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The complex relationship between pain and sleep has received increasing attention for its therapeutic potential. Over half of chronic pain patients suffer from sleep disorders, and poor sleep is a strong predictor for pain in clinical populations. Understanding the bidirectional relationship between pain and sleep is crucial for developing improved clinical treatment strategies. This review provides (1) a primer on preclinical methods used to measure sleep behaviors, (2) an overview of neural circuits at the intersection of pain and sleep, and (3) considerations for future pain and sleep investigations and treatment strategies.
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Introduction

Chronic pain affects millions of people globally and is even more prevalent than other chronic conditions such as diabetes and hypertension (1, 2). Impaired sleep and fatigue are primary complaints for most chronic pain patients (3–5). Indeed, patients suffering from chronic pain exhibit significant sleep disturbances such as fragmented sleep, non-restorative sleep, disrupted sleep architecture, difficulties initiating sleep, pain-related arousals from sleep, and abnormally shallow sleep (2, 3, 6). Within chronic pain patients, the degree of sleep disturbance is associated with pain severity (7–10). Conversely, application of acute noxious stimuli to healthy subjects has been shown to be equally disruptive across all sleep stages in controlled lab environments (11–13).

A large portion of the general population also suffers from sleep disorders, with insomnia being the most common (∼10%–15% of the general population) (14). Roughly 40% of insomnia patients also report chronic pain (6). Short sleep duration or disturbed sleep can increase spontaneous pain, enhance pain sensitivity, and amplify pain-elicited neuronal responses, in part by disrupting pain modulatory systems (2, 6, 8, 9, 11, 15, 16). Furthermore, sleep disturbances or sleep disorders are associated with chronic postsurgical pain or exacerbation of existing pain, while patients with poor sleep exhibit increased risk of developing chronic pain (6, 17, 18).

While sleep and pain have been extensively studied within their respective fields, the dynamic interplay between pain and sleep remains poorly understood. This review is targeted to preclinical pain researchers interested in adding sleep as a primary outcome variable to their studies. Below, we summarize approaches to study sleep, brain regions that may regulate pain and sleep, and key considerations for future experimental design. For more comprehensive discussions on the state of sleep research or the neurochemical mechanisms, inflammatory interactions, and pharmacological modulation of pain and sleep, we refer readers to other excellent reviews (7, 9, 19–23).



Methods to measure sleep

Sleep is a highly conserved biological phenomenon, with well-defined methods to evaluate different facets of sleep-wake behavior (19, 20, 24–27). Methods range in sensitivity, reliability of sleep-related interpretations, and ease of implementation alongside existing common pain-related behavioral measures. Below, we discuss experimental approaches to measure sleep-wake behavior, with comments on integration into pain-related behavioral measures.


Dependent variable

The first class of behavioral measures for preclinical sleep-related endpoints are non-invasive observational approaches. These can monitor locomotion via standard behavioral methods such as video tracking, beam breaks, or wheel running, along with techniques such as piezoelectric films that can capture additional features such as respiratory rate and heart rate, as depicted in Figure 1 (28–32). Advancements in markerless pose estimation tools such as DeepLabCut (DLC) and Social LEAP (SLEAP) can classify additional behaviors such as sleep preparatory behaviors and multi-animal social sleep behavior (33–36). Newer devices merge the non-invasive nature of home-cage monitoring with more refined sleep/wake analyses, such as sleep/wake phenotyping based on respiratory patterns (37). However, most of these methods cannot classify Rapid-Eye Movement (REM) sleep or other fine-grained properties of sleep (24, 37). Additionally, methods such as voluntary wheel running can evaluate circadian rhythms but can also change baseline sleep-wake behavior in the absence of other perturbations (38). Overall, non-invasive methods are attractive because they do not require surgery and can easily be integrated with existing behavioral paradigms. However, these techniques primarily measure physical activity-based correlates of sleep and wake, especially for locomotion-based assays. Given that rodents frequently enter low-mobility wake states, true “sleep” should not be assumed based on locomotor quiescence without additional measures and/or validation with EEG data. Accordingly, these measures have been recommended for high-throughput screens with secondary methods for further evaluation of sleep architecture (30, 31).
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FIGURE 1
Common methods for measuring sleep. (a), Example non-invasive methods for classifying sleep behavior in rodents and example 5-day actigraphy data. Rows represent consecutive days; the dashed line indicates the transition from light to dark phase. The white bar indicates light phase starting at zeitgeber time (ZT) 0, the black bar indicates dark phase starting at ZT12. (b), Example invasive methods for evaluating sleep/wake architecture and sample mouse EEG and EMG recordings during the three vigilance states: Wake, NREM, and REM. (c), Sample hypnogram data for a mouse (top) and human (bottom). Human data are from the Sleep-EDF database (196, 197). Mice sleep more during the light phase with frequent arousals and often take a “siesta” at the end of their active dark phase. Humans have three NREM phases increasing in sleep depth. Sleep and wake behavior is highly consolidated, with rare arousals during the night in healthy individuals.


The second class of sleep measures requires surgical procedures for classical evaluation of brain electrical activity. In mammals, tethered recording of electroencephalography (EEG) and electromyography (EMG) data has been the gold-standard for sleep state classification in preclinical research (19, 20, 39, 40). Surgical procedures secure EEG electrodes in the skull over key cortical regions, as well as EMG electrodes in the neck extensor muscle to capture postural tone (39, 40). These components are joined to an external implant on the head with a flexible cable (with a rotating commutator if desired) that relays EEG and EMG signal.

Wireless telemetry-based methods offer a non-tethered alternative in which EEG and EMG electrodes connect to a surgically implanted transmitter, which links to a receiver under or near the animal cage. Telemetry allows animals to move more freely during experiments but can be more complex to build and often relies on expensive consumables. Battery life is another consideration when designing longitudinal experiments (41). Additionally, care should be taken to ensure that implanted transmitter devices do not impact baseline behaviors, as larger devices can increase surgery recovery time and chronically disrupt home cage behaviors (42). Recent efforts have focused on reducing implant size and incorporating multiple biopotential leads to combine EEG with additional physiological measures. Both tethered and telemetry-based approaches can be seamlessly integrated with video monitoring and implant-based neuroscience methods such as optogenetics, fiber photometry, extracellular electrophysiology, functional ultrasound imaging, multimodal fibers, and in vivo microscopy (43–47). As with any surgical manipulation, animals are inherently subjected to surgical pain requiring pharmacological treatment. Accordingly, researchers should ensure full recovery and stable post-surgical sleep/wake behavior before conducting pain-related experiments. While both involve basic surgical training and additional equipment such as amplifiers or receivers, these techniques can connect external behavioral readouts with concordant brain-state activity to better understand whole-organism behavioral states.



Sleep stage classification

Standardized methods for analyzing sleep and wake data do not currently exist within the preclinical sleep field. Instead, many labs use custom software and analysis parameters tailored to specific questions. Historically, EEG and EMG data have been visually scored by trained experts, which can produce variability between analysts and is extremely time consuming, often restricting the length of the experimental time window (24, 39). Continuous advances in automated sleep classification based on EEG and EMG data now allows easier analysis of long time periods (days and weeks), removes between-analyst sleep scoring variability, and reduces data processing time (24). However, these automated classifiers are not 100% accurate and are often paired with partial manual scoring (24). Regardless of scoring method, EEG and EMG data are typically divided into three main states: Wake, Non-REM sleep (NREM), and Rapid-Eye Movement sleep (REM), with further details described below.



Baseline circadian vs. sleep disruption

First proposed by Borbély in 1982, the two-process model proposes that sleep is regulated by two separate but interacting systems: A circadian system (Process C) that aligns sleep/wake behaviors with day/night cycles, and a homeostatic system (Process S) that adjusts sleep depth and amount according to prior sleep/wake history (48). In general, noxious stimuli can be evaluated during baseline circadian behavior or in the context of homeostatic sleep disruption. Importantly, both noxious stimuli and sleep loss can be conducted acutely or chronically. Given that pain and sleep are both multifaceted phenomena that impact numerous physiological systems, their interaction introduces additional layers of complexity that require careful consideration in experimental design. Below are some considerations for designing experiments, divided into the implications of noxious stimuli applied during baseline circadian behavior or sleep disruption.

Baseline Circadian: Baseline behavior critically includes circadian regulation of biological systems, including core processes involved in sleep and pain regulation (49–52). Preclinical and clinical work both highlight the large impact of circadian rhythms on pain-related responses (51, 53). For example, Daguet and colleagues unmasked circadian rhythmicity in sensitivity to noxious heat stimuli in men, showing a sinusoidal rhythm with peak responses in the middle of the night and lowest responses in the afternoon (54). Circadian rhythmicity of acute nociception has long been demonstrated in rodents, including strain-based differences in peak pain sensitivity in mice. For instance, inbred C57BL/6 mice (one of the most commonly used strains in preclinical research) exhibit increased dark-phase sensitivity, while outbred Swiss Webster mice exhibit peak sensitivity during the light-phase (51, 55–57). Modulating circadian rhythmicity can impact pain-related behaviors, as exemplified by changes in mechanical allodynia after misaligned feeding in mice (58). Specific circadian timing of surgical procedures may influence patient outcomes. For example, aortic valve replacements and hip replacements have been associated with fewer adverse effects when surgeries were performed in the afternoon (59, 60). In rodents, some studies report enhanced wound healing following morning injuries; however, not all operations may have circadian sensitivity, as surgical timing did not affect pain outcomes in models of paw incision or tibial bone fracture (61–63). Moreover, time of day will strongly influence floor and ceiling effects given the natural circadian distribution of sleep/wake behavior. Accordingly, circadian timing should be carefully considered when assessing pain/sleep interactions.

Sleep Disruption: Preclinical and clinical studies have clearly demonstrated a bidirectional relationship between pain and sleep loss. For example, both acute and chronic sleep deprivation can alter acute pain sensitivity and exacerbate chronic pain, while poor sleep quality can predict following-day pain. In some cases, treatment of sleep disruptions can improve pain outcomes. Conversely, acute and chronic pain can alter sleep architecture, and chronic pain is a significant risk factor for developing sleep disorders (2, 6–9, 11, 15, 64–69).

Preclinical studies use numerous methods to disrupt sleep. Manual sleep deprivation methods include novel objects exposure and gentle handling (70, 71). Automated methods include a slowly rotating bar at the bottom of the cage, shaking platforms, and raised surfaces above shallow water, and may be more feasible for longer deprivation studies (70, 72). Sleep disruption methods typically aim to (a) robustly decrease sleep over the desired period, and (b) minimize stress, particularly since stress has been shown to modulate both pain and sleep (70). Corticosterone levels are a commonly used readout of stress induction (70). Sleep disruption-induced stress will likely vary by method and laboratory setup, as exemplified by a recent study that found sleep deprivation with an automated sweeping bar significantly increased corticosterone levels while gentle handling did not (73).

The duration of the sleep manipulation can drastically impact pain-related processes. For example, 9 h and 12 h sleep disruption produced pain-related behaviors in mice, but 6 h sleep disruption only produced allodynia when repeated for five consecutive days (74). Pain-related response magnitude may also change over the course of chronic sleep restriction. For instance, during a 26-day chronic 6hr sleep restriction, mechanical allodynia increased up to 12 days, where it remained stable until day 26 (75). Finally, timing for behavioral testing around sleep manipulations is important and will depend on the research question. Clear time windows for evaluation of sleep disruption-induced pain should be determined, especially for cases where the hypersensitivity naturally resolves (74). Effects of perioperative sleep disruption on post-surgical pain can also be differentially evaluated depending on whether the sleep disruption occurs before, after, or surrounding a surgical procedure (76–81).




Overview of general sleep architecture


States

EEG and EMG data are generally classified into three main states: (1) Wake, with high-frequency, low amplitude desynchronized EEG activity paired with EMG reflecting active changes in muscle tone; (2) Non-REM sleep (NREM), with synchronized low-frequency, high-amplitude EEG activity; and (3) Rapid-Eye Movement sleep (REM, also called paradoxical sleep), with desynchronized high-frequency, low amplitude activity similar to that of wake, and reduced EMG signal reflecting muscle atonia (19, 20, 32). In rats, NREM can be divided into two stages reflecting higher or lower sleep depth (19). For mice and rats, wake can also be further divided into active or inactive wake based on EEG and EMG properties or secondary measures, such as video observation.

In humans, NREM sleep is divided into three stages based on increasing sleep depth: N1-N3 (82). Sleep and wake in humans are highly consolidated, with very few night awakenings and continuous wake during the day, as demonstrated in Figure 1. In contrast to humans, mice sleep more during the light phase and have more fragmented NREM and REM sleep cycles with frequent awakenings during their resting phase. Mice also have less consolidated sleep than humans and sleep during their active phase. Despite these differences, EEG features and brain regions regulating sleep and wake states show remarkable conservation between the two species (19, 20).



Spectra

EEG oscillations span a wide range of frequencies that are often divided into behaviorally meaningful ranges, such as delta waves (∼0.5–4.5 Hz), theta oscillations (∼5–10 Hz), and gamma oscillations (∼30–150 Hz). The power distribution across these frequency ranges is highly characteristic of different vigilance states. For example, a hallmark of NREM sleep are high-amplitude slow delta oscillations (which is why NREM is also called Slow Wave Sleep), while Wake and REM EEG are predominantly comprised of desynchronized low-amplitude, high-frequency activity. EEG characteristics alongside EMG data result in robust and highly reliable classification of sleep and wake states (19, 20). Preclinical and clinical evidence indicate that chronic pain can alter these frequency bands; however, these effects may vary by pain indication and manifest as global or regionally specific spectral changes (83–88). Researchers are currently working to determine the utility of these EEG frequency bands for use as a diagnostic, monitoring tool, or treatment for chronic pain patients.



Additional features

Depending on the research question, additional EEG features may add important insights to pain and sleep interactions. For example, microarousals (3- to 15-second-long wake intrusions into NREM sleep) have recently been described as disrupting restorative and plasticity-promoting sleep (89). Preclinical neuropathic pain—but not inflammatory or chemical pain—produced microarousals and higher sensory arousal during NREM sleep without changing total sleep time, offering a possible biomarker for spontaneous neuropathic pain in mice (69, 89, 90). Sleep spindles (∼10–16 Hz), which fluctuate in 0.5–2.0 s oscillations during NREM sleep, are one of the most heritable components of EEG signatures, and likely reflect properties of the underlying thalamocortical circuits (19, 91, 92). Recent preclinical work has demonstrated that both acute inflammatory pain in mice and chronic inflammatory pain in rats reduces sleep spindle density, and alleviating pain-related behaviors also restored sleep spindle activity, suggesting sleep spindles as a possible marker for acute or chronic pain (93, 94).




Neuronal circuitry implicated within the intersection of pain and sleep

Extensive work has independently characterized neural circuits of acute and chronic pain and the neural mechanisms regulating sleep and wake (19, 20, 95–105). As other reviews have described the neuroanatomy of either pain or sleep (19, 20, 95–105), this section focuses on neuronal mechanisms directly linking pain and sleep regulation. Relevant anatomy is categorized by the following pain and sleep interactions: (1) Acute noxious stimuli during baseline sleep/wake, (2) Acute noxious stimuli with acute sleep disruption (3) Acute noxious stimuli with chronic sleep disruption, (4) Chronic pain during baseline sleep/wake, (5) Chronic pain with acute sleep disruption, and (6) Chronic pain with chronic sleep disruption.

Acute noxious stimuli during baseline sleep/wake: Acute noxious stimuli applied during wake engage the widely studied ascending and descending pain circuitry, which has been comprehensively reviewed elsewhere (51, 95–98, 104, 105). Application of acute noxious stimuli during sleep in both humans and rodents show consistent arousal-promoting activity in sensory regions. Noxious stimulus-induced arousal can be predicted by intracortical functional connectivity, and locus coeruleus noradrenergic activity may be an important mediator for such stimulus-induced arousal (106–109). Recent work has shown that both noxious and innocuous stimulus-induced activity sequentially activate the somatosensory cortex (S1) and anterior cingulate cortex (ACC) independent of behavioral response (110). Interestingly, this sequential somatosensory processing is conserved during uninterrupted sleep bouts. This suggests that somatosensory processing is preserved during sleep even in the absence of visible behavioral responses.

Acute noxious stimuli with acute sleep disruption (Figure 2): Preclinical and clinical evidence both indicate that acute sleep disruption alters pain-related neuronal activity in the S1 (8, 9, 65, 74, 111, 112). In humans, acute sleep disruption amplified S1 pain responses, and the degree of amplification predicted increased painful temperature range across individual patients (112). Recent preclinical work has directly linked increased S1 activity after acute sleep deprivation to increased activity in the locus coeruleus (LC), a region that regulates wake and REM via noradrenergic signaling (74). Specifically, noradrenergic neurons in the LC (LCNA) project to glutamatergic neurons in hindlimb S1 (S1HLGlut). After a 9hr acute sleep deprivation, LCNA neurons release more noradrenaline (NA) in the S1HL, leading to elevated S1HLGlut activity. Selective activation and inhibition demonstrated this LCNA → S1HL pathway to be both sufficient and required for acute sleep deprivation-induced hypersensitivity and allodynia. A separate study evaluated the interactions between 24 h sleep deprivation and nitroglycerin (NTG)-induced migraine-like headache and found that LCNA neuronal activation exacerbated sleep deprivation-induced amplification of acute headache behaviors while inhibition could alleviate them (111). However, LCNA inhibition may decrease reflexive pain-related behaviors due to general suppression of arousal. Indeed, manipulation of all LCNA neurons altered baseline sleep, with inhibition also producing general depression of pain-related reflexive behaviors in the absence of noxious stimulus or sleep deprivation. In contrast, selectively manipulating LCNA → S1HL projections in rested animals did not disrupt baseline sleep or pain-related behaviors (74). This suggests targeting specific circuits rather than all LCNA neurons may be key to alleviating symptoms without disrupting general behavior. Taken together, these data suggest the LC plays a pivotal role in multiple pain and sleep modalities through its arousal-promoting functions (107, 113).
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FIGURE 2
Acute noxious stimuli with acute sleep disruption. Neuroanatomical regions implicated in regulating the interaction between pain and sleep in rodents (left column) and humans (right column) from studies pairing acute noxious stimuli with acute sleep disruption. Detailed descriptions are in the corresponding text section, and references are in superscript. SD, sleep disruption; S1HL, hindlimb primary somatosensory cortex; Glut, glutamatergic.


Preclinical and clinical evidence also suggest that the nucleus accumbens (NAc) regulates the interaction between acute noxious stimuli and acute sleep disruption. In humans, acute sleep disruption blunts acute pain reactivity in the NAc, along with the thalamus and insular cortex (112). In rodents, acute REM sleep deprivation in rats produces allodynia, an effect potentially mediated by adenosine and dopamine signaling (114). Specifically, D2 receptor agonists, adenosine A2A receptor antagonists, and caffeine prevented REM sleep deprivation-induced allodynia. Adenosine signaling in the MnPO also mediates pain reactivity, as adenosine A2A receptor antagonist microinjection prevents both sleep disruption-induced hyperalgesia and exacerbation of postoperative hypersensitivity (see chronic pain with acute sleep deprivation section) (76). This provides further evidence that adenosine A2A signaling mediates sleep deprivation-induced pain-related behaviors in response to multiple sleep disruption methods.

REM sleep deprivation also produced changes in brainstem activity, including increased cFos expression in the rostral ventral medulla (RVM), an important region for descending pain modulation (115). Microinjection of a cholecystokinin (CCK)-2 receptor antagonist or lidocaine into the RVM decreased REM sleep deprivation-induced increases in mechanical hypersensitivity, with no effect on control rats. In contrast, CCK-2 receptor agonist injected into the RVM increased hypersensitivity only in control animals. The periaqueductal gray (PAG), another region critical for descending pain modulation, is also modified following REM-specific sleep deprivation. Specifically, REM sleep deprivation decreased the maximum antinociceptive effect of intra-PAG morphine injection on mechanical hypersensitivity. Taken together, these data suggest REM-specific acute sleep disruption increases acute pain-related behaviors by disrupting descending pain modulation, impacting general hypersensitivity, and decreasing the analgesic effectiveness of morphine.

Acute noxious stimuli with chronic sleep disruption (Figure 3): Multiple studies have examined how chronic sleep disruption alters responses to acute noxious stimuli (52, 75, 116–120). Patients with chronic sleep disorders such as obstructive sleep apnea (OSA) exhibit increased cortical fMRI signal duration during cold pressor noxious stimulus application (116). In contrast, regions including the hippocampus, amygdala, insula, ventral thalamus, midbrain, pons, and medulla showed decreased fMRI signal in OSA patients compared to controls, suggesting dynamic global changes to how OSA patients perceive acute thermal noxious stimuli.
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FIGURE 3
Acute noxious stimuli with chronic sleep disruption. Neuroanatomical regions implicated in regulating the interaction between pain and sleep in rodents (left column) and humans (right column) from studies pairing acute noxious stimuli with chronic sleep disruption. Detailed descriptions are in the corresponding text section, and references are in superscript. SD, sleep disruption; vlPAG, ventrolateral PAG; REM-SD, REM-specific sleep disruption; dlPAG, dorsolateral PAG; NOS, nitric oxide synthase; OSA, obstructive sleep apnea; MOR, mu opioid receptor.


The opioid system may contribute to the cortical changes observed in patients with chronic sleep disruption. Individual patient sleep duration is negatively associated with mu-opioid receptor binding potential in cortical regions such as the frontal lobes and anterior cingulate cortex (ACC), offering a possible mechanism for the decreased opioid efficacy observed in sleep deprived patients (52). Preclinical pharmacological work provides further evidence that ACC activity partially mediates the pronociceptive effects of chronic sleep deprivation in male rats (117). More specifically, ACC dopaminergic D2 receptor, serotonergic 1A receptor, and adenosine A2A receptor activity were each required for sleep deprivation-induced hypersensitivity.

Recent work has identified the NAc, a key region for dopamine signaling, as an important mediator in chronic sleep deprivation-induced hypersensitivity (75, 117, 118). In male rats, the immediate early gene cFos increased in the NAc after chronic sleep deprivation and returned to baseline levels during rebound sleep. cFos expression correlated with the intensity of the pronociceptive effect, and excitotoxic lesioning of the NAc prevented chronic sleep deprivation-induced hypersensitivity (75, 117). A preclinical study using male mice extended this work by demonstrating decreased dopamine release and increased D1 and D2 receptor expression in the NAc following chronic sleep deprivation (118). Post-sleep deprivation hypersensitivity may require upregulation of AMPA receptors by the immediate early gene Homer1a, as downregulating Homer1a in NAc blocked chronic sleep deprivation-induced hypersensitivity. Adenosine, a key neuromodulator of sleep and wake, may also mediate chronic sleep deprivation-induced hypersensitivity, as blocking adenosine A2A receptor signaling in the NAc prevented increased reflexive-based hypersensitivity (117). Increased GABA signaling may also contribute, as sleep-restriction-induced hypersensitivity required GABAA receptor signaling in the ventral tegmental area (VTA), dorsal raphe nucleus (DRN), and locus coeruleus (LC) (117). Together, these data suggest that dopamine neurons in the NAc can play a critical role in chronic sleep disruption-induced hypersensitivity through Homer1a- and adenosine A2A-dependent mechanisms, while inhibitory neurotransmission may exhibit distributed changes.

The PAG, a critical component of pain modulation, has also been linked to increased pain-related responses following chronic sleep deprivation. The ventrolateral portion of the PAG (vlPAG) showed increased cFos expression after chronic sleep deprivation, as in the NAc. cFos induction correlated with the intensity of deprivation-induced allodynia, and excitotoxic lesion of the vlPAG prevented increased withdrawal reflexes (75). Chronic REM sleep restriction increased nitric oxide in the dorsolateral PAG (dlPAG), and inhibition of nitric oxide synthase (NOS) prevented the chronic REM sleep restriction-induced allodynia (119). Increased nitric oxide in the PAG may thus promote chronic sleep deprivation-induced hypersensitivity. However, additional studies must evaluate other acute noxious stimuli and pain-related behaviors, along with sleep disruptions beyond REM restriction.

In addition to central brain mechanisms, spinal cord signaling can also mediate chronic sleep deprivation-induced hypersensitivity (120). Chronic sleep restriction that produced hypersensitivity in male mice increased microglial infiltration into the spinal cord dorsal horn and increased both apoptosis and TNF-α expression in superior cervical ganglion (SCG) sympathetic neurons. Blocking TNF-α receptors prevented these effects as well as allodynia, suggesting sympathetic SCG neurons promote hypersensitivity following chronic sleep restriction (120). These results highlight how peripheral inflammatory signaling may contribute to supraspinal hyperactivity after chronic sleep deprivation (7, 9, 121, 122).

Chronic pain during baseline sleep/wake (Figure 4): While chronic pain conditions are highly varied in their symptoms and co-morbidities, preclinical and clinical studies highlight several brain regions that may regulate the consistent negative impact they have on sleep (123–134). As with acute noxious stimuli, the cortex has been implicated as a key region in chronic pain, with changes in long-term activity and structure that may influence sleep quality. In humans with chronic lower back pain, neuroinflammatory PET-fMRI activation was greater in lower back sensorimotor cortical areas (S1/M1), and was positively correlated with sensitivity to thermal stimuli and poor sleep quality (123). Changes in gray matter volume have also been shown. Older adults (>60 years old) with musculoskeletal pain exhibited decreased cortical thickness in S1, which mediated the association between sleep quality and self-reported pain intensity, but not somatosensory pain thresholds (127). Preclinical work has revealed possible sleep state-specific circuit mechanisms for chronic pain-induced changes in S1. In mice with spared nerve injury (SNI), S1 vasoactive intestinal polypeptide-expressing interneurons (S1VIP) were more active during NREM, leading to S1 pyramidal neuron disinhibition and allodynia (130). This study then rigorously described a circuit that can drive or alleviate SNI-induced pain-related behaviors with NREM specificity. More specifically, injured peripheral afferents increased parabrachial nucleus (PB) activity. PB neurons projected to basal forebrain cholinergic neurons (aNBAch), which directly activated S1VIP interneurons. Strikingly, hyperactivity of this pathway specifically during NREM sleep, not wake, promoted chronic SNI hypersensitivity. After SNI, daily inhibition of S1VIP interneurons during NREM (but not during wake or REM) prevented the transition from acute to chronic SNI-induced pain-related behaviors (130). This PB → aNBAch → S1VIP circuit offers a possible mechanism linking injured peripheral tissue to the hyperactive S1 commonly observed in chronic pain manipulations. However, further research must elucidate how this circuit interacts with spinally mediated peripheral neuropathic signaling, and how it regulates other chronic pain models.
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FIGURE 4
Chronic pain during baseline sleep/wake. Neuroanatomical regions implicated in regulating the interaction between pain and sleep in rodents and humans from studies evaluating chronic pain during baseline sleep and wake. Detailed descriptions are in the corresponding text section, and references are in superscript. SNI, spared nerve injury; VIP, vasoactive intestinal peptide-expressing; CCI, chronic constriction injury; CFA, Complete Freund's adjuvant; POA, preoptic area; VTA, ventral tegmental area; KOR, kappa opioid receptor; SNL, sciatic nerve ligation; CPP, conditioned place preference.


Additional cortical regions besides S1 likely contribute to sleep and chronic pain interactions. In fibromyalgia patients, both the prefrontal cortex (PFC) and ACC show augmented theta activity that correlates with measures of somatosensory tenderness and mean tiredness (124). Preclinical work has revealed specific signaling pathways that can regulate activity in either of these regions. Increased PFC activity may be due to increased noradrenaline and serotonin signaling. In male mice with sciatic nerve ligation (SNL), stimulation of the LC or the DRN respectively increased noradrenaline or serotonin release in the PFC compared to non-SNL controls (126, 133). Together, these studies suggest that key sleep regulatory regions can potentially modulate PFC during chronic pain. Augmented ACC activity may be linked to opioid signaling. CRISPR/Cas9 deletion of kappa opioid receptors in the ACC alleviated partial sciatic nerve ligation (PSNL)-induced sleep fragmentation, as well as the increased place preference for gabapentin (125). However, PSNL-induced allodynia was unaffected, suggesting that somatosensory processing remains intact.

Altered inhibitory neurotransmission in cortex may also underlie impaired sleep during chronic pain. In male SNL mice with decreased NREM sleep, the cingulate cortex exhibited increased membrane-bound GABA transporters (GATs) and reduced extracellular GABA following depolarization (131). Furthermore, targeted GAT inhibition in the cingulate cortex attenuated SNL-induced sleep disturbance. However, the impact on pain-related behaviors remains to be evaluated (131).

The NAc has also been investigated in the context of baseline sleep behaviors during chronic neuropathic or inflammatory pain in mice. Dopaminergic neurons play an important role, as seen with acute noxious stimuli. A primarily dopaminergic NAc neuronal ensemble showed increased activity following chronic neuropathic pain, inflammatory pain induced by complete Freund's adjuvant, or during baseline wakefulness (132). Activating or inhibiting this ensemble respectively exacerbated or alleviated reflexive pain-related behaviors and sleep impairments, although these manipulations also promoted immediate transitions to wake or sleep. Interestingly, this NAc ensemble regulated pain and sleep through different target regions. Specifically silencing VTA-projecting neurons increased pain-related reflexive behaviors without impacting baseline wake behavior, while silencing preoptic area (POA)-projecting neurons decreased NREM sleep without impacting pain-related behaviors. Additional work must clarify how chronic pain regulates NAc ensemble activity, and whether projection-specific pain regulation applies to other pain modalities. However, this work provides an exciting entry point to understand key intersections in pain and sleep circuitry.

Finally, one study has shown that the reticular thalamic nucleus (RTN), a key regulator of NREM sleep oscillations, exhibits increased activity following neuropathic injury (134). Rats with SNL injury exhibited highly fragmented sleep and decreased total NREM time. In these animals, RTN basal tonic firing rates and phasic activity were both increased. However, additional research is needed to determine how these changes in RTN activity directly influence pain and sleep.

Chronic pain with acute sleep disruption (Figure 5): While clinical work has evaluated the relationship between chronic pain and acute sleep disruption, identification of underlying neuroanatomical mechanisms is based primarily on preclinical data. In agreement with other pain and sleep interactions, heightened activity within subcortical and cortical pathways may drive interactions between acute sleep disruptions and chronic pain. The hyperactivated LCNA → S1HLGlut pathway described above (see acute noxious stimuli with acute sleep deprivation) may also mediate hypersensitivity in the context of chronic inflammation (CFA) (74). Acute sleep deprivation five days after hindpaw CFA injection extended resulting hypersensitivity to at least 14 days post CFA injection, whereas control animals recovered in ∼6 days. Chemogenetically inhibiting LCNA → S1HL neurons during the post-CFA sleep deprivation period attenuated the sleep deprivation-enhanced CFA hypersensitivity, thus shortening recovery time. Taken together, inhibiting the LCNA → S1HL pathway may alleviate the effects of acute sleep deprivation on acute noxious stimuli or chronic inflammatory pain. These experiments thus pinpoint key interactions between known sleep and pain regulatory regions and also provide insights into the transition from acute to chronic pain.
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FIGURE 5
Chronic pain with acute or chronic sleep disruption. Neuroanatomical regions implicated in regulating the interaction between pain and sleep in rodents and humans from studies evaluating chronic pain paired with acute sleep disruption (left column) or chronic sleep disruption (right column). Detailed descriptions are in the corresponding text sections, and references are in superscript. SD, sleep disruption; CCK2, cholecystokinin 2; REM SD, REM-specific sleep disruption; NA, noradrenergic; CFA, Complete Freund's adjuvant; S1HL, hindlimb primary somatosensory cortex.


The MnPO is another key sleep regulatory region that may play a role in transitioning to chronic pain following acute sleep deprivation. Sleep deprivation prior to surgery has been associated with increased post-surgical pain and delayed recovery, and clinical work has suggested perioperative sleep as an important metric for monitoring chronic pain susceptibility (8). Preclinical work suggests adenosine A2A receptors in the MnPO may partially regulate the interactions between preoperative sleep deprivation and post-surgical pain. In rats, systemically administering caffeine or blocking MnPO adenosine A2A receptors during preoperative sleep deprivation both alleviated sleep disruption-enhanced surgical hypersensitivity and improved postoperative pain-related recovery (76). Postoperative sleep disruption also augmented reflexive pain-related behaviors, prolonged pain-related surgical recovery, and altered the basal forebrain (BF), a key sleep-wake regulatory region (77). Post-surgical sleep disruption reduced GDNF expression and increased apoptosis in the BF. Virally delivering GDNF to the BF alleviated the effects of postoperative sleep deprivation, with reduced surgical recovery time, allodynia, and BF apoptosis. Thus, postoperative sleep deprivation may prolong hypersensitivity by decreasing GDNF signaling in the BF.

Prolongation of surgical pain due to perioperative sleep disruption has also been studied in REM-specific paradigms. Postoperative REM-specific sleep deprivation in mice prolonged surgical pain-related recovery and increased the activity of CaMKIIα neurons in the medial paraventricular thalamus (mPVTCaMKIIα) (78). These neurons were both necessary and sufficient for the prolonged post-surgical recovery after REM deprivation: mPVTCaMKIIα neuronal inhibition shorted post-operative pain-related recovery, while activation prolonged recovery and produced anxiety-like behaviors. Cumulatively, these data highlight how perioperative sleep disruption can exacerbate pain-related recovery. Future work should determine how descending pain-modulatory regions (see section on acute noxious stimuli and acute sleep disruption section) regulate the interactions between perioperative sleep disruption and chronic pain.

Chronic pain with chronic sleep disruption (Figure 5): A large patient population suffers from comorbid chronic pain and chronic sleep impairment. Accordingly, a mechanistic understanding of chronic sleep and pain interactions is sorely needed (2, 6–9, 65). Consistent with previous pain and sleep subclasses, clinical studies suggest the cortex may play an important role in this bidirectional relationship. In adults with comorbid chronic pain and insomnia, individuals with the lowest arousal levels and the longest sleep onset latencies exhibited reduced ACC volume compared to healthy controls (135). This study also found that patients with shorter sleep times and higher arousal levels were associated with lower hippocampus volumes. These results suggest that distinct arousal and sleep parameters may differentially affect ACC and hippocampal structure in chronic pain patients.

Cortical alterations during comorbid chronic pain and chronic sleep disruption have been linked to the LC, a well-characterized regulator of sleep-wake states and a region repeatedly implicated across multiple pain and sleep subclasses. Neuroimaging studies in patients with comorbid migraine and insomnia revealed altered LC functional connectivity with PFC, with distinct PFC subdivisions showing specific pain and sleep associations (136). Lower LC → dorsolateral PFC functional connectivity of was associated with greater insomnia severity, while higher LC → dorsomedial PFC functional connectivity was linked to longer migraine attack duration, but only in migraine patients without insomnia. Based on the preclinical data linking LC to the PFC (see the chronic pain during baseline sleep/wake section), future studies should examine how chronic sleep deprivation modulates this NA signaling in different chronic pain models.

Beyond these cortical changes, subcortical areas, particularly the NAc, may play an important role in modulating concurrent chronic pain and chronic sleep deprivation. NAc dopaminergic neurons regulate sleep and pain through distinct projections (see chronic pain during baseline sleep/wake section). Recent preclinical work has extended these findings by testing how the NAc changes following chronic sleep disruption in a neuropathic pain model of chronic constriction injury (CCI) (118). Mice with CCI exhibited numerous changes in the NAc after 14 days of 18 h/day sleep disruption, including decreased dopamine release upon noxious stimulus application, increased Homer1a expression, increased D1 receptor expression, and increased D2 receptor expression. Downregulating Homer1a in the NAc alleviated the chronic sleep disruption-enhanced CCI hypersensitivity. Taken together, this suggests increased NAc Homer1a expression thus regulates both acute and chronic pain during extended sleep disruption. Collectively, these findings highlight the NAc as an important node between chronic pain and chronic sleep disruption. Future work can further dissect the relevant circuit mechanisms and their therapeutic relevance to other pain modalities.

Alongside central brain mechanisms, population-based and preclinical studies indicate that chronic sleep disruption can enhance chronic pain through spinal and peripheral inflammatory processes. A longitudinal prospective study monitoring >8,500 people for over ∼22 years (HUNT study) showed that individuals with short sleep or self-reported insomnia for >10 years were at higher risk of developing recurrent spinal pain, and improved sleep was associated with improved favorable prognosis (137). Chronic sleep disruption in CCI mice also affected the spinal cord, with greater microglial infiltration into the spinal cord dorsal horn than CCI alone, with concurrently increased apoptosis, TNF-α expression, and increased SCG cFos expression (120). As with acute noxious stimuli, inhibiting TNF-α in the SCG or ablating SCG sympathetic neurons attenuated chronic sleep deprivation-enhanced CCI mechanical hypersensitivity and microglial infiltration into the spinal cord. TNF-α inhibition also ameliorated chronic sleep deprivation increases in CCI-induced SCG cFos expression and apoptosis. Together, these findings show that TNF-α inhibition in the SCG is effective at alleviating impacts from chronic sleep disruption for both acute noxious stimuli and chronic neuropathic pain.

In addition to the spinal cord, brainstem sensory regions also appear to be vulnerable to microglial changes in chronic pain subjects with chronic sleep disruption. In particular, the cuneate nucleus (CN), which processes somatosensory input from the periphery, shows marked microglial activation in response to sleep deprivation. In male rats, chronic sleep disruption prior to CCI surgery led to greater microglial activation in the CN compared to CCI alone (138). Administering melatonin during chronic sleep deprivation attenuated both the CN microglial activation and allodynia, and also decreased proinflammatory cytokines expression in the CN. However, the impact of these melatonin doses to sleep behavior and behavioral depression remain to be tested.

In summary, pain and sleep interactions do not converge on the same circuits, but instead broadly engage multiple signaling pathways. While certain hubs such as S1, LC, and NAc contribute in multiple pain contexts, major gaps remain in our understanding of how these regions integrate information from cross-modal circuitry, and how their functions differ between the subclasses of pain and sleep interactions.



Additional covariate considerations for treatment and biomarker development

Despite ongoing efforts to characterize neural circuits that mediate pain and sleep interactions, translation to the clinic for treating this bidirectional relationship remains limited. Including sleep in preclinical pain research provides a particularly promising opportunity for development of biomarkers and analgesic treatments. Primary sleep endpoints can be measured objectively and reproducibly across preclinical and clinical subjects. They also show well-established preclinical-to-clinical physiological concordance, and recent clinical work suggests they may be more effective for both treatment and prediction of chronic pain. Realizing this potential requires carefully designed studies that account for key covariates, which are abundant given the broad physiological impacts of pain and sleep. Accordingly, preclinical work can guide clinical studies by meticulously isolating variables and pinpointing key interdependencies. Below, we detail burgeoning work on variables such as sex, age, environmental context, stress, drug interactions, and choice of dependent measures, each of which can each profoundly impact pain and sleep outcomes. Accounting for these factors is therefore essential both for mechanistic insight and for improving the translational potential of preclinical models.

Sex differences: Responses to noxious stimuli differ between sexes, and mechanisms for processing peripheral nerve damage show striking differences (99, 139–141). Clinically, women show greater susceptibility to sleep disturbance and increased risk for developing pain conditions (142, 143). Additionally, prolonged experimental sleep disturbances may differentially affect pain processing in men and women (144, 145). Preclinical research has increasingly included female subjects, largely due to an NIH mandate for inclusion of sex as a biological variable. However, studies aiming to directly link pain and sleep have predominantly evaluated only male mice, as evidenced in the neural circuitry section above (146, 147). Accordingly, integrating sex as a core variable in preclinical studies will be crucial to refining mechanistic models of pain and sleep interactions and strengthening the translational validity of emerging biomarkers.

Age: Both pain and sleep show considerable changes across lifespan (148–150), and their interactions manifest at all ages with likely distinct mechanisms and health implications (151–159). In children and adolescents, sleep disruption and fatigue can predict next-day pain scores in subjects with pain and for healthy controls, mediate increased pain and sleep disturbances, and connect to multiple pain indications (152–154, 157). In addition, adolescent chronotype may predict future development of pain, with later chronotypes showing a higher risk for new-onset pain than earlier chronotypes (155). Older adult and elderly populations also show a clear link between pain and sleep disruption. Sleep quality and pain scores can predict care dependency in long-term care facilities, and sleep difficulty can mediate the relationship of daily activities and pain scores in middle-aged and older adults (156, 159). Data from adult populations suggest that insomnia treatment may be more efficacious for treating co-morbid pain and sleep disruptions that treating pain alone. However, further work must evaluate whether these findings also apply to young and elderly populations. Collectively, these findings highlight age as an important factor that should be included when establishing optimal strategies for reducing co-morbid pain and sleep disruptions.

Environment—Social Interaction: Social context can profoundly influence pain and sleep. Both preclinical and clinical evidence have shown noxious stimuli applied to one subject can elicit pain-related changes in the observer, also referred to as “emotional contagion” of pain (160–164). This includes increased pain responses, avoidance of behaviors paired with delivery of a noxious stimulus to a second subject, and increases in stress-response hormones that can even match those of the stressed subject (160, 162–164). Social familiarity can modulate these responses, as observation of pain in strangers elicits reduced or no empathetic physiological or behavioral pain-related changes. Similarly, social context can impact sleep behavior and sleep quality in humans and rodents. Positive social relationships strongly correlate with good sleep quality, while aversive social ties reliably predict poor sleep quality (164). For most mammals, sharing sleeping spaces contain intricate trade-offs. Group-living and shared sleeping environment produces behavioral synchronization in humans, rodents, and primates. However, it can also increase NREM fragmentation, decrease total NREM, or change REM and NREM bout length (33, 165–169). Specific shared sleeping environments like hospitals and military barracks are also associated with poorer sleep quality and additional adverse outcomes such as impaired recovery and wound healing (hospitals) or decreased quality of life (barracks) when compared to private rooms (167–172). Careful consideration of social environment in both study design and retrospective data analyses will be needed to better understand pain-sleep interactions and to develop effective clinical biomarkers.

Environment—Stress: Stress can independently influence either pain or sleep, and accumulating evidence suggests it may also mediate their bidirectional relationship (173–175). Clinically, sleep difficulties and stress can predict future chronic pain, and when combined confer heightened risk in adults and children (173, 174). Experimentally, stress is often divided into acute and chronic subcategories. Acute noxious stimuli commonly trigger acute stress, and acute stressors can in turn modulate responses to acute noxious stimuli (176–178). Both acute and chronic stressors can reliably exacerbate pain-related outcomes in subjects with a wide range of chronic pain conditions (176–178). Preoperative stress, like preoperative sleep, has been shown to predict development of postoperative chronic pain (6, 17, 18, 179). Stress can further impair sleep quality across species, with acute and chronic stressors reducing sleep both preclinically and clinically (70, 180, 181). While most sleep deprivation paradigms are not designed to induce stress, some have been shown to increase stress responses (70, 73). Given that sleep disruption and stress are inherently intertwined, particularly with prolonged or repeated sleep loss, disentangling their individual contributions remains a significant challenge. Preclinical studies will be critical to systematically isolate the effects of stress on pain-sleep interactions and guide the development of targeted clinical treatments.

Drug-drug interactions: Pharmacological interactions represent another covariate layer that can significantly influence pain and sleep outcomes. Analgesics such as opioids have been shown to impact sleep in undisturbed control settings, and drug-induced sleep disruptions can be detrimental for optimal sleep restoration, diminish pain-relief, and impair improvements in additional clinical outcome measures (53, 182). Accordingly, co-administration of drugs designed to individually treat either pain or sleep should be evaluated for unintended interactions, as treatment of one symptom can exacerbate the other (e.g., an analgesic with sedative effects further impairing sleep quality). Advancing research on the intersecting mechanisms underlying pain and sleep interactions will be essential in shaping pharmacological development, with the goal of enabling targeted therapeutic strategies and reducing reliance on complex polypharmacy approaches with mixed adverse effects (9, 21, 53, 67).

Interpreting preclinical dependent variables in pain and sleep: The clinical gold-standard for sleep evaluation is polysomnography, which measures EEG, EMG, eye movements (EOG), heart rhythm (ECG), pulse oximetry, airflow, and respiratory effort, which can all be measured preclinically (183). In contrast, the clinical gold-standard dependent variable for measuring pain is verbal reporting, which cannot be modeled in preclinical setups. Reflex-based assays of pain-related behaviors remain amongst the most widely used dependent variables in preclinical pain research, particularly for chronic pain manipulations. However, these assays are highly susceptible to false positives due to general behavioral depression. To improve clinical translation, extensive efforts have been made to supplement traditional reflexive pain-stimulated behaviors with spontaneous pain-related behaviors and pain-depressed behaviors in animal models (160, 184–186). In this context, leveraging directly translatable and well-characterized EEG and EMG analyses offer a uniquely promising preclinical-to-clinical avenue to identify pain-related biomarkers, with recent work in preclinical chronic pain models supporting their biomarker potential (69, 93). Pharmacological agents can affect normal sleep as an unintended side effect, with many classes of analgesics producing altered sleep architecture in the absence of any perturbations (21, 53, 67). Accordingly, restoration of normal sleep should be incorporated as a goal in preclinical analgesic testing. This will undoubtedly be more difficult than focusing solely on increasing or decreasing individual pain-related behaviors such as paw withdrawal, but may help focus research paths to more impactful pharmaceutical development. In addition, pharmacological investigations should evaluate changes to the spectral properties of sleep, particularly given ongoing clinical efforts evaluating distinct EEG frequency bands as candidate biomarkers for chronic pain (83–88). Together, these direct and translatable measures provide a framework in which efficacy of candidate analgesics will not only depend upon successful alleviation of pain-related behaviors but also on restoration of normal sleep architecture and spectral features.

Treatment goals: Clinical treatment goals for pain in relationship to sleep are primarily to improve quality of life, and future preclinical and clinical research will be essential to identify which approaches are most effective across different pain and sleep disorders. For conditions with known pain mechanisms, sleep provides a possible treatment for preventing chronification of acute pain. For example, both preclinical and clinical studies have shown that evaluating sleep before and after surgery can improve postoperative pain, recovery rate, and analgesic consumption (76–81, 187–189). For nociplastic pain conditions—defined as pain that arises despite no clear evidence of tissue injury or damage to the somatosensory system—sleep disturbances are a common co-morbidity (6, 65, 123, 190–192). Recent evidence from clinical studies indicates that treating insomnia with cognitive behavioral therapy for insomnia (CBT-I) can improve nociplastic pain outcome measures, and in some cases even out-perform CBT for pain (CBT-P) or combined CBT for insomnia and pain (CBT-IP) (6, 193–195). However, additional studies across diverse pain and sleep disorders are needed to confirm the broad implications of these findings and to evaluate the potential of insomnia treatment as a primary therapeutic strategy for comorbid chronic pain and sleep. Collectively, current pain and sleep studies underscore the importance of developing treatment goals that explicitly target both pain and sleep outcomes to maximize clinical benefit.

Summary: Positioning sleep as a core component of preclinical pain research holds promising potential for identifying robust biomarkers and therapeutic strategies with strong clinical translation. Advancing pain research through the lens of sleep will provide a preclinical roadmap to break the exacerbating cycles linking pain and sleep disturbances, and ultimately improve quality of life for patients worldwide.



Author contributions

CMD: Conceptualization, Visualization, Writing – original draft, Writing – review & editing. WJ: Visualization, Writing – original draft, Writing – review & editing.



Funding

The author(s) declare that financial support was received for the research and/or publication of this article. This work was financially supported by a grant from the Swiss National Science Foundation (Grant 197827).



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Generative AI statement

The author(s) declare that no Generative AI was used in the creation of this manuscript.

Any alternative text (alt text) provided alongside figures in this article has been generated by Frontiers with the support of artificial intelligence and reasonable efforts have been made to ensure accuracy, including review by the authors wherever possible. If you identify any issues, please contact us.



Publisher's note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



References


	1. Cohen SP, Vase L, Hooten WM. Chronic pain: an update on burden, best practices, and new advances. Lancet. (2021) 397(10289):2082–97. doi: 10.1016/S0140-6736(21)00393-7


	2. Seiger AN, Penzel T, Fietze I. Chronic pain management and sleep disorders. Cell Rep Med. (2024) 5(10):101761. doi: 10.1016/j.xcrm.2024.101761


	3. Mathias JL, Cant ML, Burke ALJ. Sleep disturbances and sleep disorders in adults living with chronic pain: a meta-analysis. Sleep Med. (2018) 52:198–210. doi: 10.1016/j.sleep.2018.05.023


	4. Van Damme S, Becker S, Van der Linden D. Tired of pain? Toward a better understanding of fatigue in chronic pain. Pain. (2018) 159(1):7–10. doi: 10.1097/j.pain.0000000000001054


	5. Lenaert B, Meulders A, van Heugten CM. Tired of pain or painfully tired? A reciprocal relationship between chronic pain and fatigue. Pain. (2018) 159(6):1178–9. doi: 10.1097/j.pain.0000000000001194


	6. Duo L, Yu X, Hu R, Duan X, Zhou J, Wang K. Sleep disorders in chronic pain and its neurochemical mechanisms: a narrative review. Front Psychiatry. (2023) 14:1157790. doi: 10.3389/fpsyt.2023.1157790


	7. Klyne DM, Hall M. Is sleep the new treatment for pain? Two issues need resolving before deciding. Sleep. (2024) 47(6):zsae089. doi: 10.1093/sleep/zsae089


	8. Finan PH, Goodin BR, Smith MT. The association of sleep and pain: an update and a path forward. J Pain. (2013) 14(12):1539–52. doi: 10.1016/j.jpain.2013.08.007


	9. Haack M, Simpson N, Sethna N, Kaur S, Mullington J. Sleep deficiency and chronic pain: potential underlying mechanisms and clinical implications. Neuropsychopharmacology. (2020) 45(1):205–16. doi: 10.1038/s41386-019-0439-z


	10. Onen SH, Onen F, Courpron P, Dubray C. How pain and analgesics disturb sleep. Clin J Pain. (2005) 21(5):422–31. doi: 10.1097/01.ajp.0000129757.31856.f7


	11. Tang NKY. Do sleepless nights turn into painful days? Opportunities and challenges in detecting and synthesising the day-to-day sleep-pain relationship. Sleep Med Rev. (2025) 79:102045. doi: 10.1016/j.smrv.2024.102045


	12. Drewes AM, Nielsen KD, Arendt-Nielsen L, Birket-Smith L, Hansen LM. The effect of cutaneous and deep pain on the electroencephalogram during sleep—and experimental study. Sleep. (1997) 20(8):632–40. doi: 10.1093/sleep/20.8.632


	13. Lavigne G, Brousseau M, Kato T, Mayer P, Manzini C, Guitard F, et al. Experimental pain perception remains equally active over all sleep stages. Pain. (2004) 110(3):646–55. doi: 10.1016/j.pain.2004.05.003


	14. Husak AJ, Bair MJ. Chronic pain and sleep disturbances: a pragmatic review of their relationships, comorbidities, and treatments. Pain Med. (2020) 21(6):1142–52. doi: 10.1093/pm/pnz343


	15. Herrero Babiloni A, De Koninck BP, Beetz G, De Beaumont L, Martel MO, Lavigne GJ. Sleep and pain: recent insights, mechanisms, and future directions in the investigation of this relationship. J Neural Transm (Vienna). (2020) 127(4):647–60. doi: 10.1007/s00702-019-02067-z


	16. Li MT, Robinson CL, Ruan QZ, Surapaneni S, Southerland W. The influence of sleep disturbance on chronic pain. Curr Pain Headache Rep. (2022) 26(10):795–804. doi: 10.1007/s11916-022-01074-2


	17. Costa N, Smits E, Kasza J, Salomoni S, Ferreira M, Sullivan M, et al. Issls prize in clinical science 2021: what are the risk factors for low back pain flares and does this depend on how flare is defined? Eur Spine J. (2021) 30(5):1089–97. doi: 10.1007/s00586-021-06730-6


	18. Afolalu EF, Ramlee F, Tang NKY. Effects of sleep changes on pain-related health outcomes in the general population: a systematic review of longitudinal studies with exploratory meta-analysis. Sleep Med Rev. (2018) 39:82–97. doi: 10.1016/j.smrv.2017.08.001


	19. Adamantidis AR, Gutierrez Herrera C, Gent TC. Oscillating circuitries in the sleeping brain. Nat Rev Neurosci. (2019) 20(12):746–62. doi: 10.1038/s41583-019-0223-4


	20. Weber F, Dan Y. Circuit-based interrogation of sleep control. Nature. (2016) 538(7623):51–9. doi: 10.1038/nature19773


	21. Herrero Babiloni A, Beetz G, Bruneau A, Martel MO, Cistulli PA, Nixdorf DR, et al. Multitargeting the sleep-pain interaction with pharmacological approaches: a narrative review with suggestions on new avenues of investigation. Sleep Med Rev. (2021) 59:101459. doi: 10.1016/j.smrv.2021.101459


	22. Zielinski MR, Gibbons AJ. Neuroinflammation, sleep, and circadian rhythms. Front Cell Infect Microbiol. (2022) 12:853096. doi: 10.3389/fcimb.2022.853096


	23. Zielinski MR, Systrom DM, Rose NR. Fatigue, sleep, and autoimmune and related disorders. Front Immunol. (2019) 10:1827. doi: 10.3389/fimmu.2019.01827


	24. Rayan A, Agarwal A, Samanta A, Severijnen E, van der Meij J, Genzel L. Sleep scoring in rodents: criteria, automatic approaches and outstanding issues. Eur J Neurosci. (2024) 59(4):526–53. doi: 10.1111/ejn.15884


	25. Smith MT, McCrae CS, Cheung J, Martin JL, Harrod CG, Heald JL, et al. Use of actigraphy for the evaluation of sleep disorders and circadian rhythm sleep-wake disorders: an American academy of sleep medicine systematic review, meta-analysis, and GRADE assessment. J Clin Sleep Med. (2018) 14(7):1209–30. doi: 10.5664/jcsm.7228


	26. Grandner MA, Fernandez F-X. The translational neuroscience of sleep: a contextual framework. Science. (2021) 374(6567):568–73. doi: 10.1126/science.abj8188


	27. Tononi G, Boly M, Cirelli C. Consciousness and sleep. Neuron. (2024) 112(10):1568–94. doi: 10.1016/j.neuron.2024.04.011


	28. Petrus P, Sassone-Corsi P. Circadian analysis of rodent locomotor activity in home cages. Methods Mol Biol. (2022) 2482:211–5. doi: 10.1007/978-1-0716-2249-0_14


	29. Yaghouby F, Donohue KD, O’Hara BF, Sunderam S. Noninvasive dissection of mouse sleep using a piezoelectric motion sensor. J Neurosci Methods. (2016) 259:90–100. doi: 10.1016/j.jneumeth.2015.11.004


	30. Mang GM, Nicod J, Emmenegger Y, Donohue KD, O'Hara BF, Franken P. Evaluation of a piezoelectric system as an alternative to electroencephalogram/electromyogram recordings in mouse sleep studies. Sleep. (2014) 37(8):1383–92. doi: 10.5665/sleep.3936


	31. Fisher SP, Godinho SIH, Pothecary CA, Hankins MW, Foster RG, Peirson SN. Rapid assessment of sleep-wake behavior in mice. J Biol Rhythms. (2012) 27(1):48–58. doi: 10.1177/0748730411431550


	32. Campbell IG. EEG recording and analysis for sleep research. Curr Protoc Neurosci. (2009) 49(1):10–2. doi: 10.1002/0471142301.ns1002s49


	33. Sotelo MI, Markunas C, Kudlak T, Kohtz C, Vyssotski AL, Rothschild G, et al. Neurophysiological and behavioral synchronization in group-living and sleeping mice. Curr Biol. (2024) 34(1):132–146.e5. doi: 10.1016/j.cub.2023.11.065


	34. Pereira TD, Tabris N, Matsliah A, Turner DM, Li J, Ravindranath S, et al. Sleap: a deep learning system for multi-animal pose tracking. Nat Methods. (2022) 19(4):486–95. doi: 10.1038/s41592-022-01426-1


	35. Ogasawara J, Matsumoto N, Takeuchi Y, Yamashiro K, Yasui M, Ikegaya Y. Lengthened circadian rhythms in mice with self-controlled ambient light intensity. Sci Rep. (2024) 14(1):7778. doi: 10.1038/s41598-024-58415-x


	36. Nath T, Mathis A, Chen AC, Patel A, Bethge M, Mathis MW. Using DeepLabCut for 3D markerless pose estimation across species and behaviors. Nat Protoc. (2019) 14(7):2152–76. doi: 10.1038/s41596-019-0176-0


	37. Sunagawa GA, Sumiyama K, Ukai-Tadenuma M, Perrin D, Fujishima H, Ukai H, et al. Mammalian reverse genetics without crossing reveals Nr3a as a short-sleeper gene. Cell Rep. (2016) 14(3):662–77. doi: 10.1016/j.celrep.2015.12.052


	38. Zhou W, Zhou J, Lu Q, Wang L, Liang Y, Xing Y, et al. Time-dependent regulation of sleep-wakefulness and electroencephalographic characteristics by spontaneous running in male mice. J Sleep Res. (2025) 34:e70023. doi: 10.1111/jsr.70023


	39. Mang GM, Franken P. Sleep and EEG phenotyping in mice. Curr Protoc Mouse Biol. (2012) 2(1):55–74. doi: 10.1002/9780470942390.mo110126


	40. Oishi Y, Takata Y, Taguchi Y, Kohtoh S, Urade Y, Lazarus M. Polygraphic recording procedure for measuring sleep in mice. J Vis Exp. (2016) 107:e53678. doi: 10.3791/53678


	41. Aulehner K, Bray J, Koska I, Pace C, Palme R, Kreuzer M, et al. The impact of tethered recording techniques on activity and sleep patterns in rats. Sci Rep. (2022) 12(1):3179. doi: 10.1038/s41598-022-06307-3


	42. Helwig BG, Ward JA, Blaha MD, Leon LR. Effect of intraperitoneal radiotelemetry instrumentation on voluntary wheel running and surgical recovery in mice. J Am Assoc Lab Anim Sci. (2012) 51(5):600–8.23312089


	43. Patel AA, McAlinden N, Mathieson K, Sakata S. Simultaneous electrophysiology and fiber photometry in freely behaving mice. Front Neurosci. (2020) 14:148. doi: 10.3389/fnins.2020.00148


	44. Kodani S, Soya S, Sakurai T. Optogenetic manipulation of neural circuits during monitoring sleep/wakefulness states in mice. J Vis Exp. (2019) 148:e58613. doi: 10.3791/58613


	45. Adamantidis A, Lüthi A. “Optogenetic dissection of sleep-wake states in vitro and in vivo”. In: Landolt HP, Dijk DJ, editors. Sleep-Wake Neurobiology and Pharmacology. Handbook of Experimental Pharmacology, vol 253. Cham: Springer (2018). p. 125–51. doi: 10.1007/164_2018_94


	46. Li B, Ma C, Huang Y-A, Ding X, Silverman D, Chen C, et al. Circuit mechanism for suppression of frontal cortical ignition during NREM sleep. Cell. (2023) 186(26):5739–5750.e17. doi: 10.1016/j.cell.2023.11.012


	47. Han J, Zhou F, Zhao Z, Zhang D, Chen X, Wang L, et al. 24-hour simultaneous mPFC’s miniature 2-photon imaging, EEG-EMG, and video recording during natural behaviors. Sci Data. (2025) 12(1):1226. doi: 10.1038/s41597-025-05527-2


	48. Borbely AA. A two process model of sleep regulation. Hum Neurobiol. (1982) 1:195–204.7185792


	49. Reppert SM, Weaver DR. Coordination of circadian timing in mammals. Nature. (2002) 418:935–41. doi: 10.1038/nature00965


	50. Daguet I, Raverot V, Bouhassira D, Gronfier C. Evidence That Pain Sensitivity is Rhythmic in Humans, Mainly Driven by the Endogenous Circadian System and Little by Sleep. Cold Spring Harbor Laboratory (2020). doi: 10.1101/2020.12.23.424196


	51. Bumgarner JR, Walker WH, Nelson RJ. Circadian rhythms and pain. Neurosci Biobehav Rev. (2021) 129:296–306. doi: 10.1016/j.neubiorev.2021.08.004


	52. Campbell CM, Bounds SC, Kuwabara H, Edwards RR, Campbell JN, Haythornthwaite JA, et al. Individual variation in sleep quality and duration is related to cerebral mu opioid receptor binding potential during tonic laboratory pain in healthy subjects. Pain Med. (2013) 14(12):1882–92. doi: 10.1111/pme.12231


	53. Bumgarner JR, McCray EW, Nelson RJ. The disruptive relationship among circadian rhythms, pain, and opioids. Front Neurosci. (2023) 17:1109480. doi: 10.3389/fnins.2023.1109480


	54. Daguet I, Raverot V, Bouhassira D, Gronfier C. Circadian rhythmicity of pain sensitivity in humans. Brain. (2022) 145(9):3225–35. doi: 10.1093/brain/awac147


	55. Castellano C, Puglisi-Allegra S, Renzi P, Oliverio A. Genetic differences in daily rhythms of pain sensitivity in mice. Pharmacol Biochem Behav. (1985) 23(1):91–2. doi: 10.1016/0091-3057(85)90135-2


	56. Christina AJM, Merlin NJ, Vijaya C, Jayaprakash S, Murugesh N. Daily rhythm of nociception in rats. J Circadian Rhythms. (2014) 2:2. doi: 10.1186/1740-3391-2-2


	57. Oliverio A, Castellano C, Puglisi-Allegra S. Opiate analgesia: evidence for circadian rhythms in mice. Brain Res. (1982) 249:265–70. doi: 10.1016/0006-8993(82)90060-9


	58. Xu F, Zhao X, Liu H, Shao X, Chu S, Gong X, et al. Misaligned feeding may aggravate pain by disruption of sleep-awake rhythm. Anesth Analg. (2018) 127(1):255–62. doi: 10.1213/ANE.0000000000002727


	59. Montaigne D, Marechal X, Modine T, Coisne A, Mouton S, Fayad G, et al. Daytime variation of perioperative myocardial injury in cardiac surgery and its prevention by Rev-Erbalpha antagonism: a single-centre propensity-matched cohort study and a randomised study. Lancet. (2018) 391(10115):59–69. doi: 10.1016/S0140-6736(17)32132-3


	60. Kwon YS, Jang JS, Hwang SM, Tark H, Kim JH, Lee JJ. Effects of surgery start time on postoperative cortisol, inflammatory cytokines, and postoperative hospital day in hip surgery: randomized controlled trial. Medicine (Baltimore). (2019) 98(24):e15820. doi: 10.1097/MD.0000000000015820


	61. McEachern ELF, Zilic M, Sotocinal SG, Ghasemlou N, Mogil JS. The timing of the mouse hind paw incision does not influence postsurgical pain. Neurobiol Pain. (2024) 16:100161. doi: 10.1016/j.ynpai.2024.100161


	62. Cable EJ, Onishi KG, Prendergast BJ. Circadian rhythms accelerate wound healing in female Siberian hamsters. Physiol Behav. (2017) 171:165–74. doi: 10.1016/j.physbeh.2016.12.019


	63. Al-Waeli H, Nicolau B, Stone L, Abu Nada L, Gao Q, Abdallah MN, et al. Chronotherapy of non-steroidal anti-inflammatory drugs may enhance postoperative recovery. Sci Rep. (2020) 10(1):468. doi: 10.1038/s41598-019-57215-y


	64. Andersen ML, Araujo P, Frange C, Tufik S. Sleep disturbance and pain: a tale of two common problems. Chest. (2018) 154(5):1249–59. doi: 10.1016/j.chest.2018.07.019


	65. Jain SV, Panjeton GD, Martins YC. Relationship between sleep disturbances and chronic pain: a narrative review. Clin Pract. (2024) 14(6):2650–60. doi: 10.3390/clinpract14060209


	66. Kourbanova K, Alexandre C, Latremoliere A. Effect of sleep loss on pain-new conceptual and mechanistic avenues. Front Neurosci. (2022) 16:1009902. doi: 10.3389/fnins.2022.1009902


	67. Toth LA. Interacting influences of sleep, pain, and analgesic medications on sleep studies in rodents. Comp Med. (2019) 69(6):571–8. doi: 10.30802/AALAS-CM-19-000029


	68. Alexandre C, Latremoliere A, Ferreira A, Miracca G, Yamamoto M, Scammell TE, et al. Decreased alertness due to sleep loss increases pain sensitivity in mice. Nat Med. (2017) 23(6):768–74. doi: 10.1038/nm.4329


	69. Alexandre C, Miracca G, Holanda VD, Sharma A, Kourbanova K, Ferreira A, et al. Nociceptor spontaneous activity is responsible for fragmenting non–rapid eye movement sleep in mouse models of neuropathic pain. Sci Transl Med. (2024) 16(743):eadg3036. doi: 10.1126/scitranslmed.adg3036


	70. Nollet M, Wisden W, Franks NP. Sleep deprivation and stress: a reciprocal relationship. Interface Focus. (2020) 10(3):20190092. doi: 10.1098/rsfs.2019.0092


	71. Egebjerg C, Kolmos MG, Lemcke R, Abelson K, Kornum BR. Introduction of novel objects to the home cage of mice repeatedly disturbs sleep for seven days with minimal stress induction. npj Biol Timing Sleep. (2025) 2(1):7. doi: 10.1038/s44323-025-00027-3


	72. Toth LA, Bhargava P. Animal models of sleep disorders. Comp Med. (2013) 63(2):91–104.23582416


	73. Foilb AR, Taylor-Yeremeeva EM, Schmidt BD, Ressler KJ, Carlezon Jr WA. Acute Sleep Deprivation Reduces Fear Memories in Male and Female Mice. bioRxiv (2024).


	74. Lou Q, Wei H-R, Chen D, Zhang Y, Dong W-Y, Qun S, et al. A noradrenergic pathway for the induction of pain by sleep loss. Curr Biol. (2024) 34(12):2644–2656.e7. doi: 10.1016/j.cub.2024.05.005


	75. Sardi NF, Lazzarim MK, Guilhen VA, Marcílio RS, Natume PS, Watanabe TC, et al. Chronic sleep restriction increases pain sensitivity over time in a periaqueductal gray and nucleus accumbens dependent manner. Neuropharmacology. (2018) 139:52–60. doi: 10.1016/j.neuropharm.2018.06.022


	76. Hambrecht-Wiedbusch VS, Gabel M, Liu LJ, Imperial JP, Colmenero AV, Vanini G. Preemptive caffeine administration blocks the increase in postoperative pain caused by previous sleep loss in the rat: a potential role for preoptic adenosine A2A receptors in sleep-pain interactions. Sleep. (2017) 40(9):zsx116. doi: 10.1093/sleep/zsx116


	77. Wang D, Wei S, Zhang L, Lang Z, Wang S, Cheng B, et al. Impaired basal forebrain cholinergic neuron GDNF signaling contributes to perioperative sleep deprivation-induced chronicity of postsurgical pain in mice through regulating cholinergic neuronal activity, apoptosis, and autophagy. CNS Neurosci Ther. (2024) 30(12):e70147. doi: 10.1111/cns.70147


	78. Li L, Zhang H, Zheng Z, Ma N, Zhang Y, Liu Y, et al. Perioperative sleep deprivation activates the paraventricular thalamic nucleus resulting in persistent postoperative incisional pain in mice. Front Neuroanat. (2022) 16:1074310. doi: 10.3389/fnana.2022.1074310


	79. Niklasson A, Finan PH, Smith MT, Forsberg A, Dietz N, Kander T, et al. The relationship between preoperative sleep disturbance and acute postoperative pain control: a systematic review and meta-analysis. Sleep Med Rev. (2025) 79:102014. doi: 10.1016/j.smrv.2024.102014


	80. Wilson JM, Franqueiro AR, Rosado E, Falso VR, Munoz-Vergara D, Smith MT, et al. Preoperative decreased physical activity is associated with greater postoperative pain: the mediating role of preoperative sleep disturbance. Support Care Cancer. (2024) 32(7):429. doi: 10.1007/s00520-024-08625-w


	81. Yang MMH, Hartley RL, Leung AA, Ronksley PE, Jette N, Casha S, et al. Preoperative predictors of poor acute postoperative pain control: a systematic review and meta-analysis. BMJ Open. (2019) 9(4):e025091. doi: 10.1136/bmjopen-2018-025091


	82. Iber C, Ancoli-Israel S, Chesson A, Quan SF. The AASM Manual for the Score of Sleep and Associated Events: Rules, Terminology, and Technical Specifications. Westchester: AASM (2007).


	83. Tan LL, Oswald MJ, Kuner R. Neurobiology of brain oscillations in acute and chronic pain. Trends Neurosci. (2021) 44(8):629–42. doi: 10.1016/j.tins.2021.05.003


	84. LeBlanc BW, Bowary PM, Chao Y-C, Lii TR, Saab CY. Electroencephalographic signatures of pain and analgesia in rats. Pain. (2016) 157(10):2330–40. doi: 10.1097/j.pain.0000000000000652


	85. Li Z, Zhang L, Zeng Y, Zhao Q, Hu L. Gamma-band oscillations of pain and nociception: a systematic review and meta-analysis of human and rodent studies. Neurosci Biobehav Rev. (2023) 146:105062. doi: 10.1016/j.neubiorev.2023.105062


	86. Heitmann H, Gil Ávila C, Nickel MM, Ta Dinh S, May ES, Tiemann L, et al. Longitudinal resting-state electroencephalography in patients with chronic pain undergoing interdisciplinary multimodal pain therapy. Pain. (2022) 163(9):e997–e1005. doi: 10.1097/j.pain.0000000000002565


	87. Pinheiro ESdS, Queirós FCd, Montoya P, Santos CL, Nascimento MAd, Ito CH, et al. Electroencephalographic patterns in chronic pain: a systematic review of the literature. PLoS One. (2016) 11(2):e0149085. doi: 10.1371/journal.pone.0149085


	88. Mussigmann T, Bardel B, Lefaucheur JP. Resting-state electroencephalography (EEG) biomarkers of chronic neuropathic pain. A systematic review. Neuroimage. (2022) 258:119351. doi: 10.1016/j.neuroimage.2022.119351


	89. Luthi A, Nedergaard M. Anything but small: microarousals stand at the crossroad between noradrenaline signaling and key sleep functions. Neuron. (2025) 113(4):509–23. doi: 10.1016/j.neuron.2024.12.009


	90. Cardis R, Lecci S, Fernandez LMJ, Osorio-Forero A, Chung PCS, Fulda S, et al. Cortico-Autonomic Local Arousals and Heightened Somatosensory Arousability During NREM Sleep of Mice in Neuropathic Pain. (2021).


	91. Fernandez LMJ, Luthi A. Sleep spindles: mechanisms and functions. Physiol Rev. (2020) 100(2):805–68. doi: 10.1152/physrev.00042.2018


	92. Stokes PA, Rath P, Possidente T, He M, Purcell S, Manoach DS, et al. Transient oscillation dynamics during sleep provide a robust basis for electroencephalographic phenotyping and biomarker identification. Sleep. (2023) 46(1):1–20. doi: 10.1093/sleep/zsac223


	93. Caravan B, Hu L, Veyg D, Kulkarni P, Zhang Q, Chen ZS, et al. Sleep spindles as a diagnostic and therapeutic target for chronic pain. Mol Pain. (2020) 16:1744806920902350. doi: 10.1177/1744806920902350


	94. Lynch N, De Luca R, Spinieli RL, Rillosi E, Thomas RC, Sailesh S, et al. Identifying the Brain Circuits That Regulate Pain-Induced Sleep Disturbances. bioRxiv (preprint) (2024).


	95. Mercer Lindsay N, Chen C, Gilam G, Mackey S, Scherrer G. Brain circuits for pain and its treatment. Sci Transl Med. (2021) 13(619):eabj7360. doi: 10.1126/scitranslmed.abj7360


	96. Peirs C, Seal R. Neural circuits for pain: recent advances and current views. Science. (2016) 354(6312):578–84. doi: 10.1126/science.aaf8933


	97. Todd AJ. Neuronal circuitry for pain processing in the dorsal horn. Nat Rev Neurosci. (2010) 11(12):823–36. doi: 10.1038/nrn2947


	98. McMahon S, Skoltzenburg M, Tracey I, Turk D. Wall and Melzack’s Textbook of Pain. Elsevier: Philadelphia (2013).


	99. Mogil JS, Parisien M, Esfahani SJ, Diatchenko L. Sex differences in mechanisms of pain hypersensitivity. Neurosci Biobehav Rev. (2024) 163:105749. doi: 10.1016/j.neubiorev.2024.105749


	100. Scammell TE, Arrigoni E, Lipton JO. Neural circuitry of wakefulness and sleep. Neuron. (2017) 93(4):747–65. doi: 10.1016/j.neuron.2017.01.014


	101. Eban-Rothschild A, Appelbaum L, de Lecea L. Neuronal mechanisms for sleep/wake regulation and modulatory drive. Neuropsychopharmacology. (2018) 43(5):937–52. doi: 10.1038/npp.2017.294


	102. Sulaman BA, Wang S, Tyan J, Eban-Rothschild A. Neuro-orchestration of Sleep and Wakefulness. Nat Neurosci (2022).


	103. Basbaum A. History of spinal cord “pain” pathways including the pathways not taken. Front Pain Res (Lausanne). (2022) 3:910954. doi: 10.3389/fpain.2022.910954


	104. Basbaum AI, Bautista DM, Scherrer G, Julius D. Cellular and molecular mechanisms of pain. Cell. (2009) 139(2):267–84. doi: 10.1016/j.cell.2009.09.028


	105. Da Silva JT, Seminowicz DA. Neuroimaging of pain in animal models: a review of recent literature. Pain Rep. (2019) 4(4):e732. doi: 10.1097/PR9.0000000000000732


	106. Bastuji H, Cadic-Melchior A, Magnin M, Garcia-Larrea L. Intracortical functional connectivity predicts arousal to noxious stimuli during sleep in humans. J Neurosci. (2021) 41(23):5115–23. doi: 10.1523/JNEUROSCI.2935-20.2021


	107. Hayat H, Regev N, Matosevich N, Sales A, Paredes-Rodriguez E, Krom AJ, et al. Locus coeruleus norepinephrine activity mediatessensory-evoked awakenings from sleep. Sci Adv. (2020) 6(15):eaaz4232. doi: 10.1126/sciadv.aaz4232


	108. Pertovaara A. Noradrenergic pain modulation. Prog Neurobiol. (2006) 80(2):53–83. doi: 10.1016/j.pneurobio.2006.08.001


	109. Llorca-Torralba M, Borges G, Neto F, Mico JA, Berrocoso E. Noradrenergic locus coeruleus pathways in pain modulation. Neuroscience. (2016) 338:93–113. doi: 10.1016/j.neuroscience.2016.05.057


	110. Sandoval Ortega RA, Renard M, Cohen MX, Nevian T. Interactive effects of pain and arousal state on heart rate and cortical activity in the mouse anterior cingulate and somatosensory cortices. Neurobiol Pain. (2024) 15:100157. doi: 10.1016/j.ynpai.2024.100157


	111. Li B, Cao Y, Yuan H, Yu Z, Miao S, Yang C, et al. The crucial role of locus coeruleus noradrenergic neurons in the interaction between acute sleep disturbance and headache. J Headache Pain. (2024) 25(1):31. doi: 10.1186/s10194-024-01714-5


	112. Krause AJ, Prather AA, Wager TD, Lindquist MA, Walker MP. The pain of sleep loss: a brain characterization in humans. J Neurosci. (2019) 39(12):2291–300. doi: 10.1523/JNEUROSCI.2408-18.2018


	113. Carter ME, Yizhar O, Chikahisa S, Nguyen H, Adamantidis A, Nishino S, et al. Tuning arousal with optogenetic modulation of locus coeruleus neurons. Nat Neurosci. (2010) 13(12):1526–33. doi: 10.1038/nn.2682


	114. Sardi NF, Tobaldini G, Morais RN, Fischer L. Nucleus accumbens mediates the pronociceptive effect of sleep deprivation: the role of adenosine A2A and dopamine D2 receptors. Pain. (2018) 159(1):75–84. doi: 10.1097/j.pain.0000000000001066


	115. Tomim DH, Pontarolla FM, Bertolini JF, Arase M, Tobaldini G, Lima MMS, et al. The pronociceptive effect of paradoxical sleep deprivation in rats: evidence for a role of descending pain modulation mechanisms. Mol Neurobiol. (2016) 53(3):1706–17. doi: 10.1007/s12035-014-9059-0


	116. Harper RM, Macey PM, Henderson LA, Woo MA, Macey KE, Frysinger RC, et al. fMRI responses to cold pressor challenges in control and obstructive sleep apnea subjects. J Appl Physiol. (2003) 94(4):1583–95. doi: 10.1152/japplphysiol.00881.2002


	117. Sardi NF, Pescador AC, Torres-Chavez KE, Fischer L. Revealing a role of brainstem monoaminergic nuclei on the pronociceptive effect of sleep restriction. Neuropharmacology. (2024) 258:110055. doi: 10.1016/j.neuropharm.2024.110055


	118. Fu C, Wu P, Wu F, He W, Luo Q, Liang H, et al. Enhanced pain sensitization induced by chronic sleep deprivation: the role of dopamine D2 receptors-dependent Homer1a protein. ACS Chem Neurosci. (2025) 16(6):1043–54. doi: 10.1021/acschemneuro.4c00640


	119. Damasceno F, Skinner GO, Araújo PC, Ferraz MM, Tenório F, de Almeida OM. Nitric oxide modulates the hyperalgesic response to mechanical noxious stimuli in sleep-deprived rats. BMC Neurosci. (2013) 14:92. doi: 10.1186/1471-2202-14-92


	120. Wu F, Fu C, Li Y, Wang H. TNF-α enhanced activity of sympathetic neurons in superior cervical ganglion to promote chronic sleep deprivation-related hyperalgesia. Mol Neurobiol. 62(7):8298–312. doi: 10.1007/s12035-025-04790-z


	121. Haack M, Sanchez E, Mullington JM. Elevated inlammatory markers in response to prolonged sleep restriction are associated with increased pain experience in healthy volunteers. Sleep. (2007) 30(9):1145–52. doi: 10.1093/sleep/30.9.1145


	122. Louati K, Berenbaum F. Fatigue in chronic inflammation—a link to pain pathways. Arthritis Res Ther. (2015) 17:254. doi: 10.1186/s13075-015-0784-1


	123. Shraim MA, Massé-Alarie H, Farrell MJ, Cavaleri R, Loggia ML, Hodges PW. Neuroinflammatory activation in sensory and motor regions of the cortex is related to sensorimotor function in individuals with low back pain maintained by nociplastic mechanisms: a preliminary proof-of-concept study. Eur J Pain. (2024) 28(9):1607–26. doi: 10.1002/ejp.2313


	124. Fallon N, Chiu Y, Nurmikko T, Stancak A. Altered theta oscillations in resting EEG of fibromyalgia syndrome patients. Eur J Pain. (2018) 22(1):49–57. doi: 10.1002/ejp.1076


	125. Lillo Vizin RC, Ito H, Kopruszinski CM, Ikegami M, Ikegami D, Yue X, et al. Cortical kappa opioid receptors integrate negative affect and sleep disturbance. Transl Psychiatry. (2024) 14(1):417. doi: 10.1038/s41398-024-03123-3


	126. Koh K, Hamada A, Hamada Y, Yanase M, Sakaki M, Someya K, et al. Possible involvement of activated locus coeruleus-noradrenergic neurons in pain-related sleep disorders. Neurosci Lett. (2015) 589:200–6. doi: 10.1016/j.neulet.2014.12.002


	127. Montesino-Goicolea S, Valdes-Hernandez PA, Hoyos L, Woods AJ, Cohen R, Huo Z, et al. Cortical thickness mediates the association between self-reported pain and sleep quality in community-dwelling older adults. J Pain Res. (2020) 13:2389–400. doi: 10.2147/JPR.S260611


	128. Gustin SM, Peck CC, Wilcox SL, Nash PG, Murray GM, Henderson LA. Different pain, different brain: thalamic anatomy in neuropathic and non-neuropathic chronic pain syndromes. J Neurosci. (2011) 31(16):5956–64. doi: 10.1523/JNEUROSCI.5980-10.2011


	129. Cichon J, Blanck TJJ, Gan W-B, Yang G. Activation of cortical somatostatin interneurons prevents the development of neuropathic pain. Nat Neurosci. (2017) 20(8):1122–32. doi: 10.1038/nn.4595


	130. Zhou H, Li M, Zhao R, Sun L, Yang G. A sleep-active basalocortical pathway crucial for generation and maintenance of chronic pain. Nat Neurosci. (2023) 26(3):458–69. doi: 10.1038/s41593-022-01250-y


	131. Narita M, Niikura K, Nanjo-Niikura K, Narita M, Furuya M, Yamashita A, et al. Sleep disturbances in a neuropathic pain-like condition in the mouse are associated with altered GABAergic transmission in the cingulate cortex. Pain. (2011) 152(6):1358–72. doi: 10.1016/j.pain.2011.02.016


	132. Sun H, Li Z, Qiu Z, Shen Y, Guo Q, Hu S-W, et al. A common neuronal ensemble in nucleus accumbens regulates pain-like behaviour and sleep. Nat Commun. (2023) 14(1):4700. doi: 10.1038/s41467-023-40450-3


	133. Ito H, Yanase M, Yamashita A, Kitabatake C, Hamada A, Suhara Y, et al. Analysis of sleep disorders under pain using an opogenetic tool: possible involvement of the activation of dorsal raphe nucleus-serotonergic neurons. Mol Brain. (2013) 6:59. doi: 10.1186/1756-6606-6-59


	134. López-Canul M, Oveisi A, He Q, Vigano ML, Farina A, Comai S, et al. Neuropathic pain impairs sleep architecture, NREM sleep and reticular thalamic neuronal activity. Int J Neuropsychopharmacol. (2025) 28(5):pyaf017. doi: 10.1093/ijnp/pyaf017


	135. Curtis AF, Nair N, Hayse B, McGovney K, Mikula C, Halder P, et al. Preliminary investigation of the interactive role of physiological arousal and insomnia complaints in gray matter volume alterations in chronic widespread pain. J Clin Sleep Med. (2024) 20(2):293–302. doi: 10.5664/jcsm.10860


	136. Wang C, Chen S, Cheng Z, Xia S, Fei Cj, Ye L, et al. Characteristics of locus coeruleus functional connectivity network in patients with comorbid migraine and insomnia. J Headache Pain. (2024) 25(1):159. doi: 10.1186/s10194-024-01877-1


	137. Nordstoga AL, Mork PJ, Meisingset I, Nilsen TIL, Skarpsno ES. The joint effect of sleep duration and insomnia symptoms on the risk of recurrent spinal pain: the HUNT study. Sleep Med. (2022) 99:11–7. doi: 10.1016/j.sleep.2022.07.003


	138. Huang C-T, Chiang RP-Y, Chen C-L, Tsai Y-J. Sleep deprivation aggravates median nerve injury-induced neuropathic pain and enhances microglial activation by suppressing melatonin secretion. Sleep. (2014) 37(9):1513–23. doi: 10.5665/sleep.4002


	139. Dance A. Why the sexes don’t feel pain in the same way. Nature. (2019) 567:448–50. doi: 10.1038/d41586-019-00895-3


	140. Sorge RE, LaCroix-Fralish ML, Tuttle AH, Sotocinal SG, Austin J-S, Ritchie J, et al. Spinal cord toll-like receptor 4 mediates inflammatory and neuropathic hypersensitivity in male but not female mice. J Neurosci. (2011) 31(43):15450–4. doi: 10.1523/JNEUROSCI.3859-11.2011


	141. Bartley EJ, Fillingim RB. Sex differences in pain: a brief review of clinical and experimental findings. Br J Anaesth. (2013) 111(1):52–8. doi: 10.1093/bja/aet127


	142. Andersen ML, Hachul H, Ishikura IA, Tufik S. Sleep in women: a narrative review of hormonal influences, sex differences and health implications. Front Sleep. (2023) 2:1271827. doi: 10.3389/frsle.2023.1271827


	143. Bonvanie IJ, Oldehinkel AJ, Rosmalen JGM, Janssens KAM. Sleep problems and pain: a longitudinal cohort study in emerging adults. Pain. (2016) 157(4):957–63. doi: 10.1097/j.pain.0000000000000466


	144. Olia K, Goldstein MR, Engert LC, Besedovsky L, Dang R, Bertisch SM, et al. Spontaneous pain and pain sensitivity in response to prolonged experimental sleep disturbances-potential sex differences. Eur J Pain. (2025) 29(3):e4789. doi: 10.1002/ejp.4789


	145. Smith MT, Remeniuk B, Finan PH, Speed TJ, Tompkins DA, Robinson M, et al. Sex differences in measures of central sensitization and pain sensitivity to experimental sleep disruption: implications for sex differences in chronic pain. Sleep. (2019) 42(2):zsy209. doi: 10.1093/sleep/zsy209


	146. NIH, ORWH. NIH Policy on Sex as a Biological Variable. 2015; Available online at: https://orwh.od.nih.gov/sex-gender/nih-policy-sex-biological-variable (Accessed September 24, 2025).


	147. Mogil JS. Qualitative sex differences in pain processing: emerging evidence of a biased literature. Nat Rev Neurosci. (2020) 21(7):353–65. doi: 10.1038/s41583-020-0310-6


	148. Galland BC, Taylor BJ, Elder DE, Herbison P. Normal sleep patterns in infants and children: a systematic review of observational studies. Sleep Med Rev. (2012) 16(3):213–22. doi: 10.1016/j.smrv.2011.06.001


	149. Bruni O, Baumgartner E, Sette S, Ancona M, Caso G, Di Cosimo ME, et al. Longitudinal study of sleep behavior in normal infants during the first year of life. J Clin Sleep Med. (2014) 10(10):1119–27. doi: 10.5664/jcsm.4114


	150. Mander BA, Winer JR, Walker MP. Sleep and human aging. Neuron. (2017) 94(1):19–36. doi: 10.1016/j.neuron.2017.02.004


	151. Bjurstrom MF, Olmstead R, Irwin MR. Insomnia remission and improvement of bodily pain in older adults: a randomized clinical trial. Pain Rep. (2025) 10(2):e1243. doi: 10.1097/PR9.0000000000001243


	152. Boggero IA, Peugh J, King CD. Preliminary data examining associations of fatigue subtypes with pain, pain interference, sleep quality, and affect across 14 days in adolescents with chronic musculoskeletal pain and pain-free controls. J Pediatr Psychol. (2025) 50(3):297–306. doi: 10.1093/jpepsy/jsaf007


	153. Friesen H, Singh N, Schurman J, Deacy A, Friesen C, Colombo J. A scoping review of sleep disturbances in children and adolescents with abdominal pain disorders. Pediatric Health Med Ther. (2025) 16:67–73. doi: 10.2147/PHMT.S482343


	154. Kiss O, Arnold A, Weiss HA, Baker FC. The relationship between sleep and menstrual problems in early adolescent girls. Sleep Sci Pract. (2024) 8(1):20. doi: 10.1186/s41606-024-00111-w


	155. Li R, Groenewald C, Tham SW, Rabbitts JA, Ward TM, Palermo TM. Influence of chronotype on pain incidence during early adolescence. Pain. (2024) 165(11):2595–605. doi: 10.1097/j.pain.0000000000003271


	156. Puto G, Klis-Kalinowska A, Musial A. The relationship between pain, sleep quality, and care dependency in older adults living in a long-term care facility. BMC Geriatr. (2025) 25(1):71. doi: 10.1186/s12877-024-05665-z


	157. Roman-Juan J, Ceniza-Bordallo G, Sánchez-Rodríguez E, Jensen MP, Miró J. Fatigue, sleep disturbance, and pain interference in children and adolescents with chronic pain: a longitudinal study. Pain. (2025) 166(4):927–35. doi: 10.1097/j.pain.0000000000003432


	158. Sommer A, Grothus S, Claus BB, Höfel L, Wager J. The effect of pain treatment on fatigue and sleep quality in children and adolescents—a longitudinal study. Clin J Pain. (2025) 41(7):e1288. doi: 10.1097/AJP.0000000000001288


	159. Wu Y, Chen Z, Cheng Z, Yu Z, Qin K, Jiang C, et al. Effects of chronic diseases on health related quality of life is mediated by sleep difficulty in middle aged and older adults. Sci Rep. (2025) 15(1):2987. doi: 10.1038/s41598-025-86420-1


	160. Mogil JS. The translatability of pain across species. Philos Trans R Soc, B. (2019) 374(1785):20190286. doi: 10.1098/rstb.2019.0286


	161. Martin LJ, Tuttle AH, Mogil JS. The Interaction Between Pain and Social Behavior in Humans and Rodents. In: Taylor BK, Finn DP, editors. Behavioral Neurobiology of Chronic Pain. Current Topics in Behavioral Neurosciences. Berlin, Heidelberg.: Springer (2014). p. 233–50.


	162. Martin LJ, Hathaway G, Isbester K, Mirali S, Acland EL, Niederstrasser N, et al. Reducing social stress elicits emotional contagion of pain in mouse and human strangers. Curr Biol. (2015) 25(3):326–32. doi: 10.1016/j.cub.2014.11.028


	163. de Waal FBM, Preston SD. Mammalian empathy: behavioural manifestations and neural basis. Nat Rev Neurosci. (2017) 18(8):498–509. doi: 10.1038/nrn.2017.72


	164. Kent RG, Uchino BN, Cribbet MR, Bowen K, Smith TW. Social relationships and sleep quality. Ann Behav Med. (2015) 49(6):912–7. doi: 10.1007/s12160-015-9711-6


	165. Loftus JC, Harel R, Ashbury AM, Núñez CL, Omondi GP, Mathew M, et al. Sharing sleeping sites disrupts sleep but catalyses social tolerance and coordination between groups. Proc Biol Sci. (2024) 291(2034):20241330. doi: 10.1098/rspb.2024.1330


	166. Febinger HY, George A, Priestley J, Toth LA, Opp MR. Effects of housing condition and cage change on characteristics of sleep in mice. J Am Assoc Lab Anim Sci. (2014) 53(1):29–37.24411777


	167. Good CH, Brager AJ, Capaldi VF, Mysliwiec V. Sleep in the United States military. Neuropsychopharmacology. (2020) 45(1):176–91. doi: 10.1038/s41386-019-0431-7


	168. Adams C, Harrison R, Schembri A, Junge M, Walpola R. The silent threat: investigating sleep disturbances in hospitalized patients. Int J Qual Health Care. (2024) 36(2):mzae042. doi: 10.1093/intqhc/mzae042


	169. Burger P, Van den Ende ES, Lukman W, Burchell GL, Steur LMH, Merten H, et al. Sleep in hospitalized pediatric and adult patients—a systematic review and meta-analysis. Sleep Med X. (2022) 4:100059. doi: 10.1016/j.sleepx.2022.100059


	170. Beymer MR, Roseberry CL, Anke KM, Hill CG, Anderson Goodell EM, Boyd MM, et al. Bedroom sharing, retention, and mental health among soldiers living in U.S. army barracks. Mil Med. (2025) 0:usaf133. doi: 10.1093/milmed/usaf133


	171. Das A, Gupta R, Huda F, Kumar N, Krishnan V, Basu S. Effect of sleep quality on wound healing among patients undergoing emergency laparotomy: an observational study. J Clin Sleep Med. (2025) 21(3):503–12. doi: 10.5664/jcsm.11442


	172. Beswick AD, Wylde V, Bertram W, Whale K. The effectiveness of non-pharmacological sleep interventions for improving inpatient sleep in hospital: a systematic review and meta-analysis. Sleep Med. (2023) 107:243–67. doi: 10.1016/j.sleep.2023.05.004


	173. Gupta A, Silman AJ, Ray D, Morriss R, Dickens C, MacFarlane GJ, et al. The role of psychosocial factors in predicting the onset of chronic widespread pain: results from a prospective population-based study. Rheumatology (Oxford). (2006) 46(4):666–71. doi: 10.1093/rheumatology/kel363


	174. Lindell M, Grimby-Ekman A. Stress, non-restorative sleep, and physical inactivity as risk factors for chronic pain in young adults: a cohort study. PLoS One. (2022) 17(1):e0262601. doi: 10.1371/journal.pone.0262601


	175. Whibley D, AlKandari N, Kristensen K, Barnish M, Rzewuska M, Druce KL, et al. Sleep and pain: a systematic review of studies of mediation. Clin J Pain. (2019) 35(6):544–58. doi: 10.1097/AJP.0000000000000697


	176. Timmers I, Quaedflieg CWEM, Hsu C, Heathcote LC, Rovnaghi CR, Simons LE. The interaction between stress and chronic pain through the lens of threat learning. Neurosci Biobehav Rev. (2019) 107:641–55. doi: 10.1016/j.neubiorev.2019.10.007


	177. Vachon-Presseau E, Martel M-O, Roy M, Caron E, Albouy G, Marin M-F, et al. Acute stress contributes to individual differences in pain and pain-related brain activity in healthy and chronic pain patients. J Neurosci. (2013) 33(16):6826–33. doi: 10.1523/JNEUROSCI.4584-12.2013


	178. Lunde CE, Sieberg CB. Walking the tightrope: a proposed model of chronic pain and stress. Front Neurosci. (2020) 14:270. doi: 10.3389/fnins.2020.00270


	179. Bella A, Diego AM, Finn DP, Roche M. Stress-induced changes in nociceptive responding post-surgery in preclinical rodent models. Front Pain Res. (2023) 3:1106143. doi: 10.3389/fpain.2022.1106143


	180. Lo Martire V, Caruso D, Palagini L, Zoccoli G, Bastianini S. Stress & sleep: a relationship lasting a lifetime. Neurosci Biobehav Rev. (2020) 117:65–77. doi: 10.1016/j.neubiorev.2019.08.024


	181. Kalmbach DA, Anderson JR, Drake CL. The impact of stress on sleep: pathogenic sleep reactivity as a vulnerability to insomnia and circadian disorders. J Sleep Res. (2018) 27(6):e12710. doi: 10.1111/jsr.12710


	182. Hsaio C, DiMeola KA, Jegede OO, Funaro MC, Langstengel J, Yaggi HK, et al. Associations among sleep, pain, and medications for opioid use disorder: a scoping review. Curr Addict Rep. (2024) 11(6):965–81. doi: 10.1007/s40429-024-00606-7


	183. Kapur VK, Auckley DH, Chowdhuri S, Kuhlmann DC, Mehra R, Ramar K, et al. Clinical practice guideline for diagnostic testing for adult obstructive sleep apnea: an American academy of sleep medicine clinical practice guideline. J Clin Sleep Med. (2017) 13(3):479–504. doi: 10.5664/jcsm.6506


	184. Negus SS. Core outcome measures in preclinical assessment of candidate analgesics. Pharmacol Rev. (2019) 71(2):225–66. doi: 10.1124/pr.118.017210


	185. Sadler KE, Mogil JS, Stucky CL. Innovations and advances in modelling and measuring pain in animals. Nat Rev Neurosci. (2022) 23(2):70–85. doi: 10.1038/s41583-021-00536-7


	186. Yezierski RP, Hansson P. Inflammatory and neuropathic pain from bench to bedside: what went wrong? J Pain. (2018) 19(6):571–88. doi: 10.1016/j.jpain.2017.12.261


	187. Shimony N, Amit U, Minz B, Grossman R, Dany MA, Gonen L, et al. Perioperative pregabalin for reducing pain, analgesic consumption, and anxiety and enhancing sleep quality in elective neurosurgical patients: a prospective, randomized, double-blind, and controlled clinical study. J Neurosurg. (2016) 125(6):1513–22. doi: 10.3171/2015.10.JNS151516


	188. Schreiber KL, Zinboonyahgoon N, Flowers KM, Hruschak V, Fields KG, Patton ME, et al. Prediction of persistent pain severity and impact 12 months after breast surgery using comprehensive preoperative assessment of biopsychosocial pain modulators. Ann Surg Oncol. (2021) 28(9):5015–38. doi: 10.1245/s10434-020-09479-2


	189. Azizoddin DR, Soens MA, Beck MR, Flowers KM, Edwards RR, Schreiber KL. Perioperative sleep disturbance following mastectomy: a longitudinal investigation of the relationship to pain, opioid use, treatment, and psychosocial symptoms. Clin J Pain. (2023) 39(2):76–84. doi: 10.1097/AJP.0000000000001090


	190. Häuser W, Ablin J, Fitzcharles M-A, Littlejohn G, Luciano JV, Usui C, et al. Fibromyalgia. Nat Rev Dis Primers. (2015) 1:15022. doi: 10.1038/nrdp.2015.22


	191. Kosek E, Cohen M, Baron R, Gebhart GF, Mico J-A, Rice ASC, et al. Do we need a third mechanistic descriptor for chronic pain states? Pain. (2016) 157(7):1382–6. doi: 10.1097/j.pain.0000000000000507


	192. Boyd D, Butler M, Carr D, Cohen M, Devor M, Dworkin R, et al. International Association for the Study of Pain: Terminology. Available online at: https://www.iasp-pain.org/resources/terminology/ (Accessed August 04, 2025).


	193. Enomoto K, Adachi T, Fujino H, Kugo M, Tatsumi S, Sasaki J. Comparison of the effectiveness of cognitive behavioral therapy for insomnia, cognitive behavioral therapy for pain, and hybrid cognitive behavioral therapy for insomnia and pain in individuals with comorbid insomnia and chronic pain: a systematic review and network meta-analysis. Sleep Med Rev. (2022) 66:101693. doi: 10.1016/j.smrv.2022.101693


	194. Basar Okul E, Kars Fertelli T. The effects of sleep hygiene education on sleep quality, pain, and depression in individuals with fibromyalgia. Pain Manag Nurs. (2025) 26(3):282–9. doi: 10.1016/j.pmn.2024.11.007


	195. Choy EH. The role of sleep in pain and fibromyalgia. Nat Rev Rheumatol. (2015) 11(9):513–20. doi: 10.1038/nrrheum.2015.56


	196. Kemp B, Zwinderman AH, Tuk B, Kamphuisen HAC, Oberye JJL. Analysis of a sleep-dependent neuronal feedback loop: the slow-wave microcontinuity of the EEG. IEEE Trans Biomed Eng. (2000) 47(9):1185–94. doi: 10.1109/10.867928


	197. Luis AN, Glass L, Hausdorff JM, Ivanov PC, Mark RG, Mietus JE, et al. Physiobank, PhysioToolkit, and PhysioNet: components of a new research resource for complex physiologic signals. Circulation. (2000) 101(23):215–20. doi: 10.1161/01.CIR.101.23.e215






OPS/xhtml/Nav.xhtml




Contents





		Cover



		At the Intersection of Pain and Sleep: a Roadmap for Preclinical Pain Research

		Introduction



		Methods to measure sleep



		Dependent variable



		Sleep stage classification



		Baseline circadian vs. sleep disruption











		Overview of general sleep architecture



		States



		Spectra



		Additional features











		Neuronal circuitry implicated within the intersection of pain and sleep



		Additional covariate considerations for treatment and biomarker development



		Author contributions



		Funding



		Conflict of interest



		Generative AI statement



		Publisher's note



		References



















OPS/images/fpain-06-1609524-g003.jpg
Rodent Models Humans

M Rodent models M Humans

Superior cervical ganglion (SCG)
P Chronic SD increases mechanical hypersensitivity, cFos
expression, TNF-a expression, and apoptosis in the SCG'2
i Chronic SD induces microglial infitration into
Spinal cord (SC)> 5

SC dorsal horn'™ Ventral thalamus

P Inhibiting TNF-a or ablating SCG sympathetic Midbrain
neurons ameliorates SD-induced hypersensitivity P
& dorsal horn microglial infiltration'2® ons
Medulla
; Locus coeruleus (LC)
— P GABA, receptor antagonisim
P prevents SD-induced allodynia’” Hippocampus ! Insula

Dorsal raphe (DR)
P GABA, receptor antagonism prevents
SD-induced allodynia™”

o

P Decreased fMRI signal during noxious stimulus application in OSA patients®

Periaqueductal gray (PAG)
P SD-induced cFos expression in VIPAG correlates

with intensity of SD-induced allodynia’
P VIPAG lesion prevents SD-induced allodynia™
» REM-SD induces allodynia & increases Temporal lobe
dIPAG NADPH-d+cells'™® P Sleep duration negatively associated with
P NOS blockade prevents REM-SD-induced MOR binding potential*?
allodynia®
Ventral tegmental area (VTA)
D GABA, receptor antagonism prevents
SD-induced allodynia™”

Anterior insula / Frontal cortex
P Sleep duration negatively associated with
MOR binding potential & sleep quality*

P Increased fMRI signal during noxious
stimulus application in OSA patients®

B

Nucleus accumbens (NAc)
P SD decreases dopamine release &
increases D1 & D receptors'*® }

» Downregulation of Homer1a in Dy neurons. f‘
blocks SD-induced hypersensitivity"*

P SD-induced cFos expression correlates w
with intensity of SD-induced allodynia™. 1"

P Excitotoxic lesion prevents SD-induced allodynia'”

B Agp receptor antagonism prevents
SD-induced allodynia™”
Anterior cingulate cortex (ACC)
P D2, 5HT 1A and Agp receptors in ACC are
o required for SD-induced hypersensitivity""”

Anterior cingulate cortex (ACC)

P Sleep duration negatively associated with
MOR binding potential & sleep quality®®





OPS/images/fpain-06-1609524-g004.jpg
| Rodent Models

‘ M Rodent models [ Humans
| Parabrachial nucleus (PB) & Locus coeruleus (LC)
| B SNl increases activity of aNB-projecting PB neurons
during NREM sleep™™
| B> Inhibiting PB—»aNB projections during NREM
| alleviates SNi-induced allodynia’™
1 p LCNA neuronal stimulation increases wake, &
I SNLincreases LCNA release in the PFC'

Thalamic reticular nucleus (TRN)

> SNL increases spontaneous firing rate'™

| B aNB cells receive mpuurom PB & project to S1
“\ " VIP intereurons'®

! b SNl increases cholinergic input from aNB to $1
during NREM sleep'®

Humans

Primary somatosensory cortex (S1)

> S1 pyramidal neurons & VIP interneurons become Somatosensory cortex (S1)
hyperactive during NREM sleep in SNI animals'®

P Decreased gray matter thickness
mediated association between sleep
quality & pain intensity in older
musculoskeletal patients'’

| B VIP intemeurons receive cholinergic input from aNB*

1 B Inhibiting VIP neurons during NREM sleep
prevents pyramidal neuron hyperactivity and
rescues SNI-induced allodynia'™

P Increased neuroinflammatory activation in
lower back pain patients, correlating with
poor sleep quality & thermal sensitivity>

Nucleus accumbens (NAc)
P CCI & CFA activate primarily dopaminergic D+
I NAc neuronal ensemble’
| B NAC D4+ cell activation promotes wakefulness &
exacerbates CCl-induced hypersensitvity, inhibition
promotes NREM & increases withdrawal thresholds™®
» NAC ensemble D+ cell activation promotes wake
and exacerbates CCl-induced hypersensitivity Anterior cingulate / Prefrontal cortex (ACC/PFC)
(opposite effect of global NAc Dy cell activation)'™
" b NAC ensemble cell projections to POA & VTA neurons
respectively regulate sleep and pain-like responses’s?

, Anterior cingulate cortex (ACC)
> Inhibiting kappa op\old receplor (KOR)* neurons
fragments NREM sleey
P KOR deletion in ACC rescues partial SNL-induced
sleep fragmentation, gabapentin CPP, but not
allodynia'™
| > SNLincreases wake & ACC GABA transporter
(GAT) expression **!
P GAT inhibitor infusion in ACC alleviates
SNL-induced sleep disturbance™

» Augmented ACC & PFC theta
activity in fibromyalgia patients
correlates with tenderness and
tiredness scores'™





OPS/images/fpain-06-1609524-g001.jpg
a  Non-Invasive Methods

Observation (Video) ~ Beam breaks Actigraphy

= N M 1ok ok
h.un O T MALHMM

Piezoelectric films Resplraicry based

@ ﬂmu Lo bo ik il
Moo wn bow WMM
NS / zZT0 ZT12

O e d it bl

Time

b Invasive Methods
Tethered EEG
Wake

NREM
EEG Telemetry

s AP s o

e IS oy

EMG

Eobud ok bk 8

ZT12
Time
Human
Wake: |F—
N1
N2
N3.
REM

1 hour







OPS/images/cover.jpg
& frontiers | Frontiers in Pain Research

At the Intersection of Pain and Sleep: a
Roadmap for Preclinical Pain Research





OPS/images/fpain-06-1609524-g002.jpg
Rodent Models Humans

I Rodent models [ Humans

| Rostral ventral medulla (RVM)
< P REM SD increases RVM cFos'™®

| B> Intra-RVM CCK2 receptor antagonist or
I lidocaine decreases REM SD-induced Somatosensory cortex
' mechanical hypersensitivity"*

! » SD amplifies pain reactivity'

P Increased pain response predicts

\ Locus coeruleus (LC)
increased painful temperature range*

P SD increases LCNA neuronal activity’
'

== P LCNA neuronal activation exacerbates

effects of headache & sleep disruption™

| B> LCNA inhibition alleviates SD-induced allodynia
1 and headache-induced sleep disruption'""

! B LCNA_, STHL inhibition avoids general LCNA
disruptions on baseline wake & reflexive responses’ "'

Thalamus
P SD decreases pain reactivity "2
! Periaqueductal gray (PAG)

» REM SD blunts the maximum antinociceptive
effects of intra-PAG morphine"™

Insular cortex

5 P SD decreases pain reactivity'”
! Primary somatosensory cortex (S1) pe Y

P SD increases LCNA input to STHL™

2

]
| B SD increases 1614t spontaneous firing

! &stimulus response™
'

| B> Inhibition of LCNA—S1HL pathway
i blocks SD-induced hypersensitivity™*

| Median preoptic nucleus (MnPO)

receptor antagonist in MnPO blocks.
SD-induced thermal hyperalgesia™
Nucleus accumbens (NAc)

P SD decreases pain reactivity'"

: Nucleus accumbens (NAc)

! NAc lesion blocks REM SD-induced allodynia"™*

1" P Aga & D receptor signaling is necessary for

! homecage activity & REM SD-induced allodynia*









OPS/images/crossmark.jpg
(®) Check for updates.





OPS/images/logo.jpg
2 frontiers | Frontiers in Pain Research





OPS/images/fpain-06-1609524-g005.jpg
Chronic Pain with Acute Sleep Disruption Chronic Pain with Chronic Sleep Disruption

M Rodent models M Humans

(o)

Locus coeruleus (LC) 2

» SD delays recovery from CFA-induced
inflammatory pain’

» SD increases firing of LCNA neurons™

| B> Inhibiting LCNA — S1HL neurons attenuates
SD-enhanced CFA hypersensitivity &
delayed recovery™

, Paraventricular thalamus (PVT)

! B Postoperative REM SD prolongs surgical
pain-related recovery™

» Postoperative REM SD increases PVTCamKlla

1 neuronal activity & responses to noxious stimuli’® i

]
| B PvTCamKila neyronal activation prolongs

I postoperative pain-related recovery™

i

| B PVTCamKlla neuronal inhibition shortens REM
SD prolonged postoperative pain-related
recovery’™

Primary somatosensory cortex (S1)
» SD enhances S1Glut neuronal activity’

: » Inhibiting the LCNA — STHL pathway facilitates
recovery from CFA-induced pain’

! Median preoptic nucleus (MnPO)
B A receptor antagonist in MnPO blocks

Superior cervical ganglion (SCG)

P Chronic SD increases CCl-induced
hypersensitivity & SC microglial infilration, SCG

Spinal cord (SC) apoptosis, SCG TNF-a, & SCG cFos expression'®

P Ablating SCG sympathetic neurons attenuates
SD-enhanced CCl hypersensitivity & SC
microglial infiltration'?

» SCG TNF-a inhibition ameliorates SD-enhanced
CCl hypersensitivity, SC microglial infitration,
SCG cFos expression, & SCG apoptosis'

Cuneate nucleus (CN)

» Chronic SD after CCI nerve injury
exacerbates cuneate microglial activation
and pain-like behaviors**

» Melatonin during chronic sleep disruptions in

CCl mice attenuated CN microglial activation,

proinflammatory cytokines, & allodynia‘®*

Nucleus accumbens (NAc)

P SD before & after CCI nerve injury decreases
NAc dopamine responses to noxious stimuli‘'®

P SD before & after CCl increases Homer1a,
D1 receptor, and D receptor expression in
the NAC"™

» CRISPR/Cas9 Homer1a downregulation in
NAc alleviates chronic SD enhanced CCI
hypersensitivity'®

Locus coeruleus (LC)

» Comorbid migraine and chronic
insomnia patients exhibit altered
LC functional connectivity'®

» LC:dIPFC functional connectivity
associates with insomnia severity'*

» LC:dmPFC functional connectivity
associates with migraine attack
duration’™

SD-enhanced surgical hypersensitivity & rescues
prolonged pain-related recovery™

| Basal forebrain (BF)

| B Postoperative SD increases apoptosis &
autophagy marker expression & decreases

GDNF expression in basal forebrain’”

Anterior cortex

P Shorter sleep time and higher arousal associates with
lower hippocampus gray matter volume in patients with
both chronic pain and insomnia’**

P Increased sleep latency and lower arousal associates
with lower ACC gray matter volume in patients with both
chronic pain and insomnia’™®

P GDNF overexpression alleviates post-surgical
SD-induced allodynia”





