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Abstract

Sleep disorders are nearly ubiquitous among patients with Parkinson’s disease (PD), and they

manifest early in the disease process. While there are a number of possible mechanisms

underlying these sleep disturbances, a primary dysfunction of the circadian system should be

considered as a contributing factor. Our laboratory’s behavioral phenotyping of a well-validated

transgenic mouse model of PD reveals that the electrical activity of neurons within the master

pacemaker of the circadian system, the suprachiasmatic nuclei (SCN), is already disrupted at the

onset of motor symptoms, although the core features of the intrinsic molecular oscillations in the

SCN remain functional. Our observations suggest that the fundamental circadian deficit in these

mice lies in the signaling output from the SCN, which may be caused by known mechanisms in

PD etiology: oxidative stress and mitochondrial disruption. Disruption of the circadian system is

expected to have pervasive effects throughout the body and may itself lead to neurological and

cardiovascular disorders. In fact, there is much overlap in the non-motor symptoms experienced

by PD patients and in the consequences of circadian disruption. This raises the possibility that the

sleep and circadian dysfunction experienced by PD patients may not merely be a subsidiary of the

motor symptoms, but an integral part of the disease. Furthermore, we speculate that circadian

dysfunction can even accelerate the pathology underlying PD. If these hypotheses are correct,

more aggressive treatment of the circadian misalignment and sleep disruptions in PD patients early

in the pathogenesis of the disease may be powerful positive modulators of disease progression and

patient quality of life.
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Introduction

Epidemiological data indicates that sleep disorders are common in the developed world with

an estimated 30 to 40% of the adult population reporting difficulty falling asleep at night and

significant daytime sleepiness as a consequence (Hossain and Shapiro, 2002; Leger et al.,

2000; Luckhaupt et al., 2010; Skaer and Sclar, 2010; Roenneberg, 2012). These data suggest

that many of us are all too familiar with the symptoms of sleep deprivation, including

feelings of fatigue, irritability, reduced concentration, reduced motor coordination (Acheson

et al., 2007; Anderson et al., 2011; Durmer et al., 2005; Louter et al., 2012). There is also a

growing awareness that sleep deprivation is associated with metabolic imbalances and

compromised immune response (Bechtold et al., 2010; Litinski et al., 2009; Mullington et

al., 2009). These changes can occur even with transient sleep deprivation in which case they

return to baseline with sufficient restorative sleep. Unfortunately, in chronically ill patients,

restorative sleep is often permanently impaired. There is increasing evidence that in the case

of neurodegenerative disorders, sleep disorders are extremely common, if not ubiquitous,

and occur early in the disease progression (Chokroverty, 2009; Gagnon et al., 2008). These

sleep disturbances predate the onset of the cognitive and motor symptoms and have

significant negative consequences for both patients and caregivers, and if recognized, may

facilitate earlier diagnosis and treatment.

Parkinson’s disease (PD)

PD is the most common movement disorder among older adults, and is a leading cause of

cognitive decline and dementia (Pontone et al., 2012; Williams-Gray et al., 2007). The

classical triad of clinical features in PD consists of worsening resting tremor, rigidity, and

bradykinesia. Pathologically, PD patients exhibit a progressive loss of dopaminergic neurons

and the formation of Lewy bodies in the substantia nigra pars compacta (SNpc). Until

relatively recently, it had been thought that it was this loss of pigmented, dopaminergic

neurons in the SNpc that accounted for the symptoms of the disease. However, it is

increasingly clear that PD is a multisystem disorder in which numerous brain structures are

affected during the course of the illness (Braak et al., 2006; Jain, 2011; Jellinger, 2010). For

example, the neuropsychiatric aspects of PD are particularly prominent, including cognitive

impairment that progresses to dementia in approximately 30-40% of patients and depression

in up to 40% of patients. Anxiety, apathy, personality changes, and sleep disorders are also

common (Cummings and Mega, 2003; Blonder and Slevin, 2011). Other well established

non-motor symptoms of PD include metabolic abnormalities, altered olfaction,

cardiovascular dysfunction, gastrointestinal problems and sleep disturbances (Chaudhuri and

Odin, 2010; Claassen et al., 2010; Menza et al., 2010; Park and Stacy, 2009; Ziemssen and

Reichmann, 2010). One of the most interesting aspects of these non-motor symptoms of PD

is that they may manifest decades prior to the onset of motor symptoms.

Sleep disorder are common in PD

Sleep disorders are extremely common in PD, with up to 90% of patients reporting primary

insomnia, restless legs syndrome, hypersomnia, rapid eye movement (REM) sleep disorder

(Ferreira et al., 2006; Matsui et al., 2006; Stevens et al., 2004; Thorpy and Adler, 2005).
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These latter two syndromes of REM sleep disorder and hypersomnia appear to occur well in

advance of the motor symptoms of PD (Abbott et al., 2005; Boeve et al., 2007; Boeve et al.,

2010; Claassen et al., 2010; Iranzo et al., 2009; Iranzo et al., 2010; Postuma et al., 2006;

Schenck et al., 1996). The sleep disorders in PD patients are due to multiple causes,

including motor disability, loss of function in the sleep control centers located in the brain

stem, off-target effects of the drugs used to treat the motor symptoms, and possibly circadian

dysfunction (Ahlskog, 2011; Diederich and McIntyre 2012; Mehta et al., 2008; Videnovic

and Golombek 2012; Yong et al. 2011). Sleep is generally viewed as being regulated by the

combination of two predominant, sometimes competing processes: one being a homeostatic

load accumulated of sleep need based on time since last sleep episode, termed “Process S,”

and another being a circadian-controlled rhythm in wakefulness or sleep, termed “Process

C”. The potential impact of a disrupted circadian system in PD, has received relatively little

attention in the literature. In this review, we will focus on the potential role of disrupted

circadian rhythms in the pathogenesis of the non-motor symptoms in PD. While circadian

disruption is unlikely to mediate these non-motor symptoms, we feel that it can be a

contributing factor that may determine the severity of the symptoms. Since circadian

disruptions are likely early in the disease progression, improved understanding of this aspect

of PD will likely have important implications for improving early diagnosis and treatment.

Circadian system

In humans and other mammals, the circadian system is made up of a network of oscillators.

The central clock is located in the suprachiasmatic nucleus (SCN). Neurons in this cell

population receive light information from melanopsin-expressing retinal ganglion cells

found in our retina. The axons of these ganglion cells make a direct synaptic connection

onto cells in the SCN. These SCN neurons integrate this photic information with other

timing cues to generate robust circadian oscillations that are synchronized to the

environment. SCN outputs largely project to other hypothalamic regions, including the

subparaventricular zone and other medial hypothalamic structures surrounding the SCN.

These hypothalamic relay nuclei send projections throughout the nervous and endocrine

systems, providing multiple pathways by which the SCN output conveys temporal

information about the environment to the rest of the brain and body. Among the pathways

that are particularly relevant for PD, SCN appears to regulate the levels of neural activity in

the major subcortical arousal centers, including the locus coeruleus and raphe which

increase their firing rate during the animal’s active period (e.g. Aston-Jones et al., 2001;

Deurveilher and Semba, 2005). Through these multi-synaptic pathways, the SCN is well

positioned to modulate the arousal levels of the nervous system. Additionally, output from

physiological systems receiving circadian regulation can “feed-back” to alter the master

clock. For example, both sleep states (Deboer et al., 2003) and locomotor activity

(Yamazaki et al., 1998; Schaap and Meijer, 2001) feed-back to regulate SCN neural activity

recorded in vivo. These physiological studies demonstrate the difficulty in attempting to

disentangle the role of the circadian system and sleep on behavior and physiology, because it

may not be possible to alter sleep without impacting the circadian system.

Signals from the SCN travel out via the hypothalamic-pituitary adrenal axis as well as

through the autonomic nervous system to regulate independent circadian oscillators found
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throughout the body. The function of this circadian regulation is likely to vary with the

tissue, with each of the major organ systems (e.g. heart, liver, islets) apparently having its

own clockwork to regulate the transcription of genes that are important to the specific target

organ (see Dibner et al., 2010; Mohawk et al., 2012). Using DNA microarray expression

profiling it has been found that approximately 8 to 12% of genes display circadian

oscillations (Hogenesch et al., 2003; Panda et al., 2002; Storch et al, 2002). Many of these

genes are involved in key rate-limiting steps of biochemical pathways (Baggs and

Hogenesch, 2010; Panda et al., 2002). For example, in the nervous system, a number of

genes involved in peptide synthesis, secretion, and oxidative phosphorylation are transcribed

with a circadian oscillation. The key point here is that the circadian timing controls the

temporal patterning of molecular, cellular, and physiological processes throughout the body

and the potential disruption of this timing system in PD would be expected to produce wide-

spread symptoms.

Dysfunction in the circadian system may contribute to the etiology of the

non-motor symptoms of PD

Several of the prominent non-motor symptoms of PD have a diurnal, temporal component

that suggests an underlying circadian dysfunction. Most striking are the various types of

sleep disruptions reported by PD patients: increased sleep latency, decreased sleep

maintenance, fragmented sleep, and excessive daytime sleepiness. All of these symptoms

may reflect alterations in the temporal patterning of sleep which often result from circadian

dysfunction (Abbott et al., 2005; Dhawan et al., 2006; Mayer et al., 2011; Reid and Zee,

2009; Schulte and Winkelmann, 2011). Therefore, circadian disruption should be considered

one of the factors which contributes to the insomnia and hypersomnia experienced by PD

patients. Other sleep disorders seen so commonly in PD are less likely to involve the

circadian system. In patients with REM sleep disorder, there is a loss of somatic muscle

atonia during the REM phase of sleep which is thought to be due to damage to the medullar

and pontine structures.Without this inhibition of muscular tone, patients with REM sleep

disorder exhibit abnormal motor behavior during REM usually resulting in minor repetitive

limb movements that can be ameliorated to some degree with melatonin or clonazepam

(Arnulf et al., 2012: Kunz and Mahlberg, 2010; Mayer et al., 2011). While the circadian

system controls the timing of REM sleep, we do not believe that there is any direct evidence

that the SCN is directly involved in inhibiting motor tone during REM sleep. As far as we

know, the possibility of this link has not been explored experimentally.

PD patients commonly exhibit disruption in other physiologic processes that are known to

be influenced by the circadian system. For example, the autonomic nervous system is

subject to circadian regulation; the balance between sympathetic and parasympathetic tone

varies in synchrony with the daily circadian cycle (Jain and Goldstein, 2012). In healthy

individuals, parasympathetic tone predominates during night-time/sleep and acts to reduce

heart rate and blood pressure. Mechanistically, the central circadian clock in the SCN

projects to the pre-autonomic neurons in the paraventricular nucleus (PVN) to effect these

changes in autonomic tone (Buijs et al., 2003). Numerous studies have found that the

circadian regulation of the autonomic nervous system is disrupted in PD patients (Kallio et
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al., 2000) and this disruption drives changes in blood pressure and heart rate. Approximately

30-40% of PD patients have orthostatic hypotension, which has been linked with cardiac

sympathetic denervation as well as combined sympathetic/parasympathetic dysfunction of

the arterial baroreflex (Jain, 2011). These cardiac symptoms are independent of the

weakness associated with SNpc deterioration, are associated with Lewy body deposition in

catecholaminergic neurons, and are thought to become apparent early in the course of the

disease. Disruptions in the circadian system may well act in concert with the loss of the

catecholaminergic neurons to cause the autonomic symptoms seen in PD.

To provide another example, urinary tract symptoms represent another manifestation of

dysregulated autonomic nervous system control in PD patients. Urinary tract symptoms,

such as nocturia, increased urgency and frequency of urination, and incontinence are nearly

as common in PD patients as are sleep disturbances (Yeo et al., 2012). In one study, over

75% of PD patients complained of nocturia, while between 30 and 35% of patients

complained of either urinary urgency or frequency (Ragab and Mohammed, 2011).

Furthermore, this study showed no difference between urodynamic parameters in untreated

PD patients and those who were treated with dopaminergic medications. This suggests that

urinary tract symptoms are not adequately treated with these agents, which are the mainstay

of pharmacologic treatment of PD. On one level, circadian disruption of sleep architecture

contributes to more frequent nighttime waking which alone might increase the likelihood

that a patient will decide to urinate. The SCN is also known to regulate the osmotic pressure

sensing cells that are responsible for the nocturnal increase in arginine vasopression (also

known as anti-diuretic hormone) secretion, which in turn reduces the volume of nighttime

urine production (Colwell, 2010; Trudel and Bourque, 2010). In addition, disruption of the

circadian control of the autonomic nervous system, which normally promotes nocturnal

relaxation of the bladder wall and increased urethral sphincter tone, might lead to abnormal

bladder contraction and relaxation of the urethral sphincter resulting in an increased risk of

nocturia and urinary incontinence.

While it is often challenging to parse the relative contributions of insomnia, circadian

dysfunction, and motor disturbances to a particular PD-associated symptom, little clinical

attention has been directed toward normalizing circadian-controlled physiologic functions.

A better appreciation of the broad effects that result from circadian rhythm dysregulation in

PD patients might offer new insights into the etiology of non-motor symptoms and suggest

novel therapeutic interventions. The circadian system represents a compelling target as a

powerful potential modulator of disease progression and patient quality of life.

Dopaminergic treatments for the core motor symptoms of PD may

contribute to the disruption of the sleep/wake cycle

Central DA is generally associated with arousal and a variety of evidence suggests that this

transmitter is involved in the regulation of the sleep/wake cycle at multiple circuits. Overall,

levels of DA appear to exhibit low amplitude, daily rhythm in humans (Poceta et al., 2009)

and in mice (Hampp et al., 2008). Centrally, DA levels are modulated by monoamine

oxidase A (MAO-A) and monoamine oxidase B (MAO-B), which are key enzymes that

regulate the catabolism of several different monoamine neurotransmitters (Shih and Chen,
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2004). Importantly, MAO-A appears to be a clock-controlled gene. A mutation in the

circadian clock gene Period2 (Per2) in mice leads to reduced expression and activity of

MAO-A in the mesolimbic dopaminergic system, which results in increased DA levels and

changes in electrical activity in the striatum (Hampp et al., 2008). So any disruption of the

circadian clockwork could be expected to alter levels of DA via MAO-A activity.

Since the motor symptoms are driven by the loss of dopaminergic neurons in the SNpc, the

general treatment strategy has been to provide a blood-brain barrier-permeable metabolic

precursor in the dopamine biosynthetic pathway with the goal of increasing synaptic

concentrations of DA in the SNpc and striatum. DA and dopaminergic drugs, including L-

DOPA, are well known to modulate clock gene expression (Hood et al., 2010; Imbesi et al.,

2009). Furthermore, there is an extensive literature of rodent studies documenting the

powerful circadian effects of dopaminergic drugs such as cocaine and methamphetamine,

including profound disruption of sleep (Glass et al., 2012; Honma and Honma, 2009;

Ironside et al., 2010). For example, continuous administration of methamphetamine in

drinking water alters the rhythm of circadian activity in rats and mice (Honma et al., 1986;

Tataroglu et al., 2006). Interestingly, methamphetamine treatment can even restore robust

circadian activity in mice whose SCN had been electrolytically lesioned (Honma et al.,

1987) demonstrating that dopaminergic drugs can modulate the circadian system even

without a functional central circadian clock in the SCN.

Taken together, it seems likely that the very drugs that are prescribed to alleviate the motor

symptoms of PD (or related disorders like restless leg syndrome which is similarly treated

with dopamine agonists) are themselves contributing to the sleep disturbances in these

patients (Rye, 2004; Santiago et al., 2010). Specifically, the data suggests that low doses of

pharmacological agents that increase dopamine can improve sleep while higher doses delay

the onset of sleep and decrease total sleep time (Diederich and McIntyre, 2012; Schafer and

Greulich, 2000; Yong et al, 2011). Further work will be required to see if controlling the

timing of the dosing of the L-DOPA and related compounds can minimize the undesirable

sleep disruptions caused by dopaminergic medications (Wailke et al., 2011). For example,

one simple prediction is that using pharmacological tools to reinforce the normal daily

rhythm of DA with higher levels of DA activity during the day with lower levels at night

may improve motor function without disrupting sleep and circadian function.

Several models of PD show sleep and possible circadian disruption

The loss of DA neurons may play a role in the circadian disruption observed in non-human

primates. One of the most developed models of PD involves treating primates with the toxin

MPTP (1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine) which produces a set of symptoms

that resemble PD (Fox and Brotchie, 2010) and can be treated with dopaminergic drugs. The

MPTP-treated primates exhibit an immediate disruption of the sleep/wake cycle (Vezoli et

al., 2011) as well as alteration in REM sleep and increased daytime sleepiness (Almirall et

al., 1999; Barraud et al., 2009; Verhave et al., 2011). Interestingly, mice treated with MPTP

exhibit a significant loss of dopaminergic neurons (approximately 50%) without disruption

of the circadian rhythms (Laloux et al., 2008; Tanaka et al., 2012). The injection with the
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toxin 6-hydroxydopamine produces a larger loss of neurons that does disrupt behavioral and

clock gene expression rhythms in the rat (Gravotta et al., 2011).

Loss of function in dopaminergic cells has also been linked to non-motor symptoms,

including sleep and circadian disruptions in other models. For example, mice deficient in

vesicular monoamine transporter expression (VMAT2) exhibit severely diminished levels of

the major monoamines, including DA, 5-HT and NE (Taylor et al, 2009). These mice

exhibit many of the non-motor symptoms associated with PD, including altered latency to

sleep and reduced amplitude of their diurnal rhythm. It would be interesting to examine the

circadian behavior of these mice. In Drosophila, the targeted expression of mutant α-

synuclein to monoamine (5HT, DA) expressing neurons resulted in altered sleep and

circadian activity (Gajula Balija et al., 2011). It is worth noting that sleep disturbances have

been reported in patients with mutations in the Parkin and DJ-1 genes (Kumru et al., 2004;

Limousin et al., 2009; Lo Coco et al., 2009; Nishioka et al., 2009) which again highlights

the importance of rigorously examining a range of PD models (Dawson et al., 2010; Magen

et al., 2010) for possible circadian dysfunction.

α-synuclein over-expressing mice as model of synucleinopathies,

including PD

One of the best studied models of PD and other synucleinopathies is a line of transgenic

mice expressing human α-synuclein (aSyn) under the Thy-1 promoter: the α-synuclein

over-expressing (Thy1-aSyn) mice (Rockenstein et al., 2002). Genetic mutations in, and

duplication of, α-synuclein are strongly associated with familial forms of PD; and

polymorphisms in this gene are associated with increased PD risk (Cookson et al, 2009;

Pankratz et al., 2009; Ritz et al., 2012; Simón-Sánchez et al., 2009; Vekrellis et al., 2011;

Winkler et al., 2007; Zarranz et al., 2005). Prior work has shown that at 2-3 months of age,

Thy1-aSyn mice begin to exhibit progressive impairments in motor and non-motor

symptoms that are analogous to those experienced by human PD patients; these include

deficits in olfaction, cognition, and control of the autonomic nervous system (Fleming et al.,

2004; Fleming et al, 2006; Fleming et al., 2008; Fleming and Chesselet, 2009). Thus, the

Thy1-aSyn transgenic mouse provides an excellent model system to improve our

understanding of the basic pathophysiologic mechanisms that cause PD, possibly including

the early non-motor symptoms and circadian-related symptoms.

Thy1-aSyn mice show selective deficits in circadian-regulated behavior,

including the temporal distribution of sleep and activity

As measured by wheel running activity under either a standard 12 hour light and 12 hour

dark cycle (LD), or under a continuous dark cycle (DD), the observed circadian cycle of all

Thy1-aSyn mice initially appeared to be grossly rhythmic (Kudo et al., 2011b). However,

the Thy1-aSyn mice exhibited fragmented, weak (low power) rhythms under both LD and

DD conditions. These deficits are clearly illustrated when the mice are placed in a skeleton

photoperiod consisting of two 1-hr light exposures every 24-hrs. The mice synchronize

nicely and these lighting conditions allow us to see the clock driven locomotor output
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without the direct activity-suppressing influence of light (Fig. 1). The peak amplitude of the

behavioral rhythms and coherence (measured by fragmentation) under both LD and DD

conditions progressively declined over the lifespan of both Thy1-aSyn and control wild-type

(WT) mice.

Interestingly, the young (3 month old) Thy1-aSyn mice exhibited a circadian output similar

to that of an old WT mouse. Our behavioral analysis demonstrates that by young adulthood,

the Thy1-aSyn mouse exhibits disrupted daily circadian rhythms in wheel-running activity

that worsened with increasing age and motor dysfunction, leading to greater deterioration in

many critical parameters, such as amount and fragmentation of activity, as well as the power

of rhythms. Distribution of sleep was altered at 6 months of age, when we observed a delay

in the onset of behavioral sleep as measured by video recordings, whereas the total amount

of sleep did not vary between the genotypes.

Other key circadian parameters are not altered in Thy1-aSyn mice

The core of the oscillatory clock that generates circadian rhythms in the SCN consists of an

evolutionarily conserved transcriptional/translational feedback loop that drives rhythmic

activity of key clock genes such as Per2 (Hastings et al., 2003), which in turn drive the

oscillation of action potentials in SCN neurons that project to other regions of the brain. A

normally functioning circadian clock in the SCN would cause SCN Per2 expression levels

to be high during daylight and low in darkness. We were surprised to observe that Thy1-

aSyn mice that have already started to show abnormal wheel-running behavior continued to

show this normal WT pattern of oscillating PER2 expression (Fig. 2) (Kudo et al., 2011b).

Furthermore, even at the relatively advanced age of 12 months, Thy1-aSyn mice maintained

robust rhythmic oscillations in SCN PER2 expression.

Elimination of dopaminergic neurons by administration of the neurotoxin 6-

hydroxydopamine has been shown to alter clock gene expression in the forebrain (Gravotta

et al., 2011). Thus, possible alterations in clock gene expression later in disease progression

or in brain areas outside the SCN should be evaluated in the Thy1-aSyn line at a time when

changes in DA are observed. It is also worth noting that the Thy1-aSyn mice did not show

any alteration in the free-running period of the behavioral rhythm in DD. Changes in the

circadian period length are indicative of a disruption in the underlying circadian pacemaker

system (Takahashi et al., 2008b). Therefore, our characterization of the Thy1-aSyn mice

suggests that, at least during the early stages of disease, disruptions in periodicity are not the

result of deficits in the molecular oscillations in the circadian system or its inputs, but in the

downstream outputs of this system.

In Thy1-aSyn mice, the firing rate of SCN neurons is reduced early in the

progression of PD

SCN neurons are spontaneously active and generate action potentials with peak activity

during the day (Colwell, 2011). In the daytime, we found that the excitability of SCN

neurons was significantly reduced in the Thy1-aSyn mice (Fig. 3) (Kudo et al., 2011b). At

this age (3 months) we did not see evidence of cell loss within the SCN; however, we have
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not yet looked at older mice. In the Thy1-aSyn model, firing rate is also dramatically

reduced in the striatal medium spiny neurons (Wu et al., 2010) so decreased electrical

activity may be a common feature of this model. Neurons in the SCN drive the rhythmic

output of the circadian system via regulation of the autonomic nervous system (Kalsbeek et

al., 2006) and other neural and hormonal pathways (Dibner et al., 2010). The decrease in the

daytime electrical activity that we observe in the SCN of Thy1-aSyn mice would be

expected to weaken the temporal patterning of both the neural and hormonal outputs. Our

observations are consistent with the hypothesis that decreased amplitude of efferent signals

from the SCN could contribute to the non-motor symptoms in PD (Fig. 4).

One mechanism by which aSyn over-expression could reduce SCN neural output is through

changes in synaptic transmission. aSyn is a pre-synaptic protein that regulates synaptic

vesicle release, and its mis-expression alters synaptic transmission (Burre et al., 2010; Cabin

et al., 2002; Wakabayashi et al., 1997). Recent work in a variety of mouse models of other

neurodevelopmental and psychiatric disorders suggests that alterations in the balance

between synaptic excitation and inhibition are a core pathophysiologic feature of these

conditions (Dani et al., 2005; Gogolla et al., 2009; Milnerwood et al., 2010; Nelson and

Turrigiano, 2008; Shepherd and Katz, 2011). Within the SCN circuit, the release of

glutamate and the neuropeptide pituitary adenylate cyclase-activating polypeptide (PACAP)

from retinal ganglion cells mediates the effects of light on the retino-recipient SCN neurons

(Colwell, 2011; Morin and Allen, 2006). For neurons contained within the SCN circuit, the

neurotranmitter used is gamma-aminobutyric acid (GABA) (Moore and Speh, 1993;

Okamura et al., 1989); most neurons receive a constant flux of GABA signaling (Itri et al.,

2004; Jiang et al., 1997; Kim and Dudek, 1992; Strecker et al., 1997). The circadian

symptoms of the Thy1-aSyn mice could be explained if aSyn over-expression tilted the

balance toward increased inhibition within the SCN circuit.

An alternate explanation lies with the currents which underlie daily rhythms of spontaneous

electrical activity of SCN. During the day, SCN neurons are relatively depolarized to keep

them near the threshold for generating an action potential (-45 mV). This relatively

depolarized resting potential is the result of excitatory drive provided by multiple cation

currents (Jackson et al., 2004; Kononenko et al., 2004; Pennartz et al., 1997). Changes in

these currents could underlie the decreased daytime firing observed in the Thy1-aSyn mice.

In response to this depolarized membrane potential, SCN neurons exhibit sustained

discharge for 4-6 hours in the subjective day without spike adaptation. Prior work suggests

that 3 potassium (K+) currents, including fast delayed rectifier (FDR), subthreshold-

operating A-type (IA) and large-conductance Ca2+ activated (BK) all play a critical role in

the regulation of spontaneous action potential firing in SCN neurons during the day (See

Colwell, 2011). Reduction in magnitude of the FDR and the BK currents would have the

consequence of decreasing the daytime firing rate in the SCN (Kudo et al., 2011a;

Montgomery and Meredith, 2012). Interestingly, a recent study (Farajnia et al., 2012) found

that aging selectively impacts K+ (IA and FDR) currents in the SCN currents, which reduces

the synchrony of the SCN cell population.
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The decreased firing rate of SCN neurons in Thy1-aSyn mice may be due to

mitochondrial dysfunction and oxidative stress

Although aSyn is primarily thought to be important for synaptic vesicle release and

recycling, there is increasing evidence of its colocalization with the mitochondrial

membrane (Li et al., 2007, Nakamura et al., 2008). Furthermore, mitochondrial function can

be impaired upon mis-expression of aSyn (Martin et al., 2006; Xie and Chung, 2012) and

conversely, the mitochondrial toxin MPTP leads to aSyn accumulation (Purisai et al., 2005).

Other mouse genetic models of PD, also show altered mitochondrial function and increased

oxidative stress (reviewed in Abou-Sleiman et al., 2006; Trancikova et al., 2012). SCN

neurons require an energy-demanding sodium-potassium pump (Na+/K+-ATPase) to

maintain the resting membrane potential during daytime peak firing (Wang and Huang,

2006). Without sufficient ATP, the neural membrane would depolarize, be unable to

generate action potentials, thus dampening the output signals from the SCN. These data

support the hypothesis that one cause of decreased electrical activity in the SCN is a

decrease in mitochondrial function (Martin et al., 2006; Schapira, 2012).

One likely consequence of the circadian disruption seen in the Thy1-aSyn mice is an

increase in oxidative stress and inflammation. Cellular metabolism results in the generation

of by-products of oxygen (O2) known as reactive oxygen species (ROS). The reduction of

O2 to H2O gives rise to superoxide anion, hydrogen peroxide, and hydroxyl radical which

can all be damaging to the cell. Therefore, cells control the production of ROS and manage

the negative consequences by the production of anti-oxidants. A long body of work from

both plants and animals indicates that both the production of ROS as well as cellular anti-

oxidants is temporally controlled by the circadian system (Edgar et al., 2012; Khapre et al.,

2011; Kondratova and Kondratov, 2012; Hardeland et al., 2003; Lai et al., 2012; O’Neill and

Reddy, 2011;Wang et al., 2012). Deletion of the critical clock gene BMAL1 leads to

mitochondrial dysfunction, including increases in ROS in peripheral organs (Khapre et al.,

2011; Kondratov et al., 2006; Lee et al., 2011). Mitochondrial ROS and oxidative stress

have been consistently implicated in disease and age-related decline in tissues throughout

the body (Balaban et al., 2005; Dai et al., 2010; Dutta et al., 2012; Labunskyy and

Gladyshev, 2012; Liu et al., 2012; Wanagat et al., 2010). Although the molecular oscillator

does not appear to be disrupted in the SCN of Thy1-aSyn mice, the effects of the

overexpression of aSyn may disrupt ROS levels to affect neuronal firing. While oxidative

stress damages a range of cellular processes, it is worth noting that K+ channels can be quite

sensitive to oxidative damage (Cotella et al., 2012; Sesti et al., 2010). Therefore, in the SCN,

an increase in oxidative damage to K+ channels may underlie the decrease in daytime firing

observed in Thy1-aSyn mice.

Likewise, many immune parameters show daily and circadian variation, including levels of

cytokines (e.g. Logan and Sarkar, 2012). The molecular clock is found in many of the key

cells involved in the immune response and disruption of the circadian system alters the

immune response (e.g. Castanon-Cervantes et al., 2010; Froy and Chapnik, 2007; Keller et

al., 2009). Two recent studies have found that clock proteins can directly regulate the

expression of proinflammatory cytokines through the NF-κB signaling pathway
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(Narasimamurthy et al., 2012; Spengler et al., 2012). Therefore, we speculate that a second

consequence of circadian disruption in the Thy1-aSyn mice is changes in the NF-κB

pathway which will result in pathological inflammation throughout the body. Within the

SCN, increases in cytokines are known to disrupt rhythms in firing rate (Kwak et al., 2008;

Lunkvist et al, 1998; 2010).

Increases in oxidative stress and inflammation due to circadian dysfunction in combination

with aSyn aggregation could accelerate the pathology of PD. If this hypothesis is correct,

circadian disruption may be a risk factor for PD. Many PD models consider a two-hit model

in which genetic risk factors coincide with environmental perturbations to lead to the disease

(Boger et al., 2010; Hawkes et al., 2007). We propose that circadian disruption and the

resulting increase in chronic inflammation, mitochondrial dysfunction, oxidative stress, and

DNA damage may be an environmental risk factor for developing PD, and may also serve to

accelerate the pathology of the disease (Fig. 5).

Future directions

These types of disruptions of the circadian system that are caused by altered coupling within

the SCN circuit are likely to have profound consequences on patient health (Bechtold et al.,

2010; Karatsoreos et al., 2011; Hastings et al., 2003; Reddy and O’Neill, 2010; Takahashi et

al., 2008a). There is mounting evidence that robust circadian rhythms are a necessary

component to optimum health. In recent years, a wide range of studies have demonstrated

that disruption of the circadian system leads to a cluster of symptoms, including cognitive

deficits and psychiatric symptoms (Gerstner and Yin, 2010; Loh et al., 2010; Ruby et al.,

2008; Wang et al., 2009), metabolic deficits (Gale et al., 2011; Marcheva et al., 2010; Turek

et al., 2005), cardiovascular problems (Bray et al., 2008; Scheer et al., 2009), gastrointestinal

problems (Gimble et al., 2011; Jain, 2011), and the increased risk for certain cancers

(Monsees et al., 2012). Many of these same symptoms are described in patients with PD.

Our results from the analysis of Thy1-aSyn mice support these observations. This combined

with the observation that many of the symptoms predate the appearance of PD-related motor

symptoms by years, raises the possibility that circadian dysfunction is not merely a symptom

of PD, but rather is a core, perhaps even pathogenic, component of the disease.

Our hypothesis suggests that placing a greater emphasis on the development of

pharmacological tools and behavioral interventions (Table 1) that can boost circadian output

and synchrony of the SCN may be therapeutic in PD patients; perhaps especially in PD

patients early during the course of the disease. Interventions should be designed to

strengthen output and re-synchronize the central and peripheral circadian clocks, i.e. focus

on the amplitude of the circadian output. New work suggests that the circadian system may

be targeted with pharmacologic therapies and that high-throughput chemical screens can be

applied to develop these potential treatments (Chen et al., 2012; Hirota et al., 2010). We

would suggest that candidate molecules that boost amplitude may be particularly useful to

counter the circadian dysfunction associated with PD. Together, the optimization of these

strategies already in use and the development of new, targeted interventions aimed at

restoring circadian functioning will provide promising avenues toward improving the

prognosis of patients with PD.
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Abbreviations

aSyn α-synuclein

MPTP 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine

DD Dark-Dark

DA Dopamine

FDR Fast delayed rectifier

GABA Gamma-aminobutyric acid

BK Large-conductance Ca2+ activated K+ channels

LD Light-Dark

MAO Monoamine oxidase

PVN Paraventricular nucleus

PD Parkinson’s disease

Per2 Period2

K+ Potassium

REM Rapid eye movement

ROS Reactive oxygen species

RBD REM sleep behavior disorder

SNpc Substantia nigra pars compacta

SCN Suprachiasmatic nuclei

WT Wild-type
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Highlights

• Sleep disorders are common among PD patients and manifest early in the

disease.

• α-synuclein over-expressing (Thy1-aSyn) mice show circadian dysfunction.

• In Thy1-aSyn mice, the electrical output of the central clock is compromised.

• Circadian dysfunction may contribute to the pathology of PD.

Willison et al. Page 22

Exp Neurol. Author manuscript; available in PMC 2014 April 22.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Fig. 1.
Thy1-aSyn mice show an age-related decline in daily and circadian rhythms. Top panels show representative examples of

wheel-running activity records from WT (left) and Thy1-aSyn (right) mice. Animals were initially entrained to 12:12 LD, then

placed into a skeleton photoperiod (1: 11:1:11 LD). Each horizontal row represents the activity record for a 24-hr day that is

then double plotted. Successive days are plotted from top to bottom. Gray shaded area represents darkness. Bottom panels show

examples of average waveforms that illustrate the distribution of activity for WT (left) and Thy1-aSyn (right) mice. Besides the

striking reduction in the amplitude of activity, the Thy1-aSyn mice exhibited a decrease in precision of the beginning of the

nightly activity cycle and an increase in fragmentation of their activity. Data from Kudo et al., 2011b.

Willison et al. Page 23

Exp Neurol. Author manuscript; available in PMC 2014 April 22.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Fig. 2.
Thy1-aSyn mice did not show alterations in the PER2 rhythm within the SCN. Mice were held in DD and wheel running activity

was measured to determine circadian phase. IHC was used to measure PER2 immunoreactivity in the SCN of Thy1-aSyn and

WT controls. Tissue was collected in the subjective day or subjective night. Photomicrographs of SCN tissue of each genotype

in low (10X) and higher (40X) magnification at 3 mo of age. Data from Kudo et al., 2011b.
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Fig. 3.
Thy1-aSyn mice show significantly reduced daytime spontaneous neural activity in the SCN. Using the current-clamp recording

technique in the whole-cell patch clamp, the spontaneous firing rate in SCN neurons during the day was measured. The panels

show representative examples of firing rate recorded from the WT and Thy1-aSyn mice at each time point. Data from Kudo et

al., 2011b.
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Fig. 4.
Circadian phenotype in Thy1-aSyn mice (3 mo) compared to middle aged WT mice (12 mo). In our laboratory, we measured the

circadian phenotype of WT mice at 12 mo of age (Nakamura et al., 2011). We found significant reduction in activity output,

including reduced amplitude, coherence and precision of wheel running activity rhythms. Physiological outputs of heart rate and

body temperature are also reduced at this age. Finally, we found that the amplitude of SCN neural activity rhythms but not PER2

expression was reduced at middle age. The phenotype of the Thy1-aSyn mice at 3 mo of age is similar to that seen in a middle

aged WT mouse. To date, we have not yet examined the physiological rhythms in the Thy1-aSyn mice.
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Fig. 5.
Potential mechanisms by which circadian dysfunction could accelerate the pathology of PD. The molecular clockwork regulates

mitochondrial function, reactive oxygen species homeostasis, DNA repair and immune response. Dysfunction of this timing

system is likely to contribute to chronic inflammation, mitochondrial dysfunction, and DNA damage. These processes are all

thought to contribute to the pathology of PD and contribute to age-related changes in the brain. Therefore, we raise the

possibility that circadian dysfunction due to genetic or environmental perturbations can accelerate the pathology of PD.
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Table 1

Possible Interventions to Strengthen the Circadian System

• Maintain light/dark cycle with bright sunlight in daytime and darkness during nighttime.

• Bright light therapy.

• Scheduled timing of meals.

• Scheduled timing of exercise.

• Restrict intake of psychostimulants, including caffeine.

• Restrict intake of alcohol, and other sedative hyponotic agents.

• Consider short-term use of sedative hypnotics in select cases.

• Melatonin supplementation.

• Cognitive behavioral therapy for insomnia.

• Cognitive behavioral therapy for PD-related mood and/or anxiety disorders.
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