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Abstract

Purpose of Review The purpose of this review is to present an overview of common sleep disturbance pathologies and their
impact on chronic pain, while examining various factors that are implicit in the relationship between sleep disturbance and
chronic pain, including neurobiochemistry, anatomy, and systemic mediators, and reviewing recent and landmark literature.
Recent Findings Earlier literature reviews and studies have introduced the bidirectional relationship between sleep disturbance
and chronic pain; that is, impaired sleep may worsen chronic pain, and chronic pain causes sleep disturbance. However,
more recent reviews and studies seem to show a more associative, rather than causative relationship. There have been recent
studies that attempt to determine mechanisms that link sleep disturbance and chronic pain; the results of these studies were
more varied, ultimately concluding that there may be a separate, yet-to-be discovered mechanism that shows the causative
relationship between sleep disturbance and pain.

Summary There are several neurotransmitters that are involved in the mediation of chronic pain and sleep disturbance
as separate entities, and some studies have shown that there may be mechanisms that govern both chronic pain and sleep
disturbance as a single unit. Other neuroendocrine substances also serve to mediate chronic pain and sleep disturbance. All
these substances are found to be associated with various sleep disorders and are also associated with chronic pain symptoms
as well. Inflammation plays a role in chronic pain and sleep disturbance, with an increase in inflammatory substances and
mediators associated with an increase or worsening in chronic pain symptoms and sleep disorders. The HPA axis plays a
role in chronic pain and sleep disorders, influencing pain and sleep pathways through stress response, inflammation, and
maintenance of homeostasis. There are several variables that influence both chronic pain and sleep disturbance, and more
research into these variables may further our understanding into the complex pathways governing the influence of sleep
disturbance on pain, and ultimately to improve treatment for this issue.
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Introduction movement (REM) sleep behavior disorder, and narcolepsy,

has appeared to be increasing in recent years [2]. Still other

Sleep in humans is governed by complex physiological pro-
cesses, and sleep itself plays a significant role in a person’s
physical and mental health [1]. The prevalence of sleep dis-
orders, such as obstructive sleep apnea (OSA), rapid eye
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sleep disorders, such as narcolepsy, have been noted to per-
sist through several years [3].

Pain is defined as “an unpleasant sensory and emotional
experience associated with, or resembling that associated with,
actual or potential tissue damage” [4]. Chronic pain has been
newly redefined into two categories, chronic primary pain and
chronic secondary pain. Chronic primary pain is defined as
a pain that is anatomical in nature which persists or recurs
for more than 3 months, and that this pain is associated with
emotional and/or functional disability, and that the pain cannot
be better explained by another pain condition. Chronic second-
ary primary pain is a pain that is secondary to another disease
process, such as cancer, post-trauma, or neuropathy [5].

The relationship between sleep disturbance and chronic pain
has been commonly regarded as bidirectional, as poor sleep can
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influence pain, and pain can worsen sleep [6¢]. However, several
recent studies have showed conflicting results on the effect of
pain on sleep and vice versa [7]. In patients with chronic pain, a
range of 50% to 90% reported sleep disturbance, with symptoms
of insomnia reported as the most common [8e]. There have been
several reviews and studies exploring the effect of sleep on sev-
eral mediators of pain, including neurobiology, inflammation,
endocrine systems, and psychiatric influences [8e, 9, 10e]. Other
studies and reviews have attempted to identify individual sleep
disturbance pathologies, behavioral characteristics, and effects
of pharmacological agents on the relationship of sleep distur-
bance and chronic pain [11].

The aim of this review is to present several sleep distur-
bance pathologies and their role in chronic pain, neurochemi-
cal mechanisms and their interaction with chronic pain and
sleep, systemic regulation of chronic pain and sleep, and ana-
tomical considerations related to pain, sleep, and stress, all
while presenting an overview of relevant studies and literature.

Physiology and Function of Sleep

Sleep is divided into two phases, rapid eye movement (REM)
sleep and non-rapid eye movement (NREM) sleep [1]. Elec-
troencephalography (EEG) can be used to identify specific
subdivisions of sleep; for example, the N1, N2, and N3 (slow-
wave sleep) phases comprise NREM sleep [1]. NREM sleep
is typically associated with decreased brain activity, and while
dreaming can be present in all phases of sleep, vivid dreaming
is not usually a part of NREM [10e]. Dreaming during the
NREM phase is thought to be more of a nonvisual thought
process [10e, 12]. In addition to decreased brain activity,
NREM sleep is associated with decreased sympathetic activ-
ity, including lower heart rate and blood pressure [10e, 13].
The delta waveform seen on EEG most commonly character-
izes NREM sleep [14]. Delta waveforms on EEG seem to
indicate restorative sleep, and as sleep continues, delta wave-
forms gradually decline [14]. Delta wave forms range from 1
to 4 Hz in frequency, and seem to correlate with brain activity
in thalamo-cortical areas [13]. Slow oscillation waveforms,
with a frequency of less than 1 Hz, are also found during the
NREM phase, and correlate with intra-cortical brain activity
[13]. Although it is known that sleep promotes brain and body
restoration, the exact process of restoration is unknown [13].
However, the presence of slow oscillation waveforms seen on
EEG has been studied extensively in the past, and these wave-
forms have been associated with synaptic pruning, memory
consolidation, and mediation of neuroplasticity, which may
represent neuro-restoration in the brain [13].

REM sleep is associated with vivid dreaming and higher
levels of brain activity in comparison to NREM sleep [12].
There is a suppression of muscle tone during REM sleep,
and rapid eye movement is characteristic of the REM phase
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[13]. Other physiological features include variability in body
and brain temperature, respiration, blood pressure, and heart
rate [10e, 15]. A study measuring sympathetic in the pero-
neal nerve at the level of the knee showed increasing activity
during REM sleep, and nearly no activity during NREM
sleep [13]. The first instance of REM sleep occurs after 70
to 90 min after the onset of sleep and, afterwards, will occur
every 90 to 120 min [15, 16]. Waveforms seen on EEG dur-
ing REM sleep are low amplitude and high frequency, and
are similar to theta waves seen in the hippocampus during
awake periods [15]. During sleep, hippocampal activity
may be involved in memory formation and consolidation;
a 2016 study showed that the selective silencing of GABA
neurons found in the hippocampus decreased theta waveform
activity, leading to impaired memory consolidation [15]. In
addition to memory, a recent study in 2017 demonstrated
pruning and maintenance of new neuronal synapses, show-
ing that REM sleep may contribute to motor learning [15].
Although muscle activity is nearly silenced during REM
sleep, occasional muscle twitches have been noted during
this phase [15]. The functions of these muscle twitches are
generally unknown, but recent studies have shown that these
twitches may contribute to sensorimotor system develop-
ment [15]. Additionally, REM sleep serves to promote cor-
tical plasticity, increase creativity, and restore cellular and
receptor functioning in cells utilizing aminergic molecules
(e.g., dopamine, serotonin, and acetylcholine), and preparing
the transition from sleep to wakefulness [15].

Chronic Pain

In 2020, the International Association for the Study of Pain
(IASP) published a revised definition for pain [4]. The
reasoning for this was due to a better understanding and
advancement in the study of pain, especially given that pain
can have a multifactorial etiology [4]. The revised defini-
tion of pain is now “an unpleasant sensory and emotional
experience associated with, or resembling that associated
with, actual or potential tissue damage” [4]. The definition
of chronic pain has also been recently revised in 2019, with
the term chronic pain divided into chronic primary pain and
chronic secondary pain [5]. According to the IASP, chronic
primary pain is a pain that is primarily a disease, whereas
chronic secondary pain is a symptom of another disease [5].
Chronic primary pain encompasses chronic widespread pain
(CWP), complex regional pain syndrome (CRPS), chronic
primary headache and orofacial pain, chronic primary vis-
ceral pain, and chronic primary musculoskeletal pain [5].
Chronic secondary pain syndromes include chronic cancer-
related pain, chronic postsurgical and posttraumatic pain,
chronic neuropathic pain, chronic secondary headache and
orofacial pain, chronic secondary visceral pain, and chronic
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secondary musculoskeletal pain [5]. The IASP states that
the diagnosis of chronic primary or secondary pain may be
difficult [5]. Chronic pain is diagnosed when the duration
exceeds beyond 3 to 6 months of healing [10e].

The Institute of Medicine (IOM) estimates that chronic
pain has impacted at least 116 million adults in the USA
in a 2011 report [17]. The prevalence of pain is expected
to increase, according to the IOM, due to five reasons:
an aging US population, increasing prevalence of obesity
and its chronic comorbidities, improved medical care for
people with injuries who would have otherwise died, post-
surgical changes, and greater understanding of chronic pain
syndromes causing people to seek care for their pain [17].
Worldwide, chronic pain may affect nearly 20% of peo-
ple [10e]. The IOM estimates that $635 billion is spent on
healthcare costs related to chronic pain [17].

Sleep Disorders and Chronic Pain

The International Classification of Sleep Disorders (ICSD)
defines seven categories of sleep disorders, including insom-
nia, sleep-related breathing disorders, central disorders of
hypersomnolence, circadian rhythm sleep—wake disor-
ders, parasomnias, sleep-related movement disorders, and
other sleep disorders [18]. In the USA, about 31% of adults
18 years and over get insufficient sleep [19]. This insufficient
sleep duration is defined as less than 7 h of sleep during a
24-h period [20].

A common sleep disorder is insomnia, with general con-
sensus estimating nearly 30% of adults reporting one or more
symptoms of insomnia [21]. Insomnia is further categorized
into short-term, chronic, and other (does not meet criteria for
the other two types of insomnia) [18]. In general, insomnia
is defined as a difficulty with falling asleep, staying asleep,
and impairment of daytime function [21]. Insomnia has been
reported to persist as far as 20 years, with persistence rates
estimated to range from 40 to 69% in patient follow-up [22].
Women are more affected by insomnia than are men, and the
elderly more affected than the younger [22].

In an investigation to determine the association between
sleeping problems and development of neck, shoulder,
and lumbar pain, results seem to suggest that symptoms of
insomnia were associated with the development of muscu-
loskeletal pain over a 12-month period [23]. This study also
reports that one in 15 to 20 cases of newly diagnosed chronic
pain can be attributed to poor sleep quality [23]. In another
study estimating the prevalence of insomnia in chronic pain
patients, the researchers found that slightly more than half
of chronic pain patients were found to have symptoms asso-
ciated with insomnia, as scored by questionnaires measur-
ing sleep [24]. The data also showed that insomnia severity
was significantly positively correlated with pain intensity,

sensory pain ratings, and affective pain ratings [24]. Affec-
tive pain, defined as the emotional aspect of pain, was found
to be a significant predictor of insomnia severity [24]. In
early studies to establish the directionality of relationship
between chronic pain and insomnia, sleep deprivation
was found to be associated with muscular tenderness and
increased hyperalgesia to heat, cold, and blunt pressure, in
addition to increased pain sensitivity to pinprick [22]. An
earlier review of the directionality between chronic pain
and insomnia noted that in one study, restorative sleep was
associated with resolution of chronic widespread pain [25].
In a 2017 study of chronic pain and insomnia, insomnia was
found to be a significant predictor of chronic pain incidence
over 6 years [21].

Obstructive sleep apnea (OSA) is defined as obstructive
apnea or hypopnea of the upper airway with arousal during
sleep [7]. Patients report symptoms such as poor sleep that
is not restorative, snoring, daytime sleepiness, and morning
headaches [7, 26]. OSA is more common in males, in Afri-
can Americans, older ages, obesity, and people with crani-
ofacial or upper airway abnormalities [27-31]. There have
been several studies documenting the relationship between
chronic pain syndromes and OSA, including chronic crani-
ofacial pain, pain related to psoriasis, fibromyalgia, and
chronic widespread pain [32-35].

A 2017 study on the relationship between OSA and fibro-
myalgia found that as much as 50% of patients with fibromy-
algia were found to have OSA [34]. In this study, the authors
found a negative correlation between fibromyalgia and mean
oxygen saturation during sleep and a positive correlation
with desaturation time (defined as the period of time when
oxygen saturation is below 90%) [34]. Although this study
showed features linking OSA and fibromyalgia, this study
was flawed as it did not evaluate treatment of OSA and its
relationship with fibromyalgia, and subsequent studies on
the relationship between OSA and fibromyalgia would stand
to benefit from the inclusion of treatment strategies for both
OSA and fibromyalgia [35]. Temporomandibular joint disor-
ders (TMD) have been found to be associated with OSA, and
OSA symptoms have been found to predict the incidence of
initial TMD and chronic TMD. In this review, patients suf-
fering from TMD did not awaken from sleep, but did report
increased muscle tenderness upon awakening. A further
subset of TMD patients with myofascial pain syndrome had
significantly poorer sleep than patients only with TMD [32].
Another longitudinal study reported OSA symptoms were
precedent to and predictive of the development of pain sec-
ondary to chronic TMD [36]. This study also proposes that
chronic pain may occur via central sensitization and pain
amplification through baroreceptor pathways [36]. An earlier
experiment has shown that increased inspiratory resistance
reduces baroreceptor reflexes, which has been implicated in
TMD [37]. In a 2013 study of nocturnal intermittent hypoxia
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and its relationship with pain, the authors found that low
arterial oxygen saturation nearly double the odds of devel-
oping pain, ultimately concluding that nocturnal hypoxemia
may be a risk factor for pain [38e]. This study hypothesized
that sleep-related pain may be secondary to hypoxia via sys-
temic inflammation and oxidative stress [38e].

Narcolepsy is a sleep disorder characterized by daytime
sleepiness, and may feature cataplexy (muscle weakness
secondary to strong emotions), hypnagogic (prior to sleep
onset) and hypnopompic (after awakening) visual hallucina-
tions, and REM sleep dysfunction [18, 39, 40]. Narcolepsy
has two types, with type 1 featuring cataplexy and type 2
without cataplexy [41].

In a 2018 study of narcolepsy and its association with
chronic pain, researchers found that patients with both type
1 and type 2 narcolepsy had a higher frequency of chronic
pain in comparison to control subjects [41]. In addition,
while previous studies have showed that patients with type
1 narcolepsy had a higher frequency of chronic pain that
those with type 2 narcolepsy, this study was the first to
show increased frequency of type 2 narcolepsy patients
with chronic pain [41]. In a separate study, researchers
found that chronic low back pain was comorbid with nar-
colepsy [42]. Other studies regarding pain and narcolepsy
have reported the development of headache disorders and
other pain conditions in patients with narcolepsy, but
failed to definitely conclude the bidirectional relationship
between narcolepsy and chronic pain; that is, whether pain
was an association of narcolepsy, or if narcolepsy caused
the pain itself [43, 44]. Therefore, future studies should
establish a treatment protocol to determine causation of
narcolepsy on pain.

Neurobiology of Pain and Sleep

There have been several studies in determining neurologi-
cal mechanisms between the interaction of sleep and pain,
including the study of neurotransmitters and other endog-
enous substances, neuroanatomy, and inflammation [8e, 45e,
46]. Several neurotransmitters such as dopamine, serotonin,
and norepinephrine have played roles in sleep and chronic
pain pathways [8e, 10e]. Endogenous substances, includ-
ing melatonin, vitamin D, and orexin also play a role in the
interaction between sleep and pain [10e]. It is known that
inflammation mediates pain, and a focus on a variety of sub-
stances related to inflammation, including pro-inflammatory
cytokines and free radicals, have been studied to understand
the role of inflammation on sleep and chronic pain [47—49].
Finally, specific areas of the brain have been identified to
potentially link sleep disturbance and chronic pain, such
as alterations of the hypothalamic—pituitary—adrenal axis,
thalamus, and cortical areas [8e, 10e, 11, 50].
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Dopamine is a neurotransmitter with a variety of func-
tions in humans, playing roles in reward pathways, move-
ment, psychiatric disease, hemodynamics, and also pain [51,
52]. Dopamine is also known to participate in sleep, with
dopaminergic pathways located in the ventral tegmental area
and nucleus accumbens implicated in sleep and wake regula-
tion in recent studies [53]. Increased dopamine is associated
with an awake state, and lower dopamine levels are associ-
ated with a sleep state [10e]. A 2016 study has shown that
dopaminergic neurons were responsible for releasing dopa-
mine after physical pain was experienced, and it has been
hypothesized that chronic pain leads to decreased dopamine
levels, which can lead to an impaired dopaminergic pathway
in the mesolimbic reward system [54]. In sleep research,
decreased dopamine receptor activity has been associated
with acute sleep deprivation in animal models [55]. A 2013
review showed dopamine is associated with symptoms of
insomnia and chronic pain, specifically with dysfunction in
mesolimbic dopaminergic systems [56]. Additionally, fur-
ther research has hypothesized that pain-mediated dopamine
signaling in the raphe nucleus of the brainstem may play a
role in regulating sleep and wake [46, 57].

Serotonin, also known as 5-hydroxytryptamine (5-HT),
may play a role in the relationship between chronic pain and
insomnia [8e]. There has been thorough research on seroto-
nin and its interaction with chronic pain, and there is belief
that serotonin mediates pain through specific peripheral and
central receptors [58e]. In some animal models, administra-
tion of serotonin in peripheral areas resulted in increased
excitability of cell membranes of nociceptive nerve fibers,
while serotonergic agonists injected intradermally produced
hyperalgesia, indicating that serotonin receptor activation
may play a role in mediating pain [59, 60]. Later studies
with serotonin receptor antagonists have also showed an
attenuation in pain response in animal models, and in human
studies, serotonin injected peripherally caused pain, with
attenuation of pain serotonin-induced hyperalgesia when
serotonin receptor antagonists were injected [61, 62]. In a
study on pain secondary to peripheral nerve injury, there
was found to be lower levels of serotonin in the brainstem,
increased expression of serotonin receptors in the brainstem.
After low-intensity exercise, brainstem serotonin levels were
found to be increased, as well as increased serotonin recep-
tor expression, which produced an attenuation in pain [63].
Other earlier studies have found that the spinal release of
serotonin induced analgesia [58e]. While serotonin receptor
agonists may have promising potential in treating chronic
migraines, the mechanism of serotonin in mediating chronic
pain has yet to be fully elucidated [58e, 64]. In sleep, seroto-
nin is involved in the preparation and maintenance of sleep
[65]. In another study, one night of total sleep deprivation
was associated with a significant increase in serotonin recep-
tor binding in various cortical regions of the brain, showing
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an important role of serotonin in sleep regulation [66]. While
serotonin plays individual roles in both sleep—wake regula-
tion and pain mediation, there have been no studies formally
linking serotonin changes as a causal, rather than associa-
tive, relationship with pain and sleep.

Norepinephrine is a catecholamine neurotransmitter that
is responsible for bodily functions, including maintenance of
hemodynamics, sleep, arousal, and more recently, effects on
pain [67]. In recent studies on animal models, the inhibition
of norepinephrine reuptake in the spinal cord has been seen
to directly inhibit neuropathic pain through alpha-2 recep-
tor activation [67]. Selective serotonin and norepinephrine
reuptake inhibitors (SNRIs) have been used for the treat-
ment of chronic pain, and both these neurotransmitters play
a role in descending pain pathways [68]. In animal models
for sleep research, the reduction of norepinephrine activity
in the locus coeruleus seems to mediate unresponsiveness
during sleep, and increased activity results in awakening
[69]. In humans, plasma levels of norepinephrine are higher
during an awake state and lower during sleep [70]. Several
studies have showed that sleep deprivation in both animals
and humans have resulted in higher levels of circulating
norepinephrine [71, 72]. There have been minimal studies
relating the effect of norepinephrine on sleep disturbance
and chronic pain, and it is difficult to establish a conclusion
for the directionality of chronic pain and sleep. In an ani-
mal model examining the role of norepinephrine in pain and
sleep, results suggested that experimentally induced neu-
ropathic pain increased norepinephrine release stimulated
by neurons in the locus coeruleus, leading to a decrease in
NREM sleep and increased wakefulness [73]. However, this
study did not establish the reverse relationship; that is, an
increase in sleep deprivation worsening pain. In addition,
given the previous knowledge of the analgesic effect of nor-
epinephrine in the brainstem, the findings of the previous
study call for further research into the effect of increased
norepinephrine secondary to sleep disturbance and pain.

Melatonin is a hormone that is secreted by the pineal
gland and is involved in sleep regulation, with increased
secretion levels in the dark and decreased levels with light
exposure [74]. Melatonin has been also studied for analgesic
purposes in acute and chronic pain environments; however,
research has been inconclusive in the acute and chronic
pain settings [74, 75]. While it is still too early to definitely
identify melatonin as an analgesic agent, there have been
studies showing melatonin’s effect on inflammatory, anal-
gesic, anxiolytic mechanisms [6e, 10e, 74]. Melatonin acts
on the MT1 and MT2 receptors in the thalamus, hypothala-
mus, dorsal horns of the spinal cord, spinal trigeminal tract,
and trigeminal nerve nucleus to mediate its analgesic effect
[75]. In animal studies on neuropathic pain, MT2 recep-
tor agonists were seen to mediate analgesic effect through a
descending nociceptive pathway in the brainstem [75, 76].

The mechanism of melatonin and analgesia has not been
fully identified, but several studies have reported mecha-
nisms via GABA receptors, opioid receptors, and possible
anti-inflammatory pathways [77, 78, 79¢]. Melatonin is well
known for its regulation of sleep, and low melatonin produc-
tion during the night has been associated with insomnia in
older patients [80]. The administration of melatonin in sleep
disorders, such as insomnia, has been widely studied, and
in a meta-analysis of melatonin studies, it was seen to sig-
nificantly improve sleep in primary sleep disorders in com-
parison to placebo [81]. It has been reported that melatonin
administration in chronic pain patients improved the quality
of sleep, and conversely, in a separate review, melatonin
maintained the quality of sleep, leading to decreased pain
levels [77, 82e].

Vitamin D can be generated from exposure to sunlight
(specifically, ultraviolet B radiation) or obtained from
dietary sources, and deficiency of vitamin D can lead to
musculoskeletal, neurological, autoimmune, and infectious
pathologies, and more recently, sleep—wake regulation and
pain [83e]. A few studies evaluating the role of vitamin D
in chronic pain demonstrated that a deficiency in vitamin D
was associated with patients with chronic musculoskeletal
pain [84, 85]. Another study looking into pain and poor sleep
showed that in patients with chronic musculoskeletal pain
and sleep disorders, vitamin D deficiency was prevalent [86].
Patients in this study were found to have chronic pain symp-
toms incidentally, and the authors concluded that chronic
musculoskeletal pain may be a symptom of a vitamin D
deficiency [86]. In a separate study analyzing the effects
of vitamin D administration to patients with chronic pain
and vitamin D deficiency, patient’s pain levels were reported
to be significantly decreased, the amount of pain medica-
tion use overall decreased, and overall sleep was improved
[87]. The mechanism of vitamin D has been thought to be
related to its anti-inflammatory effects as a neuroactive
steroid, upregulation of endogenous substances to provide
a neuroprotective function, inhibiting prostaglandin action
thus attenuating neuropathic pain, inhibition of nitric oxide
production decreasing pain central sensitization, and down-
regulation of some immune cells to decrease inflammatory
mediators [88-96]. In a study analyzing the effect of vitamin
D and day time sleepiness in patients who reported chronic
pain disrupting their sleep, the authors posited that vitamin
D deficiency could contribute to sleepiness via inflamma-
tory mediators including TNF-alpha and NF-kappa-B, of
which the latter is associated with OSA [97]. In addition, the
authors report that a vitamin D deficiency is correlated with
factors that increase the risk of OSA, including chronic rhi-
nitis, tonsillar hypertrophy, and nonspecific myopathy [97].

Orexin, also known as hypocretin, is an endogenous
neuropeptide that is primarily secreted by neurons in the
hypothalamus [98, 99]. Orexin plays a role in mediating the

@ Springer



800

Current Pain and Headache Reports (2022) 26:795-804

awake-sleep cycle, and orexinergic neurons are found to be
activated during awake periods and inhibited during sleep
[100]. There are two types of orexin receptors, both of which
are involved in regulating the sleep—wake cycle, and two
types of orexin compounds, orexin-1 and orexin-2, of which
orexin-1 seems to be a more potent effector of analgesia
[10e, 100]. Orexinergic neurons interact with the brainstem
to regulate the sleep—wake cycle [100]. Orexin deficiency
is closely associated with narcolepsy, and the number of
nerve fibers that contain orexin receptors is significantly
decreased in patients with narcolepsy [99]. In a study deter-
mining the relationship between pain and narcolepsy, pain
was found to be more intense and more frequent in patients
with narcolepsy in comparison to the control group [101].
In a study to analyze the mechanism of orexin-mediated
analgesia, orexin was found to activate orexin-1 receptors
in the periaqueductal gray and produce analgesia through
an endocannabinoid pathway disinhibiting the output of the
periaqueductal gray [102].

Inflammation and inflammatory molecules are well-
known and widely studied as a mediator of chronic pain,
and more recent studies have linked sleep disturbance with
an increase in inflammatory substances [103—-107]. A recent
review has shown that sleep disturbance, but not short sleep
duration, was associated with increased inflammatory
markers [108]. A study performed on healthy volunteers
to analyze the effects of sleep deprivation and markers of
inflammation found that levels of interleukin-6 (IL-6), a
proinflammatory cytokine, serum C-reactive protein, and
urinary prostaglandin metabolites were increased after sleep
deprivation [109]. This study suggested that sleep distur-
bance may mediate chronic pain via inflammatory path-
ways [109]. Inflammatory substances have demonstrated an
ability to activate central nervous system glial cells, which
themselves release proinflammatory cytokines [110]. This
overall increases pain responsivity, which is hypothesized
to result in chronic pain [110]. Other studies on sleep disor-
ders and inflammation have shown that a pro-inflammatory
cytokine, tumor necrosis factor alpha (TNF-alpha), and
IL-6 were increased in OSA [111]. In a recent systematic
review to determine the relationship between OSA and pain,
while OSA was associated with increased pain intensity or
a decreased tolerance to pain, results were variable due
to patient characteristics and OSA phenotype (nocturnal
hypoxemia or sleep fragmentation). The review also dem-
onstrated an improvement in chronic pain with the use of
CPAP [112e]. In a recent study on patients with insomnia,
IL-6 levels were found to decrease with improvements in
insomnia symptoms, and overall the study suggested that
inflammatory pathways were related to symptoms of insom-
nia and chronic pain [113e].

The hypothalamic—pituitary—adrenal (HPA) axis plays a
major role in stress response, as well as regulation of the
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circadian and immunological systems, and overall homeo-
stasis [114—116]. It is known that sleep causes a decrease in
cortisol, a glucocorticoid hormone that acts as a signaling
molecule to allow the body to adapt to a variety of stressors
[114, 117]. Subsequently, the administration of glucocorti-
coids has been studied extensively, generally causing sleep
disturbance [118]. A recent review has shown that possible
mechanisms into glucocorticoid-induced sleep disturbance
occur via glucocorticoid receptors in the dorsal raphe with
serotonin depletion in the suprachiasmatic nucleus, and
decrease in neurotransmitter activity in the suprachiasmatic
nucleus from the effect of glucocorticoids on various organs
[119e]. Corticotropin-releasing hormone (CRH) is made in
the paraventricular nucleus of the hypothalamus, and serves
to regulate the HPA axis [118]. Adrenocorticotropic hor-
mone (ACTH) is a hormone secreted by the anterior pituitary
in response to stimulation from CRH, which subsequently
leads to the secretion of glucocorticoids in the adrenal cortex
[116]. In a recent study, short-term severe sleep restriction
was found to be associated with altered function of the HPA
axis, increased spontaneous activity, and decreased response
and recovery to external stress. The authors propose that
the irregular HPA function may contribute to the effect of
sleep disturbance on conditions such as obesity, diabetes,
infection, and psychiatric pathologies [120]. Disrupted
HPA function has been found in patients with OSA, with
increased secretion duration of ACTH and cortisol. In this
study, patients that were treated with CPAP were found to
have a normalized HPA activity in comparison to untreated
patients [121]. As previously mentioned, inflammation plays
arole in the relationship between chronic pain and sleep dis-
turbance. Several animal studies have showed that a hyper-
active HPA axis, secondary to induced inflammatory states,
disrupted circadian systems [116]. There have been a paucity
of human studies related to inflammation, HPA function, and
circadian rhythm, but the few studies have showed possible
evidence that an inflammatory state, such as rheumatoid
arthritis, may be associated with circadian disruption [116].
In a study of chronic pain patients, researchers found that
patients had decreased levels of ACTH, cortisol, and dehy-
droepiandrosterone (DHEA)/dehydroepiandrosterone sulfate
(DHEAS), of which the latter two are steroidal hormones
produced by the adrenal gland and are transformed to other
biologically active hormones [122]. The researchers posited
that chronic pain affects HPA activity and leads to psychi-
atric, neurological, and inflammatory co-morbidities [122].
In separate studies on the effects of chronic pain on the HPA
axis, decreased sensitivity of glucocorticoid receptors sec-
ondary to HPA axis dysfunction caused by chronic pain may
play arole in an elevated inflammatory state, which is asso-
ciated with chronic pain [8e]. In normal sleep, slow wave
sleep was found to inhibit the HPA axis and decreased cor-
tisol secretion, and this dysfunction of the HPA axis, along
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with increased cortisol secretion, can be found in patients
with chronic pain, amongst other comorbidities.

Conclusion

The relationship between sleep disturbance and chronic pain
is complex. There have been many studies analyzing the
effects of sleep disturbance and related sleep pathologies in
chronic pain patients, and a foray into the biological mecha-
nisms of chronic pain and its effect on sleep. This relation-
ship has been labeled as bidirectional, meaning that pain
negatively impacts sleep, and sleep disturbance negatively
impacts pain. However, some studies have shown that vari-
able results, emphasizing that alternative pathways must exist
in the relationship between sleep and pain. These results have
yet to be elucidated, and further research is required. This is
particularly evident in the norepinephrine and serotonergic
systems governing sleep and pain, demonstrating associative,
rather than causal relationship between the two. Still other
recent studies and reviews seem to support the fact that sleep
disturbance causes worsening pain, rather than the bidirec-
tional relationship seen in earlier studies [10e]. In conclusion,
we have described sleep disturbance pathologies and chronic
pain, and how neurochemical, anatomical, and physiologic
mechanisms interplay between the two. Given the extent of
disruption and damage that sleep disturbance and chronic pain
cause from an individual to a global level, continued investi-
gation of the relationship and mechanisms, along with novel
treatment and diagnosis using emerging technologies, will
help further develop our understanding of this complex issue.
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