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Abstract: Pain disrupts sleep, and sleep deprivation or interference can alter pain perception in animals and humans, for example by
increasing sensitivity to pain. However, the mechanism by which sleep affects neuropathic pain remains unclear. In this review, we
discuss the available evidence from the epidemiologic, clinical, and human, as well as laboratory studies. In previous studies, we have
found that sleep deprivation affects various injurious systems, including opioids, dopaminergic, immune, orexins, hypothalamic-
pituitary-adrenal axis, and adenosine. At the same time, these systems play a crucial role in neuropathic pain regulation. In the
complex interactions between these neurobiological systems, there may be potential regulatory pathways through which sleep
deprivation amplifies neuropathic pain. Because of the impact sleep problems and neuropathic pain can have on the patients’ quality
of life, studying the link between sleep and neuropathic pain is important for neuropathic pain prevention and public health.

Keywords: sleep, sleep deprivation, neuropathic pain, chronic pain, neurobiological mechanisms

Introduction

Pain is a physiological response designed to protect the organism from actual or potential tissue damage.' In contrast to
protective acute pain, chronic pain can lead to physical and emotional disturbances that can severely reduce a patient’s quality
of life.>* Neuropathic pain is a persistent pain caused by damage to the central nervous system (CNS) or peripheral nervous
system (PNS).' Many diseases, such as trigeminal neuralgia, postherpetic neuralgia, diabetic neuropathy, stroke, and spinal
cord injury, can cause neuropathic pain, which is often accompanied by sleep problems.* Pain is a highly prevalent and costly
public health problem worldwide and is one of the leading causes of disability worldwide.® A good quality of sleep
contributes to a better quality of life and health. Studies show that approximately one quarter of the US population experiences
insomnia, that adults have experienced insomnia at least once, and that insomnia adversely affects disease prognosis and
mortality risk.” A growing body of epidemiological evidence suggests that sleep deprivation and disorders are risk factors for
physical®? and mental health.'®'" Tt is widely accepted that the relationship between sleep deprivation and pain is strong.'?
Pain disrupts sleep, and sleep deprivation or sleep disturbance increases pain or can lower pain thresholds, an association that
has been demonstrated in many experimental models of sleep deprivation.'* '® However, we know very little about the
underlying mechanisms. Therefore, an in-depth exploration of the mechanisms behind them would provide important

guidance for the treatment of the disease.

Literature Search Methods

This narrative review searched for studies that discussed the specific effects of sleep deprivation on neuropathic pain and its
underlying mechanisms. Original articles were identified through a systematic search strategy. MEDLINE (PubMed) was
searched for eligible studies without specifying the study period. The review covers a wide range of areas, and the key search
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terms for each item are as follows: “sleep deprivation”, “neuropathic pain”, “opioid”, “dopamine”, “serotonin”, “S-hydro-
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xytryptamine”, “immune system”, “inflammatory mediators”, “orexins”, “hypothalamic-pituitary-adrenal axis”, “adenosine”,
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“chronic pain”, “sleep stage”, “non-rapid eye movement sleep”, “rapid eye movement”, “sleep quality”, “sleep-wake states”,
“pain sensitivity”’, and “analgesics”.

Neuropathic Pain
Depending on the etiology, chronic pain can be classified as nociceptive pain, neuropathic pain and psychogenic pain.'”
The injury or disease of the somatosensory nervous system causes neuropathic pain. It belongs to one of the chronic pain.
It manifests mainly as abnormal pain (pain response to standard painless stimulus), hyperalgesia (increased response to
pain stimulus), and spontaneous pain.' Neuropathic pain can be divided into peripheral and central neuropathic pain
based on the location of the lesion.'” Central neuropathic pain is caused by spinal or brain lesions, such as cerebrovas-
cular disease affecting the central sensory system transmission pathway and spinal cord injury, syringomyelia, demye-
lination, and other illnesses caused by central neuropathic pain.'” Peripheral neuropathic pain is more common than
central neuropathic pain, such as diabetes-related nerve pain, trigeminal neuralgia, and postherpetic neuralgia.'
Neuropathic pain affects about 10% of the global population, with women, the elderly, and rural residents mostly
reporting pain, and it has significant adverse effects on their quality of life and daily functioning.'®'? Due to anatomical
and biological changes, the perception of neuropathic pain is usually reduced in older people and therefore less data is
reported on neuropathic pain. This is why this group of older people needs extra attention when it comes to neuropathic
pain.?® Current treatments for neuropathic pain mainly rely on medications, such as opioids, antidepressants, and
anticonvulsants.® Although there has been tremendous progress in the research of analgesic drugs in recent years, the
effect of traditional methods on neuropathic pain is not satisfactory. Therefore, it is essential to study the mechanism of
neuropathic pain. For now, the research on the mechanism of pain at home and abroad is mainly based on animal models,

and the research on the human body is relatively few.

Sleep

Under the physiological state, sleep can help people recover physical strength, improve metabolism, improve immunity, etc.,
and is a must for people to carry out normal life activities. According to an electroencephalogram, sleep is usually divided into
two periods, namely non-rapid eye movement (NREM) and rapid eye movement (REM). The two periods alternate during
night sleep, with NREM sleep usually most prominent at the beginning of sleep and REM sleep most prominent at the end.?
Slow wave activity (SWA) during NREM sleep is closely related to sleep homeostasis and is essential for maintaining physical
and mental health as well as brain plasticity and optimal recovery. REM sleep is crucial to the quality of sleep. Changes in
REM sleep will lead to sleep fragmentation to varying degrees and reduce sleep efficiency.”

Sleep is regulated through complex interactions between multiple brain regions and neurotransmitters. Many neurotrans-
mitters such as the monoamines norepinephrine (NE), dopamine (DA), serotonin (5-HT) and the amino acids glutamic acid
(GLU), gamma-aminobutyric acid (GABA) are involved in the sleep process.>® It was shown that activated glutamatergic
neurons promote wakefulness by projecting to the nucleus accumbens and the lateral hypothalamus, and that GLU levels in
parts of the mouse cortex were elevated during wakefulness and REM sleep, and decreased during non-REM sleep.®* DA,
5-HT and NE, as important excitatory neurotransmitters in the CNS, are involved in the formation of the upward reticular
activation system and play an important role in the regulation of the waking state. During NREM sleep, a transient increase in
DA in the basolateral amygdala (BLA) terminates NREM sleep and initiates REM sleep.>> 5-HT plays an important role in the
promotion and maintenance of sleep.”*’ NE increases the number of awakenings and reduces REM sleep.?**’

The quality of sleep is the basis of the quality of life. In general, the assessment of sleep quality can be divided into
two aspects: subjective and objective assessments.*® Subjective assessment methods require the subjective perception of
sleep and rely on various scales and questionnaires, such as the Pittsburgh Sleep Quality Index (PSQI), the Richard-
Campbell Sleep Questionnaire (RCSQ), and the Verran and Snyder-Halpern Sleep Scale (VSH).*! Objective assessment
methods use instruments to monitor sleep and produce objective data related to sleep quality, such as polysomnography
(PSG).*! However, there may be differences between subjectively and objectively assessed sleep parameters and this
must be taken into account when assessing sleep quality.

Sleep disorders are a common and often persistent health problem worldwide. According to the third edition of the
International Classification of Sleep Disorders (ICSD), sleep disorders can be classified as: insomnia, sleep-related
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breathing disorders, central disorders of hypersomnolence, circadian rhythm sleep-wake disorders, parasomnias, sleep-
related movement disorders, and other sleep disorders.>? Sleep disorders are one of the common manifestations of
physical and neurological disorders, and when the primary disorders are not adjusted and treated in a timely manner, they
can usually induce more serious psychological disorders, thus attracting the attention of more and more neurologists.

Relationship Between Sleep and Neuropathic Pain

Sleep problems and pain problems were reported to be intertwined:**** Pain can lead to sleep disorders, sleep disorders
can enhance the body’s sense of pain, can reduce the pain threshold and the psychological ability of pain management,
and interfere with the pain inhibition effect of analgesic drugs, so it can cause pain and make pain persist, the correlation
between the two has attracted people’s attention.”

The degree of neuropathic pain was significantly positively correlated with sleep quality.*®

Therefore, sleep quality could be
used as a predictor of pain prognosis. It has been confirmed that the slow-wave sleep of neuropathic pain model rats is reduced,;
namely, the sleep duration of the NREM phase is reduced.®’ Sleep efficiency is affected by increased cortico-autonomic and
somatosensory arousal during NREM in mice due to pain interference.*® In addition, Chloe et al found that chronic sleep
deprivation rather than chronic sleep fragmentation gradually increased pain sensitivity in an animal sleep deprivation model.*
In the clinical study, Chen et al found that sleep deprivation can reduce the pain threshold of healthy people, resulting in
hyperalgesia and oxidative stress.*” Thus, neuropathic pain can disrupt sleep in animal and clinical studies, and the loss of sleep

quality can further alter pain sensitivity.

The Underlying Mechanisms of Sleep Deprivation Exacerbating

Neuropathic Pain

Neuropathic pain and sleep disorders affect and interact with each other, so it is speculated that there is some common material
basis or initiating factors for their mechanisms. In order to solve the problem of clinical neuropathic pain accompanied by
sleep disorders, this paper focuses on the possible mechanism of sleep deprivation exacerbating neuropathic pain. Figure 1
summarizes the effects of sleep deprivation on neurobiological systems and mediators associated with neuropathic pain.

Opioids

Opioids are the most effective broad-spectrum analgesics available and are widely used in clinical practice for analgesic
treatment.*' Opioids exert their pharmacological effects through three opioid receptors (i1, 8, and k) that can be activated by
endogenous opioid peptides, including enkephalins, dynorphins and endorphins, or by exogenous opioids, such as morphine.*'
Among these receptors, the main analgesic effect of opioids is exerted by the p-opioid receptor (MOR).**** Functional

Opioids edecreased opioid receptor activation

Dopamine edecreased dopaminergic activity

( \GGFi)

eextracellular 5-HT levels in the basal forebrain,
hippocampus and frontal lobes

eserum 5-HT levels were elevated
edecreased 5-HT receptor sensitivity

5-hydroxytryp-tamine

——

eincrease in the secretion of inflammatory

‘ IR mediators(IL-1, IL-4, IL-6, IL-10, IL-13 and TNF)
. edecreased orexin in the hypothalamus and
Orexins . .
cerebrospinal fluid
[ Hypothalamic-pituitary-adrenal axis edisruptions in the daily cortisol rhythm
[ Adenosine eincreased adenosine concentrations

Figure | Neurobiological systems that may be affected by sleep deprivation.
Abbreviations: 5-HT, 5-hydroxytryptamine; IL, interleukin; TNF, tumor necrosis factor.
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magnetic resonance imaging has shown that persistent pain induces the release of endogenous opioid peptides in various
regions of the human brain, such as the cingulate gyrus, orbitofrontal, posterior parietal and insula cortices, and amygdala,**
and interacts with MOR.* This highlights the importance of MOR in the endogenous regulation of pain in humans.

The role of opioids in modulating neuropathic pain has been extensively demonstrated in human and animal studies.
During neuropathic pain, systemic and local treatment with opioids (naloxone) reversed the suppression of mechanical
abnormal pain.*® Diabetic sensorimotor polyneuropathy (DSPN) is seen in approximately one-third of diabetic patients and
significantly reduces their quality of life due to neuropathic pain and foot ulcers, and it has been investigated that painful
DSPN may be as high as 25%.*” Pain can be substantially reduced with corresponding opioid use, with approximately 50% of
individuals experiencing >50% pain reduction.*’ In a mouse model of neuropathic pain induced by chronic constriction injury
to the sciatic nerve, Celik et al found that activation of opioid receptors reduced pain after nerve injury in mice.*® The
amygdala is thought to be the centre of integrated processing of negative emotional information and pain perception.**>* In
a study of post-perioperative pain in rats, it was found that reduced expression of MOR in the amygdala may be a key factor in
chronic postoperative pain.’' In addition, hydrogen sulfide induced antioxidant and anti-apoptotic effects in the CNS and PNS
were found to contribute to the analgesic effect of opioids during neuropathic pain in recent studies.*® This may provide new
ideas for enhancing opioid treatment of neuropathic pain.

Sleep disruption and/or complete sleep deprivation can impair pain inhibition. Studies have found that sleep
deprivation causes dysregulation of the endogenous opioid system®” and diminishes the analgesic effect of MOR
agonists.”®> As a result, the role played by opioids in the increase in pain-causing effects following sleep deprivation
has attracted widespread attention. Randomized groups of 100 healthy adults were treated with morphine and placebo
after two nights of undisturbed sleep and two nights of forced arousal sleep interruption. The results showed a 3-fold
reduction in the analgesic effect of morphine after forced awakening sleep interruptions relative to undisturbed sleep.>® In
a sleep deprivation rat model, sleep deprivation increased the duration of pain and significantly reduced the maximum
morphine-induced anti-injury sensory effect.* Sleep deprivation leads to reduced analgesia, increased pain and subse-
quent elevated opioid dose requirements, which in turn may further disrupt sleep. Sleep disruption may lead to a vicious
dose-escalation cycle and thus an increasing abuse of opioids, which is also a topic of concern.

Dopamine

Dopamine (DA) has a wide range of effects on basic brain processes such as sleep, pain, addiction, emotional responses
and motor control.’® There is growing evidence that dopamine is required for normal sleep-wake states. Drosophila
mutants lacking functional dopamine transporters (DAT) exhibit prolonged wakefulness and shortened sleep.’® Similarly,
Wisor et al found that mouse DAT mutants significantly increased the duration of arousal episodes during the second half
of the active (nocturnal) phase of the circadian cycle.’’ In addition, in clinical practice, impaired dopaminergic
neurotransmission in the striatum of patients with Parkinson’s disease is often associated with severe sleep disturbances
and daytime sleepiness, with low doses of dopamine agonists associated with insomnia and higher doses leading to
excessive daytime sleepiness.”® Therefore, the use of moderate amounts of dopamine agonists in Parkinson’s patients,
thus avoiding sleep disturbances, deserves further exploration by researchers.

DA regulates injury perception in various areas of the CNS, including the basal ganglia, thalamus, insular cortex, anterior
cingulate cortex and periaqueductal gray (PAG).*®° The PAG is a brain region involved in the regulation of injury perception,
and MOR is densely expressed in the PAG.®'~®* Given the central role of opioid receptors in mediating pain and their dense
expression in the PAG, researchers investigated whether there is a link between them and dopamine in the regulation of pain
and found that the ventral PAG/dorsal raphe dopamine neurons may play a key role in opioid anti-harm perception through the
activation of downstream structures by dopamine and glutamate release.’’ Diseases affected by DA dysfunction, such as
Parkinson’s disease, addiction and depression, are often co-morbid with chronic pain symptoms. Patients with Parkinson’s
with chronic pain often have a lower pain threshold compared to Parkinson’s without chronic pain.®*%

Studies have found that nociceptive hyperalgesia may occur following rapid eye movement (REM) sleep deprivation
(SD) (REM-SD) by reducing the function of dopamine receptors in the post-synaptic dopaminergic system of the
midbrain limbic but not the nigrostriatal dopaminergic system.®® This was validated in a rodent model of REM-SD,
which increases pain by increasing adenosinergic activity and decreasing dopaminergic activity.”*® Experimental
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administration of DA receptors agonists was shown to block the nociceptive hyperalgesic effects of sleep deprivation,
further suggesting that sleep deprivation can increase pain by decreasing dopaminergic activity.*® These findings suggest
that co-administration of dopaminergic drugs can improve the response to analgesics in patients with chronic pain
associated with sleep disturbances.

5-Hydroxytryp-Tamine

5-hydroxytryptamine (5-HT) is currently acknowledged to act primarily to promote wakefulness and inhibit REM sleep
(REMS).®>7? The relationship between sleep and 5-HT has been verified in both animal and human experiments. During
sleep deprivation, the release of 5-HT is even higher than during the preceding waking period, as indicated by the
findings in animals. After sleep deprivation in rats, extracellular 5-HT levels in the basal forebrain, hippocampus and
frontal lobes all appear to be elevated.”’’* Zhao et al showed that sleep deprivation within 6-8 hours significantly
increased the mRNA and protein levels of 5-HT 2A receptors in the frontal cortex of mice.”> In an acute sleep
deprivation experiment on a healthy population, similar to animal experiments, serum 5-HT levels were elevated in
subjects and metabolites of 5-HT were shown to have a possible role in antidepressants.”®

5-HT is widely distributed in the peripheral and central nervous system. The most characteristic central system
analgesic pathways are the 5-hydroxytryptaminergic-norepinephrinergic pathway and the opioidergic pathway.”> These
pathways lead to the release of 5-HT, norepinephrine and endogenous opioids, they can inhibit the release of excitatory
neurotransmitters such as glutamate and are activated in response to noxious stimuli, leading to a general decrease in pain
sensitivity following exposure to acute painful stimuli.”> For example, intrathecal injection of 5-HT3 receptor antagonists
significantly attenuated mechanical nociceptive hyperalgesia and thermal nociceptive hypersensitivity in 6-hydroxydo-
pamine lesioned rats.”® The effectiveness of 5-hydroxytryptamine reuptake inhibitors in the treatment of various clinical
pain conditions (eg fibromyalgia) further demonstrates the involvement of 5-HT receptors in pain regulation.”””’® In
genetic studies, polymorphisms in monoamine metabolism and transport have been shown to correlate with the diagnosis
or severity of fibromyalgia, such as serotonin 5-HT 2A receptor and 5-HT transporter.”’

In that the 5-HT system is involved in sleep-wake and pain control, disruptions in this system may mediate the
nociceptive hyperalgesic effects of sleep deprivation. Data from animal studies suggest that 5-HT does help promote
pain-related behaviours in REM sleep deprived animals.®® Thus 5-HT may play a role in the mechanism by which sleep
deprivation exacerbates pain.

Immune System

Modern society has many health-related problems following acute and chronic sleep deprivation, primarily involving the
immune system.*' The immune system functions in the face of infection, tissue damage, or stress, relying primarily on
inflammatory mediators’ secretion (eg, cytokines). With acute elevations of inflammatory proteins, this response is adaptive;
however, chronic elevations can lead to health problems, including pain and sleep disturbances, endocrine disruption, and
mood changes.®'® It is a well-established fact that sleep and immunity are linked in both directions. Activation of the
immune system can alter sleep, which in turn affects our body’s immune system. The most extensively studied roles of
inflammatory mediators in sleep regulation are interleukin-1 (IL-1) and tumor necrosis factor (TNF).***” Levels of IL-1 and
TNF in the brain are associated with sleep. For instance, their levels increase after sleep deprivation;*®°! injection of IL-1 or
TNF enhances non-rapid eye movement sleep (NREMS), and inhibition of IL-1 or TNF inhibits spontaneous sleep and sleep
rebound that occurs after sleep deprivation.”” Inflammatory mediators not only have an effect on NREMS, but REM sleep
deprivation can also induce an inflammatory response.” In addition to IL-1 and TNF, which regulate sleep, other anti-
inflammatory cytokines, such as IL-4, IL-10, and IL-13, may act indirectly by regulating IL-1 and TNE.** As mentioned
above, sleep and the immune system are closely related.

It goes without saying that the immune system or inflammatory response is central to the body’s pain. There is evidence that
pro-inflammatory cytokines (PICs) such as IL-1, IL-6 and TNF induce central sensitization and nociceptive hypersensitivity via
different and overlapping synaptic mechanisms (increased excitatory synaptic transmission or decreased inhibitory synaptic
transmission) in superficial dorsal horn neurons.”” Firstly, it is induced mainly in glial cells (microglia and astrocytes) following
inflammation and nerve injury and promotes pain through neuro-glial cell interactions, contributing for example to the
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development and maintenance of pain promotion in diseases such as arthritis and multiple sclerosis.”®*” Secondly, intrathecal
injection of IL-1 (5-5000 pg) or TNF (5-5000 pg) enhanced the dorsal horn neuronal response, with the effects of IL-1 being
stronger than those of TNF. Intrathecal administration of IL-1 also led to the development of mechanically abnormal pain and
nociceptive hyperalgesia, whereas TNF did not.”® Nevertheless, in other studies, it was found that TNF could likewise lead to the
development of mechanically abnormal pain.””'* Besides, the significant reduction in neuropathic pain after injection of
antibodies related to PIC is further evidence of a role for inflammatory factors in mediating the mechanism of neuropathic pain. '
Sleep disorders, pain, and inflammatory processes are frequently observed in a variety of medical diseases and
conditions, such as fibromyalgia, rheumatoid diseases, and surgery. In a human experimental setting, chronic sleep
deprivation leads to elevated IL-6 plasma levels and is associated with increased pain sensation and overall physical
discomfort.'% In animal experiments, IL-1, IL-6, and TNF mediated microglia activation and promoted CNS inflamma-
tion and neuronal apoptosis, lowering pain thresholds and thereby exacerbating pain behavior in sleep-deprived
rats.'*1%* In summary, sleep deprivation can lead to an inflammatory response that increases sensitivity to pain.

Orexins
Orexins are hypothalamic neuropeptides, divided into Orexin A and Orexin B, which act in conjunction with Orexin-1
and Orexin-2 receptors.'®> Orexin neurons are present only in the lateral hypothalamic region, but project throughout the
central nervous system, activating orexin neurons, monoaminergic and cholinergic neurons in the hypothalamus/brain-
stem region to maintain long, consolidated periods of wakefulness.' In addition to this, orexin is associated with
a variety of functions, including feeding and energy regulation, neuroendocrine regulation, and regulation of pain.'®’ 1%
Early on, the discovery that orexin deficiency could cause episodic sleeping sickness in several mammals, including
mice, rats, dogs, and humans, caught the attention of scientists.''®"''? Researchers have been shown to improve sleep in
insomnia patients by inhibiting dual orexin receptors, findings that reinforce the importance of the orexin system in
regulating sleep/wakefulness. Increased expression of orexin neurons was observed in the hypothalamus of sleep-
deprived rats.'' It has also been reported that the number of orexin neurons is significantly reduced in patients with
episodic sleeping sickness and that the level of orexin peptide in the cerebrospinal fluid is reduced to undetectable
levels.''* This further supports the involvement of orexins in maintaining wakefulness. Hence, in clinical practice, orexin
receptors are the target of pharmacological treatment for episodic sleeping sickness and insomnia, such as the dual orexin
receptor antagonists Almorexant, Lemborexant, etc. The wakefulness-promoting effects of orexin have been validated in

several multicenter, double-blind, randomized, placebo-controlled studies!'!>!1®

119

and have recently been approved by the
FDA for the treatment of adults who have insomnia.

Orexins are also associated with brain regions that regulate pain;'° for example, orexins in the ventral tegmental area are
associated with injurious responses.'?' Exogenously administered orexins have been shown to have analgesic effects in animal
models. Orexins A and B, delivered by intracerebroventricular and intrathecal injection, enhance anti-injury perception in
mice.'?? Orexin-A exerts analgesic effects in a chemotherapy-induced neuropathic pain mouse model. In a mouse model of
oxaliplatin-induced neuropathic pain, Mobarakeh et al found that abnormal mechanical pain was reversed by orexin-A and
was more effective than duloxetine, whose analgesic effects were mediated by orexin type 1 receptor.'?” These data suggest
that mechanical nociceptive sensitization can potentially treat pain by activating the orexin A-orexin 1 receptor pathway.
Orexin 1 receptor agonists may have a potential therapeutic role in the treatment of pain.

Collectively, the mechanisms involved in the involvement of the orexin system in pain and sleep-wake control, which
may mediate the nociceptive hyperalgesic effects of sleep deprivation, still deserve further investigation and validation.

Hypothalamic-Pituitary-Adrenal Axis

The hypothalamic-pituitary-adrenal (HPA) axis includes interactions between the hypothalamus, pituitary, and adrenal

123

glands, whose activation leads to the release of cortisol hormones, “~ and regulates circulating levels of cortisol

hormones, the primary neuroendocrine system providing rapid response and defense against stress in mammals.'**
Circadian rhythm control of the HPA axis is critical for the regulation of hormones involved in the stress response, such as
cortisol hormones. The daily rhythm of cortisol secretion is relatively stable and is mainly influenced by the biological clock.

In a large number of human studies, sleep onset exerts an inhibitory effect on cortisol secretion.'*> Abrupt changes in sleep
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duration can lead to severe disruptions in the daily cortisol rthythm, while sleep deprivation and/or decreased sleep quality
appear to lead to a functionally important activation of the HPA axis.'**'?” Because of the close relationship between HPA
and circadian rhythms, disruption of circadian rhythms can have important effects on HPA. Animal experiments have shown
that disruption of the circadian system through Per2 gene deletion dysregulates the HPA stress axis and is subsequently also
associated with increased depression-like behavior and deficits in startle response.'*®

The HPA axis plays a pathogenic role in the pathogenesis of autoimmune/inflammatory diseases such as rheumatoid
arthritis and rheumatic polymyalgia, where cortisol concentrations increase throughout the day and show diurnal variation.'*’
Rheumatic polymyalgia usually shows a good clinical response to glucocorticoid therapy,'*° reduces pain, and has a decrease
in all serum indicators of inflammation compared to pre-treatment.'*' Plasma cortisol levels are significantly and consistently
elevated after nerve injury, and the glucocorticoid receptors (GR) agonist dexamethasone treatment in a rat model of chronic
constriction nerve injury-induced pain leads to increased neuropathic pain behavior, and GR antagonists such as RU38486
may be used to protect against the central effects of GR activation.'*? Activation of glucocorticoid receptors can also lead to
enhanced expression of glutamate receptor mRNA along with increased mechanical pain sensitivity.'**
In summary, these studies in chronic pain and insomnia patients and animals observed more cortisol secretion and an

over response of the HPA axis which may mediate the association between sleep deprivation and pain sensitivity.

Adenosine

Adenosine is a pleiotropic bioactive substance with powerful neuromodulatory properties. Due to its ability to easily
cross the blood-brain barrier, it can act as a signaling molecule between the periphery and the brain. It acts through four
(A1, A2A, A2B, and A3) adenosine receptors (ARs). These receptors are expressed on almost all cell types within the
CNS."** Although adenosine and its receptors represent clear targets for the pharmacological treatment of various
diseases and pathologies, including pain, few drugs acting on the adenosinergic system have entered the market so far.
The reason behind this discrepancy may be partly due to the universal distribution of AR in almost every cell and tissue,
making it difficult to avoid unwanted side effects.

Adenosine plays an important role in sleep regulation and sleep promotion. Adenosine concentrations in the basal
forebrain and cortical regions increase during SD, and this increase induces sleep. This suggests that adenosine may play
a role in the local regulation of sleep homeostasis.'*® In addition, it has been shown that sleep deprivation increases
extracellular adenosine and A1l receptor (A1R) mRNA levels in basal forebrain cholinergic areas regions involved in
sleep homeostasis.'*® Thus, it appears that the basal forebrain, which appears to be central to the regulation/execution of
SD or recovery from sleep after prolonged wakefulness.'*’

In recent years, extensive progress has been made in elucidating the role of adenosine in pain modulation. Most of the
anti-injury sensory effects of adenosine depend on AIR activation."*® In a mouse model of acute postoperative pain,
nociceptive hyperalgesia occurs through the involvement of reduced peripheral and central A1Rs."*° In another report, to
elucidate the effect of adenosine on pain signaling, intrathecal adenosine injections were tested in two types of neuropathic
pain (spinal cord compression and chronic constriction of the sciatic nerve) and in postoperative pain (plantar incision). The
results showed that intrathecal adenosine injection suppressed nociceptive hyperalgesia in both neuropathic pain models
but not in the postoperative pain model. However, A1R mRNA and protein expression were reduced in this model."** This
suggests that adenosine is functional for inhibiting pain signaling in neuropathic pain but less effective in postoperative pain
due to the diminution of adenosine A1l receptors.

Recent studies have identified a possible mediating role for adenosine in linking sleep deprivation to increased pain
sensitivity. Caffeine and modafinil are two adenosine antagonists that immediately normalize pain sensitivity in sleep-
deprived animals.* In a rat model of postoperative pain, systemic administration of caffeine at the onset of sleep
deprivation prevented sleep deprivation-induced increases in postoperative hypersensitivity pain responses.'*! In addition,
microinjection of the A2A receptor antagonist ZM241385 into the preoptic nucleus blocked the previous sleep deprivation-
induced increase in the level and duration of surgical pain and eliminated sleep deprivation-induced thermal hyperalgesia in
a group of non-surgical (ie, no surgical incision) rats."*' Through the above experimental studies, we can find that one way
in which sleep deprivation enhances pain is by possibly enabling an increase in adenosine activity.
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Discussion

Recent clinical and experimental studies have identified an integral role for sleep deprivation in the mechanisms of
neuropathic pain, mainly in the regulation of analgesic receptors, neurotransmitters, the neuroendocrine system, and the
inflammatory response. In sleep deprivation-related experiments it has been found that there is typically a decrease in
analgesic receptor such as opioid receptor activity, with MOR activity changes predominating, followed by downregulation
of pain thresholds, increased pain sensitivity and prolonged pain; therefore, sleep disorders may lead to increased doses of
opioid analgesics, forming a vicious cycle that leads to increasing opioid abuse, and clinicians need to be alerted.
Neurotransmitter and neuroendocrine regulation play an important role in the pathogenesis of sleep-related neuropathic
pain. REM-SD increases pain by decreasing dopaminergic activity, while in contrast to dopaminergic, 5-HT and adenosine
activity is increased and can have widely increased levels of central and peripheral expression. The researchers found that the
expression and peripheral levels of orexin neurons were significantly reduced in sleep disorders compared to normal, and that
orexin injected intracerebroventricularly and intrathecally enhanced anti-damage perception in mice, so the orexin system may
mediate the nociceptive hyperalgesia effect of sleep deprivation, but further investigation and validation are needed due to the
paucity of related studies. In both human and animal studies, sleep deprivation typically induces an inflammatory response,
and increased release of pro-inflammatory factors can promote inflammation in the central nervous system and apoptosis of
neurons, such as IL-6, TNF, thereby lowering pain thresholds. The HPA axis is closely linked to the inflammatory response,
and pro-inflammatory factors activate the HPA axis, leading to increased cortisol production, which in turn inhibits the
production of pro-inflammatory cytokines. Thus, cortisol and synthetic glucocorticoids may indirectly regulate pain by
altering the secretion of pro-inflammatory factors. We still know very little about the interaction between sleep and pain,
and the mechanisms by which they interact are one of the hot topics of research worldwide. Therefore, an in-depth exploration
of the mechanisms of interaction between sleep deprivation and neuropathic pain and the implementation of individualized
treatment are important clinical guidelines for preventing and treating the disease and its prognosis.
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