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Abstract

Sleep is a universal phenomenon occurring in all species studied thus far. Sleep loss results in 

adverse physiological effects at both the organismal and cellular levels suggesting an adaptive role 

for sleep in the maintenance of overall health. This review examines the bidirectional relationship 

between sleep and cellular stress. Cellular stress in this review refers to a shift in cellular 

homeostasis in response to an external stressor. Studies that illustrate the fact that sleep loss 

induces cellular stress and those that provide evidence that cellular stress in turn promotes sleep 

will be discussed.

Keywords

Unfolded protein response; ER stress; inflammation; immune; DNA repair; NFκB; Epidermal 
Growth Factor

Introduction

While sleep is a ubiquitous physiological process that is universal and a crucial aspect of 

overall health, the exact functions of sleep remain elusive. However, it is known that sleep 

loss or disruption results in adverse effects at both the organismal and cellular level 

suggesting an adaptive role for sleep in maintaining overall organismal and cellular health. 

Sleep loss or disruption has been reported to induce cellular stress [1, 2]. The term “cellular 

stress” broadly encompasses a wide range of molecular changes that cells undergo in 

response to environmental stressors, including extremes of temperature, exposure to 

ultraviolet (UV) radiation, toxins, infection, and mechanical damage. The term ‘stress’ is 
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broadly used and often refers to psychological stress and may include stress due to activation 

of the hypothalamic-pituitary-adrenal axis and increased cortisol. This review will focus 

solely on those pathways activated in cellular compartments: the endoplasmic reticulum 

(ER), mitochondria, nucleus and cytoplasm in response to internal or external stimuli, and 

how these pathways may impact sleep under a number of circumstances, including acute 

sleep loss in addition to the environmental stressors mentioned above. As discussed below, 

numerous studies have shown that acute stress often leads to a recovery period characterized 

by an increase in sleep. Thus, induction of cellular stress activates pathways that facilitate 

induction of sleep as an adaptive response (Figure 1)

Sleep disruption, ER Stress and the Unfolded Protein Response (UPR)

Several lines of evidence indicate that sleep is a period of intense macromolecular 

biosynthetic activity with increases in protein synthesis [3–5], gene expression within the 

cholesterol synthesis pathway, and heme production [3]. Thus, behavioral immobility and 

reduced sensory input during sleep may favor behavioral-state-dependent processes 

important for the maintenance of cellular integrity in neurons. Consistent with that idea 

these same processes are downregulated with prolonged waking or sleep deprivation [3]. 

Critically all of these biosynthetic processes occur largely in the ER. Prolonged waking or 

sleep loss/ sleep disruption is associated with an increase in the activity of homeostatic 

pathways that are involved in curtailing cellular stress, including ER and mitochondrial 

stress. ER stress leads to the induction of the unfolded protein response (UPR) which is a 

coordinated cascade of several pathways [6, 7] designed to restore protein homeostasis 

(Figure 2).

The UPR plays a fundamental role in the maintenance of cellular homeostasis and thus is 

central to normal physiology. Specifically, it is an adaptive response that restores protein 

homeostasis through the activation of transmembrane factors, Inositol Requiring Element 1 

(IRE1), Protein Kinase R Endoplasmic Reticulum Kinase (PERK), and Activating Factor 6 

(ATF6), which act to initiate misfolded protein degradation, inhibit the production of 

proteins through translational inhibition, and increase protein chaperone [8] and membrane 

phospholipid syntheses [9, 10]. In normal un-stressed conditions, the major ER chaperone 

and key regulator of the UPR, Binding Immunoglobulin Protein/Glucose Regulated Protein 

78 (BiP/GRP78) is bound to IRE1, PERK and ATF6 to maintain an inactive state. In 

response to a stressful stimulus, release of BiP/GRP78 to refold misfolded proteins activates 

these sensors initiating the UPR. Chronic ER stress and prolonged activation of the UPR 

activates inflammatory signaling through Jun N-terminal kinase (JNK) and Nuclear Factor 

κB (NFκB) [11, 12]. Unresolved ER stress results in apoptosis through calcium release from 

the ER and uptake by the mitochondria and activation of caspases ([11, 13];Figure 2). 

Several lines of evidence indicate that sleep loss activates the UPR, indicating that cellular 

stress is an inherent part of sleep loss. Early studies showed that BiP/GRP78 is upregulated 

in the brains of mice [2, 3, 14], rats [1], birds [15] and Drosophila melanogaster fruit flies 

[16, 17] in response to prolonged wakefulness, indicating a highly conserved response 

mechanism. Activation of both the PERK and IRE1 pathways with sleep loss has been 

described in mouse [2], rat [1], and Drosophila brains [18, 19]. Other UPR-specific 

transcripts upregulated by sleep loss include DNA-J, a co-chaperone of BiP, X-Box Binding 
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Protein-1 (XBP-1), a transcription factor downstream of IRE1 responsible for the 

transcription of chaperones among other proteins, calreticulin, caspase-9, ATF4 and ATF6 

[3]. Interestingly, PERK and IRE1 are also activated in socially isolated animals as these 

animals exhibit reduced sleep and more wakefulness [19]. Increasing sleep in socially 

isolated flies using a genetic approach reduces ER stress. Conversely, reducing sleep in 

socially enriched animals induces ER stress, indicated by activated PERK and IRE1 

pathways. [19]. These findings clearly illustrate that cellular stress is sleep state-dependent.

Sleep and Cellular Stress, a Bidirectional Interaction

While it is evident that sleep loss or disruption leads to ER stress, the relationship between 

sleep and ER stress is bidirectional. Relieving ER stress has been shown to result in 

improved sleep in aged animals [18]. Specifically, the use of chemical chaperones to reduce 

ER stress and supplement low BiP/GRP78 expression in aged Drosophila was successful in 

consolidating fragmented sleep. Sleep disturbances and disruption are features of many 

neurodegenerative diseases and often precede the motor or cognitive deficits observed in 

Parkinson’s and Alzheimer’s disease respectively [20, 21], and a growing body of work has 

shown that ER stress may contribute to sleep/wake disruption [18, 22] and disease 

progression [23, 24]. For example, ER lipid defects in neuropeptidergic neurons contribute 

to circadian rhythm and sleep pattern disruptions in Drosophila parkin and pink1 models of 

Parkinson’s disease [25]. Specifically, excess ER-mitochondrial contacts caused abnormal 

lipid trafficking that depleted phosphatidylserine from the ER disrupting the production of 

neuropeptide-containing vesicles. Feeding parkin and pink1 mutants phosphatidylserine 

rescued neuropeptidergic vesicle production and acutely restored normal sleep patterns [25]. 

These studies illustrate that sleep quality is dependent on protein and lipid homeostasis. 

Recent work has indicated a reciprocal relationship between the circadian clock and ER 

stress [26–28]. These findings suggest that clock function may also contribute to sleep 

quality through cellular stress-dependent mechanisms.

Sleep Loss, DNA Damage, and Nuclear Maintenance

There is growing evidence that sleep plays a role in nuclear maintenance. A variety of 

nuclear processes, including genome stability, transcription, DNA repair, chromosome 

segregation, and condensation constitute nuclear maintenance. Prolonged wakefulness has 

been associated with DNA double-strand breaks (DSBs) in mice and fruit flies. Interestingly, 

DSBs caused by sleep deprivation or gamma irradiation were reversed or repaired in animals 

that showed recovery sleep [29]. The causes of DSBs that occur with prolonged wakefulness 

are diverse and include reactive oxygen species (ROS; see below), neuronal activation, and 

enzyme activity.

Exposure to UV radiation, which is known to lead to DNA damage, increased sleep in mice 

[30] and Caenorhabditis elegans [31]. The mice became sleepy during the UV exposure, but 

only when this exposure was applied during the dark phase of a light: dark cycle, when the 

mice are normally active. In nematodes, the effect on sleep was dose-dependent and was 

surprisingly independent of ER stress mechanisms, suggesting a distinct cellular stress 

response that involved DNA repair.
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More recently, it has been demonstrated in zebrafish that chromosome dynamics are affected 

by behavioral state [32]. Chromosome dynamics refers to chromosome movements and 

structural genomic arrangements that underlie vital cellular processes, including epigenetics, 

genomic stability, transcription, cell cycle, and DNA replication and repair [32, 33] Time-

lapse imaging of telomere markers in zebrafish showed that chromosome dynamics 

increased by approximately two-fold during nighttime sleep in several brain regions [32]. In 

contrast, sleep deprivation decreased chromosome dynamics while recovery sleep restored 

the increase in chromosome dynamics [32].

Oxidative Stress and Sleep Homeostasis

Oxidative stress occurs when the generation of reactive oxygen species (ROS) by various 

cellular processes exceeds its antioxidant capacity. The source of ROS may derive from 

mitochondrial respiration, ER stress, or through enzymatic synthesis as in the case of nitric 

oxide (NO; reviewed in [34]). Early studies showed that NO and various NO synthase 

isoforms fluctuated with spontaneous sleep and wakefulness, which may vary depending on 

the brain structure measured [35, 36]. Other investigators found that NO production 

increased with sleep deprivation and was required in basal forebrain for promoting recovery 

sleep [37, 38]. However, another group was unable to detect an induction of ROS, lipid 

peroxidation, or any sign of oxidative stress in brains or peripheral tissues from sleep 

deprived rats [39]. This latter study indicates that oxidative stress or the production of ROS 

by prolonged wakefulness is site-specific and cannot be detected across the brain as a whole. 

In support of this hypothesis, more recent work has shown ROS-dependent neuronal damage 

in the locus coeruleus in response to sleep deprivation [40].

Recent studies in Drosophila have also implicated ROS as a contributing factor to sleep 

homeostasis, which is defined as a balance between waking, sleep, and sleep need [41, 42]. 

In particular, Hill et al [43] found that numerous short-sleeping mutants were susceptible to 

oxidative stress. Increasing sleep through genetic or pharmacological methods reduced 

susceptibility to oxidative stress. Predictably, pan-neuronal over-expression of the 

antioxidant enzymes, either superoxide dismutase or catalase, suppressed daily sleep in flies. 

Recent work showed that a specific underlying mechanism for this effect involved the Kvβ 
subunit (hyperkinetic; Hk) of the potassium ion channel, shaker [44]. Earlier work showed 

that daily sleep was reduced in both shaker [45] and Hk mutants [46]. The recent work by 

Kempf and colleagues demonstrated that Hk is a redox sensor that increases activity in 

response to ROS production. Specifically, it binds to nicotinamide adenine dinucleotide 

phosphate (NADPH), and converts to an NADP+ form when production of ROS is elevated. 

The presence of NADP+ is associated with a slowing of inactivation of IA, thereby 

maintaining activity of sleep-promoting neurons that project to the dorsal fan-shaped body 

[47]. Together, these findings support the idea that mitochondrial metabolism contributes to, 

and may underlie, a sleep homeostatic mechanism.
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Sustained Cellular Stress, Inflammatory Cascades and the Immune 

Response

The UPR is an adaptive response but during persistent ER stress, as is expected to occur 

with chronic sleep disruption/disease, the adaptive UPR wanes, and a secondary 

inflammatory process to promote cell survival is induced [48, 49]. An example of this 

process is immune challenge, such as bacterial infection, which produces a massive demand 

on protein synthetic pathways that are necessary for fighting the infection. As an infection 

persists, the unresolved cellular stress leads to a prolonged inflammatory process. These 

cellular responses correlate with observations that infection produces an acute sleep 

response in rabbits [50], flies [51], and humans [52, 53], which is consistent with findings 

discussed above that activated components of the UPR promote sleep. Likewise, later stages 

of infection show increased fragmented sleep and reduced sleep quality [53, 54], and is also 

consistent with the notion that dysregulated ER stress may underlie sleep disturbance.

The connection between sleep and the immune response has been investigated for over forty 

years and has been reviewed in detail elsewhere [55–57]. It is now known that components 

of the innate immune system affect sleep. For example, proinflammatory cytokines such as 

TNFα (tumor necrosis factor α) and IL-1 (interleukin- 1) promote sleep, and interestingly, 

prolonged inflammation and ensuing sleep disturbance are also characterized by high 

expression of the same cytokines and other immune factors [53, 58]. While effects of 

immune components on sleep have been characterized to some degree, the function of sleep 

in the immune response is not as well understood. Whether sleep promotes survival of 

infection has been addressed to a limited extent in mammals [59]. In flies, increasing sleep 

through a genetic approach increased survival of infection [60]. Mechanically sleep 

depriving flies before or after inoculation also produced a surprising increase in survival of 

infection, but this correlated with a strong recovery sleep after the deprivation period [61]. 

NFκB transcription factors, Relish and DIF (Dorsal Immunity Factor), both contribute to 

post-infection recovery sleep and survival of infection in flies [61]. Moreover, Relish is 

necessary for post-infection sleep: null mutants do not show post-infection sleep and rapidly 

succumb to infection [51]. The role of NFκB transcription factors in mammalian sleep has 

been addressed to a limited extent, and to our knowledge, only one study evaluated sleep in 

mice lacking one of the NFκB genes, p50 [62]. Similar to Relish mutants, p50 mutant 

animals did not show an increase in sleep normally induced by LPS. NFκB transcription 

factors are central to innate immunity in mammals and flies, and target cytokines as well as 

antimicrobial peptides. Recently, a forward genetic screen for sleep promoting molecules 

identified nemuri, a novel brain-expressed antimicrobial peptide, that not only strongly 

promoted sleep but also survival of infection [63]. This latter finding indicates that nemuri, 
and possibly other antimicrobial peptides, is an important molecular link between sleep and 

immune function. Thus, more sleep is associated with better survival of infection, but the 

mechanism by which this occurs remains poorly understood and will be an important topic 

for future investigation.
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Secreted factors induced by Cellular Stress

Our discussion has so far covered intracellular events in response to stressful stimuli, 

including sleep deprivation, UV radiation, and bacterial infection. UPR and DNA repair 

mechanisms are activated by these processes and subsequently promote or facilitate sleep. 

However, while these cellular events are ubiquitous across cell types, sleep and wakefulness 

in invertebrate and vertebrate species is controlled by coordinated interactions among 

specific brain structures [64, 65]. In most cases, distinct neuronal circuits respond to 

peripheral signals as a means for the whole animal to engage in an adaptive behavioral 

response to stress. Thus, questions that remain are what cell types are responsive to these 

stimuli, and what secretable factor do they produce to control sleep as an adaptive behavior? 

As discussed in the previous section, nemuri is one such example [63].

The nematode C. elegans increases quiescent behavior in response to multiple types of stress 

including bacterial toxins, osmotic shock, heat shock [66], and UV radiation as mentioned 

above [31]. In response to stress, the ALA neuron is activated by the epidermal growth 

factor (EGF; LET-23 in worms) receptor, and subsequently releases Flp-13 peptides to 

promote quiescence [67, 68]. Although EGFR signaling promotes daily sleep in flies [69], 

its role in heat or other stress-induced sleep has not been investigated. However, it is 

interesting to note that the ligand for EGFR in flies, spitz (spi), is processed and activated by 

the rhomboid (rho) serine protease, and negatively regulated by the pseudoprotease, iRhom. 

In Drosophila, iRhom is an endoplasmic reticulum protein that is expressed predominantly 

in neurons. It counteracts rhomboid activity by targeting ligands for proteasomal 

degradation, and thereby reduces EGFR signaling. Thus knockdown of rho reduces 

processing of the SPI peptide and decreases daily sleep in flies [69]. Conversely, iRhom null 

mutants showed increased sleep relative to controls, and this phenotype was rescued by 

RNAi knockdown spi or EGFR specifically in neurons [70]. This finding indicates that 

iRhom is part of the ER quality control machinery and is important for maintaining 

wakefulness by suppressing EGFR-dependent signaling.

Flp-13 is similar to the Drosophila Phe-Met-Arg-Phe-amide (FMRFa) and vertebrate 

neuropeptide VF (NPVF) peptides. In flies, mutants of the FMRFa peptide and its receptor, 

FR, showed decreases in both heat-stress and infection-induced sleep [71]. Although the 

relationship between EGF and FMRFa signaling in flies has not yet been established, NPVF 

was also shown to mediate EGF signals to promote sleep in zebrafish [72]. Genetic analysis 

of a human cohort also showed that variants of EGF alleles associated with effects on sleep 

[72]. Together these findings indicate that EGF-FMRF/NPVF signaling derives from the ER 

quality control machinery and represent an important mechanism of sleep that is shared 

across species from worms to humans.

Concluding Remarks

Sleep is an important part of a recovery process from acute stress or illness. A growing body 

of work has demonstrated that enhancing sleep promotes recovery and survival, and that an 

adaptive cellular response underlies this process. EGF-dependent signaling is clearly an 

important sleep promoting factor that may derive from ER stress, but the cell types involved 
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have not been well characterized for some species. Moreover, other secreted factors that are 

direct targets of the UPR are also expected to contribute to daily and stress-induced sleep, 

possibly through distinct brain circuitry.
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Figure 1: 
Schematic illustrating the relationship between sleep and cellular stress responses
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Figure 2: 
Simplified scheme showing the adaptive, inflammatory and apoptotic phases of the UPR. 

The three ER stress sensors (PERK, IRE1 and ATF6) are activated upon dissociation from 

BiP initiating signaling events that increase protein-folding capacity and reduce protein load 

on the ER. Phosphorylation of eukaryotic Initiation Factor 2α (eIF2α) by PERK inhibits 

protein translation, while IRE1 activation leads to splicing of xbp1 and chaperone 

production as well as regulated IRE1-dependent decay (RIDD). Both ATF6 and IRE1 

contribute to ER associated degradation (ERAD) of misfolded proteins.

These transcriptional and translational outputs tend to re-establish protein-folding 

homeostasis in the ER and promote cell survival. JNK activation downstream of IRE1 

contributes to inflammatory signaling. Activated IRE1 acting on downstream factors 

activates JNK and caspases. ATF4 dependent transcription in mammals leads to increases in 

C/ebp homologous binding protein (CHOP), a pro-apoptotic transcription factor. CHOP and 

JNK also promote the translocation of Bax (BCl-2 associated X protein) to the mitochondria 

where it facilitates the release of cytochrome c required for caspase activation. ER specific 

caspases are thought to directly induce cell death. Translation attenuation leads to NFκB 

entry into the nucleus and transcription of inflammatory genes. Calcium release from the 
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ER, exacerbated protein synthesis, and ROS production influences the induction of 

apoptosis.
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