Biochemical Pharmacology 191 (2021) 114515

Contents lists available at ScienceDirect

BLP

Biochemical Pharmacology

Biochemical
Pharmacology

journal homepage: www.elsevier.com/locate/biochempharm —

ELSEVIER

t.)

Check for

Diazepam effects on local cortical neural activity during sleep in mice e

Laura E. McKillop, Simon P. Fisher ', Linus Milinski, Lukas B. Krone, Vladyslav V. Vyazovskiy

Department of Physiology, Anatomy and Genetics, University of Oxford/Sleep and Circadian Neuroscience Institute, United Kingdom

ARTICLE INFO ABSTRACT

Keywords: GABA-ergic neurotransmission plays a key role in sleep regulatory mechanisms and in brain oscillations during
Diazepam sleep. Benzodiazepines such as diazepam are known to induce sedation and promote sleep, however, EEG
Benzodiazepines spectral power in slow frequencies is typically reduced after the administration of benzodiazepines or similar
Sleep compounds. EEG slow waves arise from a synchronous alternation between periods of cortical network activity
Electroencephalogram

(ON) and silence (OFF), and represent a sensitive marker of preceding sleep-wake history. Yet it remains unclear
how benzodiazepines act on cortical neural activity during sleep. To address this, we obtained chronic recordings
of local field potentials and multiunit activity (MUA) from deep cortical layers of the primary motor cortex in
freely behaving mice after diazepam injection. We found that the amplitude of individual LFP slow waves was
significantly reduced after diazepam injection and was accompanied by a lower incidence and duration of the
corresponding neuronal OFF periods. Further investigation suggested that this is due to a disruption in the
synchronisation of cortical neurons. Our data suggest that the state of global sleep and local cortical synchrony
can be dissociated, and that the brain state induced by benzodiazepines is qualitatively different from sponta-

Local field potentials
Multiunit activity

neous physiological sleep.

1. Introduction

Benzodiazepines are frequently prescribed as sedatives, anxiolytics
and anticonvulsants, with 5.2% US adults aged 18-80 reported to be
using benzodiazepines in 2008 [53]. Benzodiazepines are commonly
used for the management of epileptic seizures including status epi-
lepticus [49,65], and anxiety disorders such as panic disorder and
generalised anxiety disorder [4,39,50]. Benzodiazepines also have
notable sedative and sleep-inducing effects, which have led to them
being used as hypnotics for the treatment of insomnia [9,30,70]. How-
ever, it was noted that benzodiazepines can enhance the impairments in
daytime functioning commonly reported in individuals experiencing
sleep disturbances, affecting performance, cognition and memory, as
well as increasing the risk of accidents, particularly with long-term use
[5,27,30,66,77]. Benzodiazepines are also highly addictive, and patients
taking them on a regular basis develop tolerance and prominent with-
drawal symptoms, which can ultimately lead to their misuse [48], while
chronic use is often ineffective or can lead to impairments in cognition
[5,30,62]. For these reasons, benzodiazepines and other hypnotic drugs
are not generally recommended for the treatment of insomnia and

should be limited to short-term use [61,63,64,68]. Despite these risks,
benzodiazepines remain a prevalent treatment for sleep disruptions,
with pharmacological interventions resulting in similar short-term
treatment outcomes for persistent insomnia as compared to behav-
ioural interventions [74], and even low doses reported to produce sig-
nificant hypnotic effects [72].

Many of the pharmacological interventions for the treatment of sleep
disorders including insomnia, act by enhancing gamma-amino butyric
acid (GABA) transmission. Multiple populations of GABAergic neurons
have been identified as having important roles in the induction and
maintenance of sleep throughout the brain, and have been extensively
reviewed elsewhere [37]. Briefly these include non-rapid eye movement
(NREM) sleep inducing populations in the ventrolateral preoptic area of
the hypothalamus, the parafacial zone in the brainstem, the nucleus
accumbens and the cortex, and populations associated with rapid eye
movement (REM) sleep in ventral medullary reticular formation, lateral
hypothalamic area and ventrolateral periaqueductal gray. Of particular
relevance to this study, benzodiazepines potentiate inhibitory
GABAergic neurotransmission by increasing the affinity for the inhibi-
tory neurotransmitter gamma-amino butyric acid (GABA) to bind to
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GABA type A receptors (GABA,), including containing alphal, alpha2
and gamma2 subunits which are distributed throughout the brain
[29,28,78-80]. It is thought that benzodiazepines act mainly by
potentiating GABAergic transmission in subcortical structures control-
ling the thalamo-cortical networks responsible for the generation of
delta oscillations during slow wave sleep, rather than having direct ef-
fects [37].

Benzodiazepines, such as diazepam, reduce overall network excit-
ability and lead to characteristic alterations in rhythmic activity. In fact
there is recent evidence that diazepam administration in mice induces a
slowing of global electroencephalogram (EEG) oscillations in a fre-
quency- and behavioural-state dependent manner [69]. Studies in both
humans and animals have shown that benzodiazepineadministration
shortens the latency to sleep, increases sleep continuity, inhibits REM
sleep, and at the level of EEG spectra leads to increases in fast fre-
quencies such as sleep spindles and stage 2 NREM sleep at the expense of
stage 3 slow wave sleep [2,6-8,24,29,28,34,35,37,69,79]. Evidence in
humans has shown that the reduction in sleep slow wave activity (EEG
power density between 0.5 and 4 Hz, SWA) persists into the following
drug-free night after injection with various benzodiazepines, whereas
the effects on the spindle frequency range (10-15 Hz) were recovered by
the following day [8]. Interestingly benzodiazepines do not seem to
affect the homeostatic regulation of sleep, as evidence suggests they do
not greatly affect the time course of SWA, despite reducing absolute EEG
power [2]. Theta frequency activity (6-9 Hz) during waking and REM
sleep has also been shown to be enhanced in mice injected with diaz-
epam [28,79]. Diazepam also shifted the theta peak to slower fre-
quencies, especially in the occipital derivation where theta activity is
known to predominate due to its proximity to the hippocampus. It is
possible that the shift in theta peak may reflect changes in body tem-
perature, as has previously been shown [15,16]. This is supported by
evidence that diazepam decreases body temperature [38].

Thus, current evidence suggests seemingly paradoxical effects of
diazepam on sleep, in that it is sleep promoting yet reduces sleep-related
global oscillatory EEG activities. An explanation for this could lie in
potential local effects of diazepam on neural activity which are not well
understood, and are likely to be complex. Electrophysiological charac-
teristics, connectivity patterns, ongoing behaviour and preceding sleep-
wake history may all together determine the firing phenotype of specific
cortical neurons [3,20,31,41,51,56]. It is crucial to further understand
the physiological mechanisms underlying the efficacy of these drugs. In
this study we investigated the effects of the commonly used hypnotic,
diazepam on characteristics of the electroencephalogram, local field
potentials and cortical neural activity in laboratory mice. This study
aimed to address whether reduced ‘global’ EEG slow-wave activity after
diazepam was associated with changes at the local network level.

2. Materials and methods
2.1. Experimental animals

This study was carried out in n = 8 male C57Bl/6J mice aged
5.23-12.83 months old. Experiments took place on average 26.63 +
0.78 days post-surgery. Mice were individually housed in custom-made
clear plexiglass cages (20.3 x 32 x 35 cm) with free access to a running
wheel (Campden Instruments, UK, wheel diameter 14 cm, bars spaced
1.11 cm apart inclusive of bars) and food available ad libitum. Cages
were housed in ventilated, sound-attenuated Faraday chambers
(Campden Instruments, UK, two cages per chamber). Mice were housed
under entrained conditions (standard 12:12 h light-dark cycle, lights on
0900, 120-180 lx). Room temperature and relative humidity were
maintained at 22 + 1 °C and 50 + 20%, respectively. All procedures
conformed to the Animal (Scientific Procedures) Act 1986 and were
performed under a UK Home Office Project Licence in accordance with
institutional guidelines.
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2.2. Surgical implantation of recording electrodes

Surgical implantation of recording electrodes was carried out as
previously described [14,20,42], under aseptic conditions. Briefly, ani-
mals were deeply anaesthetised using isoflurane anesthesia (3%-5%
induction, 1%-2% maintenance). One day before surgery, animals
received dexamethasone (0.2 mg/kg, p.o.). Metacam (1-2 mg/kg, s.c.,
Boehringer Ingelheim, UK), dexamethasone (0.2 mg/kg, s.c. Aspen
Pharmacare, UK), and vetergesic (0.08 mg/kg, s.c, Ceva Animal Health
Itd., UK) were also administered preoperatively. Before implantation,
EEG screw electrodes were soldered to custom-made head-mount con-
nectors (Pinnacle Technology) and unilaterally implanted into frontal
(motor area: anteroposterior 2 mm, mediolateral 2 mm) and occipital
(visual area, V1: anteroposterior 3.5-4 mm, mediolateral 2.5 mm)
cortical areas. Reference and ground screw electrodes were implanted
above the cerebellum and contralaterally to the occipital screw,
respectively. Two single-stranded, stainless-steel wires were inserted on
either side of the nuchal muscle to record electromyography. All screws
and wires were secured to the skull using dental acrylic. Mice were also
implanted with a polymide-insulated tungsten microwire array (Tucker-
Davis Technologies), consisting of 16 channels (2 rows each of 8 wires),
with a wire diameter of 33 pum, electrode spacing 250 pm, row separa-
tion L-R 375 pm, a tip angle of 45 degrees and one row of electrodes 250
pm longer than the other to account for the curvature of the brain.
Electrodes were implanted into deep layers of the primary
motor cortex as this area has been well studied and it is well established
that EEG SWA  predominates in the frontal cortex
[19,20,21,22,25,40,45,47,71,73,86,82,83,87,88]. A’ 1 x 2 mm crani-
otomy was made contralaterally to the frontal EEG screw (ante-
roposterior 1.5-2 mm, mediolateral 2 mm) using a high-speed drill and
the arrays lowered below the pial surface into deep layers of the motor
cortex. A two-component silicon gel (KwikSil; World Precision In-
struments) was used to seal the craniotomy and protect the surface of the
brain from the dental acrylic used to fix the array to the skull. Animals
were all monitored closely after surgery and provided with analgesia as
necessary (0.2 mg/kg dexamethasone (Aspen Pharmacare, UK) for 2
days and 1-2 mg/kg metacam (Boehringer Ingelheim, UK) for a mini-
mum of 3 days).

2.3. Signal processing

A Tucker-Davis Technologies Multichannel Neurophysiology
Recording System was used for data acquisition. Cortical EEG was
recorded from frontal and occipital derivations. EEG, EMG, and LFP data
were filtered between 0.1 and 100 Hz, amplified (PZ5 NeuroDigitizer
preamplifier, Tucker-Davis Technologies), and stored on a local com-
puter at a sampling rate of 256.9 Hz. Extracellular neuronal spike data
were recorded from the microwire array at a sampling rate of 25 kHz
(filtered between 300 Hz and 5 kHz). OpenEx software (Tucker-Davis
Technologies) was used to manually apply amplitude thresholds for
online spike detection and to eliminate artifactual waveforms caused by
electrical or mechanical noise. Spikes that exceeded this predefined
threshold (>2 x noise level, at least — 25 pV) were stored as 46 samples
(0.48 ms before, 1.36 ms after the threshold crossing) consisting of both
voltage measures and time stamps. LFP, EEG, and EMG data were then
resampled offline at a sampling rate of 256 Hz. Custom-written MATLAB
scripts (The MathWorks) were used for signal conversion. Data were
then transformed into European Data Format using open source Neu-
rotraces software.

Recordings were subdivided into 4 s epochs and vigilance states
scored offline by manual inspection of the signal (SleepSign, Kissei
Comtec). Vigilance states were classified as waking (low-voltage, high-
frequency EEG with a high level or phasic EMG activity), NREM sleep
(presence of EEG slow waves, a signal of a high amplitude and low
frequency), or REM sleep (low-voltage, high-frequency EEG with a low
level of EMG activity), as shown in the representative traces shown in
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Fig. 1. Baseline sleep-wake behaviour and neural activity in mice. A) representative frontal (Fro) and Occipital (Occ) electroencephalogram (EEG), and electro-
myogram (EMG) signals shown during wakefulness (top), NREM sleep (middle) and REM sleep (bottom). Scale bars represent 1 s and 200 pV. B) Average power
spectra between 0 and 20 Hz shown separately for each vigilance state for the occipital EEG signal. n = 8. C) Representative EEG power spectrogram for an individual
animal during a 24 h baseline recording. Note: slow frequencies, indicative of NREM sleep mostly occur during the light phase when mice are predominantly
sleeping. D) Example LFP and associated multiunit activity during Wake (left), NREM sleep (middle) and REM sleep (right). Scale bars represent 2 s and 300 pV. ZT:

Zeitgeber time.

Fig. 1A. Vigilance state artifacts in at least one EEG or MUA recording
channel, were scored as artifacts so that they may be removed from
appropriate analyses. After the data were scored, EEG and LFP power
spectra were computed by an FFT routine for 4 s epochs (Hanning
window), with a 0.25 Hz resolution (SleepSign, Kissei Comtec).

In order to detect slow waves in the LFP, firstly the signal was band
pass filtered between 0.5 and 4 Hz (stopband edge frequencies 0.3-8 Hz)
with MATLAB filtfilt function exploiting a Chebyshev Type II filter
design (The MathWorks Inc, Natick, Massachusetts, USA) [1,20,42,84].
Slow waves were then defined as positive deflections of the filtered LFP
signal between two consecutive negative deflections below the zero-
crossing, in which the peak amplitude of the wave was larger than the
median amplitude detected across all waves. OFF periods were defined
as complete cessation of spiking activity across all channels for at least
50 ms. For some of the analyses, only the largest slow waves or longest
OFF periods were included (>median + one standard deviation across
vehicle and diazepam conditions).

2.4. Experimental design

This study was a cross-over design with all animals receiving both an
injection of diazepam (3 mg/kg, Hameln Pharmaceuticals 1td, UK) and
vehicle (saline with 0.3% Tween 80, Sigma Aldrich (now Merck,
Darmstadt, Germany)) in a randomised order, with 96 h between each
injection. Diazepam was dissolved in the vehicle and injected at a con-
centration of 10 mg/ml. Injections were performed at light onset (ZT0).
The 24-hours prior to each injection was used as a baseline, while the 24
h after injection was used to assess the effect of injections. Animals were
undisturbed throughout the duration of the study and electrophysio-
logical signals were recorded continuously. Example wake to NREM
sleep and NREM sleep to REM sleep transitions are shown in Fig. 2A and

B, respectively, after both vehicle and diazepam injections.

Data were analysed using MATLAB and SPSS (IBM, released 2016;
SPSS Statistics for Windows, version 24.0, IBM). Data are mean + SEM,
unless stated otherwise. Statistical tests used in each analysis are re-
ported in the corresponding figure legend. T-tests and Wilcoxon tests
were used where there were only two groups. ANOVAs were used for
statistical comparisons of more than two groups. For repeated measures
ANOVAs, where sphericity was violated, Greenhouse-Geisser corrected
values were instead reported (Welch correction). Bonferroni post hoc
tests were used where necessary. For Fig. 5D, data were first log-
transformed prior to statistical analysis. In some cases, animals were
excluded from specific analyses for technical reasons, as stated in the
figure legends. At the end of the study, electrode recording sites were
confirmed using previously described histological methodology [20].

3. Results

Firstly, we investigated the 24 h baseline period prior to injection. All
animals had at least one good EEG channel and EMG that allowed for the
identification and scoring of the three vigilance states, as shown in
Fig. 1A. In this study, we also looked at the neural multiunit activity
associated with local field potentials, which showed classical distinc-
tions between vigilance states. For example, the periodic occurrence of
neuronal silence (OFF periods) was typical for NREM sleep, while neu-
rons showed tonic firing during both wake and REM sleep (Fig. 1D). As
expected, slow frequencies indicative of NREM sleep occurred pre-
dominantly during the light period reflecting the rest period of mice,
while animals were mostly awake during the dark, active phase
(Fig. 1C). Quantification of average power spectra during the baseline
24 h period across all animals revealed the classic peak in slow wave
activity (SWA: 0.5-4 Hz) during NREM sleep and a clear peak in theta
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Fig. 2. Effects of diazepam injection on vigilance states. A) Example wake to NREM sleep transitions are shown for the vehicle (top) and diazepam (bottom)
experimental days. From top to bottom, traces show frontal EEG, occipital EEG and EMG. B) Same as A) but for NREM sleep to REM sleep transitions. C) The time
course of wake (green), NREM sleep (blue) and REM sleep (pink) during the 24 h period after either vehicle or diazepam injection at time zero, averaged in 1 h
intervals. Arrow indicates the time of injection. n = 8. Repeated measures ANOVA found no interaction and no main effect for injection condition, but only a main
effect of time (wake: F(6.6,92.5) = 22.9, p < 0.0001; NREM sleep: F(6.67,93.7) = 19.44, p < 0.0001; REM sleep: F(6.5, 91.1) = 28.67, p < 0.0001). D) Total amount
of each vigilance state over the 24 h period of the vehicle and diazepam injections. Data are mean + SEM, with individual animals also shown as thin lines. n = 8.
Repeated measures ANOVA revealed a significant interaction between vigilance state*injection condition (F(1.1,7.9) = 10.57, p = 0.01). Paired t-tests revealed
significant differences between vehicle and diazepam injection conditions for each vigilance states (wake: p = 0.007; NREM sleep: p = 0.03; REM sleep: p = 0.03). *p
< 0.05, **p < 0.01. E) Number and duration of REM sleep episodes, respectively, over the 12 h light period after injection. Repeated measures ANOVA found no
interaction and no main effect for injection condition, but only a main effect of time on the number of REM sleep episodes (F(11,154) = 3.88, p < 0.0001). F) Survival
analysis showing the percentage of REM episodes that meet increasing REM sleep duration criteria. Repeated measures ANOVAs with factors time, injection condition
and their interaction. Shaded areas above traces indicate p < 0.05. In panels D-G data are mean + SEM and n = 8. ZT: Zeitgeber time. VEH: vehicle injection. DZP:
diazepam injection.

range activity during REM sleep (6-9 Hz) (Fig. 1B).

We next investigated the effects of diazepam on overall sleep-wake
architecture by comparing the 24 h post diazepam or vehicle injection
(Fig. 2). The time course of each vigilance state was not significantly
different between injection conditions (Wake: F(1,14) = 3.1, p = 0.18;
NREM sleep: F(1,14) = 2.67, p = 0.16; REM sleep: F(1,14) = 4.41, p =
0.24, repeated measures ANOVA, Fig. 2C). However, a repeated mea-
sures ANOVA with within subject factors vigilance state and injection
condition revealed a significant interaction between the injection con-
ditions (diazepam or vehicle) and the daily time spent in different vig-
ilance states (F(1.1,7.9) = 10.57, p = 0.01; Fig. 2D). Post hoc paired t-
tests revealed a significant increase in the total amount of both NREM
sleep and REM sleep over the 24 h post injection after diazepam

injection as compared to vehicle (NREM sleep: vehicle 10.33 + 0.34 h,
diazepam 11.19 + 0.34 h, p = 0.03; REM sleep: vehicle 1.32 + 0.05 h,
diazepam 1.58 + 0.10 h, p = 0.03). The total amount of wake was
decreased after diazepam injection (vehicle 11.56 + 0.42 h, diazepam
10.41 + 0.45 h; p = 0.007). Though the total amount of REM sleep was
increased, no significant difference in the number or duration of REM
sleep episodes were identified in the 12 h light period following injec-
tion (rest phase, where mice typically sleep) (number: F(1,14) = 0.51, p
= 0.49; duration: F(1,9) = 0.54, p = 0.48; Fig. 2E). There was a redis-
tribution of REM episode durations, with fewer longer lasting REM sleep
episodes occurring after diazepam injection (Repeated measures
ANOVA (Greenhouse-Geisser); Time: F(2.8, 38.1) = 308.68, p < 0.0001;
Injection condition: F(1,14) = 3.36, p = 0.09; Interaction: F(2.7, 38.1) =
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3.7, p = 0.02; p < 0.05 between 1.3 and 2.4 min; Fig. 2F). In addition,
there was no change in the number of NREM sleep episodes after diaz-
epam injection which led to the occurrence of an average of 9.89 + 0.59
and 11.09 + 1.02 NREM sleep episodes per hour of NREM sleep for
vehicle and diazepam injections, respectively (p = 0.23, paired t-test).
Notably, the number of brief awakenings per hour of total sleep were not
significantly different between vehicle and diazepam injection condi-
tions across the 12 h light period (vehicle: 13.07 + 1.36 episodes;
diazepam: 10.93 + 1.50 episodes; p = 0.18, paired t-test), suggesting
that there is no major increase in sleep fragmentation after diazepam
injection.

Next, we investigated the effects of diazepam injection on EEG
spectra and slow wave activity. Fig. 3A shows a representative EEG
power spectrogram for an individual animal during a baseline day fol-
lowed by the diazepam injection day, with the corresponding hypno-
gram shown above to indicate the vigilance state of the animal. During
the light period of the baseline day animals showed high spectral power
in the slow wave frequency range indicative of NREM sleep, while the
dark period was dominated by higher frequencies indicative of wake-
fulness. Consistent with previous studies, power in the slow frequency
range was reduced after diazepam injection (Fig. 3B). Plotting power
spectra of the transitions between NREM sleep and REM sleep (Fig. 3C)
showed that diazepam injection reduced power in slow frequencies
during NREM sleep and increased low theta frequency power during
REM sleep. The effects on SWA and theta power were most prominent in
the frontal and occipital EEG channels, respectively. Average power
spectra for both the frontal and occipital cortical EEG were computed
separately for wake, NREM sleep and REM sleep (Fig. 3B), during both
injection days. In all cases repeated measures ANOVA’s (Greenhouse-
Geisser) revealed a highly significant effect of frequency. Both EEG
derivations also had a significant interaction between frequency and
injection condition for both NREM sleep (frontal: F(1.8, 18.1) = 4.96, p
= 0.02, p < 0.05 for frequency range 1-2.5 Hz and 4-4.25 Hz; occipital:
F(1.6, 19.2) = 3.92, p = 0.05, no significant bins post hoc, Fig. 3B) and
REM sleep (frontal: F(1.7,17.2) = 4.98, p = 0.02, p < 0.05 for frequency
ranges 5.25-6 Hz and 7.75-9.75 Hz; occipital: F(1.6, 19.0) = 3.68, p =
0.05, p < 0.05 for frequency ranges 5.25-5.75 Hz and 9.25 Hz). In order
to account for variations in spectral power between animals, NREM
sleep spectra for the injection days were normalised to the vehicle day
for each individual animal before averaging across animals. Subdividing
the light period into 3 h intervals confirmed that slow frequencies during
NREM sleep were reduced across the entire 12 h light period after
diazepam injection (Fig. 3D), while the increase in power within higher
frequencies (>10 Hz) only occurred during the first three hours after
diazepam injection (Fig. 3D). Repeated measures ANOVA (Greenhouse
Geisser) revealed a significant effect of frequency (F(1.2,23.1) = 22.54,
p < 0.0001) but no effect of time interval (F(3,20) = 0.09, p = 0.96) or
the interaction (F(3.5,23.1) = 0.14, p = 0.95).

As NREM sleep SWA is strongly associated with sleep homeostatic
processes, we next investigated the time course of SWA across the 12-
hour light period. During the baseline day (Fig. 3F, left), and after
vehicle injection (Fig. 3F, right), animals showed the typically observed
high initial SWA levels at the beginning of the light period, which
dissipated across time (Fig. 3E and F). In contrast, after diazepam in-
jection SWA was consistently reduced compared to baseline and was
significantly reduced compared to the vehicle injection day (repeated
measures ANOVA (Greenhouse Geisser) factors; time: F(3.0,30.2) =
20.9, p < 0.0001; injection condition: F(1,10) = 210.26, p < 0.0001;
interaction: F(3.0,30.2) = 3.71, p = 0.02, p < 0.0001 at all-time
intervals).

Next, we investigated the impact of diazepam on cortical neuronal
activity and associated local field potentials recorded from deep layers
of the motor cortex. This allows for the effects of diazepam on localised
cortical regions to be disentangled from EEG recordings, which reflect
the global behavioural state. Fig. 4A shows representative LFP traces
during wake, NREM sleep and REM sleep, which can be defined using

Biochemical Pharmacology 191 (2021) 114515

the classical criteria used for scoring the EEG into vigilance states (for
example the presence of slow waves is indicative of NREM sleep). LFP
power spectra replicated the effects of diazepam injection observed in
the EEG (Fig. 4B). Most notably there was a consistent reduction in slow
frequencies during NREM sleep (repeated measures ANOVA (Green-
house-Geisser) factors ‘frequency’: F(1.4,19.6) = 14.48, p < 0.0001;
‘frequency*Injection condition’: F(1.4,19.6) = 6.28, p = 0.01, but no
significant effect of ‘Injection condition’: F(1,14) = 0.06, p = 0.82, p <
0.05 for frequency ranges 1.75-2.75 Hz and 4.5-6 Hz). Both wake and
REM sleep power spectra were also significantly affected by diazepam
injection (wake: factors ‘frequency’: F(1.1,14.8) = 9.18, p = 0.008;
‘frequency*Injection condition: F(1.1,14.8) = 5.82, p = 0.03; p < 0.05
for frequency range 7.5-8.25 Hz; REM sleep: factors ‘frequency’: F
(1.1,15.1) = 9.45, p = 0.007; ‘frequency*Injection condition: F
(1.1,15.1) = 5.69, p = 0.03, p < 0.05 for frequency ranges 5.5-5.75 Hz
and 7.5-9 Hz). Individual slow waves were identified and their inci-
dence, amplitude and duration were quantified (schematic of an indi-
vidual slow wave showing how amplitude and duration were quantified
is shown in Fig. 4C). Diazepam injection resulted in a larger proportion
of low amplitude slow waves, compared to vehicle injection (p <
0.0001, paired t-test, Fig. 4D). On average, across the 12 h light period
slow waves were similar in duration but smaller in amplitude after
diazepam injection (dur: p = 0.45; amp: p < 0.0001, paired t-test;
Fig. 4E).

Slow waves are well established to be underpinned by regularly
occurring periods of neuronal silence called OFF periods [10,12,52,56].
After diazepam injection, this association was less distinct and the sig-
nals became asynchronous with one another as shown in the represen-
tative traces in Fig. 4F. To investigate this further we calculated the
average LFP signal and aligned this to the midpoint of all OFF periods
longer than 50 ms (Fig. 4G). As expected, we observed that OFF periods
were associated with LFP slow waves; however, the amplitude of these
were reduced after diazepam. Furthermore, while the duration of an
OFF period was strongly positively correlated with the amplitude of slow
waves, after both vehicle and diazepam injections (Fig. 4H), OFF periods
were less frequent (repeated measures ANOVA (Greenhouse-Geisser):
‘time’: F(2.8,28.1) = 6.50, p = 0.002, ‘Injection condition’: F(1,10) =
10.12, p =0.01, interaction: F(2.8,28.1) = 2.30, p = 0.10) and shorter in
duration (repeated measures ANOVA: ‘time’: F(3.5,35.1) = 4.45,p =
0.007, ‘Injection condition’: F(1,10) = 12.86, p = 0.005, interaction: F
(3.5,35.1) = 1.54, p = 0.22) after diazepam injection (Fig. 4I and J).

As OFF periods are the result of a synchronous silence in neuronal
activity across all recording channels, one possibility is that the
neocortex is overall more active after diazepam treatment, or synchro-
nicity between channels is reduced. We first calculated overall average
firing rates across all recording channels expressed a percentage of the
mean during the vehicle injection light period. Contrary to our expec-
tation, we found that neuronal activity was somewhat lower during
NREM sleep after diazepam, as compared to vehicle (repeated measures
ANOVA (Greenhouse-Geisser): ‘Injection condition’: F(1,10) = 4.98, p
= 0.05) although it was stable across the 12 h light period (time: F
(2.2,21.8) = 0.42, p = 0.68; interaction: F(2.2,21.8) = 1.17, p = 0.33;
Fig. 5A). Then, we addressed the second possibility of a reduced spatial
synchrony between neurons recorded from the microwire array. Visual
inspection of raw multiunit traces after diazepam revealed that it was
not uncommon that neighbouring channels showed very different levels
of activity at the same time, such that one channel may show intense
neuronal activity while another just a few hundred microns away is in
complete silence (Fig. 5B). We therefore quantified the number of
recording channels (out of a total of 16 recording channels) that showed
multiunit activity at the same time in 20 ms bins, to assess the degree of
synchrony of neuronal activity across the network (Fig. 5C and D). The
key observation was that on fewer occasions all recording channels were
simultaneously silent after diazepam as compared to vehicle injection (p
= 0.03; Wilcoxon sign rank test., Fig. 5D, inset). Apart from that, we
found no significant differences between injection conditions for the
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Fig. 3. Effects of diazepam on EEG spectra and SWA. A) EEG power spectrogram for a representative animal during the 24 h baseline recording and the 24 h post
diazepam injection. Arrow indicates the time of diazepam injection at the start of the light period. Corresponding hypnogram shown above to indicate the vigilance
state (top to bottom indicating wake (W), NREM sleep (N) and REM sleep (R), respectively. Note the reduction in slow frequencies post diazepam injection. B)
average power spectra for both frontal (left) and occipital (right) EEG derivations are plotted for wake (top, green), NREM sleep (middle, blue) and REM sleep
(bottom, pink), separately for vehicle and diazepam injection days. Repeated measures ANOVA with factors frequency, injection condition and their interaction for
both the frontal EEG derivation (Wake: freq F(1.4, 14.0) = 24.34, p < 0.0001, injection condition F(1.4, 14.0) = 0.80, p = 0.43, interaction F(1.4, 14.0) = 0.80, p =
0.43; NREM: freq F(1.8, 18.1) = 52.85, p < 0.0001, injection condition F(1,10) = 0.96, p = 0.35, interaction F(1.8, 18.1) = 4.96, p = 0.02; REM: freq F(1.7, 17.2) =
48.84, p < 0.0001, injection condition F(1.7, 17.2) = 48.84, p < 0.0001, interaction F(1.7, 17.2) = 4.98, p = 0.02) and occipital EEG derivation (Wake: freq F(1.4,
16.7) = 23.29, p < 0.0001, injection condition F(1,12) = 0.05, p = 0.84, interaction F(1.4, 16.7) = 0.80, p = 0.42; NREM: freq F(1.6, 19.2) = 41.60, p < 0.0001,
injection condition F(1,12) = 0.68, p = 0.43, interaction F(1.6, 19.2) = 3.92, p = 0.05; REM: freq F(1.6, 19.0) = 37.85, p < 0.0001, injection condition F(1,12) =
0.07, p = 0.80, interaction F(1.6, 19.0) = 3.68, p = 0.05). Shaded areas above traces indicate frequency bins where the differences were statistically significant (p <
0.05). Frontal n = 6, occipital n = 7. C) Representative EEG power spectrograms for 120 s before NREM sleep — REM sleep transition and 60 s after transition are
shown for the frontal EEG derivation (top) and occipital EEG derivation (bottom) recorded from an individual animal. Dotted line at time O corresponds to REM sleep
onset. Left panels show the data subdivided into the vehicle (top) and diazepam (bottom) injection days. Right panels show the difference between the vehicle and
diazepam conditions. D) Frontal EEG spectral power during NREM sleep after diazepam injection, subdivided into three-hour intervals, expressed as percentage of
corresponding NREM EEG spectra after vehicle injection, prior to averaging between animals. Mean values, SEM. n = 6. E) Frontal EEG SWA across the 12-hour light
period after vehicle (top) and diazepam (bottom) injection in a representative animal. Data are colour coded according to the vigilance states; NREM sleep (blue),
REM sleep (pink) and wake (green). F) The time course of frontal EEG slow wave activity (SWA, 0.5-4 Hz) during NREM sleep across the 12-hour light period of the
baseline (left) and injection (right) days. Left panel: baseline SWA expressed relative to the 12 h mean, showing no difference between conditions prior to injection.
Right panel: SWA on the injection day. n = 6. Repeated measure ANOVA for baseline days (time F(3.1,31.3) = 23.39, p < 0.0001, injection condition F(1,10) = 0.30,
p = 0.60, interaction F(3.1,31.3) = 0.53, p = 0.67) and injection days (time F(3.0,30.2) = 20.9, p < 0.0001, injection condition F(1,10) = 210.26, p < 0.0001,
interaction F(3.0,30.2) = 3.71, p = 0.02). Shaded line above traces indicate p < 0.05. ZT: Zeitgeber time. VEH: vehicle injection. DZP: diazepam injection.
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Fig. 4. Effects of diazepam on LFP and OFF periods. A) Representative local field potential (LFP) signals during wakefulness (top), NREM sleep (middle) and REM
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p = 0.03). Shaded areas above traces indicate p < 0.05. n = 8. C) Schematic of an individual slow wave showing how amplitude and duration were quantified. D) The
number of slow waves per minute are plotted as a function of their amplitude. n = 8. Note: diazepam injection was associated with a larger proportion of small
amplitude slow waves as compared to vehicle injection. Inset: peak amplitude of slow waves during each injection condition. Paired t-test ***p < 0.0001. E) Average
slow wave incidence (top) and duration (bottom). Paired t-tests. Amplitude ***p < 0.0001; duration p = 0.45. n = 8. F) Representative LFP and associated multiunit
activity during NREM sleep after vehicle (top) and diazepam (bottom) injection. Note: periods of neuronal silence (OFF periods) are clearly identifiable after vehicle
but not diazepam injection. G) Average LFP aligned to the midpoint of all OFF periods lasting at least 50 ms. MUA was normalised to the mean 300 ms before the OFF
period. H) The relationship between the duration of OFF periods and slow wave amplitude. n = 6. I) J) Average OFF period incidence (I) and duration (J) per hour
during the 12 h light period following injection. Repeated measures ANOVA, factors ‘time’, ‘Injection condition’ and their interaction. (incidence: time F(2.8,28.1) =
6.50, p = 0.002, injection condition F(1,10) = 10.12, p = 0.01, interaction F(2.8,28.1) = 2.30, p = 0.10; duration: time F(3.5,35.1) = 4.45,p = 0.007, injection
condition F(1,10) = 12.86, p = 0.005, interaction F(3.5,35.1) = 1.54, p = 0.22). n = 6. In all panels dark blue and light blue represent the vehicle and diazepam
injection days, respectively.
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Fig. 5. Effects of diazepam on cortical neuronal activity and spatial synchrony. A) Overall cortical firing rate during NREM sleep was calculated across all recording
channels expressed a percentage of the mean during the vehicle injection light period. Repeated measures ANOVA (time F(2.2,21.8) = 0.42, p = 0.68, injection
condition F(1,10) = 4.98, p = 0.05, interaction F(2.2,21.8) = 1.17, p = 0.33). n = 6. B) Multiunit activity traces from two recording channels from a representative
animal during both the vehicle and diazepam injection day. Note: After diazepam injection multiunit activity becomes less synchronous across recording channels. C)
The number of active recording channels with at least 1 spike plotted for consecutive 20 ms windows. Representative 4 s epoch in NREM sleep is shown in one
individual animal. Note that during the majority of 20 ms bins at least some of the channels are active, but at times all channels are inactive simultaneously indicative
of OFF periods (arrows). D) The distribution of the 20-ms epochs in NREM sleep plotted as a function of simultaneously active channels, expressed as percentage of
total (light blue: vehicle, dark blue: diazepam, n = 6). Note that the number of 20-ms epochs with 0 active channels is significantly smaller after diazepam as
compared to vehicle (shown as inset for individual animals). Wilcoxon sign rank test, p = 0.03.

number of channels contributing to the multiunit activity as a percent-
age of 4 s epochs (repeated measures ANOVA (Greenhouse-Geisser) on
log transformed data: channels: F(1.9,18.7) = 59.62, p < 0.0001; In-
jection condition: F(1,10) = 0.74, p = 0.41; interaction: F(1.9,18.7) =
0.53, p = 0.59).

4. Discussion

The profound reduction in EEG spectral power in the SWA range with
diazepam injection reported in this study is consistent with previous
literature [29,28,34,35,79]. The influence of diazepam on EEG spectra
was more apparent in the frontal region compared to the occipital,
corresponding well with similar previous reports [28,29]. The reduction
in SWA with diazepam injection was maintained across the 12 h after
diazepam. This is consistent with evidence in humans that showed the
reduction in SWA persisted into the following drug-free night after in-
jection of the benzodiazepines flunitrazepam, flurazepam or triazolam,
whereas the effects on the spindle frequency range were recovered [8].
Diazepam also shifted the theta peak to slower frequencies, especially in
the occipital derivation where theta activity is known to predominate
due to its proximity to the hippocampus. It is possible that the shift in
theta peak may reflect changes in body temperature, which have been
previously associated with changes in EEG frequencies in animal and
human studies [15,16]. This is supported by evidence that diazepam

decreases body temperature [38], and so hypothermia may have an
influence on overall EEG frequencies and power spectra. However, the
effects we observed in this study were state- and frequency-specific
rather than resulting in a shift in overall power across all frequencies.
Consistently, evidence in humans suggests that under certain conditions,
physiological (e.g. circadian) changes in EEG power spectra may be
dissociated from unspecific effects of body temperature [17]. We
therefore believe that the effects we report here primarily reflect
changes in neural activity induced by diazepam, rather than just being
an indirect effect of hypothermia. Future studies should further inves-
tigate the association between diazepam induced hypothermia and EEG
power spectra. We would like to add that when average NREM sleep
spectra were subdivided into 3 h intervals, this revealed enhanced
power in higher frequencies, including spindle-frequency range, during
the first 3 h after diazepam injection only, while the effects on slow
frequencies persisted at least until the end of the day, in line with pre-
vious studies [29,28,34,35,79].

While the molecular mechanisms of action for benzodiazepines have
been elucidated in great detail, previous studies have not looked at the
cortical neural activity underlying the response to diazepam in the
neocortex. To our knowledge, this is the first study to investigate the
neuronal activity underlying the effects of diazepam on localised
cortical activity, as determined by local field potential and multiunit
activity recordings from deeper layers of the primary motor cortex.
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Local field potential slow waves during NREM sleep were of smaller
amplitude after diazepam injection, while the OFF periods associated
with these slow waves were less frequent and shorter in duration. It is
possible that this may be due to a reduced synchronicity across the
cortex, which leads to fewer occasions where all channels are silent (OFF
period) at the same time. This corresponds well with the known asso-
ciation between slow waves and their neuronal counterparts, where
lower SWA spectral power is a result of the reduced occurrence of slow
waves and population OFF periods [18,54,60,75,76,84,85]. Finally,
although overall firing rates were lower after diazepam injection
compared to vehicle injection, the more striking finding of this study
was that on fewer occasions all recording channels were synchronously
silent after diazepam injection. This indicates that diazepam may disrupt
the synchronicity of neuronal activity across the cortex and therefore
localised cortical activity may be differentially affected by diazepam, as
compared to more global EEG mechanisms. This is supported by recent
evidence that diazepam administration in mice induces a slowing of
global electroencephalogram (EEG) oscillations in a frequency- and
behavioural-state dependent manner [69].

It is now widely accepted that sleep is a cortical circuit phenomenon
initiated locally, and gradually encompassing more networks across
sleep periods [23,32,33,36,55,67,81]. Localised occurrence of sleep-like
activity in distinct cortical regions during wakefulness (so called local
sleep) has been shown both in rats and humans [11,19,46], and has been
previously associated with deficits in cognitive performance in both
animal and human studies [13,26,83]. Human intracortical recordings,
performed simultaneously from multiple brain regions, have shown that
slow waves during sleep are mostly confined to local regions, with
typically ~ 30% of the brain showing simultaneous slow waves [47]. A
number of species have adapted their sleep-wake cycle to express more
localised forms of sleep to overcome evolutionary pressures such as
migratory birds showing microsleeps [57,58], or aquatic species
sleeping one hemisphere at a time [43,44,59]. As adaptations such as
these are fairly uncommon, it may be that the benefits associated with
sleeping one hemisphere at a time are only relevant under specific
extreme circumstances [58]. It is possible therefore, that local sleep does
not provide the same benefits as regular, more global sleep [81].
Therefore, the effect of diazepam in disrupting the overall synchroni-
sation of cortical activity may explain the observed effects of benzodi-
azepines on behaviour and cognitive function [27,30,66].

Despite these major effects of diazepam on EEG spectra and neuronal
activity, this study and others [29] have reported little or no effect of
diazepam on the total amount of NREM sleep in laboratory mice. This
suggests that overall vigilance states may be differentially affected by
diazepam, as compared to more localised cortical activity, and high-
lights the necessity to consider all levels of organisation when investi-
gating the effects of sedative drugs on sleep quality. It remains to be
established, whether the differences, or lack thereof, reported here may
be generalised across other benzodiazepines and other cortical and
subcortical brain areas, such as associative and sensory areas. As slow
waves have been observed in every cortical region recorded to date, it is
possible that the observations in the motor cortex could generalise to
other cortical areas.

In conclusion, this study replicated the well-established effect of
diazepam of reducing EEG SWA during NREM sleep and enhancing
spectral EEG power in high frequency ranges. In addition, our findings
suggest that these effects may be the result of a disruption in the syn-
chronicity of neural activity across the cortex during NREM sleep which
ultimately leads to a reduction in slow wave amplitude (and therefore
reduced SWA) as a result of reduced incidence and duration of OFF
periods associated with slow waves. This highlights the necessity to
consider neural activity on multiple scales when investigating the effects
of sedative and hypnotic drugs on sleep regulation and function. It may
be that local and global mechanisms are differentially affected, which
could have important consequences for brain recovery and memory
processing during sleep and therefore should be considered in future
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studies.
CRediT authorship contribution statement

Laura E. McKillop: Data curation, Formal analysis, Investigation,
Methodology, Project administration, Software, Writing - original draft,
Writing - review & editing. Simon P. Fisher: Investigation, Methodol-
ogy. Linus Milinski: Investigation, Methodology, Writing - review &
editing. Lukas B. Krone: Formal analysis, Methodology, Software,
Writing - review & editing. Vladyslav V. Vyazovskiy: Conceptualiza-
tion, Data curation, Formal analysis, Funding acquisition, Project
administration, Resources, Software, Supervision, Writing - original
draft, Writing - review & editing.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgements

This work was supported by Biotechnology and Biological Sciences
Research Council Industrial CASE Grant with Eli Lilly & Company Ltd
BB/K011847/1, Wellcome Trust Strategic Award 098461/Z/12/Z,
Medical Research Council New Investigator Research Grant MR/
L003635/1, and John Fell OUP Research Fund Grant 131/032.

LEM is supported by a Novo Nordisk Postdoctoral Fellowship run in
partnership with the University of Oxford and a Sir Paul Junior Research
Fellowship

The funders had no role in study design, data collection and analysis,
decision to publish, or preparation of the manuscript.

References

[1] P. Achermann, A.A. Borbély, Low-frequency (< 1 Hz) oscillations in the human
sleep electroencephalogram, Neuroscience 81 (1997) 213-222, https://doi.org/
10.1016/50306-4522(97)00186-3.

[2] D. Aeschbach, D.-J. Dijk, L. Trachsel, D.P. Brunner, A.A. Borbély, Dynamics of
Slow-Wave Activity and Spindle Frequency Activity in the Human Sleep EEG:
Effect of Midazolam and Zopiclone, Neuropsychopharmacology 11 (4) (1994)
237-244, https://doi.org/10.1038/sj.npp.1380110.

[3] G.A. Ascoli, L. Alonso-Nanclares, S.A. Anderson, G. Barrionuevo, R. Benavides-
Piccione, A. Burkhalter, G. Buzsaki, B. Cauli, J. DeFelipe, A. Fairén, D. Feldmeyer,
G. Fishell, Y. Fregnac, T.F. Freund, D. Gardner, E.P. Gardner, J.H. Goldberg,

M. Helmstaedter, S. Hestrin, F. Karube, Z.F. Kisvarday, B. Lambolez, D.A. Lewis,
O. Marin, H. Markram, A. Munoz, A. Packer, C.C.H. Petersen, K.S. Rockland,

J. Rossier, B. Rudy, P. Somogyi, J.F. Staiger, G. Tamas, A.M. Thomson, M. Toledo-
Rodriguez, Y. Wang, D.C. West, R. Yuste The Petilla Interneuron Nomenclature
Group (PING), Petilla terminology: nomenclature of features of GABAergic
interneurons of the cerebral cortex, Nat. Rev. Neurosci. 9 (2008) 557-568, https://
doi.org/10.1038/nrn2402.

[4] D.S. Baldwin, .M. Anderson, D.J. Nutt, B. Bandelow, A. Bond, J.R.T. Davidson, J.
A. den Boer, N.A. Fineberg, M. Knapp, J. Scott, H.-U. Wittchen, Evidence-based
guidelines for the pharmacological treatment of anxiety disorders:
recommendations from the British Association for Psychopharmacology,

J. Psychopharmacol. (Oxf.) 19 (6) (2005) 567-596, https://doi.org/10.1177/
0269881105059253.

[5] M.J. Barker, K.M. Greenwood, M. Jackson, S.F. Crowe, Cognitive Effects of Long-
Term Benzodiazepine Use, CNS Drugs 18 (1) (2004) 37-48, https://doi.org/
10.2165/00023210-200418010-00004.

[6] C.H. Bastien, M. LeBlanc, J. Carrier, C.M. Morin, Sleep EEG power spectra,
insomnia, and chronic use of benzodiazepines, Sleep 26 (2003) 313-317, https://
doi.org/10.1093/sleep/26.3.313.

[7]1 A.A. Borbély, T. Akerstedt, O. Benoit, F. Holsboer, I. Oswald, Hypnotics and sleep
physiology: A consensus repot, Eur. Arch. Psychiatry Clin. Neurosci. 241 (1) (1991)
13-21, https://doi.org/10.1007/BF02193749.

[8] A.A. Borbély, P. Mattmann, M. Loepfe, I. Fellmann, M. Gerne, I. Strauch,

D. Lehmann, A single dose of benzodiazepine hypnotics alters the sleep EEG in the
subsequent drug-free night, Eur. J. Pharmacol. 89 (1-2) (1983) 157-161, https://
doi.org/10.1016/0014-2999(83)90622-2.

[9] N. Buscemi, B. Vandermeer, C. Friesen, L. Bialy, M. Tubman, M. Ospina, T.

P. Klassen, M. Witmans, The Efficacy and Safety of Drug Treatments for Chronic
Insomnia in Adults: A Meta-analysis of RCTs, J. Gen. Intern. Med. 22 (9) (2007)
1335-1350, https://doi.org/10.1007/s11606-007-0251-z.


https://doi.org/10.1016/s0306-4522(97)00186-3
https://doi.org/10.1016/s0306-4522(97)00186-3
https://doi.org/10.1038/sj.npp.1380110
https://doi.org/10.1038/nrn2402
https://doi.org/10.1038/nrn2402
https://doi.org/10.1177/0269881105059253
https://doi.org/10.1177/0269881105059253
https://doi.org/10.2165/00023210-200418010-00004
https://doi.org/10.2165/00023210-200418010-00004
https://doi.org/10.1093/sleep/26.3.313
https://doi.org/10.1093/sleep/26.3.313
https://doi.org/10.1007/BF02193749
https://doi.org/10.1016/0014-2999(83)90622-2
https://doi.org/10.1016/0014-2999(83)90622-2
https://doi.org/10.1007/s11606-007-0251-z

L.E. McKillop et al.

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

G. Buzsdki, C.A. Anastassiou, C. Koch, The origin of extracellular fields and
currents — EEG, ECoG, LFP and spikes, Nat. Rev. Neurosci. 13 (6) (2012) 407-420,
https://doi.org/10.1038/nrn3241.

C. Cajochen, S.B.S. Khalsa, J.K. Wyatt, C.A. Czeisler, D.-J. Dijk, EEG and ocular
correlates of circadian melatonin phase and human performance decrements
during sleep loss, Am. J. Physiol. - Regul. Integr. Comp. Physiol. 277 (3) (1999)
R640-R649.

S. Chauvette, M. Volgushev, I. Timofeev, Origin of Active States in Local
Neocortical Networks during Slow Sleep Oscillation, Cereb. Cortex 20 (2010)
2660-2674, https://doi.org/10.1093/cercor/bhq009.

C. Cirelli, G. Tononi, Is Sleep Essential? PLOS Biol. 6 (8) (2008) €216, https://doi.
org/10.1371/journal.pbio.0060216.

N. Cui, L.E. Mckillop, S.P. Fisher, P.L. Oliver, V.V. Vyazovskiy, Long-term history
and immediate preceding state affect EEG slow wave characteristics at NREM sleep
onset in C57BL/6 mice, Arch. Ital. Biol. 152 (2014) 156-168, https://doi.org/
10.4449/aib.v152i2/3.3678.

T. Deboer, Electroencephalogram theta frequency changes in parallel with
euthermic brain temperature, Brain Res. 930 (1-2) (2002) 212-215, https://doi.
0rg/10.1016/50006-8993(02)02247-3.

TOM DEBOER, Brain temperature dependent changes in the electroencephalogram
power spectrum of humans and animals, J. Sleep Res. 7 (4) (1998) 254-262,
https://doi.org/10.1046/j.1365-2869.1998.00125.x.

D.-J. Dijk, Circadian variation of EEG power spectra in NREM and REM sleep in
humans: dissociation from body temperature, J. Sleep Res. 8 (3) (1999) 189-195,
https://doi.org/10.1046/j.1365-2869.1999.00159.x.

S.K. Esser S.L. Hill G. Tononi Sleep Homeostasis and Cortical Synchronization: I.
Modeling the Effects of Synaptic Strength on Sleep Slow Waves 30 12 2007 2007
1617 1630.

L.A. Finelli, A.A. Borbély, P. Achermann, Functional topography of the human
nonREM sleep electroencephalogram, Eur. J. Neurosci. 13 (12) (2001) 2282-2290,
https://doi.org/10.1046/j.0953-816x.2001.01597.x.

S.P. Fisher, N. Cui, L.E. McKillop, J. Gemignani, D.M. Bannerman, P.L. Oliver, S.
N. Peirson, V.V. Vyazovskiy, Stereotypic wheel running decreases cortical activity
in mice, Nat. Commun. 7 (2016) 1-12, https://doi.org/10.1038/ncomms13138.
T. Hajnik, A. Téth, L. Détéri, Characteristic changes in the slow cortical waves after
a 6-h sleep deprivation in rat, Brain Res. 1501 (2013) 1-11, https://doi.org/
10.1016/j.brainres.2012.12.047.

Y. Hayashi, M. Kashiwagi, K. Yasuda, R. Ando, M. Kanuka, K. Sakai, S. Itohara,
Cells of a common developmental origin regulate REM/non-REM sleep and
wakefulness in mice, Science 350 (6263) (2015) 957-961, https://doi.org/
10.1126/science:aad1023.

V. Hinard, C. Mikhail, S. Pradervand, T. Curie, R.H. Houtkooper, J. Auwerx,

P. Franken, M. Tafti, Key Electrophysiological, Molecular, and Metabolic
Signatures of Sleep and Wakefulness Revealed in Primary Cortical Cultures,

J. Neurosci. 32 (36) (2012) 12506-12517, https://doi.org/10.1523/
JNEUROSCI.2306-12.2012.

A.M. Holbrook, R. Crowther, A. Lotter, C. Cheng, D. King, Meta-analysis of
benzodiazepine use in the treatment of insomnia, CMAJ 162 (2000) 225-233.

R. Huber, T. Deboer, I. Tobler, Topography of EEG dynamics after sleep
deprivation in mice, J. Neurophysiol. 84 (4) (2000) 1888-1893, https://doi.org/
10.1152/jn.2000.84.4.1888.

R. Huber, M. Felice Ghilardi, M. Massimini, G. Tononi, Local sleep and learning,
Nature 430 (6995) (2004) 78-81, https://doi.org/10.1038/nature02663.

L.C. Johnson, D.A. Chernik, Sedative-hypnotics and human performance,
Psychopharmacology (Berl.) 76 (2) (1982) 101-113, https://doi.org/10.1007/
BF00435262.

C. Kopp, U. Rudolph, R. Keist, I. Tobler, Diazepam-induced changes on sleep and
the EEG spectrum in mice: role of the a3-GABAA receptor subtype, Eur. J.
Neurosci. 17 (10) (2003) 2226-2230, https://doi.org/10.1046/j.1460-
9568.2003.02651.x.

C. Kopp, U. Rudolph, K. Low, I. Tobler, Modulation of rhythmic brain activity by
diazepam: GABAAreceptor subtype and state specificity, Proc. Natl. Acad. Sci. 101
(10) (2004) 3674-3679, https://doi.org/10.1073/pnas.0306975101.

D.F. Kripke, Chronic hypnotic use: deadly risks, doubtful benefit: REVIEW
ARTICLE, Sleep Med. Rev. 4 (1) (2000) 5-20, https://doi.org/10.1053/
smrv.1999.0076.

E. Kropff, J.E. Carmichael, M.-B. Moser, E.I. Moser, Speed cells in the medial
entorhinal cortex, Nature 523 (7561) (2015) 419-424, https://doi.org/10.1038/
naturel4622.

J.M. Krueger, M.G. Frank, J.P. Wisor, S. Roy, Sleep function: Toward elucidating an
enigma, Sleep Med. Rev. 28 (2016) 42-50, https://doi.org/10.1016/j.
smrv.2015.08.005.

J.M. Krueger, D.M. Rector, S. Roy, H.P.A. Van Dongen, G. Belenky, J. Panksepp,
Sleep as a fundamental property of neuronal assemblies, Nat. Rev. Neurosci. 9 (12)
(2008) 910-919, https://doi.org/10.1038/nrn2521.

M. Lancel, T.A. Cronlein, J. Faulhaber, Role of GABAA receptors in sleep
regulation. Differential effects of muscimol and midazolam on sleep in rats,
Neuropsychopharmacol. Off. Publ. Am. Coll. Neuropsychopharmacol. 15 (1996)
63-74, https://doi.org/10.1016,/0893-133X(95)00157-9.

M. Lancel, A. Steiger, Sleep and Its Modulation by Drugs That Affect GABAA
Receptor Function, Angew. Chem. Int. Ed. 38 (1999) 2852-2864, https://doi.org/
10.1002/(SICI)1521-3773(19991004)38:19<2852::AID-ANIE2852>3.0.CO;2-Z.
M. Lemieux, J.-Y. Chen, P. Lonjers, M. Bazhenov, I. Timofeev, The Impact of
Cortical Deafferentation on the Neocortical Slow Oscillation, J. Neurosci. 34 (16)
(2014) 5689-5703, https://doi.org/10.1523/JNEUROSCL.1156-13.2014.

10

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

Biochemical Pharmacology 191 (2021) 114515

P.-H. Luppi, C. Peyron, P. Fort, Not a single but multiple populations of GABAergic
neurons control sleep, Sleep Med. Rev. 32 (2017) 85-94, https://doi.org/10.1016/
j-smrv.2016.03.002.

F. Mailliet, P. Galloux, D. Poisson, Comparative effects of melatonin, zolpidem and
diazepam on sleep, body temperature, blood pressure and heart rate measured by
radiotelemetry in Wistar rats, Psychopharmacology (Berl.) 156 (4) (2001)
417-426, https://doi.org/10.1007/s002130100769.

J.L.R. Martin, M. Sainz-Pardo, T.A. Furukawa, E. Martin-Sanchez, T. Seoane,

C. Galan, Benzodiazepines in generalized anxiety disorder: heterogeneity of
outcomes based on a systematic review and meta-analysis of clinical trials,

J. Psychopharmacol. Oxf. Engl. 21 (2007) 774-782, https://doi.org/10.1177/
0269881107077355.

M. Massimini, R. Huber, F. Ferrarelli, S. Hill, G. Tononi, The Sleep Slow Oscillation
as a Traveling Wave, J. Neurosci. 24 (2004) 6862-6870, https://doi.org/10.1523/
JNEUROSCI.1318-04.2004.

M. McGinley, M. Vinck, J. Reimer, R. Batista-Brito, E. Zagha, C. Cadwell, A. Tolias,
J. Cardin, D. McCormick, Waking State: Rapid Variations Modulate Neural and
Behavioral Responses, Neuron 87 (6) (2015) 1143-1161, https://doi.org/10.1016/
j-neuron.2015.09.012.

L.E. McKillop, S.P. Fisher, N. Cui, S.N. Peirson, R.G. Foster, K.A. Wafford, V.

V. Vyazovskiy, Effects of Aging on Cortical Neural Dynamics and Local Sleep
Homeostasis in Mice, J. Neurosci. 38 (16) (2018) 3911-3928, https://doi.org/
10.1523/JNEUROSCI.2513-17.201810.1523/JNEUROSCI.2513-17.2018.
video.110.1523/JNEUROSCI.2513-17.2018.video.2.

L.M. Mukhametov, Unihemispheric slow-wave sleep in the Amazonian dolphin,
Inia geoffrensis, Neurosci. Lett. 79 (1-2) (1987) 128-132, https://doi.org/
10.1016/0304-3940(87)90684-7.

L.M. Mukhametov, A.Y. Supin, I.G. Polyakova, Interhemispheric asymmetry of the
electroencephalographic sleep patterns in dolphins, Brain Res. 134 (3) (1977)
581-584, https://doi.org/10.1016,/0006-8993(77)90835-6.

M. Murphy, B.A. Riedner, R. Huber, M. Massimini, F. Ferrarelli, G. Tononi, Source
modeling sleep slow waves, Proc. Natl. Acad. Sci. 106 (5) (2009) 1608-1613,
https://doi.org/10.1073/pnas.0807933106.

P. Naitoh, A. Kales, E.J. Kollar, J.C. Smith, A. Jacobson, Electroencephalographic
activity after prolonged sleep loss, Electroencephalogr. Clin. Neurophysiol. 27 (1)
(1969) 2-11, https://doi.org/10.1016/0013-4694(69)90103-5.

Y. Nir, R. Staba, T. Andrillon, V. Vyazovskiy, C. Cirelli, I. Fried, G. Tononi, Regional
Slow Waves and Spindles in Human Sleep, Neuron 70 (1) (2011) 153-169, https://
doi.org/10.1016/j.neuron.2011.02.043.

D. Nutt, L.A. King, W. Saulsbury, C. Blakemore, Development of a rational scale to
assess the harm of drugs of potential misuse, The Lancet 369 (9566) (2007)
1047-1053, https://doi.org/10.1016/50140-6736(07)60464-4.

J.G. Ochoa, W.A. Kilgo, The Role of Benzodiazepines in the Treatment of Epilepsy,
Curr. Treat. Options Neurol. 18 (2016) 18, https://doi.org/10.1007/s11940-016-
0401-x.

E. Offidani, J. Guidi, E. Tomba, G.A. Fava, Efficacy and tolerability of
benzodiazepines versus antidepressants in anxiety disorders: a systematic review
and meta-analysis, Psychother. Psychosom. 82 (6) (2013) 355-362, https://doi.
org/10.1159/000353198.

J. O’Keefe, J. Dostrovsky, The hippocampus as a spatial map. Preliminary evidence
from unit activity in the freely-moving rat, Brain Res. 34 (1) (1971) 171-175,
https://doi.org/10.1016/0006-8993(71)90358-1.

M. Okun, I. Lampl, Instantaneous correlation of excitation and inhibition during
ongoing and sensory-evoked activities, Nat. Neurosci. 11 (5) (2008) 535-537,
https://doi.org/10.1038/nn.2105.

M. Olfson, M. King, M. Schoenbaum, Benzodiazepine Use in the United States,
JAMA Psychiatry 72 (2015) 136-142, https://doi.org/10.1001/
jamapsychiatry.2014.1763.

M. Panagiotou, V.V. Vyazovskiy, J.H. Meijer, T. Deboer, Differences in
electroencephalographic non-rapid-eye movement sleep slow-wave characteristics
between young and old mice, Sci. Rep. 7 (2017) srep43656, https://doi.org/
10.1038/srep43656.

LN. Pigarev, H.-C. Nothdurft, S. Kastner, Evidence for asynchronous development
of sleep in cortical areas, Neuroreport 8 (11) (1997) 2557-2560.

J.F.A. Poulet, C.C.H. Petersen, Internal brain state regulates membrane potential
synchrony in barrel cortex of behaving mice, Nature 454 (7206) (2008) 881-885,
https://doi.org/10.1038/nature07150.

N.C. Rattenborg, Do birds sleep in flight? Naturwissenschaften 93 (9) (2006)
413-425, https://doi.org/10.1007/s00114-006-0120-3.

N.C. Rattenborg, C.J. Amlaner, S.L. Lima, Behavioral, neurophysiological and
evolutionary perspectives on unihemispheric sleep, Neurosci. Biobehav. Rev. 24
(8) (2000) 817-842, https://doi.org/10.1016/50149-7634(00)00039-7.

S.H. Ridgway, Asymmetry and Symmetry in Brain Waves from Dolphin Left and
Right Hemispheres: Some Observations after Anesthesia, during Quiescent
Hanging Behavior, and during Visual Obstruction, Brain. Behav. Evol. 60 (5)
(2002) 265-274, https://doi.org/10.1159/000067192.

B.A. Riedner V.V. Vyazovskiy R. Huber M. Massimini S. Esser M. Murphy G. Tononi
Sleep Homeostasis and Cortical Synchronization: III. A High-Density EEG Study of
Sleep Slow Waves in Humans 30 12 2007 2007 1643 1657.

D. Riemann, C. Baglioni, C. Bassetti, B. Bjorvatn, L. Dolenc Groselj, J.G. Ellis, C.
A. Espie, D. Garcia-Borreguero, M. Gjerstad, M. Gongalves, E. Hertenstein,

M. Jansson-Frojmark, P.J. Jennum, D. Leger, C. Nissen, L. Parrino, T. Paunio,

D. Pevernagie, J. Verbraecken, H.-G. WeeB, A. Wichniak, 1. Zavalko, E.

S. Arnardottir, O.-C. Deleanu, B. Strazisar, M. Zoetmulder, K. Spiegelhalder,
European guideline for the diagnosis and treatment of insomnia, J. Sleep Res. 26


https://doi.org/10.1038/nrn3241
http://refhub.elsevier.com/S0006-2952(21)00111-8/h0055
http://refhub.elsevier.com/S0006-2952(21)00111-8/h0055
http://refhub.elsevier.com/S0006-2952(21)00111-8/h0055
http://refhub.elsevier.com/S0006-2952(21)00111-8/h0055
https://doi.org/10.1093/cercor/bhq009
https://doi.org/10.1371/journal.pbio.0060216
https://doi.org/10.1371/journal.pbio.0060216
https://doi.org/10.4449/aib.v152i2/3.3678
https://doi.org/10.4449/aib.v152i2/3.3678
https://doi.org/10.1016/S0006-8993(02)02247-3
https://doi.org/10.1016/S0006-8993(02)02247-3
https://doi.org/10.1046/j.1365-2869.1998.00125.x
https://doi.org/10.1046/j.1365-2869.1999.00159.x
https://doi.org/10.1046/j.0953-816x.2001.01597.x
https://doi.org/10.1038/ncomms13138
https://doi.org/10.1016/j.brainres.2012.12.047
https://doi.org/10.1016/j.brainres.2012.12.047
https://doi.org/10.1126/science:aad1023
https://doi.org/10.1126/science:aad1023
https://doi.org/10.1523/JNEUROSCI.2306-12.2012
https://doi.org/10.1523/JNEUROSCI.2306-12.2012
http://refhub.elsevier.com/S0006-2952(21)00111-8/h0120
http://refhub.elsevier.com/S0006-2952(21)00111-8/h0120
https://doi.org/10.1152/jn.2000.84.4.1888
https://doi.org/10.1152/jn.2000.84.4.1888
https://doi.org/10.1038/nature02663
https://doi.org/10.1007/BF00435262
https://doi.org/10.1007/BF00435262
https://doi.org/10.1046/j.1460-9568.2003.02651.x
https://doi.org/10.1046/j.1460-9568.2003.02651.x
https://doi.org/10.1073/pnas.0306975101
https://doi.org/10.1053/smrv.1999.0076
https://doi.org/10.1053/smrv.1999.0076
https://doi.org/10.1038/nature14622
https://doi.org/10.1038/nature14622
https://doi.org/10.1016/j.smrv.2015.08.005
https://doi.org/10.1016/j.smrv.2015.08.005
https://doi.org/10.1038/nrn2521
https://doi.org/10.1016/0893-133X(95)00157-9
https://doi.org/10.1002/(SICI)1521-3773(19991004)38:19<2852::AID-ANIE2852>3.0.CO;2-Z
https://doi.org/10.1002/(SICI)1521-3773(19991004)38:19<2852::AID-ANIE2852>3.0.CO;2-Z
https://doi.org/10.1523/JNEUROSCI.1156-13.2014
https://doi.org/10.1016/j.smrv.2016.03.002
https://doi.org/10.1016/j.smrv.2016.03.002
https://doi.org/10.1007/s002130100769
https://doi.org/10.1177/0269881107077355
https://doi.org/10.1177/0269881107077355
https://doi.org/10.1523/JNEUROSCI.1318-04.2004
https://doi.org/10.1523/JNEUROSCI.1318-04.2004
https://doi.org/10.1016/j.neuron.2015.09.012
https://doi.org/10.1016/j.neuron.2015.09.012
https://doi.org/10.1523/JNEUROSCI.2513-17.201810.1523/JNEUROSCI.2513-17.2018.video.110.1523/JNEUROSCI.2513-17.2018.video.2
https://doi.org/10.1523/JNEUROSCI.2513-17.201810.1523/JNEUROSCI.2513-17.2018.video.110.1523/JNEUROSCI.2513-17.2018.video.2
https://doi.org/10.1523/JNEUROSCI.2513-17.201810.1523/JNEUROSCI.2513-17.2018.video.110.1523/JNEUROSCI.2513-17.2018.video.2
https://doi.org/10.1016/0304-3940(87)90684-7
https://doi.org/10.1016/0304-3940(87)90684-7
https://doi.org/10.1016/0006-8993(77)90835-6
https://doi.org/10.1073/pnas.0807933106
https://doi.org/10.1016/0013-4694(69)90103-5
https://doi.org/10.1016/j.neuron.2011.02.043
https://doi.org/10.1016/j.neuron.2011.02.043
https://doi.org/10.1016/S0140-6736(07)60464-4
https://doi.org/10.1007/s11940-016-0401-x
https://doi.org/10.1007/s11940-016-0401-x
https://doi.org/10.1159/000353198
https://doi.org/10.1159/000353198
https://doi.org/10.1016/0006-8993(71)90358-1
https://doi.org/10.1038/nn.2105
https://doi.org/10.1001/jamapsychiatry.2014.1763
https://doi.org/10.1001/jamapsychiatry.2014.1763
https://doi.org/10.1038/srep43656
https://doi.org/10.1038/srep43656
http://refhub.elsevier.com/S0006-2952(21)00111-8/h0275
http://refhub.elsevier.com/S0006-2952(21)00111-8/h0275
https://doi.org/10.1038/nature07150
https://doi.org/10.1007/s00114-006-0120-3
https://doi.org/10.1016/S0149-7634(00)00039-7
https://doi.org/10.1159/000067192

L.E. McKillop et al.

[62]

[63]

[64]

[65]

[66]

671

[68]

[69]

[70]

[71]

[72]

[73]

[74]

(6) (2017) 675-700, https://doi.org/10.1111/jsr.2017.26.issue-610.1111/
jsr.12594.

D. Riemann, L.B. Krone, K. Wulff, C. Nissen, Sleep, insomnia, and depression,
Neuropsychopharmacology 45 (1) (2020) 74-89, https://doi.org/10.1038/
s41386-019-0411-y.

D. Riemann C. Nissen Sleep and Psychotropic Drugs 2012 Handb. Sleep Sleep
Disord Oxf 10.1093/0xfordhb/9780195376203.013.0011.

D. Riemann, M.L. Perlis, The treatments of chronic insomnia: a review of
benzodiazepine receptor agonists and psychological and behavioral therapies,
Sleep Med. Rev. 13 (3) (2009) 205-214, https://doi.org/10.1016/j.
smrv.2008.06.001.

J. Riss, J. Cloyd, J. Gates, S. Collins, Benzodiazepines in epilepsy: pharmacology
and pharmacokinetics, Acta Neurol. Scand. 118 (2008) 69-86, https://doi.org/
10.1111/j.1600-0404.2008.01004.x.

T. Roehrs, L. Merlotti, F. Zorick, T. Roth, Sedative, memory, and performance
effects of hypnotics, Psychopharmacology (Berl.) 116 (2) (1994) 130-134, https://
doi.org/10.1007/BF02245054.

M.V. Sanchez-Vives, D.A. McCormick, Cellular and network mechanisms of
rhythmic recurrent activity in neocortex, Nat. Neurosci. 3 (10) (2000) 1027-1034,
https://doi.org/10.1038/79848.

Sateia Michael J., Buysse Daniel J., Krystal Andrew D., Neubauer David N., Heald
Jonathan L., n.d. Clinical Practice Guideline for the Pharmacologic Treatment of
Chronic Insomnia in Adults: An American Academy of Sleep Medicine Clinical
Practice Guideline. J. Clin. Sleep Med. 13, 307-349. https://doi.org/10.5664/
jesm.6470.

C. Scheffziik, V.I. Kukushka, A.L. Vyssotski, A. Draguhn, A.B.L. Tort, J. Brankack,
Global slowing of network oscillations in mouse neocortex by diazepam,
Neuropharmacology 65 (2013) 123-133, https://doi.org/10.1016/j.
neuropharm.2012.09.014.

S. Schutte-Rodin, L. Broch, D. Buysse, C. Dorsey, M. Sateia, Clinical Guideline for
the Evaluation and Management of Chronic Insomnia in Adults. J. Clin. Sleep Med.
JCSM Off, Publ. Am. Acad. Sleep Med. 04 (05) (2008) 487-504.

B. Schwierin, P. Achermann, T. Deboer, A. Oleksenko, A.A. Borbély, I. Tobler,
Regional differences in the dynamics of the cortical EEG in the rat after sleep
deprivation, Clin. Neurophysiol. Off. J. Int. Fed. Clin. Neurophysiol. 110 (5) (1999)
869-875, https://doi.org/10.1016/51388-2457(99)00020-6.

H.E. Shannon, S. Herling, Discriminative stimulus effects of diazepam in rats:
evidence for a maximal effect, J. Pharmacol. Exp. Ther. 227 (1983) 160-166.

A. Sirota, G. Buzsdki, Interaction between neocortical and hippocampal networks
via slow oscillations, Thalamus Relat. Syst. 3 (2005) 245-259, https://doi.org/
10.1017/S1472928807000258.

M.T. Smith, M.L. Perlis, A. Park, M.S. Smith, J. Pennington, D.E. Giles, D.J. Buysse,
Comparative meta-analysis of pharmacotherapy and behavior therapy for
persistent insomnia, Am. J. Psychiatry 159 (1) (2002) 5-11, https://doi.org/
10.1176/appi.ajp.159.1.5.

11

[75]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

[87]

[88]

Biochemical Pharmacology 191 (2021) 114515

M. Steriade, Grouping of brain rhythms in corticothalamic systems, Neuroscience
137 (4) (2006) 1087-1106, https://doi.org/10.1016/j.neuroscience:2005.10.029.
M. Steriade, D. McCormick, T. Sejnowski, Thalamocortical oscillations in the
sleeping and aroused brain, Science 262 (5134) (1993) 679-685, https://doi.org/
10.1126/science:8235588.

S.A. Stewart, The Effects of Benzodiazepines on Cognition, J. Clin. Psychiatry 66
(2005) 9-13.

K.R. Tan, U. Rudolph, C. Liischer, Hooked on benzodiazepines: GABAA receptor
subtypes and addiction, Trends Neurosci. 34 (4) (2011) 188-197, https://doi.org/
10.1016/j.tins.2011.01.004.

1. Tobler, C. Kopp, T. Deboer, U. Rudolph, Diazepam-induced changes in sleep:
Role of the a1 GABAA receptor subtype, Proc. Natl. Acad. Sci. 98 (2001)
6464-6469, https://doi.org/10.1073/pnas.111055398.

S.A.G. Visser, F.L.C. Wolters, J.M. Gubbens-Stibbe, E. Tukker, P.H. van der Graaf,
L.A. Peletier, M. Danhof, Mechanism-based pharmacokinetic/pharmacodynamic
modeling of the electroencephalogram effects of GABAA receptor modulators: In
vitro-in vivo correlations, J. Pharmacol. Exp. Ther. 304 (1) (2003) 88-101, https://
doi.org/10.1124/jpet.102.042341.

V.V. Vyazovskiy, K.D. Harris, Sleep and the single neuron: the role of global slow
oscillations in individual cell rest, Nat. Rev. Neurosci. 14 (6) (2013) 443-451,
https://doi.org/10.1038/nrn3494.

V.V. Vyazovskiy, C. Kopp, E. Wigger, M.E.E. Jones, E.R. Simpson, I. Tobler, Sleep
and Rest Regulation in Young and Old Oestrogen-Deficient Female Mice,

J. Neuroendocrinol. 18 (8) (2006) 567-576, https://doi.org/10.1111/jne.2006.18.
issue-810.1111/j.1365-2826.2006.01452.x.

V.V. Vyazovskiy, U. Olcese, E.C. Hanlon, Y. Nir, C. Cirelli, G. Tononi, Local sleep in
awake rats, Nature 472 (7344) (2011) 443-447, https://doi.org/10.1038/
nature10009.

V.V. Vyazovskiy, U. Olcese, Y.M. Lazimy, U. Faraguna, S.K. Esser, J.C. Williams,
C. Cirelli, G. Tononi, Cortical firing and sleep homeostasis, Neuron 63 (6) (2009)
865-878, https://doi.org/10.1016/j.neuron.2009.08.024.

V.V. Vyazovskiy B.A. Riedner C. Cirelli G. Tononi Sleep Homeostasis and Cortical
Synchronization: II. A Local Field Potential Study of Sleep Slow Waves in the Rat
30 12 2007 2007 1631 1642.

V.V. Vyazovskiy, G. Ruijgrok, T. Deboer, 1. Tobler, Running Wheel Accessibility
Affects the Regional Electroencephalogram during Sleep in Mice, Cereb. Cortex 16
(2006) 328-336, https://doi.org/10.1093/cercor/bhil10.

V.V. Vyazovskiy, I. Tobler, Regional differences in NREM sleep slow-wave activity
in mice with congenital callosal dysgenesis, J. Sleep Res. 14 (3) (2005) 299-304,
https://doi.org/10.1111/jsr.2005.14.issue-310.1111/j.1365-2869.2005.00456.x.
E. Werth, P. Achermann, A.A. Borbély, Brain topography of the human sleep EEG:
antero-posterior shifts of spectral power, Neuroreport 8 (1) (1996) 123-127,
https://doi.org/10.1097,/00001756-199612200-00025.


https://doi.org/10.1111/jsr.2017.26.issue-610.1111/jsr.12594
https://doi.org/10.1111/jsr.2017.26.issue-610.1111/jsr.12594
https://doi.org/10.1038/s41386-019-0411-y
https://doi.org/10.1038/s41386-019-0411-y
https://doi.org/10.1016/j.smrv.2008.06.001
https://doi.org/10.1016/j.smrv.2008.06.001
https://doi.org/10.1111/j.1600-0404.2008.01004.x
https://doi.org/10.1111/j.1600-0404.2008.01004.x
https://doi.org/10.1007/BF02245054
https://doi.org/10.1007/BF02245054
https://doi.org/10.1038/79848
https://doi.org/10.1016/j.neuropharm.2012.09.014
https://doi.org/10.1016/j.neuropharm.2012.09.014
http://refhub.elsevier.com/S0006-2952(21)00111-8/h0350
http://refhub.elsevier.com/S0006-2952(21)00111-8/h0350
http://refhub.elsevier.com/S0006-2952(21)00111-8/h0350
https://doi.org/10.1016/S1388-2457(99)00020-6
http://refhub.elsevier.com/S0006-2952(21)00111-8/h0360
http://refhub.elsevier.com/S0006-2952(21)00111-8/h0360
https://doi.org/10.1017/S1472928807000258
https://doi.org/10.1017/S1472928807000258
https://doi.org/10.1176/appi.ajp.159.1.5
https://doi.org/10.1176/appi.ajp.159.1.5
https://doi.org/10.1016/j.neuroscience:2005.10.029
https://doi.org/10.1126/science:8235588
https://doi.org/10.1126/science:8235588
http://refhub.elsevier.com/S0006-2952(21)00111-8/h0385
http://refhub.elsevier.com/S0006-2952(21)00111-8/h0385
https://doi.org/10.1016/j.tins.2011.01.004
https://doi.org/10.1016/j.tins.2011.01.004
https://doi.org/10.1073/pnas.111055398
https://doi.org/10.1124/jpet.102.042341
https://doi.org/10.1124/jpet.102.042341
https://doi.org/10.1038/nrn3494
https://doi.org/10.1111/jne.2006.18.issue-810.1111/j.1365-2826.2006.01452.x
https://doi.org/10.1111/jne.2006.18.issue-810.1111/j.1365-2826.2006.01452.x
https://doi.org/10.1038/nature10009
https://doi.org/10.1038/nature10009
https://doi.org/10.1016/j.neuron.2009.08.024
https://doi.org/10.1093/cercor/bhi110
https://doi.org/10.1111/jsr.2005.14.issue-310.1111/j.1365-2869.2005.00456.x
https://doi.org/10.1097/00001756-199612200-00025

	Diazepam effects on local cortical neural activity during sleep in mice
	1 Introduction
	2 Materials and methods
	2.1 Experimental animals
	2.2 Surgical implantation of recording electrodes
	2.3 Signal processing
	2.4 Experimental design

	3 Results
	4 Discussion
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Acknowledgements
	References


