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Abstract

Parkinson’s disease (PD) is the second-most common progressive neurodegenerative disorder.
Although the clinical diagnosis of PD is still based on its cardinal motor dysfunctions, several non-
motor symptoms (NMS) have been established as integral part of the disease. Unlike motor
disorders, development of therapies against NMS are still challenging and remain a critical unmet
clinical need. During the last decade, several studies have characterised the molecular,
physiological and behavioural alterations of the circadian system in PD patients. As a
consequence, and given the ubiquitous nature of circadian rhythms in the entire organism, the
biological clock has emerged as a potential therapeutic target to ease suffering from both motor
and NMS in PD patients. Here we discuss the emerging field of using bright light, physical
exercise and melatonin as chronotherapeutic tools to alleviate motor disorders, sleep/wake
alterations, anxiety and depression in PD patients. We also highlight the potential of these readily
available therapies to improve the general quality of life and wellbeing of PD patients. Finally, we
provide specific data- and mechanisms-driven recommendations that might help improve the
therapeutic benefit of light and physical exercise in PD patients.
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Introduction

Parkinson’s disease (PD) is the second most prevalent neurodegenerative disease and affects
between 2 and 3% worldwide of the population over the age of 65 (Poewe et al., 2017;
Schapira et al., 2017). Clinically, PD is a multisystem disease characterised by motor and
non-motor disabilities (Poewe et al., 2017). The main motor symptoms consist of
bradykinesia, resting tremor, rigidity and postural instability while the non-motor symptoms
span a wide range of dysfunctions including mood and other neuropsychiatric alterations,
cardiovascular and respiratory dysfunctions, impaired olfaction, gastrointestinal problems,
circadian and sleep/wake cycle alterations (Poewe et al., 2017; Schapira et al., 2017).
Several of these non-motor symptoms are manifest during the prodromal stage of the disease
and will inevitably worsen over disease progression to ultimately dominate the clinical
picture at advanced stages.

PD remains an incurable neurodegenerative disease (Poewe et al., 2017). Since its
introduction 50 years ago, L-DOPA remains the most effective therapeutic option to alleviate
motor symptoms of the illness (Poewe et al., 2017). However, the beneficial effect of L-
DOPA wanes over time and, on the average, 5 years after initiation of L-DOPA intake, motor
fluctuations and adventitious involuntary movements re-emerge. Moreover, additional non-
motor adverse effects such as excessive daytime sleepiness and dopamine dysregulation
syndrome have been associated with dopaminergic (DA) medications (Arnulf and Leu-
Semenescu, 2009). To overcome these side effects of DA medications, the development of
surgical deep brain stimulation (DBS) has led to the alleviation of both the intrinsic motor
abnormalities and the side effects related to long term DA intake (Fasano et al., 2012). This
remarkable achievement was tempered by the discovery of behavioral problems related to
DBS such as abulia, depression, reduced verbal fluency, weight gain and difficulty with
social adjustment (Krack et al., 2003). Rare fatalities such as intracerebral haemorrhages and
suicide have also been reported (Moon et al., 2008). Additionally, both DA replacement
medication and DBS do not alleviate the wide spectrum of non-motor symptoms including
sleep and circadian dysfunctions that may dominate the clinical picture of the disease in
advanced stages (Chaudhuri et al., 2006; Chaudhuri and Shapira, 2009; Fasano et al., 2012).
Rather DA medications contribute negatively to the exacerbation of these non-motor
disorders particularly in advanced stages (Chaudhuri and Shapira, 2009). Only few
pharmacological agents are available for the management of the NMS of PD. Currently,
therapeutics trategies that would target NMS along with neuroprotective or disease-
modifying therapies remain a critical unmet clinical need (Meissner et al., 2011). In view of
the diverse and common occurrence of NMS, patients with PD frequently take numerous
medications, which itself is a well-established risk factor for adverse drug reactions and
serious side effects in elderly (Lai et al., 2012; Chang et al., 2012).

Emerging evidence points to utility of non-pharmacological treatment approaches in PD.
Among these, light therapy and physical exercise are well-tolerated and widely available
treatment choices. As an alternative to polypharmacy, light therapy was introduced as an
adjuvant to L-DOPA medication in PD. The aim of this article is to discuss the rational,
safety and efficiency of using bright light and physical exercise as adjuvant therapies in PD.
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Caveats and consequently, recommendations to improve these emerging therapies will be
highlighted.

2. The Rationale of light therapy use in Parkinson’s Disease

Alterations of the circadian system are increasingly being recognized as non-motor
manifestations of PD. Though still a new emerging field of research, alterations of the
biological clock at the behavioural, physiological and molecular levels have been recently
reported in PD (Box 1, Videnovic and Golombek, 2013; Videnovic et al., 2014; Videnovic
and Willis, 2016; Mattis and Sehgal, 2016; Musiek and Holtzman, 2016; La Morgia et al.,
2017; Li et al., 2017; Videnovic and Golombek, 2017; De Pablo-Fernandez et al., 2017;
Fifel, 2017). The circadian system is essentially a genetically encoded anticipatory
mechanism that governs physiological homeostasis (Lowrey and Takahashi, 2004; Bell-
Pedersen et al., 2005; Takahashi et al., 2008). In mammals, the central clock in the
suprachiasmatic nucleus (SCN) plays a central role in the synchronisation of multiple central
and peripheral clocks in a coherent timing system (Bell-Pedersen et al., 2005; Takahashi et
al., 2008). To achieve this, the SCN integrates photic information received from the
specialized photoreceptor cells expressing the pigment melanopsin in the retina and then
uses both neural and humoral signals in order to orchestrate the temporal organisation of
circadian rhythmicity at the molecular, physiological and organismal levels (Bell-Pedersen et
al., 2005; Takahashi et al., 2008). In addition to light, which is the main circadian
synchronizer, the circadian system receives and integrates several non-photic stimuli such as
alternating cycles of feeding/fasting and exercise (Dibner et al., 2010; Sulli et al., 2018).
Although still mechanistically not fully understood, a proper interplay of all these photic and
non-photic cues both in time and space is essential for physiological homeostasis and good
health (Bass and Lazar, 2016).

The ubiquitous nature of circadian rhythmicity at every level of organisation and throughout
the body and their intertwined functional connections imply that any internal mismatch
between these circadian cycles might precipitate health disorders (Bass and Lazar, 2016;
Sulli et al., 2018). Indeed, a plethora of diseases have been associated with circadian
disruption as a result of the chronic challenge to the circadian system imposed by our
modern life style (light pollution, Jet travel, social jet-lag, light emitting devices and 24/7
food availability, (Bass and Lazar, 2016; Sulli et al., 2018). Because multiple external
stimuli can independently modulate the circadian system, several circadian-based strategies
have been developed to restore proper circadian functioning in several diseases (Schroeder
and Colwell, 2013; Sulli et al., 2018). The same scientific rationale underlies the use of light
as a therapeutic tool to treat or at least improve motor and non-motor symptoms of PD.
While light may exhibit its effects on physiology and behaviour via circadian mechanisms, it
is important to also point to the Potential alerting effects of light via mechanisms that are not
well defined to date (Terman and Terman, 2005; LeGates et al., 2014).

Because of the debilitating effects of motor and NMS, PD patients generally adopt a
sedentary lifestyle which, through vicious cycles (Fifel, 2017), aggravates the quality of their
life (Speelman et al., 2011; Fifel, 2017). As a consequence of this sedentary lifestyle, PD
patients spend most of their time indoors and are therefore likely to be exposed to lower
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intensities of light. Additionally, optic neuropathy is well documented in PD patients
(Archibald et al., 2009). This neuropathology encompasses retinal degeneration of both
dopaminergic amacrine cells as well as retinal ganglion cells (Archibald et al., 2009).
Furthermore, a-synuclein deposition, which is a hallmark of PD neuropathology, have been
found in the retina of PD patients (Beach et al., 2014; Ortufio-Lizaran et al., 2018a).
Recently, by examining retinas from advanced PD patients, Ortufio-Lizaran et al., 2018
reported a significant 33.3 % decrease in the density of ipRGCs in PD patients relative to
age-matched controls. This study also reported significant morphological impairments in the
remaining ipRGCs in retinas from PD patients. These alterations manifested as a significant
decrease in the number of intersections, branches and terminals in PD melanopsin ganglion
cells (Ortufio-Lizaran et al., 2018b). Degeneration and impairment of ipRGCs in PD might
therefore contribute to decrease sensitivity to light and consequently dysfunctional
melanopsin-mediated responses. Collectively, all these factors strongly point to the
possibility that PD patients might be amenable to and benefit from light therapy.

3. Light therapy in Parkinson’s disease: State of the art

Light is the most potent environmental cue regulating majority of behavioural and
physiological functions (LeGates et al., 2014). Accordingly, light therapy has been widely
applied to improve several disorders including circadian misalignment, depression, sleep
disorders and cognitive dysfunction (Schroeder and Colwell, 2013; LeGates et al., 2014). All
these disturbances may co-exist with PD syndrome (Chaudhuri et al., 2006; Chaudhuri and
Shapira, 2009) and are therefore expected to benefit from appropriate light regimes.
Potential insights from the use of light therapy in animal models of PD are discussed in Box
2. In the PD population, six studies so far have assessed the safety and therapeutic efficacy
of light therapy (Willis and Turner, 2007; Paus et al., 2007; Willis et al., 2012; Rios
Romenets et al., 2013; Videnovic et al., 2017; Martino et al., 2018). In 2007, two studies
were published (Willis and Turner, 2007; Paus et al., 2007). Willis et al. exposed 12 PD
patients to 1-1.5h of bright light pulses of 1.000-1.500 Lux in intensity 1h before bedtime
during 1 to 5 weeks (Willis and Turner, 2007). The investigators reported significant
improvement of motor function including bradykinesia and rigidity. Tremor was not
improved by light therapy. Bright light therapy had an anti-depressant effect that lasted
several weeks following treatment and was exteriorised by increased socialisation.
Subjective self-assessment of sleep habits showed also significant improvement (Willis and
Turner, 2007).

Another study by Paus et al. was a randomized, placebo-controlled and double-blind pilot
clinical trial of light therapy (Paus et al., 2007). The experimental group consisting of 18 PD
patients received 30 min of bright light of 7.500 lux and was compared to 18 PD patients
receiving placebo light pulses of 950 lux. Light was administered 1h after awakening daily
for 2 weeks. Patients receiving bright light showed improvement in depression. With the
exception of a slight attenuation of tremor, no improvements were reported in motor
symptoms (i.e. bradykinesia and rigidity). Regarding the sleep-wake cycles, the function
assessed was excessive daytime sleepiness that improved with light therapy in both the
active and placebo group with no significant in between-group difference. Although showing
promising results, the main limitation of these two studies was the short-term duration of
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light administration which may explain the modest treatment effects and preclude any
conclusion regarding the safety and efficacy of the desirable long-term administration of
light therapy to PD patients in routine clinical settings (Willis and Turner, 2007; Paus et al.,
2007).

A larger retrospective study was conducted and published by Willis et al. in 2012 (Willis et
al., 2012). 129 participants with PD received light therapy pulses at a dose of 4.000-6.000
lux daily, one hour prior to bedtime. A crucial finding of this study was the significant and
persistent improvement in both motor and non-motor symptoms as long as the patients
remained adherent to light therapy program. Beneficial effects were most significant among
patients that fully adhered to the intervention compared to both semi-adherent patients and
PD patients that withdrew prematurely from the program. The motor symptoms that showed
improvement were; bradykinesia, tremor, rigidity, nocturnal movement, dyskinesia, and
balance. The improved non-motor symptoms included; insomnia, anxiety and depression. As
expected, in patients that withdrew from the program, all these manifestations deteriorated
over the study period. Whether the benefits observed in this study resulted fully or in part
from interference with the neurodegeneration processes or were fully symptomatic remains
to be determined. The recovery rate depended on the symptoms; for example, anxiety and
insomnia improved first (within one month), while the improvement of the motor symptoms
lagged but, once present, persisted over the course of several months to years. The main
limitation of this study was its un-blinded study design (Willis et al., 2012).

More recently, the same group published results of another large and long-term retrospective
study involving 140 PD patients (Martino et al., 2018). In this study, the authors focused
mainly on the impact of a daily exposure to a 1h light pulse of intensity ranging from 3.000
to 4.000 Lux on insomnia and REM Behaviour Disorder (RBD). Light pulses were
administered 1 to 4 hours before habitual sleep onset. Similar to the previous study (Willis et
al., 2012), the authors described a progressive and persistent improvement of insomnia. This
positive response was induced in as little as one month after light therapy initiation and
persisted for long durations as long as the patients adhered to light therapy protocol (up to 6
years). Comparable dynamic was also observed for the reduction of the RBD symptoms.
Although not systematically analysed, this study also reported a less fragmented sleep/wake
behaviour after exposure to light pulses. In addition of its design being also open-label, the
main limitation of this study is the use of questionnaire to subjectively assess sleep quality.
No EEG polysomnography was used. Nevertheless, this study is the first to suggest that the
most debilitating sleep disorder found in some PD patients (i.e. RBD) might benefit from
light therapy.

Rios Romenets et al. compared the efficiency of a combined cognitive behaviour therapy and
bright light therapy with the effects of a pharmacological treatment using doxepin (Rios
Romenets et al., 2013). Although the authors assessed multiple sleep and behavioural
outcomes, the main focus of the study was to evaluate the effects of two study interventions
on insomnia in PD patients. With the combination of cognitive behavioural therapy and
sleep hygiene recommendations, pulses of bright light of 10.000 lux during 30 min were
administered either in the morning (for patients suffering from sleep onset insomnia) or in
the afternoon (for patients complaining from sleep maintenance insomnia) for 6 weeks. The
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results revealed a significant improvement in the insomnia severity index by bright light
therapy, which was comparable to the improvement induced by doxepin. No improvements
were observed in daytime sleepiness, fatigue, depression and sleep quality. Although
actigraphy measurements showed no significant changes, the motor part (Part 111) of the
Unified Parkinson’s Disease Rating Scale (UPDRS) scale revealed a worsening of the motor
functions over the treatment period which was in contrast with the stability of the motor
function in the patients receiving doxepin (Rios Romenets et al., 2013). Given the intrinsic
variability in PD-related phenotypes as well as their underlying pathophysiology
(Thenganatt, and Jankovic, 2014), the main limitation of this study is the very small study
cohort (n=6 per group; Rios Romenets et al., 2013). Additionally, the choice of the time of
light administration was not based on any objective physiological marker of the endogenous
circadian clock (Rios Romenets et al., 2013). Furthermore, the combination of light therapy
with cognitive behavioural therapy in this study makes it impossible to decipher the relative
contribution of light therapy to the behavioural component of the intervention. Combined,
these limitations restrict the interpretation of the results and preclude strong conclusions
regarding the efficacy of bright light therapy in PD.

PD patients suffer from several sleep abnormalities (Chahine et al., 2017). These include
excessive daytime sleepiness, insomnia, sleep fragmentation, REM sleep behaviour disorder
and restless legs syndrome (Chahine et al., 2017). A recent meta-analysis of studies
investigating therapeutic effects of light therapy on sleep problems has shown the
effectiveness of bright light in improving sleep quality (Van Maanen et al., 2016). All the
PD-related studies discussed so far have assessed the efficacy of light on either excessive
daytime sleepiness (EDS) (Paus et al., 2007) or insomnia (Willis et al., 2012). Willis and
Turner interviewed patients about the general quality of their sleep without emphasis on
specific aspects of sleep alterations (Willis and Turner, 2007). More recently, in a
randomized clinical trial, Videnovic et al. assessed the safety and efficacy of light therapy
for impaired sleep-wake cycles in PD (Videnovic et al., 2017). EDS was assessed using
Epworth Sleepiness Scale (ESS), and sleep quality with the Pittsburgh Sleep Quality Index
(PSQI) and Parkinson’s disease Sleep Scale (PDSS). Self-reported study assessments
included sleep diaries and visual analog scales for daytime sleepiness. In addition,
actigraphy was used to estimate characteristics of sleep/wake cycle and as a more objective
assessment of the general activity of the patients. Bright light pulses of 1-hour duration and
intensity of 10.000 lux were administered to 16 PD patients twice daily over 14 days. As a
control condition, a dim-red light of an intensity of less than 300 lux was used in a separate
group of PD patients (n=15). Participants treated with bright light therapy had significant
improvements in EDS and insomnia. Sleep became more consolidated as shown by the
significant decrease in the number of overnight awakenings. Additionally, light therapy was
associated with increased daily physical activity as revealed by actigraphy. This
improvement in motor activity was corroborated by significant improvement in several
motor items of the UPDRS. Remarkably, these improvements in sleep-wake cycle,
especially in excessive daytime sleepiness persisted at a follow-up examination, two weeks
after discontinuation of light therapy (Videnovic et al., 2017).

Rutten et al. published recently a study protocol of a double-blind randomized controlled
trial to assess the effect of bright light therapy on depression, sleep/wake behaviour and the

Prog Neurobiol. Author manuscript; available in PMC 2020 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Fifel and Videnovic

Page 7

biological circadian system (Rutten et al., 2016). This study has addressed several
limitations of earlier studies and controlled for several parameters. The result of this ongoing
study will therefore be more informative about the potential of light therapy in PD patients.
A large cohort (n=84) of PD patients were exposed twice a day to 30 min of 10.000 light
pulses during 3 months. The administration of the morning light pulse was determined based
on the individual chronotype of PD patients. The blind study design was achieved by
installing neutral density filters on the control light device so that it appears identical to the
experimental device when switched-off. When switched on, and at a distance of 30 cm, the
experimental device emits light with the intensity of 10.000 lux while at a distance of 40 cm,
the control device emits light at an intensity of 200 lux. Despite these technical measures,
and because the reduced intensity of light could point out that the subjects in the control
condition were not receiving bright light therapy, the authors are planning to control for this
potential bias by rating the expectances of PD subjects before the start of the treatment. The
primary outcome measure that will be assessed in this study is the change in depressive
symptoms relative to baseline. Additionally, the acute and long-term effects of light on the
motor symptoms, the subjective (questionnaire-based) and objective (actigraphy-based)
quality of sleep as well as on the robustness of circadian of circadian rhythms. Given its long
post-treatment follow-up period (6 months), this study will also reveal how long the
beneficial effect of bright light on motor and NMS of PD lasts, which might inform about
the optimal frequency of light administration in future applications.

Light therapy has been used for over 30 years as adjuvant therapy for several medical
conditions including depression, circadian sleep phase disorders, cognitive alterations and
many more (Terman and Terman, 2005; Terman, 2007; Van Maanen et al., 2016). One of the
many advantages of light therapy over medication is the transient and benign nature of the
side-effects (Terman and Terman, 2005). A consistent finding in all studies that assessed the
safety of light therapy in PD is the excellent toleration of the therapy. Like is other patients
(Terman and Terman, 2005), headache, hypomania, agitation, sleepiness and fine tremor
were reported in PD patients shortly after the initiation of light treatment (Willis et al., 2012;
Videnovic et al., 2017). However, these side effects were short lived and dissipated within
days even in the PD population studies by Willis et al. for up to 8 years (Willis et al., 2012;
Videnovic et al., 2017). These results corroborate the findings from other studies in which
bright light was administered chronically in both middle-age and elderly patients for several
years (Gallin et al., 1995; Riemersma-van der Lek et al., 2008) suggesting therefore the
safety of chronic application of light therapy in PD patients.

4. Light therapy in Parkinson’s disease: Unresolved questions and

recommendations

Although the results of the studies discussed so far point to a potential therapeutic benefit of
bright light therapy for both motor and non-motor symptoms in patients with PD, the field is
still in its infancy and several critical questions remain. One of the major unresolved
question related to light therapy in PD is related to its dose properties that must be defined
and optimized similar to any other pharmacological and non-pharmacological treatment
approach. This encompasses duration, timing, frequency and spectral properties and
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intensity of light therapy. Below we discuss recommendations and areas requiring further
research in order to improve the efficacy of light therapy in PD (Fig. 1).

Defining the optimal dose of light therapy in PD

Although the therapeutic mechanism of light is unlikely to be restricted to its impact on the
circadian system (see below), the therapeutic outcomes of light exposure depend on the
relative time of administration within the 24h day (Terman and Terman, 2005). This is
related to the fact that the magnitude and direction of phase-resetting is dependent on the
circadian phase at which the light stimulus occurs. The circadian system is most sensitive to
light during the biological night, during which most individuals are sleeping in darkness.
Therefore, bright light exposure is most effective in normalizing circadian misalignment if
administered during twilight time either shortly after awakening, or shortly before bedtime.
In humans, and most diurnal animals, early morning light therapy will advance the
endogenous clock while light exposure in the evening is more likely to delay circadian
rhythms (Terman and Terman, 2005). Therefore, depending on the individual chronotype of
PD patients, the time of light exposure should be selected accordingly. Light exposure to PD
patients 1h after awakening improved depression, quality of life and tremor without
affecting bradykinesia and insomnia (Paus et al., 2007) while the application of bright light
1h before bedtime improved, in addition of mood, insomnia, bradykinesia and rigidity in PD
patients (Willis and Turner, 2007; Willis et al., 2012). These results suggest that exposure of
light at different times of the day yields different clinical outcomes. However, these results
could also suggest a degree of heterogeneity among PD patients in the nature and the degree
of alterations of the circadian system. Indeed, recent studies investigating circadian
alterations in PD patients revealed variability in the degree of alterations (different degrees
of amplitude reduction) as well as in the nature of the circadian desynchronisation of the
circadian system in PD patients (unaffected, delayed or advanced rhythms) (reviewed in
Videnovic and Golombek, 2013; Videnovic et al., 2014; Videnovic and Willis, 2016; Mattis
and Sehgal, 2016; La Morgia et al., 2017; Li et al., 2017; Videnovic and Golombek, 2017;
De Pablo-Fernandez et al., 2017; Fifel, 2017; Musiek and Holtzman, 2016). Like in
depressed patients (Terman and Terman, 2005; Terman, 2007), this heterogeneity would
make PD patients benefit the most from light exposure at different times of the day. Practical
solution to this issue would require personalized monitoring of the chronotype of PD
patients using for example reliable physiological markers such as melatonin onset, which
correlates with a high degree of accuracy with the internal clock. Alternatively, the Morning-
Evening Questionnaire (MEQ) might be used. However, given the severe alterations of
circadian rhythms (Videnovic and Golombek, 2013; Videnovic et al., 2014; Videnovic and
Willis, 2016; Mattis and Sehgal, 2016; La Morgia et al., 2017; Li et al., 2017; Videnovic and
Golombek, 2017; De Pablo-Fernandez et al., 2017; Fifel, 2017; Musiek and Holtzman,
2016) and sleep/wake cycle in PD patients (Arnulf and Leu-Semenescu, 2009; Poewe et al.,
2017; Schapira et al., 2017), a validation of the MEQ against more reliable markers (i.e.
melatonin onset or temperature) is necessary before its usage in order to estimate the
chronotype of PD patients. These easily-administered tools have not been implemented in
the six studies conducted so far with PD. An alternative approach to overcome these costly
measures would be to expose patients to regular and robust 12h/12h Light/dark cycles or to
two bright pulses per day (1 in the morning and 1 in the evening) instead of single pulse at
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different times of the day. Such protocols would reinforce temporal patterning of SCN
oscillation, strengthen entrainment to the external world, and better orchestrate temporal
organisation of the internal physiology. Indeed, evidence for such beneficial reinforcement
of the circadian system by robust LD cycles are substantial from both animal (Schroeder and
Colwell, 2013; Lucassen et al., 2016) and human studies including elderly patients
(Riemersma-van der Lek et al., 2008; Schroeder and Colwell, 2013).

Independent of its synchronization effects on circadian rhythms, exposure to bright light is
associated with an acute increase in subjective, as well as objective measures of alertness
and arousal (LeGates et al., 2014, Rahman et al., 2017). Recent studies indicate that bright
light enhances alertness, improves reaction times in behavioural tasks and induces changes
in the waking electroencephalogram (EEG) that are consistent with increased arousal. These
studies suggest a wake promoting effect of bright light exposure that is independent of its
circadian-mediating effects (Rahman et al., 2017). Based on this arousal effect of bright light
exposure, we would expect insomnia that PD patients suffer from to be exacerbated.
Paradoxically however, studies that examined this (Willis et al., 2007; Willis et al., 2012;
Martino et al., 2018) have shown that bright light exposure before bedtime rather mitigated
insomnia in PD patients. thorough mechanistic investigation of these findings might
contribute to fine-tuning protocols of light therapy in PD. Such knowledge is expected to
also shed some light on the potential contribution of reduced sensitivity or exposure to
environmental light to excessive daytime sleepiness by PD patients.

Efficacy of light therapy is also modulated by the intensity, duration and spectral proprieties
of the administered light (Terman and Terman, 2005; Terman, 2007; LeGates et al., 2014).
The intensity of the light pulses used so far ranges from 1.000 to 10.000 with a duration of
either 30 min (Paus et al., 2007; Rios Romenets et al., 2013), 1h (Willis and Turner, 2007;
Willis et al., 2012; Videnovic et al., 2017; Martino et al., 2018) or 1.5h (Willis and Turner,
2007). The intensities used is probably based on field studies showing that exposure to
bright artificial light (typically 2.500-10.000 lux) improves sleep-wake quality and mood
(Terman and Terman, 2005; Terman, 2007). However, several clinical studies have shown
that exposure to bright monochromatic blue light (460nm) is more effective that other
wavelengths (like green light; 555nm) at phase-resetting the circadian clock and suppressing
the release of melatonin during night-time from the pineal gland (Rahman et al., 2017).
Given the mediation of light therapy by blue light-sensitive photopigment melanopsin (Guler
et al., 2008), whether PD patients will benefit most from blue-enriched light despite
suffering from several retinopathologies (Archibald et al., 2009; Beach et al., 2014) is still
unknown. Given the limited number of studies as well as their limitations, it is still
premature to draw reliable conclusion regarding the optimal parameters of light
administration in PD patients. Large clinical trials with multiple treatment arms will be
required to this end. None of the studies have introduced variations in the wavelength
spectrum in order to assess the optimal wavelengths with the best therapeutic benefits (Fig.
1).
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4.2. Alterations of the circadian system in PD patients and its relevance for circadian-
based treatments in PD

Recently, several studies have documented diverse molecular, physiological and behavioural
disruptions of the circadian system in PD patients (Box 1, Fifel, 2017). detailed description
of these circadian alterations is beyond the scope of this article, and interested readers are
referred to recent excellent reviews on the topic (Videnovic and Golombek, 2013; Videnovic
et al., 2014; Videnovic and Willis, 2016; Mattis and Sehgal, 2016; Musiek and Holtzman,
2016; La Morgia et al., 2017; Li et al., 2017; Videnovic and Golombek, 2017; De Pablo-
Fernandez et al., 2017; Fifel, 2017). The main conclusions of these studies are; first, the
nature and the degree of circadian disruptions are heterogeneous among PD patients and
second; the neuroanatomical sites underlying these alterations are unknown. Both of these
limitations have direct implications on the efficiency of the implementation of bright light
therapy in PD patients. As mentioned before, well designed (and if necessary personalised)
protocols of light administration might practically remedy the phenotypic and
neuropathological variability in circadian alterations observed in patients with PD
(Thenganatt and Jankovic, 2014). Furthermore, there is a need of additional detailed and
multicenter investigations of different aspects of the circadian system in PD with emphasis
on the underlying neurophysiology. Such knowledge is also pivotal for the optimization of
light therapy protocols. For example, and as mentioned before, significant degeneration and
morphological impairments of retinal photosensitive melanopsin ganglion cells, which
constitute the neuronal pathway mediating photic entrainment (Guler et al., 2008), have just
been recently reported in PD (Ortufio-Lizaran et al., 2018b). In line with these anatomical
findings, ipRGC-mediated post-illumination pupil response to blue light exposure was found
to be impaired in PD (Joyce et al., 2018). More precisely, a 14.73% reduction in the
sustained constriction of pupil diameter was found in PD patients relative to controls (Joyce
et al., 2018). Theoretically, with this knowledge it is possible to estimate the magnitude and
spectral proprieties of light sensitivity in PD patients and adjust the parameters of light
therapy accordingly. Similarly, the involvement of the central clock in the SCN vs
downstream central and peripheral structures over PD progression is still not fully
understood. Answering these questions might inform us about the optimal wavelength
spectrum of light with potentially the maximum therapeutic benefit.

4.3. Mechanisms of bright light therapy with specific relevance to PD

The mechanism behind the therapeutic effect of bright light is not fully understood. Light,
by acting directly on the circadian system, consolidates and strengthens the internal
synchrony and coordination of cellular processes, physiological functions and behaviours
with the external light/dark cycle (Takahashi et al., 2008; Dibner et al., 2010; Schroeder and
Colwell, 2013; LeGates et al., 2014; Bass and Lazar, 2016). However, none of the six studies
conducted so far have specifically assessed the impact of light therapy on molecular and/or
physiological overt rhythms in order to verify whether light exerts its effects by correcting
the internal desynchrony of physiological rhythms in PD. If it is the case, one needs,
furthermore, to show that the degree of correction of circadian alterations correlates with the
magnitude of improvement. In patients suffering from winter depression, in which such
studies and analysis have been conducted, it has been shown that the impact of light on the
circadian timing system accounts for only 14% of the variance suggesting the involvement
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of other circadian-independent mechanisms of light therapy (Terman et al., 2001). The
results of the ongoing study by Rutten et al. (2016) are expected to shed some light on the
relative contribution of circadian-based vs circadian-independent processes to the
therapeutic effect of light in PD patients.

Another potential mechanism of bright light worth further investigation is the possible
enhancement of the dopaminergic neurotransmission. This mechanism is supported by
multiple lines of evidence. First, electrophysiological studies in rodents showed an acute
activatory response of dopamine-containing regions following brief exposure to light pulses
(Nieoullon et al., 1977; Dommett et al., 2005; Schultz et al., 2009). These neural responses
were short-lived, declining few milliseconds after light offset, which implies that light
directly influences these regions through short-distant relays (Comoli et al., 2003). Second,
light therapy has been shown to remarkably increase L-DOPA efficacy in patients with PD
(Willis and Turner, 2007; Willis et al., 2012). Patients under bright light therapy significantly
and stably reduced the amount of L-DOPA required to 50% while maintaining therapeutic
efficacy compared to a 17% increase observed in unexposed patients (Willis and Turner,
2007; Willis et al., 2012). Further evidence for this light enhancing effect of DA signalling
comes from studies showing a seasonal modulation of DA neurotransmission with an up-
regulation during summer compared to winter (Eisenberg et al., 2010; Tsai et al., 2011).
Recently, bright light therapy was shown to normalize the abnormal rest/activity rhythms
induced by winter-like short photoperiod in a diurnal rodent (i.e. Arvicanthis ansorgei).
Interestingly, these impacts were paralleled with the strengthening and normalisation of the
circadian modulation of DA signalling in the striatum (Itzhacki et al., 2018). onversely,
chronic light deprivation for 6 weeks in rats induces neurodegeneration of monoaminergic
neuronal systems (including DA neurons) which was associated with depressive behavioural
phenotype (Gonzalez et al., 2008). Collectively, all these studies indicate that ambient
lighting conditions affect the DAergic system. Additional investigation of how light
enhances DA neuro-signalling will help to further improve the efficacy of light therapy in
PD patients and likely in many other neurodegenerative disorders in which DA signalling is
impaired.

Finally, and in specific relation to PD, light therapy might nurture positive feedbacks from
improved motor and non-motor symptoms of the disease following light treatment. The
progressive impairment of motor and several non-motor symptoms over disease progression
in PD contributes, through negative feedbacks, to the alteration of circadian rhythms (Fifel,
2017). The potential improvement of motor functions, depression, anxiety and sleep/wake
behavior by light therapy in PD patients in expected to feedback positively on health in
general by improving and normalizing the circadian organization of physiological functions.
The extend of this mechanism in improving the quality of life in PD patients has, however,
not yet been investigated.

4.4. Should Bright Light Therapy focus on non-motor symptoms, motor symptoms, or

both?

As stated before, PD is characterised by a plethora of non-motor symptoms (Chaudhuri et
al., 2006; Chaudhuri and Schapira, 2009). So far, the impact of bright light has been
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assessed only on a few non-motor symptoms namely; sleep/wake behaviour, anxiety and
depression (Willis and Turner, 2007; Paus et al., 2007; Willis et al., 2012; Rios Romenets et
al., 2013; Videnovic et al., 2017; Martino et al., 2018). Although the effects of bright light
on sleep have been evaluated using valid questionnaires, there is a need to objectively assess
how bright light improves sleep alterations in PD using EEG polysomnography. Large scale
and controlled trial in demented elderly have demonstrated the efficiency of bright light
therapy to significantly attenuate cognitive decline and positively influence mood
(Riemersma-van der Lek et al., 2008). It is therefore reasonable to expect similar benefits for
cognitive dysfunctions seen in patients with PD. Similarly, given the already shown
beneficial effect of bright light on L-DOPA efficiency and dosage, it might be expected that
bright light therapy would at least attenuate the highly debilitating side effect of dopamine
therapy in PD such as involuntary movements, hallucinations and psychosis (Chaudhuri et
al., 2006; Chaudhuri and Schapira, 2009; Poewe et al., 2017). Therefore, it is necessary to
investigate in future studies the impact of bright light, not only on motor dysfunctions, but
also on the wide range of non-motor symptoms affecting PD patients.

5. Chronotherapeutic potential of Exercise in Parkinson’s disease

A second complementary approach that has shown efficiency in improving the quality of life
in patients with PD is physical activity and exercise. A recent review listed 10 potential
reasons why an active lifestyle might benefit patients with PD (Speelman et al., 2011).
Interestingly, many symptoms that responded positively to exercise overlap with the
symptoms sensitive to light therapy. These include cognitive function, mood, sleep, motor
performance, dopaminergic signalling and L -DOPA efficacy. Additionally, osteoporosis,
cardiovascular function, constipation and fatigue improved significantly after physical
training (Speelman et al., 2011). Adaptive neuroplasticity defined as the dynamic capacity of
the brain to adjust through neuronal re-organisation, is thought to be the main mechanism
through which aerobic physical training exerts its effects (Hillman et al., 2008). Another, yet
not systematically investigated approach to further improve the benefit of physical activity in
patients with PD is the use of timed physical activity as non-photic stimuli to boost
physiological resonance of the circadian system. Several studies both in rodents and humans
suggest indeed the presence of a specific time window where the benefits of exercise are
maximal (reviewed in Hughes and Piggins, 2012; Schroeder and Colwell, 2013). Based on
our current knowledge, it is difficult to propose standard schedules for physical exercise in
PD patients. This difficulty stems from at least 3 facts. First, like light therapy, the
heterogenous nature of circadian insults in PD will make patients benefit the most from
exercise at different times of the day (Fifel and Deboer, 2014; Fifel, 2017). Second, although
it is established that nocturnal exercise can phase delay the clock, reports of exercise-
induced phase advances of circadian rhythms are rarer (Atkinson et al., 2007). Finally, the
best timing of exercise therapy will depend also on the symptoms being targeted. For
example, although both exercise in the morning and late afternoon improved cognitive
abilities in aged individuals, late-afternoon exercise improved more measures of cognitive
abilities (Benloucif et al., 2004). Similarly, in older adults with insomnia, sleep quality also
improved when exercise was performed during the afternoon or early evening (Reid et al.,
2010). However, long-term fitness exercise in the middle of the day improved the
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consolidation and robustness of sleep/wake cycle in older men (Van Someren et al., 1997).
Given the many insults on circadian neurocircuitry in PD (Fifel, 2017), it is unlikely that
exercise will have similar impacts on PD patients as in healthy elderly. It will be therefore
more efficient to personalize the timing of physical exercise after careful and thorough
examination of medical needs of PD patients. Such approaches are needed to reveal the
importance of physical exercise as a major non-photic synchronizing agent in the PD
population. A major barrier towards the implementation of physical training as a long-
lasting lifestyle change in patients with PD is not only the motor disability, but also the
diverse non-motor problems (Speelman et al., 2011). In particular, anxiety and fear of falling
should be taken into account. These hurdles can, however, be overcome through specific
coaching and counselling as has been shown recently by the positive outcomes of the ParkFit
study (Speelman et al., 2014).

Interestingly, behavioral studies on the interactions between light and physical activity on
one hand and sleep, cognition, the circadian system and physiology on the other showed that
these interactions likely operate multi-directionally and dynamically influence each other in
complex ways (see Box 3 for bidirectional interactions between the circadian system and
sleep/wake behaviour). For example, in rodents the latency to fully re-entrain to the 8h phase
advance of the LD cycle (which simulate the jetlag encountered by humans following trans-
meridian air travels) can be dramatically reduced from 8 to 2-3 days by 3 h of locomotor
activity at the beginning of the dark phase on the first day in the new LD cycle (Mrosovsky
and Salmon, 1987; Van Reeth and Turek, 1989). In aged demented patients, chronic
supplementation of bright light and melatonin yielded better outcomes on sleep, cognitive
abilities and quality of life than did bright light or melatonin alone (Riemersma-van der Lek
et al., 2008). Conversely, improving the quality of sleep can also improve health. Evidence
for such positive feedbacks comes from animal and, more recently, human studies (reviewed
in Schroeder and Colwell, 2013). In a mouse model of Huntington’s disease, both the
circadian system and the sleep/wake behavior deteriorate as the disease progresses (Pallier et
al., 2007; Pallier and Morton, 2009). Pharmacological improvement of sleep/wake cycles in
these animals improved significantly health span, cognition and motor abilities (Pallier et al.,
2007; Pallier and Morton, 2009). In humans, better sleep consolidation attenuated the risk of
Alzheimer’s disease and reduced age-related cognitive decline and the development of
neurofibrillary tangle pathology in individuals carrying the apolipoprotein E &4 allele and
are therefore at higher risk for incident Alzheimer’s disease (Lim et al., 2013). Similar
follow-up studies have not yet been conducted with PD patients. Taken together however,
these tight multidirectional feedbacks and modulations between different systems provide a
promising opportunity to improve health in general using bright light and physical training
in patients with PD.

6. Therapeutic effects of melatonin intake in Parkinson’s Disease

The powerful antioxidant property of melatonin (Pandi-Perumal et al., 2013) as well as its
role in the internal synchronisation of circadian and sleep/wake rhythms (Lewy et al., 2006;
Hardeland, 2012) have made it a therapeutic option as both a neuroprotective and a
chronotherapeutic drug. Accordingly, melatonin has been successfully used to treat insomnia
and alleviate, at least partially, circadian alterations in older adults (Lewy et al., 2006). In
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patients with PD, only two studies have assessed the efficacy of melatonin to alleviate sleep/
wake cycle alterations (Dowling et al., 2005; edeiros et al., 2007). Both study protocols were
based on the soporific action of melatonin, rather on its effects as a modulator of the
circadian system. In the first study, melatonin at doses ranging from 5 to 50 mg/day was
administered 30 min before bedtime for a period of 2 weeks (Dowling et al., 2005). The
second study used 3 mg of melatonin, 1h before bedtime over 4 weeks (Medeiros et al.,
2007). Both studies reported significant improvement in the subjective quality of sleep
(Dowling et al., 2005; Medeiros et al., 2007). Although statistically significant, clinical
improvement manifested as increases in total sleep time for 10 minutes in one of these
studies diminishes the enthusiasm for this medication (Dowling et al., 2005). Furthermore,
when sleep was assessed objectively using polysomnography, no beneficial effects on sleep
were observed (Medeiros et al., 2007). Motor symptoms were unchanged with
administration of melatonin (Medeiros et al., 2007). Although both studies reported that
melatonin, even at high dosage, was tolerated, the short duration of the treatment (maximum
of 4 weeks) precludes conclusions about long-term tolerability. Indeed, when melatonin was
taken alone for longer period by elderly people, it was shown to adversely affect mood
(Riemersma-van der Lek et al., 2008). These negative effects were counteracted by the
combination of melatonin intake with bright light therapy (Riemersma-van der Lek et al.,
2008). These findings suggest that the combination of light and melatonin therapies might be
more successful than light administration or melatonin intake alone. Based on current
evidence, it is not clear whether melatonin has beneficial effects on sleep-wake cycles in PD
patients. Further trials using the newly developed melatonin agonists might yield better
outcomes (Schroeder and Colwell, 2013).

7. Concluding remarks and future perspectives

Parkinson’s disease is a multisystem disorder characterised clinically by motor and non-
motor symptoms. The significant improvement in symptomatic therapy of motor difficulties
have been tempered recently by the recognition of the debilitating aspect of several non-
motor symptoms particularly in advanced stages of the disease (Chaudhuri et al., 2006;
Chaudhuri and Schapira, 2009; Fasano et al., 2012; Poewe et al., 2017). Specific
management of these non-motor features is still very poor, and the efficiency of available
treatments is still limited by their negative side effects (Chaudhuri et al., 2006; Chaudhuri
and Schapira, 2009; Fasano et al., 2012; Poewe et al., 2017). As a remedy to this situation,
and taking advantage of the accumulated data on its application over 30 years is psychiatric
and other clinical settings (Terman and Terman, 2005; Terman, 2007; Van Maanen et al.,
2016), bright light therapy has been introduced as an adjuvant to pharmacological therapies
in PD. The inexpensive and non-invasive nature of light therapy and exercise makes them
attractive supplemental therapies to potentially postpone the onset of parkinsonism or even
prevent the manifestations of multiple non-motor symptoms. This possibility is all the more
pertinent given the emerging strategies used to identify people who are at high risk of
developing PD (Stephenson et al., 2009; Sherer, 2011; Chen-Plotkin, 2014). Implementation
of bright light and exercise therapies in such individuals as a pre-emptive strategy could
potentially confer beneficial results. Because of its non-invasive nature, this strategy does
not face the ethical issues related to the long-term side effects associated with chemical-
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based neuroprotective therapies (Obeso et al., 2010). However, no study has examined the
chronotherapeutic potential of exercise in PD and regarding light therapy, over the last
decade, only six studies have been published (Willis and Turner, 2007; Paus et al., 2007;
Willis et al., 2012; Rios Romenets et al., 2013; Videnovic et al., 2017; Martino et al., 2018)
and one double-blind randomized controlled trial is currently underway (Rutten et al., 2016).
Yet these studies provide the ‘proof of concept’ that light therapy could be a powerful tool to
ease suffering from motor and multiple non-motor symptoms of PD. Future studies should
focus on optimizing the protocol as well as the parameters of light exposure before the
expected broad application of bright light therapy yield better outcomes in improving
symptoms and quality of life or even slow down disease progression in patients with PD
(Fifel and Videnovic, 2018).
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Box 1:
Typology of the Circadian system in Parkinson’s Disease

Although the pace of acquiring scientific knowledge about the circadian system in PD
has been slow and lagging long behind the motor aspects of the disease, a growing
number of studies have described several aspects of health alterations in PD patients
directly linked with the circadian timing system (Videnovic and Golombek, 2013;
Videnovic et al., 2014; Videnovic and Willis, 2016; Mattis and Sehgal, 2016; Musiek and
Holtzman, 2016 La Morgia et al., 2017; Li et al., 2017; Videnovic and Golombek, 2017;
De Pablo-Fernandez et al., 2017; Fifel, 2017). The scope of these alterations
encompasses several behavioural, physiological and molecular circadian overt-rhythms.
The most evident behavioural alteration of the circadian system in PD consists of the
progressive deterioration of the quality of sleep/wake and rest/activity cycles (Arnulf and
Leu-Semenescu, 2009; Schapira et al., 2017). Fragmentation of sleep/wake behaviour as
well as intrusions of abnormal motor actions into the resting phase of the light/dark cycle
are common complaints of PD patients. Worsening of these symptoms over disease
progression can even lead to a dramatic drop in the amplitude of rest/activity cycle (Niwa
etal., 2011; Fifel, 2017; Madrid-Navarro et al., 2018). In severe advanced stages, this
might manifest as a quasi-arrhythmia (Niwa et al., 2011). At the physiological level,
alteration of several biological rhythms has been described in PD. These include; reduced
amplitude of 24h corticol (Hartmann et al., 1997) and melatonin release rhythms
(Videnovic et al., 2014; Breen et al., 2014), phase advance of melatonin rhythm (Bordet
et al., 2003; Bolitho et al., 2014), Reversal or complete loss of both the daily rhythm of
blood pressure (Ejaz et al., 2006; Vetrano et al., 2015) and heart rate variability (Stuebner
et al., 2013), dampening of the daily rhythm of urine excretion (Hineno et al., 1994) and
the alterations of rhythmic modulation of visual contrast sensitivity (Struck et al., 1990).
In de novo medication-free PD patients, no alterations in the 24h circadian profile of
growth hormone, thyrotropin and prolactin were observed (Aziz et al., 2011a). Similar
results were found in another study of newly diagnosed PD patients for several metabolic
markers including; adipokines, leptin, adiponectin and resistin (Aziz et al., 2011b).
Molecular studies investigating clock genes in PD patients are sparse (Cai et al., 2010;
Ding et al., 2011; Breen et al., 2014). Nevertheless, available data extracted from clock
genes expression in blood mononuclear cells showed either a dampening (Cai et al.,
2010) or a complete loss of the 24h rhythmic expression of BMAL1 (Breen et al., 2014).
Other genes (Per2 and REV-ERBSs) showed also altered rhythmic expressions (Ding et
al., 2011; Breen et al., 2014). Collectively, all these studies strongly reveal alteration of
several aspects of the circadian system in PD patients.

Another emerging feature from these studies is the high heterogeneity in the nature and
the extent of circadian alterations in both central and peripheral organs. Recently,
Roenneberg and Merrow proposed a comprehensive taxonomy of circadian alterations in
which they describe potential states of circadian systems in the SCN and peripheral
circadian clocks both in health and disease (Roenneberg and Merrow, 2016). Below, we
apply this taxonomy in order to summarise circadian alterations in PD patients based on
currently available data. This taxonomy is composed of four possible states for circadian
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State

State

State

systems (Fig. A); green icons (state 1) represent optimal entrainment in the whole body,
blue icons (state 2) refer to rhythms that show abnormal phase relationship to their
respective zeitgebers (light, food, endogenous signals). Gray icons (state 3) represent free
running rhythms that failed to entrain to their zeitgebers. Such state has not been
described in PD patients so far. The last state (state 4) is shown by red icons and refer to a
complete loss of rhythmicity.

Q>

| State 2 State 3

The state of any circadian system can be described as a mixture of these potential states
(Roenneberg and Merrow, 2016). In the figures below, the circadian state of the SCN is
represented by the larger symbol on the left while the state of peripheral clock is
displayed as the small symbol(s) to the right of the larger symbol.

1-1/1 State 2-2/2
1-1/2 State 2-1/4 State 2-2/4

If all peripheral tissues and organs show the same state, a single icon is indicated. If
different tissues or functions adopt different relative entrained phases, then two icons are
indicated. Years before developing PD, subjects would show optimal entrainment (state
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1-1/1 or 2-2/2 for extreme chronotypes). Before, and up to diagnosis, during which PD
patients show normal entrainment of several physiological functions (for a review, see
Fifel, 2017), sleep/wake behaviour might show a fragmented pattern (state 1-1/4;
although the degree of fragmentation does not reach behavioural arrhythmia). When PD
patients start to take dopamine medications, a phase advance in melatonin rhythm has
been reported in some studies (Bordet et al., 2003; Bolitho et al., 2014). The
pathophysiology of this circadian alteration is currently unknown (Fifel, 2017). This
could either reflect an abnormal expression of clock genes in the SCN (state 2-1/2) or an
abnormal entrainment of peripheral clocks in output structures responsible for the
generation of melatonin rhythm (state 1-1/2). During disease progression, several motor
and non-motor symptoms deteriorate (Maetzler et al., 2009). These impairments have
been shown to negatively impact the general quality of life in PD patients (Videnovic et
al., 2014; Fifel, 2017) and exacerbate the alterations of both the amplitude and
entrainment of several circadian rhythms (states 1-2/4, 2-1/4, 2-2/4).

As mentioned before, a high degree of variability in the alterations of the circadian
system is evident among PD patients (Fifel and Deboer, 2014; Fifel, 2017), it is therefore
more likely to regard these different states as a plastic continuum that might change as a
function of the influence of internal (i.e. biology) and external factors (i.e. environment
and medication) behind the development of PD. Fortunately, such plasticity constitute
also as asset allowing the application of chronotherapies for PD.
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Box 2:
Light therapy in animal models of PD

In the field of neurodegenerative diseases, animal models are valuable tools enabling
progress in both our mechanistic understanding of pathology and the development of
efficient therapies (Dawson et al., 2018; Fifel et al., 2016). Currently, the mainstay
symptomatic therapies used for PD patients (i.e. L-dopa and DBS) have been developed
and refined using rodent and non-human primate models of PD (Duty & Jenner, 2011).
However, all attempts to develop disease-modifying therapies using current models have
failed, not only for PD, but also for other neurodegenerative disorders (Dawson et al.,
2018; Fifel et al., 2016). As we discuss in the main text, the available clinical trials in PD
patients suggest the potential use of bright light as both a symptomatic and a disease-
modifying therapy. It is surprising and unfortunate to discover therefore that, to date, no
single study has assessed the impact of bright light therapy on both motor and non-motor
aspects of PD using current animal models. By comparison, two recent reports have
shown that chronic administration of bright light significantly improves motor
performances, sleep/wake cycle and survival in mouse models of Huntington’s disease
(Wang et al., 2017; Ouk et al., 2017). In PD, the only reports available relate to the
intracranial administration of Near-infrared Light (NiL) in MPTP- and 60HDA-treated
animal models (Johnstone et al., 2016). Despite its promising potential, the low energy of
NiL necessitates DBS-like invasive probes to effectively reach the midbrain.
Additionally, the restriction of NiL therapy to midbrain DA structures limits the potential
of this type of light therapy to interfere with the widespread neuropathology in several
extra-DA areas. Given these technical limitations, it is necessary to conduct experiments
in which the therapeutic potential of NiL therapy is compared with the safer application
of bright light therapy. Performing such preclinical studies using animal model of PD will
reveal added values of NiL therapy relative to bright light therapy (if any) and help justify
any translation to human trials. In the meantime, preclinical light therapy studies with
animal models of PD should capitalize on results obtained from published clinical trials
in order to fine-tune our current protocols (Fifel and Videnovic, 2018). Given the
sensitivity of several components of the dopaminergic neurotransmission to ambient light
(see section 4.3), we do expect clinically important insights from testing light therapy in
preclinical animal models of PD.
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Box 3:
Sleep regulation and its dysfunction in PD

Models of sleep regulation have emphasized two distinct processes for the regulation of
the timing of sleep: a homeostatically regulated sleep process and a circadian oscillatory
process (Achermann and Borbély, 2011). The circadian oscillator is responsible for the
tendency to sleep during specific windows of the 24-hour cycle and by opposing
homeostatic pressure gates consolidated bouts of sleep and wakefulness. The sleep
homeostat in contrast is responsible for monitoring and adjusting the duration and
intensity of sleep depending on prior amounts of sleep and wakefulness.

In contrast to our advanced molecular and mechanistic understanding of the circadian
system and the potential neural pathways by which the central clock regulates the timing
of sleep-wake behaviour (Mistlberger, 2005; Takahashi et al., 2008), the brain structures
and mechanisms that regulate the homeostatic sleep drive remain unclear. However, there
is increasing evidence that a build-up of a substantial number of sleep-initiating
metabolic by-products (e.g. adenosine and GABA) in specific brain regions (especially
the basal forebrain) provides the molecular basis for sleep propensity during wakefulness
(Zeitzer et al., 2006; Wigren et al., 2007; Landolt, 2008; Krueger et al., 2008). The
production of these sleep-inducing endogenous metabolites during wakefulness is
proportional to the duration and intensity of wakefulness. These metabolites, upon
reaching a critical level, act by suppressing activity in wake-promoting structures leading
to the initiation of sleep (Datta and Maclean, 2007).

Until recently, circadian and homeostatic processes were thought to act independently of
each other in the regulation of sleep-wake behaviour (Yasenkov and Deboer, 2012).
Several studies however have provided compelling evidence that sleep feeds back to the
clock. Scheduling of sleep affects circadian phase in blind patients (Klerman et al., 1998)
and night shift workers (Santhi et al., 2005). Sleep deprivation under dim light conditions
modulates the phase of the melatonin rhythm (Cajochen et al., 2003). Similarly, sleep
deprivation without exercise in the Syrian hamster induces a phase shift in their rest/
activity cycle and suppresses expression of the immediate early gene c-fos in the SCN
(Antle and Mistlberger, 2000). Gradual shifts of sleep timing lead to changes in the phase
of body temperature and melatonin rhythms (Danilenko et al., 2003). The most direct
evidence that the quality of sleep modulates the proprieties of the central clock was
obtained in rats by simultaneous recording of EEG and SCN electrical neuronal activity
(Deboer et al., 2003). Sleep states were found to affect electrical activity in SCN neurons.
Neuronal firing rates were high during wakefulness and REM sleep and low during
NREM sleep. During selective NREM sleep deprivation, SCN activity remained high and
failed to show the normal decrease in firing rate, whereas during REM sleep deprivation,
SCN neuronal firing remained low and failed to display increases in firing rates (Deboer
et al., 2003). Similar functional feedbacks of sleep and wakefulness states on the activity
of the SCN area have also been shown in humans (Schmidt et al., 2009). Through these
modulatory effects on the excitability of SCN neurons, sleep may influence directly the
genetic clockwork of the SCN (Colwell, 2011). Altogether then, it has become clear that
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sleep and the circadian system are highly intertwined and that the interactions between
the two are continuously bidirectional.

PD patients complain from several alterations of their sleep/wake behaviour (Arnulf and
Leu-Semenescu, 2009; Schapira et al., 2017). These alterations include; insomnia,
excessive daytime sleepiness, restless legs syndrome and RBD (Arnulf and Leu-
Semenescu, 2009). Although the pathophysiology of sleep/wake disturbances is still
poorly understood, available evidence points to a multifactorial origin implicating
dysfunctional central sleep regulatory areas (Arnulf and Leu-Semenescu, 2009), adverse
effects of anti-parkinsonian drugs and secondary negative feedbacks of motor and several
non-motor symptoms of the disease (Arnulf and Leu-Semenescu, 2009).

The alterations of sleep in PD patients in both quality and quantity might also reflect
dysfunctions in homeostatic and circadian processes of sleep regulation. A growing
number of studies have shown the extent of circadian alterations in PD patients (Box 1).
Several components of the neuronal circuitry governing circadian rhythms have been
shown to be dysfunctional or even displaying signs of neurodegeneration (Arnulf and
Leu-Semenescu, 2009). Less in known about the homeostatic drive of sleep/wake cycle in
PD patients. Although adenosine signalling is known to be alerted in the striatum of PD
patients (Nazario et al., 2017), whether it is affected in key sleep centers such as basal
forebrain is unknown. Additionally, the time course of purinergic signalling alteration
over disease progression is currently unknown. The elucidation of the contribution of
dysfunctional homeostatic processes to sleep alterations in PD relative to other factors
(i.e. circadian alterations and/or neurodegeneration of sleep centers) will be crucial in the
development of successful therapies.
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Figure 1. Potential mechanisms of the therapeutic effect of light therapy and physical exercise on

motor and NMS in PD.

Exposure to bright light can improve motor and multiple NMS in PD patients, however, the
optimal dose of light for PD patients in terms of intensity, time and duration of exposure and
spectral proprieties still need improvements (1). Additionally, the mechanisms of light
therapy in PD are still poorly understood (2). While PD patients suffer from several NMS,
the impact of light was investigated so far only on motor disorders, sleep alterations, anxiety
and depression. Future studies should also study the effect of light therapy on other NMS
(3). Preclinical as well as clinical studies suggest potential benefit of timed physical exercise
on several health parameters (Mrosovsky and Salmon, 1987; Van Reeth and Turek, 1989;
Van Someren et al., 1997; Hillman et al., 2008; Reid et al., 2010; Speelman et al., 2011;
Hughes and Piggins, 2012; Speelman et al., 2014). The translation of these findings into PD
patients might prove beneficial (4). All these limitations are still halting the optimal benefit
from these chronotherapies. Ongoing progress in this field is expected to optimize these
therapies. The implementation of improved protocols in the clinic holds the promise of
significantly improving the quality of life in PD patients (see text for details).
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