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Summary

Sleep is a cross-species phenomenon whose evolutionary and biological function remain poorly 

understood. Clinical and animal studies suggest that sleep disturbance is significantly associated 

with disruptions in protein homeostasis – or proteostasis – in the brain, but the mechanism of this 

link has not been explored. In the cell, the protein kinase R (PKR)-like endoplasmic reticulum 

kinase (PERK) pathway modulates proteostasis by transiently inhibiting protein synthesis in 

response to proteostatic stress. In this study we examined the role of the PERK pathway in 

sleep regulation and provide the first evidence that PERK signaling is required to regulate 

normal sleep in both vertebrates and invertebrates. We show that pharmacological inhibition of 

PERK reduces sleep in both Drosophila and zebrafish, indicating an evolutionarily conserved 

requirement for PERK in sleep. Genetic knockdown of PERK activity also reduces sleep in 

Drosophila, while PERK overexpression induces sleep. Finally, we demonstrate that changes in 

PERK signaling directly impact wake-promoting neuropeptide expression, revealing a mechanism 

through which proteostatic pathways can affect sleep and wake behavior. Taken together, 

these results demonstrate that protein synthesis pathways like PERK may represent a general 

mechanism of sleep and wake regulation and provide greater insight into the relationship between 

sleep and proteostasis.
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Ly et al. report that a signaling pathway that inhibits protein synthesis in response to cellular stress 

is also required for normal sleep regulation in fruit flies and zebrafish. This finding suggests that 

proteostasis pathways could link sleep, cellular health and disease.
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Introduction

Chronic sleep and wake disorders impact over 10% of Americans [1], with devastating 

long-term health consequences. Recently, emerging evidence from multiple studies is 

linking neurodegenerative disease risk [2–6] and even disease pathogenesis [7–9] to sleep 

dysfunction, although the underlying etiology remain poorly understood. A key feature 

of neurodegenerative disease is severe protein dyshomeostasis that is exemplified by the 

accumulation of misfolded protein aggregates in the brain [10]. A possible function of sleep 

could be to regulate proteostasis in the brain, which could explain its link to neurological 

health. Consistent with this theory are experiments in mice that demonstrate that during 

sleep, proteins and toxins are actively cleared from the brain [11] and work in C. elegans 
which show that external insults that cause cellular stress such as cold, toxin exposure, and 

heat all induce sleep [12,13]. At present, little is known about how mechanisms that regulate 

proteostasis are involved in sleep. Addressing this question is important as it may identify 

novel therapeutic targets to treat sleep disorders and possibly to enhance the restorative 

effects of sleep.

Cellular proteostasis involves the proper coordination of protein synthesis, folding, and 

trafficking inside the cell [14]. When the proteostatic balance is disrupted and misfolded 

proteins accumulate within the cell, intracellular signaling pathways collectively known 

as the unfolded protein response (UPR) become activated [15]. The UPR originates in 

the subcellular organelle known as the endoplasmic reticulum (ER), where secretory 

and membrane proteins are produced, folded, packaged, and post-translationally modified 

for transport out into the cell [15]. UPR activation is mediated by three signaling 

transducers: PKR-like ER kinase (PERK), inositol-requiring protein-1 (IRE1), and activating 

transcription factor-6 (ATF6) [15]. Together, these transduction molecules activate signaling 

cascades that inhibit protein synthesis, upregulate protein chaperone activity, and degrade 

transcript and protein products in the cell [15]. Thus, UPR activation restores cellular 

proteostasis in response to ER stress, and subsequently prevents cell death.

The UPR system is conserved across invertebrate and vertebrate species, including 

rats [16,17], mice [18,19], Drosophila [20], and white-crowned sparrows [21]. UPR 

activation by prolonged wakefulness/sleep deprivation is conserved across invertebrate and 

vertebrate species, including rats [16,17], mice [18,19], Drosophila [20] and white-crowned 

sparrows [21] as evidenced by increased expression of transcript or protein levels of the 

UPR chaperone molecule binding immunoglobulin protein (BiP). In Drosophila, genetic 

overexpression of BiP increases recovery sleep after sleep deprivation while overexpression 
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of dominant negative BiP leads to a reduction in recovery sleep amount [20] demonstrating 

that UPR signaling is involved in the homeostatic regulation of sleep. However, the 

downstream mechanisms through which the UPR affects sleep remains unknown and it 

has not yet been determined whether the UPR is required not just for sleep in response to 

deprivation-induced stress, but also for normal sleep levels in the absence of stress.

To address this gap in knowledge, we investigated the role of the PERK pathway, a 

signal transduction pathway of the UPR, in regulating sleep and wake behavior. PERK 

transiently suppresses protein synthesis in response to ER stress [22]. Using biochemical, 

pharmacological, and genetic approaches, we demonstrate that the PERK pathway is 

necessary for normal sleep levels in both invertebrate (Drosophila melanogaster) and 

vertebrate (Danio rerio) model organisms, suggesting this pathway plays an ancestral role 

in sleep regulation. Furthermore, transgenic knockdown of PERK signaling in neurons 

suppressed sleep in Drosophila, while neuronal overexpression of PERK significantly 

increased sleep amount. Finally, we demonstrate that PERK activity in a small subset of 

wake-promoting neurons is sufficient to alter Drosophila sleep and wake behavior, and 

change the expression of the wake-promoting neuropeptide pigment dispersing factor (PDF). 

These results illustrate that a signaling pathway responsible for modulating protein synthesis 

in the cell is necessary to promote vertebrate and invertebrate sleep, and provide the first 

evidence of a mechanistic link between protein synthesis and sleep regulation in the brain.

Results

PERK pathway activation is associated with wakefulness

Sleep deprivation leads to ER stress [19,20] and PERK pathway activation across several 

species including mice and Drosophila [23,24]. We wanted to determine whether PERK 

pathway activation is specific to sleep deprivation or whether PERK pathway activation may 

occur over the course of normal wakefulness. We examined the alpha subunit of eukaryotic 

initiation factor 2 (eIF2α), in order to analyze PERK pathway activity. In the critical rate-

limiting step of protein synthesis, GTP-bound eIF2 recruits the initiator Met-tRNAi to the 

40S ribosomal subunit to form the 43S preinitiation complex necessary for the translation 

initiation [25]. Activated PERK phosphorylates the alpha subunit of eukaryotic initiation 

factor 2 (eIF2α) which forms a stable complex with the guanine nucleotide exchange factor 

eIF2B to halt synthesis of new proteins in the cell [26,22]. Thus, phosphorylated eIF2α 
(peIF2α) levels are a proxy for PERK pathway activity (Figure 1A). We examined peIF2α 
levels at the beginning and the end of the day to identify whether normal wakefulness across 

the day correlates with any changes in PERK pathway activity. We observed that peIF2α 
is elevated by 50% (P<0.05, student’s t-test) at the end of the day (ZT10) compared to 

the beginning of the day (ZT0) in Drosophila (Figure 1B). We also confirmed that peIF2α 
levels are elevated by sleep deprivation as previously reported [23,24] (Figure S1). Thus, 

phosphorylation of eIF2α appears to be a molecular correlate of wakefulness in the fly.

Pharmacological inhibition of PERK reduces sleep

Until now, the relationship between PERK signaling and behavioral state has largely been 

described under conditions of cellular stress during sleep deprivation [19,23]. Given that 
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we observe elevated eIF2α phosphorylation during the end of the day, we sought to test 

the hypothesis that PERK signaling is required for normal levels of sleep in the absence 

of stress. Consistent with a role of the PERK pathway in regulating sleep, a previous 

study in rats demonstrated that pharmacological inhibition of protein synthesis with the 

drug Salubrinal, which enhances peIF2α levels, induces sleep [27]. Although these findings 

suggest that levels of protein synthesis may directly affect behavioral state [27], a lack of 

genetic confirmation in this study makes it difficult to determine whether PERK signaling 

specifically promoted sleep in this instance. We sought to confirm this using both the fruit 

fly and zebrafish sleep models.

We first examined the effect of pharmacological inhibition of PERK on sleep in adult 

Drosophila melanogaster. Wecompared sleep in wildtype flies that were administered 

GSK2606414, a small molecular inhibitor of PERK [28], to isogenic controls treated with 

vehicle. We administered GSK2606414 at a concentration previously shown to exhibit 

therapeutic effects in a Drosophila model of neurodegeneration [29], in which protein 

folding was impaired. We conducted ribosomal profiling of brain tissue from flies treated 

with vehicle or GSK0606414 and found that administration of GSK2606414 resulted 

in a higher proportion of actively translating polysomes in the brain (Figure 2A). We 

then recorded the sleep behavior of flies fed vehicle or GSK2606414 and observed that 

GSK2606414 reduced nighttime sleep by 31% (P<0.0001, student’s t-test, Figure 2B and 

2C). Analysis of sleep architecture revealed that GSK2606414 did not significantly affect 

sleep architecture (P=0.068, student’s t-test, Figure S2A and S2B). To validate the effect 

of PERK pathway inhibition in a vertebrate model of sleep, we also examined the effect 

of GSK2606414 treatment in zebrafish. Like Drosophila, zebrafish exhibit a diurnal sleep/

wake rhythm that can be recorded and analyzed with video tracking software [30]. Here, 

single-housed zebrafish larvae are monitored in single wells of a 96-well plate, and drugs 

can be administered directly into the water while sleep is measured [31]. GSK2606414 

treatment reduced zebrafish sleep by 27% at night (P< 0.0001, student’s t-test), similar to 

Drosophila, and also reduced sleep during the day (−29%, P< 0.05 student’s t-test) (Figure 

2D and 2E).

As an alternative approach to test the effect of inhibiting the PERK pathway on sleep, we 

treated animals with the eIF2B activator ISRIB. Similar to GSK2606414, ISRIB represses 

PERK pathway activation by activating eIF2B, resulting in increased protein synthesis. We 

found that administration of ISRIB suppressed PERK pathway activation in Drosophila, as 

measured by a reduction in peIF2α (Figure 3A).Similar to GSK2606414, ISRIB treatment 

significantly decreased sleep at night in both Drosophila (−27%, P< 0.01, student’s t-test) 

(Figure 3B and 3C) and zebrafish (−9%, P< 0.01, student’s t-test) (Figure 3D and 3E). 

Sleep architecture is not significantly changed in Drosophila following ISRIB administration 

(Figure S2C and S2D). Thus, two different pharmacological interventions that reduce PERK 

pathway activity by different mechanisms reduce sleep in both Drosophila and zebrafish. 

These results indicate that PERK signaling is required for normal sleep levels in both an 

invertebrate and a vertebrate species.
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Pan-neuronal knockdown of the PERK pathway reduces sleep

Due to caveats of pharmacology, we also tested the role of PERK signaling on sleep using 

genetic tools. Since pharmacological administration of a PERK inhibitor acts on PERK in 

all cell types without any spatial specificity, we next utilized a genetic approach to assess 

the role of PERK in the brain on sleep behavior. To do so, we compared sleep in transgenic 

neuronal Synaptobrevin (nSyb)GAL4>UAS PERK RNAi Drosophila, which express the 

PERK RNAi construct in all neurons, to control animals containing either the GAL4 or UAS 

transgene alone. We found that pan-neuronal knockdown of PERK significantly reduced 

sleep during both the day (P<0.01, one-way ANOVA) and night (P<0.0001, one-way 

ANOVA) (Figure 4A and 4B). This phenotype was due to reductions in both the number and 

length of sleep bouts per day (Figure S4A and S4B). To further characterize the effect of 

reduced eIF2α phosphorylation via a different mechanism, we pan-neuronally overexpressed 

a murine form of growth arrest and DNA damage-inducible protein (GADD34, also 

known as Protein Phosphatase 1 Regulatory Subunit 15A). Overexpression of GADD34 
should result in dephosphorylation of peIF2α, similar to knockdown of PERK, resulting 

in increased initiation of protein synthesis (Figure 1A). We found that overexpression 

of mGADD34 reduced sleep at night compared to parental controls at night (P<0.0001, 

one-way ANOVA) (Figure 4C and 4D), similar to PERK knockdown though we did not 

observe a change in the amount of daytime sleep levels. Analysis of sleep architecture 

demonstrates that mGADD34 overexpression reduces the number of sleep bouts per day 

while sleep bout length is not significantly changed (Figure S4C and S4D). We also tested 

the effect of PERK knockdown in constant conditions and found that the reduction of sleep 

persists in constant dark following pan-neuronal knockdown of PERK (Figure S5) indicating 

that sleep changes were not due circadian rhythmicity disruption. These findings suggest 

that reducing phosphorylation of eIF2α results in reduced sleep in Drosophila and provide 

additional evidence that the PERK pathway is required for normal sleep levels.

A caveat with the PERK RNAi and mGADD34 overexpression experiments is that they 

employ constitutive manipulations, and behavioral effects observed in adult animals may 

result from effects during development. To avoid this issue, we harnessed the spatial 

and temporal specificity of the GAL4/UAS GeneSwitch system to restrict the transgenic 

pan-neuronal expression of PERK RNAi to adulthood. Unlike traditional GAL4 drivers, 

GeneSwitch GAL4 drivers are active only in the presence of the small molecule RU486, 

which can be administered in the food during a selected window, thus allowing us to knock 

down PERK expression specifically during adulthood. We confirmed this knockdown by 

RT-qPCR; 24 hours of RU486 administration led to a ~30% reduction in PERK transcript 

expression in the brain compared to vehicle control (Figure 5A). This treatment resulted in 

reduced sleep at night (Figure 5B), although the magnitude of the phenotype was smaller 

than that observed for constitutive knockdown of PERK (Figure 4B) and sleep bouts were 

not significantly changed by RU486 induction of PERK RNAi (Figure 5D). However, we 

observe a significant reduction in average sleep bout length as a result of RU486-induced 

knockdown of PERK (Figure 5E). Thus, acute knockdown of PERK in neurons reduces 

sleep and suggests that PERK is required to maintain sleep in Drosophila.
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Overexpression of PERK induces sleep

While the previous experiments demonstrate that PERK signaling is required for normal 

sleep levels, they also raise the question of whether induction of PERK signaling is 

sufficient to alter sleep behavior. To address this question, we pan-neuronally overexpressed 

Drosophila PERK (dPERK) specifically during adulthood using an nSyb GeneSwitch driver. 

Using RT-qPCR, we found that 48 hours of RU486 administration resulted in a ~14 fold 

increase in PERK mRNA levels (Figure 6A) and in a significant increase in sleep during 

both the day and night (Figure 6B and 6C). This phenotype was due to an increase in 

both the number and length of sleep bouts (Figure 6D and 6E). Flies on RU486 did not 

exhibit any basal locomotor deficits compared to vehicle controls as measured by a climbing 

assay (Figure S5A). Flies with RU486-induced PERK expression also displayed similar 

arousal threshold to control flies, indicating that PERK overexpression does not suppress the 

ability of flies to be aroused from sleep (Figure S5B).Further, as a control to ensure this 

phenotype was due to RU486-induced PERK expression, we placed a subset of the animals 

back on regular food for three days, and then assayed their sleep again. We found that sleep 

amounts were no longer significantly different from vehicle control (Figure S5C and S5D), 

indicating that the behavioral effects were indeed due to RU486-induced PERK expression. 

The behavioral phenotype was not due to RU486 itself, as RU486 treatment of flies carrying 

one copy of the nSyb GeneSwitch transgene but not the UAS dPERK transgene did not 

induce a sleep phenotype (Figure 6B and 6C). Taken together, these results indicate that 

overexpression of PERK is sufficient to induce sleep.

Manipulation of PERK signaling in the wake-promoting PDF circuit alters sleep and wake

Finally, we sought to explore the potential mechanisms through which modulation of PERK 

activity might affect sleep. Because the effects of PERK pathway inhibition on sleep 

occurred mostly during the night, we posited that PERK signaling may be required to 

put a brake on the synthesis of wake-active molecules, in which case inhibiting PERK 

would allow for continued synthesis of wake-promoting molecules into the night where 

significant sleep reductions were observed. Thus, we chose to assess the requirement of 

PERK in sleep in neurons expressing the neuropeptide pigment dispersing factor (PDF), 

which promotes wakefulness in Drosophila [32]. Both the spatial and time-of-day expression 

of PDF is well-characterized; PDF is expressed in 8 neurons in each hemisphere of the 

brain that project to the medulla dorsal protocerebrum of the brain [33] (Figure S6). 

Levels of PDF are elevated during the day and its expression and release is significantly 

downregulated at the beginning of the night [34–36]. We used PDF GAL4 to drive PERK 
RNAi expression in PDF neurons and found that it significantly reduced sleep relative to 

parental controls (Figure 7A and 7B). Conversely, overexpression of PERK in PDF neurons 

significantly increased sleep compared to parental controls (Figure 7C and 7D). Next, we 

examined the effect of PERK knockdown and overexpression on the release of PDF from 

the subset of PDF-expressing clock cells known as the small lateral ventral neurons (sLNvs), 

in which significant time-of-day plasticity has been demonstrated [34,35]. We found that 

overexpression of PERK significantly reduces PDF expression at release terminals during 

the day (ZT 2), when PDF expression and release is normally high. Consistent with this 

observation, knockdown of PERK significantly increased PDF expression at night (ZT 14), 

when PDF levels are normally low (Figure 7E and 7F). To confirm that the low levels of 
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PDF at the projection terminals following PERK overexpression were not the result of cell 

death, we also visualized the cell bodies of the sLNvs in the PDF>dPERK transgenic line. 

While the PDF signal is weak as expected in the cell bodies of the sLNvs with PERK 
overexpression, staining with PER – which is expressed in all of the LNvs [37] – shows that 

the cells remain undamaged and intact in the transgenic flies (Figure S7). This demonstrates 

that changes in PERK signaling in a small subset of wake-promoting neurons is sufficient to 

alter sleep and neuropeptide expression.

Discussion

In this study, we identify an evolutionarily conserved role for the PERK pathway — a 

critical regulator of protein synthesis — in regulating sleep. In line with our previous 

studies, we demonstrate that wakefulness is associated with enhanced PERK activity, 

lending strength to the notion that ER stress is one of the molecular costs of wakefulness. 

We observe that pharmacological inhibition of the PERK pathway decreases sleep in 

both Drosophila and zebrafish, while genetic downregulation and overexpression of 

PERK pathway signaling reduces and increases sleep in Drosophila, respectively. This 

data suggests that PERK signaling promotes sleep and is consistent with previous work 

demonstrating that pharmacological enhancement of peIF2α by the drug salubrinal increases 

slow-wave sleep in rats (27).

This is the first body of work to identify a mechanism underlying a bidirectional relationship 

between sleep and proteostatic signaling in the brain. Across species, brain plasticity has 

long been shown to be modulated by sleep [38–41]. In particular, the downscaling of 

synapses and synaptic proteins is an observed feature of sleep across both vertebrate and 

invertebrate systems [38,39]. From our findings, we would posit that PERK is a general 

and cross-species mechanism which underlies proteostatic changes that wakefulness might 

inherently perturb and may play a critical role in modulating synapses during sleep. 

Consistent with this notion, we observed that inhibiting PERK signaling most consistently 

suppressed sleep during night. We interpret this result as evidence that PERK acts as a 

homeostatic signal in response to extended wakefulness during the day. Recently, analysis of 

metabolic rate in waking and sleeping flies determined that wakefulness is associated with 

elevated metabolic rate in Drosophila [42]. Thus, wake-induced ER stress may be triggered 

by higher energetic demands and greater cellular protein load that accumulate during the day 

in Drosophila. Altogether, our findings suggest that one of the conserved functions of sleep 

may be to mitigate cellular stress caused by wakefulness.

In addition to PERK, protein synthesis is regulated by many different molecular factors in 

the cell that may have unique implications for sleep regulation. For example, mammalian 

target of rapamycin complex 1 (mTORC1) activates protein translation and inhibition 

of mTORC1 and protein translation in hippocampal neurons is responsible for memory 

impairments following sleep deprivation [43]. Furthermore, local pharmacological inhibition 

of peptidyl transferase – which is required for peptide bond formation – with the drug 

anisomycin exerts region-specific changes on sleep in rats [44]. Thus, regulation of sleep 

by the interplay between PERK and other translational regulators will be an important 

line of investigation in the future. It will also be critical to parse the role of PERK 

Ly et al. Page 7

Curr Biol. Author manuscript; available in PMC 2022 January 25.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



from other molecules that modulate translational regulation in the cell independent of an 

ER-stress response. Furthermore, investigation of the temporal attributes of PERK signaling 

in future experiments will provide crucial information about the dynamics of translational 

regulation in the cell. For example, previous work in macaque monkeys has demonstrated 

that deep sleep is correlated with enhanced protein biosynthesis [45]. While our studies are 

able to determine that the PERK pathway promotes sleep, we do not yet know if PERK 

signaling attenuates during deeper stages of sleep in the brain. Future global proteomic 

analysis across sleep and wake may help address and characterize the nature of PERK-

mediated translational changes in the brain under different behavioral states. Of note, many 

targets bypass translational inhibition during ER stress such as heat shock proteins (HSPs), 

which have been shown to be protective against lethality induced by sleep deprivation in 

Drosophila [46]. Thus, both upregulation and downregulation of proteins likely mediate 

the relationship between PERK and sleep and should be characterized in the future. These 

analyses may also identify specific molecular targets of PERK signaling that distinguish its 

role in sleep regulation from other translational regulatory factors. In the future, experiments 

should also consider the developmental role that PERK may play in circuit development and 

regulation as it pertains to sleep. In this study, we observed that acute knockdown of PERK 

in neurons produced a more modest effect on sleep than constitutive neuronal knockdown. 

This suggests there may be developmental factors of PERK regulation that will be important 

to parse apart from brain regulation in the adult animal.

In this work we uncover evidence that modulation of PERK signaling within only eight 

neurons in the brain is sufficient to alter sleep behavior in Drosophila. This finding does not 

exclude the possibility that PERK regulation of sleep occurs within multiple brain circuits 

and cell types. In fact, given its broad role in regulating global protein synthesis in the cell, 

we would posit that this is likely to be the case. In the future, analysis of sleep effects 

of PERK signaling in various cell types and brain regions will be important to determine 

whether cellular specificity of PERK regulation of sleep exists. However, these results do 

suggest that on a global level in the brain, downregulation of protein synthesis may be a key 

molecular correlate of sleep.

Our findings have broad implications for the role of sleep in disease and age-related 

decline. Recent studies found that pharmacological modulation of PERK signaling has 

therapeutic benefits in rodent models of frontotemporal dementia and prion disease, where 

overactive PERK signaling is comorbid with the traditional hallmarks of disease [47–49]. 

Given the link between poor sleep and neurodegenerative disease risk [4–6, 50], the results 

presented here support for the notion that the UPR may be relevant to neurodegenerative 

pathophysiology. As such, further investigation into how PERK and the UPR regulate sleep 

behavior could provide greater insight into the etiology and pathology of neurodegenerative 

diseases. Loss of proteostasis is also a hallmark of aging, which has been demonstrated 

across species such as C. elegans [51, 52], Drosophila [24], and rodents [53]. Work from 

our lab has identified dysregulated ER stress signaling in the brains of both old mice 

and Drosophila [54,24], and improvement of proteostasis using a chemical chaperone 

ameliorates age-related sleep loss in Drosophila [24]. As this study is the first to show 

a cross-species requirement for ER stress signaling in young animals, it has important 

implications for the relationship between sleep and proteostasis across the lifespan. If ER 
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stress molecules are recruited to regulate sleep in young and healthy organisms, this could 

imply that altered ER stress signaling might underlie not only deterioration of sleep quality 

that accompanies old age, but also related physiological changes that impact age-related 

health outcomes. Overall, this work reveals a molecular mechanism of sleep regulation that 

points to the maintenance of cellular proteostasis as an evolutionarily conserved function of 

sleep. Continued investigation of molecular factors such as PERK that regulate the balance 

between sleep and wake will be a necessary component to building our understanding of 

both the vast capabilities and biological limits of brain function. Our findings suggest that 

a closer examination of the relationship between sleep and proteostatic signaling across 

species is warranted as we continue to probe the biological mysteries of sleep.

STAR Methods

LEAD CONTACT AND MATERIALS AVAILABILITY

This study did not generate new unique reagents. Further information and requests for 

resources and reagents should be direct to and be fulfilled by the Lead Contact, Nirinjini 

Naidoo (naidoo@pennmedicine.upenn.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Wildtype Drosophila melanogaster in the following study are in the White Canton-S 
10 genetic (wCS10) background strain, which was originally a gift from Ronald Davis 

(Scripps Research Institute, Jupiter, FL). UAS PERK RNAi (#42499), and neuron-specific 

GeneSwitch (#40265) fly lines were purchased from the Bloomington Stock Center at 

Indiana University and outcrossed 7 generations into the wCS10 background in our lab 

before being used for behavioral experiments. PDF GAL4 was originally a gift from John 

Zimmerman and outcrossed 7 generations into the wCS10 background. All other fly lines 

were maintained in the w1118 background. UAS PERK RNAi with Dicer2, UAS dPERK, 

and UAS mGADD34 were a gift from Hyung Don Ryoo (New York University). The 

nSyb GAL4 driver (#48590) was purchased from Bloomington Stock Center and the nSyb 
GeneSwitch GAL4 was a gift from Amita Sehgal (University of Pennsylvania). Flies were 

maintained in an environmental room at 25°C in a 12:12 hour light:dark cycle on standard 

dextrose media (UPenn Cell Center). Female flies were used for all experiments to control 

for the effects of gender on all observed outcomes.

METHOD DETAILS

Drosophila and zebrafish sleep assays—Female files were collected separately under 

CO2anesthesia after eclosion and allowed to grow to adulthood (5–7 days of age) before 

recording. Individual flies were placed in 65mm × 5mm tubes containing dextrose media. 

For sleep experiments requiring pharmacological interventions or RU486 administration, 

locomotor tubes contained dextrose food that was prepared with either vehicle, drug, or 

RU486. Rest and activity were recorded by video as described previously (54). Sleep is 

defined as 5 or more minutes of continuous inactivity (55). Drosophila arousal threshold 

was measured using the Drosophila Activity Monitoring System (DAMS) and measured and 

analyzed as previously described (56). Zebrafish sleep assays were conducted as previously 

described (30). Briefly, individual zebrafish larva (5 days post-fertilization) are placed in 
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separate wells within a 96-well plate. Recordings are conducted in a temperature-controlled 

chamber using an infrared camera which captures movement during both the day and night.

Drug administration—For Drosophila sleep assays, GSK2606414 (Tocris Bioscience) 

and ISRIB (Tocris Bioscience) were prepared in 50% dimethyl sulfoxide (DMSO) and 

incorporated into the dextrose media at a final concentration of 10 μM GSK2606414 and 

5 nM ISRIB. The final concentration of DMSO vehicle is 0.5%. Mifepristone (RU486, 

Sigma-Aldrich) was prepared in 80% ethanol (EtOH) and incorporated into dextrose media 

at a concentration of 100 μM and final vehicle concentration of 0.8% EtOH. Wildtype 

flies, transgenic crosses, and parental control lines were placed in locomotor tubes on drug/

RU486 or vehicle between 5–7 days of age at least 24 hours before the start of sleep 

recording. For zebrafish sleep assays, GSK2606414 (Tocris Bioscience) was prepared at 

a final concentration of 10 μM and ISRIB (Tocris Bioscience) was prepared at a final 

concentration 2.5 nM.

Fly head preparation and Western blotting—Flies were sacrificed over dry ice and 

protein was extracted using a standard cell lysis buffer (10 mM Tris-HCl, 1mM EDTA, 

10% Glycerol, 1% Triton-X, 150 mM NaCl) containing SIG-MAFAST™ Protease Inhibitor 

Cocktail (Sigma-Aldrich) and Halt™ Protease Inhibitor Cocktail (ThermoFisher Scientific). 

Protein homogenates from fly heads were loaded on sodium dodecyl sulfate (SDS) 

polyacrylamide gels (10% Tris-HCl) and then transferred to nitrocellulose membranes 

(Bio-Rad) and blocked in Odyssey® TBS Blocking Buffer (LI-COR). Membranes were 

incubated with rabbit anti-phospho-eIF2α (Ser51) polyclonal antibody (1:1000, Cell 

Signaling) and mouse anti-eIF2α (L57A5) (1:1000, Cell Signaling), 1:1000. The membranes 

were subsequently incubated with goat anti-rabbit IRDye®800RD (1:10,000, LI-COR) 

and donkey antimouse IRDye®680RD secondary antibodies (1:10,000, LI-COR). Protein 

expression was detected and analyzed using the Odyssey® Infrared Scanner (LI-COR).

Immunohistochemistry and quantification of immunofluorescence—Drosophila 
dissection and immunostaining of whole brains was conducted as previously described (57). 
Brains were dissected in 1x PBS containing 0.3% Tween-20 and subsequently fixed in 4% 

paraformaldehyde for 20 minutes and blocked in 5% normal goat serum for 30 minutes. 

Antibody to PDF (PDF C7) was obtained from the Developmental Studies Hybridoma Bank 

(1:1000, University of Iowa). Anti-mouse AlexaFluor 594 (1:500, ThermoFisher Scientific) 

was used to visualize protein expression. PDF-positive neuronal projections in the dorsal 

protocerebrum were visualized at 126x magnification on the Leica TCS SP5 confocal 

microscope and images were collected in 3 μM z-stacks. Individual z-stack images were 

analyzed using ImageJ. Quantification of fluorescently labeled synaptic projections was 

calculated using % area.

Reverse transcriptase PCR and product quantification—RNA was extracted from 

snap-frozen fly heads using the RNeasy Mini Kit (Qiagen). RNA concentrations were 

measured on the NanoDrop 2000 (ThermoFisher Scientific) and quantitative real-time PCR 

was conducted using the TaqMan® RNA-to-Ct™ 1-Step Kit (ThermoFisher Scientific) with 

the following primers: PERK (Dm02137033_g1), Act5C (Dm02361909_s1) and GAPDH 
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(Hs02758991_g1) (ThermoFisher Scientific). Each biological sample consists of a pool 

of approximately 50 fly heads and values were calculated from the mean of 3 technical 

replicates per biological sample. Fold change in PERK expression was normalized to Act5c 

and GAPDH housekeeping controls.

QUANTIFICATION AND STATISTICAL ANALYSIS

Student’s t-test was conducted to compare drug and vehicle groups in the Drosophila 
sleep assays and IR-quantified protein concentrations. For assays comparing sleep across 

more than two conditions, comparisons were performed using one-way analysis of variance 

(ANOVA) followed by pairwise t-tests. For the analysis of Drosophila arousal threshold, 

Mann-Whitney U Test was applied to determine statistical significance of the difference 

between groups. Holm-Sidak correction for multiple comparisons was applied to all t-tests. 

For zebrafish behavior, D’Agostino & Pearson omnibus normality test was performed to 

assess normality, and non-parametric Mann-Whitney test was performed to assess statistical 

significance between treatment groups. Statistical analysis was conducted using GraphPad 

Prism software (La Jolla, CA, USA).

DATA AND CODE AVAILABILITY

The custom matlab and C+ code used to analyze Drosophila sleep data has been described 

pre viously [55]. This study did not generate large datasets. Further information and requests 

for experimental data should be directed to and be fulfilled by the Lead Contact, Nirinjini 

Naidoo (naidoo@pennmedicine.upenn.edu).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Pharmacologically inhibiting PERK reduces sleep in fruit flies and zebrafish

• Genetically reducing PERK reduces sleep while increasing PERK increases 

sleep

• PERK signaling regulates wake-promoting neuropeptide expression in fruit 

flies
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Figure 1. Activation of the PERK pathway is associated with wakefulness in Drosophila
(A) Simplified schematic of PERK activation and inhibition of protein synthesis. Activated 

PERK phosphorylates the alpha subunit of eIF2 to inhibit protein synthesis. The phosphatase 

GADD34 returns eIF2α to its unphosphorylated state. (B) Quantification from western blot 

analysis of peIF2α expression in flies collected at the beginning of the lights-on period 

(ZT0) compared to the end of the day (ZT10). peIF2α protein level is 50% higher near the 

end of the day compared to the start of the day (N=13 animals, *P<0.05, student’s t-test). 
Representative peIF2α and eIF2α signal shown on the right. Bar graph shows mean ± SEM. 

See also Figure S1
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Figure 2. Pharmacological inhibition of PERK decreases sleep in Drosophila and zebrafish.
(A) GSK0606414 alters the ribosomal profile in the Drosophila brain. The proportion of 

actively translating polysomes is higher following GSK2606414 administration (Fraction 

7–21) (a.u. = arbitrary units). (B) Sleep profile of flies treated with GSK2606414 

or vehicle (0.5% DMSO). The PERK inhibitor GSK2606414 suppresses nighttime 

sleep in Drosophila(N=42 animals). (C) Quantification of daytime and nighttime sleep. 

GSK2606414 significantly reduces sleep at night (****P<0.0001, student’s t-test). (D) Sleep 

profile of zebrafish during two days and nights. GSK2606414 decreases sleep at night 

(Vehicle: N = 102; GSK2606414: N= 114). (F) Quantification of daytime and nighttime 

sleep after vehicle and GSK2606414 administration. Total sleep is reduced during the day 

and night in zebrafish following GSK2606414 administration (* P<0.05, ****P<0.0001, 
student’s t-test). Line and bar graphs show mean ± SEM. White and black boxes under line 

graphs indicate day and night, respectively. See also Figure S2
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Figure 3. Pharmacological activation of eIF2B decreases sleep in Drosophila and zebrafish
(A) ISRIB administration significantly reduces the expression of peIF2α in the brain. (N=9 
animals, **P<0.01, student’s t-test). (B) Sleep profile of flies treated with ISRIB or vehicle 

(0.5% DMSO) (N=28 animals, shaded area represents SEM). (C) Quantification of daytime 

and nighttime sleep. ISRIB reduces the total amount of sleep at night (N=28, **P<0.01, 
student’s t-test).(D) Sleep profile of larval zebrafish over the course of two days and nights. 

ISRIB decreases sleep at night (Vehicle: N =232 animals; ISRIB: N = 240 animals; shaded 
area represents SEM). (E) Quantification of daytime and nighttime sleep. Total sleep is 

reduced at night in zebrafish larvae following ISRIB administration (**P<0.01, student’s 
t-test). Line and bar graphs show mean ± SEM. White and black boxes under line graphs 

indicate day and night, respectively. See also Figure S2
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Figure 4. Genetic inhibition of peIF2α reduces sleep
(A) Sleep profile of flies expressing PERK RNAi in nSyb-expressing neurons compared 

to uncrossed parental controls. Expression of PERK RNAi in neurons reduces sleep 

levels (N=27 animals) (B) Quantification of daily sleep amounts. Total sleep is 

significantly reduced following PERK RNAi expression in neurons (N=27 animals, 
P<.01, one-way ANOVA; *P<0.05, ***P<0.001, ****P<0.0001). (C) Sleep profile of 

flies expressing mGADD34 in nSyb-expressing neurons compared to uncrossed parental 

controls. Expression of mGADD34 in neurons reduces sleep levels (N=18 animals). (D) 

Quantification of daytime and nighttime sleep amounts. Daytime sleep amount is not 

significantly affected by genotype (P= 0.0953, one-way ANOVA). Total nighttime sleep is 

significantly reduced by mGADD34 expression in neurons (N=18 animals, P<.001, one-way 
ANOVA; **P<0.01,****P<0.0001, student’s t-test). Total daytime sleep is not significantly 

changed by mGADD34 expression in neurons (P=0.09, one-way ANOVA). Line and bar 

graphs show mean ± SEM. White and black boxes under line graphs indicate day and night, 

respectively. See also Figures S3 and S4
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Fig. 5. Neuronal knockdown of PERK inhibits sleep in Drosophila
(A) RU486 administration reduces the expression of PERK mRNA in the brain of flies 

expressing PERK RNAi in neurons. Expression is normalized to Act5c and GAPDH 
housekeeping controls (P<0.01, student’s t-test). (B) Sleep profile of neuron-specific 

GeneSwitch>PERK RNAi flies administered either RU486 or vehicle (N=28 animals). 
(C) Quantification of sleep during the day and night. RU486 administration reduces the 

total amount of sleep at night (N=28 animals, *P<0.05, student’s t-test). (D) RU486 

administration does not significantly affect the number of sleep bouts during the day and 

night in flies expressing PERK RNAi in neurons (N=28 animals). (E) RU486 administration 

does not significantly alter the average length of sleep bouts during the day but reduces 

the average sleep bout length at night in flies expressing PERK RNAi in neurons (N=28 
animals, **P<0.01, student’s t-test). Line and bar graphs show mean ± SEM. White and 

black boxes under line graphs indicate day and night, respectively.
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Figure 6. Neuronal overexpression of PERK induces sleep in Drosophila
(A) RU486 administration leads to a ~14-fold enhancement in PERK transcriptional 

expression in the brain in nSyb GeneSwitch>dPERK flies. Expression is normalized to 

Act5c and GAPDH housekeeping controls (****P<0.0001, student’s t-test). (B) Sleep 

profile of nSybGeneSwitch>dPERK flies on vehicle compared to RU486. The gray trace 

shows sleep amount in progeny of nSyb GeneSwitch and w1118 wildtype controls fed 

RU486. Successive days on RU486 food incrementally increases sleep time in flies in 

nSyb GeneSwitch>dPERK transgenic animals (N=28 animals). (C) Quantification of daily 

sleep amount over the course of the three-day experiment on vehicle/RU486 administration. 

RU486 significantly increases daily sleep amount in nSyb GeneSwitch>dPERK flies but 

not in the w1118/nSyb GeneSwitch progeny controls (N=28 animals, ****P<0.0001, 
student’s t-test) (D) RU486 administration increases the number of daytime sleep bouts 

in nSyb GeneSwitch>dPERK flies (N=28 animals, ****P<0.0001, student’s t-test) and (E) 

RU486 increases the average sleep bout length during both the day and night in nSyb 
GeneSwitch>dPERK flies (N=28, **P<0.01, ****P<0.0001, student’s t-test). Line and bar 

graphs show mean ± SEM. White and black boxes under line graphs indicate day and night, 

respectively. See also Figure S5
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Figure 7. Genetic knockdown and overexpression of PERK in PDF neurons reduces and 
increases sleep and alters PDF expression at projection terminals
(A) Sleep profile of flies expressing PERK RNAi in PDF neurons (PDF>PERK RNAi) 
compared to parental controls (N=18 animals). (B) Quantification of daytime and nighttime 

sleep. During the day, flies expressing PERK RNAi in PDF neurons (PDF>PERK RNAi) 
sleep less than PDF GAL4 parental controls but not UAS PERK RNAi controls, which 

also slept less than the PDF GAL4 parental line (P<0.05, one-way ANOVA; *P<0.05, 
**P<0.01). At night, flies expressing PERK RNAi in PDF neurons sleep less than 

both parental controls (P<0.01, one-way ANOVA; **P<0.01). (C) Sleep profile of flies 

overexpressing PERK in PDF neurons compared to parental controls (N=18 animals) (D) 

Quantification of daytime and nighttime sleep. Daytime sleep amount is not significantly 

affected by PERK overexpression in PDF neurons (P= 0.6642, one-way ANOVA). At 

night, flies overexpressing PERK in PDF neurons (PDF>dPERK) sleep more than parental 

controls (P<0.05, one-way ANOVA; *P<0.05). (E) Representative confocal images of sLNvs 

projections in transgenic and parental control flies and quantification of PDF expression. 

At ZT2 (upper panels), PERK overexpression in PDF neurons significantly suppresses PDF 
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expression at projection terminals compared to parental controls(UAS dPERK, N=7; PDF 
GAL4, N=7; PDF>dPERK, N=9;, P<0.0001, one-way ANOVA; ****P<0.0001). At ZT14 

(lower panels), PERK knockdown in PDF neurons significantly increases PDF expression at 

projection terminals compared to parental controls (UAS PERK RNAi, N=10; PDF GAL4, 
N=11; PDF> PERK RNAi, N=12; P<0.0001, one-way ANOVA; ****P<0.0001). (α-PDF, 

1:1000; AlexaFluor 594 1:500). Line and bar graphs show mean ± SEM. White and black 

boxes under line graphs indicate day and night, respectively. See also Figures S6 and S7
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