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SUMMARY
The characteristics of the sleep drivers and themechanisms throughwhich sleep relieves the cellular homeo-
static pressure are unclear. In flies, zebrafish, mice, and humans, DNA damage levels increase during wake-
fulness and decrease during sleep. Here, we show that 6 h of consolidated sleep is sufficient to reduce DNA
damage in the zebrafish dorsal pallium. Induction of DNA damage by neuronal activity and mutagens trig-
gered sleep and DNA repair. The activity of the DNA damage response (DDR) proteins Rad52 and Ku80
increased during sleep, and chromosome dynamics enhancedRad52 activity. The activity of the DDR initiator
poly(ADP-ribose) polymerase 1 (Parp1) increased following sleep deprivation. In both larva zebrafish and
adult mice, Parp1 promoted sleep. Inhibition of Parp1 activity reduced sleep-dependent chromosome dy-
namics and repair. These results demonstrate that DNA damage is a homeostatic driver for sleep, and
Parp1 pathways sense this cellular pressure and facilitate sleep and repair activity.
INTRODUCTION

Sleep, accompanied by reduced responsiveness to external

stimuli, is a vulnerable behavioral state. However, sleep is evolu-

tionary conserved across phylogeny, and all studied animals

with neural networks, including jellyfish, worms, mollusks, flies,

fish, reptiles, birds, rodents, and humans, require sleep (Joiner,

2016; Keene and Duboue, 2018). Sleep disturbances can cause

neural impairment and are associated with neurodevelopmental

and neurodegenerative diseases and aging (Carroll et al., 2016;

Sabia et al., 2021). Although sleep is essential for all animals,

the daily amount of sleep varies significantly between species

(Allada and Siegel, 2008). While adult humans sleep approxi-

mately 7–8 h per day (Hirshkowitz et al., 2015), the owl monkey

sleeps 17 h (Sri Kantha et al., 2009), and free-roaming wild

elephants sleep only 2 h (Gravett et al., 2017). These diverse

sleep requirements raise fundamental questions: what dictates

a species-specific sufficient amount of sleep, and what is the

restorative neural process?

The timing, duration, and quality of sleep are regulated by an

interaction between the circadian clock and homeostatic sleep

pressure, which builds up during extended wakefulness (Bor-

bély, 1982). Homeostatic factors are thought to accumulate

with increasing duration and intensity of wakefulness prior to

sleep (Allada et al., 2017; Eban-Rothschild et al., 2018; Weber

and Dan, 2016). However, the cellular homeostatic mechanisms

that drive sleep needs, as well as the identity of the homeostatic
M
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factors, are unclear. Extensive research has suggested various

possibilities, including accumulation of toxic metabolites (Xie

et al., 2013), an increased cellular need for energy, supplies,

and macromolecules (Mackiewicz et al., 2007), and increased

synaptic number and strength (Tononi and Cirelli, 2014), as

well as elevated neural damage (Singh and Donlea, 2020; Stan-

hope et al., 2020) and cellular stress (Hill et al., 2014; Lenz

et al., 2015).

Enriched wakefulness and neuronal activity induce DNA dou-

ble-strand breaks (DSBs) in mice and flies (Bellesi et al., 2016;

Madabhushi et al., 2015; Suberbielle et al., 2013). The repair of

DNA lesions in neurons is slower than in dividing cells (Barzilai

et al., 2008), suggesting that lesions can be accumulated during

wakefulness. Indeed, we have demonstrated that DSBs accu-

mulate in the neurons of zebrafish larvae while they are awake.

In contrast, sleep increases chromosome dynamics that can

reduce the levels of DNA damage in neurons (Zada et al.,

2019). Similarly, sleep deprivation (SD) can increase DNA dam-

age and decrease the expression of DNA repair genes in human

blood cells (Carroll et al., 2016; Cheung et al., 2019). These

studies suggest that sleep promotes nuclear maintenance, i.e.,

sleep regulates the balance between DNA damage and repair.

Nevertheless, it remains unclear whether the formation of DNA

damage is inhibited, or the activity of the repair systems is

more stimulated, during sleep.

Elucidating the underlying mechanisms that associate sleep,

DNA damage, and repair is challenging. In Caenorhabditis
olecular Cell 81, 1–15, December 16, 2021 ª 2021 Elsevier Inc. 1
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elegans, stress-induced sleep is promoted by CEP-1, a member

of the DNA damage response (DDR) pathway (DeBardeleben

et al., 2017). The DDR comprises four main pathways: homolo-

gous recombination (HR), non-homologous end joining (NHEJ),

base excision repair (BER), and nucleotide excision repair

(NER). Each involves a different combination of repair proteins

that are sequentially recruited into the damaged site (Jackson

and Bartek, 2009). One of the first events in the DDR, which is

common to all pathways, is the recruitment of poly(ADP-ribose)

polymerase-1 (PARP-1) to the damage site. PARP-1 is a detector

of DNA damage and promotes the accumulation of downstream

DDR proteins (Ray Chaudhuri and Nussenzweig, 2017). These

nuclear proteins can be used as markers to identify repair in a

specific genomic locus and to distinguish between the diverse

pathways (Polo and Jackson, 2011). For example, RAD52 and

RAD51 are active in theDSB resection process, which is a critical

step in HR but not in the NHEJ repair process. The KU70/KU80

heterodimer binds the DNA ends and then recruits and activates

additional factors in the NHEJ pathway (Polo and Jackson,

2011). In contrast, the APEX1 protein initiates the BER process

(Vidal et al., 2001), while the DDB2 protein participates in the

NER process, which is the main DNA repair mechanism acti-

vated after exposure to ultraviolet (UV) radiation (Stoyanova

et al., 2009). Elucidating whether and how sleep regulates DDR

pathways in individual neurons can provide information about

its beneficial cellular function and explain the cause for variability

in the duration of restorative sleep.

Here, we utilized the transparent zebrafish to identify cellular

sleep drivers and understand the role of sleep in the restoration

of nuclear homeostasis in single neurons of live vertebrates. The

zebrafish is a well-established sleep model (Zhdanova et al.,

2001; Prober et al., 2006; Yokogawa et al., 2007; Zada and Ap-

pelbaum, 2020), and the structure and function of its brain, as

well as the DNA damage and repair systems, are conserved

with mammals (Pei and Strauss, 2013; Leung et al., 2013;

Cayuela et al., 2019; Gerlai, 2020). Recently, brain-wide activity

recording has revealed two major sleep signatures in the dorsal

pallium (DP) of the zebrafish larvae. These states, named slow

bursting sleep (SBS) and propagating wave sleep (PWS), closely

resemble mammalian slow-wave sleep (SWS) and rapid eye

movement/paradoxical sleep (REM/PS), respectively (Leung

et al., 2019). In this study, a combination of behavioral monitoring

and live imaging of the dynamic clustering of DNA repair proteins

under manipulations of sleep, neuronal activity, and DNA

damage and repair revealed that DNA damage in neurons is a
Figure 1. Six hours of consolidated sleep are sufficient to normalize n

(A) Schematic illustration of the experimental procedure. Sleep was monitored u

(B–F0) Sleep of 5–6 dpf larvae under an 14-h light/10-h dark cycle (B and B0, p = 8

cycle (D and D0, p = 43 10�66), 14-h light/6-h dark cycle (E and E0, p = 13 10�83),

average sleep time for each time bin.

(G) Average sleep time of all groups in the first 5 h of the second day. *p < 0.05,

(H) Dorsal view of 6 dpf larvae. Dashed box showing the dorsal pallium (DP) area

(I) Representative neuron nuclei stained with DAPI and gH2AX in the DP during t

(J–N) The levels of DNA damage in single neuronal nuclei during34 h. All time point

dark cycle, p = 1.9 3 10�35. (K) 14-h light/2-h dark cycle, p = 1.8 3 10�39. (L) 14-

10�38. (N) 14-h light/8-h dark cycle, p = 4.5 3 10�44.

Letters indicate significant differences (p < 0.05), one-way ANOVA followed by Tu

(B–F and J–N). Blue line represents mean. Red crosses indicate outliers. n = num

MOLCE
homeostatic driver for sleep. Furthermore, Parp1 can induce

sleep, which promotes chromosome dynamics and the recruit-

ment and activity of DDR proteins.

RESULTS

Six hours of consolidated sleep is sufficient to normalize
neuronal DNA damage
Exposure to light during the night promotes wakefulness in

diurnal animals, including zebrafish and humans (Yokogawa

et al., 2007; Lockley et al., 2006). In order to find the minimal

consolidated sleep period required to reduce homeostatic sleep

pressure, we monitored sleep in 5–7 days post-fertilization (dpf)

larvae during 2 consecutive days, where the length of the first

night was truncated. As expected, under the baseline 14-h

light/10-h dark (LD) conditions, sleep time (min/h) increased

5.3-fold during the night (Figures 1A, 1B, and 1B0). During the

truncated dark period of 2 and 4 h of the first night (zeitgeber

time [ZT]14–ZT16 and ZT14-ZT18), sleep time increased 5.8-

and 5.9-fold, respectively. Nonetheless, the larvae kept sleeping

during the remaining time of the subjective night as well as 3 and

2 h, respectively, of the day (Figures 1C, 1C0, 1D, 1D0, and 1G).

The extended periods of sleep in the light following the short

dark period demonstrate that 2 or 4 h of sleep are not sufficient

to significantly reduce the homeostatic sleep pressure. In

contrast, a significant sleep rebound was not observed when

the night dark period was extended to 6 h (ZT14–ZT20, Figures

1E, 1E0, and 1G) and 8 h (ZT14–ZT22, Figures 1F, 1F0, and 1G).

Notably, in the 2- and 4-h dark period experiments, although

sleep rebound was apparent during the subjective night and

the following recovery period during the day, the rebound sleep

time per hour was lower than during a standard dark night (Fig-

ures 1C, 1C0, 1D, and 1D0). In addition, the quality of sleep was

compromised as a result of a decrease in sleep/wake transitions

and sleep bout length, and an increase in wake bout length

compared to a standard dark night (Table S1). Nevertheless,

by ZT4 on the following day, all groups had slept for an amount

of time (2 h, 275.13 ± 10.93 min; 4 h, 234.87 ± 12.56 min; 6 h,

254.75 ± 9.41 min; and 8 h, 261.5 ± 15.13 min) that was compa-

rable to the standard 10-h night (275.16 ± 14.81 min). Further-

more, the sleep/wake cycle of the second day was normal,

and sleep increased similarly during the night in all groups (Fig-

ures 1A–1F). This indicates that the light manipulations during

the first night did not shift the rhythmic sleep/wake cycle. The re-

sults demonstrate that a minimum of 6 h of consolidated sleep
euronal DNA damage

nder various light/dark regimes.

3 10�40), 14-h light/2-h dark cycle (C and C0, p = 33 10�94), 14-h light/4-h dark

14-h light/8-h dark cycle (F and F0, p = 23 10�59). The bar charts represent the

**p < 0.01, two-tailed t test: two samples assuming unequal variance.

analyzed in (J)–(N).

he morning (ZT4) and the end of the day (ZT14). Scale bars, 5 mm.

s were compared to the baseline levels of the first day (5 dpf). (J) 14-h light/10-h

h light/4-h dark cycle, p = 2.2 3 10�33. (M) 14-h light/6-h dark cycle, p = 8.1 3

key’s test (B0–F0 and J–N). Data show means ± SEM (B0–F0 and G) or boxplots

ber of animals (B0–F0) or cells (J–N). ZT, zeitgeber time.
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during the night is sufficient for the larvae to dissipate their ho-

meostatic sleep pressure.

Which cellular process set the level of the homeostatic pres-

sure to sleep?We have previously demonstrated that DNA dam-

age accumulates in the larval neurons during wakefulness and

decreases during nighttime sleep (Zada et al., 2019). These

changes in DNA damage were confirmed using the comet assay

(Figures S1A and S1B) and were not detected in other cell types

(Figures S1C–S1F). Accordingly, we used the gH2AX marker to

examine whether 6 h of consolidated sleep during the night is

sufficient to normalize the levels of DNA damage. We focused

on neurons within the DP, which demonstrate slow synchronous

bursts of activity during sleep (Leung et al., 2019), and whose

average activity is reduced during sleep compared to wakeful-

ness in larvae (Figure S2). The levels of DNA damage in single

neurons of the DP of 5–6 dpf larvae were quantified during the

day (ZT4 and ZT14), the night (following the dark period at either

ZT16, ZT18, ZT20, ZT22, or ZT0), and the following day (ZT4 and

ZT14). By the end of the daytime wake period (5 dpf, ZT14), there

was approximately twice the number of gH2AX foci than at the

beginning of the day under both LD and constant dark conditions

(5 dpf, ZT4, Figures 1J–1N,S1G, and S1H). Under LD, the num-

ber of gH2AX foci returned to baseline levels by the end of the

10-h nighttime sleep in DP neurons (ZT0, Figure 1J). In contrast,

the number of gH2AX foci remained unchanged or was only

slightly reduced after 2 h (ZT16, Figure 1K) and 4 h (ZT18, Fig-

ure 1L), of sleep, respectively, compared to the end of the

wake period (ZT14). Analysis of the levels of DNA damage at

the end of the sleep rebound period (ZT4) exhibited by the

sleep-deprived larvae (Figures 1C and 1D) indicated that the

numbers of gH2AX foci had returned to normal levels at ZT4 (Fig-

ures 1K and 1L). In contrast to these sleep-deprived animals (Fig-

ures 1C and 1D), larvae that had slept at least 6 h in nighttime

darkness were able to lower the levels of gH2AX foci in their neu-

rons to normal (ZT20, ZT22, Figures 1M and 1N), as was the case

in the control group (Figure 1J). Recapitulating the changes dur-

ing the first monitored day (5 dpf), the number of gH2AX foci

increased by approximately 2-fold by the end of the daytime

wakefulness period in all groups of 6 dpf larvae (Figures 1J–

1N). Likewise, in the wake-promoting noradrenergic neurons of

the locus coeruleus (Hayat et al., 2020), the number of gH2AX

foci increased toward the end of the day (ZT14) and reduced dur-

ing the end of the night (ZT0) in 6 dpf tg(dbh:Gal4/uas:EGFP)

larvae (Figures S1I and S1J). These results indicate that a

minimum of 6 h of consolidated nighttime sleep can counteract

the DNA damage accumulated during wakefulness in non-

dividing mature neurons. Furthermore, even though a shorter

consolidated sleep period in the dark is insufficient to reduce

DNA damage, a period of sleep rebound in the light can restore

the normal low levels of DNA damage. Altogether, these results

suggest that homeostatic sleep pressure is driven by the accu-

mulation of neuronal DNA damage, which can be reduced during

recovery sleep.

Induction of DNA damage by neuronal activity or by UV
radiation promotes sleep
Sleep correlates with normalization of the levels of DNA damage

(Figure 1). Since there is evidence that DNA damage can be
MOLCEL 816
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induced by neuronal activity in mice (Madabhushi et al., 2015;

Suberbielle et al., 2013), we examined whether stimulation of

neuronal activity would increase DNA damage and sleep pres-

sure. During daytime wakefulness, 6 dpf larvae were treated

for 30 min with pentylenetetrazole (PTZ), which induces robust

brain-wide neuronal activity (Reichert et al., 2019). The numbers

of gH2AX foci were quantified following the PTZ treatment to

verify that the induced neuronal activity affects DNA damage

(Figure 2A). As expected, the number of gH2AX foci in neurons

of the DP increased immediately following PTZ treatment and

reduced to normal levels 3 h post-treatment (Figure 2B). Moni-

toring sleep behavior revealed that sleep time increased by

5-fold 1 h afterPTZ treatment and remained elevated during

the next 3 h (Figure 2C). Normal wakefulness and complete re-

covery were observed 5 h after PTZ treatment (Figure 2C).

Considering that PTZ affects cell activity in the whole larvae

and has additional effects such as seizures (Baraban et al.,

2005), channel-rhodopsin 2 (ChR2) was used to directly modu-

late neuronal activity. DNA damage and sleep time were

quantified before and after optogenetic stimulation in neurons

of live larvae. This was achieved by exposing 6 dpf ChR2+

(tg(HuC:Gal4/uas:ChR2-mCherry)) (Helmbrecht et al., 2018)

and ChR2� sibling larvae (tg(HuC:Gal4) or tg(uas:ChR2-

mCherry) or wild-type [WT]) to 10 min of repeated alternating

blue light pulses. The number of gH2AX foci in neurons of the

DP of the ChR2+ larvae increased by approximately 3.5-fold

1 h after the stimuli and returned to baseline after 3 h, with no

change in the ChR2� siblings (Figures 2D and 2E). Validating

the induction of DNA damage by neuronal activity, the comet

assay showed that blue light stimuli increased the tail moment

in neurons extracted from ChR2+ brains (Figure S1B). In accor-

dance, while both ChR2+ and ChR2� groups presented with

the same basal sleep levels, the sleep time of the ChR2+ larvae

increased approximately 2-fold during 3 h following the stimuli

(Figure 2F). These results show that neuronal activity increases

DNA damage, which promotes sleep.

Neuronal DNA damage can be induced by a variety of cellular

processes (Barzilai et al., 2008) and is not solely linked to

increased cell activity. If DNA damage indeed drives homeostat-

ic sleep pressure, then additional intrinsic and extrinsic factors

affecting DNA damage would be expected to increase the pres-

sure to sleep, independently of neuronal activity. Therefore, we

exposed the larvae to UV radiation, which damages DNA (Sinha

and H€ader, 2002). Immunohistochemical analysis with an anti-

body against phosphorylated ERK (pERK), a well-established re-

porter of neuronal activity (Randlett et al., 2015), verified that the

levels of pERK in neurons of the DP of 6 pdf larvae were not

elevated following UV treatment (Figure 2G). In order to under-

stand whether UV radiation affects DNA damage and sleep,

we exposed 6 dpf larvae to 2 min of 5–10 mW/cm2 UV radiation

(302 nm) during the day (ZT5). The number of gH2AX foci

increased 30 min after exposure and peaked 30 min later (Fig-

ure 2H), while sleep increased and remained elevated for 2 h

(Figures 2I and S3). Both sleep time and the number of gH2AX

foci returned to normal levels after 3 h (Figures 2H and 2I). In

line with our previous observations on sleep triggered by a

chemical mutagen (Zada et al., 2019), the results demonstrate

that even in the absence of induced neuronal activity, an
7
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Figure 2. Neuronal activity- and UV-induced DNA damage promote sleep

(A) Representative images of gH2AX staining in neurons of the DP region of 6 dpf larvae immediately following 30 min of DMSO or PTZ treatment. Dashed circle

indicates a single neuron.

(B) The levels of DNA damage in single nuclei immediately (0) and 3 h following DMSO or PTZ treatment. p = 1.3 3 10�9.

(C) Sleep before and after PTZ treatment in 6 dpf larvae.

(D) Representative images of gH2AX staining (green) in the DP region of tg(HuC:Gal4/uas:ChR2-mCherry) 6 dpf larvae expressing ChR2-mCherry (magenta)

immediately and 1 h following 10 min of blue light stimuli.

(E) The levels of DNA damage in single neuronal nuclei. p = 2 3 10�20.

(F) Sleep before and after 10 min of blue light stimuli in 6 dpf tg(HuC:Gal4)/tg(uas:ChR2-mCherry) (ChR2�) and tg(HuC:Gal4/uas:ChR2-mCherry) (ChR2+) larvae.

(G) Levels of a-pERK in the DP of 6 dpf larvae following 2 min exposure to purple (control [Ctrl]) or UV light.

(H) The levels of DNA damage in single nuclei following 2 min of UV exposure. p = 4.4 3 10�28.

(I) Sleep before and after 2 min of exposure to Ctrl or UV light.

Data show mean ± SEM (C, F, and I), or boxplots (B, E, G, and H). Red crosses indicate outliers. *p < 0.05, **p < 0.01, ***p < 0.001. Letters indicate significant

differences (p < 0.05), two-tailed t test: two samples assuming unequal variance (C, F, G, and I), one-way (H) or two-way (B and E) ANOVA followed by Tukey’s

test. n = number of animals (C, F, G, and I) or cells (B, E, and H). Scale bars, 5 mm.
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increase in the levels of DNA damage promotes sleep, which can

normalize the levels of DNA damage.

Sleep increases the activity of the repair proteins Rad52

and Ku80

How can sleep reduce DNA damage in neurons, and which pro-

teins are required to achieve this effect? The lowering of the
MOLCE
levels of DNA damage during sleep could either reflect a lower

rate of DNA breakage, or an increase in the rate and efficiency

of repair. In order to study DNA repair, we tested the expression

levels of genes involved in various DDR pathways during the day,

night, and after SD. While the transcription of the DDR genes is

predominantly controlled by the light/dark cycle, the transcrip-

tion of rad52 and ku80 can also be regulated by homeostatic
L 8167
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Figure 3. Rad52 and ku80 repair activity is increased during sleep and after induction of DNA damage

(A) Representative images of HuC-driven Ku80-EGFP expression in neuron of 6 dpf larvae during day (ZT4) and night (ZT18).

(B) Number of Ku80-EGFP foci in single neurons under LDD. p = 1.1 3 10�16.

(C) Dorsal view of 6 dpf tg(HuC:Gal4/uas:DsRed-Rad52) larvae. Dashed box marks the DP. MB, midbrain.

(D) Representative images of the same DP region of 6 dpf tg(HuC:Gal4/uas:DsRed-Rad52) larvae during day (ZT8) and night (ZT18).

(E and E0) The number of DsRed-Rad52 foci in single neurons of the DP under LDD. **p < 0.01, two-tailed t test: two samples assuming unequal variance.

(F–H) The number of DsRed-Rad52 foci in single nuclei following 30min of PTZ treatment (F, p = 4.23 10�12), following 2min of UV exposure (G, p = 1.93 10�12),

and before, immediately after, and following ETO treatment (H, p = 3.3x10�9).

(I–K) The number of Ku80-EGFP foci in single nuclei following 30 min of PTZ treatment (I, p = 3.6 3 10�13), following 2 min of UV exposure (J), and before,

immediately after, and following ETO treatment (K, p = 0.03).

Data show mean ± SEM (B, E, and E0), or boxplots (F–K). Red crosses indicate outliers. Letters indicate significant differences (p < 0.05), one-way (F–K) or two-

way (B and E0) ANOVA followed by Tukey’s test. n, number of cells. Scale bar: 5 mm.
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sleep pressure (Figures S4A–S4F). To study the kinetics of DDR

protein assembly and disassembly at the site of DNA damage in

neurons of live transgenic larvae, we fused the zebrafish Rad52

and Ku80 to fluorescent proteins and used the HuC:Gal4/uas

system to express thesemarkers for HR and NHEJ, respectively,

in larval neurons (STAR Methods; Figures S4K–S4N). Similar

fusion proteins have previously been used as DNA repair

markers in human cell lines (Britton et al., 2013; Karanam et al.,

2012). We imaged and quantified the number of Ku80-EGFP

foci during the day and night, and after SD, in single neurons of

6 dpf tg(HuC:Gal4) larvae that transiently expressed the pT2-

uas:Ku80-EGFP construct. The results revealed a low number

of Ku80-EGFP foci during the day (ZT4) with an increase in foci

during the night (ZT18, Figures 3A and 3B). Immediately

following SD (ZT18), the number of Ku80-EGFP foci was lower

in the sleep-deprived larvae as compared to controls. However,

over the following day (ZT4), after the sleep rebound, the number

of Ku80-EGFP foci in the sleep-deprived larvae increased to

reach the normal nighttime levels seen in the control larvae

(Figure 3B). These results demonstrate that sleep enhances

the clustering and activity of Ku80 DNA repair proteins.

In order to continuously monitor DNA repair activity during the

24-h cycle and to test whether the sleep-dependent DNA repair

activity also occurs in other repair pathways, we performed time-

lapse imaging of DsRed-Rad52 foci in single neurons of the DP of
MOLCEL 816
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6 dpf tg(HuC:Gal4/uas:DsRed-Rad52) larvae during the day and

night (Figures 3C and 3D). Similar to the Ku80-EGFP foci, the

number of DsRed-Rad52 foci was low during the day and

increased by about 2-fold during the night (Figures 3E and

3E0). Notably, the number of DsRed-Rad52 foci returned to the

low levels typical of daytime wakefulness after 8 h of nighttime

sleep (Figure 3E). In order to differentiate between sleep and a

circadian effect, the 6 dpf tg(HuC:Gal4/uas:DsRed-Rad52)

larvae were sleep deprived for 4 h during the night (ZT14–

ZT18). Immediately following SD (ZT18), the number of DsRed-

Rad52 foci was low and resembled the levels observed during

daytime wakefulness (Figures 3E and 3E0). During the sleep

rebound period, the number of DsRed-Rad52 foci in the sleep-

deprived larvae increased and reached the nighttime levels of

the control group. This number remained elevated during the

night and the following 3 h of the subjective day and only re-

turned to baseline levels after 9 h (Figure 3E). These results

demonstrate the induction of Rad52 activity during sleep. More-

over, while the number of gH2AX foci was reduced after 6 h of

consolidated sleep (Figure 1), 8–9 h were required for sleep-

induced repair activity, suggesting that the upregulation of repair

activity during sleep can continue during wakefulness.

Sleep is increased following the induction of DNA damage

(Figures 1 and 2). Since repair activity increased during sleep

(Figures 3A–3E0), the numbers of Ku80 and Rad52 foci were
7
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quantified following the PTZ treatment to examine whether

the subsequent sleep period is associated with repair activity.

There was no change in the numbers of DsRed-Rad52 foci in

neurons of the DP of tg(HuC:Gal4/uas:DsRed-Rad52) larvae or

the Ku80-EGFP foci in neurons of pT2-uas:Ku80-EGFP-injected

tg(HuC:Gal4) larvae immediately post-treatment. However, 2 h

into the recovery sleep period (Figure 2C), the numbers of both

DsRed-Rad52 and Ku80-EGFP foci increased and remained

elevated until 3 h post-treatment (Figures 3F and 3I). Since

PTZ increases neuronal activity and does not directly cause

damage in the DNA, we treated the larvae with UV radiation

and etoposide (ETO), which inhibits DNA topoisomerase II ligase

activity and thereby generates DSBs (Tammaro et al., 2013). UV

radiation of either DsRed-Rad52-positive neurons in the

DP of tg(HuC:Gal4/uas:DsRed-Rad52) larvae or Ku80-EGFP-

positive neurons in the brain of pT2-uas:Ku80-EGFP-injected

tg(HuC:Gal4) larvae upregulated the number of DsRed-

Rad52 foci (Figure 3G) but not Ku80-EGFP foci (Figure 3J)

when live imaging was conducted during 3 h following the expo-

sure. The lack of change in the number of Ku80-EGFP foci is

probably because the NHEJ pathway is less involved in the

repair of UV damage (Sinha and H€ader, 2002). Next, we moni-

tored the effect of ETO treatment on DNA repair by live imaging

of DsRed-Rad52 and Ku80-EGFP markers in individual larvae,

before and after the treatment. Daytime ETO treatment of 6

dpf tg(HuC:Gal4/uas:DsRed-Rad52)- or pT2-uas:Ku80-EGFP-

injected tg(HuC:Gal4) larvae upregulated the numbers of both

DsRed-Rad52 and Ku80-EGFP foci after 2 h (Figures 3H and

3K). Altogether, these results show that induction of DNA dam-

age by either extended wakefulness, robust acute neuronal ac-

tivity, or mutagens increases sleep and upregulates the activity

of repair pathways.

Chromosome dynamics promote Rad52 clustering
How does sleep facilitate the assembly of DDR proteins? One

explanation could involve acceleration of chromosomedynamics

and increased accessibility to damaged sites during sleep (Caridi

et al., 2018; Tsouroula et al., 2016; Zada et al., 2019). In order to

examine this possibility, we inhibited chromosome dynamics by

overexpressing the lamina-associated polypeptide 2b (Lap2b,

Figures 4A and 4B; Zada et al., 2019) that interacts with the chro-

matin and lamina andmediates their attachment to the inner- and

intra-nuclear structures (Dechat et al., 2000; Prokocimer et al.,

2009). To examine the effect of stable inhibition of chromosome

dynamics on sleep, DNA damage, and repair in larvae and

adults, a tg(HuC:Gal4/uas:Lap2b-EGFP) line (Lap2b-EGFP+)

was established (Figures 4A and 4B). Larvae were treated with

ETO, which induces DNA damage and recovery sleep (Zada

et al., 2019). As expected, 2 h following ETO treatment, the

chromosome dynamics increased by 2-fold in Lap2b-EGFP�

neurons. In contrast, the chromosome dynamics remained low

in Lap2b-EGFP+ neurons in the DP of tg(HuC:Gal4/uas:Lap2-

b-EGFP/uas:DsRed-TRF1) larvae (Figures 4C and 4D). To

exclude a toxic effect and validate that binding of the Lap2b com-

plex to the chromatin can inhibit chromosome dynamics, we

deleted the LAP2-emerin-MAN1 (LEM) domain, amotif that binds

the chromatin-interacting protein barrier-to-autointegration fac-

tor (BAF) (Wagner and Krohne, 2007), and expressed the deleted
MOLCE
Lap2bLEMdel-EGFPprotein in the larval neurons. Aswasobserved

in Lap2b-EGFP� neurons, 2 h following the ETO treatment, chro-

mosome dynamics increased in Lap2bLEMdel-EGFP overex-

pressing neurons (Figures 4C and 4D). Next, this system was

used to examine whether Lap2b-mediated inhibition of chromo-

some dynamics affects the activity of DDR proteins. The

baseline number of DsRed-Rad52 foci was low during the day

in neurons of the DP of tg(HuC:Gal4/uas:Lap2b-EGFP/

uas:DsRed-Rad52) larvae (Figures 4E and 4F). When the repair

system was challenged by treating the tg(HuC:Gal4/uas:Lap2-

b-EGFP/uas:DsRed-Rad52) larvae with ETO, the number of

DsRed-Rad52 foci in the control Lap2b-EGFP� neurons

increased 1.4-fold immediately after treatment and reached a

2-fold increase by 2 h post-treatment. In contrast, there was no

rise in the number of DsRed-Rad52 foci in the Lap2b-EGFP+ neu-

rons (Figure 4F). These results demonstrate that inhibition of

chromosome dynamics impedes the efficient function of the

Rad52 repair system. Accordingly, a sleep-mediated increase

of chromosome dynamics enables efficient repair activity.

Chronic inhibition of chromosome dynamics increases
DNA damage and compensatory sleep
The next step was to test whether chronic inhibition of chromo-

some dynamics and the repair machinery could affect neuronal

DNA damage and alter the sleep/wake cycle. The levels of

DNA damage in neurons was quantified in Lap2b-EGFP+ and

their Lap2b-EGFP� sibling (tg(HuC:Gal4) or tg(uas:Lap2b-EGFP)

or WT) larvae at 5 and 6 dpf, as well as 3 and 10 months postfer-

tilization (mpf). As expected, Lap2b-mediated inhibition of chro-

mosome dynamics and the repair system resulted in consistently

increased numbers of gH2AX foci in neurons of the DP in

Lap2b-EGFP+ zebrafish (Figure 4G). Intriguingly, sleep time

increased during both day and night in Lap2b-EGFP+ larvae

compared to their Lap2b-EGFP� sibling larvae (Figures 4H and

4H0). This increased sleep time was accompanied by lower

neuronal activity in neurons of the DP of 6 dpf Lap2b-EGFP+

larvae (Figures 4I and 4J). These results reinforce the notion

that accumulation of neuronal DNA damage is not necessarily

linked to increased neuronal activity, but that chronic inhibition

of DNA repair proteins increases neuronal DNA damage and

homeostatic sleep pressure, which promote sleep.

Parp1 increases sleep, chromosome dynamics, and the
activity of Rad52
Sleep promotes the activity of DDR signaling pathways (Figure 3)

that includes DNA damage sensors, signal transducers, and

effector proteins (Harper and Elledge, 2007; Jackson and Bar-

tek, 2009). Considering the rapidity of the sleep response to

acute induction of DNA damage (Figures 2, 5, and S3), we

reasoned that activation of a DDR proteinmight signal the organ-

ism to sleep in order to increase chromosome dynamics and

enable the efficient assembly of repair proteins. PARP-1 is a

highly conserved DNA damage detector (Langelier and Pascal,

2013) and an organizer of the nuclear architecture in a way that

facilitates DNA repair and cell survival in response to single-

and double-strand DNA breaks (Beck et al., 2014; Pascal,

2018). To quantify the expression levels of Parp1 during sleep

and wake, the mRNA and protein were extracted fromWT larvae
L 8167
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Figure 4. Inhibition of chromosome dynamics reduces Rad52 repair activity and increases DNA damage and compensatory sleep

(A) Dorsal view of 6 dpf tg(HuC:Gal4/uas:Lap2b-EGFP) larvae (Lap2b-EGFP+). Dashed box shows the DP. Rh, rhombencephalon.

(B) Representative image of Lap2b-EGFP expression in the nuclei.

(C) Co-expression of Lap2b-EGFP (green, upper panel) or Lap2bLEMdel-EGFP (green, lower panel) and chromosome marker (DsRed-TRF1, magenta) in the

nucleus of DP neurons.

(D) Volume of chromosome dynamics during 5 min in neurons of the DP immediately and 2 h after ETO treatment.

(E) Neurons of the DP that express either DsRed-Rad52 or both DsRed-Rad52 and Lap2b-EGFP.

(F) The number of DsRed-Rad52 foci in the DP of 6 dpf larvae 2 h before, immediately after, and 2 h after ETO treatment.

(G) The levels of DNA damage in larvae and adult brains.

(H) Sleep of 5–6 dpf larvae under a 14-h light/10-h dark cycle.

(H0) The average sleep time during the day and the night.

(I) Dorsal view (head points to the left) of the brain of 6 dpf larvae stained with a-pERK (red) and DAPI (blue). Dashed area marks the DP.

(J) Average pERK expression in single neurons of the DP of 6 dpf siblings.

*p < 0.05, **p < 0.01, ***p < 0.001, two-tailed t test: two samples assuming unequal variance (D and G–J), two-way ANOVA followed by Tukey’s test (F). Data show

mean ± SEM (H and H0), or boxplots (D, F, G, and J). Red crosses indicate outliers. n, number of animals (H and J) or cells (D, F, and G). Scale bars, 5 mm.
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during the day, night, and following SD. While parp1 mRNA

expression levels were rhythmic and upregulated during the day-

time (Figure S5A), the protein expression lagged behind and

increased during the nighttime in the whole larvae (Figure S5B).

To measure Parp1 activity and clustering on the chromatin spe-
MOLCEL 816

8 Molecular Cell 81, 1–15, December 16, 2021
cifically in the brain, rather than expression levels in the whole

animal, immunostaining was performed using Parp1 antibody

(Figure 5A). The number of Parp1 foci increased during the day

by 2.8-fold (ZT14 compared to ZT4) and normalized back to

baseline levels by the end of the night (ZT0) in the nuclei of
7
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Figure 5. Parp1 regulates DNA damage-induced sleep

(A) Representative nuclei in DP neuron stained with DAPI and anti-Parp1 at ZT4 and at the end of the day (ZT14). Dashed circle indicates a single neuron. Scale

bars, 3 mm.

(B) The number of Parp1 foci in single DP neuronal nuclei. Letters indicate significant differences (p < 0.05).

(C) Sleep of 6–7 dpf pT2-hsp70:Parp1-injected and control pT2-hsp70:Gal4-injected larvae, before and following heat shock (see Figure S5C for Parp1

expression levels).

(C0) The average sleep time during portions of daytime and entire nighttime.

(D) Sleep of 6 dpf Parp1-KD larvae and their Ctrl siblings under a 14-h light/10-h dark cycle (see Figure S5C for Parp1 expression levels).

(D0) The average sleep time during the day and the night.

(legend continued on next page)
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neurons in the DP. Following SD and the extended wakefulness

(ZT18), the number of Parp1 foci reached higher levels than dur-

ing natural wakefulness (ZT14) and sleep (ZT18). On the following

subjective day, during the rebound sleep, the numbers of Parp1

foci were reduced (Figure 5B). These results show that the activ-

ity of Parp1 in neurons is regulated by homeostatic sleep

pressure.

To better understand the effect of Parp1 on sleep, we used an

inducible heat shock promoter to overexpress Parp1 in a specific

developmental stage. At ZT5, pT2-hsp70:Parp1-injected 6 dpf

larvae were subjected to heat shock. Overexpression of Parp1,

confirmed by immunoblotting (Figure S5C), increased sleep

time by 1.7-fold in 6 dpf pT2-hsp70:Parp1-injected larvae

compared to control pT2-hsp70:Gal4-injected sibling larvae dur-

ing the day (Figures 5C and 5C0). These results demonstrate that

Parp1 is sufficient to rapidly promote sleep. To test whether

Parp1 is a required regulator of sleep, we knocked down

Parp1 (Parp1-KD) using the highly effective CRISPR-Cas9 sys-

tem (Kroll et al., 2021). The knockdown strategy was selected

because inherited Parp1 mutation in the whole larvae is ex-

pected to affect the embryo development. Indeed, Parp1 protein

expression levels were reduced in Parp1-KD larvae (Figure S5C).

In both Parp1-KD and control larvae, sleep time increased during

the night compared to the day. Notably, sleep time was reduced

during the end of the day, a period in which the homeostatic

sleep pressure is built, and during the whole night in the

Parp1-KD larvae (Figures 5D and 5D0). These results oppose

the sleep phenotype observed in Parp1-overexpressing larvae

and show that KD of Parp1 reduces sleep. Since Parp1 activity

is increased in accordance with sleep pressure (Figure 5B),

and to assess how Parp1 activity affects sleep, we inhibited

Parp1 catalytic activity in 5–6 dpf larvae by using two doses

(50 and 100 mM) of the Parp1 inhibitor NU1025 (Bowman et al.,

2001) and monitored sleep over two consecutive 14-h light/10-

h dark cycles. The results revealed a dose-dependent reduction

of sleep time during the night in NU1025-treated animals

compared to DMSO-treated animals (Figures 5E and 5E0).
Following withdrawal of the drug (ZT4), NU1025 larvae treated

with both doses of NU1025 recovered and demonstrated a tran-
(E) Sleep of 5–6 dpf larvae under a 14-h light/10-h dark cycle, before, during (blue

NU1025.

(E0) The average sleep time during portions of daytime and entire nighttime.

(F) The number of gH2AX foci.

(G–I) Sleep time (G), chromosome dynamics in neurons of the DP (H, boxplots),

DMSO- or NU1025-treated larvae before and following 2 min of UV radiation.

(J) Sleep of 6 dpf larvae before and following 10 min of blue light (480 nm) stimu

(K) Sleep of 6 dpf Lap2b-EGFP+ and Lap2b-EGFP� siblings with either DMSO or

(K0) The average sleep time during the day and night.

(L–O) Validation of the role of Parp1 in adult mice.

(L) Time course of percent time in NREM sleep in ZT0-2.5 h after injection of parp

interval used for quantitative comparison in (M). Illustration embedded in top left

(M) Percent time in NREM in individual subjects.

(N) Representative examples of frontal EEG slowwave activity (SWA) in ZT0-2.5 h

after injection of vehicle (top) and NU1025 (bottom) in the same subject. Dashed re

in (O).

(O) NREM SWA in individual subjects.

Data show mean ± SEM. Lines (M and O) represent individual mouse data. *p < 0

variance (C0, D0, E0, F, G, J, and K0), one-way (B) or two-way (H and I) ANOVA foll

animals (C-E, G, and J-L) or cells (B, F, H, and I).
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sient increase (50 mM, 1.8-fold; 100 mM, 2.5-fold) of sleep time

(Figures 5E and 5E0). All groups exhibited a similarly normal level

of sleep time during the following day (Figures 5E and 5E0).
Notably, NU1025 treatment did not show a neuronal activity

stimulating effect (Figure S5D). These results demonstrate that

inhibition of Parp1 activity impedes sleep. Altogether, these ex-

periments show that Parp1 is both a sufficient and necessary

sleep regulator.

In order to examine the effect of Parp1 on daily changes in DNA

damage, thenumber ofgH2AX foci inneuronsof theDPwasmoni-

tored during and after NU1025 treatment. The number of gH2AX

foci increased toward theendof theday inNU1025-treated larvae.

Notably, the number of gH2AX foci was higher in NU1025-treated

compared to control DMSO-treated larvae during day and night.

This effect was particularly pronounced by the end of the night

(ZT0, Figure 5F), whereas by the end of the treatment (ZT3), the

number of gH2AX foci was 1.3- and 1.5-fold higher in the 50 and

100 mM NU1025-treated larvae, respectively, compared to the

appropriate controls. Following the drug withdrawal and sleep

rebound (ZT5), the number ofgH2AX foci returned to normal levels

(Figure 5F). These results show that Parp1 reduces DNA damage

in the DP neurons and suggest that even under intense DNA dam-

age,NU1025-treated larvaedonot sense theDNAdamage-driven

homeostatic sleep pressure.

While the number of gH2AX foci increased 30 min after UV ra-

diation (Figure 2H), Parp1 protein expression increased immedi-

ately after UV radiation in larvae (Figure S5C). To test whether

Parp1 activity is necessary to drive sleep-mediated chromo-

some dynamics and repair after induction of DNA damage,

NU1025-treated larvae were exposed to UV radiation. As

expected, sleep time in DMSO-treated larvae increased by

approximately 4- and 2-fold, at 1 and 2 h after UV exposure,

respectively, but there was no increase in NU1025-treated larvae

(Figure 5G). In accordance with the sleep pattern, 2 h after UV

exposure, in the neurons of the DP, chromosome dynamics

increased by 1.75-fold in tg(HuC:Gal4/uas:EGFP-Terfa) DMSO-

treated larvae (Figure 5H). The number of DsRed-Rad52

foci increased by �2-fold in tg(HuC:Gal4/uas:DsRed-Rad52)

DMSO-treated larvae (Figure 5I). In contrast, chromosome
box), and following treatment with DMSO or 50 or 100 mMof the Parp1 inhibitor

and the average number of DsRed-Rad52 foci per larvae (I, boxplots) in 6 dpf

li.

100 mM NU1025, under a 14-h light/10-h dark cycle.

1 inhibitor NU1025 or vehicle. Dashed rectangle marks the 0.75- to 1.5-h time

depicts setup schematics.

(% of average NREMSWA per minute in baseline saline session of each animal)

ctangle marks the 0.75- to 1.5-h time interval used for quantitative comparison

.05, **p < 0.01, ***p < 0.001. Two-tailed t test: two samples assuming unequal

owed by a Tukey’s test, or a one-tailed sign-rank test (M and O). n, number of
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Figure 6. Proposed cellular mechanism for homeostatic regulation

of sleep

(A) Plots of sleep time and gH2AX foci number (collection of data presented in

Figures 1, 2, 3, 4, and 5). Weak correlation (R = 0.3) between the amount of

DNA damage and sleep time prior to the quantification of gH2AX foci (upper

graph). Strong positive correlation (R = 0.76) between the amount of DNA

damage and sleep time following the quantification of gH2AX foci (lower

graph). This correlation suggests that the amount of the homeostatic driver,

i.e., DNA damage, can predict the requirement of sleep time. Pearson corre-

lation coefficient.

(B) During wakefulness, various processes, ranging from neuronal activity and

radiation to mutagen activity, cause DNA damage in neurons (red circle). The

DNA damage detector Parp1 is immediately recruited and activated in DNA

loose ends, and soon after, the H2AX histone is phosphorylated (p). The

accumulation of DNA damage is a homeostatic driver for sleep, and Parp1

activity and downstream pathways can mediate the signal to sleep. During

sleep, chromosome dynamics increase, which enables the recruitment and

efficient activity of the repair proteins Rad52 and Ku80 and their repair

signaling pathways. Then, Parp1 is deactivated, the number of gH2AX is

reduced, and the DNA damage-dependent homeostatic pressure to sleep is

relieved. The duration and efficiency of this process may explain species-

specific length and quality of sleep and repair (6 h in zebrafish larvae).
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dynamics and the number of DsRed-Rad52 foci remained low

2 h after UV exposure in NU1025-treated larvae (Figures 5H

and 5I). These results show that Parp1 activity promotes sleep

and chromosome dynamics, enabling efficient DNA repair.

In addition to UV radiation, various types of DNA damage in-

ducers can promote sleep-dependent DNA repair, including

neuronal activity (Figures 2 and 3). Therefore, we examined the

effect of Parp1 activity on sleep following optogenetic stimula-

tion. As expected, DMSO-treated ChR2+ larvae increase sleep

time by 2.3-, 2.8-, and 2.5-fold at 1, 2, and 3 h, respectively, after

blue light stimulation. However, sleep time did not increase in

NU1025-treated ChR2+ larvae (Figure 5J). Furthermore, inhibi-

tion of the DNA repair activity resulted in increased DNA damage

and compensatory sleep in Lap2b overexpressing larvae (Fig-

ure 4). To test whether inhibition of Parp1 activity can mask the

drive to sleep even under chronic increased DNA damage, at 6

dpf Lap2b-EGFP+ and their Lap2b-EGFP� sibling larvae were
MOLCE
treated with 100 mM NU1025. Sleep time for all groups was

longer at night than during the day and was reduced after treat-

ment with NU1025. While sleep time was still longer in

Lap2b-EGFP+ larvae compared to Lap2b-EGFP� sibling larvae,

NU1025 treatment inhibited sleep in Lap2b-EGFP+ larvae (Fig-

ures 5K and 5K0). Altogether, these results show that inhibition

of Parp1 can counteract the DNA damage-mediated signal to

sleep, whether the stimulus is exposure to UV, mediated by

neuronal activity, or spontaneous daytime and Lap2b-induced

chronic sleep pressure. These data show that the DDR initiator

Parp1 regulates the homeostatic drive to sleep.

Inhibition of Parp1 activity reduces NREM sleep
duration and intensity in mice
To extend the findings in larva zebrafish to adult mammals with

quantitative analysis of sleep depth, we tested how pharmaco-

logical inhibition of Parp1 affects sleep in adult male mice. Sleep

monitoring was performed with gold-standard polysomnogra-

phy, including electroencephalogram (EEG), electromyogram

(EMG), and video (Figure S6). Inspecting sleep/wake dynamics

in the first few hours after drug delivery at light onset revealed

a 33% ± 10% reduction in NREM sleep 0.75–1.5 h following

the administration of NU1025 compared with vehicle control

(Figure 5L). During this temporal interval, less NREM sleep

(more wakefulness) was clearly evident in individual subject

data (Figure 5M). Moreover, we observed that even when going

above and beyond NREM sleep duration, and quantifying its

slow wave activity (SWA) per minute of sleep, NU1025 adminis-

tration led to lower SWA compared with vehicle control (Figures

5N and 5O). Given that SWA is an established marker for sleep

depth and sleep homeostasis (Franken et al., 2001), these exper-

iments establish that inhibition of Parp1 activity in adult mice re-

duces the duration of NREM sleep and its intensity.

DISCUSSION

Sleep benefits a variety of essential physiological mechanisms,

from learning and memory to cellular maintenance in complex

neuronal networks and individual neurons. The fundamental

cellular functions of sleep may be conserved across evolution,

as even animals with a simple nervous system sleep (Kanaya

et al., 2020; Nath et al., 2017; Nelson and Raizen, 2013). Here, im-

aging of cellular and nuclear markers, coupled with behavioral

monitoring of zebrafish, showed that neuronal DNA damage can

be a driver for sleep that promotes DNA repair activity. There

was a strong positive correlation (R = 0.76) between levels of

neuronalDNAdamageand total sleep time (Figure6A), suggesting

that the amount of DNA damage can predict the total sleep time

required for repair. Differences in the exposure to mutagenic fac-

tors and the susceptibility toDNAdamagemight therefore explain

some intra- and inter-species variation in sleep quality and

duration.

The results address the mechanisms by which accumulated

DNA damage during wakefulness drives sleep, which promotes

DNA repair (Figure 6B). Our causative experiments demon-

strated that sleep increases the clustering of Rad52 and Ku80

repair proteins in neurons, which enables normalization of the

levels of DNA damage. The DNA repair activity in neurons has
L 8167
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mostly been studied in cell cultures and brain tissues (Barzilai

et al., 2008; Thadathil et al., 2019). Mature neurons are non-

dividing cells, and the HR pathway is presumed to be rarely

used (Orii et al., 2006). Nevertheless, induction of DNA damage

in neurons is followed by a transient increase in the expression

of proteins involved in both HR and NHEJ and elevated DNA

repair activity (Merlo et al., 2005). Our data support these find-

ings and show that induction of various types of single- and dou-

ble-strand breaks can increase the pressure for sleep-mediated

repair (Figures 2 and 3). We propose that the DDR systems are

activated in real time upon generation of DNA damage during

day and night, but that they are strongly upregulated during

sleep, possibly because the cell resources can be dedicated to

nuclear maintenance.

How does sleep promote efficient clustering of DDR proteins?

Our results implicate chromosome dynamics since their inhibition

abolished sleep-dependent DNA repair activity and resulted in

accumulation of DNA damage. We suggest that the mechanism

may involve movement and segregation of DNA fragments that

provide accessibility to repair proteins, or alternatively there may

be massive movements of chromosomes to repair centers in the

nuclear periphery (Tsouroula et al., 2016). Notably, chromosome

dynamicscan regulateother keycellularprocesses thatoccurdur-

ing sleep, such as the transcription of synaptic genes that regulate

synaptic formation and elimination. Indeed, spatial movements

and reorganization of large chromatin segments and regulation

of promoter-enhancer interactions have been associated with

memory formation (Marco et al., 2020). Thus, sleep regulates

DNAdynamicsand repair, operations thatpromotechromatin sta-

bility that may modulate additional neuronal functions, including

synaptic plasticity and memory consolidation.

Which molecules and pathways can sense the accumulation

of nuclear DNA damage and promote sleep? PARP-1 is a DNA

damage detector, which is recruited to DNA lesions within sec-

onds (Liu et al., 2017) and subsequently initiates cascades of

repair response (Pascal, 2018; Haince et al., 2008). In neurons

of the zebrafish DP, Parp1 clustering in the nucleus increased

during spontaneous wakefulness and after SD, suggesting that

Parp1 canmonitor and signal the homeostatic pressure to sleep.

Indeed, using genetic KD and inducible overexpression, we

demonstrated that Parp1 is an essential regulator of sleep in ze-

brafish larvae.We further confirm that inhibiting Parp1 activity re-

duces sleep in mice. These results extend those of zebrafish

larvae along three separate dimensions, by (1) establishing

them in mammals and (2) in adult animals, and (3) by showing

that Parp1 affects sleep depth, beyond its effects on sleep dura-

tion. Indeed, homeostatic sleep pressure is reflected both in the

duration of NREM sleep, as well as in SWA levels representing its

intensity (Borbély and Achermann, 1999).

Inhibition of Parp1 activity abolished DNA damage-induced

sleep, chromosome dynamics, and repair, even under strong

sleep pressure. In contrast to caffeine, which inhibits DNA repair

while increasing neuronal activity and wakefulness (Selby and

Sancar, 1990), the use of a Parp1 inhibitor inhibited repair activity

and subsequently resulted in increased DNA damage without

affecting neuronal activity. These results suggest that by detect-

ing the accumulation of DNA damage, the Parp1 pathway can

signal the brain to promote sleep. Lack of this signal can mask
MOLCEL 816
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the need to sleep even under increased DNA damage and ho-

meostatic pressure. Intriguingly, clinical trials in cancer patients

have concluded that fatigue is a prominent universal side effect

for all U.S. Food and Drug Administration (FDA)-approved

PARP1 inhibitors (Janda et al., 2000; Knapp et al., 2012; La-

Fargue et al., 2019). Our findings suggest that these drugs

mask the homeostatic signal to sleep and thereby cause sleep

disturbance and chronic fatigue.

This study describes a molecular mechanism and a temporal

cascade of nuclear processes that occur in single neurons during

sleep and wakefulness (Figure 6B). This work in larval zebrafish

provides a critical link between sleep studies in simple nervous

systems of invertebrates and the complex mammalian brain.

Since all animals with a nervous system studied so far sleep

(Keene and Duboue, 2018), the cellular repair functions of sleep

and the molecular regulators may be conserved. For example,

p53 can regulate the sleep response inC. elegans (DeBardeleben

et al., 2017), and the expression of various DDR markers are

increased in sleep-deprived humans (Cheung et al., 2019). Simi-

larly, we found that the DDR initiator Parp1 regulates sleep ho-

meostasis. PARP-1 has also been shown to modify components

of the clockmachinery (Asher et al., 2010) and is required for long-

term memory (Cohen-Armon et al., 2004; Goldberg et al., 2009),

suggesting a link between circadian and homeostatic processes

and the regulation of sleep functions. Since this protein is already

an attractive therapeutic target in cancer treatments (LaFargue

et al., 2019), the drug effect on sleep and sleep disturbances

can readily be examined in humans. Furthermore, our findings

that sleep regulates the neuronal balance between DNA damage

and repair and consequently the health of the cell provide the ba-

sis for future work focusing on the causative link between sleep,

aging, and neurodegenerative diseases.

Limitations of the study
Sleep is conserved across phylogeny, and experiments in addi-

tional model organisms could have broadened the conclusion.

Indeed, our finding that Parp1 regulates sleep pressure in zebra-

fish larvae was validated in mice. These and future results can

extend the proposed sleep mechanism to adult mammals and

humans.

Sleep may regulate various DNA repair systems in a region-

dependent manner. We focused on Rad52 and Ku80, which

are key proteins in HR and NHEJ processes, respectively. Future

experiments using additional repair markers and tools in various

brain regions and cell types can further underline the molecular

mechanism of sleep.

We studied neurons located in the DP because the activity of

this region reduces during sleep and shares commonalities with

those of SWS and REM/PS in the mammalian cortex. Studying

the mechanism regulating DNA damage and repair in additional

sleep and wake regulatory circuits will be of interest.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit anti-gH2AX GeneTex GTX127342

Rabbit anti Phospho-p44/42 MAPK

(Erk1/2)(Thr202/Tyr204)

Cell Signaling Technology CST-4370S

Goat anti-rabbit IgG H&L (Alexa FluorTM 594) Invitrogen A11012

Goat anti-rabbit IgG H&L (Alexa FluorTM 488) Invitrogen A11008

DAPI/Antifade (250 ng/ml) counterstain Santa Cruz Biotechnology sc-3598

Parp1 Antibody Abcam ab194586

Anti-GAPDH Antibody (0411) Santa Cruz Biotechnology sc-47724

Chemicals, peptides, and recombinant proteins

Etoposide (ETO) SIGMA-ALDRICH E1383

NU1025 SIGMA-ALDRICH N7287

Pentylenetetrazole (PTZ) SIGMA-ALDRICH P6500

Dimethyl Sulfoxide (DMSO) SIGMA-ALDRICH D8418

Paraformaldehyde (PFA), prills, 95% SIGMA-ALDRICH 441244

Polyethylene glycol 200 (PEG-200) SIGMA-ALDRICH 8.07483

Dulbecco’s Phosphate Buffered Saline (PBS), 10X

Conc., without Calcium and Magnesium

Biological Industries 02-023-5A

Fetal Bovine Serum (FBS) Biological Industries 041271A

Alt-R� S.p. Cas9 Nuclease V3, 100 mg IDT 1081058

Experimental models: Organisms/strains

Zebrafish: tg(HuC:Gal4) Pluci�nska et al., 2012 N/A

Zebrafish: tg(dbh:Gal4) Current work N/A

Zebrafish: tg(fli1:EGFP) Lawson and Weinstein, 2002 N/A

Zebrafish: tg(sox10:EGFP) ZFIN ZDB-TGCONSTRCT-150414-3

Zebrafish: tg(uas:DsRed-Rad52) Current work N/A

Zebrafish: tg(uas:DsRed-TRF1) Current work N/A

Zebrafish: tg(HuC:GCaMP5) Romano et al., 2017 N/A

Zebrafish: tg(ChR2-mCherry) Helmbrecht et al., 2018 N/A

Zebrafish: tg(uas:Lap2b-EGFP) Current work N/A

Mice: C57BL/6j Envigo/ in house breeding N/A

Oligonucleotides

Primers for cloning and RT-PCR (Methods details) Current work N/A

sgRNA list (Method details) Current work N/A

Recombinant DNA

Plasmid: pT2-uas:DsRed-Rad52 Current work N/A

Plasmid: pT2-uas:dsRed-Rad52R49A Current work N/A

Plasmid: pT2-uas:Ku80-EGFP Current work N/A

Plasmid: pT2-uas:ku80D721A/D722A-EGFP Current work N/A

Plasmid: pT2-uas:Lap2b-EGFP Zada et al., 2019 N/A

Plasmid: pT2-uas:Lap2bLEMdel-EGFP Current work N/A

Plasmid: pT2-hsp70:Parp1 Current work N/A
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Software and algorithms

EthoVision XT 12 software Noldus Information Technology N/A

MATLAB Mathworks https://www.mathworks.com/products/

matlab.html

Imaris Oxford Instruments N/A

ImageJ NIH imageJ https://imagej.nih.gov/ij/

Excel Microsoft https://office.microsoft.com/excel/ Q9

Other

Noldus DanioVision tracking system Noldus Information Technology N/A

CFX96TM Real-Time PCR BIO RAD N/A

Direct-zol RNA MiniPrep kit Zymo Research Corporation ZR-R2051

qScript cDNA SuperMix Quanta BioSciences 95047

PerfeCTa SYBR Green FastMix Quanta BioSciences 95073
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to the lead contact, Lior Appelbaum (lior.

appelbaum@biu.ac.il).

Materials availability
All plasmids and transgenic lines generated in this study are available from the Lead Contact.

Data and code availability
d The original raw data for imaging have been deposited inMendeley Data (http://data.mendeley.com/v1/datasets/xb39kmybzn/

draft?a=cdfe19f6-734f-4145-be46-57ea41c9e4a5).

d This paper does not report any original code.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Adult zebrafish (male and female) were raised and maintained in fully automated zebrafish housing systems (Aquazone, Israel; tem-

perature 28 ± 0.5�C, pH 7.0, conductivity 500 mS) under 14 h light/10 h dark cycles, and fed twice a day. Embryos were produced by

natural spawning and raised in egg-water containing methylene blue (0.3 ppm) in a light-controlled incubator at 28 ± 0.5�C, as pre-

viously described (Elbaz et al., 2012). The Tol2 system (Kawakami et al., 2004) was used to generate the transgenic lines

tg(uas:DsRed-Rad52), tg(uas:DsRed-TRF1), tg(uas:Lap2b-EGFP), and tg(dbh:Gal4). The transgenic lines tg(HuC:Gal4), tg(HuC:

GCaMP5) and tg(uas:ChR2-mCherry), and both tg(fli1:EGFP) and tg(sox10:EGFP) were kindly provided by Bettina Schmid (Ludwig

Maximilian University of Munich, Germany), German Sumbre (Institute de Biologie- Ecole Normale Superieure, France), Herwig Baier

(Max Planck Institute of Neurobiology, Germany), and Karina Yaniv (Weizmann Institute of Science, Israel), respectively.

Adult C57BL/6J male mice (�25 g) were housed with their littermates. Throughout all housing and experiments, mice were under a

12 h light/ 12 h dark (LD) cycle with ambient temperature at 21-23C, and food/water available ad libitum. Experimental procedures,

including animal handling, surgery, and sleep experiments, followed the National Institutes of Health’s Guide for the care and use of

laboratory animals. All animal protocols were reviewed and approved by the Bar-Ilan University and Tel Aviv University Bioethics

Committee.

METHOD DETAILS

Behavioral assays
Sleep was monitored as previously described (Elbaz et al., 2012). Briefly, larvae were individually placed in 48-well plates containing

zebrafish housing systemwater. Larva-containing plates were placed in the Noldus DanioVision tracking system (Noldus Information
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Technology) with a light intensity of 70 LUX, and sleep was monitored under light and dark conditions (LD). In constant dark exper-

iments (DD), the larvae were raised under 14/10 h LD cycle for 5 days and then placed in 48-well plates under constant darkness. Live

video-tracking and analysis were conducted using the EthoVision XT 12 software (Noldus Information Technology). Data analyses of

sleep time were performed according to the threshold parameters previously described (Elbaz et al., 2012).

SD was performed as previously described (Leung et al., 2019). Briefly, at ZT14, 6 dpf larvae were placed in 12.5 mL of system

water in a 15 mL conical tube covered with aluminum foil. The conical tube was placed on a rotating platform that moves the air bub-

bles along the tube at a speed of 0.5 Hz, for 4 h under darkness (Figure S4A). The control group was also placed in a 15 mL conical

tube under similar conditions except for the rotation. As a control experiment, the same protocol was applied during daytime wake-

fulness under light (Figure S4G).

In order to perform heat-shock inducible behavioral experiments, pT2-hsp70:Gal4- and pT2-hsp70:Parp1-injected larvae were

raised in a 14/10 h LD cycle at 28�C. At 6 dpf, the larvae were placed in alternating wells in 48-well plate, and sleep was recorded

during 1 h. Following 30 min of 37�C heat shock and recovery to 28�C, sleep was recorded for an additional 21 h.

Immunohistochemistry assays
Larvae were fixed for 2-12 hours in 4% paraformaldehyde (PFA) in PBS at 4�C, and washed in PBST (PBS/0.1% Tween). The larvae

were permeabilized with 20 mg/ml Proteinase K in PBST for 30 min at room temperature, followed by 6 3 5 min washes with PBST.

The larvae were then blocked with 20% fetal bovine serum diluted in PBST for 1 hour at room temperature. Next, the larvae were

incubated overnight at 4�C in blocking buffer with either of the following primary antibodies: rabbit anti-gH2AX (GTX127342, Gene-

Tex), 1:250 dilution; rabbit anti-p44/42 MAPK (pERK, CST-4370S, Cell Signaling Technology), 1:500 dilution; or rabbit anti-Parp1

(Abcam, ab194586), 1:500 dilution. On the following day, larvae were washed in PBST and blocked for 1 hour. Anti- gH2AX, anti-

MAPK, and anti-Parp1 were detected with a goat polyclonal secondary goat anti-rabbit IgG H&L (Alexa FluorTM 488-A11008 or

594-A11012, Invitrogen) 1:200 dilution, in blocking buffer with DAPI/Antifade (250 ng/ml) counterstain (sc-3598, Santa Cruz Biotech-

nology) overnight at 4�C. The larvae were then washed in PBST and mounted for imaging.

In order to quantify the levels of DNA damage in specific cell types, we used the well-established phosphorylated histone gH2AX

marker (Figures 1H and 1I; Figures S1C–S1E), which is activated in DNA damage sites and participates in the early cellular response

to DNA breaks (Rogakou et al., 1998). Notably, in contrast to the findings in neurons, the number of gH2AX foci in myocytes, endo-

thelial cells, and neuronal precursor cells did not change between day and night (Figures S1C–S1F).

Western blot
For western blot, 6 dpf larvae were collected (pools of 35 larvae). The samples were lysed in 20mM Tris, pH 7.5, 150mM NaCl, 1mM

EDTA, 1% Nonidet P-40, 0.5% sodium deoxycholate, 2 mM Na3VO4, 1 mM NaF, and 10 mM b-glycerophosphate. Lysates were

incubated for 20 min on ice, and the supernatant was loaded after a 10 min spin at 13,000 rpm at 4�C. Protein concentration was

determined by Bradford analysis. A total of 60 mg protein extract was loaded per lane on 10% SDS polyacrylamide gel. After elec-

trophoresis, proteins were transferred to nitrocellulose membrane (BIO-RAD), and the membrane was blocked for 1 h in PBST with

5% skim milk. Next, the membrane was incubated in PBST with 5% skim milk containing the primary antibody against Parp1 anti-

body (Abcam, ab194586), diluted 1:1000, and against GAPDH antibody diluted 1:1000 (sc-47724, Santa Cruz Biotechnology) over-

night at 4�C. After washing 33 5minwith PBST, the secondary antibody diluted 1:4000 [Peroxidase-conjugated AffiniPure Goat Anti-

Rabbit IgG: 111-035-144 or Peroxidase-conjugated AffiniPure Goat Anti-Mouse IgG 115-035-062 (Jackson ImmunoResearch)] was

incubated for 1 h at RT in PBST with 5% skim milk. Membrane development was performed following 3x5 min washing with PBST

using EZ-ECL Kit according to the manufacturer’s instructions (Biological Industries).

Comet assay
The single cell gel electrophoresis (comet) assay was performed using the Comet Assay Kit (abcam ab238544) according to theman-

ufacturer’s protocol. In brief, 6 dpf larval brains were dissected and minced in a small amount of ice-cold PBS containing 20 mM

EDTA. From each sample, 1 3 105 cells/ml were kept in ice-cold PBS. Cell samples were mixed with comet agarose in a 1/10 ratio

(v/v) and immediately transferred onto the slide glasses covered with a comet agarose base layer. After incubating with pre-chilled

lysis buffer, the slides were subjected to electrophoresis. Electrophoresis was performed in the Alkaline Electrophoresis Solution for

the alkaline comet assay at 1 V/cm for 15 min. After electrophoresis, the slides were incubated with Vista Green DNA dye.

The comet assaywas used to detect DNA breaks in neurons extracted from 6 dpf larval brains during the day, night, subjective day,

and post SD. Calculation of the comet tail moment (Olive et al., 1990) showed that the levels of DNA damage are increased during

wakefulness (Figures S1A and S1B).

Transcription quantification of repair genes
Relative mRNA quantification of c-fos, rad52, ku80, apex1, ddb2, and parp1 was determined using qRT-PCR. Total RNA was ex-

tracted from 6-7 dpf larvae using the Direct-zol RNA MiniPrep kit (Zymo Research Corporation), according to the manufacturer’s in-

structions. For each tested gene, a total of 5-14 biological samples were used. Each biological sample contained a pool of 10 larvae.

mRNA (1 mg) was reverse-transcribed using qScript cDNA SuperMix (Quanta BioSciences). Relative transcript levels were deter-

mined by the CFX96TM Real-Time PCR (BIO-RAD). Duplicates of each cDNA sample were PCR-amplified using the PerfeCTa
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SYBR Green FastMix (Quanta BioSciences) and the following specific primers: c-fos: 50-gctcaatcctacaacccgag-30 and 50-cagc
catcttgtttcgttcac-30; rad52: 50-cagaagttcagacaggagatgg-30 and 50-gatctcgttgaaggatcgtcc-30; ku80: 50-atctccgtcagttcactttcc-30

and 50-ctccattctcatccttctccatc-30; apex1: 50-agccaatatgaagatcacctcc-30 and 50-ctttctcagcacacttggtttc-30; ddb2: 50-tgtggatgtgtctgt
tagcc-30 and 50-tcacagcgagggttgaattc-30; parp1: 50-acacaagtctgctctacaacg-30 and 50-acctctccagatctaaccgg-30; and rpl13: 50-agct
caagatggcaacacag-30 and 50-aagttcttctcgtcctcc-30. The relative quantification of each gene expressionwas normalized against rpl13

mRNA expression levels and subjected to the DDCT method (Elbaz et al., 2012).

In order to select and establish repair markers, we initially screened the expression levels of genes involved in various DDR path-

ways during the day and night. Quantitative reverse transcription PCR (qRT-PCR) was used to assess the expression of rad52, ku80,

apex1, and ddb2, which are key DNA repair proteins in the HR, NHEJ, BER, and NER pathways, respectively. Under normal day/night

cycle, the expression of all transcripts was rhythmic and increased during the day (ZT4, Figures S4C–S4F). However, SD (Figures S4A

and S4B) increased the expression of only rad52 and ku80mRNA (ZT18) compared to the night control groups. These results indicate

that the rhythmic transcription of the DDR genes is predominantly controlled by the light/dark cycle, although homeostatic sleep

pressure can also regulate the transcription of rad52 and ku80. Although high transcription levels of rad52 and ku80 were observed

in whole larvae during daytime wakefulness and following SD (Figures S4C and S4D), this reflects the expression of mRNA, and not

necessarily the levels of protein. Furthermore, the lag time between the expression of mRNA, and protein translation and activity can

be a matter of hours. For example, the transcription of synaptic genes is primarily regulated by the circadian clock, while the trans-

lation of the encoded protein is driven by sleep (Noya et al., 2019). To overcome this issue, in repair experiments, we monitored the

activity and clustering of DDR proteins.

DNA constructs
pT2-uas:DsRed-Rad52 was generated by amplifying the coding sequences of rad52 (NM_001024451.1) and DsRed using the

following primers: rad52: 50-aagACCGGTatggattatagcagcgggagg-30 and 50-aggCTCGAGtcacgtgtccaatcttcgtttct-30; DsRed: 50-ac-
cGAATTCaccatggctccaaagaagaagcgtaaggtaatgaagcttgcctcctccga-30 and 50-catACCGGTggttagtggtggtggtggtgg-30 (nls sequence

is underlined). Triple ligation of EcoRI/XhoI-digested pT2-uas:MCS vector (kindly provided by Didier Stainier, Max Planck Institute,

Germany), EcoRI/AgeI-digested DsRed, and AgeI/XhoI-digested rad52 was performed.

pT2-uas:Ku80-EGFP was generated by amplifying the coding sequences of ku80/xrcc5 (NM_001017360.2) and egfp using the

following primers: ku80: 50-attGAATTCatggcgcgagcagcgaagt-30 and 50- cccGAATTCcatcatgtccagcagatca-30; egfp: 50-attGAATT

Catggtgagcaagggcgagga-30 and 50- ggCTCGAGatatcttacttgtacagctcgt �30. Triple ligation of EcoRI/XhoI-digested pT2-uas:MCS

vector, EcoRI-digested ku80, and EcoRI/XhoI-digested egfp was performed.

Mutation in rad52 (rad52R49A) and ku80 (ku80D721A/D722A) genes were introduced using PCR deletion and substitution of single

nucleotides in the pT2-uas:DsRed-Rad52 and pT2-uas:Ku80-EGFP vectors, respectively, using the following primer: rad52R49A:

50-gcacaggctggaggaggacaaaaggt-30 and 50- ggtgctgatgtattcaggtccgag-30; ku80D721A/D722A: 50-gcactgctggacatgatgt-30 and 50-
tgccacatctccagtgtcgt-30 (the sites of mutations are underlined). Mutation in lap2b gene (lap2bLEMdel) was introduced using PCR dele-

tion of 135 nucleotides (amino acids D92-G136) in the pT2-uas:Lap2b-EGFP vector, using the following primer: 50-
ctcctgtagctgtggctcttc-30 and 50-gtcaggacgaactttgtcgg-30.
pT2-hsp70:Parp1 was generated by amplifying the coding sequences of Parp1 (NM_001044942.1) using the following primers:

50-aagagaGGATCCatggccgactca caggacgacaagctgtac-30 and 50-aagagaATCGATtcaccacagagacgtctgatagttgaagcgga-30. Ligation
of BamHI/ClaI-digested pT2-hsp70:Gal4 vector (kindly provided by Karina Yaniv, Weizmann Institute of Science, Israel) and BamHI/

ClaI-digested Parp1 was performed.

pT2-dbh:Gal4 was generated by amplifying �1.1 kbp fragment, located upstream to the zebrafish dbh gene, using the following

primers 50-aatGGGCCCacttgaaccagcgaccttct-30 and 50- ccgACCGGTggtttgaaggcctttctaagttttt-30, as previously described (Liu

et al., 2015). The PCR product was digested with ApaI and AgeI restriction enzymes and cloned into ApaI- and AgeI-digested

pT2-mbp:Gal4 vector (Zada et al., 2019), replacing the mbp promoter.

Establishment of DNA repair reporter proteins
The DsRed-Rad52 and Ku80-EGFP markers were expressed in larvae. Under naive daytime conditions, ubiquitous nuclear expres-

sion was observed in most neurons, while DsRed-Rad52 clusters were observed in only a few neurons (Figures 3C, 3D, and S3K). In

order to validate that DsRed-Rad52 proteins are recruited into DNA damage sites, tg(HuC:Gal4/uas:DsRed-Rad52) larvae were

analyzed by immunohistochemistry using the gH2AX antibody. The elav/HuC promoter and protein is an established neuronal marker

in zebrafish. As expected, punctate structures of co-localized gH2AX and DsRed-Rad52 were observed in the nucleus (Figure S4K).

To further validate that the DsRed-Rad52 clusters are localized in DNA binding sites, we introduced a point mutation that converted

the conserved 49th amino acid arginine into alanine (A, DsRed-Rad52R49A). Notably, a similar mutation (R55A) in human cells abol-

ished the ssDNA-binding function of RAD52 (Kagawa et al., 2002). Transient expression of DsRed-Rad52R49A resulted in the forma-

tion of large nuclear protein aggregates that did not co-localize with gH2AX (Figure S4L). In order to visualize the expression pattern of

Ku80-EGFP, the pT2-uas:Ku80-EGFP construct was injected into tg(HuC:Gal4) larvae. While ubiquitous nuclear Ku80-EGFP expres-

sion was observed in most neurons, a few neurons exhibited punctate Ku80-EGFP clusters (Figure S4M). Imaging of the gH2AX and

Ku80-EGFP clusters showed that the proteins do not co-localize (Figure S4M), which is in accordance with the results in a human

cell line (Britton et al., 2013). In order to validate that the Ku80-EGFP clusters bind to DNA sites, we introduced point mutations in
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the 721-722 residues (Ku80D721A/D722A) since similar mutations in human KU80 impaired the recruitment of KU80 to DNA damage

sites (Falck et al., 2005). Transient expression of Ku80D721A/D722A-EGFP, resulted in large protein aggregates in the nucleus (Fig-

ure S4N). These assays show that DsRed-Rad52 and Ku80-EGFP foci are dynamically bound to DNA sites and can be used as re-

porters for the activity of the repair systems.

Cas9-CRISPR-based KD and microinjection assays
In order to KD parp1, we used the modified CRISPR/Cas9 protocol as previously described (Kroll et al., 2021). Three parp1 specific

sgRNAs were designed and synthesized by IDT (Alt-R CRISPR-Cas9 System): sgRNA1, ggccgcagttcagtctcctt; sgRNA2, cagcttggtc

taatcgatcg; and sgRNA3, gagcatgaagaaagccatgg. The sgRNA’s were diluted in IDTE buffer to 100 mM stock solution, according to

the manufacturer’s protocol. The control scrambled sgRNA caatcgagacattccagtag was cloned into the DR274 plasmid (Addgene)

and synthesized using the T7 High Yield RNA Synthesis Kit (NEB). Pre-assembled RNPs composed of Cas9 protein and sgRNA

are highly effective in zebrafish. Therefore, RNPs generated before themicroinjection bymixing 4 mg/ml of Alt-R� S.p. Cas9 Nuclease

V3 (IDT) and 600 ng/ml of each sgRNA, incubation at 37�C for 5 min, and chilled in ice-cold water. Injection of control RNPs and parp1

RNPs resulted in 13.8% and 29.6% mortality, respectively. Among the surviving larvae, 3.7% (control) and 45.9% (parp1) displayed

developmental abnormalities.

The expression of the RNPs and the DNA constructs pT2-uas:DsRed-Rad52R49A, pT2-uas:Ku80-EGFP, pT2-uas:ku80D721A/D722A-

EGFP, pT2-hsp70:Gal4, and pT2-hsp70:Parp1, at a concentration of 30 ng/ml, were performed by microinjection of approximately 2

nL of each solution into one-cell-stage embryos, using a micromanipulator and PV830 Pneumatic PicoPump (World Precision

Instruments).

Imaging
All imaging experiments were conducted on 5-7 dpf larvae. Larvae were mounted in low-melting-point agarose 1.5%. Imaging was

performed using a Zeiss LSM710 upright confocal/two-photon microscope with either3 20, 1.0 NA or3 63, 1.0 NA objectives. The

DsRed-Rad52, DsRed-TRF1, and Alexa FluorTM 594 were imaged using DPSS 561 nm, the Ku80-EGFP, Lap2b-EGFP, and Alexa

FluorTM 488 were imaged using Argon 488 nm. The DAPI was imaged using Diode 405nm.

In chromosome dynamics imaging, we used the following parameters: image resolution of 256 3 256, 30 planes, speed of

242.04 ms per plane. One plane size was typically 16.9 3 16.9 3 1.3 mm, with intervals of 0.3 mm between planes in all Z stacks.

In HuC-driven GCaMP5 imaging, 6 dpf tg(HuC:GCaMP5) larvae were mounted, and the GCaMP5 signal was monitored using a

Mai-Tai 2-photon laser, tuned to 920 nm, with a 3 20 1.0 NA objective. Scanning was performed at a single plane for 20 min

at 4.13 Hz.

Optogenetic experiments
The tg(uas:ChR2-mCherry) and tg(HuC:Gal4) lines were crossed, and mCherry-positive and -negative control embryos were raised

under 14 h light/10 h dark cycles in the same Petri dish. At 6 dpf, mCherry-positive and -negative larvae were placed in alternating

wells in a 48 well plate, and sleep was monitored over 2 h. All larvae were then stimulated for 10 min with blue light (480 nm, light on:

1 Hz/30 ss, light off: 30 s), and sleep monitoring was resumed. In the immunohistochemistry experiments, the same protocol was

applied, andmCherry-positive and -negative larvae were fixed at various time points post stimuli. In the comet assays,mCherry-pos-

itive and -negative larvae were sampled 30 minutes following the stimuli.

Pharmacological and UV radiation experiments
During the daytime, 6 dpf larvae were treated for 30min with either 5%DMSO or 10mMPTZ (Sigma-Aldrich) dissolved in DMSO and

diluted in the zebrafish systemwater. Sleep time and DNA damage and the clustering of repair proteins were monitored immediately,

and 1, 2, and 3 h following the treatment.

In addition, 6 dpf larvae were treated for 2 h with either 0.0001% DMSO or 10 mM ETO (Sigma-Aldrich) diluted in zebrafish system

water. Chromosome dynamics, pERK levels, and clustering of repair proteins were monitored before, during, and following the

treatment.

In Parp1 inhibitor experiments, 5-6 dpf larvae were treated with either 1% DMSO, 50 mM, or 100 mM NU1025 (Sigma-Aldrich) dis-

solved in DMSO and diluted in zebrafish water. Sleep time and DNA damage and c-fos transcript levels were monitored during and

following the treatment.

In UV radiation experiments, 6 dpf larvae were exposed for 2 min to 5-10 mW/cm2 UV radiation (302 nm). The control groups were

exposed to purple light for 2 min. Sleep time, pERK levels, DNA damage, chromosome dynamics, and clustering of repair proteins

were monitored before and following the exposure.

Data analysis in zebrafish experiments
The number of gH2AX, Parp1, Rad52, and Ku80 foci per nuclei were quantified using the ‘‘Cell Counter’’ plugin in ImageJ (NIH). The

images of Rad52 and Ku80 markers were subjected to ‘‘Subtract Background’’ with a rolling ball radius of 30 pixels. In comet assay

analysis, four pictures were randomly taken from each group, and the tail moment was calculated using the OpenComet plugin in

ImageJ (NIH). In experiments considering pERK expression, approximately 40 DP DAPI-stained neurons per larvae were selected
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as regions of interest (ROI, ImageJ). The mean gray value was extracted and normalized to the control group in each experiment. As

previously described (Bronshtein et al., 2016; Zada et al., 2019), chromosome dynamics were analyzed using Imaris software (Oxford

Instruments) for punctum coordinates and correction of nuclear drift and rotation. Custom-madeMATLAB software (Mathworks) was

used to quantify the volume of motion of each punctum in single nuclei. In calcium imaging analysis, time-lapse movies were regis-

tered to remove drifts using the template matching plugin in ImageJ. ROI selection, DF/F, and raster plots were prepared using the

custom-made MATLAB (Mathworks) programs FindROI and ProcessCalciumData (Romano et al., 2017).

Mouse surgery
Surgical procedures for EEG/EMG electrode implantation follow our previous work (Atlan et al., 2021; Rodriguez et al., 2016). Peri-

operative analgesia and antibiotic prophylaxis follow procedures as in (Sela et al., 2020). Briefly, mice were anesthetized using iso-

flurane (4% induction, 1%–2%maintenance) and placed in a stereotactic frame (David Kopf Instruments). The headwas shaved, and

Viscotear gel was applied to protect the eyes. After exposing and cleaning the skull, frontal and parietal screws (1 mm in diameter)

were placed over the right hemisphere for EEG recording. Two additional screwswere placed above the cerebellum as reference and

ground. Two single-stranded stainless-steel wireswere inserted to either side of neckmuscles tomeasure EMG. EEG and EMGwires

were soldered onto a custom-made headstage connector. Dental cement was used to cover all screws and EEG/EMG wires.

Electrophysiology in mice
EEG and EMG were digitally sampled at 1017Hz (PZ2 amplifier, Tucker-Davis Technologies (TDT)), and filtered online: both signals

were notch-filtered at 50Hz and harmonics to ensure removal of any residual line noise (RZ2, TDT). Bipolar referencing was applied to

EMG signals (EMG1 – EMG2). Next, EEG and EMGwere band-pass filtered at 0.5-200Hz and 10-100Hz, respectively. Simultaneous

video data were captured by a USB webcam synchronized with electrophysiology data. Offline, EEG and EMG were resampled to

1000Hz (MATLAB, Mathworks) for subsequent analysis.

At least one week was allowed for surgical recovery and habituation before any experiments. Three days after surgery, mice were

moved individually to a new Perspex home cage placed within a sound-attenuation chamber (40dB attenuation, H.N.A). At least four

additional days were given for habituation to the new environment and to daily i.p. saline injections (250 ml) at light onset, as well as to

being tethered to recording cables. We then performed seven experimental recording days as follows. In days number 2, 4 and 6,

mice received an i.p. injection (250 ml) at light onset of either (1) vehicle (40% polyethylene glycol-200 [PEG-200, Sigma-Aldrich] in

saline), (2) 5 mg/kg, or (3) 10 mg/kg NU1025 (Sigma-Aldrich) dissolved in 40%PEG-200 in saline. The order of the three experimental

conditions was randomly assigned in each animal. In the other four ‘baseline’ days we injected 250 ml of saline. Due to technical is-

sues, data were not available in 4 out of 63 sessions (7 sessions X 9mice). In two subjects, vehicle data were replaced with saline (we

could not observe differences between saline and vehicle conditions, see Figures S6E–S6G). In two subjects, only one dose of

NU1025 was available.

Sleep scoring in mice
Sleep scoring (Figures S6A–S6D) was performed blindly to experimental conditions via detailed combined manual examination of

frontal and parietal EEG, EMG, and video, using custom MATLAB software, which enabled precise marking of state transitions as

in (Sela et al., 2020). Data were divided to three vigilance states (1) wakefulness: low-voltage high-frequency EEG, and high tonic

EMG, with intermittent bouts of phasic EMG and behavioral activity confirmed with video (e.g., eating, grooming, locomotion); (2)

NREM sleep: high-amplitude SWA and low tonic EMG; (3) REM sleep: high-frequency wake-like frontal EEG co-occurring with theta

activity in parietal EEG and flat EMG. In addition, 4.47 ± 6.5% of data intervals were marked as artifacts and excluded from subse-

quent spectral data analysis of SWA. Joint distributions of EMG levels and EEG high-/low-frequency power ratio (Figure S6C) were

calculated in 4 s epochs. EEG power spectrum in each vigilance state was calculated across entire 8 h datasets in 4 s temporal win-

dows using MATLAB’s ‘pwelch’ function. Power ratio was defined as power > 25 Hz divided by power < 5 Hz in the frontal EEG.

A within-subject design compared the effects of intraperitoneal (i.p.) injections of the Parp1 inhibitor NU1025 versus vehicle (in a

counterbalanced order) on sleep/wake dynamics. Offline sleep scoring was performed in a manner blind to experimental conditions

(Figure S6). In line with the literature (Soltani et al., 2019), during the first 8 h following ‘lights on’ in baseline sessions (saline injection),

mice spent 28%, 58%, and 6% of their time in wakefulness, non-rapid eyemovement (NREM) sleep, and rapid eye movement (REM)

sleep, respectively (Figures S6A–S6D). EEG power spectra exhibited characteristic profiles including increased slow wave activity

(SWA) in NREM sleep, and higher theta/high-frequency activity in wakefulness and REM sleep (Figures S6B and S6C). Notably, sleep

patterns were comparable in vehicle-injection and saline-injection sessions, and we could not detect significant differences in the

amount of NREM sleep or in NREM SWA levels (Figures S6E–S6G). After the initial 45 min post-injection, the prevalence of NREM

sleep was maximal (�80% of time), as expected shortly after light onset.

Data analysis in mouse experiments
In each subject separately, we averaged the results in the two NU1025 conditions (since we could not observe any dose-dependent

differences), and compared this average to the vehicle condition. Dynamics of percent time in NREM sleep (Figures 5L and S6E) were

calculated, for each session separately, in the first 8 h after light onset in 15 min bins. Quantification and statistics (Figures 5M and

S6F) focused on the 0.75-1.5 h time interval following ‘lights-on’ and injection.
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SWA (Figures 5N, 5O, and S6G) was calculated as the average power spectral density below 4Hz (‘pwelch’ function in MATLAB)

using 4 s segments. SWAwas normalized (i) per minute of NREM sleep, to go beyond sleep duration, and (ii) expressed as percent of

that in the baseline (saline) session performed on a different day, separately in each mouse and separately for vehicle and NU1025

conditions. Quantification and statistics (Figure 5O) was performed in all subjects with aminimum of 3min of NREM sleep in the 0.75-

1.5 h time interval.

QUANTIFICATION AND STATISTICAL ANALYSIS

All imaging experiments were performed independently on at least four batches. Differences between two categorical groups on

continuous variables were determined by two-way ANOVA followed by post hoc Tukey’s test using MATLAB (Mathworks). Differ-

ences between more than two groups were determined using one-way ANOVA followed by post hoc Tukey’s test using MATLAB

(Mathworks). Differences between the two groups were determined by a two-tailed t test: two samples assuming unequal variance

using Analysis ToolPac in Excel (Microsoft). Differences between two paired groups were determined by one-tailed sign-rank test

using MATLAB (Mathworks). The correlation between sleep time and gH2AX foci number was determined by Pearson correlation

coefficient using the social science statistics calculator.
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Figure S1. DNA damage increased during wakefulness and following neuronal activity in 

neurons but not in other cell types. Related to Figure 1. A. Representative images obtained by 

the application of comet assay for 6 dpf extracted brain cells at ZT4 show normal nucleus (very 

little DNA damage, upper panel) and at ZT14 show an increase in the length and intensity of the 

comet tail in parallel with a decrease in nuclear DNA content (varying degrees of DNA damage, 

lower panel). B. Comet tail moment of cells extracted from the brains of 6 dpf larvae at ZT4 (n = 

199), ZT14 (n = 59), ZT18 (n = 70), ZT18 post SD (n = 88), and 6 dpf tg(HuC:Gal4/uas:ChR2-

mCherry) larvae (n = 93). C-F. The levels of DNA damage in myoctes (C, defined by morphology, 

nday = 50, nnight = 50 cells), endothelial cell (D, tg(fli1:EGFP), nday = 36, nnight = 34 cells), and neural 

precursor cells (NPCs, E, tg(sox10:EGFP), nday = 18, nnight = 18 cells) during daytime and 

nighttime. G. Sleep time of 6 dpf larvae (n = 57 larvae) under constant dark (DD) condition. Data 

show mean ± SEM. H. The levels of DNA damage in dorsal pallium (DP) neurons in larvae that 

were under DD. nZT4 = 154, nZT14 = 143 cells. ***p < 0.001, determined by two-tailed t-test: two 

samples assuming unequal variance. I. Representative dbh-driven EGFP expression in neurons of 

the locus coeruleus (LC, dashed boxes) in larvae that subjected for γH2AX immunostaining. J. 

The levels of DNA damage in LC neurons. nZT4 = 42, nZT14 = 73, nZT0 = 52 cells. Boxplots: boxes 

indicate the median and the 25th-to-75th percentiles, whiskers extend to the most extreme data 

points, red crosses indicate outliers. Letters indicate significant differences (p < 0.05) determined 



by one-way ANOVA followed by Tukey’s test (F, J). ZT – zeitgeber time. Scale bar = 3 µm (C-

E), 10 µm (J).  

  



 

Figure S2. Neurons in the dorsal pallium are less active during the night. Related to Figure 

1. A. Representative HuC-driven GCaMP5 expression in neurons of the telencephalon. The ROIs 

(red circles) represent analyzed dorsal pallium (DP) neurons. B. Example of a raster plot of ΔF/F 

in the DP over 20 minutes during the day (upper) and night (bottom). Grayscale: ΔF/F amplitude. 

C. Histograms of active cells in all 6 sampled larvae. D. Reduced spontaneous activity of single 

DP neuron during the night (nday = 357 cells, nnight = 400 cells, p = 1.4x10-7).  

  



 

Figure S3. Sleep onset latency following UV radiation. Related to Figure 2. Short sleep onset 

following UV radiation shown as the percent of sleeping larvae out of all larvae. Sleep onset 

increased in the second minute following 2 min of UV radiation. n = 120 larvae.  

 



 

Figure S4. The expression levels and the establishment of DDR markers. Related to Figure 

3. A. Schematic illustration of the experimental procedure. White, black, and gray horizontal bars 

represent day, night, and subjective day (LDD), respectively. Horizontal dotted white bar marks 4 

h of sleep deprivation (SD). B-F. Quantification of the mRNA expression levels of c-fos (B), 

rad52 (C) ku80 (D) apex1 (E) ddb2 (F) in 6 dpf control (ctrl) and sleep deprived (SD) larvae under 

LDD. *p < 0.05 determined by two-tailed t-test: two samples assuming unequal variance. Data 

show as mean ± SEM. G-J. The mechanical manipulation used in the SD experiments during the 

night does not affect neuronal activity, DNA damage, or sleep time during daytime wakefulness. 

G. Schematic illustration of the experimental procedure used in the SD experiments. H-J. During 



daytime wakefulness, the levels of c-fos mRNA expression (H), DNA damage (I), and sleep time 

(J) did not change in the mechanically manipulated larvae. K. Co-localization of DsRed-Rad52 

(magenta) and α-γH2AX (yellow) in the nucleolus (DAPI, cyan) of single dorsal pallium (DP) 

neurons. L. Localization of mutated DsRed-Rad52 (magenta) and α-γH2AX (yellow) in the 

nucleolus (DAPI/ cyan) of DP neurons. M. Localization of Ku80-EGFP (yellow) and α-γH2AX 

(magenta) in the nucleolus (DAPI/ cyan) of DP neurons. N. Localization of mutated Ku80-EGFP 

(yellow) and α-γH2AX (magenta) in the nucleolus (DAPI/ cyan) of DP neurons. ZT – zeitgeber 

time.  



 

Figure S5. The expression levels of Parp1 protein and parp1 mRNA. Related to Figure 5. A. 

Quantification of the mRNA expression levels of parp in 6 dpf ctrl and sleep deprived (SD) larvae 

under LDD. *p < 0.05 determined by two-tailed t-test: two samples assuming unequal variance. 

Data show mean ± SEM. B. Western blot shows Parp1 expression during the day (ZT4), night 

(ZT18), and post-sleep deprivation (SD, ZT18). C. Western blot shows Parp1 expression in 6 dpf 

larvae with parp1 overexpression (pT2-hsp70:parp1 injected larvae) and parp1-KD (CRISPR 

parp1 gRNAs/Cas9 injected larvae) and their control (Ctrl) siblings, as well as prior to and post- 

UV radiation. D. Quantification of the c-fos (a neuronal activity marker) mRNA expression levels 

in 5 dpf larvae immediately following 2 h treatment with DMSO, or 50 or 100 µM NU1025, 

revealed no significant change in any of the groups of larvae, and excluded the possibility that 

NU1025 is acting as an activity stimulating drug. ZT – zeitgeber time. 

  



 

Figure S6. Normal and comparable sleep in mice following saline and vehicle injections. 

Related to Figure 5. A. Representative hypnogram (time-course of sleep/wake states). Each black 

tick marks a single 4s data epoch. B. Representative traces of frontal EEG (top), parietal EEG 

(middle), and EMG (bottom) in wakefulness (top triplet), NREM sleep (middle triplet) and REM 

sleep (bottom triplet). C. Representative scatter plot distribution of EMG root mean square (y-

axis) versus frontal EEG power distribution (ratio between power in high [> 25Hz] versus low [< 

5Hz] frequencies, x-axis).  Each dot marks a single 4s data epoch. Purple, wakefulness. Blue, 

NREM sleep. Turquoise, REM sleep. Wakefulness is associated with high-frequency EEG activity 

and high muscle tone, NREM sleep is associated with low-frequency EEG activity and low muscle 



tone, and REM sleep is associated with high-frequency activity and minimal muscle tone. 

Distribution of EEG power depicted on the bottom, and EMG to the left. D. Pie chart shows 

average time spent in each vigilance state during the first 8 h after ‘lights on’ across the entire data 

(n=41 days in 9 mice, a total of 295,200 manually-scored 4s epochs). E. Time course of percent 

time in NREM sleep (mean ± SEM) in ZT0-2.5 h after injection of saline (baseline sessions, gray) 

verses vehicle (control sessions, black). Error-bars represent SEM across mice (n=9). Dotted 

rectangle marks the 0.75-1.5 h time interval used for quantitative comparison in F. F. Percent time 

in NREM in saline vs. vehicle in individual subjects (n=9). G. NREM SWA in saline vs. vehicle 

in individual subjects (n=7). Bars, mean; error-bars, SEM across mice; lines, individual mouse 

data. Statistical significance was determined by a one-tailed sign-rank test. ZT – zeitgeber time.  

  



 

Table S1. The quality of sleep. Related to Figure 1. Sleep/wake transitions, wake and sleep 

length in the truncated night experiments (Figure 1B-F). The dark and light periods are indicated 

by ZTx according to the length of the dark period in the first night of each of the experiments 

described in Figure 1B-F. ZT – zeitgeber time. 
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