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“In this stage, the sleep becomes much disturbed. The tremulous motions of the
limb occur during sleep, and augment until they awaken the patients, and
frequently with much agitation and alarm.”

From “An Essay on the Shaking Palsy” by James
Parkinson, 1817.

Introduction
Parkinson’s disease (PD) is a progressive neurodegenerative disorder affecting about 300
per 100,000 people. Motor hallmarks of the disease are tremor, rigidity, bradykinesia, and
impaired balance. Non-motor symptoms, such as depression, psychiatric disorders,
impairment of the sleep-wake cycle, and autonomic dysfunction, are prominent causes of
disability in the PD population. The characteristic pathologic finding in PD is degeneration
of dopaminergic neurons in the substantia nigra with formation of Lewy bodies (Cardoso et
al. 2005). It is estimated that motor cardinal symptoms of PD emerge once approximately
60% of nigral neurons have been lost and dopaminergic striatal content reduced by 80%.
Degeneration of nigrostriatal dopaminergic neurons follows a distinct topographic pattern:
loss of dopamine (DA) is greater in the rostral than caudal striatum, and the putamen is more
severely affected than the caudate nucleus (Fahn et al. 1971). Among dopaminergic
receptors, which are classified in into a D1-family (D1, D5 receptors) and a D2-family (D2,
D3, D4 receptors), D1 and D2 receptors have a central role in the pathogenesis of PD. In
addition to the substantia nigra, other brain areas are also affected in PD, including the locus
ceruleus, dorsal motor nucleus of the vagus and the pedunculopontine nucleus (Jellinger
2003). Degeneration of these regions likely begins prior to degeneration of the substantia
nigra (Braak et al. 2003), and accounts for many of the non-motor features seen in PD. The
non-motor features of PD have only recently been the target of therapeutic interventions
(Wulff et al. 2010), although several studies suggest that non-motor symptoms of PD may
have greater impact on the quality of life measures than motor symptoms (Aarsland et al.
2005, Karlsen et al. 1999, Shulman et al. 2001). Sleep dysfunction, initially recognized by
James Parkinson in his famous monograph “An Essay on the Shaking Palsy,” is one of the
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most striking non-motor symptoms of PD. It is only recently that sleep disturbances in PD
have received the attention of the medical and research community. In this manuscript we
discuss the role of dopamine in the regulation of the sleep-wake cycle and circadian
timekeeping as well as outline clinical implications of circadian and sleep dysfunction in
PD.

Dopamine in the circadian timing system
The circadian system comprises three main elements: an endogenous oscillator, which in
mammals is located in the hypothalamic suprachiasmatic nuclei (SCN), an entrainment
agent (zeitgeber) and pathways that couple the internal clock to rhythms in physiology and
behavior (Golombek and Rosenstein 2010). However, more recently this scheme has been
considered a simplification of what is now known as a “circadian program”, which includes
a number of peripheral oscillators throughout the body, orchestrated by the SCN but
autonomous in terms of their rhythmic properties (Dibner et al. 2010).

Dopaminergic neurotransmission has been implied at several levels in the circadian system,
starting with the photic input pathway to the clock. In the retina, dopamine plays an
important role in light adaptation (Witkovsky 2004), and also regulates the rhythmic
expression of melanopsin, a photopigment of intrinsically photosensitive retinal ganglion
cells which has been implied in circadian entrainment (Sakamoto et al. 2005). Dopaminergic
amacrine cells in the retina express circadian rhythms in clock genes which are core
components of the molecular clock, such as Per, Cry, Clock and Bmal1, which might help to
anticipate changes in environmental illumination and adapt the tissue for an optimal photic
response (Dorenbos et al. 2007). In addition, this monoamine, presumably acting through
dopaminergic D4 receptors, modulates rhythms in retinal second messengers like cAMP,
therefore interacting directly with retinal physiology and sensitivity (Jackson et al. 2011).
Dopamine also affects the phase and amplitude of specific clock genes (i.e., genes that are
part of the core molecular oscillator), presumably through dopaminergic D1 receptors in the
retina (Ruan et al. 2008). Moreover, DA is also involved in circadian sensitivity to very low
light levels in Drosophila, modulating light input to the clock (Hirsh et al. 2010).

As stated before, the mammalian circadian system comprises a central oscillator located in
the SCN, as well as independent clocks throughout the central nervous system and the
periphery that, although autonomous in nature, require the coordination of the central clock.
In the SCN, dopaminergic D1 receptors are present in both fetuses and adults (Ishida et al.
2002, Weaver et al. 1992), albeit the phase-resetting effect of dopamine is seen only
prenatally (Viswanathan et al. 1994). D1 receptors in the SCN do not mediate or modulate
photic or melatonin-dependent entrainment pathways in the adult (Duffield et al. 1998).

Several lines or evidence suggest that clock genes play a role in dopaminergic metabolism.
For example, the clock gene (a key element of the molecular circadian oscillator) regulates
dopaminergic activity in the ventral tegmental area (VTA), and related mania-like locomotor
behavior (Roybal et al. 2007). Moreover, several genes involved in dopaminergic signaling
are differentially regulated in the VTA of the Clock mutant mice (that also exhibits altered
circadian rhythmicity), indicating a role of this gene in DA-related transcription, at least in
this brain region (Roybal et al. 2007). An increased dopaminergic function in the clock
mutant mouse might be the basis for an altered cocaine-reward behavior (McClung et al.
2005). Circadian fluctuations in extracellular DA levels have also been reported in the
striatum and nucleus accumbens (Castaneda et al. 2004). Promoter regions of the dopamine
active transporter (DAT), D1A receptor, and tyrosine hydroxylase (TH) genes include an E-
Box element which is the target of the canonical molecular clock. Conversely, DA (acting
through D1 and D2 receptors) regulates clock gene expression in the dorsal striatum (Hood
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et al. 2010, Imbesi et al. 2009). Administration of haloperidol has been found to increase
expression levels of clock genes involved in the transcriptional feedback loop responsible
for circadian rhythms, both in vivo and in cultured SCN cells (Viyoch et al. 2005).

Additional evidence for the role of DA in the circadian timing system comes from
neurochemical lesions with 6-hydroxydopamine injection, which disrupt normal circadian
patterns of behavior and expression of Per2 (another core clock gene)(Gravotta et al. 2011);
these alterations can be partially reversed by L-DOPA administration (Boulamery et al.
2010).

Dopaminergic activity and metabolism can also be considered an output of the circadian
clock. Indeed, rhythmic dopaminergic neurotransmission has been described in several
regions of the brain, including mesolimbic structures. For example, DA and its related
metabolites and receptors exhibit daily fluctuations in their levels in different brain regions
(Kafka et al. 1986). In particular, dopamine metabolism exhibits a diurnal rhythm in striatal
regions, related to cyclic variations in the expression of DAT, DA receptors and TH
(McClung 2007). SCN lesions have demonstrated that this structure is at least partially
responsible for normal day/night differences in DAT and TH protein expression in the
nucleus accumbens, medial prefrontal cortex (mPFC), and caudate (Sleipness et al. 2007), as
well as for the day/night variation in cocaine-seeking behavior in rats (Sleipness et al. 2007).
There is a clear interaction between dopamine and melatonin, a well-known circadian output
which acts as a marker for both daily and seasonal variations in physiology and behavior, in
several areas of the central nervous system (Zisapel 2001). It is also interesting that seasonal
variations of DA have also been described in humans, although its importance and
consequences remain to be established (Eisenberg et al. 2010).

As has already been mentioned, there are rhythms and clocks outside the SCN-related
circadian behavior. Non-SCN oscillators have been implied, among many other functions, in
the modulation of reward pathways. The activation of a food-entrainable oscillator, whose
location is unknown and which persists even in the absence of the SCN, correlated with an
increase in DA content in the forebrain (Mendoza et al. 2010). Restricted food access and
reward-related behavior are associated with daily DA rhythms and vice-versa (Webb et al.
2009). It is possible that the main circadian roles of DA are therefore related not to SCN-
driven circadian rhythms but to peripheral oscillators’ control of reward-driven activity.

In summary, DA exhibits a two-way interaction with the circadian system at several levels.
It has been hypothesized that diurnal and circadian changes in dopaminergic
neurotransmission influence mood-related behavior (Hampp and Albrecht 2008) as well as
addiction-related behavior (Hampp et al. 2008, McClung 2007).

Dopamine involvement in the regulation of the sleep-wake cycle
Dopamine has been traditionally associated with wake-promoting activity (Boutrel and
Koob 2004, Isaac and Berridge 2003, Murillo-Rodriguez et al. 2009, Wisor et al. 2001),
although it might also trigger rebound hypersomnolence (Gruner et al. 2009).
Amphetamines promote wakefulness by enhancing DA release and preventing its reuptake
by DA transporter, which further illustrates wake-promoting effects of DA (Wisor et al.
2001). Current use of modafinil as a wakefulness inducer has also been linked to
dopaminergic activity (Qu et al. 2008, Volkow et al. 2009).

In animal models of PD, lesions with 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)
have been associated with reduced wakefulness (Monaca et al. 2004), disrupted sleep and
circadian rhythms (Barraud et al. 2009). Similar to patients with PD, a narcolepsy-like
phenotype occurs in MPTP-induced parkinsonism in non-human primates (Daley et al.
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1999). MPTP-induced parkinsonism is associated with not only sleep disruption but also
alterations in other circadian rhythms in physiology and behavior, suggesting a general
disturbance of the circadian system (Almirall et al. 2001, Barcia et al. 2003, Barcia et al.
2004). Studies in rodents indicate a change in sleep efficiency and architecture (specifically,
reductions in REM sleep) (Laloux et al. 2008, Lima et al. 2007, Monaca et al. 2004). Similar
REM sleep reduction was observed in cats (Pungor et al. 1990). Destruction of
dopaminergic neurons in the ventral tegmental area, substantia nigra and periaqueductal
gray neurons in rats results in diminished wakefulness ad increased REM sleep (Decker et
al. 2002). However, since rodent sleep is ultradian and tends to consolidate in nocturnal
bouts, non-human primate models are more suitable for this kind of research (Almirall et al.
1999, Barraud et al. 2009, Fox and Brotchie 2010, Rye 2010). Among the primate models,
the marmoset MPTP model has been especially valuable in the study of motor deficits and
sleep disruption, because of its interesting similarity with human sleep patterns (van Vliet et
al. 2006, Verhave et al. 2011).

An additional approach to assess the role of the dopaminergic system is to study sleep and
circadian rhythms in animals genetically modified to lack specific DA receptors. Although
several such dopamine receptor knockouts have been produced and characterized, it is
surprising that there is scarce information regarding their sleep and circadian patterns. D2-
knockout mice exhibit a decrease in wakefulness, which is compensated by an increase in
both REM and non-REM sleep (Qu et al. 2010). D2 receptors are also involved in cataplexy
in a mouse model of narcolepsy (Burgess et al. 2010) and in modulation of REM sleep in
mice (Dzirasa et al. 2006). Circadian studies have focused on the role of D4 receptors in
retinal entrainment pathways (Jackson et al. 2011), or masking mechanisms related to D2
receptors (Doi et al. 2006). Indeed, available knockout models are promising tools for the
study of subtle modulations of the circadian system.

Mesocorticolimbic dopamine circuits are involved in promoting wakefulness and can be
traced as the origin of sleep-related disturbances in Parkinson’s disease (Garcia-Borreguero
et al. 2003, Mehta et al. 2008, Rye 2004). Dopaminergic cells originating in the VTA and
substantia nigra interact with diverse brain structures implied in the regulation of the sleep-
wake cycle, including the raphe nuclei, the locus coeruleus, the hypothalamus, the basal
forebrain and the thalamus. These structures exhibit an increase of electrical activity in
dopaminergic neurons during wakefulness, accompanied by an enhanced release of the
neurotransmitter (Monti and Monti 2007). The pharmacology of dopaminergic sleep
regulation is not completely clear, with D1 agonist A68930 (0.003–0.3 mg/kg) exerting a
wake-promoting effect and D2-related neurotransmission inducing differential responses
depending on the dose of the agonists or antagonists (Monti and Jantos 2008). Stimulation of
D3 receptors with low-dose agonist pramipexole (30 μg/kg) results in increased slow wave
sleep and decreased wakefulness; opposite effects are seen with higher doses (Monti et al.
1988). Patients exposed to dopamine agonists, however, experience excessive daytime
somnolence and sudden onset sleep. Although DA participates in both wakefulness
maintenance and locomotor inhibition during sleep, the exact structures and mechanisms
implied in both mechanisms are not completely understood (Rye 2004). Circadian
perception of environmental signals, in particular the light-dark cycle, is a key modulator of
the sleep-wake cycle, and DA might also play a role in this modulation (Gonzalez and
Aston-Jones 2008, Shang et al. 2011).

Sleep and Alertness in PD – Clinical Implications
A study of sleep and alertness in neurodegenerative disorders, including PD, is very
challenging. The PD population is quite heterogeneous in regard to the disease onset,
severity and duration as well as the presence of impaired cognition, anxiety, depression, and
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complex medication regimens. All these are significant contributors to poor overnight seep
and/or daytime somnolence (Figure 1). Sleep dysfunction remains under-diagnosed by
clinicians and under-reported by patients. Sleep disturbances in PD may be classified into
two broad categories: disorders of nocturnal sleep and daytime alertness.

Disorders of nocturnal sleep in PD
Nighttime sleep disturbances are common in PD, affecting up to 90% of PD patients (Factor
et al. 1990, Lees et al. 1988, Tandberg et al. 1998). The most common sleep disorders in PD
include insomnia, REM sleep behavior disorder, sleep apnea, and restless legs syndrome/
periodic limb movement disorder (RLS/PLMD) (Comella 2003).

Insomnia
Insomnia symptoms are the most common sleep disturbances in PD patients (Factor et al.
1990). Among them, poor sleep maintenance remains the most prevalent problem. The
etiology of insomnia symptoms in PD is multifactorial and includes overnight emergence of
motor symptoms, pain, nocturia, as well as the coexistence of other sleep disorders, such as
sleep disordered breathing and PLMD. Tremor, rigidity and dyskinesias may emerge after
an arousal and subsequently result in prolonged awakenings and inability to fall back to
sleep (van Hilten et al. 1994). Nocturia is a very common complaint affecting up to 80% of
PD patients (Lees et al. 1988). The frequency of nocturia increases with PD severity and
duration. Depression is common in PD, and may further contribute to sleep disturbances.
Depression scores in PD correlate with sleep initiation and maintenance difficulties (Happe
et al. 2001). Another common cause of fragmented sleep in PD is the presence of nocturnal
hallucinations, which affect almost 20% of patients. They are usually provoked by PD
medications but can occur as a result of infection, use of sedatives, or electrolyte imbalance.
Hallucinations are more common in advanced disease and in patients with underlying
cognitive impairment. Although frequent nocturnal awakenings may have significant impact
on daytime alertness, surprisingly, published data failed to demonstrate a direct correlation
between poor nocturnal sleep and excessive daytime somnolence (EDS) in PD (Arnulf et al.
2002, Roth et al. 2003, Rye et al. 2000).

Improved control of nighttime motor symptoms of PD may result in improved sleep quality.
Possible approaches include: the use of a long acting formulation of levodopa at bedtime;
the addition of a cathechol-O-methyltransferase (COMT) inhibitor to the nighttime levodopa
dose; the use of a long-acting dopamine agonist, such as carbegoline (not available in the US
for PD indication); or use of an additional dose of levodopa in the middle of the night (King
1993, Pahwa et al. 1993, Pastor and Tolosa 2003, Van den Kerchove et al. 1993). Based on
clinical observations, selegiline and amantidine, if taken later in the day may have primary
alerting effects, and therefore delay sleep onset. These medications should be taken earlier in
the day. In order to minimize nocturia patients should be advised to minimize evening fluid
intake, to use the bathroom before going to the bed, and to use a bedside commode during
the night. Diuretic medications should be scheduled earlier in the day. Although
anticholinergic medications have not been systematically studied for the control of bladder
symptoms in the PD population, it is reasonable to consider their use if the above described
strategies fail to improve nocturia. If nocturia persists an evaluation by urologist is
warranted. Identification and proper treatment of psychiatric comorbidities, such as
depression and psychosis, may help in the consolidation of the sleep-wake cycle, but this
topic is beyond the scope of this review. Similarly, an emphasis should be placed on timely
diagnosis of primary sleep disorders leading to sleep fragmentation, in particular sleep
disordered breathing.
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REM Sleep Behavior Disorder
REM sleep behavior disorder (RBD) is a parasomnia, first described by Schenck and
colleagues in 1986 (Schenck et al. 1986). RBD is characterized by loss of muscle atonia
during REM sleep as well as dream enactment behaviors. Loss of muscle atonia that
normally accompanies REM sleep, allows people affected by RBD to “act out” their dreams.
This may lead to serious injuries to patients and their bed partners. Some patients may have
polysomnographic evidence of REM sleep without atonia (RWA) without abnormal
behaviors. RWA has been referred to as “subclinical” RBD (Gagnon et al. 2002).

It is estimated that the overall prevalence of RBD is 0.5% in the general population (AASM
2005, Ohayon et al. 1997). RBD may be idiopathic or associated with a concomitant
neurologic or psychiatric disease. The reported prevalence of RBD in the PD population
varies from 15–60% (Comella et al. 1998, Gagnon et al. 2002, Scaglione et al. 2005), with
the variability being a result of different methods of patients selection and disorder
ascertainment. In an unselected cohort of 475 sleep-disturbed patients with PD, the
frequency of RBD was 46% (Sixel-Doring et al. 2011). RBD may precede development of
motor symptoms of PD and other synucleinopathies by years or decades in 18–22% of
patients (Claassen et al. 2010, Iranzo et al. 2005). In a group of 29 men with idiopathic
RBD, 38% developed parkinsonism after 5 years of follow-up, with further increase up to
65% after seven years of follow-up (Schenck et al. 1996). Estimated 5-year risk for
development of a neurodegenerative disorder in idiopathic RBD is 18%. This risk increases
with time to 40% at 10 years and 52% at 12 years (Postuma et al. 2009). The relationship
between RBD and PD can be explained by the early involvement of the lower brainstem in
PD neurodegenerative process (Braak et al. 2003). This may explain why RBD may be
present prior to the development of motor symptoms of PD. RBD is not specific to
idiopathic PD and can be seen in other synucleopathies, like multiple systems atrophy and
Lewy body dementia (Ferman et al. 1999, Iranzo et al. 2005, Olson et al. 2000, Plazzi et al.
1997, Tachibana et al. 1997), as well as in tauopaties (progressive supranuclear palsy,
Alzheimer’s disease, corticobasal degeneration) though much less frequently (Olson et al.
2000, Schenck et al. 1997, Wetter et al. 2002).

The pathophysiology of idiopathic RBD in PD is not fully understood. Neurodegenerative
process affecting the brainstem cholinergic, serotonergic or noradrenergic regions, such as
pedunculopontine and subcoeruleal regions, may be responsible for RBD.
Neuropathological examination of the brainstem nuclei in patients with RBD reveals
neuronal loss, depigmentation, gliosis and Lewy bodies in locus coeruleus-subcoeruleus
complex and the substantia nigra (Fukutake et al. 2002, Kimura et al. 2000, Plazzi et al.
1997, Schenck and Mahowald 1992, Syed et al. 2003, Zambelis et al. 2002). It is likely that
there are two independent anatomical systems involved in RBD. One system is responsible
for the generation of muscle atonia during REM sleep, and the second for the emergence of
complex behaviors of RBD. Boeve and colleagues recently proposed a mechanism leading
to REM sleep atonia in humans (Boeve et al. 2007). According to this hypothesis a “direct”
pathway leading to REM sleep atonia involves sublaterodorsal nucleus (or its analogous
nucleus in humans) and its projections to spinal interneurons. The “indirect” contributing
pathway conducts inputs from magnocellular reticular formation to spinal interneurons. The
location and connections of “locomotor generators” which are responsible for complex
behaviors in RBD have not been fully elucidated. Imaging studies further support the link
between RBD and PD. IPT-SPECT imaging reveals a progressive reduction of striatal
dopamine transporters along the continuum of normal controls, subclinical RBD, clinically
manifested RBD, and PD (Eisensehr et al. 2000, Eisensehr et al. 2003), suggesting that
reduced striatal dopamine transporters may be a pathophysiological mechanism of RBD.
Finally, important causes or exacerbating factors of RBD are medications. RBD has been
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most commonly associated with the use of antidepressants, cholinesterase inhibitors, beta-
blockers, tramadol, and caffeine (Mahowald and Schenck 2005). RBD may also be
provoked by withdrawal from ETOH, benzodiazepines, and barbiturates.

Clinical symptoms of RBD include dream enactment behavior manifested as motor
behaviors and vocalizations. These symptoms may vary in frequency and intensity across
multiple nights. Vocalizations may be brief and un-interpretable, or present as a well
articulated speech. In addition, symptoms may remit for weeks or months with subsequent
re-emergence. In a recent review of 231 RBD patients, the most characteristic motor and
vocal behaviors included kicking, hitting, punching, jumping, screaming, talking, crying,
laughing and singing (Iranzo et al. 2009). Dreams almost always have a negative emotional
content, and frequently involve some form of aggression (Ferini-Strambi et al. 2005).
Symptoms are more prominent in the early morning hours when the majority of REM sleep
occurs. The intensity of RBD manifestations often decreases as the neurodegenerative
disease progresses (Schenck and Mahowald 2002). In a study of 36 patients with PD, those
with concomitant RBD had more prominent tremor, a higher frequency of falls and a lesser
response to their medication (Postuma et al. 2008). The coexistence of RBD and PD is
associated with a threefold increased risk of hallucinations or delusions. Up to 50% of PD
patients with RBD have hallucinations (Pacchetti et al. 2005).

The initial step in the diagnosis of RBD is a detailed sleep history obtained from patient’s
bed partner. Accurate and timely diagnosis of RBD and appropriate therapy are essential, as
RBD symptoms can lead to serious injuries due to violent behavior both for the patient and
the bed partner (Olson et al. 2000). Although a high suspicion for RBD may be established
by clinical interview, up to a half of patients with RBD may not be identified using this
method (Fantini et al. 2005). Further, confusional arousals and sleep disordered breathing
may be associated with behaviors undistinguishable from those seen in RBD. Therefore,
polysomnography is necessary for the diagnosis of RBD. Polysomnographic features of the
disorder include loss of generalized muscle atonia, excessive chin muscle tone and muscle
twitching during REM sleep.

Initial management of RBD should focus on safety and protective measures. Sleeping
environment should be free of any potentially injurious objects, and furniture arranged to
maximize safety in case of prominent dream-enactment behaviors. Detailed review of the
medication regimen is mandatory, since tricyclic antidepressants, serotonin and
norepinephrine reuptake inhibitors may induce RBD symptoms. Clonazepam, melatonin, or
the combination of thereof are most commonly used pharmacological treatments.
Clonazepam (0.25–1mg at bedtime) may be the most effective, but also associated with the
development of daytime somnolence (Ozekmekci et al. 2005, Schenck and Mahowald
2005). In a small double-blind clinical trial, melatonin was reported to be effective at dose
range of 3–15 mg at bedtime (Kunz and Bes 1999). Donepezil and rivastigmine have also
been reported effective though the experience is limited (Aurora et al. 2010, Ringman and
Simmons 2000). While few case series reported benefits with pramipexole, a double-blind
trial in patients with coexistent PD and RBD found it ineffective (Fantini et al. 2003, Iranzo
et al. 2005, Olson et al. 2000). Spouses should be counseled on the nature of RBD and self-
protective measures in the medication refractory cases.

Longitudinal studies of large cohort of patients with RBD are necessary in order to better
understand the natural course of the disease and its association with other neurodegenerative
diseases, as well as to establish effective therapeutic modalities.
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Restless Legs Syndrome / Periodic Limb Movement Disorder
Restless legs syndrome (RLS) was initially described by Ekbom in 1945 (Ekbom 1950).
Estimated prevalence of RLS in general population is 2.5–10% (Garcia-Borreguero et al.
2006). Main clinical features of RLS are an irresistible urge to move the legs, usually
accompanied by an unpleasant sensation, with worsening in the evening hours and with
inactivity, and improvement with movement. Patients suffering from RLS describe
unpleasant sensations as a “burning”, “itching”, “crawling” or “feeling worms under the
skin”. Urge to move is prompted by these sensations. Symptoms are mainly present in lower
extremities, but some patients may have symptoms in the upper limbs as well. The
symptoms significantly interfere with sleep, mainly sleep initiation. Reported prevalence of
RLS in the PD population vary widely between 8 and 50% (Adler and Thorpy 2005, Braga-
Neto et al. 2004, Krishnan et al. 2003, Kumar et al. 2002, Nomura et al. 2006, Ondo et al.
2002, Tan et al. 2002). In a large cross-sectional epidemiological study of 23,119 US male
participants of the Health Professional Follow-up Study, men with RLS had approximately
threefold higher prevalence of PD than those without RLS. Exclusion of women and
inability to rule-out RLS-like conditions limit the interpretation of this observation (Gao et
al. 2010). Although most studies report an association between RLS and PD, the number of
patients studied and the different methodologies used do not allow more definitive
conclusions. The etiology of RLS remains unknown. Some functional imaging data and the
high sensitivity of RLS symptoms to dopaminergic therapy point to the involvement of
dopaminergic pathways (Ruottinen et al. 2000, Turjanski et al. 1999). RLS is not a
preclinical form of PD, and the pathophysiological mechanisms in RLS and PD are different
(Adler and Thorpy 2005). Similarly, imaging studies reveal distinct findings in these two
disorders. Presynaptic dopamine transporter density is normal in RLS and reduced in PD
(Eisensehr et al. 2001). Iron content in the substantia nigra is reduced in RLS patients and
increased in PD patients, which has been further supported by brain parenchymal ultrasound
(Allen et al. 2001, Godau et al. 2007, Schmidauer et al. 2005). Periodic limb movement
disorder (PLMD), initially described by Lugaresi in 1967 as nocturnal myoclonus (Lugaresi
et al. 1967), is manifested by involuntary, periodic leg and hip flexion movements. PLMD
may coexist with RLS, or occur independently. It is present in 30–80% of PD patients
(Poewe and Hogl 2004), and may be more common in advanced PD (Wetter et al. 2000,
Young et al. 2002).

The diagnosis of RLS is based on the four main clinical features described above (Allen et
al. 2003). Polysomnography is not needed for the confirmation of RLS but can establish
presence of PLMD. Secondary causes of RLS, such as renal failure, iron deficiency,
hormonal alterations and neuropathies should be considered and ruled out. Akathisia, an
inability to sit still due to the feeling of inner restlessness, is very common in PD. Patients
with akathisia may have complaints similar to RLS, and therefore it is important to
distinguish these two entities. The presence of diurnal variation of symptoms in RLS, and
the feeling of inner restlessness without a sensory component in akathisia may help to
differentiate between akathisia and RLS (Walters et al. 1991).

Treatment of RLS in PD has not been evaluated in controlled studies. Dopamine agonists
(ropinirole, pramipexole) should be the first line therapy of RLS/PLMD in PD. Levodopa
use for RLS should be avoided due to the risk of rebound and augmentation, which represent
the worsening of the evening symptoms after the initiation of treatment, and their occurrence
earlier during the day. Other pharmacological approaches include clonazepam,
anticonvulsants medications like gabapentin, and opioids. Gabapentin enacarbil has been
recently approved for the treatment of moderate-to-severe primary RLS in adults. Tricyclic
and SSRI antidepressants can worsen RLS and PLMD.
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Sleep disordered breathing
Sleep disordered breathing has not been extensively studied in the PD population. Initial
reports of irregular respiratory patterns with nocturnal worsening and central
hypoventilation were observed in patients with post-encephalitic parkinsonism (Strieder et
al. 1967, Turner and Critchley 1925).

Obstructive sleep apnea (OSA) is the most common type of sleep disordered breathing.
Several studies reported the higher prevalence of OSA in PD than in general population
(Arnulf et al. 2002, Diederich et al. 2005, Norlinah et al. 2009). A few recent studies,
however, documented similar rates of OSA in the PD population relative to controls,
suggesting that OSA may not be of a specific significance in the PD population (Cochen De
Cock et al. 2010, Happe et al. 2001, Trotti and Bliwise 2010, Wetter et al. 2000).
Differences in results across these studies may be influenced by age of study participants,
and/or reflect referral biases and methodologies used to ascertain the disorder. While OSA is
the most common form of sleep apnea syndrome in the general population, obstructive,
central and mixed apneas may be equally represented in PD patients (Diederich et al. 2005).
Obesity is a strong predictor of OSA in the general population (Schafer et al. 2002). Of
interest is that most PD patients with OSA have normal body mass indices. There is no clear
relationship between the prevalence of OSA in PD and disease duration, severity, or PD
medication regimen (Ferini-Strambi et al. 1992, Maria et al. 2003, Wetter et al. 2000).

A detailed general medical and sleep history is necessary for the establishing of the proper
diagnosis of sleep disordered breathing. History should be obtained from both the patient
and his/her bed partner. Specific questioning about snoring, choking, shortness of breath,
early morning headaches and daytime sleepiness should be done. Polysomnography is used
to confirm the diagnosis and to assess its severity.

Continuous positive airway pressure (CPAP) is the treatment of choice for OSA, but has not
been systematically studied in the PD population. CPAP has been successfully utilized by
patients affected by other neurodegenerative disorders, including Alzheimer’s disease; it is
therefore likely that PD patients would be able to tolerate it as well. Like in general
population, this therapy may be difficult to implement in a proportion of PD patients, due to
the comfort issues. Other factors that may interfere with CPAP use are nasal obstruction,
sinus infection, chronic mouth breathing and lack of motivation. Several surgical approaches
(uvulopalatopharyngoplasty, removal of enlarged tonsils and adenoids, advancement of the
mandible) are available for patients who cannot tolerate CPAP. Several orthodontic
appliances are available for the use as well.

Disorders of daytime alertness in PD
Excessive daytime somnolence (EDS) affects up to 50% of PD patients. The incidence of
EDS increases with the progression of the disease. While EDS has long been recognized in
PD, it has not received medical attention until the entity of “sleep attack” was reported,
described as sudden onset sleep in PD patients treated with pramipexole or ropinirole
(Frucht et al. 1999). Frucht and colleagues defined sleep attacks as “events of overwhelming
sleepiness that occur without warning or with a prodrome that is sufficiently short or
overpowering to prevent the patient from taking appropriate protective measures”. In a
survey of 2,952 PD patients, 6% had sleep attacks (Paus et al. 2003). Some studies report the
prevalence of sleep attacks in PD as high as 32% and 43% (Korner et al. 2004, Manni et al.
2004, Montastruc et al. 2001). EDS and sleep attacks pose significant safety risks and may
lead to motor vehicle accidents. Based on the survey of 638 highly functioning PD patients,
420 of whom were drivers, 3.8% patients had at least one episode of sudden onset sleep
while driving, and 0.7% had no warning (Hobson et al. 2002). Others have reported an even
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higher incidence of falling asleep while driving, up to 22.6% of studied PD subjects (Ondo
et al. 2001).

The etiology of EDS in PD is multifactorial. Primary neurodenerative process of PD,
complex medication regimen, age-related changes in the sleep architecture, and coexistent
sleep disturbances play an important role in the development of EDS. EDS is uncommon in
newly diagnosed, untreated PD patients (Fabbrini et al. 2002, Kaynak et al. 2005); however,
a significant number of these patients developed EDS during the first year of therapy. EDS
may be one of the pre-motor PD markers and/or risk factors for development of PD (Abbott
et al. 2005, Gao et al. 2011). In the Honolulu-Asia Aging Study, there was more than a
three-fold increase in the risk of developing PD in elderly men with EDS that could not be
accounted for by any other factor (Abbott et al. 2005). The loss of the hypothalamic wake-
promoting substance, hypocretin (orexin), has been implicated in EDS associated with PD.
Initial reports of significantly reduced hypocretin levels in ventricular cerebrospinal fluid
(CSF) in PD (Drouot et al. 2003), are further strengthened by observations of reduced post-
mortem hypocretin brain tissue and CSF concentrations, as well as reduced number of
hypocretin neurons in PD patients relative to controls (Fronczek et al. 2007). Thannickal and
colleagues recently found increasing loss of hypocretin neurons, which appears to correlates
with the clinical stage of PD (Thannickal et al. 2007). Dopaminergic medications play a
significant role in impaired daytime alertness of PD patients. In major clinical trials of
levodopa and dopamine agonists, somnolence was reported in 13%–36% of patients (PSG
2000, Rascol et al. 2000). Levodopa mono-therapy confers the lowest risk for sleep attacks,
while combination therapy with levodopa and dopamine agonist presents the highest risk
(Paus et al. 2003). Sleep disorders such as sleep apnea, periodic limb movements during
sleep (PLMD) and sleep fragmentation are frequent in PD, and may contribute to daytime
sleepiness. Although, it has been postulated that nocturnal sleep deprivation may contribute
to EDS, several reports using objective assessments of sleep and alertness failed to conform
this association (Arnulf et al. 2002, Rye 2004). Other significant causes of EDS in PD are
cognitive dysfunction and depression.

A detailed medical history with special emphasis on the sleep history, including collateral
information for the spouse/caregiver, is an initial step in the evaluation of EDS. Careful
review of the medication regimen, other co-morbidities, alcohol and caffeine intake can
identify these important contributing factors in the development of EDS. Patients should be
screened for co-existent sleep disorders as well.

Several objective and subjective diagnostic tools have been used for the diagnosis of EDS in
PD patients. Although the Multiple Sleep Latency Test (MSLT) remains the gold standard
for the diagnosis of EDS (Arnulf et al. 2002, Fabbrini et al. 2002, Gjerstad et al. 2002), it is
expensive, time consuming and, therefore, not practical for the screening purposes. The
Maintenance of Wakefulness Test (MWT), frequently used to assess treatment responses
following interventions for excessive sleepiness, has been less studied and may not correlate
well with the MSLT in the PD population affected by EDS (Stevens et al. 2004). The
Epworth Sleepiness Scale (ESS) was validated in the PD population, however, the validity
of the scale to adequately quantify EDS remains controversial. Up to 4% of PD patients who
report ESS score >15 do not appreciate daytime somnolence (Brodsky et al. 2003). Others
reported a strong correlation between sudden onset sleep and ESS sore (Korner et al. 2004).
Overall, ESS is considered to be a useful and easily administered screening tool for EDS.
The Parkinson’s Disease Sleep Scale (PDSS) is a validated instrument designed to evaluate
quality of sleep in PD (Chaudhuri et al. 2002). The scale has been recently revised (PDSS-2)
in order to capture several previously unmet needs in evaluating certain sleep disturbances in
PD (e.g., nocturnal RLS, akinesia, pain, sleep apnea) (Trenkwalder et al. 2011). The revised
PDSS-2 consists of 15 questions which are to be rated by the patients using one of five
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categories, from 0 (never) to 4 (very frequent). PDSS-2 total score ranges from 0 (no
disturbance) to 60 (maximum nocturnal disturbance). The SCOPA-SLEEP is another
instrument specifically designed to asses sleep disturbances in the PD population (Marinus
et al. 2003). It consists of two subscales that address daytime sleepiness and nighttime sleep,
and an additional question which evaluates overall sleep quality on a 7-point scale. The scale
correlates well with the Pittsburg Sleep Quality Index and the ESS (Marinus et al. 2003).

Treatment of EDS in PD is challenging. Patients’ education about healthy sleep hygiene is
the initial step in the management of EDS. A suspicion of a co-existent sleep disorder should
prompt a consultation with a sleep specialist. Detailed review of the medication regimen is
essential. Medications with soporific profile should be minimized/discontinued, and those
with an activating profile (e.g. selegiline or amantadine) given earlier in the day. The dose of
dopaminergic medications may need to be reduced, and the class of dopaminergic agents
may need to be substituted for a different one (specifically DA). Patients who experience
sudden onset sleep/sleep attacks should be advised not to drive until the issue is resolved.

If the above discussed strategies do not improve EDS, the use of stimulants and wake-
promoting agents should be considered. Stimulant medications, such as dextroamphetamine,
metamphetamine and methylphenidate have been used for the treatment of EDS with
variable success (Chokroverty and Rye 2003). Amphetamines, however, have addictive
properties, can cause disruption of nocturnal sleep, adverse cardiovascular events, and
therefore are rarely used for the treatment of sleepiness in PD population.

Modafinil is a novel wake-promoting agent whose mechanism of action has not been fully
understood. Modafinil has been evaluated in open-label and controlled trials for the
treatment of EDS in PD. While some trials demonstrate improvement in daytime
somnolence with daily doses of 100–200mg/day (Adler et al. 2003, Hogl et al. 2002), others
did not find any beneficial effects (Ondo et al. 2005)..

Melatonin, a neurohormone produced by the pineal gland, has been shown to decrease sleep
initiation difficulties and nighttime activity in older adults (Garfinkel et al. 1997,
MacFarlane et al. 1991). In a recent study of 40 PD patients with disturbed sleep,
administration of 5 mg or 50 mg of melatonin daily for two weeks, resulted in similar
improvements in subjective sleep disturbance, sleep quality and daytime sleepiness
(Dowling et al. 2005). Ramelteon (Rozerem), a new hypnotic agent approved for sleep
initiation insomnia, which has a novel mechanism of action via melatonin receptors, may be
beneficial in PD but has not been formally studied.

Deep brain stimulation (DBS) has become an important treatment option for PD patients
with disabling motor complications and dyskinesias. Several authors reported an
improvement in nocturnal sleep in PD patients who underwent DBS (Antonini et al. 2004,
Cicolin et al. 2004, Hjort et al. 2004). The impact of DBS on EDS however has not been
systematically studied.

Circadian rhythm dysfunction in PD
Changes in circadian rhythmicity have been associated with reduced nighttime sleep quality,
daytime alertness and cognitive performance (Buysse et al. 2005, Silva et al. 2010, van den
Heuvel and Lushington 2002, Waterhouse 2010). Age-related changes in the circadian
timing system have been associated with reduced amplitude of some circadian rhythms, and
increased inter-daily variability (decreased stability) of a rhythm, such as the rest-activity
cycle (Czeisler et al. 1992, Duffy et al. 2002, Hofman 2000, Touitou and Haus 2000, Turek
et al. 1995, van Coevorden et al. 1991). The timing of physiological rhythms may be altered,
leading to changes in the phase relationship of rhythms to each other, which can cause
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internal desynchronization. This loss of coordination of rhythms may have negative
consequences on rest-activity cycles and other physiological and behavioral functions
(Harper et al. 2005, Reinberg and Ashkenazi 2008, Reinberg et al. 1985). Despite this
knowledge and frequent occurrence of disrupted sleep and alertness in the PD population,
circadian rhythms have not been systematically studied in PD.

Daily clinical fluctuations of symptoms and signs associated with PD have been well
recognized. These include changes in daily motor activity (Bonuccelli et al. 2000, Nutt et al.
1989, van Hilten et al. 1993, van Hilten et al. 1991), autonomic function (Arias-Vera et al.
2003, Devos et al. 2003, Ejaz et al. 2006, Mihci et al. 2006, Pathak and Senard 2006,
Pursiainen et al. 2002), sleep-wake cycles (Comella 2007, Placidi et al. 2008, Porter et al.
2008, van Hilten et al. 1993, Verbaan et al. 2008), visual performance (Struck et al. 1990),
as well as responsiveness to dopaminergic treatments (Bonuccelli et al. 2000, Piccini et al.
1991). These observations may be suggestive of modifications in circadian rhythmicity in
PD. Actigraphy studies in PD patients demonstrate lower peak activity levels and lower
amplitude of the rest-activity cycle compared to healthy older adults (van Hilten et al. 1993,
van Hilten et al. 1991, Whitehead et al. 2008). Increased levels of physical activity and
shorter periods of immobility during the night, result in an almost flat diurnal pattern of
motor activity in PD (van Hilten et al. 1994, van Hilten et al. 1993). In addition, PD patients
have a more fragmented pattern of activity with transitions from high to low activity periods,
leading to less predictable rest-activity rhythm (Whitehead et al. 2008). Motor symptoms in
PD worsen in the afternoon and evening, both in stable patients and in those with wearing
off symptoms (Bonuccelli et al. 2000, Piccini et al. 1991). Furthermore, responsiveness of
PD motor symptoms to dopaminergic treatments declines throughout the day, despite the
absence of significant changes in levodopa pharmacokinetics (Bonuccelli et al. 2000).
Alterations in the circadian regulation of the autonomic system in PD have also been
reported. Twenty-four hour ambulatory blood pressure monitoring in patients with PD
demonstrates reversal of circadian rhythm of blood pressure, increased diurnal blood
pressure variability, postprandial hypotension, and a high nocturnal blood pressure (Ejaz et
al. 2006, Kallio et al. 2000, Plaschke et al. 1998, Senard et al. 1992). Holter
electrocardiographic monitoring reveals a decrease of sympathetic activity during the day
with a loss of the circadian heart rate variability and a disappearance of the sympathetic
morning peak (Devos et al. 2003). Similarly to motor performance and autonomic function,
circadian fluctuations of visual performance, measured by contrast sensitivity, have been
reported in PD (Struck et al. 1990). Impairment of retinal dopamine, which exhibits an
endogenous circadian rhythm independent of light/dark cycles, is most likely underlying
these changes (Wirz-Justice et al. 1984). Since circadian changes in contrast sensitivity may
occur independently of circadian oscillations in motor symptoms, it is possible that various
anatomical networks (retina, striatum, cortex) may have differential threshold to the
circadian signal of dopamine (Dearry and Burnside 1986).

Biological markers of the circadian system may provide insight into the function of
circadian timekeeping in PD. Only a few studies attempted to characterize profiles of
circadian markers in PD. In a cohort of 26 PD patients, the amplitude of melatonin rhythm
was decreased, and phase was advanced in treated patients with and without motor
complications compared to de novo patients (Bordet et al. 2003). These results suggest a
trend toward melatonin phase advance and amplitude reduction during the evolution of PD.
In a separate study, nine patients with de novo PD had a preserved melatonin rhythm
compared with healthy controls (Fertl et al. 1993). In a study of 12 PD patients, 24-hour
mean cortisol production rate was significantly higher and the mean secretory cortisol curve
was flatter, leading to significantly reduced diurnal variation in the PD group relative to
controls (Hartmann et al. 1997). While 24-hour rhythms of core body temperature remain
similar in PD relative to healthy controls (Pierangeli et al. 2001), basal body temperature is
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significantly lower in parkinsonian patients (Cagnacci et al. 1990). PD patients with
coexistent depression have altered circadian rhythms of rectal temperature and lower
amplitudes of core body temperature (Suzuki et al. 2007). These circadian modifications of
temperature regulation have been confirmed in the 6-OHDA animal model of parkinsonism
where a significant decrease of the mesor and a phase advance of temperature rhythm have
been reported (Ben et al. 1999). Although these investigations suggest modifications of
circadian rhythmicity in PD, results are to be interpreted with caution due to small sample
sizes and study designs that reflect influences of both endogenous circadian and exogenous
(e.g. light exposure, physical activity, meals, social schedules) rhythms on PD.

Mechanisms underlying circadian fluctuations of symptoms and signs of PD remain
unknown. Fluctuations in dopamine metabolism, overnight dopamine accumulation or
diurnal receptor downregulation may be in part driving these fluctuations (Bruinink et al.
1983, Khaldy et al. 2002, Weber et al. 2004). Neuroanatomical sites of circadian disruption
in PD may be along the afferent pathways to the SCN, within the SCN itself, or within the
downstream peripheral efferents of the SCN. For example, reduced light exposure and/or
impaired light transmission, partly due to dopaminergic retinal degeneration (Archibald et
al. 2009), may affect circadian timekeeping in the PD population. In a recent study of
circadian function in alpha-synuclein over-expressing mice, no evidence for light
entrainment deficits was found (Kudo et al. 2011). While the structure and function of the
SCN in PD has not been rigorously examined to date, degeneration of this central circadian
pacemaker may be yet another possible mechanism of impaired circadian rhythmicity in PD.
Hypothalamic dopaminergic neurons, however, do not appear to be involved by the disease
(Matzuk and Saper 1985). Finally, alterations in SCN output may be primarily responsible
for fluctuating biological rhythms and symptoms of PD.

Light, the main synchronizer for the human circadian system, is increasingly applied in a
variety of sleep and neuropsychiatric conditions including circadian rhythm disorders,
seasonal affective disorder, and dementia (Shirani and St Louis 2009). Dopamine is a likely
mediator of light signaling to the retinal circadian clock which provides direct input to the
SCN (Witkovsky 2004). Exposure to light facilitates recovery of motor function in a chronic
experimental model of PD (Harrell and Balagura 1974). Few exploratory studies examined
the effects of bright light in PD, and documented significant improvements in depression,
bradykinesia, rigidity, and dyskinesias (Paus et al. 2007, Willis and Turner 2007). Further
validation studies including larger cohorts and employing objective outcome measures are
needed.

Conclusion
Disturbances of nocturnal sleep and daytime somnolence are common and under-recognized
in patients with PD. Both have significant negative impact on the quality of life in the PD
population. The majority of the therapeutic recommendations for sleep disorders in the PD
population are based on open-label small patient cohort clinical trials or case reports.
Therefore, double-blind, placebo-controlled clinical trials with a large number of patients are
necessary in order to establish the efficacy and safety of therapeutic interventions aimed at
the treatment of sleep dysfunction in PD. Increasing evidence suggest disruptions of the
circadian system in PD. Further systematic investigations directed to the circadian
timekeeping may provide additional insight into the pathogenesis of daytime sleepiness and
sleep dysfunction, and possibly shed new insights about the neurodegenerative process of
PD itself.
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Figure 1.
A proposed model for dysregulation of the sleep-wake cycle in PD.
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