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Abstract

Epidemiological, cross-sectional, and prospective studies suggest that insomnia, chronic pain, and
depression frequently co-occur and are mutually interacting conditions. However, the mechanisms
underlying these comorbid disorders have yet to be elucidated. Overlapping mechanisms in the
central nervous system suggest a common neurobiological substrate(s) may underlie the
development and interplay of these disorders. We propose that the mesolimbic dopamine system is
an underappreciated and attractive venue for the examination of neurobiological processes
involved in the interactions, development, exacerbation, and maintenance of this symptom
complex. In the present article, studies from multiple disciplines are reviewed to highlight the role
of altered dopaminergic function in the promotion of arousal, pain sensitivity, and mood
disturbance. We argue that studies aiming to elucidate common factors accounting for the
comorbidity of insomnia, chronic pain, and depression should evaluate functioning within the
mesolimbic dopaminergic system and its effect on common processes known to be dysregulated in
all three disorders.
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Insomnia is a prevalent sleep disorder, with a least 6% of the population meeting stringent
diagnostic criteria, and as many as 48% presenting with symptoms (1). Psychiatric and
medical comorbidities commonly present with insomnia, necessitating a transdisciplinary
approach to research and treatment conceptualization. Chronic pain is one of the most
common comorbidities, and has been linked to insomnia at the population level through
epidemiological surveys (2). Finer-grained prospective and experimental investigations have
convincingly characterized sleep and pain symptoms as reciprocally interacting (3-5).
Current research efforts have focused on identifying common pathways through which
neurobiological and psychosocial mechanisms of chronic pain and insomnia covary to
enhance risk for symptom amplification and functional decline. Similarly, separate inquiries
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at multiple levels of analysis have implicated depression as a prominent comorbidity of both
insomnia (for a review, see: 6) and chronic pain (for a review, see: 7).

Taken together, epidemiological, cross-sectional, and prospective studies converge on the
general notion that insomnia, chronic pain, and depression are mutually interacting, each
increasing the risk for the emergence and/or exacerbation of the other. However, few studies
have systematically conceptualized and investigated all three disorders and their symptoms
as a cluster. The relative dearth of studies, together with differences in methodologies across
them, has resulted in a lack of clarity regarding which common factors account for the
clustering of these disorders. The inconsistencies present across studies may be due to the
fact that most have employed symptom-level measurements, which introduce heterogeneity
into the classification of the disease phenotype (e.g., insomnia). Smith et al. (8) reported that
88% of patients with one of a variety of chronic pain disorders (N = 51) self-reported at least
one insomnia complaint, and that their overall sleep quality index was statistically
indistinguishable from that of primary insomniacs. Despite these descriptive findings, pain
severity did not predict severity of sleep disturbance, a result that runs counter to traditional
conceptualizations of secondary insomnia. Similar findings elsewhere have led researchers
to consider insomnia and its treatment from a multidimensional perspective that integrates
the evaluation of sleep quality with temporally adjacent changes in physical (e.g., pain) and
psychological (e.g., cognitive-behavioral) concomitants (8-10).

The two most prominent studies to have investigated the population prevalence of insomnia
in chronic pain disorders have offered dramatically different estimates, but methodological
differences make it difficult to resolve the discrepancies. Taylor et al (11) defined insomnia
as the presence in the past month of problems e/therwith sleep latency or mid-sleep
awakenings and found population insomnia prevalence estimates of 39.8% in fibromyalgia,
27.3% in arthrosis, 25.6% in rheumatoid arthritis, 17.6% in tension-type headache, and
16.8% in migraine, among a sample constituted of 29% African Americans in Tennessee. In
contrast, Sivertsen et al (12) defined insomnia based on a self-report affirming the presence
of insomnia for at least 6 months, described by a combination of sleep-onset latency, wake
after sleep onset, and daytime complaints obtained through a daily sleep diary. Using these
criteria, the authors observed population insomnia prevalence estimates of 48.6% among
white Norwegians with chronic pain, broadly defined. In light of these discrepancies, it is
evident that population comorbidity estimates between diagnoses are limited by a lack of
standardization in measurement.

To ameliorate problems due to methodological inconsistencies and improve our
understanding of how and when symptoms cluster in insomnia, chronic pain, and
depression, an approach that addresses putative mechanisms is needed. As all three
conditions are principally regulated by central nervous system mechanisms, it is intuitive to
turn to the brain for answers about which common pathways explain variance in the
observed comorbidities and risk estimates.

Although there is likely a large degree of equifinality, we hypothesize that the mesolimbic
dopamine (DA) system is an attractive starting point in the effort to unravel common
mechanisms, given its direct role in the regulation of the hallmark symptoms of insomnia,
chronic pain, and depression. We acknowledge the likely role that other neurotransmitter
systems, such as serotonin and norepinephrine, play in providing a broad central nervous
system substrate linking sleep, pain, and mood. Readers are referred to prior reviews linking
these systems and symptom clusters (13-15). Relative to other neurotransmitter systems, the
mesolimbic DA system, however, has received less attention in the literatures on insomnia,
chronic pain, and depression. To our knowledge, no study has attempted to explain the
influence of the mesolimbic DA system on the interrelations of these three disorders. The
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goal of this review, then, is to draw together otherwise disparate lines of evidence and
advance a potentially unifying, though not exhaustive, mechanistic model of the comorbidity
of insomnia, chronic pain, and depression. A comprehensive pharmacologic review of DA
and closely linked neuropetide systems is outside the scope of this paper, and has been
conducted elsewhere (16;17). Rather, here we provide an overview of the evidence in
support of the common mechanisms through which mesolimbic DA activity may promote
the comorbidity of insomnia, chronic pain, and depression. We start by first briefly
reviewing evidence for the clustering of symptoms of the triad of insomnia, chronic pain,
and depression. Subsequently, we review the evidence in support of DA as a common
substrate of each disorder and propose a model through which DAergic dysfunction may
increase vulnerability for the development and/or maintenance of these comorbidities.

Summary of Studies Simultaneously Investigating Insomnia, Pain, and
Depression

Although relatively fewer studies have examined the triad of insomnia, chronic pain, and
depression—or their symptoms—together in one model, there is growing support for the
hypothesis that the three disorders are linked through common mechanisms. Wilson et al.
(18) examined comorbidities in a sample of chronic musculoskeletal pain patients and found
that those diagnosed with depression were significantly more likely to have insomnia.
Further, patients with both comorbidities reported greater affective distress and pain severity
than either those with comorbid insomnia alone or those without comorbid depression or
insomnia. The causal ordering of these relationships is not clear. A prospective mediation
study found that negative mood mediates the relationship between sleep and pain (19), but a
cross-sectional study demonstrated that sleep quality mediates the relationship between pain
and symptoms of depression (20). Still other studies have pointed to a direct relationship
between sleep and pain over and above the effect of depression symptoms. For example,
Chung and Tso (21) found that three months of pharmacotherapy for depression did not
attenuate the effects of either self-reported insomnia symptoms or objective
polysomnography parameters on pain symptoms observed during an acute depressive
episode. A number of other studies have found that significant associations between
insomnia severity and musculoskeletal or headache pain remain after controlling for
depression symptoms in chronic pain samples (18;22-24). These latter studies, however,
were limited in that formal mediational analyses were not conducted.

Two additional prospective studies have sought to establish temporal and directional
parameters for these relations, but the results are still mixed. Nicassio & Wallston (25)
reported that pain and sleep interact to prospectively predict depression symptoms at 2-year
follow-up for rheumatoid arthritis patients. Specifically, individuals with higher pain and
worse sleep at time 1 had more depressive symptoms at time 2 than individuals with either
problem in isolation (25). A recent study of fibromyalgia patients evaluated sleep
disturbance, pain, depression symptoms, and physical function at baseline and one-year
follow-up (26). Through path analysis, the authors demonstrated that baseline sleep
predicted follow-up pain, baseline pain predicted follow-up physical function, and baseline
physical function predicted follow-up depression symptoms, while no baseline variable
predicted follow-up sleep. This analysis highlights the unique findings that emerge when the
relationships between sleep, pain, and depression are examined prospectively, but is limited
in its explanatory power due to the extensive temporal separation of its two assessment
points.

To combat this potential confound and evaluate the temporal dynamics of sleep, pain, and
depression symptoms, microlongitudinal designs, incorporating repeated assessments in
close to real-time, have been employed. A recent daily diary study found that poor nighttime
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sleep quality predicted increases in next-day pain severity to a greater extent among chronic
pain patients with higher versus lower levels of depression symptoms (19). In an ecological
momentary assessment study, rheumatoid arthritis and fibromyalgia patients who reported
poor sleep quality perceived greater negative affect and lower positive affect—both risk
factors for depression (27)-- when pain was elevated relative to when pain was closer to the
mean (28). Although there were no diagnostic differences found in the experience of
negative and positive affect, fiboromyalgia patients reported greater pain and worse sleep
quality than rheumatoid arthritis patients (28).

Despite these promising results from cross-sectional and prospective studies demonstrating
complex interactions between sleep disturbance, pain, and symptoms of depression, the
directionality of effects is mixed, and it is not clear which mechanisms account for them.
Although more prospective studies measuring all three symptoms complexes are needed to
clarify the temporal complexities, the evidence suggests that each has the potential to
moderate and/or mediate the expression of the other. The robust, multidirectional linkages
between these symptoms observed in extant longitudinal data raises the distinct possibility
that they are regulated by a common neurobiologic substrate or set of substrates. A
systematic, multilevel research agenda seeking to identify these putative substrates for the
insomnia, chronic pain, and depression triad has the potential to improve our understanding,
treatment and prevention of these disorders. Below we assemble evidence implicating
altered mesolimbic DA processing as a putative mechanism underlying insomnia, chronic
pain, and depression.

The Role of DA in Sleep Disorders

Mesolimbic DA and Arousal

DA is a neurotransmitter from the catecholamine family that is considered to be a key
neurobiological substrate of reward, and has traditionally been the target of pharmaceutical
therapies for movement disorders, psychotic disorders, and to a lesser extent depression.
Evidence also indicates, however, that DA is integral to the promotion and maintenance of
arousal states (for reviews, see: 29;30).

Mesolimbic DA neurons originate in the ventral tegmental area and the substantia nigra pars
compacta, and project to both subcortical and cortical structures relevant to the sleep/wake
cycle, including the nucleus accumbens, striatum, prefrontal cortex, and anterior cingulate
cortex (31;32). DA receptors are abundant in key structures of the ascending reticular
activating system, including the dorsal and median raphe nuclei and the ventral
periaqueductal gray, which are critical in modulating sleep (16;33). Depletion of DA in
humans via a competitive inhibitor of a key DA enzymatic precursor provokes sleepiness,
which correlates with prolactin increase and increased glucose metabolism in the
periaqueductal gray and left insula (34). Experimentally/pharmacologically-induced arousal
states, too, are associated with altered DA neurotransmission.

DA neurotransmission has been proposed as a primary mechanism for the arousal-promoting
effects of exogenous stimulants (i.e., amphetamine, cocaine, and methylphenidate), which
are known to be related to sleep disturbance and insomnia, during both acute and abstinence
phases (35-37). An elegant series of studies by Wisor et al. (38) revealed that both
methamphetamine and modafinil, an analeptic drug designed to treat narcolepsy and
daytime sleepiness, increased extracellular DA by blocking the DA transporter (DAT)
receptor, which regulates DA reuptake. DAergic tone and wakefulness were increased in
narcoleptic dogs following treatment with amphetamine and modafinil, while neither drug
had a wake-promoting effect in DAT-knockout mice, supporting the notion that the DAT
receptor mediates amphetamine and modafinil-induced wakefulness (38). More recent
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mouse studies have implicated D1 and D2 receptors in the wake-promoting effect of
modafinil (39;40). PET imaging has confirmed these effects in humans, with differences in
radiotracer binding observed in the striatum and nucleus accumbens (41). Thus, exogenously
administered stimulants appear to promote wakefulness directly through action in the
mesolimbic DAergic system. Indeed, DAergic agents are often utilized to treat daytime
sleepiness and disorders associated with failing to maintain adequate daytime arousal. These
basic science findings, however, also provide a general basis for DA neurotransmission
involvement in sleep abnormalities associated with excessive central nervous system
arousal, with functional alterations observed in brain regions associated with the mesolimbic
DAergic system.

DA signaling alterations have long been understood to be integral to the pathophysiology of
a variety of sleep disorders, and understanding the role of DA in these disorders may inform
the pursuit of a shared pathophysiological basis of insomnia, chronic pain, and depression.
One such disorder is narcolepsy, a sleep/arousal disorder characterized by REM sleep
abnormalities and excessive daytime sleepiness. The hypothalamic peptide orexin (also
known as hypocretin), which binds to orexin 1 and orexin 2 receptors on ventral tegmental
DAergic neurons (42;43), increases nucleus accumbens DA release (43), and is strongly
linked to arousal and the maintenance of wakefulness (44). Convincing evidence suggests
orexin is deficient in narcolepsy (45).

An additional disorder for which DA abnormalities have been observed is restless legs
syndrome (RLS), a sleep-related movement disorder characterized by a chronic urge to
move the limbs during wakefulness with a pronounced circadian pattern in symptom
expression that often interferes with sleep onset. Allen (46) reviewed the evidence for DA in
the pathophysiology of RLS and tentatively concluded that nigrostriatal DA dysfunction
may contribute to RLS symptoms, while low-dose DA agonists generally reduce symptoms.
A more recent study of postmortem RLS brain tissue supported those earlier findings by
demonstrating reduced D2 receptors in the putamen of RLS patients (47). Clinically, RLS is
associated with insomnia (48), as well as objective markers of sleep dysfunction and arousal,
including increased sleep latency, decreased sleep efficiency, and excessive sleep instability
(49-51). A recent pharmacological trial revealed superior efficacy of the preferential D3
agonist pramipexole, relative to the preferential D2 agonist bromocriptine, in treating
insomnia symptoms in RLS (52). These findings highlight the often underappreciated
feature of arousal in RLS and provide a further basis from which to hypothesize that DA
abnormalities, mediated by activity at multiple receptor subtypes, may contribute to sleep-
interfering states of arousal and, by extension, insomnia.

Genetic findings implicating the potential role of DA Neurtransmission in Arousal

Genetic studies offer another tool to evaluate the role of DA in arousal-related sleep
problems. A well-studied single nucleotide polymorphism (SNP,: vai*émef) on the catechol-
O-methyltransferase gene (COMT) leads to differences in DA metabolism by effecting
alterations to the thermostability of the COMT enzyme. Individual differences in the
val’>6met genotype have been associated with differences in alpha wave oscillations in
REM and N-REM sleep. Specifically, the met/met genotype, which is associated with
decreased DA metabolism, and therefore abnormally elevated levels of tonic DA, is
associated with higher peak amplitude of the alpha wave form during wakefulness, and
greater 11-13 Hz activity in both REM and N-REM sleep relative to the val/val genotype,
which is associated with greater DA metabolism (53). Although the sample size was small
(N =22), and the finding has not yet been replicated, to our knowledge, it nonetheless
provides preliminary evidence that genetic differences in a key DA gene known to be
implicated in both chronic pain and depression (reviewed below) are associated with
heightened states of arousal during sleep.
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Other DA-relevant genes have also been implicated in sleep disturbance. A variable number
tandem repeat (VNTR) polymorphism on the D4 receptor gene (DRD4) was associated with
insomnia-like symptoms in people with Alzheimer’s disease (54), as well as smokers
following cessation (55). At present, however, the literature on DA genes and sleep is
inconclusive and prone to inconsistencies across studies. For example, a recent study of a
VNTR polymorphism on the DA transporter (DAT71) gene that had previously been
associated with cocaine abuse and DA T transcriptional differences found that the
polymorphism was not associated with variability in sleep measured through
polysomnography (56). Thus, more research is needed to clarify early genetic findings as
genomic and phenotypic methods are refined. If genetic variation associated with functional
alterations in DA neurotransmission does, indeed, contribute to a general arousal-based
phenotype, we would expect to observe downstream differences in DA processing among
people with clinical sleep disorders relative to good sleepers. Ultimately, translational
studies linking genetic variants to clinical sleep disorders via intermediate phenotypes
descriptive of genetic function (e.g., transcription factors), objective clinical markers (e.g.,
polysomnagraphy), and subjective psychosocial variables (e.g., affect regulation) will need
to be conducted.

Is DA Involved in Primary Insomnia?

Following the observation that DA is associated with arousal in animal models, human
neuroimaging models, genetic models, and sleep-related movement disorders, it is intriguing
to question whether DA may also contribute to arousal-related sleep dysfunction in other
sleep disorders with a less well-established pathophysiological basis, such as insomnia.
Decades of research on insomnia frame it as a disorder of 24 hour hyperarousal (57;58).
Although the precise neurobiology of insomnia remains poorly elucidated, there is growing
evidence for a neurobiological basis for the hallmark hyperarousal symptoms (59;60). DA
neurotransmission, however, has rarely been targeted as a possible mechanism for chronic
insomnia despite its rather robust association with arousal. Some notable exceptions
highlight the promise of targeting DA neurotransmission in insomnia. Vgontzas et al. (61)
reported positive correlations between polysomnographic indicators of sleep disturbance
(i.e., sleep latency; wake after sleep onset) and urinary levels of the DA precursor
dihydroxyphenylalanine (DOPA) and the DA metabolites dihydroxyphenylacetic acid
(DOPAC) and dihydroxyphenylglycol (DHPG) in individuals with primary insomnia. In
regression analyses, the DA-related variables were stronger predictors of sleep disturbance
indices than plasma cortisol. The authors interpreted the results as evidence that sleep-
related arousal in chronic insomnia activates a sympathetic stress response mediated by
catecholamines. More recently, pilot neuroimaging studies of primary insomnia provide
indirect, exploratory support for the possibility of a DA-insomnia link. Prior work by our
group measured regional cerebral blood flow via SPECT imaging during NREM sleep
shortly after the emergence of the first sleep spindling or K complex (62). This study found
the basal ganglia, a major DAergic structure implicated in movement disorders, to
demonstrate the most robust perfusion abnormality relative to good sleeper controls. Other
work using FDG PET imaging to compare differences between the pre-sleep state and
NREM sleep in primary insomnia and controls found several brain regions to be
hypermetabolic in primary insomnia during NREM (63). Consistent with the hyperarousal
hypothesis of insomnia, these authors found primary insomniacs to demonstrate greater
activations in the ascending reticular activating system, mesial temporal cortex, thalamus,
hypothalamus, cingulate gyrus, and insula.

There is clearly a need to conduct studies that directly investigate the role of DA as a
putative pathophysiological mechanism in insomnia. Some of the above referenced studies
directly implicating DA-related genetic variation in insomnia symptoms related to
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Alzheimer’s disease (54) and nicotine withdrawal (55), raise the possibility that DA might
play a role in insomnia disorders more generally, including primary insomnia. Interestingly,
several experiments have found that sleep deprivation increases endogenous DA tone, as
evidenced by reduced [L1C]raclopride binding to D2/D3 receptors in the striatum and
thalamus of healthy human subjects (64;65). A recent study in mice similarly showed
increases in endogenous DA binding to D3 receptors following sleep deprivation (66). These
findings are particularly intriguing to consider with respect to a potential role of DA in the
maintenance of chronic insomnia. Although hypervigilence is not typically associated with
acute sleep deprivation in healthy subjects, this may not be the case for patients with
insomnia who often exhibit mild, chronic partial sleep deprivation. Acute sleep deprivation
in healthy subjects is most commonly associated with excessive daytime sleepiness,
presumably because sleep-related homeostatic processes override wake promoting arousal
mechanisms that might be influenced by enhanced DAergic tone. Indeed, VVolkow et al.
(64;65) interpreted their findings to indicate that enhanced endogenous DA tone during
sleep deprivation may have resulted as a compensatory opponent process combating the
primary drive to sleep, and suggested that the suprachiasmatic nucleus, with direct
innervations of the striatum and mesencephalon, may regulate this homeostatic process.
With respect to chronic primary insomnia, Stepanski and colleagues (67) demonstrated that
patients exhibit a diminished homeostatic response to sleep deprivation. This finding
suggests the possibility that patients with insomnia may be more vulnerable to sleep-
interfering states of arousal occurring in the context of mild chronic sleep deprivation.

As we have discussed, insomnia is rarely a disorder that occurs in isolation, and often
presents comorbid with chronic pain and/or depression. Understanding a more clearly
defined role of DA dysfunction in those disorders may shed light on how similar
abnormalities may precipitate or result from insomnia, and may help clarify the well-
recognized but poorly elucidated comorbidity of insomnia, chronic pain, and depression.
Indeed, many of the mesolimbic DAergic system structures found to be activated in
insomnia and other conditions of disturbed sleep have also been associated with pain
processing and mood, suggesting that DA may impact both the development and descending
control of common symptoms of chronic pain, and depression. We turn here to the evidence
supporting DA’s role in chronic pain.

The Role of DA in Chronic Pain

The notion that DA is involved in pain regulation follows from the observation that
endogenous DA in the mesolimbic DA system may produce analgesia. Specifically, lesions
to the ventral tegmental area lead to increased sensitivity to pain, while stimulation to the
same area produces analgesia (68). The process by which DA is thought to promote chronic
pain states, however, is complex and first requires an understanding of the homeostatic
checks and balances of DA neurotransmission in steady state. Under normal conditions,
tonic DA is released into the extracellular fluid in a phase-independent fashion by glutamate,
and builds to a steady state level. Phasic DA, in contrast, is characterized by rapid burst-
firing of activated DA neurons, and is released in quantities sufficient to saturate the D2
receptors in the synaptic cleft in response to elevations in pain (69). To maintain
homeostatic DA levels at steady state, increases in tonic DA concentrations result in
compensatory inhibition of phasic DAergic firing by modulating presynaptic glutamatergic
inputs (69). Presynaptic activation of prefrontal cortical D2 receptors by tonic DA has been
shown to inhibit DA neuron firing in the nucleus accumbens, whereas presynaptic activation
of hippocampal (ventral subliculum) D1 receptors by phasic DA has the opposite effect (70).
The opposing processes of presynaptic D1 and D2 receptor regulation of afferent DA
neuronal inputs in the nucleus accumbens requires a delicate balance of tonic and phasic DA
firing to maintain homeostasis. An excess of tonic versus phasic DA, then, would be
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expected to inhibit mesolimbic DA neuronal activity. Clinically, an excess of tonic DA may
be maladaptive for individuals with chronic pain in that it should both promote arousal and
inhibit DA analgesia in response to pain flares. Through this lens, we speculate that the high
comorbidity between chronic pain and insomnia may be partially accounted for by a
fundamental dysfunction in tonic versus phasic DAergic neurotransmission.

Patients with facial pain, as well as those with fibromyalgia, an idiopathic widespread
musculoskeletal pain disorder thought to be maintained primarily by central nervous system
abnormalities (71;72), have reduced DA metabolite concentrations in the cerebrospinal fluid
(73-75). On the surface, these findings would appear to contradict the hypothesis that DA
abnormalities underlie the comorbidity of insomnia and chronic pain in light of the wealth of
data pointing to abnormally efevated levels of DA in states of arousal. However, the
seemingly paradoxical findings can be clarified through our understanding of the
homeostatic regulation of tonic versus phasic pain. If the phasic DA response to pain is
chronically inhibited by elevated tonic levels, then we would expect less DA metabolite in
the cerebral spinal fluid, which should primarily consist of postsynaptic phasic DA cleared
from the synapse through reuptake. Providing further support for the tonic/phasic
hypothesis, one study showed that in response to injection of hypertonic saline, fibromyalgia
patients experience more pain and release less phasic DA than control subjects (76).
Moreover, healthy controls release DA in the striatum in response to sustained pain, whereas
fibromyalgia patients do not (76;77).

COMT, which directly regulates tonic, but not phasic DA metabolism, has been proposed as
a pain-modulating gene, and allelic differences have been reported in fibromyalgia (78-80),
osteoarthritis (81), migraine (82), and tension-type headache (83), such that the low DA
metabolism genotype (met/mel) tends to be more frequent in cases than controls. Further,
three COMT haplotypes have been associated with high, low, and average pain sensitivity.
Possession of the average or high pain sensitivity haplotypes increases the odds of
developing temporomandibular joint disorder by 2.5 times (84). Recent gene x environment
studies indicate the effect of COMT on pain may be moderated by cognitive-affective
processes that are relevant to DAergic processing. Carriers of a low activity COMT
diplotype who tended to catastrophize about their pain reported greater pain following knee
replacement surgery than carriers of the high activity diplotype and non-catastrophizing
carriers of the low activity diplotype (85). In a separate within-person microlongitudinal
study, fibromyalgia patients who were homozygous for the low activity met?>4 allele on the
val’*6met SNP reported greater pain on days in which their catastrophizing was elevated
than patients homozygous for the high activity va/°4allele (86). Some evidence indicates
that the changes to DA metabolism conferred by COMT may be limited to tonic DA in the
prefrontal cortex (87), which is in line with the genotype-specific effects observed for pain-
modulating effects of catastrophizing, a negative affectively laden cognition that may be
regulated by prefrontal cortical circuits (88;89). To the extent that dysfunction in prefrontal
cortical DA neurotransmission affects striatal, cingulate, and insular DA burst firing (89—
92), chronic pain may be perpetuated among individuals with poor tonic DA regulation (76).

The Role of DA in Depression

Although serotonin and norepinephrine signaling in the hippocampus and frontal cortex has
been the target of a large proportion of the research on depression and its treatment, a
growing body of research has turned the attention toward DA neurotransmission in the
mesolimbic DA system (93-95). Meta-analysis has confirmed that depression is a
significant comorbidity of cocaine addiction, which is associated with mesolimbic DA
abnormalities (96). The dysregulation of emotions characteristic of depression involves not
only an increase in negative emotions, such as hopelessness or anger, but also a relative
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depletion of positive affective resources, such as the ability to experience reward. A
hallmark of depression is a breakdown of the motivational drive to cope with life’s
challenges, leading to behavioral withdrawal and inhibition (97;98). Mesolimbic DA-
mediated anhedonia, or the inability to experience reward from natural reinforcers, may
underlie this motivational-affective disturbance (99).

Although neuroimaging studies have yielded equivocal results with regard to DA binding
differences in depressed patients relative to controls (94), psychological stress, a general but
fundamental symptom of depression, has been convincingly linked with DA. Stress has been
shown to acutely activate DA neurons in the ventral tegmental area and promotes increases
in tonic DA in the nucleus accumbens (100;101). In the short term, stress-induced DAergic
neurotransmission may be adaptive, in as much as activation within the nucleus accumbens
may drive motivation to cope with stress and enhance the experience of natural reward in the
event of coping success and/or stress relief (102). Affect, however, is especially
dysregulated during periods of chronic stress (103), suggesting that sustained mesolimbic
DA activation is maladaptive (104). Studies of chronic cocaine use support these findings.
For example, by repeatedly potentiating phasic DA release, chronic cocaine use is associated
with reduced D2 receptor availability in the striatum and nucleus accumbens of detoxified
cocaine addicts (105). Over time, D2 receptor function may change as a result of chronic
phasic activation, thereby creating a state in which natural rewards lose their ability to
stimulate phasic DA activity at the D2 receptor (106;107) and affect becomes dysregulated
(108). Diminished mesolimbic phasic DA function, a process also engendered by inhibitory
tonic DA activity, may contribute to the elevated risk for depression to develop during and/
or subsequent to active substance abuse (109).

Early major life events, too, may prime the mesolimbic DAergic system for later life
dysregulation (110). For example, in animal models, stress associated with maternal
deprivation leads to increased tonic DA in the nucleus accumbens and amygdala during
adulthood (111), as well as an increased sensitivity to cocaine (112). In humans, exposure to
negative early life events is a major risk factor for substance use disorders (113) and
depression (114). These findings are underscored by the recent findings that early childhood
trauma predicts disordered sleep (115;116) and chronic pain (117) in adulthood. Relating
these findings to DA neurotransmission in humans, it has been shown that in response to an
experimental psychosocial stressor, adults who reported poor maternal care evidenced
greater DA release in the ventral striatum than those who reported healthy maternal rearing
(118).

One mechanism through which stress-induced mesolimbic DA activation can be appreciated
is the transcription of cAMP response element binding (CREB) protein (for a review, see:
119). Stress stimulates CREB in the nucleus accumbens (120), where its activity is mediated
by DA through both D1 (121) and D2 (122) receptors. Overexpression of CREB has been
found to diminish the rewarding value of cocaine (123), suggesting a role in promoting
anhedonia. Interestingly, behavioral responses to aversive stimuli are also muted when
CREB is elevated (120), and depressive behavior has been observed during a forced-swim
test in animal models (124). Taken together, the evidence suggests that CREB elevations
contribute to emotional dysregulation and may be considered a putative risk factor for
depression. As DA neurons may be chronically activated in response to chronic stress, the
CREB findings provide further support for the notion that altered mesolimbic DAergic
neurotransmission contributes to the development and maintenance of depression.

Sleep Med Rev. Author manuscript; available in PMC 2014 June 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Finan and Smith

Page 10

Summary and Future Directions

The evidence implicates DA as a neurobiological factor associated with symptoms of
insomnia, chronic pain, and depression. However, the exact nature of these associations has
yet to be elucidated, and the putative role for DA in insomnia rests primarily on documented
associations of DA with arousal and other arousal-related disorders, and therefore requires
rigorous empirical evaluation in insomnia itself. It is likely that the DAergic influence on the
comorbidity triad is dependent on receptor subtype, receptor pharmacokinetics, homeostatic
regulation of DA release, functional connectivity between brain regions, activity of
functionally related neurotransmitters, metabolic and catabolic factors, genetic differences,
environmental differences, and stimulus type, intensity, and duration. Further, although the
majority of studies reviewed above point to elevated tonic DA levels as a potential risk
factor in the manifestation of sleep, pain, and mood problems, other studies have found
reduced DA concentrations in clinical populations (73;74;125). As such, this review runs the
risk of oversimplifying the function of DA as a substrate linking the symptom triad. For
example, DA has been proposed as a key substrate in chronic migraine given the abundance
of D2 receptors found in the trigeminovascular system, and the increased aura presentation
resulting from administration of D2 agonists (for a review, see: 126). Despite these findings,
DA hypersensitivity in migraine has not been consistently linked to migraine-related pain,
suggesting that the role for DA in chronic pain may be nuanced and vary as a function of
clinical presentation.

Nonetheless, it is reasonable to glean from the evidence presented in this review that a
common DAergic abnormality or set of abnormalities may underlie insomnia, chronic pain,
and depression. As reflected in Figure 1, we propose that DA abnormalities may perpetuate
the experience of insomnia, chronic pain, and depression, and that persistent exacerbations
of the symptoms of these disorders may feed back to promote further DA dysregulation, as
represented by the bidirectional arrows. The current literature does not provide guidance
regarding the temporal dynamics of DA’s relationship with these symptoms, so our model
refrains from making causal predictions. Therefore, we are limited to making the more
general prediction that tonic DAergic functioning will be dysregulated among individuals
who have comorbid insomnia, chronic pain, and depression. A critical path to test with this
model is the extent to which psychological stress moderates the relations of DA and the
comorbidity triad. Stress has been shown to have a bidirectional relation with insomnia
(61;127), chronic pain (128;129), and depression (130), whereby stress can both contribute
to symptom exacerbation and be generated in response to symptoms themselves. As
described above, stress is thought to result in increased tonic DA release, providing a
rationale for including stress as a moderator of the paths from DA dysfunction to illness in
Figure 1.

Another intriguing future research direction is to prospectively assess DAergic function
among patients with recently acquired chronic pain. As many of these patients will
subsequently develop insomnia and/or depression, the evaluation of DAergic function before
and after the development of comorbidities would provide information regarding the
potential presence or absence of a comorbidity “dose” effect, whereby DAergic function
would be increasingly compromised as sleep and mood become increasingly disturbed.
Additionally, it would be important to know whether dysfunctional DA processing can be
reversed with symptom reduction following treatment. By studying the separate and
combined effects of DA neurotransmission on insomnia, chronic pain, and depression, we
can test whether, in the presence of DAergic dysfunction, improvement in one domain (e.g.,
sleep efficiency) is sufficient to bring about changes in DA function, or whether altered DA
processing persists until symptoms in all domains are remitted. Alternatively, the effects of
selective DA receptor agonists on the symptom cluster may be informative. Several of the
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atypical antipsychotic medications, which demonstrate strong D2 receptor antagonism have
demonstrated efficacy for depression (131) and several preliminary studies suggest low
doses of these medications may be promising in treating refractory insomnia (e.g., 132;133).
Unfortunately, most of these medications such as quietapine have broader effects on
serotonergic, adrenergic and histaminergic receptors, making it difficult to conclude that
improvement in sleep or depression results from specific DAergic mechanisms.

Given the complexity of the mesolimbic DAergic system, it is likely that other interacting
neurotransmitter systems may contribute to, and perhaps augment, the experience of these
comorbidities. Although discussing in depth the interactive role of other potential
neurotransmitter systems is beyond the scope of this review, we highlight the endogenous
opioid system as a particularly attractive and relatively novel target given its especially
strong linkages to the mesolimbic DAergic systems (for a review, see: 134). Endogenous
opioids have been shown to functionally interact with DA (135-139), and are directly
implicated in pain processing (140) and depression symptoms (141) in regions with heavy
DAergic innervation. Further, recent data suggests opioids are related to arousal, providing
additional motivation to consider the opioid-DA interaction in the comorbidity triad. For
example, a handful of studies indicate that sleep deprivation dysregulates endogenous opioid
systems and diminishes the analgesic efficacy of p-opioid receptor agonists (142;143).
Animal studies have found that sleep deprivation alters p and 6 opioid receptor function in
mesolimbic DA circuits(144), diminishes basal endogenous opioid levels in the brain(145)
and down regulates central opioid receptors (146). Both opioids and DA are elevated in the
limbic system in response to sleep deprivation, an effect that can be reversed with
administration of selective p and 6-opioid and DA D1 receptor antagonists (147;148). Work
by our group in human subjects (149) found that experimental sleep disruption impairs pain
inhibitory capacity in healthy females using a diffuse noxious inhibitory control (DNIC) test,
a procedure that has been shown in prior studies to be mediated by endogenous opioid
peptides (150). Thus, as future research efforts target DAergic functioning in the context of
the comorbidity of insomnia, chronic pain, and depression, designs that test the
complementary and interacting influence of opioids will be essential. An excellent example
of such a design is the influential PET neuroimaging study by Zubieta and colleagues (139),
which showed that healthy COMT met%8 carriers (i.e., higher tonic DA) have greater pain,
reduced p-opioid system activation, and increased p-opioid receptor concentrations in the
nucleus accumbens and other limbic regions in response to a sustained pain challenge,
suggesting that genetic alterations in DA processing affect the efficacy of the opioid system
in producing endogenous analgesia. These same investigators have demonstrated a role for
the endogenous opioid system during experimental manipulations of sadness (141). A next
step will be to extend such a design to account for differences in affect regulation and
objective sleep parameters.

A final research direction we will mention here is the examination of positive affect-DA
relations in the context of insomnia, chronic pain, and depression. As we have discussed
above, DA is directly implicated in the processing of natural reward, and disruptions in DA
regulation of reward perception promote affective instability and poor pain outcomes. It
remains to be seen if these findings help explain variance in the triad of insomnia, chronic
pain, and depression, but preliminary research with fibromyalgia patients, who tend to have
elevated rates of all three symptom clusters, suggests this may be a promising direction.
Fibromyalgia patients evidence a global deficit in positive affect, as well as a diminished
ability to sustain positive affect during pain flares, relative to other chronic pain populations
(151;152). A recent candidate gene study revealed COMT genotype-driven differences in
the dynamics of positive affect and pain among fibromyalgia patients (153). Specifically,
patients homozygous for the met!>4 allele had greater difficulty sustaining positive affect
during daily elevations in pain compared to those homozygous for the high COMT activity
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val’®8 allele (i.e., lower tonic DA). Further, fibromyalgia patients who carried the asp?’
allele of the asr*Casp polymorphism on the p-opioid receptor gene (OPRMJI), which results
in a 7-10 fold reduction in p.-opioid receptor protein in cultured cells (154;155), reported
higher positive affect compared to those with the genotype conferring higher levels of .-
opioid receptor protein (153). Thus, the relative balance of DA and p.-opioid receptor
activity may be an important component of the etiology of both pain processing and affect
regulation in fibromyalgia. As this patient population commonly experiences dysregulated
sleep (156-158), it is reasonable to predict that DA and opioid-driven positive affective
decrements may explain the manifestation of insomnia and depression together with ongoing
dysregulation of pain processing. This possibility is underscored by recent research
highlighting the positive emotional benefits of restorative sleep (159).

As more data continue to be gathered in support of the observation that insomnia, chronic
pain, and depression are highly comorbid disorders, the search for common mechanisms will
intensify. The mesolimbic DA system has been implicated separately in each disorder, and is
related to processes, such as arousal, that are present in all three disorders. Thus, there is
evidence to suggest that a dysfunction in mesolimbic DAergic functioning may underlie the
comorbidity of insomnia, chronic pain, and depression. As research methods are refined and
more mechanistic data are reported, there may be hope that pharmacological and
psychosocial treatments will more efficiently and effectively alleviate the symptoms of this
comorbidity triad.
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Box 1

1.

Practice Points

Patients being treated for primary insomnia, chronic pain, or depression should
be thoroughly evaluated for the presence of other disorders in the triad. The
symptoms of each disorder appear to be functionally related, although no single
pathway has been definitively established, and individual differences in the time
course and expression of symptoms are likely. Clinicians should consider the
possibility that specifically targeting each symptom may have beneficial effects
on the other members of the triad. Some evidence for this is already beginning
to emerge, e.g. (160;161).

Patients with centrally-mediated chronic pain, such as fibromyalgia, may be
more likely to experience comorbid insomnia and depression. Therefore,
preventative counseling to address behavioral issues pertinent to these disorders,
such as sleep hygiene, may prove beneficial. Such preventative approaches,
however, are only beginning to be tested.

Evaluation of the presence of life stressors and the individual’s coping skills
may provide insight into the onset and/or maintenance of insomnia, chronic
pain, and depression.

Evaluation of substance abuse may aid in treatment conceptualization and
planning. Current and/or past stimulant abusers may be especially vulnerable to
the development of comorbid insomnia, chronic pain, and depression because
their dopaminergic circuits may be altered as a consequence of repeated
activation associated with drug intake.
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Figure 1.

Vulnerability model of tonic/phasic DA dysregulation. Solid arrows represent putative
bidirectional pathways through which abnormalities in the homeostatic regulation of tonic
and phasic DA contribute to the comorbid triad of insomnia, chronic pain, and depression.
Dashed arrows represent putative moderators of DA function in this model.
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