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Figure 1. Suppression of REM sleep following CNO injection. (a) Time course of wakefulness, NREM, and REM sleep in the 6 hr following 
intraperitoneal injections of CNO or saline at light onset (ZT 0). (b) Percentage of time spent in the three vigilance states during the first 2 hr (left column) 
and over the entire 6 hr observation period (right column) after saline and CNO injections. Note that REM sleep is presented both as proportion of the 
recording time (third row) and of the total sleep time (fourth row). n=16 for saline, n=11 for 1 mg/kg, n=15 for 5 mg/kg, n=14 for 10 mg/kg. Asterisks 
indicate post hoc comparisons with significant differences (*p<0.05, **p<0.01, ***p<0.001) for analyses with significant main effects. CNO: clozapine-N-
oxide. NREM: non-rapid eye movement sleep. REM: rapid eye movement sleep. TST: total sleep time. ZT: zeitgeber time.
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Figure 1—figure supplement 1. Reduced REM/NREM ratio following CNO injections. (a) Time course of REM sleep expressed as ratio between REM 
and NREM sleep over the 6 hr following intraperitoneal injections of CNO or saline at light onset (ZT 0). (b) REM/NREM ratio during the first 2 hr (left 
column) and over the entire 6 hr observation period (right column) after saline and CNO injections. n=16 for saline, n=11 for 1 mg/kg, n=15 for 5 mg/
kg, n=14 for 10 mg/kg for vigilance state analysis. Asterisks indicate post hoc comparisons with significant differences (*p<0.05, **p<0.01, ***p<0.001) 
for analyses with significant main effects. CNO: clozapine-N-oxide. EEG: electroencephalogram. NREM: non-rapid eye movement sleep. REM: rapid eye 
movement sleep. ZT: zeitgeber time.
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Figure 2. Altered sleep architecture following CNO injections. (a) Representative hypnograms and EEG slow wave activity (0.5–4.0 Hz, 4 s epochs) from 
one individual mouse after injection of saline (left panel) and 5 mg/kg CNO (right panel). Note the reduced latency to NREM sleep, the suppression of 
REM sleep, and the increased duration of individual NREM sleep episodes. (b) NREM sleep architecture and (c) REM sleep architecture over the 6 hr 
observation period following saline and CNO injections. Note that for the average REM episode duration there is a main effect of ‘treatment condition’ 
but none of the individual post hoc comparisons between CNO and saline reaches the significance level of p=0.05. n=16 for saline, n=11 for 1 mg/kg, 
n=15 for 5 mg/kg, n=14 for 10 mg/kg for vigilance state analysis in panels b and c. Asterisks indicate post hoc comparisons with significant differences 
(*p<0.05, **p<0.01, ***p<0.001) for analyses with significant main effects. CNO: clozapine-N-oxide. EEG: electroencephalogram. NREM: non-rapid eye 
movement sleep. REM: rapid eye movement sleep.
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Figure 3. EEG spectral changes, increased sleep state stability, and sleep continuity following CNO injections. (a) Frontal EEG spectra during NREM 
sleep following CNO injections relative to saline injections for the acute (first 2 hr, left column) and prolonged (6 hr, right column) observation period. 
Note the sustained reduction of power in frequency bands >6–8 Hz in the 5 and 10 mg/kg CNO conditions. (b) Transitions between vigilance states in 
the 6 hr period following saline and CNO injections. Note the increased stability of REM and NREM sleep for the 5 mg/kg CNO (REM>REM: p=0.0192, 
Cohen’s d=0.73681; NREM>NREM: p=0.0132, Cohen’s d=0.71052) and 10 mg/kg CNO (REM>REM: p=0.0492, Cohen’s d=0.65815; NREM>NREM: 
p=0.0214, Cohen’s d=0.77396) condition. Solid olive lines indicate significantly increased transitions/continuations of vigilance states in the respective 
CNO condition compared to the saline condition, dashed grey lines indicate all possible vigilance state transitions/continuations. (c) Cumulative amount 
of NREM sleep before the first occurrence of REM sleep. (d) Frequency of brief awakenings (4–16 s) per hour of sleep for the first 2 hr after injections. 
(e) summary of effects of 5 and 10 mg/kg CNO on sleep in DREADD-free mice. n=10 for saline, n=6 for 1 mg/kg, n=10 for 5 mg/kg, n=8 for 10 mg/
kg for spectral analysis. n=16 for saline, n=11 for 1 mg/kg, n=15 for 5 mg/kg, n=14 for 10 mg/kg for vigilance state analysis. n=15 for saline, n=11 
for 1 mg/kg, n=15 for 5 mg/kg, n=13 for 10 mg/kg for analysis of brief awakenings. Asterisks in panels c and d indicate post hoc comparisons with 
significant differences (*p<0.05, **p<0.01, ***p<0.001,, ****p<0.001). Asterisks in panel a indicate frequency bins with significant differences in post hoc 
comparisons using uncorrected paired t-tests (p<0.05) following a significant interaction effect between ‘frequency’ and ‘condition’ in two-way ANOVAs. 
Data in panel a are presented as the mean ± s.e.m. (shaded areas). ANOVA: analysis of variance. CNO: clozapine-N-oxide. EEG: electroencephalogram. 
NREM: non-rapid eye movement sleep.
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Figure 3—figure supplement 1. EEG power spectra of wakefulness, NREM, and REM sleep following injections of saline and 1 mg/kg CNO. Frontal 
EEG spectra in 0.25 Hz bins between 0.5 and 30 Hz arranged by vigilance state and time window. Two-way ANOVAs revealed a significant interaction 
effect between ‘frequency’ and ‘condition’ and main effect for ‘frequency’ in the 6 hr REM spectrogram, but no significant main effects for ‘condition’. 
Frequency bins with significant differences in post hoc tests using uncorrected paired t-tests for α-error probability of p=0.05 are indicated with grey 
asterisks, for α-error probability of p=0.01 with black asterisks, and using Benjamini-Hochberg (BH) correction for multiple testing with light blue 
asterisks. n=6 for saline (grey) vs. 1 mg/kg CNO (green) comparison in spectral analysis, n=5 for REM spectral analysis in the 2 hr time window due to 
the absence of REM sleep in one animal following CNO injection. Data are presented as the mean ± s.e.m. (shaded areas). ANOVA: analysis of variance. 
CNO: clozapine-N-oxide. EEG: electroencephalogram. NREM: non-rapid eye movement sleep. REM: rapid eye movement sleep.
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Figure 3—figure supplement 2. EEG power spectra of wakefulness, NREM, and REM sleep following injections of saline and 5 mg/kg CNO. Frontal 
EEG spectra in 0.25 Hz bins between 0.5 and 30 Hz arranged by vigilance state and time window. Two-way ANOVAs for NREM sleep spectra revealed 
a significant interaction effect between ‘frequency’ and ‘condition’ and main effects for ‘condition’ and for ‘frequency’. Frequency bins with significant 
differences in post hoc tests using uncorrected paired t-tests for α-error probability of p=0.05 are indicated with grey asterisks, for α-error probability of 
p=0.01 with black asterisks, and using Benjamini-Hochberg (BH) correction for multiple testing with light blue asterisks. Note the systematic increase of 
slow frequencies (0–1.25 Hz) in the first 2 hr and the suppression of spectral power in higher frequencies (6.25–30 Hz) in the NREM sleep spectrogram 
both in the first 2 hr and over the entire observation period. n=10 for saline (grey) vs. 5 mg/kg CNO (orange) comparison in spectral analysis, n=9 for 
REM spectral analysis in the 2 hr time window due to the absence of REM sleep in one animal following CNO injection. Data are presented as the mean 
± s.e.m. (shaded areas). ANOVA: analysis of variance. CNO: clozapine-N-oxide. EEG: electroencephalogram. NREM: non-rapid eye movement sleep. 
REM: rapid eye movement sleep.



 ﻿Research article﻿﻿﻿﻿﻿ Neuroscience

Traut, Mengual et al. eLife 2023;12:e84740. DOI: https://doi.org/10.7554/eLife.84740 � 8 of 14

Figure 3—figure supplement 3. EEG power spectra of wakefulness, NREM, and REM sleep following injections of saline and 10 mg/kg CNO. Frontal 
EEG spectra in 0.25 Hz bins between 0.5 and 30 Hz arranged by vigilance state and time window. Two-way ANOVAs for NREM sleep spectra revealed a 
significant interaction effect between ‘frequency’ and ‘condition’ and main effects for ‘condition’ and for ‘frequency’. Two-way ANOVAs for REM sleep 
spectra also revealed a significant interaction effect between ‘frequency’ and ‘condition’ and a significant main effect for ‘frequency’, but no significant 
main effects for ‘condition’. Frequency bins with significant differences in post hoc tests using uncorrected paired t-tests for α-error probability of p=0.05 
are indicated with grey asterisks, for α-error probability of p=0.01 with black asterisks, and using Benjamini-Hochberg (BH) correction for multiple testing 
with light blue asterisks. Note the suppression of spectral power in higher frequencies (8.75–30 Hz) in the NREM sleep spectrogram both in the first 2 hr 
and over the entire observation period. n=8 for saline (grey) vs. 10 mg/kg CNO (red) comparison in spectral analysis. Data are presented as the mean 
± s.e.m. (shaded areas). ANOVA: analysis of variance. CNO: clozapine-N-oxide. EEG: electroencephalogram. NREM: non-rapid eye movement sleep. 
REM: rapid eye movement sleep.
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Figure 4. Suppression of REM sleep following C21 injections. (a) Time course of wakefulness, NREM, and REM sleep in the 6 hr following injection of 
C21 or saline at light onset (ZT 0). (b) Percentage of time spent in the three vigilance states during the first 2 hr (left column) and over the entire 6 hr 
observation period after saline and C21 injections. Note that REM sleep is presented both as proportion of the recording time (third row) and of the 
total sleep time (fourth row). n=7. Asterisks indicate t-tests with significant differences (*p<0.05, **p<0.01, ***p<0.001). C21: compound 21. NREM: non-
rapid eye movement sleep. REM: rapid eye movement sleep. TST: total sleep time. ZT: zeitgeber time.
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Figure 4—figure supplement 1. Reduced REM/NREM ratio following C21 injections. (a) Time course of REM sleep expressed as the ratio between 
REM and NREM sleep over the 6 hr following intraperitoneal injections of C21 or saline at light onset (ZT 0). (b) REM/NREM ratio during the first 2 hr 
(left column) and over the entire 6 hr observation period (right column) after saline and C21 injections. n=7. Asterisks indicate t-tests with significant 
differences (*p<0.05, **p<0.01, ***p<0.001). C21: compound 21. NREM: non-rapid eye movement sleep. REM: rapid eye movement sleep. TST: total 
sleep time. ZT: zeitgeber time.
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Figure 5. Effects of C21 on sleep architecture, NREM sleep spectra, sleep state stability, and sleep continuity resemble the effects of CNO. (a) NREM 
sleep architecture and (b) REM sleep architecture for the 6 hr observation period following C21 injections. (c) Frontal EEG spectra during NREM sleep 
relative to saline injections for the acute (first 2 hr, dark blue) and full (6 hr, light blue) observation period following C21 injections. Asterisks indicate 
frequency bins with significant differences in post hoc comparisons using uncorrected paired t-tests (p<0.05; acute: dark blue, full: light blue) following 
a significant interaction effect between ‘frequency’ and ‘condition’ in two-way ANOVAs. (d) Transitions between vigilance states in the 6 hr period 
following saline and C21 injections. Note the increased stability of REM and NREM sleep (REM>REM: p=0.0144, Cohen’s d=1.0325; NREM>NREM: 
p=0.0384, Cohen’s d=0.81527). Solid olive lines indicate significantly increased transitions/continuations of vigilance states in the C21 condition 
compared to the saline condition, dashed grey lines indicate all possible vigilance state transitions/continuations. (e) Cumulative amount of NREM sleep 
before the first occurrence of REM sleep. (f) Frequency of brief awakenings (4–16 s) per hour of sleep for the first 2 hr after injections. Number of animals 
n=7 mice for vigilance state analysis in panels a, b, d, and e. For analysis of EEG NREM spectra in panel c and brief awakenings in panel f: n=6 mice. 
Asterisks in panels a, b, e, and f indicate t-tests with significant differences (*p<0.05, **p<0.01, ***p<0.001). Data in c are presented as the mean ± s.e.m. 
(shaded areas). ANOVA: analysis of variance. C21: compound 21. EEG: electroencephalogram. NREM: non-rapid eye movement sleep. REM: rapid eye 
movement sleep.
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Figure 5—figure supplement 1. EEG spectral analysis of NREM sleep following injections of saline and 3 mg/kg C21. (a) Frontal EEG spectra in 
0.25 Hz bins between 0.5 and 30 Hz for the acute (first 2 hr, left) and full (first 6 hr, right) observation time window. For the 2 hr time window, the two-
way ANOVA revealed an interaction effect between ‘condition’ and ‘frequency’ (F(118,590)=2.961, p<0.0001), but the main effect of ‘condition’ did not 
reach statistical significance (F(1,5) = 6.560, p=0.0506). In the 6 hr time window, there was an interaction effect between ‘condition’ and ‘frequency’ (F(118, 

590)=4.726, p<0.0001) as well as a main effect of ‘condition’ (F(1,5) = 10.32, p=0.0237). Both ANOVAs also revealed a main effect of ‘frequency’. Frequency 
bins with significant differences in post hoc tests using uncorrected paired t-tests for α-error probability of p=0.05 are indicated with grey asterisks, for 
α-error probability of p=0.01 with black asterisks, and using Benjamini-Hochberg (BH) correction for multiple testing with light blue asterisks. (b) Frontal 
EEG spectra during NREM sleep following C21 injections relative to saline injections for the acute (first 2 hr, left) and prolonged (6 hr, right) observation 
period. Frequency bins with significant differences in uncorrected paired t-tests for α-error probability of p=0.05 are indicated with grey asterisks. n=6 
for saline (grey) vs. 3 mg/kg C21 (blue). Data are presented as the mean ± s.e.m. (shaded areas). ANOVA: analysis of variance. C21: compound 21. EEG: 
electroencephalogram. NREM: non-rapid eye movement sleep. REM: rapid eye movement sleep.
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Figure 5—figure supplement 2. EEG power spectra of wakefulness, NREM, and REM sleep following injections of saline and 3 mg/kg C21. Frontal 
EEG spectra in 0.25 Hz bins between 0.5 and 30 Hz arranged by vigilance state and time window. Note that due to the low number of suitable animals 
n=3 for the wake condition (because of movement artefacts in the EEG) no null-hypothesis testing was performed and the data are only presented for 
qualitative assessment. Data for all three vigilance states are only presented for n=3 to maintain the within-subject comparison. Data are presented 
as the mean ± s.e.m. (shaded areas). C21: clozapine-N-oxide. EEG: electroencephalogram. NREM: non-rapid eye movement sleep. REM: rapid eye 
movement sleep.
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Figure 6. Implant configurations. (a) LED anchor screw, bilateral frontal and occipital EEG screws, and cerebellar reference screw. Implant configuration 
of n=5 mice. (b) Microinfusion cannula, right frontal and occipital EEG screws, and a cerebellar reference screw. Implant configuration of n=4 mice. 
(c) LED anchor screw, bilateral frontal and left occipital EEG screws, right occipital laminar probe, and cerebellar ground and reference screws. Implant 
configuration of n=4 mice. (d) Bilateral frontal and occipital EEG screws, and cerebellar reference screw. Implant configuration of n=3 mice. LED: light-
emitting diode. EEG: electroencephalogram.


