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Neural signatures of sleep in zebrafish
Louis C. Leung1, Gordon X. Wang1, Romain Madelaine1, Gemini Skariah1, Koichi Kawakami2, Karl Deisseroth3,4,5,  
Alexander E. Urban6 & Philippe Mourrain1,7*

Slow-wave sleep and rapid eye movement (or paradoxical) sleep have been found in mammals, birds and lizards, but 
it is unclear whether these neuronal signatures are found in non-amniotic vertebrates. Here we develop non-invasive 
fluorescence-based polysomnography for zebrafish, and show—using unbiased, brain-wide activity recording coupled 
with assessment of eye movement, muscle dynamics and heart rate—that there are at least two major sleep signatures in 
zebrafish. These signatures, which we term slow bursting sleep and propagating wave sleep, share commonalities with 
those of slow-wave sleep and paradoxical or rapid eye movement sleep, respectively. Further, we find that melanin-
concentrating hormone signalling (which is involved in mammalian sleep) also regulates propagating wave sleep 
signatures and the overall amount of sleep in zebrafish, probably via activation of ependymal cells. These observations 
suggest that common neural signatures of sleep may have emerged in the vertebrate brain over 450 million years ago.

Sleep has been described in all branches of the animal kingdom using 
behavioural criteria1–3. This sleep definition has been further expanded 
to include the main electrophysiological hallmarks of human sleep such 
as slow-wave sleep (SWS) and paradoxical or rapid eye movement 
(REM) sleep (abbreviated to PS/REM when referred to collectively), 
which so far have only been reported in mammals, birds and rep-
tiles1,2,4. It is unclear whether these phenomena exist in non-amniotic  
vertebrates such as fishes and amphibians, which leaves open the question  
of whether these states are specific to recent evolution of the neocortex or 
whether they emerged along with the vertebrate brain over 450 million  
years ago2 (Extended Data Fig. 1a).

In the diurnal vertebrate zebrafish, a bona fide sleep state has been 
well-established through behavioural criteria; both adult and larval 
zebrafish exhibit circadian-regulated periods of reversible immobil-
ity associated with an increased arousal threshold5–7, as well as sleep 
rebound in response to sleep deprivation6–9. However, it is difficult to 
find neuronal sleep signatures in a fish brain because of the absence of 
a conventional neocortex, at which electroencephalograms (EEG) are 
typically recorded. Nevertheless, teleost fish possess the dorsal pallium 
(considered to be a homologue of the neocortex10), which suggests that 
sleep signatures might be found by examining this region. Crucially, 
the major sleep circuits and neuromodulators that are implicated in the 
regulation of the sleep–wake cycle (such as hypothalamic histamine, 
hypocretin and melanin-concentrating hormone (MCH), and pontine 
acetylcholine and GABA) are mostly found in the subcortex, and are 
well-conserved across vertebrate species from human to zebrafish6,9,11 
(Extended Data Fig. 1a), which raises the question of whether there are 
conserved subcortical signatures of sleep.

Neuronal activity in slow oscillating sleep
The compact size and linear rostrocaudal organization of the trans-
lucent brain of the larval zebrafish presents an opportunity to  
identify—in an agnostic fashion—the neuronal sleep signatures that 
could have pre-existed the radiation of amniotes. We therefore first 
recorded neuronal activity during sleep in the dorsal pallium of one- 
to two-week-old zebrafish larvae that expressed the calcium indicator 
GCaMP6F12 under a panneuronal promoter13 (Fig. 1a, b). To promote 

sleep under restraint and light-microscopy conditions, larvae under-
went sleep deprivation (Extended Data Fig. 1b, Methods). Behavioural 
sleep was first assessed by actimetry to ensure optimal conditions for 
sleep consolidation (Extended Data Fig. 1c–e), as previously estab-
lished5,7,9. After sleep deprivation, larvae were imaged at single-cell 
resolution for dorsal pallium activity, and compared to non-sleep- 
deprived sibling controls. We observed that in awake, non-sleep-deprived  
fish high spontaneous activity in the telencephalon occurred at the 
anterolateral regions of the dorsal pallium, and was desynchronous 
(Fig. 1c, e, see Supplementary Information, supplementary video 1). 
Notably, when asleep, sleep-deprived fish displayed highly synchronous 
bursts of activity punctuated by periods of silence in the dorsal pallium 
(Fig. 1d, f, see Supplementary Information, supplementary video 2). 
Quantification of activity in each pallial hemisphere of sleep-deprived 
versus non-sleep-deprived brains showed significant shifts in three 
metrics of activity and synchronicity within and between hemispheres: 
periodicity (the inter Ca2+ transient interval (ITI)), amplitude and 
coherence index (coincident firing of >50% of a population per epoch 
(Methods, Supplementary Fig. 1)). During sleep, the average interval 
of firing activity was longer (sleep-deprived ITI of 12.26 ± 2.91 s versus 
non-sleep-deprived ITI of 3.84 ± 0.14 s) (Extended Data Fig. 1f), and—
in sleep-deprived fish—the average burst intensity of Ca2+ transients 
was higher in sleep than those observed during wake (25.75 ± 0.29% 
increase in spike fluorescence) (Fig. 1d, f). The coherence index, which 
measures inter-neuronal synchronicity, was significantly higher for 
sleep-deprived brains compared to non-sleep-deprived ((18.84% versus 
6.38%, respectively) (Fig. 1d, f). Further, the probability of observing 
the signature of what we here term slow bursting sleep (SBS) (syn-
chronous ITI band of 5–30 s) increased with the duration of sleep 
deprivation (non-sleep-deprived 0%, 1-d sleep deprivation 25%, 2-d 
sleep deprivation 57% and 3-d sleep-deprivation 71%) (Extended Data 
Fig. 1g), which suggests that the occurrence of SBS activity in zebrafish 
is proportional to sleep pressure (sleep homeostasis).

Pallial sleep signatures with hypnotics
We next investigated whether sleep-related neuronal activities, such 
as the SBS signature, could be induced with hypnotic compounds. 
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Stimulation of non-sleep-deprived fish with hypnotics at doses that 
induce behavioural sleep states (Supplementary Table 1) revealed 
three categories of neuronal signature in the dorsal pallium (Fig. 2b, c,  
Extended Data Fig. 2): SBS, broad silencing and waveforms that travel 
in a caudal-to-rostral direction (see Supplementary Information for 
description of dimensionality reduction in Fig. 2). Unlike carrier 
controls (Fig. 2a), intra- and inter-hemispheric SBS were induced by 
the histamine receptor (H1R) antagonists mepyramine (Fig. 2b, see 
Supplementary Information, supplementary video 3) and prometh-
azine (Extended Data Fig. 2a). We found increased slow synchronous 
activity upon treatment with these compounds, as shown by changes 
in the ITI (4.42 ± 0.38 s versus 16.55 ± 6.79 s), amplitude (25.37% 
increase) and coherence index (6.06% versus 31.18%) between baseline 

and mepyramine dynamics. Similar to sleep deprivation, H1R antago-
nism in zebrafish increases neuronal network synchronicity, resulting 
in slower-frequency, higher-amplitude neuronal bursts in the dorsal 
pallium of sleeping fish; together, these observations reflect a state that 
shares commonalities with mammalian SWS. Indeed, EEG slow waves 
reflect the oscillation of synchronized on–off activity in cortical neu-
rons14. Similar to the role of slow-wave activity as the primary indicator 
of the length of prior wakefulness or sleep pressure15,16, we found that 
increases in SBS were proportional to the duration of sleep deprivation. 
Indeed, in rodents and cats, H1R antagonism specifically increases and 
consolidates SWS at the expense of REM sleep17–19. However, a nota-
ble difference between SBS dynamics and SWS is the relatively slower 
speed of the former (see Supplementary Information for discussion of 
the infra-slow band (<0.1 Hz)). Our data suggest that synchronous 
oscillatory neuronal states during sleep may have arisen earlier than 
previously expected in the evolution of the vertebrate nervous system.

Unlike SBS, the hypnotic GABAA-receptor agonist gaboxadol and 
the anaesthetic MS222 induced sustained silencing in overall activity 
in the dorsal pallium (Extended Data Fig. 2b, c, see Supplementary 
Information, supplementary videos 4, 5). It has previously been 
reported in mice that a broad reduction in overall cortical activity 
occurs during sleep20, which suggests that this reduction might be a 
feature of sleep and would be consistent with the hypnotic effect of 
gaboxadol in flies21. However, it is doubtful that such total, unbiased 
shutdown of firing represents a bona fide sleep state; the similarity 
between the states induced by gaboxadol and the MS222 anaesthetic 
therefore led us to reject this compound from further study.

The final category of sleep signature is characterized by travelling 
waves of neuronal activity that spread anteriorly across the telenceph-
alon. This specific signature was induced by three compounds: the 
non-benzodiazepine imidazopyridine hypnotic zolpidem22 (Extended 
Data Fig. 2d, see Supplementary Information, supplementary video 6), 
the cholinomimetic carbachol (Fig. 2c, see Supplementary Information, 
supplementary video 7) and eserine23, an acetylcholine esterase inhib-
itor (Extended Data Fig. 2e). We observed a sequence of activations 
that started with a noticeable relaxation of the telencephalon (seen 
by tissue distention; see Supplementary Information, supplementary 
video 7), followed by a stereotyped caudal-to-rostral midline activa-
tion, and then by a high-amplitude wave (with a mean duration of 
about 2.5 min) that swept through the telencephalon (Fig. 2c). After 
this transient wave, there is a return to desynchronized activity in the 
dorsal pallium. Together, we find that—at the dorsal pallium—at least 
two neuronal sleep signatures are revealed at single-cell resolution: SBS 
and travelling waves.

Fluorescence-based polysomnography for SBS
As sleep is a body-wide phenomenon that cannot be defined solely by 
a telencephalic neuronal signature, we sought to incorporate a measure 
of the physiological parameters used to define sleep through polysom-
nography (PSG). We developed an imaging platform that combined a 
custom light-sheet microscope—which enables high-speed, wide-field 
and pixel-synchronous acquisition across the animal (Fig. 3a)—with 
a transgenic zebrafish line (which we named ‘zPSG’) that expresses 
GCaMP7a in the brain and trunk muscles and GFP in the heart (Fig. 3b, 
Methods) to perform fluorescence-based (f)PSG. fPSG recapitulates 
PSG in fish (Fig. 3c) through proxies for brain activity (an fEEG),  
muscle activity (a fluorescence-based electromyogram (fEMG)), 
heart rate (a fluorescence-based electrocardiogram (fECG)) and eye  
movement (a fluorescence-based electrooculogram (fEOG)).

Consistent with our telencephalic imaging, both sleep depriva-
tion and treatment with antihistamines revealed intra- and inter- 
hemispheric synchronicity in the dorsal pallium during fPSG, along 
with broadly reduced 'subcortical' brain activity (Extended Data 
Fig. 3a–e, see Supplementary Information, supplementary video 13). 
Compared to the wake state, an associated decrease in Ca2+ transients 
in trunk muscle cells was observed during SBS, which is consistent 
with reduced actimetry during sleep (fEMG in Fig. 3d). Analysis of eye 
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Fig. 1 | Sleep deprivation produces slow bursting activity in 
the zebrafish dorsal pallium. a, Dorsal view of a brain from 
Tg(a:nk;5×UAS:GCaMP6F-p2a-nls-mCherry) (see Methods for details of 
zebrafish lines) zebrafish at seven days post-fertilization (only GCaMP is 
shown), superimposed on its body plan (transmitted light). Orange ovals 
depict anterolateral dorsal pallium, at which high spontaneous awake 
activity occurs. Scale bar, 100 µm. A, anterior; L, left; R, right; P, posterior. 
b, Single z-slice image of the telencephalic region (GCaMP (green) and 
nuclear-localized mCherry (red)) from dashed box in a, at the level of  
the neuromast fiduciary marker (white arrowhead). Scale bar, 50 µm.  
c, d, Left, representative images showing 20 masks on non-sleep-deprived 
(c) or sleep-deprived (d) brains. Right, magnified clips of Ca2+ imaging 
in the dorsal pallium (DP) from the region in dashed box in the leftmost 
panel. Scale bars, 50 µm. e, f, Time-aligned ∆F/F traces of the 20 neurons 
from non-sleep-deprived fish (e) marked in c and sleep-deprived fish 
(f) marked in d. Desynchronous versus synchronous indices, ITI: 
3.84 ± 0.14 s versus 12.26 ± 2.91 s; P = 0.00018, Wilcoxon rank-sum test 
n = 10 fish per condition; coherence index, 6.32% (n = 40,175 spikes) 
versus 18.84% (n = 41,161 spikes); P < 0.05, χ2 test.
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movement also showed a notable absence of saccades (fEOG in Fig. 3d). 
The heart rate decreased on average twofold, from about 200 beats per 
minute during wakefulness to about 120 beats per minute during sleep 
rebound or about 110 beats per minute upon treatment with mepyramine 
(fECG in Fig. 3d), and maintained a tight distribution of interbeat inter-
vals (about 500–600 ms) (fECG in Fig. 3d, Extended Data Fig. 4).

To confirm that SBS also occurs during the normal circadian night, 
we implemented a wake-maintenance method to gently consolidate 
wake (and thus subsequent sleep) during daylight hours, before per-
forming night-phase fPSG (Methods). Similar to sleep rebound and 
treatment with antihistamine, we observed SBS (as defined by fPSG) 
during the normal circadian night (Extended Data Figs. 9, 10). Finally, 
we found that habituation to agarose restraint of untreated larvae 
allowed spontaneous expression of SBS signatures during normal 
circadian night (Extended Data Fig. 11, Methods, see Supplementary 
Information, supplementary video 17). Together, fPSG experiments 
demonstrated that during sleep induced by hypnotics, sleep rebound, 
sleep after wake maintenance and spontaneous sleep, SBS is tightly 
associated with synchronous dorsal pallium activity and with reduc-
tions in muscle, eye and cardiorespiratory activity. These features 
confirm behavioural observations of sleep states in fish, and share 
polysomnographic commonalities with non-REM SWS in mammals, 
birds and reptiles.

fPSG for propagating wave sleep
Our data showed travelling waves that arrived from beyond the  
telencephalon, which prompted us to use fPSG to fully capture the 
generation of this sleep signature. Expanding our analysis to the whole-
brain scale allowed us to uncover a rich fluid sequence that starts with 
a bilateral anteroposterior wave of muscular activation, midline and 

ventricular zone activation, followed by a travelling wave of neuronal 
activation that propagates rostrally from the pons to the telencephalon,  
as seen on treatment with carbachol (fEEG in Fig. 3e, Extended Data 
Fig. 3h; detailed staging is shown in Supplementary Information, 
supplementary videos 8, 9, 19), eserine (Extended Data Fig. 5b, 
see Supplementary Information, supplementary video 10) or zolpidem 
(Extended Data Fig. 5e, see Supplementary Information, supplementary  
video 11). Inductions of these activities with either carbachol or eserine  
were blocked by pre-incubation with methoctramine, an inhibitor 
of muscarinic acetylcholine receptors (M2 and M4) (Extended Data 
Fig. 5c, d), which confirmed the specific involvement of cholinergic 
neurotransmission. We refer to the brain wave dynamic that is common  
to cholinergic and GABAergic induction as the ponto-midbrain- 
telencephalic (PMT) wave.

While the fPSG initially recorded the normal awake profile that  
features frequent eye saccades, active muscle tone and a heart rate of 
about 200 beats per minute (with a regular interbeat interval of about 
300 ms) (Fig. 3e, see Supplementary Information, supplementary  
videos 9, 16), the PMT wave marked the onset of a sleep state that we 
term propagating wave sleep (PWS) (Fig. 3e, Extended Data Fig. 3f–h), 
which has features that are consistent with previously recorded cholin-
ergic and GABAergic-induced behavioural sleep. First, muscle activity 
showed a rapid and total loss of muscle tone, which persisted (fEMG in 
Fig. 3e). Second, spontaneous eye movements gave way to a slow roll 
(relaxation; black box in the fEOG panel of Fig. 3e) before stopping 
entirely. Third, the heart rate not only dropped to about 90 beats per 
minute but also showed increased variance in the distribution of inter-
beat intervals (700–1,100 ms, coefficient of variation 0.13 versus 0.64) 
(fECG in Fig. 3e, Extended Data Fig. 4a, d). This PWS state is distinct 
from SBS, in which muscle tone decreased but was not absent and heart 
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Fig. 2 | Hypnotics induce heterogeneous effects on telencephalic 
activity. a, Left, schematic of experimental pipeline. Compounds are 
first validated as hypnotic by screening freely behaving fish, before being 
applied to agar-restrained fish for Ca2+ imaging. Middle, time-aligned 
∆F/F traces of 20 randomly selected dorsal pallium neurons from a 
carrier-stimulated fish (red triangle indicates addition after 10 min). 
Right, neural signature across all time points represented by the first 
independent component (IC) (top) or replotted following principal 
components analysis (PCA) (bottom). LH, left hemisphere; RH, right 
hemisphere. b, c, Left, three-hour actimetry recordings, in which a range 
of drug dosages were added after one hour (red triangle). Activity traces 
are expressed as the number of seconds active per ten-minute time bin, 

and plotted as trial-averaged mean (solid line) ± s.e.m. (shaded) per 
dose of mepyramine (b, n = 24 fish), and carbachol (c, n = 24 fish) from 
low to high (black < purple < blue < green; see Supplementary Table 1 
for concentrations), showing induction of dose-responsive behavioural 
sleep. Middle and right plots show representative time-aligned ∆F/F 
traces, independent component analysis and PCA (grey and black lines 
depict wake and sleep dynamics, respectively) for respective drugs. 
Wake versus mepyramine SBS synchronicity indices: ITI, 4.42 ± 0.38 s 
versus 16.55 ± 6.79 s, P = 0.041, Wilcoxon rank-sum test, n = 6 
fish and coherence index 6.06% (n = 5,177 spikes) versus 31.18% 
(n = 7,215 spikes), P < 0.00001, χ2 test. See Supplementary Information 
for reproducibility information.
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beat was slow but regular (coefficient of variation 0.18 versus 0.13) 
(Extended Data Fig. 4). Unlike in SBS (in which dorsal pallium neurons 
oscillate synchronously between on and off activity), desynchronous 
activity close to ITIs and coherence indices observed during the wake 
state is resumed after the PMT wave (pre-PMT wave versus post-PMT 
wave ITI 2.88 ± 2.14 s versus 2.96 ± 1.35 s; coherence index, 1.32% 
versus 1.08%) (Extended Data Fig. 3f, g).

As with SBS, we further sought to examine the presence of PMT 
waves and subsequent dynamics during daytime sleep rebound after 
sleep deprivation, during night-phase sleep after wake maintenance 
and after habituation of untreated larva. Confirming pharmacologically 
induced PMT signatures, we observed that, after sleep deprivation, 
there were rare instances of PWS dynamics that included extended 
periods of midline ventricular activation before the onset of PMT waves 
(see Supplementary Information, supplementary video 12). Finally, 
in normal night-phase sleep, we found spontaneous PMT waves that 

were associated with muscle atonia and wake-like active dorsal pallium 
(Extended Data Figs. 10, 11, Supplementary Fig. 2 and Supplementary 
Information, supplementary video 18).

PWS is reminiscent of PS/REM, with which it shares at least six 
commonalities—including pontine waveforms (PMT versus pon-
to-geniculo-occipital waves24,25), wake-like activity in dorsal pallium 
(equivalent to paradoxical activity in PS/REM), a total loss of muscle 
tone, increased variability in heart rate, induction by cholinergic or 
GABAergic agonists23,26, and blockade by M2 and M4 antagonists27,28. 
One notable difference between PWS and REM is the absence of the 
hallmark rapid eye movements of the eponymous mammalian sleep 
state. This is consistent with the absence of rapid eye movements 
during adult zebrafish sleep, despite the fact that other physiological 
features of PS/REM (such as slow and irregular breathing) remain 
present29. Future studies in fishes and other non-mammalian verte-
brates will uncover whether PWS is analogous to PS/REM.
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Fig. 3 | Fluorescence-based polysomnography reveals SBS and PWS in 
zebrafish. a, Schematic diagram of the light-sheet microscope platform 
(based on the openSPIM design; see ‘fPSG’ in ‘Sample preparation 
and Ca2+ imaging’ in Methods) used to take time-lapse recordings of 
synchronous x–y frames as single slices or volumes customized with 
temperature control and drug perfusion apparatus. b, Single z-plane 
(dorsal view) of a zPSG transgenic fish at seven days post-fertilization, 
co-expressing a trunk muscle gal4 and pan-neuronal gal4 used to drive 
expression of UAS:GCaMP7a. Broad brain regions are indicated as 
telencephalon (Tel), optic tectum (TeO), rhombencephalon (Rh) and 
spinal cord (Sc). Scale bar, 100 µm. c, Depiction of parameters that  
can be measured, based on fluorescent markers of zPSG fish that form 

an fPSG. d, e, Left, broad fPSG region-of-interest masks on a maximum 
projection image to measure GCaMP activity before, during and after 
initiation of SBS (d) or PWS (e). Middle, Brain and muscle activity traces 
(∆F/F) from broad regions defined by masks (middle panels show fEEG 
and bottom panels show fEMG), with integration of activity across 1 s (d) 
or 2.5 s (e) bins. Asterisks denote muscle contractions. Time trace of eye 
movements (fEOG) is shown in the top panels. Right, heart rate (fECG), 
measured before and after recording of SBS (d) or PMT wave (e) (top),  
and distribution of interbeat intervals (bottom). *P < 0.05. Two-sided 
paired t-test, n = 4 fish per condition. A–m, anteromedial; di., distal; NL, 
neuronal layer; prox., proximal.
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Ependymal cells as precursors to sleep onset
Our unbiased, brain-wide activity screen provided an opportunity 
to find novel cell types that are potentially involved in sleep regu-
lation. Notably, a motif that appeared robustly at the onset of the 
PWS activitome was the midline-cell activation that appeared to 
span the anteroposterior axis of the brain (panel h2 in Extended 
Data Fig. 3). We serendipitously identified a zebrafish line that 
expressed mCherry in cells that matched the characteristic ven-
tricular location, triangular cell morphology and long thin pro-
cesses of the activated cells (Extended Data Fig. 6b, c). By crossing 
this line with our zPSG line, we confirmed that a large subset of 
mCherry-positive cells were the same periventricular cell types that 
were activated before the PMT wave (Extended Data Fig. 6d–f) 
and subsequently inactivated as the wave continued through the 
brain (Extended Data Fig. 6f, g, Supplementary Information, sup-
plementary video 14). On the basis of their positioning and mor-
phology, and the fact that they were α-tubulin-positive and largely 
glial fibrillary acidic protein (GFAP)-negative at this developmental 
stage30 (Extended Data Fig. 6b, c), we consider these cells to be spe-
cialized ependymal cells or perhaps tanycytes, which have known 
functions in controlling the flow of cerebrospinal fluid31–33. The 
attempted physical removal of ependymal cells to examine their 
roles proved lethal, probably owing to the critical roles of these 
cells in maintaining periventricular tissue integrity (Extended Data 
Fig. 7; see Supplementary Information for detailed description). As 
sleep regulators such as hypocretin (also known as orexin), MCH, 
histamine and other neurotransmitters can signal through the cer-
ebrospinal fluid (potentially via ependymal cells), we sought other 
methods to probe the functional role of ependymal cells in PWS 
dynamics in zebrafish.

Ependymal cells, MCH, pigments and sleep
A conserved property of ependymal cells is their activation by MCH, 
which is a well-known modulator of sleep34 and skin pigmentation35. 
Ciliated ependymal cells express MCH36 and MCHR131, and ex vivo 
experiments have shown the former can stimulate increased Ca2+ 
transients that upregulate ciliary beat frequency31,37, which led us to 
ask whether MCH could directly activate zebrafish ependymal cells. 
To examine this, we injected MCH into the intracerebroventricular 
cavity of zPSG fish (Extended Data Fig. 7h). Significant increases in 
GCaMP fluorescence in periventricular cells in response to MCH, 
compared to mock- or carrier-injected fish (−0.98% versus +53.74% 
(Extended Data Fig. 6h–m), provides functional evidence for their 
identity as ependymal cells and their potential involvement in the 
MCH-dependent regulation of sleep. Consistent with the association 
between MCH and its pigmentation functions in fish, we uncovered 
a notable coupling of epidermal melanin spreading and contraction 
to ependymal cell activation and PMT waves (Extended Data Fig. 6, 
Supplementary Information for detailed description, Supplementary 
Information, supplementary video 15). This finding not only points 
to MCH as a key mediator in coregulating pigmentation and sleep 
dynamics in zebrafish, but also has implications for the many verte-
brate species (including fishes, amphibians and reptiles) that adapt their 
coloration during sleep as cryptic or aposematic strategies to avoid 
predation.

In mammals, MCH neurons fire maximally during REM sleep38; 
optogenetic activation, as well as intracerebroventricular injection with 
MCH peptide, can promote REM34,39. MCH2 has previously been iden-
tified as the true homologue in fishes of mammalian MCH, as well as 
its receptors11. We therefore used three loss-of-function strategies to 
examine the role of MCH signalling in both regulating PWS signatures 
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ependymal cell and PMT-wave dynamics. a, d, Top, timeline of a two-hour 
Ca2+ imaging experiment with addition of the PWS inducer (red triangle). 
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b, e, Top, actimetry of sibling-treated control (n = 42) versus MCH2-
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mchr1a−/−mchr1b−/− double mutant (n = 72) fish (e) in 10-min bins over 
a 24-h period, showing mean seconds of activity per bin (bold) ± s.e.m. 
(shaded). Bottom, sleep depicted as minutes per 10-min bin ± s.e.m. 
(shaded). Black or white triangles indicate day-to-night or night-to-day 
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and night. Blue lines and black circles denote the median and mean, 
respectively. Two-sided Student’s t-test.
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(ependymal cell activation and PMT waves) and the overall amount of 
behavioural sleep.

First, to test whether the removal of MCH2 neurons disrupted sleep 
brain signatures and behaviour, a fish line that expresses enhanced 
nitroreductase under the control of the MCH2 promoter was gen-
erated and crossed into the zPSG line (Extended Data Fig. 8a, b). 
Chemogenetic ablation was induced by incubation with metronidazole. 
When imaged in a two-hour incubation of carbachol, MCH2-neuron-
ablated fish produced far fewer ependymal cell activations (100% versus 
29%) or PMT waves (100% versus 21%) than sibling transgene-negative 
controls treated with metronidazole—and those activations that did 
occur were significantly delayed (Fig. 4a). In parallel, actimetry over 
an entire sleep–wake cycle of free-swimming MCH2-neuron-ablated 
transgenic fish revealed a twofold decrease in the amount of sleep 
during the night, as compared to treated sibling controls (Fig. 4b, c, 
Supplementary Table 2).

Second, we used the MCHR1 inhibitor H6408, which has previously 
been shown to prevent the MCH modulation of ciliary beat frequency 
in ependymal cells37. Pre-incubation of H6408 significantly affected the 
ability of carbachol to activate ependymal cells (100% versus 42%) and 
PMT waves (88.5% versus 42%) in zPSG fish (Extended Data Fig. 8k). 
In actimetry experiments, there was an initial marked increase in basal 
activity after a two-hour H6408 incubation, although this transient 
effect did not significantly affect long-term sleep patterning at these 
concentrations (Extended Data Fig. 8l, m, Supplementary Table 2).

Finally, for the constitutive disruption of MCHR signalling in zPSG 
fish, we generated double mutants against both subtypes of MCHR1 
(MCHR1a and MCHR1b) using CRISPR–Cas9 and TILLING 
approaches, respectively (Fig. 4d–f). These MCHR1a MCHR1b  
double mutants exhibit significant disruption of ependymal cell  
activation (100% versus 50%) and induction of PMT waves (90% versus 
16%), with a marked delay relative to non-mutants (Fig. 4d). Consistent 
with the disruption in their sleep neuronal signatures, the double- 
mutant (mchr1a− /− mchr1b− /− ) zebrafish displayed increases in day 
and night activity with a significant reduction in the amount of sleep 
at night compared to non-mutants (mchr1a+/+mchr1b+/+) (Fig. 4e, f, 
Supplementary Table 2). These results show that MCH signalling has 
an important role in activating the PWS signature, and in regulating 
the amount of sleep, in zebrafish.

Discussion
Over a century ago, behavioural criteria were established that enabled 
the first scientific description of the sleep state in fishes3. Here we  
identify the first neuronal sleep signatures in teleost fishes: slow syn-
chronous ON–OFF oscillations in the dorsal pallium (the SBS state) 
and a sleep state initiated with propagating waves (the PWS state), 
both of which occur in an overall background of reduced brain activity 
(see Supplementary Information for discussion of silencing as a signa-
ture). SBS and PWS dynamics share many commonalities with those 
of SWS and PS/REM, respectively, which suggests that sleep-related 
neuronal signatures coupled with characteristic muscular signatures 
(in heart, eye and voluntary muscle) may have emerged much earlier 
than the radiation of amniotes (about 450 million years ago), and that 
they probably mark ancestral sleep functions that are essential across 
vertebrates.

Using cellular-resolution polysomnography in zebrafish, we have 
identified the very first neural cells that are activated before PWS, and 
often before SBS: the periventricular ependymal cells. Ependymal 
cells express MCHR37 and, as ciliated cells, participate in the flow of 
sleep-related neurotransmitters throughout the ventricular system of 
the brain (see Supplementary Information for discussion of potential 
roles of ependymal cells in sleep). We found that fish ependymal cells 
are activated by MCH; this neuropeptide is implicated in mammalian 
REM, but its role in sleep in fishes has been under debate since its 
discovery in salmon in 198340. We show that disruption of the MCH 
signal perturbs PWS and greatly reduces sleep quantity, which suggests 
that it has a sleep-promoting role in fishes that is similar to its role in 

mammals (see Supplementary Information for discussion of the sleep 
role of MCH in fishes).

fPSG enables the non-invasive holistic capture of the choreography 
of physiological responses that are required for sleep–wake regulation. 
The agnostic identification of new sleep substrates paves the way for 
the investigation of cellular and molecular mechanisms that could 
potentially generate therapeutic targets. The power of fPSG could also 
be harnessed to profile hypnotics on the basis of not only the central 
nervous system activitome but also their cellular effect on organ sys-
tems that are optically accessible in the zebrafish, a platform that has 
the potential to be extended to model sleep disorders or other complex 
psychiatric behaviours.

Online content
Any methods, additional references, Nature Research reporting summaries, source 
data, statements of data availability and associated accession codes are available at 
https://doi.org/10.1038/s41586-019-1336-7.
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