced sleep deprivation-related social and
anxiety behaviours

Example trace recordings during 5-min open field test on day
31 in a rat from each group show that Con and CSD+Pro rats
spent more time in the centre zone compared with those in
the CSD-+NS or CSD+Sev rats (Fig. 2a). The time spent in the
core area in the CSD+NS rats was 24.2 (4.1) s, and propofol
treatment increased the time spent in the core area to 44.7
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Fig 2. Propofol ameliorated sleep deprivation-related social and anxiety behaviours. (a) Representative trace of aratin each group in the open
field arena. (b) Quantification of time spent in the centre, and (c) faecal boli counts in the open field test. (d) Schematic diagrams of the three-
chamber social test. (¢) Quantification of time spent in the chamber with the empty wire cup (EC) and the chamber with the stranger 1 (S1) rat
during the sociability test, and time spentin the chamber with the S1rat and the chamber with the newly introduced stranger 2 (S2) rat during
the social novelty test. Data are presented as mean (sd), n=8. Con, naive controls; CSD+NS, sleep deprivation controls; CSD+Pro, sleep-
deprived rats treated with propofol; CSD+Sev, sleep-deprived rats exposed to sevoflurane, n.s., not significant. Data were compared using
a two-way analysis of variance, and the p-values were adjusted using Bonferroni correction for multiple comparisons.

(8.9) s (P<0.05), whereas sevoflurane exposure significantly
decreased this time to 9.7 (3.1) s (P<0.05) (Fig. 2b). Faecal boli
counts showed that propofol significantly decreased faecal
boli, whereas sevoflurane significantly increased faecal boli
compared with CSD+NS (Fig. 2c). Data derived from the so-
ciability and social novelty test (Fig. 2d) showed that CSD+Pro
(60.6% [12.7%]) but not CSD+Sev (27.0% [9.8%]) treated rats
spent more time with stranger 1 (Fig. 2e), compared with the
CSD+NS group (42.4% [9.7%]). For the social novelty test, the
CSD+Pro rats (64.1% [10.0%]), but not CSD+Sev (33.3%
[10.7%]), had a preference for the newly introduced stranger 2
(Fig. 2f) in comparison with the CSD+NS group (46.0%
[10.8%)).

Propofol promoted REM sleep after sleep deprivation

Sleep deprivation almost eliminated REM sleep (from 10.1%
[2.4%)] to 1.67% [0.12%]; P<0.001) (Fig. 3b). Representative EEG
and EMG spectrograms in rats with or without propofol or
sevoflurane treatment during sleep-deprived days 2, 14 and 28
were recorded and sleep structure pattern changes were noted
(Fig. 3c—f). Further analyses showed that the percentage of

REM sleep during the 4 h of recovery was significantly
increased with propofol treatment (P<0.05, day 2, 21.1% [5.8%];
day 14, 23.0% [4.4%)]; day 28, 23.9% [4.7%]) compared with those
without any treatment (day 2, 14.8% [1.7%]; day 14, 16.2%
[2.2%); day 28, 14.4% [2.8%]) or treated with sevoflurane (day 2,
15.8% [5.0%]; day 14, 18.9% [2.3%|; day 28, 19.4% [3.5%])
throughout the study course (Fig. 3g—i). The REM and NREM
sleep patterns were similar among the groups 48 h after re-
covery from treatments (Fig. 3j).

Propofol improved global brain glucose metabolism

Glucose metabolism, detected by [*®F]-FDG-PET scan, was
decreased by 50% in most brain regions except in the pons (no
changes), compared with those in Con after REM sleep depriva-
tion (Supplementary Fig. S5 a and b; Supplementary Table S1).In
CSD+Pro but not CSD+Sev rats, brain glucose metabolism
improved by 80% in the mPFC compared with that in the Con
group (4.3 [0.6] vs 5.3 [0.3]) (Supplementary Fig. S5a and b; see
details in Supplementary Table S1). The areas under curves
(AUCs) derived from Supplementary Fig. S5b further suggested
that propofol treatmentimproved overall glucose metabolism by
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Fig 3. Propofol promoted REM sleep after sleep deprivation. (a) Schematic timeline of EEG and EMG recordings for four groups and
representative signal profiles of EEG and EMG during wake, NREM, and REM state. (b) Representative spectrogram of EEG (top), EMG
(middle), and brain states (bottom) annotated in the naive controls and sleep-deprived rats from 14:00 on day 1—-10:00 on day 2 (left panel).
Quantification of different sleep states (right histogram) in the naive and sleep-deprivation controls. The EMG data are presented as the
RMS (y-axis). (c—f) Representative spectrogram of EEG (top), EMG (middle), and brain states (bottom) illustrated for four different groups for
the period of 4 h (10:00 - 14:00) sleep recovery on day 2 (c), day 14 (d), day 28 (e), and day 31 (f). (g—j) Quantification of different sleep states
for four different groups for the period of 4 h (10:00 - 14:00) sleep recovery on day 2 (g), day 14 (h), day 28 (i), and day 31 (j). Data are
presented as mean (SD); n=6. Data were compared using a two-way analysis of variance, and the p-values were adjusted using Bonferroni
correction for multiple comparisons. Con, naive controls; CSD+NS, sleep deprivation controls; CSD+Pro, sleep-deprived rats treated with
propofol; CSD-+Sev, sleep-deprived rats exposed to sevoflurane; NREM, non-REM; n.s., not significant; REM, rapid eye movement.
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30% (P<0.05), whereas sevoflurane did not significantly affect
glucose metabolism (P>0.05) (Supplementary Fig. S5c).

Propofol enhanced mPFC functional connectivity
impaired by sleep deprivation

The prelimbic cortex is critical for complex behaviours such as
sociability and emotion?® a priori we selected prelimbic cortex
a core area for brain functional connectivity analyses
measured by fMRI (Fig. 4a). The CSD+NS rats exhibited an
average 36.6% decrease in connectivity across all scanned
brain regions, for example, hippocampal (Pearson’s correla-
tion coefficient (r)=0.26 ([0.15] vs 0.45 [0.11]) of the Con group]
and auditory cortex (r=0.36 [0.10] vs 0.76 [0.10]) connectivity
with the prelimbic cortex compared with the Con group
(Fig. 4a). Overall functional connectivity between brain regions
showed an improvement by 74% (P<0.05) in the CSD+Pro rats
but not CSD+Sev compared with the CSD+NS group. Specif-
ically, the functional connectivity between two regions were:
prelimbic cortex—hippocampus (r=0.62 [0.13] vs 0.26 [0.15]),
prelimbic—auditory cortex (r=0.55 [0.16] vs 0.36 [0.10]),
cingulate—insular cortex (r=0.69 [0.15] vs 0.45 [0.13]),
cingulate—striatum  (r=0.67 [0.15] wvs 0.31  [0.20]),
cingulate—primary somatosensory motor (r=0.80 [0.10] vs 0.53
[0.27]), ventral thalamic—dorsal striatum (r=0.40 [0.16] vs 0.21
[0.12]), dorsal striatum—retrosplenial granular cortex (r=0.55
[0.15] vs 0.34 [0.17]), visual cortex—primary somatosensory
(r=0.63 [0.17] vs 0.43 [0.11]), primary somatosensory
motor—auditory (r=0.66 [0.15] vs 0.45 [0.16]), primary
somatosensory—retrosplenial granular cortex (r=0.60 [0.16] us
0.32 [0.27]) (Fig. 4b—d).

Propofol increased glutamate metabolic kinetics

The 'H-[*3C]-NMR spectra acquired from the frontal, parietal,
and temporal cortex, striatum, thalamus, occipital cortex,
hippocampus, hypothalamus, midbrain, and pons tissue were
extracted at 30 min after [1-'3C]-glucose i.v. infusion (Fig. 5
and Supplementary Fig. S6). The top spectra represent the
total enrichment H-[*2C+3C], whereas the bottom one de-
picts 13C labelling of metabolites 'H-[2*3C] from [1-'3C]-
glucose (Fig. 5a). Further analysis indicated that sleep depri-
vation reduced the ’C enrichment level of glutamate-C4
(Glu4) in the frontal cortex (12.9% vs 15.0% of the Con group),
parietal cortex (13.6% vs 16.4% of the Con group), striatum
(12.4% vs 15.0% of the Con group) and thalamus (11.8% vs 14.8%
of the Con group), whereas propofol but not sevoflurane
improved overall the diminished Glu4 enrichment by 20% in
these brain regions of the sleep-deprived rats (Fig. 5b). The
enrichment of y-aminobutyric acid-C2 (GABA2) was only
decreased in the temporal cortex region in the sleep-deprived
rats compared with that of the naive rats (13.8% vs 17.9%) (Fig.
5c), and there were no effects found after the treatment of
propofol or sevoflurane compared with that of the sleep-
deprived rats. The levels of both Glu-C3 and glutamine-C3
(Glx3) enrichment in the frontal, parietal, and temporal cor-
tex, striatum and thalamus were also found to be lower in the
sleep-deprived rats (Fig. 5d). Propofol increased Glx3 enrich-
ment in the frontal cortex (6.4% vs 5.2%), parietal cortex (6.6%
Us 5.7%), temporal cortex (5.8% s 4.7%), striatum (5.9% vs 4.7%)
and thalamus (6.5% vs 5.2%) relative to the sleep-deprived rats,
but there was no statistical difference in Glx3 enrichment in
these brain regions between the sleep-deprived rats with or
without sevoflurane (Fig. 5d). However, there were no changes

in the regions of occipital cortex, hippocampus, hypothala-
mus, midbrain, and pons after propofol treatment
(Supplementary Fig. S6).

Discussion

We found that REM sleep deprivation induced anxiety and
social behavioural deficits, decreased brain global glucose
metabolism and glutamate kinetics in various brain regions,
and impaired mPFC functional connectivity. Our data show
that unlike sevoflurane, propofol provided protection against
REM sleep deprivation-induced social and anxiety-related be-
haviours, which might be associated with REM sleep recovery,
mPFC functional connectivity enhancement, and brain meta-
bolism improvement (Fig. 6). The implications of our study are
that propofol could be a potential treatment for chronic sleep
disorders and might be superior to sevoflurane for patients
with poor sleep quality who receive anaesthesia. Indeed, our
study could explain why propofol improved sleep quality.?*?°

Sleep deprivation for 4 weeks significantly reduced global
glucose metabolism and functional connectivity in the vast
majority of brain regions, which was prevented by propofol but
not sevoflurane treatment. We also found that the excitatory
and inhibitory neuronal function in the cortices and thalamus
was decreased along with derangement in the homeostasis of
Glu/Gln metabolism after sleep deprivation. Propofol selec-
tively recovered glutamate metabolic kinetics in several brain
regions, including the frontal, temporal and parietal cortex,
striatum, and thalamus, which are responsible for anxiety and
social behaviours. In contrast, sevoflurane did not alter whole
brain glucose metabolism or GABAergic and glutamatergic
neurotransmitter fluxes after sleep deprivation. Similarly,
propofol anaesthesia was reported to be more effective in
normalising extracellular Glu and GABA in the hippocampal
CA1 region of rats subjected to 24-h sleep deprivation.?® A
precise balance between glutamatergic and GABAergic systems
is critical for restoring optimal brain function.

After REM sleep deprivation, the normal regulation of the
limbic system (hypothalamus, amygdala, cingulate cortex,
hippocampus) failed, resulting in increased reactivity towards
aversive emotional states.® The prelimbic and cingulate of
mPFC send dense projections to cortical and subcortical re-
gions, including the nucleus accumbens, hippocampus,
insular cortex, and amygdala, which are crucial for normal
emotion, social interaction, perception, and attention.?” Along
with the decrease in prefrontal activation during or after sleep
deprivation, emotions were then deregulated. The anterior
cingulate cortex and prelimbic cortex signals contribute to
social behaviour and anxiety-like behaviour via modulating
the nucleus accumbens, striatum, or amygdala function.?® We
found that propofol ameliorated sleep deprivation-induced
anxiety-like behaviours and social deficits and these were
likely related to the prelimbic cortex—ventral hippocampus,
prelimbic cortex—auditory and cingulate—insular cortex,
cingulate—striatum, and cingulate—primary somatosensory
motor functional connectivity enhancement. In contrast,
sevoflurane does not facilitate functional connectivity recov-
ery. Indeed, sevoflurane was shown to block the episodic
memory enhancement associated with emotional arousal at
subanaesthetic concentrations, an effect associated with a
reduction in connectivity between the amygdala and
hippocampus.?’

Preclinical studies reported that propofol anaesthesia
appeared to maintain the homeostasis of both NREM and REM
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Fig 4. Propofol-enhanced mPFC functional connectivity impaired by sleep deprivation. (a) Representative images of whole brain functional
connectivity for the prelimbic cortex in different groups. (b—e) Functional connectivity matrices in 59 brain regions for four groups (the
names of the 59 brain regions are listed in Supplementary Table S2). Asterisks show suppressed functional connectivity values compared
with the Con group, black dots show suppressed functional connectivity values compared with the CSD+NS group, and white dots show
elevated functional connectivity values compared with the CSD+NS group. Data are presented as mean (sd); n=8. Con, naive controls;
CSD+NS, sleep deprivation controls; CSD+Pro, sleep-deprived rats treated with propofol; CSD+Sev, sleep-deprived rats exposed to sev-

oflurane.

sleep.!! Previous studies also show that propofol used in ICU
settings also improved sleep architecture toward normal.?»%*
In contrast, a Cochrane review indicated that there was
insufficient evidence to suggest that propofol improves the
quality and quantity of sleep in the ICU.>° However, we found
that the REM but not NREM sleep was recovered with propofol

treatment under the REM sleep-deprived condition. The
discrepancy between these studies and our study is unknown
but likely a result of the acute vs chronic experimental set-
tings, the dosage of propofol,>! and the health status of study
subjects,®? but this warrants further study. Furthermore, in
line with previous studies using an REM sleep deprivation
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Fig 5. Propofol increased glutamate metabolic kinetics. (a) *H-[*3C]-NMR spectra obtained from the frontal cortex (FC), parietal cortex (PC),
temporal cortex (TC), striatum (STR), and thalamus (THA) tissue extract at 30 min after [1—'C]-glucose i.v. infusion. The top spectrum (black)
represents the total enrichment of *H-[**C+'3C], whereas the bottom spectrum (red) shows *3C labelling of metabolites *H-[2**3C] from
[1-3C]-glucose. (b) Quantification of enrichment levels of Glu4, GABA2 (c), and Glx3 (d) in different brain regions in the four groups. Data are
presented as mean (sd), n=7. Con, naive controls; CSD+NS, sleep deprivation controls; CSD+Pro, sleep-deprived rats treated with propofol;
CSD-+Sev, sleep-deprived rats exposed to sevoflurane; GABA2, y-aminobutyric acid-C2; GABA3, y-aminobutyric acid-C3; GIn4, glutamine-C4;
Glu3s, glutamate-C3; Glu4, glutamate-C4; GIx3, glutamine-C3; NAA2, N-acetyl aspartate-C2; NAA3, N-acetyl aspartate-C3. Data were compared
using a two-way analysis of variance, and the p-values were adjusted using Bonferroni correction for multiple comparisons.

model®* and a total sleep deprivation model,” our data also

suggested that unlike propofol, sevoflurane does not satisfy
the homeostatic need for REM sleep. Interestingly, mice that
were only exposed to inhalational agents without sleep
deprivation showed very different REM sleep recovery.*3°
Collectively, inhaled anaesthetics may disturb the REM sleep
homeostasis in health and disease conditions per se.

Chronic sleep disorders before surgery, sleep disturbances
after surgery, or both, frequently occur in surgical patients.
Preoperative comorbidity, anaesthesia, surgical trauma,
postoperative pain, and anxiety may all lead to the develop-
ment of postoperative sleep disorders, which are common in
postoperative surgical patients and also contribute to poor

surgical outcomes.”*® Our previous study showed that
compared with sevoflurane-based anaesthesia, propofol
anaesthesia decreased the incidence of delayed neuro-
cognitive recovery at 1 week after surgery,”’ which might
partially be explained by the propofol-induced sleep
improvement examined in our study. Taken together, our
current work suggests that propofol could be a better anaes-
thetic choice for people with sleep disorders who receive
anaesthesia, surgery, or both, in those who have a high risk to
develop sleep disorders after anaesthesia and surgery.

Our study has several limitations. Firstly, young healthy
rats were used; this is different from most clinical patients
who may be older and have comorbidities, surgical conditions,
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or both. Therefore, our work should be treated as proof of
concept, but its translational value is subject to further study.
Secondly, keeping animal welfare in mind, the number of
experimental animals was minimised in our experiments,
which might affect our results. However, this is unlikely
because randomisation strategies and power calculations
were applied. Thirdly, due to anaesthetic-induced multipa-
rameter changes, it is difficult to define the equipotent dose of
sevoflurane and propofol. However, LORR and delta/theta ra-
tio, both of which represent the unconscious state, are similar
in both the groups and hence equivalent-doses of sevoflurane
and propofol were likely used in our experiments. Finally, the
disease model and treatment regimen might not closely relate
to clinical situations. However, sleep disorders are compli-
cated conditions and longer treatment time is often
required.®® Interestingly, the neurobiological mechanisms of
sleep and anaesthesia have some overlap.®® This implies that
anaesthetics such as propofol might provide an option to treat
sleep disorders. Indeed, continuous i.v. infusion of propofol for

2 h over 5 consecutive nights restored normal sleep for up to 6
months in patients with refractory chronic primary
insomnia.*® Furthermore, propofol-based anaesthesia was
reported to be associated with a decrease in postoperative
neurocognitive impairment in older people compared with
sevoflurane-based anaesthesia.’” All these findings suggest
that propofol could provides certain benefits for patients with
or without surgery per se, but require further study.

Conclusions

Propofol, but not sevoflurane, restored sleep quality after
prolonged sleep deprivation in rats through promoting medial
prefrontal cortex functional connectivity and brain glutamate
and glucose metabolism dynamics. Thus, referring to our
present study and previous studies in humans?*?>* and ro-
dents,'? propofol-induced sedation and sleep homeostasis, in
particular REM sleep, could have benefits in patients with
sleep disorders.
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