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Parkinson's disease (PD) is the second most common neurodegenerative disorder that affects over one million
individuals in the US alone. PD is characterized by a plethora of motor and non-motor manifestations, resulting
from a progressive degeneration of dopaminergic neurons and disbalance of several other neurotransmitters. A
growing body of evidence points to significant alterations of the circadian system in PD. This is not surprising
given the pivotal role that dopamine plays in circadian regulation as well as the role of circadian influences in
dopamine metabolism. In this review we present basic and clinical investigations that examined the function of
the circadian system in PD.

1. Introduction

Parkinson's disease (PD) is the second most common neurodegen-
erative disorder, affecting over one million people in the United States
(Dorsey et al., 2007; Alves et al., 2008). Motor hallmarks required to
establish the diagnosis of PD include tremor, bradykinesia, and
rigidity. These symptoms emerge due to progressive dopaminergic loss
within the nigro-striatal system. Non-motor manifestations of PD are
common and represent some of the most disabling dopa-resistant
symptoms of PD. These symptoms encompass sleep disturbances,
autonomic dysfunction, mood and psychiatric disturbances, and reflect
ongoing neurodegeneration outside the basal ganglia systems. Both
motor and non-motor manifestations of PD demonstrate strong diurnal
oscillations (Pathak and Senard, 2006; Piccini et al., 1991). This raises
a possibility that the circadian system drives some changes of biological
rhythms in PD. Circadian dysregulation has indeed emerged as an
important etiology of sleep disruption in the most common neurode-
generative disorders, including PD, Huntington's (HD) and Alzheimer's
(AD) diseases (Videnovic et al., 2014a, 2014b). Of note, circadian and
sleep misalignment likely influence the neurodegenerative process
itself (Ju et al., 2014; Mamelak, 1997; Morton et al., 2005). A good
example of bidirectional relationship between sleep/circadian function
and neurodegeneration is AD, where amyloid accumulation disrupts
sleep and disrupted sleep increases the risk of accumulation of amyloid
and development of dementia (Ju et al., 2014). The role of the circadian
system in PD has not been systematically studied to date. In this
manuscript we review the current understanding of circadian function

* Corresponding author.

in experimental models of PD and in the clinical expression of this
disorder.

2. Dopamine and circadian system

Since dopaminergic neurotransmission lies at the core of PD-
related disorders, it is relevant to acknowledge diurnal and circadian
variation in dopamine content and metabolism. indeed, diurnal varia-
tion in dopamine and some of its metabolites has been reported for
many years (Kafka et al., 1986). Changes in dopamine content could be
directly related to rhythms in its synthesizing enzymes (tyrosine
hydroxylase (TH)) and transporters (DAT), whose activity exhibit
temporal changes both in basal ganglia and cortical structures
(Sleipness et al., 2007). Indeed, rhythmic dopaminergic activity can
be controlled by the circadian clock and, in turn, might also regulate
the activity of the clock itself (Mendoza and Challet, 2014; Sleipness
et al., 2007). In addition, dopamine might be relevant in the modula-
tion of circadian retinal input (Witkovsky, 2004), and also as a
developmental signal for the appearance of fetal and presumably
neonatal rhythms (Seron-Ferre et al., 2001).

We have recently reported that striatal dopamine levels exhibit
daily rhythms with nocturnal peaks in mice (Agostino et al., 2011a), as
had been previously demonstrated in rats (Castaneda et al., 2004;
Hood et al., 2010). Moreover, functional arrhythmocity induced by
bright constant light (Bussi et al., 2014) or SCN lesions (Sleipness
et al., 2007) disrupted dopamine and TH rhythms and reward-related
behaviors such as interval timing. Clock genes also exhibit periodic
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variations in striatal structures (Bussi et al., 2014; Li et al., 2009;
Natsubori et al., 2014), and could be related to rhythms in the
expression of dopamine-related genes (Shumay et al., 2012).
Dopamine type 3 receptors also show 24-h fluctuations which are
regulated by the canonical molecular clock (Ikeda et al., 2013).

Indeed, circadian rhythms in dopaminergic function could be the
molecular correlate of cycles in reward, motivation and/or timing
behavior (reviewed in (Agostino et al., 2011b; Golombek et al., 2014;
Parekh et al., 2015). Dopamine along with iron metabolism also seem
to underlie circadian fluctuations in symptoms associated with restless
legs syndrome, a movement disorder of sleep frequently associated
with PD (Baier and Trenkwalder, 2007).

Dopaminergic influence has been implied at several levels within
the circadian system. In retina, dopamine is involved in light adapta-
tion and rhythmic expression of malanopsin and clock genes.
Dopamine also modulates light input to the SCN from retina
(Witkovsky, 2004). While clock genes regulate dopaminergic transmis-
sion in the ventral tegemental area, dopamine regulates clock gene
expression in the dorsal striatum (Hood et al., 2010; Roybal et al.,
2007). Dopaminergic activity can also be considered an output of the
SCN. In summary, dopamine exhibits a two-way interaction with the
circadian system at several levels.

3. Circadian system in PD — lessons from animal models

PD-related animal models have advanced our understanding of the
disease process overall, and opened possibilities for exploring novel
treatments and insight in the molecular and physiological mechanisms
underlying PD-specific neurodegeneration. Studied that centered on
alterations of circadian rhythmicity and applications of potential
circadian-based interventions in animal models of PD are scarce.
While non-specific, age-related circadian disruption has been reported
in different PD animal models, especially rodents (Brown et al., 2011;
Mattis and Sehgal, 2016), these studies did not necessarily offer specific
insights into the origin and scope of PD effects on biological rhythms
and vice versa.

Most animal models of PD have been developed in rodents and
centered on deficits in dopaminergic neurotransmission (Jagmag et al.,
2015). In addition, non-human primates have provided an adequate
model for testing potential therapeutic agents (Johnston et al., 2015).
The most widely used models are uni- or bilateral striatal administra-
tion of 6-hydroxidopamine (6-OHDA), which mimics some of the
motor dysfunctions of the disease, as well as injection of the neurotoxin
1-methyl-4-phenyl-1,2,3,6-tetrahydropuridine (MPTP). The latter in-
duces motor symptoms accompanied by a specific loss of dopaminergic
neurons (Burns et al., 1983). Another approach involves genetic
manipulation of some of the key molecular regulators related to the
development of PD (Crabtree and Zhang, 2012). One of the main
experimental paradigms within this group involves the over expression
of a-synuclein, the pathognomonic protein for PD-related neurode-
generation. In this model, a-synuclein is over expressed under the
control of a Thy-promoter and induces early motor and sensory deficits
in mice (Kudo et al., 2011). In another model, mice with alterations in
the expression of a key player of dopamine metabolism, the vesicular
monoamine transporter 2 (VMAT-2), also show cellular and behavioral
changes that resemble some of the clinical features of PD (Taylor et al.,
2009). Below we outline investigations that link sleep and circadian
function with PD in animal models of this disorder.

3.1. Circadian changes in animal models of PD

Non-motor symptoms in PD animal models have been studied
extensively, including sleep changes (McDowell and Chesselet, 2012).
MPTP-treated primates exhibit significant disruption of the sleep-wake
cycle (Vezoli et al., 2011), in particular related to a deregulation of
REM sleep. These changes are more severe compared to those found in
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the mouse model (Fifel et al., 2016; Laloux et al., 2008). A similar sleep
disruption has been described after MPTP administration in cats
(Pungor et al., 1990). Further, MPTP-treated dogs exhibit blunted
circadian oscillations in renal parameters, including urine volume,
creatinine and several hormones (Hineno et al., 1992). Disruptive
MPTP effects on sleep can be reversed by D1 receptor agonist
administration (Hyacinthe et al., 2014).

6-OHDA-treated rats exhibit severe sleep deficits, including sig-
nificant circadian disruption (Gravotta et al., 2011). Indeed, bilateral
lesions result in changes in the levels and oscillations of different
circadian variables (Ben and Bruguerolle, 2000). The 6-OHDA models
exhibit disruptions in circadian rhythms of locomotion, temperature
and heart rate, which are at least partially reversible by L-DOPA
administration (Boulamery et al., 2010). It is interesting to note that
optic enucleation increases the severity of PD-like symptoms in 6-
OHDA lesioned rats, suggesting the importance of visual and circadian
connections in PD (Willis et al., 2008).

Circadian changes have been documented in rotenone-induced
neurodegeneration in rats, including alterations in serotonergic trans-
mission and circadian expression of clock genes; both parameters
partially recover with melatonin administration (Mattam and Jagota,
2015). Interactions between melatonin and dopamine are complex and
not fully elucidated. While melatonin appears to have neuroprotective
effects on the nigrostriatal dopaminergic system through its antiox-
idant properties and effects on mitochondrial activity, inhibition of
dopamine release by melatonin in several brain areas has been
demonstrated. It has been proposed that melatonin and dopamine
may act as mutually inhibitory signals for night and day, respectively
(Zisapel, 2001).

Circadian alterations have been reported in several other animal
models of PD. Alterations in the glutamatergic transmission in the
striatum also induce PD-like motor symptoms. The glutamate trans-
porter 3 knockout mice exhibit diurnal hyperactivity and changes in
circadian dopamine metabolism (Divito et al., 2015). Dopaminergic
deficits induced by genetic deficiency of the vesicular monoamine
transporter 2 (VMAT2) in mice are accompanied by a premature
decrease in sleep latency and reduced amplitude of the sleep-wake
cycle, as well as in dampened circadian rhythms in general (Taylor
et al., 2009).

a-synuclein transgenic mice exhibit fragmented rhythms of loco-
motor activity, as well as changes in firing rate in the suprachiasmatic
nuclei (SCN), the site of the mammalian main circadian clock (Kudo
et al., 2011). This fragmentation seems to be dependent on the
photoperiodic conditions in which the animals were housed, and
progresses with age. Adult transgenic mice exhibited diurnal wakeful-
ness and increased hyperactivity pattern (McDowell et al., 2014).
Another mouse model of PD involves inactivation of a mitochondrial
transcription factor, MitoPark that induces dopaminergic degenera-
tion. In this model deficits in locomotion and, more specifically, diurnal
patterns of rest/activity were reported (Fifel and Cooper, 2014).

It is important to note that the central circadian pacemaker, the
SCN, also exhibits significant changes in animal models of PD. As
indicated by Willison et al. (Fliers et al., 1985), oscillations in the
suprachiasmatic nuclei are disrupted in a-synuclein transgenic mice
quite early in the development of the disease. An intriguing conse-
quence of this observation is that circadian synchronization and
treatments that increase circadian rhythm amplitude have to be
explored further as these approaches may be beneficial for the
management of PD.

Collectively, these basic investigations provide a support for altera-
tions of circadian system in PD. Further studies that will employ
carefully designed experiments will be needed to advance out under-
standing the anatomical and pathophysiological signatures of circadian
disruption associated with PD.
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4. Clinical implications of circadian function in PD

Circadian rhythms have not been systematically studied in PD
patients. Despite this, available literature point to significant modifica-
tions of the circadian system in these patients. This is reasonable to
expect, given a bi-directional relationship between dopamine metabo-
lism and circadian system physiology. For example, the amplitude of
the circadian rhythm of dopamine appears to be highest in the morning
around 10am, and that of homovanillic acid in the afternoon, around
2pm (Poceta et al., 2009). These circadian variations may underline
sleep-related changes in function, readily observed by clinicians and
reported by PD patients (Merello et al., 1997).

4.1. Diurnal clinical fluctuations in PD

Many symptoms and signs associated with PD demonstrate diurnal
variations in its intensity and frequency. These symptoms are repre-
sentative of multi system involvement in PD, and include fluctuations
of motor function in PD (Bonuccelli et al., 2000; Nutt et al., 1989; van
Hilten et al., 1993; van Hilten et al., 1991), autonomic and sensory
functions (Devos et al., 2003; Ejaz et al., 2006; Arias-Vera et al., 2003;
Mihci et al., 2006; Pathak and Senard, 2006; Pursiainen et al., 2002),
mood and cognitive performance (Suzuki et al., 2007; Whitehead et al.,
2008), and sleep and alertness(Comella, 2007; Placidi et al., 2008;
Porter et al., 2008; van Hilten et al., 1993; Verbaan et al., 2008).
Observed variations may be influenced by circadian oscillations.
Although the above discussed fluctuations in various variables may
suggest an involvement of the circadian system, one must be cautious
not to attribute the fluctuating nature of symptoms/signs of PD
completely and directly to circadian disruption, since most studies to
date did not employ rigorous circadian experimental protocol that
would control for the effects of exogenous stimuli on the endogenous
circadian rhythms and symptom manifestation in PD.

Studies that employed actigraphy in the PD population revealed
flattening of the diurnal activity rhythms and reduced quiescence
during night (Piccini et al., 1991; Placidi et al., 2008). This reduced
amplitude of the rest-activity cycle is present in both de novo and more
advanced patients, and appears to be independent of the intake of
dopaminergic medications (Piccini et al., 1991; Placidi et al., 2008; van
Hilten et al., 1994; van Hilten et al., 1993; van Hilten et al., 1993).
REM sleep behavior disorder (RBD) is a parasomnia frequently present
in the PD population, and characterized by motor and vocal behaviors
that are disruptive to sleep and result in sleep fragmentation. While
RBD itself may contribute to reduce quiescence during night, it is
important to point out that RBD represents a sleep stage under the
strong circadian influences that may be implicated in the pathophy-
siology of RBD. Similar to motor function, prominent changes in 24-
hour rhythms of heart rate and blood pressure have been repeatedly
reported in PD. These studies report reversal of the normal diurnal
rhythm of BP with increased diurnal variability of BP and elevations of
overnight BP along with loss of diurnal HR variability and a disap-
pearance of the sympathetic morning peak (Haapaniemi et al., 2001;
Kallio et al., 2000; Kallio et al., 2004; Mastrocola et al., 1999). Sensory
systems, such as retinal function, also appear to be affected in PD. A
good example of this is represented by diurnal changes in contrast
sensitivity in PD patients, which may be modulated by circadian
signaling of dopamine within the retinal tissues (Struck et al., 1990).
Sleep and alertness are commonly disrupted in PD, and this frequently
predates emergence of motor symptoms that are currently required to
establish PD diagnosis. Sleep fragmentation represents the most
common sleep problem in the PD population (Videnovic and
Golombek, 2013). The etiology of impaired sleep and alertness in PD
is clearly multifactorial and encompasses PD symptoms, medications
side effects, autonomic dysfunction, and co-existent primary sleep
disorders (Videnovic and Golombek, 2013). The role of circadian
disruption has only recently started to emerge as an important etiology
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of impaired sleep and alertness in PD (Videnovic and Willis, 2016).

Patients with PD frequently report “sleep benefit”, described as
feeling well after awakening in the morning. They feel as they do not
have PD, although they did not take their morning medications
(Merello et al., 1997). The underlying mechanisms of sleep benefit
have not been well-explored. The pattern of diurnal motor fluctuations
and increased dopamine storage in nigral neurons during sleep with
subsequent enhanced dopaminergic function have been implicated in
sleep benefit (Factor and Weiner, 1998; van Gilst et al., 2013). In a
study that assessed circadian influences on sleep benefit employing the
Horne-Ostberg morningness-eveningness questionnaire, no differences
in circadian phenotype were present between patients with and without
sleep benefit (Hogl et al., 1998).

4.2. Markers of the circadian system in PD

Endogenous circadian rhythms can be best characterized by
analyzing circadian markers. Melatonin, cortisol and core body tem-
perature are well established markers of endogenous circadian rhyth-
micity. These circadian markers have been increasingly investigated in
PD. Specifically, circadian secretion of melatonin and its relationship
with sleep dysfunction associated with PD has been recently examined
in several studies. Phase angle of entrainment is defined as the
relationship between the timing of the biological clock and the timing
of an external time cue. Bolitho et al. demonstrated prolongation of the
phase angle of entrainment of melatonin rhythm in the medicated PD
patients compared to the PD un-medicated group and controls (Bolitho
et al., 2014). These observed changes in the phase angle provide the
rationale to suggest uncoupling of circadian and sleep regulation,
possibly related to dopaminergic therapy. Two other recent studies
did not show alterations in the circadian phase of melatonin secretion
(Breen et al., 2014; Videnovic et al., 2014a, 2014b). However, both
studies reported decreased amplitude of melatonin secretion. The
amplitude of melatonin circadian rhythm was significantly lower in
patients with moderate PD compared with age-matched controls
(Videnovic et al., 2014a, 2014b). Further, within the PD group, those
with excessive daytime sleepiness had significantly lower amplitudes of
their melatonin rhythm, compared to those with good alertness. This
raises a question related to the role of circadian dysregulation in the
pathophysiology of excessive sleepiness, frequently associated with PD.
Breen and colleagues examined circadian profiles of melatonin, corti-
sol, and clock genes in a cohort of 30 patients with early PD and 15
matched controls (Breen et al., 2014). PD patients had elevated cortisol
levels and reduced melatonin levels. The significance of all these
investigations in part lies in the fact that they employed rigorous
circadian experimental designs that controlled well for exogenous
signals known to affect endogenous circadian system such as light
exposure, feeding schedules, ambient temperature, and physical activ-
ity. This is likely the primary reason underlying somewhat different
results of these studies from several initial reports that examined
melatonin rhythms in PD in 1990s (Fertl et al., 1991; Fertl et al., 1993).
These recent observations will need to be better delineated in long-
itudinal studies employing larger cohorts of PD patients.

Strong oscillatory expression patterns of core clock genes in human
blood provide an opportunity to examine circadian regulation from the
molecular perspective. Several recent studies examined time-related
variations in the expression of several core clock genes patients with
PD. Among 17 individuals with PD and 16 age-matched controls, the
relative abundance of the clock gene Bmall was significantly lower
during the night in PD patients. Expression levels of Bmall patients
correlated with PD severity as assessed by the Unified Parkinson
Disease Rating Scale (UPDRS) (Cai et al., 2010). This study did not
examine daytime expression of clock genes. A lack of time-dependent
variation in Bmall expression in PD patients was recently confirmed in
another study (Breen et al., 2014). These studies have laid out the
groundwork for future clinical investigations related to molecular
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regulation of circadian timekeeping in PD and other neurodegenerative
disorders.

Cortisol rhythm also appears to be impaired in PD. While PD
patients exhibit a preserved circadian rhythm of cortisol, the amount of
cortsiol secreted is elevated in early PD (Breen et al., 2014). However,
somatotrophic, thyrotrophic and lactotrophic axes appear to be intact
in early-stage PD (Aziz et al., 2011a, 2011b). Adipokines are endocrine
factors released by fat cells and have an important role in feeding, body
weight regulation and metabolism. Since patients with PD frequently
experience weight loss, a recent study by Aziz et al. focused on the
circadian aspects of adipokines in PD, specifically leptin, adiponectin
and resistin, and found no differences in the levels between PD patients
and controls (Aziz et al., 2011a, 2011b).

4.3. Circadian zeitgebers and PD

Light is the most important and potent synchronizer for the human
circadian system (Czeisler et al., 1986; Klerman et al., 1998).
Epidemiological studies suggest that higher levels of light exposure
are related to a lower risk for PD. Two studies reported increasing
incidence of PD, as much as 56%, with higher latitudes, where the
yearly net exposure to light is significantly lower (de de Pedro Cuesta,
1987; de de Pedro-Cuesta and Stawiarz, 1991). Activation of the SCN
has been hypothesized as one of the mechanisms of bright environ-
mental light effects on mood, sleep and circadian rhythms (McEnany
and Lee, 2005; Riemersma-van der Lek et al., 2008). Supplemental
exposure to bright light through light therapy (LT) in the PD popula-
tion, provide an opportunity to indirectly learn about circadian
function in PD. To date, several studies have been published on LT
in PD (Paus et al., 2007; Willis and Turner, 2007; Willis et al., 2012).

In a case series of 12 PD patients with insomnia and/or depressive
symptoms, bright LT of 1000-1500 lux administered for 60-90
minutes prior to the habitual bedtime over a two-week period resulted
in improved sleep onset latency, sleep continuity, and mood (Willis and
Turner, 2007). Beneficial effects on sleep emerged within two to three
days after commencing LT, and lasted for several days after disconti-
nuation. The antidepressant effect was longer lasting, up to several
weeks after discontinuation of LT. Bright LT also resulted in improve-
ments in bradykinesia and rigidity symptoms, which led to successful
reduction of dopamine replacement therapy in half of the study cohort.
4).

In an open label study, 120 PD patients were prescribed bright LT
at the dose of 4000 to 6000 lux for 60 minutes prior to the habitual
bedtime, and were followed from a few months to eight years (Willis
et al., 2012). Patients with good compliance achieved improvements in
mood, anxiety, and tests of motor function. Participants that quit LT
early in the treatment period deteriorated over time, while those who
remained semi-adherent to LT showed improvements that corre-
sponded with periods of adherence with LT.

In the only controlled LT study in PD, 36 PD patients were
randomized to receive bright LT with 7500 lux or placebo LT of 950
lux, for 30 minutes in the morning during two-week period (Paus et al.,
2007). Bright LT was associated in significantly improved UPDRS part
I and II scores, and modest improvements in mood and daytime
sleepiness. The short duration of the study and enrollment of patients
with mild depression may explain the modest effects of LT on mood.
Beneficial effects of LT on sleepiness were observed in both study
groups, which might represent the result of a biological placebo effect,
since the intensity of the control lighting condition may have not been
fully inert.

The side effect profile in these clinical PD LT studies is consistent
with other light therapy studies, including transient headache, eye
itching, sleepiness (Terman and Terman, 1999; Terman and Terman,
2005). These studies demonstrate beneficial effects of bright LT on
sleep, mood and non-motor function in PD. Differences in timing of LT
in studies performed to date may explain its variable effects on specific
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outcomes. Due to limitations of these studies, mainly their relatively
small size, short duration, and suboptimal design, further studies
designed to test the efficacy of LT, and its mechanisms of action, in
treating motor and non-motor symptoms in patients with PD are
warranted.

5. Future directions

Increasing evidence from basic and clinical investigations points to
disruption of circadian function in PD. This is likely reflective of the
neurodegenerative process of PD that affects sleep-wake regulatory
centers and its connections with the circadian circuitry. Further,
dopaminergic deficits that represent a neurochemical hallmark of PD,
negatively affect circadian function since dopamine represents a major
regulator of the circadian system.

Future research efforts in this field will need to center on the
systematic study of circadian system in PD by employing longitudinal
assessments and carefully designed study protocols that will allow for
proper characterization of endogenous circadian signaling in the PD
population. Such studies may examine the role of dopamine in the
regulation of circadian system, provide the characterization of the
circadian system/function from physiological, molecular and behavior-
al perspectives throughout the course of PD but also in pre-manifest
PD, and develop circadian-based interventions for PD. Limitations of
conducting such circadian studies in PD patients are substantial, given
the burden of PD symptoms and frailty of PD patients. Therefore, it will
be critical to establish a collaborative research programs between
clinical investigators and basic/translational neuroscientists in order
to advance our understanding of circadian regulation in PD through
exploration of animal models of PD-relevant neurodegeneration.

As any novel research area, circadian research in PD provides very
exciting and promising direction with potential to improve PD burden
and better understand the biology of the disease. One of the key
questions is whether there is a bi-directional relationship between PD
and circadian health. Does circadian function itself affects the biology
of PD? Answer to this question may position circadian system as a
novel target in PD with direct potential for development of circadian
based intervention for PD.
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